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New Freeze-Dried Andean Blueberry Juice Powders for Potential Application as Functional
Food Ingredients: Effect of Maltodextrin on Bioactive and Morphological Features
Reprinted from: Molecules 2020, 25, 5635, doi:10.3390/molecules25235635 . . . . . . . . . . . . . . 251

Cristhian J. Yarce, Maria J. Alhajj, Julieth D. Sanchez, Jose Oñate-Garzón and Constain H.
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Abstract: Phenolic and antioxidant compounds have received considerable attention due to their
beneficial effects on human health. The aim of this study is to determine the content of total phenols
and antioxidants in fifty-two coffee samples of different origins, purchased from the Jordanian local
market, and investigate the effect of the degree of roasting on the levels of these compounds. The
coffee samples were extracted using the hot water extraction method, while Folin–Ciocalteu (FC) and
1,1-diphenyl-2-picrylhydrazyl (DPPH) assay methods were used to analyze these compounds. The
results showed that the highest content of total phenol (16.55 mg/g equivalent to GAE) was found in
the medium roasted coffee, and the highest content of antioxidants (1.07 mg/g equivalent to TEAC)
content was found in the green coffee. Only light and medium roasted coffee showed a significant
correlation (p < 0.05, R2 > 0.95) between the average of total phenolic and antioxidant content. A
negative correlation between the antioxidant content and the degree of roasting (p < 0.05, R2 > 0.95)
were shown, while it did not correlate with phenolic contents. Previously, a positive correlation
between antioxidant and chlorogenic acids content was observed, with no correlation between the
origin of coffee samples nor heavy metal content, which was previously determined for the same
coffee samples. These findings suggest that the antioxidant content for coffee extracts is largely
determined by its chlorogenic acid content, rather than the coffee origin or total phenolic and heavy
metals content.

Keywords: coffee; phenols; antioxidant; TEAC; roasting; GAE

1. Introduction

Coffee is one of the most popular beverages in the world. It was introduced to the
New World in the mid-17th century, although its history dates to the 15th century when
coffee plants were supposedly cultivated in Southern Arabia and taken originally from
Ethiopia. It was not until the 1950s that instant coffee was produced. Nowadays, Brazil is
the top coffee-producing country in the world, followed by Vietnam and Colombia [1].

There are over 120 species of Coffea plant, with Coffea arabica and Coffea canephora (also
known as “Robusta”) being the most popular commercially. The former contributes to
70% of the world’s coffee consumption. The latter contains more caffeine and lower lipid
content, which is why it tastes more bitter [2]. It is also cheaper to produce compared with
Coffea arabica [3]. Green coffee beans are the seeds from the coffee tree fruits. The same
species of coffee can be cultivated differently to produce a wide variety of coffee beans
having different flavors and aromas, depending on the soil, climate, and altitude of their
growing areas, which means that coffee is affected by its geographical origin [4].
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Roasting is also an important determinant of taste and aroma in brewed coffee. Green
coffee beans are heated at 200–240◦ for 10–15 min, depending on the degree of roasting
required. This may considerably alter their chemical composition; lowering the sugars,
water, and chlorogenic acids while forming new compounds, such as melanoidins due
to the Maillard reaction [5]. In a study by Mayer and others [6], it was shown that the
concentration of certain compounds in roasted coffee beans was greatly affected by the
degree of roast. For example, Colombian and Kenyan coffees have increasing amounts of
phenolic compounds, such as guaiacol, with an increased roasting degree.

The quality of coffee can be affected by levels of chemical fertilizers and pesticides
used in soil, which contribute to heavy metal contamination. The preparation method and
degree of roasting also affect its final heavy metal composition. Albals et al. [7] determined
the heavy metal content in different green and roasted coffee samples consumed in Jordan,
taken from five origins: Brazil, Ethiopia, Kenya, Colombia, and India. According to
the results, there was a significant difference in the levels of Zn, Cr, and Co in green
and roasted coffee beans. All levels were below the tolerable upper limit of daily intake
(TULD) of metals determined by the World Health Organization (WHO) and thus were
safe for consumption.

Coffee is known to be an essential source of antioxidants due to the presence of alka-
loids, flavonoids, and phenolic compounds. Consumption of coffee is therefore attributed to
improving health [4]. Moreover, it is the main antioxidant found in the diets of Americans,
Japanese, Danish, and Brazilians [8].

Phenolic compounds are widely abundant in fruits, vegetables, dry legumes, chocolate,
and beverages like coffee, tea, and cocoa [9]. Polyphenols have been shown to have
antioxidant effects, which are beneficial to the heart and can protect against oxidative stress
that is directly correlated with degenerative diseases, diabetes mellitus, and cancer [10].
Other evidence suggests their anti-inflammatory, antiviral, and antibacterial activity [11].
For instance, green coffee beans have been reported to contain chlorogenic and caffeic acids
as the main phenols. These compounds possess antimutagenic and antioxidative effects [8].
Other studies suggest its role in neurodegenerative diseases, such as ischemic strokes and
lowering blood pressure in rats [12].

A study by Masek et al. [8] on five different Ethiopian coffee brands has demonstrated
a significant total phenolic content and antioxidant activities, which showed that Ethiopian
coffee might be used in preventing and curing several degenerative diseases. Another
study by Sentkowska et al. [5] was carried out to determine the antioxidant capacity of
different green coffee extracts. It has been reported that Robusta green coffee from Laos
had the highest antioxidant capacity due to the high concentration of chlorogenic acids.
Duarte et al. [13] concluded that roasting is inversely proportional to the polyphenol and
antioxidant activity, where light brewed coffee had the highest antioxidant capacity, while
dark roasted coffee had the lowest.

While many studies were conducted in Jordan to study the total phenolic content
and antioxidant capacity of various plant species [14], only a few of them were carried
out on coffee. A previous study by Kandah et al. [14] analyzed total phenolic content and
antioxidant activity using methyl linoleate (MeLo) assay for nine samples of green and
roasted coffee beans obtained from the Jordanian market. It demonstrated that extraction
time, temperature, and particle size were important variables that affected total phenolic
content. Another study compared the antioxidant activity of roasted barley and roasted
dates with that of two different roasted coffee samples and green coffee samples (Saudi
and Colombian origins) using ABTS and DPPH assays. Results indicated that the highest
antioxidant activity was observed for Saudi roasted coffee, followed by Colombian roasted
coffee, roasted barley, Colombian green coffee, and roasted dates [15].

To the best of our knowledge, this is the first extensive study conducted in Jordan on
52 different coffee samples with the aim to evaluate the effect of roasting and geographical
origin on the antioxidant and total phenolic content of coffee beans available in the Jorda-
nian market, using 1,1-diphenyl-2- picrylhydrazyl (DPPH) and Folin–Ciocalteu (FC) assays,

2



Molecules 2022, 27, 1591

respectively, for this purpose. All samples were prepared by water extraction similar to the
way normally used when preparing the beverage, to investigate the individual’s intake of
antioxidant phenols by consuming coffee brew. The secondary aim was to find a correlation
(if any) between the antioxidant activity and total phenolic content of different types of
coffee beans, with their caffeine, chlorogenic acids, and heavy metal content, the latter that
were previously determined by our research group (Albals et al.) (Awwad et al.) [7,16].

2. Results
2.1. Total Polyphenols Content

The average total phenolic content, expressed as milligrams of gallic acid equivalents
per gram of dry coffee extract (GAE mg/g), was determined for 52 Coffea arabica samples of
different origins and roasting degrees, as shown in Supplementary Table S1. These samples
have shown variations in total phenolic content ranging from 14.92 mg/g to 16.55 mg/g
(Figure 1), reported for dark roasted coffee and medium roasted coffee, respectively. Except
for green coffee beans, the variety from Kenya showed to have the lowest total phenolic
content, while the variety from Colombia showed to have the highest total phenolic content
(Table 1). For green coffee beans, the variety from Kenya showed to have the highest total
phenolic content, which was decreasing in its content by the roasting process in varying
amounts. While the variety from Colombia showed the opposite behavior upon roasting,
as its content of phenols tends to increase by increasing the roasting degree.

Table 1. Comparison of different roasting degrees for coffee samples from different geographical origins
according to their total phenolic and antioxidant activity (GAE mg/g and TEAC mg/g, respectively).

Geographical Origin GAE
mg/g ± SD

TEAC
mg/g ± SD

Green Coffee

Kenya 17.25 ± 0.14 1.29 ± 0.04
Ethiopia 14.55 ± 0.10 1.13 ± 0.11

Brazil 13.82 ± 0.13 0.97 ± 0.14
Colombia 16.72 ± 0.05 0.88 ± 0.08
Average 15.59 ± 1.65 1.07 ± 0.18

Light Coffee

Kenya 9.84 ± 0.02 0.84 ± 0.05
Ethiopia 16.35 ± 0.05 0.96 ± 0.03

Brazil 17.11 ± 0.05 0.94 ± 0.07
Colombia 19.05 ± 0.13 1.07 ± 0.14
Average 15.59 ± 4.00 * 0.95 ± 0.09 *

Medium Coffee

Kenya 12.31 ± 0.02 0.65 ± 0.12
Ethiopia 14.93 ± 0.14 1.13 ± 0.01

Brazil 14.66 ± 0.05 1.07 ± 0.07
Colombia 24.28 ± 0.11 0.08 ± 0.02
Average * 16.55 ± 5.29 ** 0.73 ± 0.48 **

Dark Coffee

Kenya 9.44 ± 0.11 0.60 ± 0.10
Ethiopia 12.24 ± 0.14 0.43 ± 0.10

Brazil 16.60 ± 0.14 0.47 ± 0.17
Colombia 21.41 ± 0.20 0.46 ± 0.15
Average 14.92 ± 5.23 0.49 ± 0.07

*, ** Results are statistically significant with p-value < 0.05, R2 > 0.95.
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2.2. Antioxidant Activity of Coffee Samples

The average antioxidant activity—expressed as milligrams of Trolox equivalents an-
tioxidant capacity per gram dry coffee extract (TEAC mg/g)—was determined for 52 Coffea
arabica samples of different origins and roasting degrees, as shown in Supplementary Table
S1. The values ranged from 0.49 mg/g to 1.07 mg/g, reported for dark roasted coffee
and green coffee, respectively (Figure 2). The antioxidant activity was correlated with
the roasting degree of coffee beans. Although the content of phenols showed a consistent
pattern in terms of the geographical origin of coffee beans, no correlation was found for
the antioxidant activity with the origin (Table 1). Only light and medium roasted coffee
showed a significant correlation between the average total phenolic content and the average
antioxidant content.

Molecules 2022, 27, x FOR PEER REVIEW 4 of 10 
 

 

Colombia 21.41 ± 0.20 0.46 ± 0.15 
Average 14.92 ± 5.23 0.49 ± 0.07 

*, ** Results are statistically significant with p-value < 0.05, R2 > 0.95. 

 
Figure 1. The average total phenolic content (mg/g GAE) for each roasting degree with (different 
geographical origin). No correlation was found between roasting degree and total phenolic content. 
(R2 = 0.041). Results are statistically insignificant with a p-value > 0.05. 

2.2. Antioxidant Activity of Coffee Samples 
The average antioxidant activity—expressed as milligrams of Trolox equivalents 

antioxidant capacity per gram dry coffee extract (TEAC mg/g)—was determined for 52 
Coffea arabica samples of different origins and roasting degrees, as shown in 
Supplementary Table S1. The values ranged from 0.49 mg/g to 1.07 mg/g, reported for 
dark roasted coffee and green coffee, respectively (Figure 2). The antioxidant activity was 
correlated with the roasting degree of coffee beans. Although the content of phenols 
showed a consistent pattern in terms of the geographical origin of coffee beans, no 
correlation was found for the antioxidant activity with the origin (Table 1). Only light and 
medium roasted coffee showed a significant correlation between the average total 
phenolic content and the average antioxidant content. 

 

Figure 2. The average antioxidant activity (mg/g TEAC) for each roasting degree (different geograph-
ical origin) A negative correlation was found between roasting degree and TEAC mg/g (R2 = 0.98).
Bars labeled a,b are statistically significant with a p-value < 0.05.

4



Molecules 2022, 27, 1591

2.3. Comparison of the Content of Total Phenol, Antioxidant, and Heavy Metal in Selected
Coffee Samples

Figures 3 and 4 show a comparison of coffee samples of different geographical origins
(regardless of their roasting degree) and roasting degrees (regardless of their origin) in
terms of average GAE in mg/g, average TEAC in mg/g, and average Zn, Pb, and Cu
contents in µg/g (Data for heavy metal content was taken from Albals et al. [7]).
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3. Discussion

The roasting degree and geographical origins are key factors affecting both the total
phenolic content and the antioxidant activity of the coffee beans [17]. Therefore, this
study focused on evaluating the effect of these variables on the antioxidant and phenolic
compound contents in coffee samples available in the Jordanian market. In addition, this
study aimed to explore the individual intake of phenols and antioxidants from coffee
beverages commonly used among Jordanian citizens, known as “Turkish coffee”. Since
antioxidant compounds provide health benefits, coffee as a beverage is claimed to be of
great interest for individuals who are trying to increase their intake of these nutrients [18].
Consequently, such findings should reveal the actual individual intake of these nutrients
that would influence their health status.

The findings of the current study are in good agreement with the previous study by
Król et al. [17], which showed that the highest content of total polyphenolic compounds
was determined in coffee samples roasted in light and medium roasting conditions, and
was better for preserving these nutrients.

A previous study by Bobková et al. [19] showed a correlation between phenolic content
and antioxidant activity. On the contrary, the current findings showed that no correlation
was found between phenolic content, antioxidant activity, or geographical origin. Medium
roasted beans appeared to contain higher average polyphenols than the green beans, where
the variety from Colombia showed to have the highest phenolic content among the roasted
samples (regardless of the roasting degree), but with varied antioxidant activity.

As expected, statistical analyses of these data revealed a significant influence (p < 0.05.
R2 = 0.98) of the roasting degree on the antioxidant activity, which was decreasing with the
increase in the degree of roasting. Cho et al. [20] studied the influence of roasting conditions
on the antioxidant characteristics of Colombian coffee of the species Coffea arabica beans.
They found that light-roasted coffee beans have the highest antioxidant activity, and an
approximately 40–80% loss of antioxidant activity was observed after further roasting.
In addition, they also detected significantly higher antioxidant activity as compared to
unroasted beans, suggesting the formation of Maillard reaction products and the release of
bound polyphenols from plant cells. These data suggested the formation of new phenolic
compounds, other than the ones detected in the variety from Colombia, but with no effect
on their antioxidant content.

Green coffee beans showed the highest content of phenols in the species from Kenya.
The latter also showed the highest antioxidant activity compared to the other studied
samples. In fact, different varieties of coffee samples showed a low and narrow range of
phenolic content compared to the previous studies [21,22]. This could be explained by the
fact that phenolic compounds are often more soluble in alcohol extracts compared to water,
which was used in this study.

A previous study by Górnaś et al. [23], which investigated the contribution of phenolic
acids isolated from green and roasted boiled-type coffee brews to total coffee antioxidant
capacity, showed that the antioxidant effect can be poorly correlated with polyphenols’
concentration when the DPPH assay method is used, which agrees with the findings of
this study. The antioxidant activity changes in extracts from green, light, medium, and
dark roasted coffee are negatively influenced by the intensity of the heating process and
seem to be much more dependent on the roasting degree than on the geographical origin of
coffee beans. Similarly, Bilge [24] conducted a study investigating the effects of geograph-
ical origin, roasting degree, particle size, and brewing method on the physicochemical
and spectral properties of Arabica coffee. It showed that roasting degree and brewing
method—compared with other parameters—were the most discriminating factors based
on UV and fluorescence spectra of coffee brew samples, respectively. On the contrary,
Muzykiewicz-Szymańska et al. [25] studied the effect of brewing process parameters on
antioxidant activity in infusions of roasted and unroasted Arabica coffee beans originating
from different countries. They concluded that the phenolic compound content in infusions
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prepared using different techniques depended on the roasting process, the bean’s origin, as
well as the brewing technique.

Based on the results from the study by Albals, et al. [7] which investigated the heavy
metals contents for the same coffee samples that were analyzed in this study, the data
showed that there was no clear correlation between the content of phenols, antioxidant
compounds, and heavy metals content. Therefore, these findings suggest that roasting
degree would affect the antioxidant activity, regardless of the geographical origin or heavy
metal content. Nevertheless, the geographical origin had shown an impact only on the total
phenolic content, with no effect on any of the other measured variables.

Results from a study—that was recently published by our research group—which
determined the chlorogenic acids (CGAs) and caffeine content for the same coffee samples,
have shown that the highest content of caffeine was found in the medium roasted coffee
(203.63 mg/L), and the highest content of CGA was found in the green coffee (543.23 mg/L).
The results demonstrated a negative correlation between the CGA levels with the degree of
roasting, while it showed a positive correlation between the caffeine levels with the degree
of roasting before it starts to decline in the dark roasted coffee [16].

Comparing these results with the current study, it can be concluded that the coffee
samples with the highest CGA content have also shown the highest antioxidant activity,
which suggests that CGAs alone rather than total phenolic content contribute to the an-
tioxidant activity of coffee. Furthermore, the geographical origin did not seem to affect
the content of either CGA or caffeine, as it did not affect the total phenolic content and
antioxidant activity determined in this study [16].

This study showed the need to perform more research using different assays to inves-
tigate the relationship between the antioxidant activity with the total phenolic content.

4. Methods and Materials
4.1. Chemicals and Standards

For the determination of the total phenolic content, the FC reagent (2 N, Sigma-Aldrich,
Schaffhausen, Switzerland), gallic acid (GA) (99% purity, Sigma), and anhydrous sodium
carbonate (99% purity, Sigma) were used. For the determination of the antioxidant activity,
DPPH (Aldrich, Darmstadt, Germany), Trolox (Sigma-Aldrich, Switzerland), and methanol
(for HPLC > 99.9%, Sigma-Aldrich, St. Quentin Fallavier, France) were employed.

For this study, fifty-two samples of ground coffee beans (Coffea arabica), including
green (11 samples), light-roasted (14 samples), medium roasted (11 samples), and dark
roasted (16 samples), from different origins were purchased from different grocery stores
across Jordan (Amman, Irbid) in 2019 and stored in the freezer.

4.2. Sample Preparation and Extraction

The coffee samples were freshly extracted according to the extraction procedure
described by Perez Hernandez et al. [26], with few modifications. The coffee samples were
extracted with hot water at 75–80 ◦C at a 1/100 coffee-to-solvent ratio, where 1 g of coffee
was extracted with 100 mL of water. Then, ultrasonication was performed for 5 min to
homogenize the solutions using an ultrasonic bath (OVAN). Afterwards, the samples were
centrifuged for 15 min at 7900× g using an (MPW-260R) centrifuge system. Next, all coffee
solutions were filtered with Whatman No. 2 filter paper. Finally, the coffee extracts were
stored at a temperature of −20 ◦C until the day of analysis (May–August 2020).

4.3. Determination of Total Phenolic Content

Total phenolic content was measured using the FC method by Singleton et al. [27].
A stock solution of 10 mg/mL of extract in water was prepared for each sample. Three
different concentrations were made for each extract by serial dilution; 5 mg/mL, 2.5 mg/mL
and 1.25 mg/mL. An aliquot of 80 µL of each aqueous solution of extract was added to
400 µL of dilute Folin–Ciocalteu (1:10) reagent in a test tube. Then 320 µL of 7.5% sodium
carbonate solution was added. The solution was covered with aluminum foil and incubated
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in a water bath at 45 ◦C for 30 min. The absorbance was recorded at 765 nm using a UV-
Vis spectrophotometer against the blank solution (water only). The measurement was
compared to a calibration curve prepared with GA solution at a concentration range from
(0–0.12 mg/mL), and the total phenolic content was expressed as GAE mg/g, using the
standard curve equation:

y = 7.515x + 0.0308, R2 = 0.9927

where y is the absorbance at 765 nm and x is the total phenolic content in the different
extracts expressed in mg/mL.

4.4. Determination of Antioxidant Capacity

Aliquots of 2 mL of each plant extract were dried in the oven overnight at a tempera-
ture of 50 ◦C to dry all the water. An amount of 2 mL of methanol was added to each dried
sample and vortexed for 3 min to allow a homogenous stock solution of concentration
10 mg/mL. Three different concentrations were made for each extract by serial dilution;
5 mg/mL, 2.5 mg/mL and 1.25 mg/mL. A solution of 0.1 mM DPPH in methanol was
prepared fresh for the assay. Then, 300 µL of the sample was added to 100 µL of DPPH so-
lution, shaken, and incubated for 30 min in the dark at room temperature. Absorbance was
monitored at 517 nm using a UV-Vis spectrophotometer. The reaction mixture containing
control and reference standard (300 µL methanol and 100 µL DPPH solution) were also
measured. The measurement was compared to a calibration curve prepared with Trolox
solution at a concentration range from (0–50 µM). The antioxidant capacity was expressed
as TEAC mg/g, using the standard curve equation:

y = −0.024x + 1.36, R2 = 0.992

where y is the DPPH absorbance at 517 nm and x is the Trolox concentration in the different
extracts expressed in µM, which is then expressed as mg TEAC/g of dry extract.

4.5. Statistical Analysis

All measurements were performed in triplicates and results were reported as mean ± stan-
dard deviation. The results were analyzed statistically using one-way analysis of variance
(ANOVA) on Microsoft Excel with its data analysis add-ins. The mean values of GAE mg/g
were compared with TEAC mg/g to assess the existence of statistical significance using mea-
surements of p-value and squared correlation coefficients (R2). The level of significance was set
to 0.05 and 0.95, respectively.

Supplementary Materials: The following supporting information can be downloaded online, Table S1:
The distribution of Coffea arabica samples (52) obtained from the Jordanian market according to
their origin and roasting degree. Roasting temperatures for light roasted = 155–165 ◦C, for medium
roasted = 175–185 ◦C, and for dark roasted = 205–215 ◦C. Table S2: The Average concentration (mg/g),
SD, SE, Min, Max, and confidence interval for GAE in coffee beans obtained from the Jordanian market.
Table S3: The Average concentration (mg/g), SD, SE, Min, Max, and confidence interval for TEAC in
coffee beans obtained from the Jordanian market.
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Abstract: Interest in medicinal plants and fruits has increased in recent years due to people beginning
to consume natural foods. This study aims to investigate the total phenolic flavonoid content, antiox-
idant activity, condensed tannin content, oil content, and fatty acid compositions of five local breeds
of Berberis spp. from Bayburt, Turkey, and their antioxidant and antimicrobial activities. The fatty
acid composition of samples was performed with gas chromatography-mass spectrometry (GC-MS),
and the total fatty acid content of samples was between 6.12% and 8.60%. The main fatty acids in
Berberis spp. samples were α-linolenic acid (32.85–37.88%) and linoleic acid (30.98–34.28%) followed
by oleic acid (12.85–19.56%). Two antioxidant assays produced similar results, demonstrating that
extracts of wild B. vulgaris L. had the highest ferric reducing antioxidant power (FRAP) (621.02 µmol
FeSO4.7H2O/g) and 1,1-diphenyl-2-picrylhydrazyl radical (DPPH) (0.10 SC50 mg/mL) values. Ac-
cording to principal component analysis (PCA), four components were determined. In addition,
two main groups were determined according to hierarchical cluster analysis (HCA), and wild and
culture of B. vulgaris L. were in different subgroups. This is the first original report about the fatty
acid composition and oil content of Berberis spp. grown in Bayburt, Turkey. The obtained results
indicate that B. integerrima Bunge and B. vulgaris, which have especially remarkable fatty acid content,
antioxidant, and antimicrobial activity, could be potential sources for these properties in different
areas of use.

Keywords: bioactivity; medicinal plants; wild fruits; industrial crops; PCA; HCA

1. Introduction

The increasing world population has caused people to search for new food sources.
Therefore, wild plants are gaining increasing value. Many scientific studies have been
published on the nutritional content and medicinal values of wild edible fruits grown
in various parts of the World [1,2]. Interest in wild plants has increased in recent years
since people have recently begun consuming natural foods. For this reason, the nutrient
content of wild plants should be determined and those that can be considered as a food
source should be determined and their cultivation should be encouraged together with
breeding studies. In fact, local people in different countries still use the fruits of wild
plants to protect their health, and the pharmacological properties of these wild fruits are
attributed to phenolic compounds that act as natural antioxidants [3]. When evaluated
in this respect, phenolic compounds are antioxidant molecules found in all plants and
whose bioactive properties are well known. Therefore, in recent years, research has focused
on the identification and measurement of phenolic compounds as medicinal and food
molecules in natural plant sources, especially wild plants. The protection provided by the
consumption of plant products such as fruits, vegetables, and legumes is mostly related
to the presence of phenolic compounds [4]. In addition, due to the increasing use of these
compounds in industrial areas (development of functional food and nutraceuticals, etc.), it
is very important to determine the natural sources.
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The Berberidaceae family contains about 14 genera and 700 species all over the world.
In addition, four wild species grow in Turkey: B. vulgaris L., B. cretica L., B. crataegina
DC., and B. integerrima Bunge [5]. Berberis spp. fruits can be eaten raw or cooked and
have been used for ornamental purposes, medical as well as food additives, especially in
the form of dried fruit [6]. In addition, its rich vitamin content and highly acidic fruits
are used to increase the body’s resistance. Dried fruits are used as an additive in food
and meals, while fresh fruits are used for making jelly, jam, syrup, sauce, fruit juice, and
carbonated beverages. However, in recent years, fruits have been used as a colorant in the
food industry due to their anthocyanin content [6–8].

Berberis spp. is becoming increasingly important because due to its bioactive properties
such as antioxidants, antimicrobials, etc. [9]. For medical purposes, some studies have
been carried out on the fruit and root of Berberis vulgaris. Berberine, Vitamin C, different
vitamins, and salt are known to be isolated from the fruit, root, and peel of B. vulgaris [10].
Different parts of Berberis spp. plants have a wide range of phenolic compounds, vitamins,
and some other metabolites, which are rich in antioxidant activity [11]. Some studies have
been put forth that Berberis spp. contain the phenols DPPH and FRAP [12,13].

Oils are one of the essential nutrients for humans, and fatty acids form the basis of
them. Fatty acids are grouped according to the availability of saturated, monounsaturated,
and polyunsaturated fatty acids [14,15]. In addition, an average of 200 fatty acids are
detected, and vegetable oils are known to be rich in oleic and linoleic fatty acids [16]. There
are few studies published on the fatty acid composition of seeds of Berberis spp. [17,18].

In this study, for the first time, the oil content and fatty acid compositions of seeds
of wild Berberis vulgaris L., Berberis integerrima Bunge, Berberis crataegina DC., the culture
form of Berberis vulgaris L., and the hybrid of Berberis integerrima × Berberis crataegina was
determined. With this, total flavonoid content, total phenolic content, and antioxidant
activities were determined in order to gain an indication about the bioactive content of the
samples. In addition, in vitro antibacterial activities of the samples were determined by
agar well diffusion, minimum inhibition concentration (MIC), and minimum bactericidal
concentration (MBC) techniques.

2. Results and Discussion

Although plants have been at the forefront of medicinal uses for thousands of years,
the active ingredients of many plants are used in the production of drugs in modern tech-
nology. For this reason, it is important to determine the potential bioactive properties of
different plant sources and, in addition, the bioactive active substances in detail. Especially
in recent years, depending on the increase in the world population, the chemical contents of
wild plants consumed by local people in different nations are a matter of curiosity, but the
amount of research on this subject is limited. Therefore, in this study, some bioactive prop-
erties of different Berberis species—about which there was limited research before—were
elucidated. For Berberis spp. used in the study, the total oil content of the samples and also
20 different fatty acids were screened. As a result, the oil content of Berberis spp. changed
between 6.12% and 8.60% (Table 1). According to this, B. crataegina DC. had the lowest ratio
and the wild B. vulgaris had the highest one. Similarly, the amount of Berberis integerrima
seed oil content was found to be lower than the results reported in the literature [19]. This
situation is thought to be due to the ecological differences between the collecting locations.
However, when the individual fatty acid composition of Berberis spp. was examined, except
for four fatty acids (eicosadienoic acid, arachidonic acid, tricosanoic acid, and nervonic
acid), the others were detected at different rates. It is seen that the major fatty acids were
α-linolenic acid (32.85 ± 3.31–37.88 ± 1.71), linoleic acid (30.98 ± 1.46–34.28 ± 1.84), and
oleic acid (12.85 ± 2.88–19.56 ± 3.88). Fatty acids contain one or more covalent double
bonds between carbon-carbon at various positions on the carbon chain are called unsatu-
rated fatty acids. While oleic acid is in the group of monounsaturated fatty acids, linoleic
and linolenic acids are among the polyunsaturated fatty acids. The highest amounts of
α-linolenic acid, linoleic acid, and oleic acid methyl ester were determined in B. crataegina
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DC., B. integerrima Bunge, and a hibrid of B. integerrima × B. crataegina, respectively. Our
results were found to be higher than the studies by other researchers [20]. The difference
may be related to the diversity of Berberis species, as well as many factors that affect the
development of the plant, such as the geographical characteristics of the cultivation area
where the plants grow, soil characteristics.

Table 1. Means and standard error (SE) of oil content and fatty acid compositions of Berberis spp.

B. crataegina
DC. (%)

B. integerrima × B.
crataegina ** (%)

B. integerrima
Bunge (%)

B. vulgaris *
(%) B. vulgaris (%)

Total Oil Content (%) 6.12 ± 1.66 7.72 ± 0.06 7.90 ± 0.11 8.57 ± 0.78 8.60 ± 0.81

Fatty acids R.T.
Butyric acid

(C4:0) 2.89 0.12 ± 0.05 0.02 ± 0.05 0.10 ± 0.03 0.05 ± 0.01 0.04 ± 0.02

Caproic acid
(C6:0) 4.73 0.21 ± 0.02 0.20 ± 0.01 0.19 ± 0.01 0.15 ± 0.04 0.21 ± 0.02

Undecanoic acid
(C11:0) 14.73 0.20 ± 0.04 0.19 ± 0.02 0.14 ± 0.03 0.11 ± 0.05 0.18 ± 0.02

Lauric acid
(C12:0) 17.12 0.09 ± 0.04 nd *** 0.07 ± 0.02 0.03 ± 0.01 0.05 ± 0.01

Myristic acid
(C14:0) 22.67 0.22 ± 0.03 0.17 ± 0.01 0.18 ± 0.01 0.14 ± 0.04 0.21 ± 0.03

Palmitic acid
(C16:0) 28.91 6.35 ± 0.73 5.75 ± 0.12 5.13 ± 0.49 5.52 ± 0.11 5.38 ± 0.25

Heptadecanoic
acid (C17:0) 32.07 0.06 ± 0.01 0.68 ± 0.01 0.07 ± 0.01 0.07 ± 0.01 0.06 ± 0.01

Stearic acid
(C18:0) 35.28 7.51 ± 0.69 9.20 ± 0.99 7.73 ± 0.47 7.92 ± 0.29 8.65 ± 0.45

Oleic acid
(C18:1n9c) 36.61 12.85 ± 2.88 19.56 ± 3.88 14.04 ± 1.70 16.73 ± 0.99 15.49 ± 0.24

Linoleic acid
(C18:2n6c) 38.97 33.26 ± 0.81 30.98 ± 1.46 34.28 ± 1.84 32.12 ± 0.33 31.60 ± 0.84

Arachidic acid
(C20:0) 41.49 0.32 ± 0.11 0.44 ± 0.01 0.43 ± 0.01 0.46 ± 0.03 0.50 ± 0.07

α-Linolenic acid
(C18:3n3) 41.77 37.88 ± 1.71 32.85 ± 3.31 37.09 ± 0.92 36.02 ± 0.14 36.98 ± 0.82

cis-11-Eicosenoic
acid (C20:1n9) 42.72 0.17 ± 0.04 0.08 ± 0.05 0.15 ± 0.02 0.11 ± 0.02 0.14 ± 0.01

cis-11,14-
Eicosadienoic
acid (C20:2)

45.02 nd *** nd *** nd *** nd *** nd ***

Behenic acid
(C22:0) 47.69 0.21 ± 0.03 0.27 ± 0.03 0.21 ± 0.03 0.26 ± 0.02 0.25 ± 0.01

Arachidonic acid
(C20:4n6) 49.04 nd *** nd *** nd *** nd *** nd ***

Tricosanoic acid
(C23:0) 50.64 nd *** nd *** nd *** nd *** nd ***

cis-5,8,11,14,17-
Eicosapentaenoic

acid (C20:5n3)
51.19 nd *** 0.11 ± 0.07 0.06 ± 0.02 0.06 ± 0.02 0.09 ± 0.05

Lignoceric acid
(C24:0) 53.06 0.14 ± 0.10 0.13 ± 0.08 0.12 ± 0.07 0.24 ± 0.19 0.15 ± 0.11

Nervonic acid
(C24:1n9) 54.09 nd *** nd *** nd *** nd *** nd ***

* Culture plant ** Hybrid *** nd: not detected.

Fatty acids that consist of a single covalent bond between carbon-carbon atoms and
are generally solid at room temperature are called saturated fatty acids. Lauric acid (C12:0),
palmitic acid (C16:0), myristic acid (C14:0), stearic acid (C18:0), behenic acid (C22:0), and
arachidic acid (C20:0) found in vegetable oils are the most important saturated fatty acids.
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Fatty acids that contain one or more covalent double bonds between carbon-carbon atoms
at various positions on the carbon chain are called unsaturated fatty acids [21]. Saturated
fatty acids can be synthesized in the human body, and even if no fat is consumed, these
types of fatty acids can be synthesized from molecules formed by carbohydrate metabolism.
In response to this, unsaturated fats are essential fatty acids that the body needs. They are
liquid at room temperature and most of them are of vegetable origin [21,22]. In addition,
saturated fatty acids were found at 14.38% and 16.42% total amount, while unsaturated
fatty acids were found between 84.16% and 85.62. The values were changed for the
saturated/unsaturated fatty acids ratio at 0.17% to 0.20%, for monounsaturated fatty acids
at 13.03% to 19.64, and for polyunsaturated fatty acids at 63.94% to 71.43% (Table 2). The
results for the saturated/unsaturated fatty acids ratio were similar to some studies [16,23]
in the literature. The saturated fatty acid results in this study were higher than those
reported by Kaya et al. [20], but they also had monounsaturated fatty acids similar to them.
Similarities showed that, in general, the Berberis spp. seeds had the same saturated and
unsaturated fatty acids ratios.

Table 2. Saturated/unsaturated fatty acids ratio, saturated, unsaturated, monounsaturated, and polyunsaturated fatty acids
of Berberis spp.

Local Breeds Saturated Fatty
Acids (%)

Unsaturated Fatty
Acids (%)

Saturated/Unsaturated
Fatty Acid Ratio

(%)

Monounsaturated
Fatty Acids

(%)

Polyunsaturated
Fatty Acids

(%)

B. crataegina DC. 15.84 84.16 1.88 13.03 71.13
B. integerrima × B.

crataegina ** 16.42 83.58 1.96 19.64 63.94

B. integerrima Bunge 14.38 85.62 1.68 14.19 71.43
B. vulgaris L. * 14.97 85.03 1.76 16.84 68.19
B. vulgaris L. 15.70 84.30 1.86 15.63 68.66

* Culture plant ** Hybrid.

Antimicrobials play an important role in transporting foodstuffs over long distances or
extending shelf life. It is thought that antimicrobial compounds obtained from plants can be
a healthy alternative in food preservation [24]. The plants that belong to the Berberidaceae
were effective in many analyses employed for antioxidant and antimicrobial activity [25–27].
Our results showed that Berberis spp. fruit extracts have, in general, an antibacterial effect
against all Gram-positive and Gram-negative bacteria at a concentration of 128 mg/mL.
When we evaluated species in terms of antibacterial activity, it was observed that B. inte-
gerrima × B. crataegina, B. integerrima Bunge, B. vulgaris L. (culture), and B. vulgaris L. (wild)
species had an in vitro inhibitory effect against all selected pathogens. However, it was
observed that B. crataegina DC. had antibacterial effects against nine bacterial strains from
target pathogens, while it did not have antibacterial effects against the remaining nine
samples. In addition, when the inhibition zone diameter was evaluated, it was observed
that B. crataegina DC. had inhibition zone diameters ranging from 10 to 17 mm, and it
was observed to have a weaker inhibition effect than other samples. In addition, it has
been observed that wild B. vulgaris L. generally has a larger inhibition zone diameter
compared to other samples, and zone diameters range from 18 to 39 mm. The results of
Aliakbarlu et al. [28] were similar to ours, however, Irshad et al. [29] found lower values
for inhibition zone diameters of Berberis spp. The differences may be caused by the use of
different extraction methods or solvents. On the other hand, the species can be effective
at these differences. As in previous similar studies, in the results obtained in this study,
Berberis spp. was found to be suitable for use as a food. In addition, it is thought that it will
be an important source for more comprehensive studies to be conducted for Berberis spp.,
whose antimicrobial properties are determined.

Among the Gram-positive bacteria, Bacillus cereus ATCC 14579, Bacillus cereus BC 6830,
Enterococcus faecalis ATCC 49452, Enterococcus faecalis NCTC 12697, Streptococcus mutans
ATCC 35668, and Streptococcus salivarus ATCC 13419 strains were found to be the most
susceptible strains against Berberis spp. fruit extracts. It was observed that these strains
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were sensitive to all extracts, including B. crataegina DC. In addition, it was observed that
Enterococcus faecium ATCC 700211, Staphylococus aureus ATCC 25923, Staphylococcus aureus
NCTC 10788, and Staphylococcus aureus BC 7231 strains were resistant to B. crataegina DC.
(Table 3). The obtained results showed that Berberis spp. fruit samples have an antibacterial
effect. In addition, it is concluded that it may be beneficial to use these fruits as food
supplements for phytotherapy.

Table 3. Minimum inhibition concentration (mg/mL), minimum bactericidal concentration (mg/mL) and inhibition zone
diameter (mm) of Berberis spp.

M
ic

ro
or

ga
ni

sm
s

B. crataegina DC. B. integerrima × B. crataegina B. integerrima Bunge B. vulgaris L. (Culture) B. vulgaris L. (Wild)

IZ
D

M
IC

M
B

C

IZ
D

M
IC

M
B

C

IZ
D

M
IC

M
B

C

IZ
D

X

M
IC

M
B

C

IZ
D

M
IC

M
B

C

G
ra

m
po

si
ti

ve

B1 13 - - 27 16 32 29 16 32 25 32 32 27 32 32
B2 14 - - 30 16 32 32 8 32 29 16 32 35 8 16
B3 17 - - 29 16 32 33 8 32 30 16 16 39 4 8
B4 14 - - 28 16 32 30 16 32 34 8 16 36 8 16
B5 - - - 25 32 - 19 - - 26 32 32 30 16 32
B6 - - - 20 32 - 21 32 - 23 32 - 24 32 -
B7 - - - 19 32 - 22 32 - 21 32 - 27 16 32
B8 - - - 21 32 - 29 16 32 24 32 - 32 16 32
B9 13 - - 26 32 32 23 32 32 26 32 32 26 32 32
B10 12 - - 23 32 - 27 16 32 24 32 32 28 16 32

G
ra

m
ne

ga
ti

ve

B11 13 - - 34 8 32 33 8 32 35 8 16 37 4 16
B12 12 - - 21 32 - 25 32 32 24 32 32 28 16 32
B13 11 - - 18 - - 20 - - 19 - - 23 32 -
B14 - - 20 - - 17 - - 18 - - 21 32 -
B15 - - 18 - - 18 - - 20 32 - 20 32 -
B16 - - - 20 32 - 19 32 - 19 - - 22 32 -
B17 - - - 34 8 32 37 4 16 32 16 32 39 4 8
B18 - - - 21 32 - 25 32 32 21 32 - 31 16 32

Minimum inhibition concentration (MIC) and minimum bactericidal concentration (MBC) results. Inhibition zone diameter (IZD). BEE:
Berberis ethanolic extract; Microorganisms: B1: Bacillus cereus ATCC 14579; B2: Bacillus cereus BC 6830; B3: Enterococcus faecalis ATCC
49452; B4: Enterococcus faecalis NCTC 12697; B5: Enterococcus faecium ATCC 700211; B6: Staphylococus aureus ATCC 25923; B7: Staphylococcus
aureus NCTC 10788; B8: Staphylococcus aureus BC 7231; B9: Streptococcus mutans ATCC 35668; B10: Streptococcus salivarus ATCC 13419; B11:
Acinetobacter baumannii ATCC BA 1609; B12: Escherichia coli ATCC BAA 25-23; B13: Escherichia coli NCTC 9001; B14: Escherichia coli BC 1402;
B15: Pseudomonas aeruginosa ATCC 9070; B16: Pseudomonas aeruginosa NCTC 12924; B17: Salmonella Typhimurium RSSK 95091; B19: Yersinia
enterocolitica ATCC 27729.

Antioxidants are bodily defense mechanisms developed to prevent damage caused by
the formation of reactive oxygen species (ROS). Antioxidants are substances that prevent
the deterioration of the structural and functional molecules in the body, especially lipid,
protein, carbohydrates, and DNA, and are effective against free radicals even at low
concentrations [30]. Studies in this area of Berberis spp. showed that plants are valuable
in terms of antioxidant content and these plants are edible. Results of the total TP, TF,
CT, FRAP, and DPPH assay of Berberis fruits are presented in Table 4. The total phenolic
content of the samples was observed to be within the range of 10.84–28.92 mg GAE/g,
with the lowest and highest levels observed in B. crataegina DC. and B. vulgaris L. (wild)
samples, respectively. Previous studies also revealed the total phenolic content of Berberis
spp. fruits, and our results were lower [13,31,32] or higher [24]. TF and CT were found
between the range of 0.41–2.20 mg QE/g and 1.75–6.92 CE/g, respectively. B. crataegina
DC. has the highest value and the results were similar to those of Dimitrijević et al. [13].
FRAP and DPPH were detected in the order of 218.55–621.02 µmol FeSO4.7H2O/g and
0.10–0.36 mg/mL; Berberis vulgaris L. (wild) has the highest level of FRAP and the lowest
level of DPPH. Previous studies found lower FRAP and DPPH than our results [13,24]
or similar results from Koncˇic’ et al. [27]. There is a difference, which, similar to other
studies, shows that it can be influenced by geographical conditions and the significance of
the samples’ origin. Total TP, TF, CT, FRAP, and DPPH values were found to be among the
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values considered suitable for food use for Berberis spp. and especially important among
wild plants.

Table 4. Means and standard error (SE), total phenolic content, total flavonoid content, condensed tannin content, and
antioxidant activity Berberis spp. fruits.

Local Breeds TP
mg GAE/g

TF
mg QE/g

CT
mg CE/g

FRAP (µmol
FeSO4.7H2O/g)

DPPH SC50
mg/mL

B. crataegina DC. 10.84 ± 4.35 2.20 ± 0.49 6.92 ± 0.01 236.35 ± 4.64 0.36 ± 0.01
B. integerrima × B. crataegina ** 16.10 ± 1.71 0.46 ± 0.03 2.93 ± 0.01 218.55 ± 2.46 0.20 ± 0.01

B. integerrima Bunge 17.28 ± 2.23 0.41 ± 0.01 2.00 ± 0.03 305.29 ± 25.08 0.20 ± 0.00
B. vulgaris L. * 15.37 ± 1.52 0.45 ± 0.01 1.75 ± 0.01 349.52 ± 1.49 0.14 ± 0.01
B. vulgaris L. 28.92 ± 1.94 0.56 ± 0.14 1.97 ± 0.01 621.02 ± 25.03 0.10 ± 0.01

Trolox 0.004 ± 0.00

* Culture plant ** Hybrid.

A Pearson correlation analysis was performed to determine the connection between
the variables. To determine the relationship between the antioxidant activities of Berberis
spp. and their oil content, a Pearson correlation analysis was performed. According to
the Pearson correlation, a positive correlation was found between TP and FRAP (p = 0.02),
and CT with DPPH (p = 0.02) at p < 0.05 level. In addition, a positive correlation was
determined between CT and TF (p = 0.00) at a p < 0.01 level.

While a negative correlation was found between oil content and TF (p = 0.04) at a
p < 0.05 level, negative correlations were found in oil content either with CT (p = 0.01)
or DPPH (p = 0.00) at a p < 0.01 level. The correlation results showed that oil content
was negatively affected by the amount of TF, CT, and DPPH. On the other hand, TP and
FRAP, TF and CT, DPPH and CT, were affected positively. As revealed by the Pearson
correlation analysis, although there is a negative interaction between fat ratio and TF, CT,
DPPH, the obtained fat ratio and TF, CT, DPPH values show that Berberis spp. is suitable
for consumption as food in daily life.

PCA is known as a method that reveals the variance structure of the original p vari-
able with fewer new variables that are the linear components of the variables. According
to PCA1, four components were determined for fatty acids and saturation of oil con-
tent. Eigenvalues and variance percentages of PCA1 and PCA2 analysis are provided in
Table 5 and graphs are provided in Figure 1. It is indicated that variance explanation ratios
over 70% were sufficient in the PCA analysis [33]. For PCA1, PC1 and PC2 explained
84.28% of the total variation, while PC1 explained 52.69% and PC2 explained 31.60% of
the total variation. In PCA2, PC1 explained 51.73%, and PC2 explained 23.21%, and the
total variation explained 74.94%. According to Kaiser rules, eigenvalues of greater than
1.0 are accepted as the principal component and descriptor of the variance [34]. In PCA1,
eigenvalues of PC1 (11.59), PC2 (6.95), PC3 (2.29) and PC4 (1.16) were greater than 1.0. In
PCA2, eigenvalues of PC1 (10.86), PC2 (4.87), PC3 (3.68) and PC4 (1.58) were greater than
1.0.

The Kaiser–Meyer–Olkin (KMO) test was used to measure sampling adequacy in
principal component analysis. According to Kaiser [34], the KMO coefficient is unacceptable
between 0–0.5, 0.5 is the minimum, between 0.5–0.7 is the medium, between 0.7–0.8 is
good, 0.8–0.9 is considered very good, and 0.9 and above is considered perfect. According
to this, PC1 was found to be related to butyric acid methyl ester, lauric acid methyl ester,
stearic acid methyl ester, oleic acid methyl ester, linoleic acid methyl ester, arachidic acid
methyl ester, α-linolenic acid methyl ester, cis11-eicosenoic acid methyl ester, behenic
acid methyl ester, cis-58111417-eicosapentaenoic acid methyl ester, saturated fatty acids,
unsaturated fatty acids, saturated/unsaturated fatty acid ratio, monounsaturated fatty
acids, polyunsaturated fatty acids, and oil content, were indexed in PCA1 and found to
be related to butyric acid methyl ester, cis58111417 eicosapentaenoic acid methyl ester,
lauric acid methyl ester, cis11 eicosenoic acid methyl ester, TF, arachidic acid methyl ester,
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oleic acid methyl ester, behenic acid methyl ester, DPPH, CT, stearic acid methyl ester,
α-linolenic acid methyl ester, linoleic acid methyl ester, palmitic acid methyl ester, and
myristic acid methyl ester, which were indexed in PCA2.

Table 5. Eigenvalues and percentage of variance for investigated parameters of PCA analysis.

PC1 PC2 PC3 PC4

PC
A

-1 Eigenvalue 11.59 6.95 2.30 1.16
Variability (%) 52.69 31.60 10.43 5.28

Cumulative (%) 52.69 84.28 94.72 100.00
PC

A
-2 Eigenvalue 10.86 4.87 3.68 1.58

Variability (%) 51.73 23.21 17.54 7.52
Cumulative (%) 51.73 74.94 92.48 100.00
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Figure 1. PCA-1 and PCA-2 score plot bases on the fatty acid composition with oil contents and the fatty acids together
with antioxidant parameters. Abbreviations and labels: (A) Butyric acid methyl ester, (B) caproic acid methyl ester, (C)
undecanoic acid methyl ester, (D) lauric acid methyl ester, (E) myristic acid methyl ester, (F) palmitic acid methyl ester,
(G) heptadecanoic acid methyl Eeter, (H) stearic acid methyl ester, (I) oleic acid methyl ester, (J) linoleic acid methyl ester,
(K) arachidic acid methyl ester, (L) α-linolenic acid methyl ester, (M) cis-11-eicosenoic acid methyl ester, (O) behenic acid
methyl ester, (S) cis-58111417 eicosapentaenoic acid methyl ester, (T) lignoceric acid methyl ester, (Sat) saturated fatty acids,
(Uns) unsaturated fatty acids, (Satu) saturated/unsaturated fatty acid ratio, (Mono) monounsaturated fatty acids, (Poli)
polyunsaturated fatty acids, (Oil) oil content, (TP) total phenolic content, (TF) total flavonoid content, (CT) condensed
tannin content, (FRAP) ferric reducing antioxidant power, (DPPH) 1,1-Diphenyl-2-picrylhydrazyl radical.

PCA1 and PCA2 graphs for fatty acid composition and fatty acid composition with
antioxidant parameters are presented in Figure 1. Moreover, the score plots of the species
distribution according to the main components are shown in Figure 2. The score plot
shows the differences between species. Although wild and culture forms of B. vulgaris
are the same species, there are some differences between them. Moreover, the hybrid of
B. integerrima × B. crataegina is not the same as either B. integerrima or B. crataegina. All
these results are supported by our determinations. According to the results obtained, the
presence of both the fatty acids and TF, TP, CT, DPPH, and FRAP values among all the
basic components, and that these values determined in Berberis spp., underline the need
for further study.
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HCA is a clustering method that explores the organization of samples. Furthermore, it
allows for the determination of similarities and differences within and between groups by
depicting a hierarchy [35]. The results of HCA are generally presented in a dendrogram—a
plot that shows the organization of samples and their relationships in tree form. There
are two common approaches to resolve the grouping problem in HCA: divisive and
agglomerative. According to the HCA of Berberis spp., two main groups were determined
(Figure 3).
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Figure 3. The HCA dendrogram according to the fatty acid compositions of Berberis spp.

The first one occurred in B. integerrima × B. crataegina. The second main group
contained two subgroups that were separated from each other. Although culture B. vulgaris
and wild B. vulgaris were in a close subgroup, they were separated from each other. These
results indicate that culture and wild form plants cannot be the same. Although Berberis
spp. are closely related plants, it has been observed that they differ in oil ratios, fatty acid
compositions, antioxidant, and antimicrobial properties.

The usage areas of medicinal aromatic and wild plants are expanding day by day.
There are issues in this field that have not yet been sufficiently clarified. Berberis spp. is
among plants that grow wild in the Bayburt region of Turkey and are consumed as food by
the public. No study has covered all wild Berberis spp. naturally grown in this region. This
study, which included all wild Berberis spp. in the Bayburt region of Turkey, showed that it
is suitable for consumption as food and can be used with different food products.

3. Materials and Methods
3.1. Plant Material

Five different local breeds of Berberis sp. (wild Berberis vulgaris L., Berberis integerrima
Bunge, Berberis crataegina DC., the culture form of Berberis vulgaris L., and the hybrid of
Berberis integerrima × Berberis crataegina) were collected from Bayburt, an eastern Black Sea

18



Molecules 2021, 26, 7448

city in Turkey, during September 2019. The locations were: Kop Mountain Pass, Sancaktepe
and Demirozu crossroads, Sirakayalar Village, and Eski Kopuz Village Road, respectively.
The altitude, latitude, and longitude data that belong to the collection location of wild B. vul-
garis L. 2204 m, 40◦03′11” N, 40◦28′42” E, the culture form of B. vulgaris L. 1675 m, 40◦13′22”
N, 40◦03′51” E, B. integerrima Bunge 1882 m, 40◦06′01” N, 40◦14′03” E, B. crataegina DC.
1579 m, 40◦12′41” N, 40◦15′42” E, and the hybrid of B. integerrima × B. crataegina 1592 m,
40◦12′01” N, 40◦17′22” E.

Leaves and stems were separated from fruits, and after drying for two months at room
temperature and were stored in a dry environment until analyzed. The fruits and seeds of
the Berberis sp. were photographed by a binocular microscope to support the taxonomic
classification. The fruits and seeds belonging to different Berberis spp. are shown in Figure 4.
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Figure 4. The fruits and seeds of Berberis spp. (A) B. vulgaris L., (B) B. vulgaris L. *, (C) B. integerrima
Bunge, (D) B. integerrima × B. crataegina **, (E) B. crataegina DC., * Culture plant ** Hybrid.

3.2. Extraction of Plant Material

Ultrasonic assisted extraction of Berberis spp. fruit samples was performed with minor
modifications from methods described by Annegowda et al. [36] and Wang et al. [37].
Berberis fruit samples were stored in a dry environment until use. Seedless fruit samples
were ground in the grinder. Four grams of the samples was transferred to sterile Falcon
tubes (15 mL), and 10 mL of ethanol was added to the tube as a solvent. This mixture
was kept in an ultrasonic water bath (Kudos) for 30 min at a frequency of 35 kHz at 60 ◦C.
Then, this reaction mixture was centrifuged for 10 min at 10,000 rpm, and the supernatants
were carefully transferred to sterile Falcon tubes. The volume was made up to 10 mL with
ethanol (95%). Before analysis, a portion of the supernatant was filtrated through a 0.45 µm
membrane.

3.3. Determination of Total Phenolic Content (TP)

The total phenolic content in the ethanolic extract of five different Berberis samples
was determined according to the Folin–Ciocalteu method suggested by Slinkard and
Singleton [38]. Shortly, 680 µL of distilled water and 400 µL of 0.5 N Folin–Ciocalteau
reagent were added to the samples in a tube. Then, a standard solution and 20 µL of extract
were added into this mixture, and after 3 min, 400 µL of solution 10% Na2CO3 was added
to the tube and the mixture was allowed to stand for 2 h with intermittent shaking. The
standard concentration level was 0.03125 mg/mL−1 mg/mL. Finally, the absorbance was
measured at 760 nm. The results were expressed as mg of gallic acid equivalent per gram
of dry weight (mg GAE/g dw).

3.4. Determination of Total Flavonoid Content (TF)

The aluminum chloride colorimetric method for the determination of total flavonoids
was modified from the procedure suggested by Fukumoto and Mazza [39]. In a test tube,
0.5 mL of fruit extracts, 0.1 mL of 10% Al(NO3)3, and 0.1 mL of 1M NH4.CH3COO were
combined and incubated at room temperature for 40 min. The standard concentration level
was 0.03125 mg/mL−1 mg/mL. The absorbance of this reaction mixture was measured at
415 nm with a UV–Vis spectrophotometer. The total flavonoid content was expressed as
mg of quercetin equivalents (QE) per gram of sample (mg QE/g).
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3.5. Condensed Tannin Content (CT)

Condensed tannins were determined according to Julkunen-Titto’s [40] method with
small modifications. Twenty-five microliters of each Berberis sample solution was mixed
with 750 µL of 4% vanillin (prepared with MeOH), then, 375 µL of concentrated HCl was
added. The well-mixed solution was incubated at room temperature in the dark for 20 min.
The standard concentration level was 0.03125 mg/mL−1 mg/mL. The absorbance was
then measured at 500 nm against a blank. The results were expressed as mg of catechin
equivalents (CE) per gram of dry weight (mg CE/g DW).

3.6. Antioxidant Activity
3.6.1. Ferric Reducing Antioxidant Power (FRAP) Assay

The FRAP assay was carried out according to a modification by Benzie and Strain [41].
The FRAP reagent was prepared by mixing 250 mL of acetate buffer (300 mM, pH 3.6),
25 mL of TPTZ solution (10 mM TPTZ in 40 mM HCl), and 25 mL of FeCl3 (20 mM in water
solution). For each Berberis spp. fruit sample and each standard, 50µL was added to 1.5 mL
of freshly mixed FRAP reagent. The sample was vortexed, and all samples were incubated
for 4 min. The standard concentration level was 31.25–1000 µM. The absorbance was
measured at 593 nm against a control. The results were expressed as µmol FeSO4.7H2O/g.

3.6.2. 1,1-Diphenyl-2-Picrylhydrazyl Radical (DPPH) Assay

The DPPH assay was performed by using the method of Molyneux [42], with some
modifications. The stock solution was prepared by dissolving 4 mg DPPH with 100 mL of
100% methanol. Shortly, for each Berberis spp. fruit sample, a 750 µL standard solution was
added to a 750 µL DPPH methanolic solution and the mixtures were shaken vigorously
and left to stand in the dark for 50 min at room temperature. Then, the absorbance was
read at 517 nm. Six different concentrations were used to calculate the inhibition values of
the Berberis spp. fruit samples. To calculate DPPH radical activity, Trolox was used as a
standard.

3.7. Antibacterial Activity

The obtained ethanol extracts (as described in the title “extraction of plant material”)
were kept at 55 ◦C for 48 h and the solvents were evaporated. After the removal of the
solvents, the obtained active substances were weighed (128 mg) on a precision balance and
transferred to 2 mL sterile Eppendorf tubes. At the end of this period, by adding DMSO to
the Eppendorf tubes, the total volume was brought to 2 mL. Extracts in these Eppendorf
tubes were kept at room temperature for 24 h. After vortexing, the prepared DMSO extracts
were used for in vitro antibacterial activity tests.

3.8. Microorganisms and Growth Condition

In vitro antibacterial activities of the Berberis, fruit samples were determined using
10 g-positive and 8 g-negative bacteria. Selected target pathogen strains were cultured for
24 h at 37 ◦C using Mueller Hinton Broth (MHB, Oxoid). The suspensions were adjusted
to a standard turbidity of 0.5 McFarland (106 CFU/mL) and used as inoculum [43]. The
microorganisms used in the study were obtained from the Department of Medical Services
and Techniques, Vocational School of Health Services, Bayburt University, Turkey.

3.9. Screening for Antibacterial Activity

To determine the in vitro antibacterial activity of the Berberis spp. fruit samples, the
agar-well diffusion (AWD) method was used. For this purpose, 8 mm diameter wells were
cut into the sterile Mueller Hinton Agar (MHA) mediums using a sterile cork borer [39].
After these processes, inoculums (0.5 McFarland Turbidity Standard—106 CFU/mL) were
seeded using sterile swabs. Next, 100 µL of DMSO extracts of the Berberis fruit extracts
was transferred to wells and incubated at 37 ◦C for 24 h. Following the incubation period,
the observed inhibition zones around the wells were measured with a Vernier caliper and
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recorded. In addition, DMSO was used as a negative control in this process. Each assay
was carried out in duplicate [44].

3.10. Determination of Minimum Inhibition Concentration (MIC)

MIC values of Berberis spp. fruit extract were determined by the broth dilution
method using 96-well round-bottom polystyrene microplates. For this purpose, first,
95 µL of sterile MHB was distributed to each well of the 96 well microtiter plates. Then,
overnight-grown pathogenic microorganisms were adjusted to 0.5 McFarland turbidity,
and 5 µL of inoculums were added to each well. As a result of these applications, 100 µL
of inoculum + MHB medium solution was prepared in each well of a 96-well microplate.
Then, 100 µL of extract (64 mg/mL of DMSO extracts) was added to all of the first wells
and mixed at least three times. Afterward, 100 µL of the mixture was taken from the first
well via a micropipette and transferred to the second well. This procedure was repeated
successively up to the eighth well. In this manner, the starting concentration of Berberis
fruit samples extracts was diluted at each step. After these applications, the absorbance
values of the microplate were measured and recorded at a 600 nm wavelength (Thermo,
Multiskan Go). The microplates were then incubated at 37 ◦C for 24 h. At the end of
the incubation period, absorbance values were again measured and recorded. The first
well, where the absorbance values increased, was considered as non-bactericidal or non-
bacteriostatic concentrations, and the concentration of the upper wells was accepted as the
MIC values [45,46].

3.11. Determination of Minimum Bactericidal Concentration (MBC)

After determining the MIC values of the Berberis spp. fruit extracts, to determine
the MBC values, 10 µL suspension was removed from each well of the test microplates
and transferred to the nutrient agar (NA) medium. After this process, inoculated Petri
dishes were incubated at 37 ◦C for 24 h. At the end of this incubation period, a minimum
concentration that bacterial growth was not observed was accepted as MBC. All these
assays were performed twice [47].

3.12. Oil Extraction and Preparation of Methyl Esters

The Berberis spp. fruits were chosen randomly from the collected samples and sepa-
rated seeds to detect the fatty acid composition. Ten grams of the dried and completely
ground Berberis spp. seed samples was placed in the cartridge in the extractor section
of the soxhlet apparatus and extracted with hexane for 6 h. The solvent of the resulting
hexane–oil mixture was removed with the evaporator. To prevent hexane from remaining
in the mixture obtained, it was kept in the oven for 1 h at 90 ◦C. When the process was
completed, calculations were made by weighing the balloon, previously weighted, again
and the oil content was defined. To determine the fatty acid composition of the obtained
oils, 20 mg was taken and dissolved in 5 mL of hexane. To make methyl esters, 5 mL
of methanol was prepared with 2N KOH and shook strongly. Gas chromatography was
analyzed with a flame ionization detector (GC-FID) by taking the upper phase [48,49].

3.13. Statistical Analysis

Statistical analysis of this study was performed using the SPSS 25.0 software program.
Descriptive statistics of TP, TF, CT, FRAP, DPPH, and oil content of Berberis spp. were
determined, and Pearson correlation analysis was performed, in addition to calculating the
standard deviations errors of the data. In this study, principal component analysis (PCA)
was applied twice to determine both the main components of the fatty acid composition
and fatty acids together with antioxidant parameters. In addition, hierarchical cluster
analysis (HCA) was applied to determine the relationship between Berberis spp. In this
study, principal component analysis (PCA) was applied two times to determine both the
main components of the fatty acid composition and fatty acids together with antioxidant
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parameters. In addition, hierarchical cluster analysis (HCA) was applied to determine the
relationship of Berberis spp.

4. Conclusions

Wild plants and medicinal aromatic plants have been used for many purposes from
the past to the present. It is important to determine the fatty acid composition, antioxidant,
and antimicrobial activities of these plants when consumed as food. In this study, wild
B. vulgaris L., B. integerrima Bunge, B.crataegina DC., B. integerrima, the culture form of
B. vulgaris L., and the hybrid of B. integerrima × B. crataegina were collected from Bayburt
Province, Turkey. Their oil content, fatty acid compositions, antimicrobial, and antioxidant
properties were detected. The oil contents, fatty acids, and phytochemical characteristics
of the Berberis spp. fruits were affected by the variety of local breeds, species, and the
collection location, considering the role of geographical conditions. The PCA and HCA
results showed that the wild and cultured plants are different, and the B. integerrima × B.
crataegina hybrid was diagnosed significantly different. PCA1 and PCA2 showed that fatty
acids and antioxidants are principal components for Berberis spp. In addition, differences
in fatty acids and antioxidants between hybrid and culture Berberis spp. support the
importance of varieties. All the results obtained in this study suggest that wild Berberis spp.
fruits collected from nature are suitable for use in the food industry.
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Abstract: Experiments detailing the spray drying of fruit and vegetable juices are necessary at the
experimental scale in order to determine the optimum drying conditions and to select the most
appropriate carriers and solution formulations for drying on the industrial scale. In this study, the
spray-drying process of beetroot juice concentrate on a maltodextrin carrier was analyzed at different
dryer scales: mini-laboratory (ML), semi-technical (ST), small industrial (SI), and large industrial
(LI). Selected physicochemical properties of the beetroot powders that were obtained (size and
microstructure of the powder particles, loose and tapped bulk density, powder flowability, moisture,
water activity, violet betalain, and polyphenol content) and their drying efficiencies were determined.
Spray drying with the same process parameters but at a larger scale makes it possible to obtain
beetroot powders with a larger particle size, better flowability, a color that is more shifted towards
red and blue, and a higher retention of violet betalain pigments and polyphenols. As the size of
the spray dryer increases, the efficiency of the process expressed in powder yield also increases. To
obtain a drying efficiency >90% on an industrial scale, process conditions should be selected to obtain
an efficiency of a min. of 50% at the laboratory scale or 80% at the semi-technical scale. Designing the
industrial process for spray dryers with a centrifugal atomization system is definitely more effective
at the semi-technical scale with the same atomization system than it is at laboratory scale with a
two-fluid nozzle.

Keywords: spray drying; vegetable powders; beetroot; natural colorants; violet betalain pigments;
polyphenols

1. Introduction

The food market is subject to constant changes, which results, among others, from
the influence of current global trends and greater consumer knowledge and awareness, as
well as changes in the behaviors and lifestyles of society. Low-quality goods containing
large amounts of flavor enhancers, preservatives, or artificial colorants are becoming less
and less popular. Another trend, resulting from the lifestyle of a wide range of people,
is the increased popularity of foods that are convenient for quick preparation, including
instant foods. In this type of food, spray-dried fruit and vegetable powders are gaining
popularity as ingredients in final food products. These act as carriers for flavor, aroma,
and color and also have bioactive properties. One of the most important examples of these
carriers is spray dried beetroot (Beta vulgaris) juice, which is the main ingredient in many
instant soups but also in a wide range of food products, where it plays the role of a natural
colorant. The development of instant meals in the global market has been characterized
by very dynamic growth in recent years. It manifests itself as a huge increase in diversity,
both in terms of taste and in the form of administration and packaging. As a result, the
ingredients of such foods are subject to increasingly higher quality requirements so that
they can meet the higher technological demands for the production of attractive, natural,
and healthy instant foods. The use of a given food ingredient in the final product usually
involves the precise design of its properties, and this, in turn, requires a well-designed
spray drying process for that ingredient.
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Spray drying is the most widely used technique for liquid food drying and encapsula-
tion. The advantage of this method is related to its economy, flexibility, and possibility of
continuous operation [1–3]. It allows the stability of the product to be increased, reducing
volume of the product and extending its shelf life, which also facilitates product handling
and also allows products to be stored at ambient temperature [1,3–5]. When considering
the spray drying of fruit and vegetable juices, there are technological problems that are
associated with the hygroscopic and thermoplastic properties of the juices (product sticking
and settling on the walls of the dryer, reduction of drying efficiency and powder stability,
operational problems of the dryer) [6–8]. The reason for this is the content of the organic
acids and low molecular weight sugars with a low glass transition temperature that are
contained in the fruit and vegetable juices [9,10]. A known way to cope with these difficul-
ties is to add drying carriers that have high molecular weight and that can effectively lower
the glass transition temperature of the dried juice [11]. The most commonly used carriers
in spray drying processes are polysaccharides, proteins, and lipids [12–14]. For fruit and
vegetable juice drying, polysaccharides such as hydrolyzed starches or gums are the most
preferred due to their chemical similarity and plant origin but also because of their lower
purchase cost compared to other carriers.

Designing the beetroot juice spray drying process and the specific properties of the
resulting beetroot powder comes down to the optimal selection of the main raw material—
beetroot juice concentrate, the selection of the carrier, and the selection of appropriate
drying process conditions. This is often first completed on a laboratory and/or semi-
technical scale, and the drying is then transferred to an industrial scale of an appropriate
size, depending on the planned production batch. When designing a new industrial dryer
for a specific product, laboratory tests are necessary to acquire the needed information
about the behavior of the dried materials [7]. The laboratory and semi-technical scale
tests performed help to design the industrial process. However, differences in product
quality at different scales present some difficulties in the development and production
of powder products [15]. This is largely due to the fact that spray drying involves a
combination of complex physical transformations that include the mixing of the main dried
component and excipients in a suitable solvent, liquid atomization, solvent evaporation
(drying), gas–particle separation, and often secondary drying, which may take place in
a fluidized bed dryer [16]. Scale-up studies of spray dryers (particularly in the field of
pharmaceutical drying) can be found in the literature and include specific process scaling-
up design procedures [15–21]. However, the limited number of literature reports on
industrial scale spray drying is due to the high cost of conducting such experiments and
validating theoretical models [21].

This work focuses on the determination and comparison of the physicochemical
properties of dried beetroot powders that were obtained in dryers of different scales,
ranging from the laboratory to large industrial scales. Determining the trends of changes in
individual functional properties for this type of product (natural colorants of plant origin)
will enable more the precise planning of production processes for different production
batches. As mentioned above, the quality requirements for such powdered food ingredients
are very high; in particular, repeatability is very important. A given product must be
functionally the same regardless of whether it is produced in a large or small production
batch. Additionally, it is known that the most economical drying takes place when the
appropriate batch size is matched to the corresponding size of the spray dryer.

2. Results and Discussion
2.1. Powder Yield

Powder yield is a very important indicator that is related to the efficiency and economy
of the production process. Designing an industrial spray drying process requires achieving
a high powder yield that is at least above 90% for the production to make economic sense,
and preferably, the production yield is above 97%. In other words, carriers, recipes, and
drying conditions should be selected in such a way so as to minimize product losses
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to at least below 10%, and preferably below 3%. The determined powder yields for the
conducted beetroot juice spray drying processes at different scales are presented in Figure 1.
The differences in the values for individual spray dryers show statistical significance, with
the larger spray-drying scale allowing for significantly higher powder yields. For both
industrial-scale dryers (SI and LI), powder yields above 90% were achieved, which indicates
well-chosen drying conditions for the studied beetroot juice concentrate. The powder yield
values for the experimental driers on the laboratory (ML) and semi-technical (ST) scales are
much lower, i.e., 54.3 and 81.6%, respectively. Other researchers who conducted research
on laboratory-scale beetroot juice achieved powder yield values in the ranges of 15–18%
(Poornima et al. [22]), 41.31–54.63% (Bazaria et al. [23]), and 41.33–56.55% (Teenu et al. [24]).
Jedlińska et al. [25] conducted a semi-technical-scale experiment in which they spray-dried
cloudy beetroot juice with dehumidified air at low inlet temperatures (90 ◦C and 130 ◦C).
The temperature of 130 ◦C resulted in a powder yield of 76.1% and 90%, with and without
maltodextrin as a carrier, respectively. However, it is noteworthy that the feed solutions in
this study had a much lower concentration, i.e., 13.3 ◦Bx with the carrier and 8 ◦Bx without
the carrier. As seen from the study results, the semi-technical scale definitely approximates
(simulates) the industrial process better, which is also confirmed by the above-mentioned
studies from other authors.
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Figure 1. Powder yield of spray dried beetroot juice at different process scales (ML—mini-laboratory
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From this analysis of the powder yield changes, the values that must be achieved at
the experimental scales to obtain satisfactory spray drying efficiency at industrial scales. It
can be assumed that for the laboratory scale, it is a min. of 50%, and for the semi-technical
scale, the min. is 80%. Achieving such drying effectiveness at the experimental scale will
enable the transfer of the determined optimum drying conditions to the industrial scale,
allowing the production effectiveness indicators of >90% to be achieved.

2.2. Microstructure of Particles

Figure 2 shows microphotographs of beetroot powder particles for different spray
drying-scale sizes. The resulting particles are of various sizes and spherical shapes and
have numerous folds and cracks, which are typical for crop products that have been spray-
dried on maltodextrin carriers. The microstructure of the particles for the three dryers
with a centrifugal liquid atomization system (ST, SI, LI) shows no significant differences,
while the microstructure of the beetroot powder particles produced in the laboratory dryer
(ML) is mildly different. In the first case, more cracks and wrinkles can be observed
on the surface. This is related to the large loss of moisture from the particles and their
subsequent cooling [25,26]. The use of the laboratory dryer (ML) resulted in much smaller
but more spherical and smoother particles. This may have been caused by a different
atomization system: a two-fluid nozzle, where the dried liquid is atomized by a stream of
compressed air, is conducive to the formation of more small particles. The more developed
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evaporation surface favours a less violent exit of the contained moisture through the particle
surface, which reduces surface shrinkage. Figure 3 compares the particle morphology of
two different atomization systems (two-fluid nozzle and centrifugal liquid atomization) at
a higher magnification (1000×).

Molecules 2021, 26, x 4 of 15 
 

 

subsequent cooling [25,26]. The use of the laboratory dryer (ML) resulted in much smaller 
but more spherical and smoother particles. This may have been caused by a different at-
omization system: a two-fluid nozzle, where the dried liquid is atomized by a stream of 
compressed air, is conducive to the formation of more small particles. The more devel-
oped evaporation surface favours a less violent exit of the contained moisture through the 
particle surface, which reduces surface shrinkage. Figure 3 compares the particle mor-
phology of two different atomization systems (two-fluid nozzle and centrifugal liquid at-
omization) at a higher magnification (1000×). 

 
Figure 2. Microstructure of spray-dried beetroot juice particles (magnification 500×) at different process scales (ML—mini-
laboratory scale, ST—semi-technical scale, SI—small industrial scale, LI—large industrial scale). 

 

ML ST 

SI LI 

Figure 2. Microstructure of spray-dried beetroot juice particles (magnification 500×) at different process scales (ML—mini-
laboratory scale, ST—semi-technical scale, SI—small industrial scale, LI—large industrial scale).

Molecules 2021, 26, x 4 of 15 
 

 

subsequent cooling [25,26]. The use of the laboratory dryer (ML) resulted in much smaller 
but more spherical and smoother particles. This may have been caused by a different at-
omization system: a two-fluid nozzle, where the dried liquid is atomized by a stream of 
compressed air, is conducive to the formation of more small particles. The more devel-
oped evaporation surface favours a less violent exit of the contained moisture through the 
particle surface, which reduces surface shrinkage. Figure 3 compares the particle mor-
phology of two different atomization systems (two-fluid nozzle and centrifugal liquid at-
omization) at a higher magnification (1000×). 

 
Figure 2. Microstructure of spray-dried beetroot juice particles (magnification 500×) at different process scales (ML—mini-
laboratory scale, ST—semi-technical scale, SI—small industrial scale, LI—large industrial scale). 

 

ML ST 

SI LI 
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Jedlińska et al. [25] obtained particles with similar morphology. The researchers
conducted a semi-technical-scale experiment in which they also spray-dried beet juice with
a centrifugal liquid atomization system. The procedure resulted in smaller particles and
fewer shrunken particles than when the ST, SI, and LI dryers were used due to the higher
rotary atomizer speed, lower carrier content, and lower air inlet temperature than the ones
used in our study. Janiszewska [27] also dried beetroot juice with a rotary atomizer on a
semi-technical scale. The researcher used a higher content of maltodextrin as a carrier and
a higher temperature (the drying conditions were closer to the parameters of our study).
The microstructure of the particles was very similar to the microstructures obtained with
the ST, SI, and LI spray dryers.

Singh and Hathan [26] analyzed the microstructure of the spray-dried beetroot juice
particles obtained with a two-fluid nozzle laboratory dryer. The particles obtained in this
study were similar in size and exhibited a similar tendency for agglomeration but had
much greater shrinkage than the particles obtained with the ML dryer. The difference may
have been caused the higher carrier content.

2.3. Particle Size Distribution

The particle size of the beetroot powder obtained by spray drying is a key parameter
that affects several of the powders’ functional properties (e.g., bulk density, flowability,
compressibility, solubility, and hygroscopicity) [28]. The quantities characterizing the
cumulative volumetric particle size distribution are summarized in Table 1. The determined
mean values of particle size D[4,3] ranged from 11.8–43.2 µm and increased with increasing
dryer size. However, the particle size of the beetroot powder obtained in the laboratory
dryer (ML) was much smaller (11.8 µm) than the others (36.1–43.2 µm). Furthermore,
the span of the particle size distribution for the laboratory dryer (ML) was much larger
(span = 3.03) compared to the other dryers that were tested (ST, SI, LI), which achieved
span values in the range of 1.93–2.19. The markedly different nature of the particle size
distribution for the ML dryer may not only be due to the much smaller size but also due
to the different liquid atomization system. In this case, liquid atomization is performed
in a nozzle system, while in the other dryers, it is performed in a centrifugal rotary
atomizer system. Janiszewska et al. [27,29] conducted a semi-technical-scale experiment
with centrifugal liquid atomization. The researchers used similar amounts of maltodextrin
as a carrier in beetroot juice and obtained much smaller particle sizes (9.36–12.81 µm), but
they used a much higher rotary atomizer speed (39,000 rpm). Jedlińska et al. [25] used a
lower rotary atomizer speed (26,500 rpm). The size of the beetroot juice particles that were
spray-dried with maltodextrin was 9.1 µm, whereas the size of the particles spray-dried
without maltodextrin ranged from 13.2 to 15.6 µm.

Table 1. Particle size distribution (mean ± standard deviation of five replications of D10, D50, D90,
and D[4,3], span) of spray dried beetroot powders.

Spray Dryer Scale D10 (µm) D50 (µm) D90 (µm) D[4,3] (µm) Span

ML 0.58 ± 0.02 a 8.8 ± 0.4 a 27.3 ± 0.7 a 11.8 ± 0.4 a 3.03 ± 0.05 c

ST 0.91 ± 0.07 ab 32.4 ± 1.1 b 75.0 ± 1.9 b 36.1 ± 1.3 b 2.19 ± 0.02 b

SI 1.10 ± 0.03 b 37.6 ± 0.6 c 75.4 ± 0.5 bc 40.1 ± 0.3 bc 1.98 ± 0.03 a

LI 1.05 ± 0.19 b 40.9 ± 1.3 d 80.0 ± 1.5 c 43.2 ± 1.7 c 1.93 ± 0.03 a

ML—mini-laboratory, ST—semi-technical, SI—small industrial, LI—large industrial, a, b, c, d Different letters in
the same column show significant differences (p ≤ 0.05).

2.4. Moisture Content and Water Activity

All of the beetroot powders that were obtained were characterized by low values
of both moisture content (2.84–3.10%) and water activity (0.18–0.23). This indicates that
adequate microbiological stability was achieved for the beetroot powders obtained in all of
the tested drying scales. Among the centrifugal spray dryers (ST, SI, LI), a gentle decreasing
trend in the moisture content and in the water activity of the beetroot powders can be
observed with the increasing dryer size.
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A comparison of the results showed that the increase in the size of the particles was
correlated with a simultaneous decrease in the moisture content and water activity in
spray-dried beetroot powders. This finding was in line with the typical trends observed
in various studies with the same dryer but with an increase in the inlet air temperature
(e.g., spray drying of orange juice by Chegini et al. [30]). In our study, the inlet temperature
was the same for all of the spray-drying scales. Therefore, this decreasing trend of changes
in the moisture content and water activity in beetroot powders along with the increase in
the dryer scale should be associated with the decrease in the ratio of the drying air flow
to the dryer volume (according to the data in Table 4). This resulted in the beetroot juice
having a longer residence time in the drying chamber and a consequently smaller amount
of residual moisture in the obtained beetroot powder.

Other researchers have obtained beetroot powder moisture values of 1–3.4%
(Poornima et al. [22]), 3.5–6.9% (Jedlińska et al. [25]), 3.95–6.50% (Singh et al. [26]), 2.8–4.5
(Janiszewska [27]), 2.77–4.75% (Janiszewska et al. [29]), and 3.33–4.24% (Do Carmo et al. [31]),
and Janiszewska [27] obtained water activity at the level of 0.44–0.75. Jedlińska et al. [25]
observed much lower water activity in beetroot powders that had been spray-dried with
carriers (0.107–0.148) and without carriers (0.169–0.202). Such low values may have been
caused by the use of dehumidified drying air.

2.5. Bulk Density, Angle of Repose and Flowability

The values of loose and tapped bulk densities are shown in Figure 4. Loose bulk
density values were obtained in the range 422–591 kg/m3, and tapped bulk density values
were obtained in the range 569–733 kg/m3. In the case of the centrifugal spray dryer series
(ST, SI, LI), the use of a larger dryer resulted in lower bulk density values, which was
confirmed by statistical analysis. In the case of the mini-laboratory-scale (ML) dryer, the
values that were obtained show different characteristics, in particular, a much lower value
of loose bulk density was recorded in relation to the other dryer sizes. This is due to the
different liquid atomization system. The pneumatic two-fluid nozzle can aerate the dryer
feed solution to some extent and can create powders with encapsulated air, which conse-
quently leads to lower bulk densities. Other researchers have obtained loose bulk densities
of spray-dried beetroot juice with maltodextrin as a carrier at the laboratory and semi-
technical scales of 580 kg/m3 (Jedlińska et al. [25]), 410–615 kg/m3 (Janiszewska et al. [29]),
309–325 kg/m3 (Kapoor et al. [32]), and 616–698 kg/m3 (Gawałek et al. [33]) and a tapped
bulk density at values of 730 kg/m3 (Jedlińska et al. [25]), 639–721 kg/m3 (Singh et al. [26]),
410–615 kg/m3 (Janiszewska et al. [29]), 352–389 kg/m3 (Kapoor et al. [32]), and 692–938 kg/m3

(Gawałek et al. [33]).
Comparing the differences between the loose and tapped bulk density values for each

spray-drying scale, a decrease in these differences was observed with increasing dryer
size, regardless of the liquid atomization system. This is directly reflected in the Hausner
ratio (HR) values, which are measures of powder bulkiness. Table 2 shows the values
of the HR and the angle of repose (AR), which is also a measure of powder flowability.
Both of the powder flowability indices showed a statistically significant improvement in
flowability when the spray dryer that was used increased in size. This dependence is
related to the powder particle size (Table 1). Larger particle sizes improve the flowability of
spray-dried beetroot powders. This is in line with Thomson’s [34] conclusion that a lower
particle size generally provides lower flowability. In Table 2, each value of the flowability
index (HR, AR) was also assigned a specific degree of flowability according to Carr’s
classification [35]. The HR index showed a poorer flowability rating compared to the AR
index. According to the HR values, beetroot powders with good or excellent flowability
are only observed for industrial drying-scale-sized dryers (SI, LI), while according to the
AR index, the already-tested semi-technical scale (ST) achieves good beetroot powder
flowability. Similar differences in the powder flowability estimation using the loose and
tapped bulk density method (HR) and the angle of repose method (AR) have been obtained
by other authors: Kapoor et al. [32], Sarabandi et al. [36], and Dadi et al. [37] for spray-dried
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beetroot, apple, and moringa juices, respectively. Analyzing the obtained values of the
flowability indices of spray-dried beetroot powders by other authors, Kapoor et al. [32]
obtained beetroot powders with better flowability (HR = 1.25, AR = 33.83) at the laboratory
scale with similar drying parameters. On a semi-technical scale, Gawałek et al. [33] obtained
better powder flowability by comparing the Hausner coefficient (HR = 1.13) for the same
drying conditions, while slightly worse flowability was obtained by using the angle of
repose as a criterion (AR = 33◦). However, a higher content of maltodextrin (70% d.m.) was
used in this study. Jedlińska et al. [25] used a lower content of maltodextrin as a carrier
(about 33% d.m.) in a semi-technical-scale experiment with dehumidified air and obtained
a similar HR level (1.26) to the value found in the beetroot powder from the ST spray dryer.
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Table 2. Characteristics of spray-dried beetroot powders flowability: mean ± standard deviation of
three replications of Hausner ratio (HR) and angle of repose (AR).

Spray Dryer Scale Hausner Ratio Angle of Repose

(-) Flowability * (◦) Flowability *

ML 1.42 ± 0.01 d poor 42.2 ± 2.8 d passable
ST 1.24 ± 0.01 c fair 31.3 ± 1.9 c good
SI 1.13 ± 0.00 b good 22.6 ± 1.2 b excellent
LI 1.07 ± 0.00 a excellent 15.1 ± 0.9 a excellent

ML—mini-laboratory, ST—semi-technical, SI—small industrial, LI—large industrial, a, b, c, d Different letters in the
same column show significant differences (p ≤ 0.05), * Flowability of powders according to Carr’s [35] classification.

2.6. Color

When producing colorants originating from plants, a very important aspect is to
obtain a proper and reproducible color scale, i.e., to obtain a color with specific attributes:
brightness, hue, and saturation. The CIE Lab system color scale of aqueous solutions
containing manufactured beetroot powders was tested. The results are summarized in
Table 3. The brightness (L*) of the beetroot powders produced in the centrifugal spray
dryers (ST, SI, LI) showed no statistical differences (p ≤ 0.05), and only the beetroot powder
from the ML dryer showed higher brightness. The larger size of the spray dryer affected
the beetroot powder color changes in the red (increase in a* value) and blue (decrease
in b* value) directions. The total color differences ∆E of the aqueous solutions of the
beetroot powders with respect to the color of the solution prepared directly from the liquid
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juice concentrate showed a significant statistical decrease (p ≤ 0.05) when the size of the
dryer increased. This implies that spray drying beetroot juice on a larger scale enables
color changes that can occur during drying to be minimized. It should be noted that the
∆E values for all of the beetroot powders are not large and that the differences for both
industrial scales (SI and LI) are practically imperceptible to the human eye.

Table 3. Results for color parameters of 1% aqueous solutions of beetroot powders (mean ± standard
deviation of 3 replications).

Spray Dryer Scale L* a* b* ∆E

ML 34.3 ± 0.3 a 66.8 ± 0.4 a 36.2 ± 0.3 d 5.0 ± 0.3 d

ST 35.6 ± 0.4 b 67.9 ± 0.4 b 35.8 ± 0.2 c 3.6 ± 0.2 c

SI 35.5 ± 0.3 b 68.4 ± 0.2 b 34.1 ± 0.2 b 2.2 ± 0.1 b

LI 36.4 ± 0.3 b 69.7 ± 0.4 c 33.4 ± 0.3 a 0.6 ± 0.2 a

ML—mini-laboratory, ST—semi-technical, SI—small industrial, LI—large industrial, a, b, c, d Different letters in
the same column show significant differences (p ≤ 0.05).

The above correlations correspond to changes in other parameters, which confirm
smaller thermal degradation impacts for larger dryers.

2.7. Violet Betalain Content

The content of betalain, i.e., violet and yellow pigments, specifically the percentage
of their retention in the spray-drying process, is a very important performance parameter
when considering beetroot powders. It directly affects their coloring power when these
powders are used as natural food colorants. The spray-drying process, due to thermal
processes that occur during them, degrades these pigments by several to tens of percent
depending on the process conditions [23,25,27,29,31,33,38]. Degradation mechanisms such
as isomerization, decarboxylation, or cleavage under heat and acidic environments can
be different [26,39]. Therefore, in industrial practice, spray-drying process parameters are
optimized for the retention (preservation) of betalain pigments. If beetroot juices are used
in industrial production as natural colorants, they are standardized to the content of violet
betalain pigments, which can be calculated in terms of betanin (BT).

In the present study, the content of violet betalain pigments in the obtained beetroot
powders was obtained in the range of 283.3–302.7 mg/100 g, which represents a retention
rate in the drying process of 91.4–97.6%, respectively. Other researchers who have consid-
ered the spray drying of beetroot juice have achieved betalain retention values of 61–70%
(Bazaria et al. [23]), 91.6% (Do Carmo et al. [31]), and 34–88.5% (Ochoa et al. [38]) at the lab-
oratory scale, while at the semi-technical scale, values of 26.7–29.3% (Janiszewska et al. [29]),
68–76% (Janiszewska [27]), and 85.5–95.5% (Gawałek et al. [33]) have been achieved. The size
of the spray dryer that was used was found to be a factor causing statistically significant
differences (p ≤ 0.05) in the content of violet betalain pigments (Figure 5A). For a range of
centrifugal liquid spray dryers (ST, SI, LI), the use of a larger dryer resulted in higher levels
of pigment retention. This dependence is related to the particle powder size, flowability,
and powder yield. The lower stickiness of beetroot juice results in a higher yield of beetroot
powder in the spray-drying process because larger particles with better flowability are
formed. As a consequence, less beetroot powder remains in the drying system, and the
thermal degradation of violet betalain pigments is reduced. From the above experimental
results, it can be seen that by designing the drying process on a semi-technical scale and
by increasing the scale, a significant reduction in the loss of violet betalain pigments can
be expected. Increasing the scale from semi-technical (ST) to small industrial (SI), i.e., a
sevenfold scale enlargement (7:1), resulted in a decrease in violet betalain pigments losses
ranging from 9% to 6%. On the other hand, when the scale upsizing was much larger, i.e.,
fifty times (50:1), from semi-technical scale (ST) to industrial large scale (LI), the reduction
in violet betalain pigment loss was even more significant. In this case, there was a decrease
from 9% to 2%. For the laboratory dryer (ML), a higher value was achieved than would
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be expected due to the small scale; specifically, the expected values were similar to those
achieved in the small industrial-scale (SI) dryer. This is due to the fact that the two-fluid
nozzle atomization system results in milder drying thermal conditions than centrifugal
atomizers despite using the same drying air inlet temperatures (T = 175 ◦C). The additional
cool compressed air that transports and sprays the liquid raw material into the dryer
chamber is responsible for this. In addition, the much higher ratio of the drying air to
volume (Table 4) for the ML dryer results in the beetroot powder particles having a shorter
residence time in the dryer.
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Table 4. Designations and data of spray dryers used.

Data/Parameters Spray Dryers

Designations ML ST SI LI

Scale mini-laboratory spray dryer semi-technical spray dryer small industrial spray
dryer large industrial spray dryer

Drying chamber volume, m3 0.013 1.4 57 179

Water evaporation capacity, kg
H2O/h 1 15 100 700

Liquid spray system two-fluid nozzle rotary atomizer rotary atomizer rotary atomizer

Spray nozzle/rotary disc diameter,
mm 0.7 120 160 210

Batch size, kg 0.4 5 800 5000

Ratio of the drying air flow to the
dryer volume, m3/m3·h 2692 335 87 81

Producer Büchi Labortechnik AG,
Flawil, Switzerland

Niro Atomizer, Søbork,
Denmark Combined—no name Niro Atomizer, Søbork,

Denmark

Type B-290 FU 11 DA - C

2.8. Total Polyphenol Content (TPC)

Beetroot juice has bioactive properties in addition to coloring properties; hence, their
retention (preservation) during spray drying was also investigated at different scales. Phe-
nolic compounds such as phenolic acids and their derivatives (ferulic, vanillic, ellagic,
caffeic, chlorogenic, p-coumaric, and sinapic acid) and flavonoids (quercetin, myricetin,
kaempferol, rutin, vitexin, orientin, betagarin, betavulgarin, cochliophilin A, and dihy-
droisorhamnetin) can be found in beetroot juice [40–43]. Total polyphenol content (TPC)
values were determined and ranged from 983–1058 mg GAE/100 g, representing retention
rates in the range of 91.8–98.9%, respectively. In this case, the statistical significance of
the differences between the different drying scales is much lower than that for the violet
betalain pigment content, but a gentle increasing trend can be observed as the spray dryer
scale increases (Figure 5B). The results obtained here may suggest that the polyphenols
have a lower thermal sensitivity compared to the violet betalain pigments. TPC reten-
tion at a similar level (>90%) was also achieved during the spray drying of chokeberry
juice [10,11] and bayberry juice [44]. In the case of non-optimal spray-drying conditions,
lower TPC retention values can be obtained, similar to those for blueberry juice [45] and
thyme extract [46]. There are also cases where the retention of TPC after the spray-drying
process exceeds 100%. Such values were obtained by Zhang et al. [47] for cranberry juice
(138–216%) and by Saikia et al. [48] for Khasi mandarin orange juice (417%). This effect is
related to the possibility of changes in the chemical structure of phenolic compounds due to
thermal treatment, which may improve the reactivity with the Folin–Ciocalteu reagent [49].
The intensity of these changes during spray drying depends on the phenolic profile of the
dried material [47].

During the spray-drying of beetroot juice, betanin can be thermally decomposed into
betalamic acid and cyclo-dopa-5-0-glycoside [50,51]. It is also possible to change the violet
betalain pigments into yellow. Maillard reaction products may also be formed [52,53]. All
of these compounds have antioxidative properties and can react with the Folin–Ciocalteu
reagent to influence the TPC value. Therefore, during the spray-drying of beetroot juice,
the temperature may cause a greater loss of violet pigments than the TPC values and
antioxidative capacity can.

3. Materials and Methods
3.1. Materials

The research material was beetroot (Beta vulgaris) juice concentrate (SVZ International
B.V., Breda, the Netherlands) with the following parameters: extract content 64.8 ◦Brix,
violet betalain pigments content equal to 0.50%, density 1320 kg/m3 at 20 ◦C, pH 4.0, and
2.0 g/100 g citric acid. Potato maltodextrin with a dextrose equivalent of DE 11 (PEPEES
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S.A., Łomża, Poland) was used as a carrier. The same feed solution formulation was used
for all of the drying processes: 34% solid content in water, 58.5% carrier content in dry mass.
Assumptions were made to obtain the theoretical content of the violet betalain pigments at
the level of 310 mg/kg at the moisture content of beetroot powder equal to 3%.

3.2. Spray Drying

Spray drying of the same solutions was carried out at different process scales: one
laboratory-scale process, one semi-technical-scale process, and two industrial-scale pro-
cesses (small and large). Table 4 summarizes the designations and data from the spray
dryers that were used. A rotary atomizer system was used to spray the feed solution at
the semi-technical scale (ST) and industrial scales (SI and LI). During rotary atomization,
the feed is centrifugally accelerated to high velocity in the atomizer wheel before being
discharged into the hot drying gas. At the laboratory scale (ML), however, atomization was
performed using a two-fluid nozzle. In this system, atomization is achieved pneumatically
by high-velocity compressed air making impact with the liquid feed.

In all of the drying processes, efforts were made to maintain comparable drying
conditions/parameters. The principle that was adopted was to set a constant drying air
inlet temperature (175 ◦C) and, by adjusting the flow rate of the feed solution (raw material),
to maintain the outlet temperature in the range of 82–85 ◦C. In the case of centrifugal spray
dryers (ST, SI, and LI), the same rotary atomizer speed was maintained at 15,000 rpm.

3.3. Powder Yield

Powder yield was calculated as the ratio of the dry matter content in the collected
powder after each spray drying test process to the value of the dry matter content in the
feed solution.

3.4. Microstructure of Particles

The beetroot powders were sputtered with gold and were examined for morphology
using a scanning electron microscope SEM Zeiss Evo 40 (Carl Zeiss Microscopy Deutsch-
land GmbH, Oberkochen, Germany; magnification: 500× and 1000×).

3.5. Particle Size Distribution

Particle size distribution was measured with a Mastersizer 2000 (Malvern Instruments
Ltd., Malvern, UK) using laser diffraction. Isopropanol was used as a dispersant. Three
percentiles (10th, 50th, and 90th), volume-weighted mean diameter D[4,3], and span
(Equation (1)) of the volume distribution were determined.

span =
D90 − D10

D50
. (1)

3.6. Moisture Content and Water Activity

The moisture content of the beetroot powder was analyzed using the oven method at
105 ◦C for 4 h. Water activity was measured in a Rotronic apparatus type Hygroscope DT
(Rotronic AG, Bassersdorf, Switzerland) at 25 ◦C.

3.7. Bulk Density, Angle of Repose and Flowability

Loose bulk density (ρL), tapped bulk density (ρT), and the angle of repose (AR) were
measured according to ASTM D6393 [54]. In addition to the natural angle of repose (AR),
the Hausner ratio (HR) was used to evaluate the flowability of the beetroot powders.
The Hausner coefficient was calculated as the ratio of tapped and loose bulk density:
HR = ρL/ρT [55].

3.8. Color

Using a Jasco V630 spectrophotometer (Japan), color parameters were determined
using the CIE L*a*b* system for the 1% aqueous solutions of the resulting beetroot powders.
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The total color difference ∆E was also determined for all of the measurements (Equation (2)),
where the solution prepared directly from the concentrate was considered as the standard.

∆E =

√
(∆L)2 + (∆a)2 + (∆b)2. (2)

3.9. Violet Betalain Content

The content of the violet betalain pigments was determined using the method pro-
posed by Nillson [56] with modifications, using a Jasco V630 spectrophotometer (JASCO
International Co. Ltd., Tokyo, Japan). To 1 mL of test solution (1 g of beetroot powder
+ distilled water to a volume of 100 mL), 4 mL of pH 6.5 phosphate buffer was added.
The absorbance was measured at 538 and 600 nm. The results were calculated in terms of
betanin (BT) and were expressed as mg BT/100 g d.m. (dry matter) of beetroot powder.
The retention of betalains in the spray-dried beetroot juice was calculated relative to the
value measured in the feed solution before drying.

3.10. Total Polyphenol Content (TPC)

For the determination of the total polyphenol content (TPC), the Folin–Ciocalteu
method, which has already been used in previous studies, was applied [11]. A sample
(1 mL of solution: 0.5 g beetroot powder in 10 mL of 50% (v/v) methanol/water solution)
was pipetted into a 100 mL volumetric flask and was diluted with distilled water. Deter-
minations were performed using a Jasco V630 spectrophotometer (JASCO International
Co. Ltd., Tokyo, Japan) by measuring absorbance at 765 nm. Results were expressed as
mg gallic acid equivalent (GAE) per 100 g d.m. of beetroot powder. TPC retention in the
dried beetroot juice was calculated relative to the value measured in the feed solution
before drying.

3.11. Statistical Analysis

All of the determined physicochemical parameters were average values and were
determined from measurements made after a min. of three repetitions. The statistical signif-
icance (or not) of the effect of the spray dryer-scale size on the physicochemical parameters
of the beetroot powder and process efficiency was verified using one-way ANOVA analysis
of variance with Tukey’s HSD test at a significance level of 0.05. Statgraphics 13.1 program
was used.

4. Conclusions

Conducting spray drying experiments of fruit and vegetable juices at the experimental
scale is necessary to determine the optimal drying conditions and to select the optimal
carriers and solution formulations for industrial scale drying. Industrial process design for
centrifugal spray dryers is definitely more efficient than using a semi-technical scale with
the same spray system than using a laboratory-scale dryer with a two-fluid nozzle. The
laboratory-scale dryer is more convenient for research, but many properties of the beetroot
powder obtained on it do not correlate with the properties of beetroot powders obtained on
the industrial scale. Among other things, the particle size distribution, microstructure, bulk
density, and flowability of the powder are very different. This effect is caused not only by
the difference in the feed solution spraying systems, but also by the large difference in the
residence time of beetroot juice in the drying chamber. The larger scale of the spray-drying
process at the same drying parameters makes it possible to obtain beetroot powders with a
larger particle size, better flowability, color that is more shifted towards red and blue, and
the higher retention of violet betalain pigments and polyphenols. The preservation of the
colouring and bioactive properties in the spray-dried beetroot powder are related to the
particle powder size, flowability, and powder yield. The lower stickiness of the beetroot
juice results in a higher powder yield in the spray-drying process because larger particles
with better flowability are formed. As a consequence, less beetroot powder remains in the
drying system, and the thermal degradation of violet betalain pigments is reduced. During
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the spray-drying of beetroot juice, the temperature caused a greater loss of violet pigments
than polyphenols. In both cases, retention above 90% was achieved at all spray-drying
scales. As the size of the spray dryer increases, the efficiency of the process expressed in
powder yield also increases. To obtain a powder yield >90% on the industrial scale, the
process conditions should be selected so as to obtain a powder yield of a min. of 50% at a
laboratory scale or 80% at a semi-technical scale.
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Abstract: Diabetes mellitus is a global threat affecting millions of people of different age groups.
In recent years, the development of naturally derived anti-diabetic agents has gained popularity.
Okra is a common vegetable containing important bioactive components such as abscisic acid
(ABA). ABA, a phytohormone, has been shown to elicit potent anti-diabetic effects in mouse models.
Keeping its anti-diabetic potential in mind, in silico study was performed to explore its role in
inhibiting proteins relevant to diabetes mellitus- 11β-hydroxysteroid dehydrogenase (11β-HSD1),
aldose reductase, glucokinase, glutamine-fructose-6-phosphate amidotransferase (GFAT), peroxisome
proliferator-activated receptor-gamma (PPAR-gamma), and Sirtuin family of NAD(+)-dependent
protein deacetylases 6 (SIRT6). A comparative study of the ABA-protein docked complex with already
known inhibitors of these proteins relevant to diabetes was compared to explore the inhibitory
potential. Calculation of molecular binding energy (∆G), inhibition constant (pKi), and prediction
of pharmacokinetics and pharmacodynamics properties were performed. The molecular docking
investigation of ABA with 11-HSD1, GFAT, PPAR-gamma, and SIRT6 revealed considerably low
binding energy (∆G from −8.1 to −7.3 Kcal/mol) and predicted inhibition constant (pKi from 6.01
to 5.21 µM). The ADMET study revealed that ABA is a promising drug candidate without any
hazardous effect following all current drug-likeness guidelines such as Lipinski, Ghose, Veber, Egan,
and Muegge.

Keywords: anti-diabetic; okra; abscisic acid; nutraceuticals; Diabetes mellitus; molecular dock-
ing; phytohormones

1. Introduction

Diabetes is one of the most prevalent epidemics, affecting almost 382 million people
worldwide. According to the International Diabetes Federation (IDF) report, it is alleged
that approximately 1.3 million people die from diabetes every year. IDF suggests that
around 629 million people will have diabetes by 2045 worldwide [1].
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Diabetes is a chronic metabolic disorder characterized by insulin resistance and pan-
creatic β-cell dysfunction caused by uncontrolled hyperglycemia. Altered sugar, fat, and
protein metabolism in diabetes and associated complications include retinopathy, neu-
ropathy, nephropathy, cardiovascular diseases, skin complications, and macrovascular
complications [2]. This represents a major economic burden since 12% of global health
expenditure is spent on the diabetic population. Type 2 diabetes mellitus (T2DM) is a
complex disease characterized by high glucose plasma levels due to insufficient insulin
secretion or action or both affecting people of all age groups [2,3]. Additionally, insulin
resistance in target tissues and a relative deficiency of insulin secretion from pancreatic
β-cells are the major metabolic issue with diabetes. In response to nutrient spillover in
insulin resistance and eventual β-cell dysfunction, the general fuel homeostasis of the body
gets altered. β-cell hyperplasia and hyperinsulinemia in response to insulin resistance
occur in the preclinical period of the disease.

As a consequence of the failure of β-cells to compensate for insulin resistance, relative
insulin deficiency progresses into diabetes [4]. Diabetes involves various cellular pathways
such as insulin secretion, insulin resistance, and carbohydrate absorption. Some human
proteins have been identified as key regulators in the development of diabetes like glucok-
inase, AMP-activated protein kinase, 11 β-hydroxysteroid dehydrogenases (11 β-HSD),
insulin receptor substrate, interleukin1 beta, dipeptidyl peptidase IV, glutamine-fructose-6-
phosphate amidotransferase (GFAT), peroxisome proliferator-activated receptor-gamma
(PPAR-gamma), tyrosine phosphatases, tyrosine kinase insulin receptor, protein kinase B,
and insulin receptor [3]. Various therapeutic interventions have been developed to treat
and manage diabetes, including dietary modifications, exercise, and anti-diabetic agents.
However, reports suggest that anti-diabetic agents are usually associated with severe side
effects or adverse effects, and sometimes, their efficacies are controversial. Hence, attention
has been shifted towards traditional and alternative medicines or food-derived products
rich in anti-diabetic phytoconstituents. Bioactive components present in plants and plant-
derived products such as alkaloids, flavonoids, glycosides, gum, carbohydrates, triterpenes,
and verities of short-peptides are usually responsible for their therapeutic importance [5].

Okra has recently been recognized for its potential therapeutic purposes because of
various important phytochemical constituents. Okra plant [Abelmoschus esculentus (L.)
Moench] is a nutritive vegetable known by various names such as lady’s finger, green
ginseng, and plant Viagra [6]. Presently, okra is used for its nutritional values and nu-
traceutical and therapeutic properties, owing to various important bioactive compounds
and their associated therapeutic properties [7].

The profile of the bioactive components present in different parts of okra has been
reported, which includes polyphenolic compounds, flavanol derivatives, carotene, protein
(i.e., high lysine levels), folic acid, thiamine, riboflavin, niacin, vitamin C, oxalic acid,
amino acids, oligomeric catechins, and newly identified bioactive component abscisic
acid [8]. ABA (MW = C15H20O4, IUPAC = (2Z,4E)-5-[(1S)-1-hydroxy-2,6,6-trimethyl-4-
oxocyclohex-2-en-1-yl]-3-methylpenta-2,4-dienoic acid), shown in Figure 1, is a compound
naturally present in fruits and vegetables. Its concentration varies depending on the type
of vegetables ranging from 0.29 mg/kg to 0.62 mg/kg of the wet weight of vegetables and
fruits, respectively. Throughout the life cycle of plants, it is involved in various physio-
logical and developmental activities, where it regulates seed maturation, maintenance of
embryo dormancy and plays a relevant role in various processes against environmental
stressors [9]. In recent years, ABA was found to be associated with human diseases, and is
currently being investigated for various therapeutic purposes such as diabetes, prostate
cancer, Alzheimer’s, and other neurodegenerative diseases, due to broad biological activity
spectrum of ABA [10,11]. Mechanisms of action underlying the observed anti-diabetic
effects are insulin secretion, insulin resistance, and carbohydrate absorption. The search for
new therapeutic targets remains a challenge; the present work investigates the anti-diabetic
potential of ABA of okra in silico approach by predicting the binding interactions between
ABA with target proteins involved in the development of diabetes mellitus.
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Figure 1. The chemical structure of ABA (center). The human proteins involved in the development
of diabetes are 11β-Hydroxysteroid dehydrogenase [11β-HSD (PDB ID-4K1L)], aldose reductase
(PDB ID-3G5E), glucokinase (PDB ID-4IXC), glycogen synthase kinase-3 (PDB ID-3F7Z), glucosamine-
fructose-6-phosphate amidotransferase [GFAT (PDB ID-2ZJ4)], pyruvate dehydrogenase kinase (PDB
ID-4MP2), peroxisome proliferator-activated receptor-gamma (PDB ID-3DZY), Sirtuin family of
NAD(+)-dependent protein deacetylases [SIRT6 (PDB ID-3K35)] and Tyrosine kinase (PDB ID-1IR3),
were individually docked with ABA.

2. Results & Discussion

Molecular docking and virtual screening are fast, economical, and reliable approaches
for identifying both a potential druggable protein target as well as a novel drug (lead
molecule) through rational drug designing (RDD) or computer-aided drug design (CADD).
RDD or CADD is now being used to annotate and evaluate large pharmacological li-
braries swiftly.

This study applies molecular docking-based virtual screening to identify a promising
target for T2DM. Based on literature review and available crystal structures of proteins
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involved in several biosynthetic pathways as a key regulator in T2DM, we selected nine
human proteins 11β-hydroxysteroid dehydrogenase [11β-HSD (PDB ID-4K1L)], aldose
reductase (PDB ID-3G5E), glucokinase (PDB ID-4IXC), glycogen synthase kinase-3 [GSK-3
(PDB ID-3F7Z)], glucosamine:fructose-6-phosphate amidotransferase [GFAT (PDB ID-
2ZJ4)], pyruvate dehydrogenase kinase (PDB ID-4MP2), peroxisome proliferator-activated
receptor-gamma (PDB ID-3DZY), sirtuin family of NAD(+)-dependent protein deacetylases
[SIRT6 (PDB ID-3K35)] and Tyrosine kinase (PDB ID-1IR3), shown in Figure 1. The plausible
molecular/atomic interactions of ABA with these proteins were investigated in this in
silico study.

ABA was found to have a binding energy of−8.1 kcal/mol,−7.3 kcal/mol,−7.3 kcal/mol,
−7.3 kcal/mol,−6.8 kcal/mol,−6.6 kcal/mol,−6.6 kcal/mol, 6.3 kcal/mol, and−6.2 kcal/mol,
with 11β-HSD1, GFAT, PPAR-gamma, SIRT6, glucokinase, aldose reductase, glycogen synthase
kinase-3, Pyruvate dehydrogenase kinase (PDK), and Tyrosine kinase proteins, respectively
(Table 1). The binding energy (Kcal/mol) would be used to correlate and investigate the binding
affinity of various ligands or inhibitors with their corresponding protein target. In general,
the lower the binding energy, the greater the ligand’s affinity for the receptor protein will
be. As a result, the ligand with the highest affinity can be taken forward as a candidate for
further research.

Table 1. AutoDock Vina results showing binding energies and inhibition constant of ABA with different proteins related to
diabetes mellitus.

S. No Protein Name
(PDB ID)

Theoretical
Weight
(KDa)

Name of
Chains

Binding
Energy (∆G)
(kcal/mol)

Predicted Inhibition
Constant pKi (µM)

No. of
H-Bonds

H-Bond Forming
Residues

1 11β-HSD1
(4K1L) 31.84 A, B, C, D −8.1 6.01 2 TYR(A)183,

SER(A)169

2. GFAT (2ZJ4) 42.32 A −7.3 5.21 5
CYS373, THR375,
GLN421, SER422,

THR425

3. PPAR-gamma
(3DZY) 51.53 A, B, C, D −7.3 5.21 2 TYR(A)189,

TYR(D)250

4. SIRT6 (3K35) 35.15 A, B, C, D, E, F −7.3 5.21 2 GLN(C)111,
HIS(C)131

5. Glucokinase
(4IXC) 50.81 A −6.8 5.05 3 ASN83, ARG85,

GLY229

6. Aldose reductase
(3G5E) 36.18 A −6.6 4.84 2 TRP111, CYS298

7.
Glycogen
synthase

kinase-3 (3F7Z)
39.88 A, B −6.6 4.84 0 -

8.
Pyruvate

dehydrogenase
kinase (4MP2)

45.23 A −6.3 4.55 1 AGR162

9. Tyrosine kinase
(1IR3) 35.03 A −6.2 4.47 1 GLU1043

2.1. Abscisic Acid Is a Potent Inhibitor of the Human 11β-Hydroxysteroid Dehydrogenase Type 1
(11β-HSD1) Enzyme

Intracellular conversion of metabolically inert cortisone to active cortisol using NADPH
as a co-factor is carried out by the 11β-HSD1 enzyme [12–15]. Cortisol increases hepatic
glucose production by inducing genes involved in gluconeogenesis and glycogenolysis in
the liver. Cortisol promotes pre-adipocyte differentiation into mature adipocytes, resulting
in adipose tissue hyperplasia. By modulating cortisone/cortisol levels, selective inhibition
of this enzyme can be a novel treatment for T2DM and hyperlipidemia [16–19]. Obesity,
diabetes, wound healing, and muscular atrophy are glucocorticoid-related disorders, and
inhibiting 11β-HSD1 has many therapeutic values, including T2DM and hyperlipidemia.
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The X-ray crystallography investigations of the crystal structure of an inhibitor
molecule (4aS,8aR)-3-(cyclohexylamino)-4a,5,6,7,8,8a-hexahydrobenzo[e][1,3,4]oxathiazine
1,1-dioxide (C13H22N2O3S) docked with human and murine 11β-HSD1 proteins revealed
that its cyclohexyl-NH interacts with the key active site residue Tyr183 [17]. Furthermore,
one of the sulfonyl oxygen atoms forms a hydrogen bond to the main-chain nitrogen of
Ala172 of 11β-HSD1 protein. Meanwhile, the side chain Tyr177 of the human 11β-HSD1
enzyme typically forms Van der Waals interaction to the same inhibitor molecule [17].

Interestingly in our in silico analysis, we found that key residues of active site viz.,
TYR(A)183 and SER(A)169 of the human 11β-HSD1 enzyme interact with the two oxygen
atoms of the 3-Methylpenta-2,4-dienoic acid substructure of abscisic acid [(2Z,4E)-5-[(1S)-1-
hydroxy-2,6,6-trimethyl-4-oxocyclohex-2-en-1-yl]-3-methylpenta-2,4-dienoic acid)]. Nine
other amino acid residues of the human 11β-HSD1 enzyme, LEU(A)126, VAL(A)168,
SER(A)170, ALA(A)172, VAL(A)180, LYS(A)187, LEU(A)215, GLY(A)216, and VAL(A)231
formed Van-der-Waals interaction with ABA (Figure 2A–D). This interaction showed the
lowest binding energy of −8.1 kcal/mol and the highest inhibition constant of 6.01 µM,
respectively (Table 1). The pi-pi stacking interaction by LEU171, TYR177, LEU217, ILE218,
and ALA223 with other pi-cation and pi-alkyl interactions may help in stabilizing the ABA
bounded with the active residues of the 11β-HSD1 enzyme (Figure 2D). Based on these
very similar binding patterns and docking complex analysis, we can say that ABA is the
true, potent inhibitor of the human 11β-HSD1 enzyme, thus possibly help in controlling
T2DM and hyperlipidemia.

2.2. Abscisic Acid Significantly Binds and Inhibits Glutamine: Fructose-6-Phosphate
Amidotransferase (GFAT) Effectively

Glutamine-fructose-6-phosphate amidotransferase (GFAT) is a rate-limiting enzyme
in the hexosamine biosynthetic pathway a key regulator in T2DM [20–22]. In mammals,
glucose integration via the hexosamine biosynthetic pathway is regarded as a cellular
nutrition sensor. This pathway is one of the strategies by which hyperglycemia induces
peripheral insulin resistance [23,24]. In vitro and in vivo studies indicate the association
of hyperactivity of human GFAT with insulin resistance, thus qualifying it as a promising
candidate for T2DM [25].

The C-terminal 40 kDa isomerase domain of GFAT (residues Gln313–Glu680) contains
the active site (near the CF helix) and is involved in converting fructose-6-phosphate
(Fru6P) to glucosamine-6-phosphate (GlcN6P) utilizing ammonia (NH3) as a substrate.
The X-ray diffraction pattern shows that the bound ligand AGP (2-deoxy-2-amino glucitol-
6-phosphate) with GFAT (PDB ID 2ZJ4) establishes hydrogen bonds with Thr375, Ser376,
Ser420, Gln421, Ser422, and Thr425 directly, and other hydrogen-bonds with Val471, His576,
and Ala674 from the neighboring subunit [20].

We found a similar interaction pattern of ABA with the active site amino acid residues
of GFAT (PDB ID- 2ZJ4), suggesting ABA can potentially inhibit GFAT activity. Five key
amino acid residues of GFAT viz., CYS373, THR375, GLN421, SER422, and THR425 were
strongly forming hydrogen bonds of bond length 2.87Å, 3.10Å, 3.08Å, 3.14Å and 2.94 Å,
respectively, suggesting a strong binding to the active pocket (Figure 3A–E).

The three residues GLN421, SER422, and THR425 of the GFAT enzyme interact with
two oxygen atoms of the 3-Methylpenta-2,4-dienoic acid substructure of ABA, while the
remaining two residues CYS373, THR375 were forming a hydrogen bond with the oxygen
atom of the 1-hydroxy-2,6,6-trimethyl-4-oxocyclohex-2-en-1-yl ring of ABA (Figure 3C).
Similarly, seven residues of GFAT protein, GLY(A)374, SER(A)376, SER(A)420, GLY(A)423,
SER(A)473, LYS(A)557 and SER(A)676, were forming Van der Waals interaction with ABA
(Figure 3C–E). The low binding energy of−7.3 kcal/mol and inhibition constant of 5.21 µM
(Table 1), and three alkyl interactions by LEU556, LYS675 and VAL677 residues with (1S)-1-
hydroxy-2,6,6-trimethyl-4-oxocyclohex-2-en-1-yl ring helps in stabilizing the ABA bound
with the active site. As a result, we may conclude that ABA is an effective inhibitor of the
GFAT enzyme.
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Figure 2. Significant molecular bonding of ABA with 11β-hydroxysteroid dehydrogenase1 [11β-HSD1 (PDB ID- 4K1L).
(A) The coupling of ABA with active center residues. (B) The enlarged image shows the hydrogen bonds donor and acceptor
amino acid residues in the junction cavity. (C) The 3D image shows a significant interaction of ABA (red ball and sticks)
with functionally important residues (cyan ball and sticks) of human 11β-HSD1. (D) The 2D plot is showing the interaction
of the binding pocket residues with the ABA inhibitor.
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Figure 3. ABAs significant molecular binding with human glutamine-fructose-6-phosphate amidotransferase [GFAT (PDB
ID- 2ZJ4)]. (A) ABA binding with the binding pocket. (B) Enlarged view showing the hydrophobicity of amino acid residues
of the binding cavity (C) The 2D plot shows the molecular level interactions of binding pocket residues with the inhibitor
ABA. (D) The 3D image shows strong interactions (yellow dashed lines) of ABA (red ball and sticks) with the functionally
important residues (green ball and sticks) of human glutamine-fructose-6-phosphate amidotransferase. (E) The 2D LigPlot+
image shows the atomic level interactions of binding pocket residues with the ABA.

2.3. Binding of Abscisic Acid to the Catalytic Pocket of the Human Peroxisome
Proliferator-Activated Receptor-Gamma (PPAR-Gamma)

PPAR-gamma is a major transcriptional factor (TF) that regulates adipogenesis, insulin
sensitivity, and glucose homeostasis in humans [26,27]. The drug rosiglitazone, which acts
as a ligand of PPAR-gamma, is an excellent insulin sensitizer, improving glucose absorption
and lowering hyperglycemia and hyperinsulinemia [28–30].

The decreased ability of PPAR-gamma to bind DNA in response to rosiglitazone
manifested the receptors’ inability to activate transcription. The PPARs are also poten-
tial therapeutic targets that could treat atherosclerosis, inflammation, and hypertension.
Studies showed that in the crystal structures of PPAR-gamma and rosiglitazone complex,
binding pockets of the intact PPAR-gamma receptor interact with the rosiglitazone, espe-
cially with the Gln193, Tyr189, Leu196, Ala197, Tyr192, Glu203, Lys201, Arg202, Asp166,
Lys336, Asn335, Asp337, Leu237, Phe347, Val248, Glu351, and Tyr250 residues [30].

Our investigation discovered that crucial binding pocket residues of the human PPAR-
gamma, TYR(A)189 and TYR(D)250, form two hydrogen bonds with the two oxygen atoms
of the 3-Methylpenta-2,4-dienoic acid substructure of ABA (Figure 4A–D).
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amino acid residues are shown in a magnified view. (C) The 3D image shows significant interactions (yellow dashed lines)
of ABA (red ball and sticks) with the residues of the human PPAR-gamma (green, yellow, cyan ball and sticks). (D) The
molecular level interactions of binding-pocket residues with the ABA are depicted in the 2D plot.

The low binding energy of −7.3 kcal/mol and inhibition constant of 5.21 µM (Table 1)
and two alkyl-pi-alkyl interactions by LYS194 and ALA197 with 1-hydroxy-2,6,6-trimethyl-
4-oxocyclohex-2-en-1-yl ring of ABA may stabilize the ABA bounded with the active
site (Figure 4D). Interestingly, eight residues of PPAR-gamma LYS(A)175, CYS(A)190,
GLN(A)193, ASP(D)251, THR(D)349, GLU(D)351, PHE(D)352, and SER(D)355, were inter-
acting via Van der Waals forces with ABA (Figure 4C,D).

Based on a similar binding and interaction pattern, we may conclude that ABA also acts
as an inhibitor of PPAR-gamma, improving glucose absorption and lowering hyperglycemia.

2.4. The Binding Pattern of ABA with Human Mono-ADP-Ribosyl Transferase Sirtuin-6 (SIRT6)

SIRT6 is a prominent mammalian sirtuin (SIRT1–7) involved in various cellular pro-
cesses such as glucose homeostasis maintenance, DNA repair, and longevity [31–33]. SIRT6
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is NAD+- dependent deacetylases that target various acetylated proteins in mammals to
regulate their cellular activity [34].

The monomeric crystal structure (2.0 Å) of human SIRT6 in complex with ADP-ribose
showed that THR55, ASP61, PHE62, TRP69, ASP81, GLN111, HIS131, TRP186, GLY212,
THR213, SER214, ILE217, TYR255, and VAL256 residues surround the ADP-ribose by
hydrogen bonding network [31].

Our study revealed that binding pocket residues (GLN111, HIS131 of chain C) of the
hexameric human SIRT6 protein make two hydrogen bonds with the one oxygen atom
of the 3-Methylpenta-2,4-dienoic acid (C6H8O2) substructure of ABA using molecular
docking and pose prediction analysis (Figure 5A–D). Interestingly, four other residues of
SIRT6 like ALA51, ARG63, ILE183 and LEU184 of chain C interact via Van der Waals forces
with other atoms of ABA (Figure 5C,D).

Molecules 2021, 26, x FOR PEER REVIEW 10 of 23 
 

 

TRP186, GLY212, THR213, SER214, ILE217, TYR255, and VAL256 residues surround the 
ADP-ribose by hydrogen bonding network [31].  

Our study revealed that binding pocket residues (GLN111, HIS131 of chain C) of the 

hexameric human SIRT6 protein make two hydrogen bonds with the one oxygen atom of 
the 3-Methylpenta-2,4-dienoic acid (C6H8O2) substructure of ABA using molecular 

docking and pose prediction analysis (Figure 5A–D). Interestingly, four other residues of 
SIRT6 like ALA51, ARG63, ILE183 and LEU184 of chain C interact via Van der Waals 
forces with other atoms of ABA (Figure 5C,D).  

 

Figure 5. Molecular binding of ABA with human SIRT6 (PDB ID: 3K35). (A) ABA binds to the catalytic site. (B) Magnified 
view shows the hydrophobicity of amino acid residues of the binding cavity of SIRT 6 (C) 3D image showing interactions 
of ABA (red ball and sticks) with important residues of human SIRT6 (cyan ball and sticks). (D) 2D graph showing in-
teractions at the molecular level pocket residues linked to the ABA. 

2.5. The Binding Pattern of ABA with Glucokinase 

Figure 5. Molecular binding of ABA with human SIRT6 (PDB ID: 3K35). (A) ABA binds to the catalytic site. (B) Magnified
view shows the hydrophobicity of amino acid residues of the binding cavity of SIRT 6 (C) 3D image showing interactions of
ABA (red ball and sticks) with important residues of human SIRT6 (cyan ball and sticks). (D) 2D graph showing interactions
at the molecular level pocket residues linked to the ABA.
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2.5. The Binding Pattern of ABA with Glucokinase

Glucokinase is the most abundant hexokinase in the liver, and it plays a critical role in
blood glucose homeostasis because it has strong control over hepatic glucose disposal and
serves as the glucose sensor for insulin secretion in pancreatic β-cells [35]. Glucokinase is
currently regarded as a promising target of anti-hyperglycemic medicines to control T2DM,
but this protein target’s mode of inhibition or activation is not fully understood.

There is a single published report on the crystal structure of human glucokinase (PDB
ID- 4IXC) complexed with alpha-D-glucopyranose and (2S)-2-{[1-(3-chloropyridin-2-yl)-1H-
pyrazolo[3,4-d]pyrimidin-4-yl]oxy}-N-(5-methylpyridin-2-yl)-3-(propan-2-yloxy) propanamide.
These small molecules are regarded as activators of human glucokinase, but their exact mecha-
nism of action and key amino residues involved in the interaction are not published yet.

Our docking and binding analysis exhibit a good binding pattern (binding energy =
−6.8 Kcal/mol) of ABA with human glucokinase (PDB ID-4IXC) protein (Figure 6A,B),
which is mediated through three hydrogen bonds forming residues ASN83, ARG85, and
GLY229 and twelve via Van-der-Waals forces ASP78, GLY80, GLY81, PHE84, MET107,
SER151, LYS169, ASP205, GLY227, THR228, GLY410, and SER445 (Figure 6C,D).
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Figure 6. Human glucokinase (PDB ID- 4IXC) is docked with ABA. (A) ABA binds the catalytic site. (B) An enlarged
image of the hydrophobicity of the binding cavity’s amino acid residues (C) The 3D picture reveals substantial interactions
(yellow dashed lines with bond length) of ABA (red ball and sticks) with human glucokinase residues (green ball and sticks).
(D) The molecular level interactions of binding pocket residues with ABA are depicted in the 2D plot.
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2.6. Analysis of the Molecular Binding Pattern of Abscisic Acid with Aldose Reductase

Aldose reductase is the rate-limiting enzyme in the polyol pathway. It converts excess
D-glucose to D-sorbitol with NADPH as a co-factor [36]. It is crucial in the treatment of di-
abetic microvascular problems [37]. Aldose reductase is also involved in lipid metabolism.

Our docking and binding analysis exhibit a good binding pattern (∆G =−6.6 Kcal/mol)
of ABA with aldose reductase (PDB ID- 3G5E) protein (Figure 7A–D), which is mediated
through two hydrogen bonds forming residues TRP111, CYS298 and three via Van der
Waals forces, GLU49, HIS110 and PHE121 (Figure 7C,D). Six alkyl-pi-alkyl interactions and
one pi-pi sigma interaction by TRP20 with the 1-hydroxy-2,6,6-trimethyl-4-oxocyclohex-
2-en-1-yl ring of ABA stabilize the ABA bounded with the active site of aldose reductase
(Figure 7D).
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Figure 7. Molecular binding of ABA to aldose reductase (PDB ID: 3G5E). (A) Binding of ABA to the active site residues.
(B) Magnified view showing the interpolated charge of amino acid residues of the binding cavity (C) The 3D image showing
bonding (yellow dashed lines) of ABA (red ball and sticks) with residues of human aldose reductase (cyan ball and sticks).
(D) 2D graph showing interactions at the molecular level of the binding compartment of aa residues with the ABA.
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2.7. Analysis of Abscisic Acid and Glycogen Synthase Kinase-3 (GSK-3) Docked Complex

GSK-3, a unique multifunctional serine/threonine kinase, is involved in the glycolysis
pathway. GSK-3 is active and capable of synthesizing glycogen in its unphosphorylated state.
PKB/AKT phosphorylates GSK-3 on serine 9 in response to insulin binding [38]. As a result,
it is critical to the insulin signaling pathway’s transmission of regulatory and proliferative
signals occurring at the cell membrane, potentially modulating blood glucose levels [38].

However, unlike previously mentioned proteins, GSK-3 (PDB ID -3F7Z) did not show
a good binding pattern with ABA (binding energy = −6.6 Kcal/mol) (Figure 8A–D). There
were no hydrogen bonds involved, only via Van der Waals forces, alkyl-pi-alkyl interaction,
and pi-pi sigma interaction with ABA stabilizes the ABA bounded with the active site
(Figure 8D).
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Figure 8. ABA shows mild interaction with human GSK3 (PDB ID: 3FZ7). (A) The ABA binds to the binding pocket near the
catalytic center. (B) An enlarged image is showing the hydrophobicity of the binding cavity’s amino acid residues. (C) The
3D picture reveals substantial interactions (yellow dashed lines) of ABA (red ball and sticks) with human GSK-3 residues
(cyan ball and sticks). (D) The molecular level interactions of binding pocket residues with the ABA are depicted in the
2D plot.
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2.8. Screening of Pyruvate Dehydrogenase Kinase (PKD) and Abscisic Acid Docked Complex

PKD negatively regulates the mitochondrial pyruvate dehydrogenase complex (PDC)
activity by reversible phosphorylation. PDK isoforms are upregulated in obesity, diabetes,
heart failure, and cancer and are potential therapeutic targets for these important human
diseases [39].

Our analysis showed a poor binding pattern (binding energy =−6.3 Kcal/mol) of ABA
with PKD (PDB ID- 4MP2) protein (Figure 9A–E) due to unfavorable repulsion. However,
it forms hydrogen bonds, Van der Waals forces, alkyl-pi-alkyl interaction, and pi-pi sigma
interaction with ABA (Figure 9C–E).
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2.9. Investigation of the Docked Complex of Tyrosine Kinase with Abscisic Acid 

Further, ABA displayed a weak binding pattern (ΔG= −6.2 Kcal/mol) with the hu-
man tyrosine kinase (PDB ID-1IR3) protein (Figure 10A–D) due to unfavorable repulsion. 

Figure 9. The docked complex of ABA with human pyruvate dehydrogenase kinase (PDB ID: 4MP2). (A) ABA binds with
the catalytic site. (B) Magnified view showing the hydrophobicity of the amino acid fragments of the binding cavity (C) 2D
graph showing the interactions at the molecular level of the bound cavity fragments with the inhibitor ABA. (D) The 3D
image is showing interactions (with bond length) of ABA (red ball and sticks) with residues of human PKD (cyan ball and
sticks). (E) 2D LigPlot is showing atomic level interactions of vesicle fragments of pyruvate dehydrogenase kinase bound
to ABA.
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2.9. Investigation of the Docked Complex of Tyrosine Kinase with Abscisic Acid

Further, ABA displayed a weak binding pattern (∆G = −6.2 Kcal/mol) with the
human tyrosine kinase (PDB ID-1IR3) protein (Figure 10A–D) due to unfavorable repulsion.
However, it forms hydrogen bonds, Van der Waals forces, alkyl-pi-alkyl interaction, and
pi-pi sigma interaction with ABA (Figure 10D).
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Figure 10. ABA molecular docking with human tyrosine kinase (PDB ID: 1IR3). (A) Binding of ABA to the active site of
tyrosine kinase. (B) An enlarged image showing hydrophobicity of the binding cavity’s amino acid residues (C) The 3D
picture depicts substantial interactions of ABA (red ball and sticks) with human tyrosine kinase’s essential residues (cyan
ball and sticks) (D) The molecular level interactions of binding pocket residues with ABA are depicted in the 2D plot.

2.10. Computational Pharmacodynamics Screening of Abscisic Acid Ligand

The molinspiration bioactivity score (v2018.03) is calculated and presented (Table 2)
for active drug-likeness towards parameters like ion channel modulators, kinase inhibitors,
GPCR ligands, nuclear receptor ligands, protease inhibitors, and other enzyme inhibitors
with scores for >100,000 average drug-like molecules. The score allows efficient separation
of active and inactive molecules. The higher values of bioactivity score of nuclear receptor
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ligand, enzyme inhibitor, and Ion channel modulator of 1.06, 0.75, and 0.28, respectively,
shows that ABA may act as an active inhibitor for different insulin receptor proteins.

Table 2. Prediction of bioactivity of ABA as an inhibitor against different insulin receptor proteins by
molinspiration (v2018.03).

S. No Parameters Bioactivity Score

1 GPCR ligand −0.01 ↓↓↓
2 Ion channel modulator 0.28 ↑
3 Kinase inhibitor −0.61 ↓
4 Nuclear receptor ligand 1.06 ↑↑↑
5 Protease inhibitor −0.20 ↓↓
6 Enzyme inhibitor 0.75 ↑↑

The upward arrow represents high bioactivity while downward arrow is showing low bioactivity of ABA.

2.11. In Silico Pharmacokinetics and ADMET Evaluation of Abscisic Acid

The pharmacokinetic properties and drug-likeness data are summarized in Table 3.
According to the pharmacokinetic/ADMET properties, ABA showed high (96.712%) hu-
man intestinal absorption (HIA) and very low BBB permeability (−0.047 log BB). On the
other hand, ABA did not affect Cytochrome P450 isomers (CYP1A2 and CYP2D6). The
drug-likeness prediction was also performed using the Lipinski, Ghose, and Veber rules,
as well as the bioavailability score. The Lipinski (Pfizer) filter is the pioneer to filter out
any drug at the absorption or permeation level that an ideal drug has a molecular weight
of less than 500 g/mol, a log P value of less than 5, and a maximum of 5 H-donor and
10 H-acceptor atoms [40]. The drug-likeness requirements are defined as follows by the
Ghose filter (Amgen): The computed log P ranges from −0.4 to 5.6, the MW ranges from
160 to 480, the molar refractivity (MR) ranges from 40 to 130, and the total number of atoms
ranges from 20 to 70 [41]. Veber (GSK) rule defines drug-likeness constraints as Rotatable
bond count≤ 10 and topological polar surface area (TPSA)≤ 140 [42]. According to Martin
et al., the bioavailability score was implemented to predict the probability of a compound
to have at least 10% oral bioavailability in rat or measurable Caco-2 permeability [43].
AMES toxicity (non-mutagenic), hepatotoxicity, or skin sensitization was not found in
the ABA. By the overall analysis of Table 3, we conclude that ABA does not violate any
existing drug-likeness rules like Lipinski, Ghose, Veber, Egan and Muegge. Meanwhile,
ABA has physicochemical, molecular, and ADMET properties between the upper and
lower predicted values (Table 3 and Figure 11A,B).
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lower, and predicted values of various physicochemical and molecular properties of ABA (Abbreviations: MW = Molecular
weight, nRig = Number of rigid bonds, fChar = Formal charge, nHet = Number of heteroatoms, MaxRing = Number of
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2.12. Boiled-Egg Plot and Radar Graph Analysis

A BOILED-Egg plot predicts the gastrointestinal absorption and brain penetration
of small molecules. Here PGP+/− shows the P-glycoprotein substrate positive/negative
nature of the molecule under study. The BOILED-Egg’s white (white area) predicts that
the molecule located in this area may be passively absorbed by the human intestinal tract
(HIA). The ABA molecule (red circle) is located at the extreme periphery of BOILED-Egg’s
yolk (yellow area), which predicts that the ABA molecule may passively permeate through
the blood-brain barrier (BBB) but have very low chances of −0.047 log BB, contrary to the
chances of ABA being absorbed by the human intestinal tract (HIA) is 96.712% (Table 3
and Figure 11).

The radar graph shows that various physico-chemical and molecular characteristics
of ABA like LogP (2.342), LogS (−2.465), LogD (1.656), molecular weight (264.32 g/mol),
nHA (4), nHD (2), number of rotatable bonds (3), number of rings (1), rigid bonds (10),
heteroatoms (4), and atoms in the biggest ring number of rings (6), formal charge (0), and
topological polar surface area (74.60 Å2) have optimum values within the upper and lower
limit (Table 3 and Figure 11).

3. Materials and Methods
3.1. Retrieval and Preparation of Proteins and Ligand

The human proteins related to diabetes mellitus 11-β-hydroxysteroid dehydrogenase
(PDB ID-4K1L), aldose reductase (PDB ID-3G5E), glucokinase (PDB ID-4IXC), glycogen
synthase kinase-3 (PDB ID-3F7Z), glutamine:fructose-6-phosphate amidotransferase [GFAT
(PDB ID-2ZJ4)], pyruvate dehydrogenase kinase (PDB ID-4MP2), peroxisome proliferator-
activated receptor-gamma (PDB ID-3DZY), sirtuin family of NAD(+)-dependent protein
deacetylases [SIRT6 (PDB ID-3K35)], and Tyrosine kinase (PDB ID-1IR3) were retrieved
from the RCSB Protein Data Bank (Rutgers University, NJ, USA) (Figure 1) [44]. The human
pyruvate dehydrogenase kinase (PDB ID: 4MP2) protein molecule showed conformational
error in 12 amino acid residues (VAL373, ARG370, VAL357, MET349, PHE347, VAL261,
HIS247, HIS237, LEU211, GLN82, SER29, SER27), which were rectified by protein prepa-
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ration and energy minimization wizard employing Discovery Studio version 2.0. The
remaining PDB IDs did not show any structural error.

The ligand molecule ABA [(PubChem ID-5280896), IUPAC name- (2Z,4E)-5-[(1S)-
1-hydroxy-2,6,6-trimethyl-4-oxocyclohex-2-en-1-yl]-3-methylpenta-2,4-dienoic acid)] in
2D (SDF) format was downloaded from PubChem (https://pubchem.ncbi.nlm.nih.gov/
compound/5280896) (accessed on 15 April 2021) (Figure 1). The ligand molecule was con-
verted into 3D format (.mol2 and .pdb) employing the Chem3D 16.0 module of ChemOffice
2016 software suit.

Before docking, the protein structures downloaded from PDB were analyzed in PyMol
software (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC, San
Diego, CA, USA), and the already docked ligands or nucleic acid or heteroatoms or water
molecules were removed from the X-ray crystallographic protein-ligand complexes. Then
the pure proteins as a receptor were prepared in Swiss-Pdb viewer (version 4.1.0) by
optimizing bonded atoms, angles, torsions, non-bonded atoms, and improper atoms of the
protein backbone and side chains.

3.2. Molecular Docking

The docking calculations were performed using the AutoDock Vina version 4.2
(ADT4.2) software suite [45]. The receptor proteins were solvated with water, and only
polar hydrogens were added. The receptor grid boxes (in X, Y, Z dimension) were prepared
in the ADT4.2, and the pdbqt files of proteins were generated. Similarly, the ligand was
prepared with default parameters, and only Gasteiger charges were added. Flexible Ligand
docking was performed applying the Lamarckian Genetic Algorithm with an exhaustive-
ness value of eight. The contributions of intramolecular hydrogen bonds, hydrophobic,
ionic, and Van der Waals interactions between docked protein and ligand complexes were
used to determine the free energy (∆G) specifying affinity scoring of the binding. The dock-
ing poses were narrowed down using the force field’s free binding energy computation.
After the docked protein-ligand complexes were created, the binding sites were analyzed
to construct a 2D representation of the ligand interaction for each complex.

3.3. Post-Docking Protein-Ligand Interaction Analysis

The visualization and analysis of protein-ligand complexes were performed using
PyMOL software (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC,
San Diego, CA, USA). The receptor’s active sites and interactions with the ligand or
drug were determined using the PDBe [46] and PDBsum [47] servers. The protein-ligand
complexes were further visualized in the Discovery Studio client v21.1.0.20298, Dassault
Systemes Biovia Corp, to show the 2D diagram of ligand-receptor interaction. LigPlot+
and Maestro12.4 (Schrodinger-2020-2) were applied to visualize ligands’ exact atomic level
interaction with their corresponding receptor atoms.

3.4. Calculation of Inhibition Constant

Moreover, it is concluded that ABA may act as a competitive inhibitor that should
compete with the known substrates to the active centers of the protein targets relevant to
diabetes mellitus. Therefore, it induces a competitive type of inhibition, that inhibitors
could bind to only the free enzyme and formed reversible enzyme-inhibitor (E-I) complexes.
An enzyme-inhibitor complex’s inhibition constant (Ki) is traditionally calculated by the
basic equations of enzyme kinetics of the Lineweaver–Burk assay extrapolated on 2D
plots. If there is inconsistency in the Lineweaver–Burk plots, non-linear regression of the
Michaelis–Menten equation is used to validate the related constants obtained.

Sophisticated arithmetic and analytical in silico algorithms have been proposed to
compute the inhibition constant (Ki) parameter, since the Ki principally depends on the
binding (or association) constant (Kb) and dissociation constant (Kd) of an enzyme-inhibitor
complex, which occurs in opposite directions (ln Kb = −ln Kd).

∆G = (R × T) lnKi
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Therefore, Ki is computationally calculated using the following formula:

Ki = exp(∆G/(R × T))

The binding energy ∆G is in kcal/mol, the universal gas constant R = 1.987 kcal/K/mol,
at room temperature (25 ◦C) T = 273 + 25 = 298 K. Ki is having a unit of mM.

3.5. Screening of Ligand Abscisic Acid for Pharmacodynamics Properties

The molinspiration (https://www.molinspiration.com/cgi-bin/properties), (accessed
on 29 May 2021), an online screening server based on sophisticated Bayesian statistics, was
implemented to analyze the pharmacodynamics properties of ABA. It compares repre-
sentative ligands’ structures and determines physico-chemical properties of a particular
molecule for being active molecules. There is no need to know about the target’s 3D
structure or binding mode. The trained model makes it possible to screen large libraries
of hundreds of thousands of molecules in less than an hour to identify molecules with
the highest chance of becoming active drugs, pesticides, irritants, or toxic substances. The
larger the value of the bioactivity score is, the higher the probability that the particular
molecule will be active.

3.6. Screening of Ligand Abscisic Acid for Pharmacokinetics and Drug-Likeness

The main causes of drug development failure are undesirable pharmacokinetics and
toxicity of candidate molecules. Absorption, distribution, metabolism, excretion, and
toxicity (ADMET) of chemicals have long been recognized as important considerations in
the early stages of CADD.

The pkCSM [48], SwissADME [49] and ADMETLAB2.0 [50] are free web tools to
evaluate Pharmacokinetics, drug-likeness, and medicinal chemistry of small molecules
based on very extensive experimental data sets. The SMILES format of the molecule was
entered, and 2D structure files were generated in SwissADME, pkCSM, and ADMETLAB2.0.
The pkCSM is an authentic source (collaboratively developed by Instituto Rene Rachou
Fiocruz Minas, The University of Melbourne and University of Cambridge) to predict
small-molecule pharmacokinetics using graph-based signatures. Several parameters are
analyzed to check the ADMET properties of a small molecule or inhibitor.

SwissADME [51] of Swiss Institute of Bioinformatics used to evaluate the pharma-
cokinetics and drug-likeness ADMET behaviors of compounds [52] employing support
vector machine (SVM) algorithm [53] with well-characterized large datasets of known
inhibitors/non-inhibitors as well as substrates/non-substrates.

ADMETlab 2.0 has a greater capacity to assist medicinal chemists in accelerating
the drug research and development process. It allows users to calculate and predict 17
physicochemical parameters, 13 medicinal chemistry measures, 23 ADMET endpoints,
27 toxicity endpoints, and eight toxicophore rules (751 substructures) quickly and easily,
allowing them to identify interesting lead compounds for further investigation.

The major target of the study was to examine if the substance in question inhibited
the cytochrome P450 (CYP) family’s CYP1A2 and CYP2D6 isoforms. Pharmacokinetics
parameters such as human intestinal absorption, P-glycoprotein, and the BBB and drug-
likeness prediction Lipinski, Ghose, and Veber criteria, as well as the bioavailability score,
are crucial in judging the molecule [41,42,54]. According to several essential criteria such
as molecular weight, LogP, number of HPA, and HBD, the Lipinski, Ghose, and Veber
guidelines were used to assess drug-likeness to determine whether a compound is likely to
be bioactive.

According to Lipinski’s “Rule of 5” most “drug-like” compounds have logP ≤ 5,
molecular weight (MW) ≤ 500, number of hydrogen bond acceptors (nHA) ≤ 10, and
number of hydrogen bond donors (nHD)≤ 5 [55]. The molecule that violates more than one
of these principles may have problems with bioavailability. The methodology calculates
logP (octanol/water partition coefficient) as a sum of fragment-based contributions and
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correction factors. This approach is quite reliable, and it may be used to analyze almost
any organic or organometallic compound.

Topological Polar Surface Area (TPSA) is calculated based on the methodology pub-
lished by Ertl et al. (2000) depending on the fragment contributions [56]. TPSA is defined as
the sum of surfaces of polar atoms (typically oxygens, nitrogens, and linked hydrogens) in
a molecule. TPSA is an ideal descriptor characterizing drug absorption, including human
intestinal absorption, bioavailability, Caco-2 (human epithelial colorectal adenocarcinoma
cell line), monolayers permeability, and BBB penetration. These parameters are quite
important in predicting drug transport qualities. The number of rotatable bonds (nRot)
is a simple topological parameter that measures molecular flexibility. It is a very good
descriptor of the oral bioavailability of drugs [42]. Any single non-ring bond bounded to a
non-terminal heavy (i.e., non-hydrogen) atom is termed a rotatable bond. Because of their
large rotational energy barrier, amide C-N bonds are not considered.

4. Conclusions

Effective medications with no cytotoxicity are needed to treat diabetes mellitus, and
phytohormones such as ABA are among the best natural extract with no side effects.
Molecular docking investigation of ABA with nine different protein targets relevant to
diabetes mellitus revealed four potential target proteins perfectly docks with ABA. Docking
analysis also revealed that based on binding energy (∆G) and predicted inhibition constant
(pKi), 11β-HSD1 (4K1L) showed best binding with ABA, followed by GFAT (2ZJ4), PPAR-
gamma (3DZY), and SIRT6 (3K35), which were equal in inhibition constant. The docking
and interaction pattern of ligands were fantastically able to interact with the key residues
of the catalytic cavity of the enzyme or located in the very close proximity of the active
sites of these proteins. Following all current drug-likeness guidelines such as Lipinski,
Ghose, Veber, Egan, and Muegge, the pharmacodynamic and pharmacokinetic features
with ADMET study revealed that ABA could be taken best molecule without any hazardous
effect. A BOILED-Egg plot and radar graph analysis confirm that all the molecular and
physico-chemical properties of ABA are within the upper and lower limit fulfilling all the
criteria of an ideal drug. Thus, ABA can be considered a potential candidate for developing
a potent anti-diabetic drug and a promising bioactive compound of okra for developing
nutraceuticals and functional foods.
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Abstract: In this study, we present the isolation and characterization of the structure of six gal-
lotannins (1–6), three ellagitannins (7–9), a neolignan glucoside (10), and three related polyphenolic
compounds (gallic acid, 11 and 12) from Trapa bispinosa Roxb. pericarp extract (TBE). Among the
isolates, the structure of compound 10 possessing a previously unclear absolute configuration was
unambiguously determined through nuclear magnetic resonance and circular dichroism analyses.
The α-glucosidase activity and glycation inhibitory effects of the isolates were evaluated. Decarboxy-
lated rugosin A (8) showed an α-glucosidase inhibitory activity, while hydrolyzable tannins revealed
stronger antiglycation activity than that of the positive control. Furthermore, the identification and
quantification of the TBE polyphenols were investigated by high-performance liquid chromatography
coupled to ultraviolet detection and electrospray ionization mass spectrometry analysis, indicating
the predominance of gallic acid, ellagic acid, and galloyl glucoses showing marked antiglycation
properties. These findings suggest that there is a potential food industry application of polyphenols
in TBE as a functional food with antidiabetic and antiglycation activities.

Keywords: Trapa bispinosa Roxb.; polyphenol; ellagitannin; gallotannin; α-glucosidase inhibitor;
advanced glycation end products (AGEs); antiglycation effect; LC/UV/ESIMS analysis

1. Introduction

Water chestnut (Trapa bispinosa Roxb.)—belonging to the family Lythraceae—is a
floating annual aquatic plant originally distributed in Southeast Asia, and its cultivation
is widely extended to Southern Europe, Africa, and Asia. The dried pericarp has been
popular as a tea in the Fukuoka and Saga prefectures in Japan [1], and it has been used
as a traditional folk medicine in China, such as an antidiarrheal and antipyretic agent [2].
The fruit and leaf extracts reportedly exhibit diverse biological, such as antioxidant [3] and
anticancer [4] activities. The removal effect of industrial pollutant by this plant was reported
as a sorbent [5]. The phytochemical studies on this plant revealed the presence of tannins,
flavonoids, and saponins, while its detailed components remain elusive. The phytochemical
and biological studies of Trapa japonica Flerov.—a species closely related to Trapa bispinosa
Roxb.—described the isolation of ellagitannins (including trapanin, tellimagrandin II,
trapanins A and B, rugosin D, and cornusiin G) and gallotannins (including 1,2,3- and 1,2,6-
tri-O-galloyl-β-D-glucoses) from the leaves and pericarps, and the biological properties
of the polyphenols [6–9]. Based on these studies, Trapa bispinosa Roxb. polyphenols are
believed to contribute to various biological effects.

The accumulation of advanced glycation end products (AGEs) in the various tissues
of our body is a cause of Alzheimer’s disease [10] and diabetes [11], suggesting that the
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inhibition of glycation reaction delays the chronic glycative stress-associated diseases.
From a disease prevention perspective, food components and pharmaceutical ingredients
that inhibit the α-glucosidase activity and glycation reaction are beneficial for our health.
The Trapa bispinosa Roxb. pericarp extract (TBE) reportedly inhibits the α-glucosidase and
glycation reactions [1,12]. However, the TBE components that contribute to these inhibitory
effects remain largely unknown. In this study, with the aim of developing functional food
materials for TBE that is popular as tea in Japan and effectively utilizing the pericarp
which is often wasted, we isolated and characterized TBE polyphenols and evaluated
the α-glucosidase and AGE-formation inhibitory effects of the isolated compounds. In
addition, the TBE polyphenols showing α-glucosidase and AGE-formation inhibitory
effects were identified and quantified by high-performance liquid chromatography coupled
to ultraviolet detection and electrospray ionization mass spectrometry (LC/UV/ESIMS)
analysis. As the results, we believe that this study might be attract the interest of the food
industry due to the development and evaluation of potential application of TBE ingredients.

2. Results and Discussion
2.1. Isolation and Structural Elucidation of TBE-Derived Polyphenols and Related Compounds

A 70% aqueous acetone extract of TBE was subsequently extracted with Et2O, EtOAc,
and water-saturated n-BuOH. The EtOAc extract was repeatedly purified by Toyopearl
HW-40 (coarse grade), MCI gel CHP20/P120, Sephadex LH-20, Mega Bond Elute C18
and preparative HPLC to obtain eight known compounds including gallic acid; six gal-
lotannins as 2,6-di-O-galloyl-β-D-glucose (1) [13], 1,2,3-tri-O-galloyl-β-D-glucose (2) [14],
1,2,6-tri-O-galloyl-β-D-glucose (3) [14], 2,3,6-tri-O-galloyl-β-D-glucose (4) [15], 1,2,3,6-tetra-
O-galloyl-β-D-glucose (5) [16], and 1,2,4,6-tetra-O-galloyl-β-D-glucose (6) [16]; and an
ellagitannin as tellimagrandin II (7) [17]. The n-BuOH extract was subsequently subjected
to column chromatography over Diaion HP-20 and Toyopearl HW-40 (coarse grade) to give
compounds 5 and 7. In a separate experiment, TBE aqueous solution was chromatographed
over Diaion HP-20, Toyopearl HW-40 (coarse grade), MCI gel CHP20/P120, Bond Elute
Plexa, and Mega Bond Elute C18 to give five known compounds including two ellag-
itannins as decarboxylated rugosin A (8) [18] and camptothin B (9) [7], a neolignan as
(7′S,8′R)-dihydrodehydrodiconiferyl alcohol-9′-O-β-D-glucoside (10) [19], and two ellagic
acid derivatives as rubuphenol (11) [20] and eschweilenol A (12) [21]. The known com-
pounds were identified by direct comparison with authentic specimens or by comparison
of spectroscopic data with those reported in the literature (Figure 1).

The structure of neolignan glucoside (10) was characterized as a known dihydrodehy-
drodiconiferyl alcohol-9′-O-glucoside [19] based on the 1D and 2D-nuclear magnetic reso-
nance (NMR) analyses including 1H-1H correlation spectroscopy (COSY), heteronuclear
single quantum correlation (HSQC), heteronuclear multiple bond correlation (HMBC), and
nuclear Overhauser effect spectroscopy (NOESY) experiments (Figure S1) and electrospray
ionization-mass spectrometry (ESI-MS) analysis. However, the absolute configuration in
10 was still unknown. The stereochemistry of glucose in 10 was confirmed to D-series since
the released glucose by acid hydrolysis of 10 was a positive response to the reaction with
glucose oxidase [22]. The coupling constant (J7 ′ ,8 ′ = 6.6 Hz) between the H-7′ and H-8′ pro-
tons suggested that the relative configuration of 10 at C-7′ and C-8′ was threo [23,24]. This
relative configuration was further supported by the NOE correlations between the H-7′ and
H-9′ protons, as well as those between the H-8′ and H-2′ and H-6′ protons. The absolute
configuration of neolignan with dihydrobenzo[b]furan skeleton has been determined in
agreement with the aromatic quadrant and P/M helicity rules [25,26].
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Figure 1. Chemical structures of the polyphenols isolated from TBE and the methylated compounds of 11 and 12.

The structure of compound 13, which was obtained by the hydrolysis of 10, was
confirmed based on 1H-NMR (Figure S2), 13C-NMR and atmospheric pressure ionization
(APCI) MS analyses. The circular dichroism (CD) spectrum of 13 showed negative cotton
at the 1La (around 230 nm), indicating that the absolute configuration of C-8′ was R
series based on the aromatic quadrant rule. Furthermore, the P/M helicity rule provided
evidence that the 7′S, 8′R configurations of 13 by showing positive cotton at 1Lb (around
290 nm) band in the CD spectrum. Based on these findings, the stereochemistry of 10 was
determined as shown by the formula in Figure 2.

Compound 14 was also obtained as a side product from the hydrolysis of 10
(Figures 2 and S2). The product has been reported to be an intermediate of adenosine
A1 receptor ligand [27]. The production of 14 by acid hydrolysis of 10 was further sup-
ported the characterization of aglycone moiety of 10.

Rubuphenol (11) and eschweilenol A (12) were identified by their 1H- and 13C-NMR,
1H-1H COSY, HSQC, HMBC, and NOESY experiments (Figure S3). The NOESY spectrum
of 12 showed the correlation between H-5 and H-6′′ protons, while that correlation was
not observed in 11. Compounds 11 and 12 were methylated to confirm the structures as
the corresponding methylated derivatives (compounds 15–18) based on spectral analyses
(Figure S4). The 1H-1H COSY and NOESY spectra of compounds 15 and 16 showed the
correlations between H-5 and 4-OCH3 protons, while those correlations were not observed
in 17 and 18. The observations of 1H-1H COSY and NOE correlations between H-5′ and
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4′-OCH3 and, H-5′′ and 4′′-OCH3 protons in 16 and 18 supported the positions of hydroxyl
group and ether linkage of 11 and 12. Based on these findings, the structures of 11 and 12
were established as shown by the formulas in Figure 1. In this study, compounds 1, 4, 6, 8,
11, and 12 were firstly isolated from Trapa species and the absolute configuration of 10 was
confirmed based on NMR and CD analyses.
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2.2. α-Glucosidase Inhibitory Activity of the TBE-Derived Compounds

The α-glucosidase inhibitory activities of the TBE-derived and the related polyphenols
are shown in Table 1 as IC50 (µM) values. The inhibitory activities of gallic acid and ellagic
acid, which are well-known metabolites of gallotannins and ellagitannins, respectively [28],
showed little effect similar to that of gallotannins. (7′S,8′R)-Dihydrodehydrodiconiferyl
alcohol-9′-O-β-D-glucoside (10) and its hydrolysates 13 and 14, and rubuphenol (11) and
eschweilenol A (12) also showed no inhibitory activity. Among the tested compounds,
1,2,3,4,6-penta-O-galloyl-β-D-glucose and decarboxylated rugosin A (8) showed inhibitory
activity with IC50 values at 59.0 ± 0.4 µM and 20.7 ± 0.1 µM, respectively. However, the
inhibitory activities of all tested compounds were not reached to that of acarbose as a posi-
tive inhibitor [29]. Tannin-containing plant extracts reportedly exert a strong α-glucosidase
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inhibitory effect [30], but little is known about the tannin contributors themselves. It has
been reported that the extract of Trapa japonica belonging to the same genus as T. bispinosa
and the isolated ellagitannin dimers cornusiin G and rugosin D from T. japonica showed
the inhibitory activity on α-glucosidase comparable to that of acarbose [8]. The isolated
polyphenols from T. bispinosa showed no effect, but the presence of cornusiin G was con-
firmed by HPLC analysis, which was described in Section 2.4, indicating cornusiin G
and unidentified ellagitannin dimers might be contributed to inhibition on α-glucosidase.
Further study is necessary to investigate the possibility that the other components besides
ellagitannin dimers contribute to the activity.

Table 1. α-Glucosidase inhibitory activity of polyphenols isolated from TBE and related compounds.

Compound
Inhibitory Effects on

α-Glucosidase Activity

IC50 (µM)

Gallic acid [8] >100
Ellagic acid >100

1,2,3-Tri-O-galloyl-β-D-glucose (2) [8] >100
1,2,6-Tri-O-galloyl-β-D-glucose (3) [8] >100

1,2,3,6-Tetra-O-galloyl-β-D-glucose (5) [8] >100
1,2,4,6-Tetra-O-galloyl-β-D-glucose (6) >100
1,2,3,4,6-Penta-O-galloyl-β-D-glucose 59.0 ± 0.4

Tellimagrandin II (7) [8] >100
Decarboxylated rugosin A (8) 20.7 ± 0.1

Camptothin B (9) >100
Compound 10 >100
Compound 13 >100
Compound 14 >100

Rubuphenol (11) >100
Eschweilenol A (12) >100

Cornusiin G [8] 6.3 ± 0.1
Acarbose 4.0 ± 0.1

Data are expressed as the means ± SE (n = 3).

2.3. Antiglycation Effects of the TBE-Derived Compounds

The inhibitory effect of the TBE-derived polyphenols and the related compounds on
AGEs, generated by the glycation reaction between human serum albumin (HSA) and
glucose or fructose was evaluated. All tested compounds exhibited significantly stronger
AGE-formation inhibitory activity than the positive control aminoguanidine [31] with IC50
values in the range of 0.1 ± 0.0–14.7 ± 2.0 µM with glucose and of 0.2 ± 0.0–27.0 ± 2.6 µM
with fructose (Table 2), except for (7′S, 8′R)-dihydrodehydrodiconiferyl alcohol-9′-O-β-D-
glucoside (10) and its hydrolysates 13 and 14. It is noteworthy that the gallotannin (2–6) and
1,2,3,4,6-penta-O-galloyl-β-D-glucose and ellagitannin (7–9) potencies were incomparably
stronger than that of aminoguanidine.

AGEs are known to be generated via multiple pathways in glycation reactions [32].
Therefore, we also evaluated the AGE cross-link cleaving effects of the TBE polyphenols
and the related compounds. Almost all tested compounds exhibited a stronger activity
than the positive control N-phenacylthiazolium bromide (PTB) [33], except for ellagic
acid, 2,6-di-O-galloyl-β-D-glucose (1), 1,2,3,4,6-penta-O-galloyl-β-D-glucose, 10, 13, and
14. In particular, gallic acid, rubuphenol (11), and eschweilenol A (12) showed remarkable
activities in this assay. Some of isolates have not been evaluated for antiglycation effects,
since the isolated amount of the compounds were insufficient to test. However, these
results indicated that the TBE-derived polyphenols exert AGE-formation inhibitory activity
and might contribute to the antiglycative effect of TBE.
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Table 2. AGE-formation inhibitory effects in HSA/glucose or fructose and AGE-derived crosslink-cleaving activities of
polyphenols isolated from TBE and related compounds.

Compound

Inhibitory Effects on AGE Formation Crosslink-Cleaving
ActivitiesIC50 (µM)

Glucose Fructose Relative Ratio *

Gallic acid 14.7 ± 2.0 27.0 ± 2.6 720.1 ± 54.1
Ellagic acid 1.8 ± 0.1 2.5 ± 0.1 11.4 ± 0.1

2,6-Di-O-galloyl-β-D-glucose (1) 1.5 ± 0.1 3.3 ± 0.0 77.4 ± 4.0
1,2,3-Tri-O-galloyl-β-D-glucose (2) 0.4 ± 0.0 0.4 ± 0.0 190.5 ± 2.5
1,2,6-Tri-O-galloyl-β-D-glucose (3) 0.3 ± 0.0 0.4 ± 0.0 146.6 ± 12.6
2,3,6-Tri-O-galloyl-β-D-glucose (4) 0.3 ± 0.0 1.0 ± 0.0 N.T.

1,2,3,6-Tetra-O-galloyl-β-D-glucose (5) 0.3 ± 0.0 0.3 ± 0.0 209.0 ± 33.7
1,2,4,6-Tetra-O-galloyl-β-D-glucose (6) 0.3 ± 0.0 0.3 ± 0.0 159.6 ± 12.7
1,2,3,4,6-Penta-O-galloyl-β-D-glucose 0.2 ± 0.0 0.2 ± 0.0 97.9 ± 2.1

Tellimagrandin II (7) 0.2 ± 0.0 0.3 ± 0.0 230.8 ± 12.2
Decarboxylated rugosin A (8) 0.3 ± 0.0 0.3 ± 0.0 233.0 ± 5.8

Camptothin B (9) 0.1 ± 0.0 0.2 ± 0.0 180.6 ± 4.2
Compound 10 >500 >1000 16.7 ± 1.4
Compound 13 >500 >1000 17.2 ± 1.1
Compound 14 >500 >1000 0.5 ± 1.1

Rubuphenol (11) 2.4 ± 0.0 4.7 ± 0.3 514.8 ± 11.2
Eschweilenol A (12) 2.4 ± 0.0 2.9 ± 0.1 484.5 ± 12.5

Aminoguanidine 258.9 ± 6.8 801.0 ± 17.7 N.T.
N-Phenacylthiazolium bromide (PTB) N.T. N.T. 100

Data are expressed as the means ± SE (n = 3), N.T. means not tested, * The concentrations of the tested samples are 100 µg/mL.

2.4. LC/UV/ESIMS Analysis of TBE

The presence of phenolic compounds, such as the gallotannins and ellagitannins,
has already been previously reported in the pericarp of Trapa species [8,34]. However,
the detailed polyphenol content in the pericarp of the Trapa species has not yet been
revealed. There are few reports on the qualitative and quantification of hydrolyzable
tannins containing both gallotannins and ellagitannins by LC-MS method. Here, we could
identify and quantify a total of 30 polyphenols including gallotannins and ellagitannins in
TBE by LC/UV/ESIMS method with each polyphenol specimen (Figure 3). The total ion
and UV at 280 nm chromatograms of TBE displayed with good separation in Figure 3A,B,
respectively. Among the candidates, compounds having lactones were clearly detected
at UV at 360 nm (Figure 3C) for more separation and accurate quantification. In Table 3,
gallic acid (32.2 ± 0.1 mg/g) exhibiting the most potent AGE cross-link cleaving activity
among the isolated polyphenols is shown as a main TBE component, suggesting that it was
produced from gallotannins or ellagitannins during TBE manufacturing, as well as ellagic
acid (6.9 ± 0.1 mg/g). The various gallotannins possessing significant AGE-formation
inhibitory activity were contained in the range of 0.2 ± 0.1–16.8 ± 1.2 mg/g. Valoneic acid
dilactone (1.8 ± 0.2 mg/g), rubuphenol (11) (4.3 ± 0.1 mg/g), and eschweilenol A (12)
(0.9 ± 0.2 mg/g) were minor TBE components, implying that these polyphenols were also
ascribable to TBE ellagitannins. Urolithin M5 (1.4 ± 0.4 mg/g), a well-known ellagitannin
metabolite, was also found in TBE. Urolithin M5 might be produced by biosynthesis in
Trapa bispinosa, since urolithins A and B and isourolithin A reportedly contained in the
plant of the same genus, Trapa natans [35]. Urolithin M5 has also been isolated from Tamarix
nilotica [36]. The presence of ellagitannin dimers, camptothin B (9) and cornusiin G, and
an ellagitannin monomer, 1,2-Di-O-galloyl-4,6-hexahydroxydiphenoyl-D-glucose in TBE
could also be identified by LC/UV/ESIMS analysis. Gallotannins (2–6), tellimagrandin II
(7), and decarboxylated rugosin A (8), which showed strong effects of both AGE-formation
inhibition and AGE-derived crosslink cleaving, were contained in TBE at high levels.
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These results clearly provided the basic confirmation to the potential contribution of TBE
polyphenols to antidiabetic and antiglycative effects.

Molecules 2021, 26, 5802 8 of 18 
 

 

mer, 1,2-Di-O-galloyl-4,6-hexahydroxydiphenoyl-D-glucose in TBE could also be identi-
fied by LC/UV/ESIMS analysis. Gallotannins (2–6), tellimagrandin II (7), and decarbox-

ylated rugosin A (8), which showed strong effects of both AGE-formation inhibition and 

AGE-derived crosslink cleaving, were contained in TBE at high levels. These results 

clearly provided the basic confirmation to the potential contribution of TBE polyphenols 

to antidiabetic and antiglycative effects. 

 

Figure 3. LC/UV/ESIMS analysis of TBE. Total ion chromatogram (A) and UV chromatogram at 

280 nm (B) and 360 nm (C). 

  

Figure 3. LC/UV/ESIMS analysis of TBE. Total ion chromatogram (A) and UV chromatogram at
280 nm (B) and 360 nm (C).

Table 3. TBE polyphenol content.

Peak No. Compound tR (min) MS (m/z) Content (mg/g of
Dry Weight)

1 2,3-Di-O-galloyl-β-D-glucose 3.18, 3.94 483 [M − H]− 15.5 ± 0.2
2 Gallic acid 3.23 339 [2M − H]− 32.2 ± 0.1
3 2,6-Di-O-galloyl-β-D-glucose (1) 4.90, 7.52 483 [M − H]− N.T.
4 3,6-Di-O-galloyl-β-D-glucose 5.55, 6.58 483 [M − H]− 3.9 ± 0.0
5 1,6-Di-O-galloyl-β-D-glucose 7.53 483 [M − H]− 16.8 ± 1.2
6 Digalloyl glucose 8.07 483 [M − H]− N.T.
7 1,2,3-Tri-O-galloyl-β-D-glucose (2) 8.75 635 [M − H]− 4.8 ± 0.0
8 3,4,6-Tri-O-galloyl-β-D-glucose 8.75, 11.6 635 [M − H]− 3.4 ± 0.1
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Table 3. Cont.

Peak No. Compound tR (min) MS (m/z) Content (mg/g of
Dry Weight)

9 Brevifolincarboxylic acid 9.22 291 [M − H]− 1.7 ± 0.1
10 2,3,6-Tri-O-galloyl-β-D-glucose (4) 9.86, 12.6 635 [M − H]− N.T.
11 2,4,6-Tri-O-galloyl-β-D-glucose 10.2, 13.5 635 [M − H]− 0.2 ± 0.1
12 Trigalloyl glucose 11.3 635 [M − H]− N.T.
13 1,2,6-Tri-O-galloyl-β-D-glucose (3) 12.5 635 [M − H]− 4.1 ± 0.5
14 1,3,6-Tri-O-galloyl-β-D-glucose 13.5 635 [M − H]− 1.8 ± 0.7

15 1,2-Di-O-galloyl-4,6-hexahydroxydiphenoyl-
β-D-glucose 13.8 785 [M − H]− 0.9 ± 0.0

16 Valoneic acid dilactone 13.9 469 [M − H]− 1.8 ± 0.2
17 Trigalloyl glucose 14.5 635 [M − H]− N.T.
18 Urolithin M5 15.1 275 [M − H]− 1.4 ± 0.4
19 1,4,6-Tri-O-galloyl-β-D-glucose 15.1 635 [M − H]− 0.6 ± 0.0
20 Camptothin B (9) 16.2 860 [M − 2H]2− N.T.
21 Tellimagrandin II (7) 17.7 937 [M − H]− 5.7 ± 0.0
22 1,2,3,6-Tetra-O-galloyl-β-D-glucose (5) 18.8 787 [M − H]− 13.3 ± 0.0
23 1,2,4,6-Tetra-O-galloyl-β-D-glucose (6) 19.7 787 [M − H]− 1.5 ± 0.0
24 Ellagic acid 19.9 301 [M − H]− 6.9 ± 0.1
25 Decarboxylated rugosin A (8) 20.3 1061 [M − H]− 2.4 ± 0.0
26 1,2,3,4,6-Penta-O-galloyl-β-D-glucose 21.5 939 [M − H]− 0.7 ± 0.0
27 Cornusiin G 21.7 861 [M − 2H]2− 0.3 ± 0.0
28 Rubuphenol (11) 22.2 425 [M − H]− 4.3 ± 0.1
29 Compound 10 22.1 521 [M − H]− 1.3 ± 0.1
30 Eschweilenol A (12) 24.0 425 [M − H]− 0.9 ± 0.2

Data are expressed as the means ± SE (n = 3), N.T. means not tested, tR: retention time.

3. Materials and Methods
3.1. Chemicals

The TBE was prepared as follows: the Trapa bispinosa pericarp cultivated in Thailand
was dried, sterilized, and crushed at ambient conditions, followed by extraction with hot
water (approximately six times the weight of the water chestnut pericarp). Dextrin was
added to the extracted liquid so that the ratio of chestnut pericarp water extract to dextrin
would be 67:33 using the dry weight. TBE was obtained after spray drying the extract and
its moisture content was less than 10%. Ellagic acid, N-phenacylthiazolium bromide (PTB),
and aminoguanidine hydrochloride were obtained from Wako Pure Chemical Industries
(Osaka, Japan). 1-Phenyl-1,2-propanedione (PPD) and rat intestinal acetone powder were
purchased from Sigma Aldrich (St Louis, MO, USA). Trimethylsilyldiazomethane (TMS-
CHN2) was purchased from Tokyo Chemical Industry (Tokyo, Japan). Each polyphenol
specimen was used compounds isolated from natural sources held in our library: gallotan-
nins [37–44], 1,2-di-O-galloyl-4,6-hexahydroxydiphenoyl-D-glucose [45], cornusiin G [8],
brevifolincarboxylic acid [39], urolithin M5 [46], and valoneic acid dilactone [41].

3.2. General Experimental Procedure

Optical rotations were recorded using a Jasco DIP-1000 polarimeter (Jasco, Tokyo,
Japan). UV and CD spectra were measured by using Jasco V-530 spectrophotometer (Jasco,
Tokyo, Japan) and Jasco J-710 spectropolarimeter (Jasco, Tokyo, Japan), respectively. 1H-
NMR (600 MHz) and 13C-NMR (151 MHz) spectra including 1H-1H COSY, NOESY, HSQC,
and HMBC were recorded on a Varian NMR system (Varian, Palo Alto, CA, USA) and
chemical shifts are given in ppm (ppm) values relative to acetone-d6 (2.04 ppm for 1H and
29.8 ppm for 13C), CD3OD (3.35 ppm for 1H and 49.0 ppm for 13C), and CDCl3 (7.26 ppm for
1H and 77.0 ppm for 13C). ESI or APCI mass spectra were performed on a Bruker MicrOTOF
II instrument (Bruker, Billerica, MA, USA) using direct sample injection. Reversed-phase
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HPLC was conducted on InertSustain C18 column (150 mm × 4.6 mm i.d., 5 µm, GL
Sciences, Tokyo, Japan) at 40 ◦C with the mobile phase consisted of CH3CN:H2O:HCOOH
(5:90:5) (solvent A) and CH3CN:H2O:HCOOH (45:50:5) (solvent B). The flow rate was
1.0 mL/min, and a linear gradient was programmed as follows: 0–15 min (solvent B:
10–30%), 15–20 min (solvent B: 30–50%), 20–30 min (solvent B: 10%) and the absorbance was
monitored at 280 and 360 nm. Normal-phase HPLC was conducted on YMC-Pack SIL col-
umn (250 mm× 4.6 mm i.d., 5 µm, YMC, Kyoto, Japan) with n-hexane:MeOH:THF:HCOOH
(55:33:11:1) containing oxalic acid (450 mg/L) by isocratic elution. The flow rate was
1.5 mL/min and the absorbance was monitored at 280 nm. Preparative HPLC was carried
out under the same conditions as reversed-phase HPLC condition by using the mobile
phase consisted of CH3CN:H2O:HCOOH (10:85:5) (condition 1) or MeOH:H2O:HCOOH
(10:85:5) (condition 2). Column chromatography was carried out by Diaion HP-20 (Mit-
subishi Chemical, Tokyo, Japan), Toyopearl HW-40 (coarse grade) (Tosoh, Tokyo, Japan),
MCI gel CHP20/P120 (Mitsubishi Chemical, Tokyo, Japan), Sephadex LH-20 (GE Health-
care, Chicago, IL, USA), Mega Bond Elut C18 (Agilent technologies, Santa Clara, CA, USA),
Bond Elut Plexa (Agilent technologies, Santa Clara, CA, USA), and YMC Gel ODS-AQ-HG
(YMC, Kyoto, Japan).

3.3. Extraction and Isolation

TBE (450 g) was dissolved in H2O (700 mL) and the solution was extracted subse-
quently extracted with Et2O (3 × 700 mL), EtOAc (3 × 700 mL), and water-saturated
n-BuOH (3 × 700 mL), to give Et2O (5.2 g), EtOAc (16.7 g), n-BuOH extracts (14.3 g), and
H2O soluble portion (163.5 g). A part of EtOAc extract (5.0 g) was chromatographed over
Toyopearl HW-40 (coarse grade) (40 cm× 2.2 i.d. cm) with 40%, 50%, 60%, and 70% aqueous
MeOH—MeOH:H2O:acetone (7:2:1)—MeOH:H2O:acetone (7:1:2)—70% aqueous acetone
in a stepwise elution mode. The 40% aqueous MeOH fraction gave gallic acid (779.9 mg),
the 50% aqueous MeOH fraction gave 1,2,3-tri-O-galloyl-β-D-glucose (2) (148.1 mg), the
60% aqueous MeOH fraction gave 1,2,3,6-tetra-O-galloyl-β-D-glucose (5) (301.1 mg), and
the 70% aqueous MeOH fraction gave 1,2,4,6-tetra-O-galloyl-β-D-glucose (6) (67.7 mg) and
tellimagrandin II (7) (189.2 mg), by column chromatographic purification on each MCI
gel CHP20/P120 (40 cm × 1.1 i.d. cm). The 40% aqueous MeOH fraction (200 mg) was
purified by column chromatographies over MCI gel CHP20/P120 (40 cm × 1.1 i.d. cm)
with aqueous MeOH, Sephadex LH-20 (40 cm × 1.1 i.d. cm) with EtOH-MeOH solvent sys-
tem, Mega Bond Elut C18 cartridge column with aqueous MeOH, and preparative HPLC
under the condition 1, to give 2,6-Di-O-galloyl-β-D-glucose (1) (3.0 mg). The 50% aqueous
MeOH fraction (300 mg) was further purified by Mega Bond Elut C18 with 10%, 20%,
30%, 40%, 50%, 60%, and 70% aqueous MeOH–100% MeOH–70% aqueous acetone and
preparative HPLC under the condition 2 to give 1,2,6-tri-O-galloyl-β-D-glucose (3) (0.8 mg)
and 2,3,6-tri-O-galloyl-β-D-glucose (4) (0.9 mg). A part of n-BuOH extract (10 g) was
chromatographed over Diaion HP-20 (40 cm × 5.0 i.d. cm) with H2O–10, 30, and 50%
aqueous MeOH–100% MeOH–70% aqueous acetone in a stepwise elution mode. The 50%
aqueous MeOH eluate (1.5 g) was further chromatographed over Toyopearl HW-40 (coarse
grade) (40 cm × 2.2 i.d. cm) with 50%, 60%, and 70% aqueous MeOH–MeOH:H2O:acetone
(7:2:1)–MeOH:H2O:acetone (7:1:2)–70% aqueous acetone in stepwise elution mode. Com-
pounds 5 (40.3 mg) and 7 (43.8 mg) were obtained from the 60% aqueous MeOH and
MeOH:H2O:acetone (7:2:1) fractions, respectively. TBE (500 g) was dissolved in H2O
(10 L) and, the solution was subjected to Diaion HP-20 (80 cm × 5.0 i.d. cm) and eluted
with H2O increasing amounts of MeOH (0–10–30–50–100% MeOH) and 70% aqueous ace-
tone. A part (7.75 g) of the 50% aqueous MeOH eluate (23.0 g) was chromatographed over
Toyopearl HW-40 (coarse grade) (40 cm× 2.2 i.d. cm) with 50, 60, and 70% aqueous MeOH–
MeOH:H2O:acetone (7:2:1)–MeOH:H2O:acetone (7:1:2)–70% aqueous acetone as eluent.
The combined fraction (400 mg) consisted of 70% aqueous MeOH and MeOH:H2O:acetone
(7:1:2) fractions was purified by column chromatography over MCI gel CHP20/P120
(40 cm × 1.1 i.d. cm) with 30%, 40%, and 50% aqueous MeOH–100% MeOH–70% aque-
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ous acetone. Subsequently, the 40% MeOH eluate (23.2 mg) was purified by Bond Elut
Plexa with 30%, 40%, 50%, 60% aqueous MeOH and MeOH to give decarboxylated
rugosin A (8) (8.4 mg) from the 60% aqueous MeOH eluate. The MeOH:H2O:acetone
(7:2:1) eluate (120 mg) was purified by Mega Bond Elut C18 and YMC Gel ODS-AQ-HG
(21 cm × 1.1 i.d. cm) with H2O-MeOH solvent system to give camptothin B (9) (7.3 mg).
The 100% MeOH eluate (8.0 g) obtained by Diaion HP-20 separation was chromatographed
over Toyopearl HW-40 (coarse grade) (43 cm × 2.2 i.d. cm) with H2O increasing amounts
of MeOH (50–60–100% MeOH) followed by 70% aqueous acetone. (7′S, 8′R)-Dihydrode-
hydrodiconiferyl alcohol-9′-O-β-D-glucoside (10) (347.2 mg) was obtained from the 50%
aqueous MeOH eluate. The fraction eluted with 100% MeOH and 70% aqueous acetone was
dissolved in hot MeOH and the resulting solution was stored at 4 ◦C to remove ellagic acid
as a precipitate. The collected supernatant (2.6 g) was chromatographed over Toyopearl
HW-40 (coarse grade) (44 cm × 2.2 i.d. cm) with 70% aqueous MeOH–MeOH:H2O:acetone
(7:2:1)–MeOH:H2O:acetone (7:1:2)–70% aqueous acetone. The MeOH:H2O:acetone (7:2:1)-
MeOH:H2O:acetone (7:1:2) eluate was purified by MCI gel CHP20/P120 (24 cm × 1.1 i.d. cm)
and YMC Gel ODS-AQ-HG (27 cm× 1.1 i.d. cm) with MeOH-H2O solvent system to afford
rubuphenol (11) (33.1 mg) and eschweilenol A (12) (5.5 mg).

2,6-Di-O-galloyl-β-D-glucose (1): pale yellow amorphous powder; 1H-NMR [600 MHz,
acetone-d6-D2O (9:1)] δ 7.11–7.14 (4H in total each, s, galloyl-H), 5.35 (1H, d, J = 3.6 Hz, Glc
α-1), 4.88 (1H, t, J = 8.4 Hz, Glc β-2), 4.83 (1H, d, J = 7.8 Hz, Glc β-1), 4.74 (1H, dd, J = 3.6,
10.2 Hz, Glc α-2), 4.56 (1H, dd, J = 1.8, 11.4 Hz, Glc β-6), 4.51 (1H, dd, J = 1.8, 11.4 Hz, Glc
α-6), 4.36 (2H, m, Glc α-6, β-6), 4.13 (1H, m, Glc α-5), 4.09 (1H, t, J = 9.6 Hz, Glc α-3), 3.74
(1H, t, J = 9 Hz, Glc β-3), 3.68 (1H, m, Glc β-5), 3.5–3.7 (Glc- and β-4, overlapped with
DOH). HR-ESI-MS m/z 483.0787 [M − H]− (calcd for C20H20O14-H, 483.0780).

1,2,3-Tri-O-galloyl-β-D-glucose (2): pale yellow amorphous powder; 1H-NMR [600 MHz,
acetone-d6-D2O (9:1)] δ 7.09, 7.08, 7.00 (2H, each, s, galloyl-H), 6.06 (1H, d, J = 8.4 Hz, Glc
H-1), 5.61 (1H, t, J = 9.6 Hz, Glc H-3), 5.40 (1H, dd, J = 8.4, 9.6 Hz, Glc H-2), 3.97 (1H, t,
J = 9.6 Hz, Glc H-4), 3.93 (1H, d, J = 10.2 Hz, Glc H-6), 3.81 (2H, m, Glc H-5, 6). HR-ESI-MS
m/z 635.0890 [M − H]− (calcd for C27H24O18-H, 635.0890)

1,2,6-Tri-O-galloyl-β-D-glucose (3): pale yellow amorphous powder; 1H-NMR [600 MHz,
acetone-d6-D2O (9:1)] δ 7.11, 7.07, 7.03 (2H, each, s, galloyl-H), 5.90 (1H, d, J = 9.0 Hz, Glc
H-1), 5.22 (1H, t, J = 9.0 Hz, Glc H-2), 4.59 (1H, dd, J = 1.8, 12.0 Hz, Glc H-6), 4.37 (1H, dd,
J = 5.4, 12.0 Hz, Glc H-6), 3.96 (1H, t, J = 9.0 Hz, Glc H-3), 3.91 (1H, m, Glc H-5), 3.71 (1H, t,
J = 9.0 Hz, Glc H-4). HR-ESI-MS m/z 635.0898 [M − H]− (calcd for C27H24O18-H, 635.0890).

2,3,6-Tri-O-galloyl-β-D-glucose (4): pale yellow amorphous powder; 1H-NMR [600 MHz,
acetone-d6-D2O (9:1)] δ 7.00–7.14 (6H in total each, s, galloyl-H), 5.77 (1H, t, J = 9.6 Hz, Glc
α-3), 5.47 (1H, d, J = 3.6 Hz, Glc α-1), 5.43 (1H, m, Glc β-3), 5.10 (1H, dd, J = 7.8, 9.6 Hz,
Glc β-2), 5.01 (1H, d, J = 7.8 Hz, Glc β-1), 4.94 (1H, dd, J = 3.6, 9.6 Hz, Glc α-2), 4.59 (1H, d,
J = 11.4 Hz, Glc β-6), 4.55 (1H, dd, J = 1.8, 12 Hz Glc α-6), 4.47–4.40 (3H, m, Glc α-6, β-6,
β-5), 4.29 (1H, m, Glc α-5), 3.93 (1H, t, J = 9.6 Hz, Glc α-4), 3.88 (1H, d, J = 6 Hz, Glc β-4).
HR-ESI-MS m/z 635.0892 [M − H]− (calcd for C27H24O18-H, 635.0890).

1,2,3,6-Tetra-O-galloyl-β-D-glucose (5): pale yellow amorphous powder; 1H-NMR [600 MHz,
acetone-d6-D2O (9:1)] δ 7.16, 7.09, 7.08, 7.01 (2H, each, s, galloyl-H), 6.14 (1H, d, J = 8.4 Hz,
Glc H-1), 5.69 (1H, t, J = 9.6 Hz, Glc H-3), 5.49 (1H, dd, J = 8.4, 9.6 Hz, Glc H-2), 4.66
(1H, dd, J = 1.8, 12.6 Hz, Glc H-6), 4.50 (1H, dd, J = 5.4, 12.6 Hz, Glc H-6), 4.17 (1H, m,
Glc H-5), 4.08 (1H, t, J = 9.6 Hz, Glc H-4). HR-ESI-MS m/z 787.1034 [M − H]− (calcd for
C34H28O22-H, 787.0999).

1,2,4,6-Tetra-O-galloyl-β-D-glucose (6): pale yellow amorphous powder; 1H-NMR [600 MHz,
acetone-d6-D2O (9:1)] δ 7.14, 7.13, 7.09, 7.06 (2H, each, s, galloyl-H), 6.04 (1H, d, J = 8.4 Hz,
Glc H-1), 5.40 (1H, t, J = 9.6 Hz, Glc H-4), 5.38 (1H, dd, J = 8.4, 9.6 Hz, Glc H-2), 4.53
(1H, dd, J = 1.2, 12.6 Hz, Glc H-6), 4.36 (1H, t, J = 9.6 Hz, Glc H-3), 4.30 (1H, m, Glc H-5),
4.20 (1H, dd, J = 5.4, 12.6 Hz, Glc H-6). HR-ESI-MS m/z 787.1008 [M − H]− (calcd for
C34H28O22-H, 787.0999).
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Tellimagrandin II (7): pale yellow amorphous powder; 1H-NMR [600 MHz, acetone-d6-D2O
(9:1)] δ 7.09, 6.99, 6.95 (2H, each, s, galloyl-H), 6.63, 6.47 [1H each, HHDP-H], 6.17 (1H, d,
J = 7.8 Hz, Glc H-1), 5.81 (1H, t, J = 9.6 Hz, Glc H-3), 5.59 (1H, dd, J = 7.8, 9.6 Hz, Glc H-2),
5.32 (1H, dd, J = 6.6, 13.2 Hz, Glc H-6), 5.20 (1H, t, J = 9.6 Hz, Glc H-4), 4.53 (1H, dd, J = 6.6,
9.6 Hz, Glc H-5), 3.87 (1H, d, J = 13.2 Hz, Glc H-6). HR-ESI-MS m/z 937.0956 [M − H]−

(calcd for C41H30O26-H, 937.0953).

Decarboxylated rugosin A (8): dark brown amorphous powder; 1H-NMR [600 MHz,
acetone-d6-D2O (9:1)] δ 7.08, 7.00, 6.98 (2H, each, s, galloyl-H), 6.49, 6.39 (1H each, s,
decarboxylated valoneoyl group -Ha, Hb), 6.43, 6.38 (1H each, d, J = 9.0 Hz, decarboxylated
valoneoyl group -Hc, Hd), 6.15 (1H, d, J = 7.8 Hz, Glc H-1), 5.81 (1H, t, J = 9.6 Hz, Glc H-3),
5.59 (1H, dd, J = 7.8, 9.6 Hz, Glc H-2), 5.27 (1H, dd, J = 6.6, 13.2 Hz, Glc H-6), 5.17 (1H, t,
J = 9.6 Hz, Glc H-4), 4.13 (1H, dd, J = 6.6, 9.6 Hz, Glc H-5), 3.82 (1H, d, J = 13.2 Hz, Glc H-6).
HR-ESI-MS m/z 1061.1114 [M − H]− (calcd for C47H34O29-H, 1061.1113).

Camptothin B (9): dark brown amorphous powder; 1H-NMR [600 MHz, acetone-d6-D2O
(9:1)] δ 7.09, 6.99, 6.97, 6.84 (4/3 H, each, s, galloyl-H), 7.08, 7.02, 6.98, 6.91 (2/3 H, each,
s, galloyl-H), 7.11 (1/3H, s, valoneoyl-Hc), 7.00 (2/3H, s, valoneoyl-Hc), 6.65 (2/3H, s,
HHDP-Hd), 6.64 (1/3H, s, HHDP-Hd), 6.498 (1/3H, s, HHDP-He), 6.496 (2/3H, s, HHDP-
He), 6.62 (1/3H, s, valoneoyl-Ha), 6.59 (2/3H, s, valoneoyl-Ha), 6.18 (1/3H, s, valoneoyl-
Hb), 6.16 (2/3H, s, valoneoyl-Hb), 6.18 (2/3H, d, J = 7.8 Hz, Glc HR-1), 6.16 (1/3H, d,
J = 7.8 Hz, Glc HR-1), 5.80 (1/3H, t, J = 9.6 Hz, Glc HL-3), 5.60 (1/3H, t, J = 9.6 Hz, Glc
HR-3), 5.59 (2/3H, t, J = 9.6 Hz, Glc HR-3), 5.55 (1/3H, dd, J = 7.8, 9.6 Hz, Glc HR-2), 5.54
(2/3H, dd, J = 7.8, 9.6 Hz, Glc HR-2), 5.46 (2/3H, t, J = 9.6 Hz, Glc HL-3), 5.44 (1/3H, dd,
J = 6.6, 13.2 Hz, Glc HL-6), 5.35 (1/3H, dd, J = 4.2 Hz, Glc HL-1α), 5.27 (1/3H, dd, J = 6.6,
13.2 Hz, Glc HR-6), 5.21 (1/3H, d, J = 6.6, 13.2 Hz, Glc HR-6′), 5.17 (2/3H, dd, J = 6.6, 13.2 Hz,
Glc HL-6), 5.12 (2/3H, dd, J = 8.4, 9.6 Hz, Glc HL-2), 5.09 (1/3H, t, J = 9.6 Hz, Glc HL-4), 5.07
(1/3H,2/3H t, J = 9.6 Hz, Glc HR-4), 5.06 (1/3H, t, J = 4.2, 9.6 Hz, Glc HL-2), 5.00 (2/3H, t,
J = 9.6 Hz, Glc HL-4), 5.00 (2/3H, t, J = 9.6 Hz, Glc HL-4), 4.61 (1/3H, dd, J = 6.6, 9.6 Hz, Glc
HR-5), 4.57 (1/3H, dd, J = 6.6, 9.6 Hz, Glc HL-5), 4.45 (2/3H, dd, J = 6.6, 9.6 Hz, Glc HL-4),
4.49 (2/3H, t, J = 8.4 Hz, Glc HL-1β), 3.93 (1/3H, d, J = 13.2 Hz, Glc HL-6), 3.87 (2/3H, d,
J = 13.2 Hz, Glc HR-6′), 3.80 (2/3H, d, J = 13.2 Hz, Glc HL-6), 3.74 (1/3H, d, J = 13.2 Hz, Glc
HR-6). HR-ESI-MS m/z 1721.1710 [M − H]− (calcd for C75H54O48-H, 1721.1712).

(7′S,8′R)-Dihydrodehydrodiconiferyl alcohol-9′-O-β-D-glucoside (10): pale brown amor-
phous powder; [α]25

D + 12.8◦ (c 0.5, MeOH); UV (MeOH) λmax (log ε) 225 (4.30), 282
(3.92) nm; CD (MeOH) [α] (nm) − 4.3 × 103 (223), +1.7 × 104 (240), +1.0 × 104 (291); 1H-
NMR [600 MHz, CD3OD] δ 6.99 (1H, d, J = 1.8 Hz, H-2′), 6.84 (1H, dd, J = 1.8, 7.8 Hz, H-6′),
6.79 (1H, brs, H-6), 6.75 (1H, d, J = 7.8 Hz, H-5′), 6.71 (1H, brd, J = 1.2 Hz, H-2), 5.57 (1H, d,
J = 6.6 Hz, H-7′), 4.35 (1H, d, J = 7.8 Hz, H-1′′), 4.10 (1H, dd, J = 8.4, 9.6 Hz, H-9′a), 3.86 (1H,
dd, J = 2.4, 12.0 Hz, H-6′′a), 3.84 (3H, s, OCH3-3), 3.83 (1H, m, H-9′b), 3.81 (3H, s, OCH3-3′),
3.68 (1H, dd, J = 6.0, 12.0 Hz, H-6′′a), 3.64 (1H, brdd, J = 6.6, 13.2 Hz, H-8′), 3.58 (2H, t,
J = 6.6 Hz, H-9), 3.37 (1H, t, J = 9.0 Hz, H-3′′), 3.31 (1H, t, J = 9.0 Hz, H-4′′), 3.27 (1H, ddd,
J = 2.4, 6.0, 9.0 Hz, H-5′′), 3.23 (1H, dd, J = 7.8, 9.0 Hz, H-2′′), 2.61 (2H, brt, J = 7.8 Hz, H-7),
1.80 (2H, m, H-8); 13C-NMR [151 MHz, CD3OD] δ 147.6 (C-3′), 146.00 (C-4′), 145.97 (C-4),
143.8 (C-3), 135.5 (C-1), 133.2 (C-1′), 128.3 (C-5), 118.4 (C-6′), 116.8 (C-6), 114.6 (C-5′), 112.6
(C-2), 109.4 (C-2′), 102.8 (C-1′′), 87.8 (C-7′), 76.7 (C-3′′), 76.6 (C-5′′), 73.7 (C-2′′), 70.9 (C-9′),
70.2 (C-4′′), 61.3 (C-6′′), 60.8 (C-9), 55.3 (C-3OCH3), 55.0 (C-3′OCH3), 51.5 (C-8′), 34.4 (C-8),
31.5 (C-7); HR-ESI-MS m/z 521.2041 [M − H]− (calcd for C26H34O11-H, 521.2028).

Acid hydrolysis of 10: A solution of 10 (50 mg) in 1 M HCl was heated in boiled water for
1 h. The reaction mixture was purified by Mega Bond Elut C18 with MeOH-H2O (0:100–
10:90–20:80–30:70–40:60–50:50–60:40) in stepwise gradient. Compounds 13 (5.4 mg) and
14 (4.3 mg) were obtained from 40% and 60% MeOH fractions, respectively. The obtained
H2O fraction was tested by Glucose CII Test Wako kit (Wako Pure Chemical Industries,
Osaka, Japan) to determine D-series of glucose in 10 [22].
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Compound 13 (aglycone of 10): off-white amorphous powder; [α]25
D + 14.1◦ (c 0.5, MeOH);

UV (MeOH) λmax (log ε) 227 (4.30), 286 (3.87) nm; CD (MeOH) [α] (nm) − 3.4 × 103 (225),
+ 1.5 × 104 (240), + 6.7 × 103 (292); 1H-NMR [600 MHz, acetone-d6-D2O (9:1)] δ 6.99 (1H, d,
J = 1.8 Hz, H-2′), 6.83 (1H, dd, J = 1.8, 7.8 Hz, H-6′), 6.78 (1H, d, J = 7.8 Hz, H-5′), 6.72 (1H,
brs, H-6), 6.71 (1H, brs, H-2), 5.50 (1H, d, J = 6.6 Hz, H-7′), 3.82 (1H, m, H-9′a), 3.80 (3H, s,
OCH3-3′), 3.78 (3H, s, OCH3-3), 3.73 (1H, dd, J = 7.2, 10.8 Hz, H-9′b), 3.52 (2H, t, J = 6.6 Hz,
H-9), 3.47 (1H, brdd, J = 6.6, 13.2 Hz, H-8′), 2.58 (2H, brt, J = 7.8 Hz, H-7), 1.76 (2H, m, H-8);
13C-NMR [151 MHz, acetone-d6-D2O (9:1)] δ 147.6 (C-3′), 146.2 (C-4, 4′), 143.9 (C-3), 135.5
(C-1), 133.6 (C-1′), 128.9 (C-5), 118.4 (C-6′), 116.7 (C-6), 114.9 (C-5′), 112.8 (C-2), 109.7 (C-2′),
87.2 (C-7′), 63.6 (C-9′), 60.7 (C-9), 55.5 (C-3OCH3), 55.4 (C-3′OCH3), 54.0 (C-8′), 34.7 (C-8),
31.7 (C-7); HR-APCI-MS m/z 359.1499 [M − H]− (calcd for C20H24O6-H, 359.1500).

Compound 14: off-white amorphous powder; 1H-NMR [600 MHz, acetone-d6-D2O (9:1)] δ
7.32 (1H, d, J = 1.8 Hz, H-2′), 7.25 (1H, dd, J = 1.8, 8.4 Hz, H-6′), 6.97 (1H, d, J = 1.2 Hz, H-6),
6.95 (1H, d, J = 8.4 Hz, H-5′), 6.77 (1H, brd, J = 1.2 Hz, H-2), 3.97 (3H, s, OCH3-3), 3.91 (3H,
s, OCH3-3′), 3.56 (2H, t, J = 6.6 Hz, H-9), 2.74 (2H, brt, J = 7.2 Hz, H-7), 2.39 (3H, s, H-9′),
1.86 (2H, m, H-8); 13C-NMR [151 MHz, acetone-d6-D2O (9:1)] δ 151.1 (C-7′), 147.8 (C-3′),
147.0 (C-4′), 144.7 (C-3), 141.0 (C-4), 137.9 (C-1), 132.9 (C-8′), 123.0 (C-5), 120.0 (C-6′), 115.4
(C-5′), 110.6 (C-6), 110.2 (C-2′), 109.5 (C-1′), 107.6 (C-2), 60.8 (C-9), 55.50 (C-3′OCH3), 55.46
(C-3OCH3), 34.9 (C-8), 32.3 (C-7), 8.8 (C-9′); HR-APCI-MS m/z 341.1394 [M − H]− (calcd
for C20H22O5-H, 341.1394).

Rubuphenol (11): off-white amorphous powder; 1H-NMR [600 MHz, CD3OD]: δ 7.53 (1H,
s, H-5′), 7.33 (1H, s, H-5), 6.19 (1H, d, J = 9.0 Hz, H-6′′), 6.16 (1H, d, J = 9.0 Hz, H-5′);
13C-NMR [151 MHz, CD3OD]: δ 160.7 (C-7), 160.6 (C-7′), 153.8 (C-4′), 149.5 (C-4), 143.4 (C-2
or 2′), 143.1 (C-4′′), 141.2 (C-1′′), 141.0 (C-3), 137.9 (C-3′), 137.15 (C-2′′), 137.09 (C-2 or 2′),
135.5 (C-3′′), 115.2 (C-6′), 113.4 (C-1), 113.3 (C-1′), 113.1 (C-5′), 111.8 (C-5), 108.9 (C-6), 107.4
(C-6′′), 106.3 (C-5′′); HR-ESI-MS m/z 425.0144 [M − H]− (calcd for C20H10O11-H, 425.0150).

Eschweilenol A (12): off-white amorphous powder; 1H-NMR [600 MHz, CD3OD]: δ 7.50
(1H, s, H-5′), 7.30 (1H, s, H-5), 6.51 (1H, d, J = 9.0 Hz, H-6′′), 6.40 (1H, d, J = 9.0 Hz, H-5′′);
13C-NMR [151 MHz, CD3OD]: δ 161.34 (C-7′), 161.27 (C-7), 150.7 (C-4), 149.9 (C-4′), 145.0
(C-4′′), 142.8 (C-3), 141.0 (C-3′), 139.7 (C-2′′), 137.9 (2C, C-2, 2′) (2C), 137.4 (C-1′′), 136.2
(C-3′′), 115.9 (C-1), 113.6 (C-1′), 112.8 (C-6′′), 111.9 (C-5), 111.8 (C-5′), 109.9 (C-6′), 108.7
(C-6), 107.3 (C-5′′); HR-ESI-MS m/z 425.0134 [M − H]− (calcd for C20H10O11-H, 425.0150).

Methylation of compounds 11 and 12: Each solution of 11 (10 mg) or 12 (10 mg) in acetone
was treated with an excess of TMS-CHN2 in hexane at room temperature overnight. Each
reaction mixture was evaporated in vacuo and purified by preparative TLC (Merck, North
Wales, PA, USA) with toluene:acetone (3:1) to obtain compounds 15 (Rf 0.55, 1.8 mg) and
16 (Rf 0.70, 2.1 mg) from 11, and 17 (Rf 0.60, 0.7 mg) and 18 (Rf 0.74, 1.2 mg) from 12,
respectively.

Compound 15: off-white amorphous powder; 1H-NMR [600 MHz, CDCl3]: δ 7.76 (1H, s,
H-5′), 7.67 (1H, s, H-5), 6.52 (1H, d, J = 9.0 Hz, H-5′′), 6.23 (1H, d, J = 9.0 Hz, H-6′′), 4.24,
4.032, 4.026, 4.02, 3.95 (each 3H, s, OCH3-H); HR-APCI-MS m/z 497.1102 [M + H]+ (calcd
for C25H20O11 + H, 497.1078).

Compound 16: off-white amorphous powder; 1H-NMR [600 MHz, CDCl3]: δ 7.76 (1H, s,
H-5′), 7.67 (1H, s, H-5), 6.47 (1H, d, J = 9.0 Hz, H-5′′), 6.41 (1H, d, J = 9.0 Hz, H-6′′), 4.24,
4.03, 4.00 (each 3H, s, OCH3-H), 3.94 (6H, s, OCH3-H), 3.82 (3H, s, OCH3-H); HR-APCI-MS
m/z 511.1258 [M + H]+ (calcd for C26H22O11 + H, 511.1235).

Compound 17: off-white amorphous powder; 1H-NMR [600 MHz, CDCl3] δ 7.71 (1H, s,
H-5′), 7.49 (1H, s, H-5), 6.79 (1H, d, J = 9.0 Hz, H-6′′), 6.75 (1H, d, J = 9.0 Hz, H-5′′), 4.32,
4.21, 4.04, 3.98, 3.83 (each 3H, s, OCH3-H); HR-APCI-MS m/z 497.1065 [M + H]+ (calcd for
C25H20O11 + H, 497.1078).

Compound 18: off-white amorphous powder; 1H-NMR [600 MHz, CDCl3] δ 7.71 (1H, s,
H-5′), 7.47 (1H, s, H-5), 6.85 (1H, d, J = 9.0 Hz, H-6′′), 6.69 (1H, d, J = 9.0 Hz, H-5′′), 4.32,
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4.20, 4.04, 3.92, 3.91, 3.82 (each 3H, s, OCH3-H); HR-APCI-MS m/z 511.1245 [M + H]+ (calcd
for C26H22O11 + H, 511.1235).

3.4. α-Glucosidase Inhibitory Activity

The α-glucosidase inhibitory activity was tested according to the previously described
method by Kirino et al. [47] with a slight modification. Rat intestinal acetone powder
was mixed with 0.1 M phosphate buffer (pH 7) and centrifuged at 18,500× g and 4 ◦C for
20 min. The resulting supernatant was collected and used as a glucosidase solution for
enzymatic assay. Each sample solution (160 µL) was mixed with 250 mM maltose solution
(20 µL) in 0.2 M phosphate buffer (pH 7) and then incubated at 37 ◦C for 3 min. After
incubation, the enzymatic reaction was started by adding glucosidase solution from the rat
intestine (20 µL) and the resulting reaction mixtures were further incubated at 37 ◦C for
15 min. After 15 min, the reaction mixtures were immediately heated at 100 ◦C for 5 min
to stop the reaction followed by cooling on ice for 5 min. The amount of glucose in the
reaction mixtures was determined using the F-Kit glucose (Roche diagnostics, Co., Tokyo,
Japan) by measuring the absorbance at 340 nm. A control was carried out with 0.1 M
phosphate buffer (pH 7) instead of sample solution. For the blank, the glucosidase solution
was replaced with distilled water. The glucosidase inhibitory rates of tested samples were
calculated as;

Inhibitory rate (%) = 100 − [(Asample − Ablank)/(Acontrol − Ablank)] × 100 (1)

where Asample, Acontrol, and Ablank is the absorbance of the tested sample, control, and
blank, respectively. The experimental data are represented as IC50 (µM) values.

3.5. Inhibitory Effect on AGE-Formation

The antiglycation effects of compounds isolated from TBE and several other related
compounds were evaluated based on their AGE inhibitory activities as described previ-
ously [25], with slight modifications. Briefly, the sample solution was added to a reaction
mixture containing 83.3 mM phosphate buffer (pH 7.2), 2.0 M glucose, 2.0 M fructose,
8.0 mg/mL human serum albumin (HSA), and distilled water (6:1:1:1:1, v/v). As a control,
the vehicle was supplemented instead of the sample solution. For each blank, glucose or
fructose was replaced with distilled water, and the total volume was set to 1000 µL. After
incubation of the sample mixture at 60 ◦C for 40 h, the solutions were diluted 8-fold with
distilled water, dispensed into a black microplate in 200 µL portions, and their fluorescence
intensities were measured at excitation and emission wavelengths of 370 and 465 nm,
respectively, using a Power Scan HT (DS Pharma Biomedical Co. Ltd., Osaka, Japan). The
inhibitory rate was calculated as;

Inhibitory rate (%) = 100 − [(S − SB)/(C − CB)] × 100 (2)

where S is the relative intensity of the sample solution, C is the relative intensity of the
control solution, and SB and CB are the intensities of the glucose or fructose-omitted blank
solutions. The experimental data are represented as IC50 (µM) values.

3.6. AGE-Derived Crosslink-Cleaving Effect

The AGE crosslink-cleaving activity of the same samples was evaluated according to
the previously described method by Kato et al. [28] with a slight modification. Briefly, the
1 mg/mL of tested samples prepared with H2O were mixed with 1.13 mM PPD solution
in MeOH:50 mM phosphate buffer (pH 7.4) (1:1) and incubated at 37 ◦C for 4 h. After
4 h, the reaction was stopped with 200 µL of 2 M HCl, then the stopped reaction mixtures
were centrifuged at 8200× g for 5 min. The amount of benzoic acid in the supernatant
was measured by reversed-phase HPLC. The following conditions were applied: column,
InertSustain C18 column (150 mm × 4.6 i.d mm., 5 µm); mobile phase, 50 mM phosphate
buffer (pH 2.2):CH3CN (80:20) (solvent A) and 50 mM phosphate buffer (pH 2.2):CH3CN
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(50:50) (solvent B), the gradient program, 0–20 min (solvent B: 0–25%), 20–25 min (solvent
B: 25–100%), 25–36 min (solvent B: 100–25%); column temperature, 40 ◦C; detection, UV at
230 nm; flow rate, 1.0 mL/min. These cleaving effects were calculated as equivalents to
benzoic acid.

3.7. TBE Polyphenol Identification and Quantification by LC/UV/ESIMS Analysis

TBE (1.0 g) was sonicated with 70% aqueous acetone (3 × 10 mL) and the resulting
suspension was centrifuged at 2200× g for 5 min. The supernatant was collected and
dried. The obtained acetone extract from TBE (0.68 g) was dissolved in 50% aqueous
MeOH to a concentration of 5 mg/mL and the solution of TBE extract was subjected to
LC/UV/ESIMS. This analysis was performed on Waters 2695 separation module (Waters,
Milford, MA, USA) coupled to Shimadzu SPD-6AV UV–vis spectrophotometric detector
(Shimadzu, Kyoto, Japan) and Bruker MicrOTOF II instrument equipped with ESI source.
The analyte was separated by InertSustain C18 column (150 mm × 4.6 mm i.d., 5 µm) at
40 ◦C with the mobile phase consisted of CH3CN:H2O:HCOOH (94.5:5:0.1) (solvent A) and
CH3CN:H2O:HCOOH (54.9:45:0.1) (solvent B). The flow rate was 1.0 mL/min (splitting
flow rate at 0.2 mL/min to MS unit), and a linear gradient was programmed as follows:
0–15 min (solvent B: 10–30%), 15–20 min (solvent B: 30–50%), 20–30 min (solvent B: 10%)
and UV detection was monitored at 280 nm and 360 nm. MS parameters in negative ion
mode were as follows: capillary voltage, 3.5 kV; nebulizer, 0.4 bar; dry gas, 4.0 L/min;
dry temperature, 180 ◦C. The MS spectra were recorded in the range of m/z 50–3000. The
polyphenol contents were expressed as mg/g (dry weight) by the absolute calibration
curve method based on UV chromatogram.

4. Conclusions

In summary, we isolated the 13 known polyphenolic compounds including gallic
acid, six galloyl glucoses (1–6), three ellagitannins (7–9), one neolignan (10), and ellagic
acid derivatives 11 and 12 from TBE. The absolute configuration of 10 was confirmed
by the aromatic quadrant and P/M helicity rules based on our CD analysis. Among
the isolated polyphenols, decarboxylated rugosin A (8) and 1,2,3,4,6-penta-O-galloyl-β-D-
glucose showed α-glucosidase inhibitory activities. Gallotannins and ellagitannins showed
more significant inhibitory effect on AGE formation than that of gallic acid. Further-
more, gallic acid showed most potent AGE-derived crosslink cleaving activity among
the tested polyphenols. A total of 30 TBE polyphenols were comprehensively identified
by LC/UV/ESIMS analysis. The contents of tannins and the related polyphenols were
also analyzed using LC/UV/ESIMS, indicating that gallic acid and gallotannins showing
antiglycation effects were contained the major level in TBE. Further investigations are
required to develop a deeper understanding of the TBE antidiabetic and antiglycation
effects as well as the safety by in vivo experiments or clinical trial. Since the pericarp
of this plant has experience in food as tea, it is considered that safety is guaranteed to
some extent. The results of this study suggested the TBE polyphenols are a good source
for antidiabetic and antiglycation effects, which could be applied as functional foods or
nutritional supplements to improve human health benefits.

Supplementary Materials: The following are available online, Figure S1: 1D and 2D-NMR spectra of
(7′S, 8′R)-dihydrodehydrodiconiferyl alcohol-9′-O-β-D-glucoside (10); Figure S2: 1H-NMR spectrum
of compounds 13 and 14; Figure S3: 1D and 2D-NMR spectra of rubuphenol (11) and eschweilenol A
(12); Figure S4: 1D and 2D-NMR spectra of compounds 15–18.
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Abstract: The antioxidant activity of food compounds is one of the properties generating the most
interest, due to its health benefits and correlation with the prevention of chronic disease. This activity
is usually measured using in vitro assays, which cannot predict in vivo effects or mechanisms of
action. The objective of this study was to evaluate the in vivo protective effects of six phenolic
compounds (naringenin, apigenin, rutin, oleuropein, chlorogenic acid, and curcumin) and three
carotenoids (lycopene B, β-carotene, and astaxanthin) naturally present in foods using a zebrafish
embryo model. The zebrafish embryo was pretreated with each of the nine antioxidant compounds
and then exposed to tert-butyl hydroperoxide (tBOOH), a known inducer of oxidative stress in
zebrafish. Significant differences were determined by comparing the concentration-response of the
tBOOH induced lethality and dysmorphogenesis against the pretreated embryos with the antioxidant
compounds. A protective effect of each compound, except β-carotene, against oxidative-stress-
induced lethality was found. Furthermore, apigenin, rutin, and curcumin also showed protective
effects against dysmorphogenesis. On the other hand, β-carotene exhibited increased lethality and
dysmorphogenesis compared to the tBOOH treatment alone.

Keywords: oxidative stress; zebrafish embryo; antioxidant effect; polyphenols; carotenoids

1. Introduction

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are originated
during cell metabolism. They are essential to a normal physiological state, but they
participate in pathological processes when in excess [1]. Aerobic organisms have defenses
to prevent ROS-induced oxidative damage, involving antioxidant enzymes and/or non-
enzymatic mechanisms, including endogenously produced antioxidant compounds or the
ingestion of antioxidants in the diet [2].

The imbalance, when the concentration of reactive species is higher than the antiox-
idant defenses of the organism, is called oxidative stress (OS) [3]. The consequences of
OS include macrophage recruitment; the inhibition of the normal functioning of lipids
and proteins; and mitochondrial, membrane, and DNA damage [4–7]. These alterations
have been correlated with several pathologies, such as cancer, aging, diabetes, rheumatoid
arthritis, and cardiovascular and neurodegenerative diseases, among others [8–11].

Several studies have found that an organism requires the intake of antioxidants
through the diet to reduce oxidative damage [12] in physiopathological situations (due to
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UV exposure, smoking, polluted air, etc.), which produce excess ROS. Various antioxidants
are ingested through the diet, such as phenolic compounds, vitamins, carotenoids, and
flavonoids. The term “phenolic compounds” refers to any substance with a phenol group
attached to aromatic or aliphatic structures. Phenolic compounds come from plants and are
among the most important secondary metabolites; their presence in the animal kingdom
is due to their consumption through the diet. Among these compounds, flavonoids are
the most studied and abundant; their chemical structures contain a flavonic nucleus that
consists of 15 carbon atoms arranged in three rings (C6–C3–C6) [13]. Their antioxidant
mechanisms include the inhibition of enzymes or chelation of trace elements involved in
producing free radicals, the uptake of ROS, and the protection of endogenous antioxidant
defenses [14]. The mean flavonoid intake is estimated at 23 mg/day [15,16], and the
primary sources are black tea, red wine, onions, apples, and beer [17,18].

Another group of compounds that have been studied because of their antioxidant
activity are the carotenoids. They are pigments whose structures comprise a series of
conjugated C = C bonds (polyene), which allow them to interact with free radicals; therefore,
they can act as effective antioxidants [19]. Carotenoids are broadly distributed in natural
systems, and their role in preventing different diseases has been studied, mainly for the
compounds present in the diet such as β-carotene, lutein, and lycopene [18,20,21].

Identifying the roles of antioxidants in diseases and disorders correlated with oxidative
processes is essential for analyzing protective effects in vivo. For this reason, our laboratory
has developed a zebrafish (ZF) embryo model for evaluating the protective effects of these
antioxidant compounds [22]. Oxidative stress is induced using tert-butyl hydroperoxide
(tBOOH). tBOOH generates butoxyl radicals through Fenton’s reaction [23]. The radicals
formed favor the intracellular depletion of thiol groups and glutathione reserves, producing
a significant increase in lethality and dysmorphogenesis in exposed zebrafish embryos.
This model allows a comparison between the concentration–effect curves of lethality and
dysmorphogenesis for zebrafish embryos exposed to tBOOH and the curves of embryos
pretreated with antioxidants; statistical analysis can be performed to explore the protective
effect of the analyzed antioxidant compound.

The objective of the present work was to evaluate the in vivo protective effects of food
compounds with antioxidant activity against oxidant-induced developmental toxicity in
zebrafish embryos.

2. Results
2.1. Concentration Effect Curves for tBOOH in Zebrafish Embryos

Our research group previously developed and validated a ZF embryo oxidative stress
model with which to evaluate the protective activity of antioxidant substances (22).

Zebrafish embryos are exposed to tert-butyl hydroperoxide (tBOOH) to obtain lethal-
ity and dysmorphogenesis curves. The zebrafish embryos are exposed to tBOOH 24 to 48 h
post-fertilization (hpf) at different concentrations, ranging from 1 to 3.5 mM (Figure 1). The
lethal concentration 50 (LC50) was discovered to be 2.1 mM, whereas the effective concen-
tration 50 for dysmorphogenesis (EC50) was 1.7 mM. The curves mentioned above were
used to compare zebrafish embryos previously exposed, or not, to antioxidant compounds,
after which they were exposed to tBOOH.
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Figure 1. Concentration–response curves for lethality and dysmorphogenesis produced using tert-
butyl hydroperoxide (tBOOH).

2.2. Identification of the Protective Effects of Antioxidant Compounds in Zebrafish Embryos

The previously described zebrafish model was used to evaluate the protective effects
of six polyphenols and three carotenoids present in food.

Out of the six polyphenols, three were flavonoids: naringenin (20 µM), apigenin
(10 µM), and rutin (10 µM). The three flavonoids produced a significant drift in the
concentration–response curves for lethality. Furthermore, apigenin and rutin showed
protective effects against dysmorphogenesis, whereas naringenin did not exhibit any
protective effect against dysmorphogenesis (Figure 2).
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Figure 2. Concentration–response curves produced by tBOOH, in combination with different
flavonoid compounds for (A) lethality and (B) dysmorphogenesis.

Oleuropein (15 µM), chlorogenic acid (20 µM), and curcumin (15 µM) were also
analyzed. These polyphenols resulted in a significant drift in the concentration–response
curves for lethality. Only curcumin exhibited a protective effect against dysmorphogenesis
(Figure 3).

In addition, the carotenoids lycopene (20 µM), astaxanthin (20 µM), and β-carotene
(25 µM) were evaluated. Lycopene and astaxanthin resulted in a significant drift in the
concentration–response curves for lethality. By contrast, none of the carotenoids showed a
protective effect against dysmorphogenesis (Figure 4). Furthermore, β-carotene resulted in
a leftward drift in the curves for lethality and dysmorphogenesis, which could indicate a
possible prooxidant effect.
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Table 1 presents the flavonoid and carotenoid compounds used, showing the LC50 and
values; eight evaluated compounds exhibited protective effects against lethality after the ox-
idant treatment. However, for the EC50 values of dysmorphogenesis, only rutin, apigenin,
and curcumin showed protective effects. On the other hand, β-carotene (25 µM) exhib-
ited an increased risk of mortality and dysmorphogenesis in zebrafish after the oxidant
treatment, based on a significant reduction in the LC50 (2.6 mM) and EC50 (1.5 mM) values.

Table 1. Effects of polyphenols and carotenoid compounds against an oxidant inducer (tBOOH) of developmental toxicity
in zebrafish.

Compound

Lethality Dysmorphogenesis

LC50 (mM)
tBOOH
(95% CI)

LC50 (mM)
(Compound +

tBOOH)
(95% CI)

p-Value Effect
EC50 (mM)

tBOOH
(95% CI)

EC50 (mM)
(Compound +

tBOOH)
(95% CI)

p-Value Effect

Naringenin
(20 µM)

2.1
(2.0–2.2)

3.4
(3.3–3.7) <0.0001 PE 1 1.7

(1.6–1.8)
1.8

(1.5–2.0) >0.05 S/E 2

Apigenin
(10 µM)

2.1
(2.0–2.2)

3.3
(3.2–3.4) <0.0001 PE 1.7

(1.6–1.8)
2.0

(1.7–2.2) 0.0006 PE

Rutin
(10 µM)

2.1
(2.0–2.2)

3.6
(3.5–3.9) <0.0001 PE 1.7

(1.6–1.8)
1.8

(1.7–2.0) <0.0008 PE
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Table 1. Cont.

Compound

Lethality Dysmorphogenesis

LC50 (mM)
tBOOH
(95% CI)

LC50 (mM)
(Compound +

tBOOH)
(95% CI)

p-Value Effect
EC50 (mM)

tBOOH
(95% CI)

EC50 (mM)
(Compound +

tBOOH)
(95% CI)

p-Value Effect

Oleuropein
(15 µM)

2.1
(2.0–2.2)

2.6
(2.5–2.7) <0.0001 PE 1.7

(1.6–1.8)
1.8

(1.7–1.9) >0.05 S/E

Chlorogenic
acid

(20 µM)

2.1
(2.0–2.2)

2.5
(2.4–2.6) 0.0028 PE 1.7

(1.6–1.8)
1.8

(1.5–2.2) >0.05 S/E

Curcumin
(15 µM)

2.1
(2.0–2.2)

3.2
(3.1–3.2) <0.0001 PE 1.7

(1.6–1.8)
3.0

(2.8–3.2) <0.0001 PE

Lycopene
(20 µM)

2.1
(2.0–2.2)

2.6
(2.5–2.6) 0.0003 PE 1.7

(1.6–1.8)
1.7

(1.5–1.9) 0.56 S/E

β-carotene
(25 µM)

2.1
(2.0–2.2)

1.7
(1.6–1.7) 0.0001 IL 3 1.7

(1.6–1.8)
1.5

(1.5–1.6) 0.01 ID 4

Astaxanthin
(20 µM)

2.1
(2.0–2.2)

3.7
(3.5–3.9) <0.0001 PE 1.7

(1.6–1.8)
1.9

(1.7–2.1) 0.0506 S/E

1 PE: protective effect. 2 S/E: no effect because there is no difference regarding the 95% confidence interval. 3 IL: increased lethality.
4 ID: increased dysmorphogenesis. Values of LC50 and EC50 are expressed in mM.

3. Discussion

Oxygen is essential for human life; however, at the same time, it produces toxic
substances, such as free radicals and reactive oxygen species (ROS); these substances are
oxidizing, unstable, and reactive. Furthermore, they can react with any macromolecule and
cause cell damage [24]. To counteract these oxidizing substances, the body employs antiox-
idant enzymes, such as superoxide dismutase and glutathione peroxidase, and antioxidant
compounds derived from the diet. Therefore, the study of the antioxidant capacity of
compounds has been garnering interest in the past few years. There are several in vitro
techniques for determining antioxidant activity, although they have limitations from a
nutritional point of view because none reproduces a physiological situation [25]. For this
reason, a method that included in vivo techniques would lead to more impactful results,
because oxidative stress implies mechanisms that depend on many system conditions,
especially the kinetic parts of reactions. Our team used a ZF embryo model [22], which
could be a valuable in vivo method, to test the protective effects of nine antioxidant com-
pounds that have been broadly studied in vitro. We evaluated six phenolic compounds
and three carotenoids. Phenolic compounds represent an important contribution to the
antioxidizing potential of the human diet; of these compounds, flavonoids are the most
studied and abundant. The antioxidant activity of the flavonoids apigenin, rutin, and
naringenin was studied. These flavonoids are bioactive compounds mainly found in vari-
ous fruits, plants and vegetables, nuts, and onions. In vitro studies have shown that these
flavonoids effectively neutralize hydroxyl radicals, superoxide, hydrogen peroxide, nitric
oxide radicals, DPPH, and lipid peroxidation [26–29]. Chen et al., in 2012 [30], performed a
QSAR analysis using a zebrafish larva model to evaluate the ROS-scavenging capacities
of fifteen flavonoids, including rutin, against UV-induced phototoxicity. In accordance
with previous studies, they concluded the importance of the two hydroxyl groups and
their positions, with at least two hydroxyl groups necessary for a strong biological activ-
ity [30,31]. Furthermore, it was determined that hydroxyl groups at positions C3, C5, and
C7 confer better flavone stability and activity [31]. Our results showed a protective effect
against tBOOH-induced lethality for the three flavonoids. Apigenin and rutin also showed
protective effects against dysmorphogenesis; however, naringenin did not show any effect
against dysmorphogenesis.

In addition to those of flavonoids, the antioxidant effects of oleuropein, chlorogenic
acid, and curcumin were also evaluated. In vitro and in vivo studies have shown that these
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three phenolic compounds have important antioxidant effects [32–34]. Oleuropein is a
biophenol found in olive leaves, extra virgin olive oil, and some species of the Oleaceae
family [32]. Chlorogenic acids (CGAs) are esters formed between caffeic and quinic acids
and represent a group of polyphenols present in the human diet [35]. Several studies
have shown that drinking beverages containing CGAs such as coffee, tea, wine, and
various fruit juices reduces the risk of developing different chronic diseases [36–38]. One
of the reasons for this reduction is the antioxidant capacity of the CGAs, which donate
hydrogen atoms to reduce free radicals and inhibit oxidation reactions [35]. Curcumin
is a polyphenol that is used for coloring and seasoning in food products. Its antioxidant
activity has been studied during the last few years, and one study suggests that it can
protect biomembranes against peroxidative damage [39]. Using the ZF embryo model, it
was observed that pretreatment with oleuropein, chlorogenic acid, or curcumin reduced
the mortality-inducing effect of tBOOH-induced oxidative stress; however, a significant
protective effect against dysmorphogenesis was only observed for curcumin.

Another group with antioxidant properties is the carotenoids, a ubiquitous group of
isoprenoid pigments. They are quenchers of singlet oxygen and scavengers of ROS [40].
The molecular mechanisms underlying the anti- and pro-oxidant activity of carotenoids
are still not fully understood. Among the most studied carotenoids are lycopene and
β-carotene. These can be found abundantly in tomatoes, tomato sauce, various fruits,
algae, and vegetables [18,41]. When evaluating the protective effects of these carotenes,
it was found that lycopene showed antioxidant activity, with a protective effect against
embryonic lethality; however, no effect against dysmorphogenesis was found. On the
other hand, β-carotene increased the incidence of lethality and dysmorphogenesis in the
ZF embryos compared to the effect of the oxidant alone; this is in accordance with studies
that have shown that high doses of β-carotene have antioxidant effects that are followed by
a prooxidant action at high oxygen tension, which may be related to its adverse effects [42].
Moreover, a study showed that β-carotene supplementation had no protective effect on the
total mortality of diabetic male smokers compared with a placebo [43]. Another carotenoid
evaluated was astaxanthin; it is a xanthophyll carotenoid found in algae, yeast, salmon,
trout, krill, shrimp, and crayfish. It is a red, fat-soluble antioxidant pigment that has no
pro-Vitamin A activity [44]. In our study, astaxanthin exhibited a protective effect against
lethality, but no effect against dysmorphogenesis was found.

In conclusion, eight of the nine molecules evaluated showed antioxidant activity with
protective effects against ZF embryonic lethality. Only apigenin (10 µM), rutin (10 µM),
and curcumin (15 µM) additionally exhibited protective effects against dysmorphogenesis
resulting from tBOOH-induced oxidative stress. By contrast, it was found that β-carotene
produced the opposite effect, increasing the mortality and dysmorphogenesis rate, because
it reduced the LC50 and EC50 values. The balance and timing of oxidative and antioxidative
forces is key to the proper regulation and timing of embryonic development [45]. Differ-
ences in the kinetics or mechanism of action of these antioxidants could be the leading
reason for the different protective capacities against dysmorphogenesis. More studies are
needed to explore why only some compounds showed protective effects on morphogenesis
during embryonic development. This study tried to discriminate between embryotoxic
effect (lethality) and dysmorphogenic effect (teratogenicity). In some cases, malformations
are likely to precede and result in death. In other instances, lethality and malformation
may be due to different causes. The independence of these two manifestations would be
suspected if a compound increased the separation between the lethal and dysmorphogenic
concentration–response curves. All the antioxidant compounds tested in our study did not
increase the teratogenic effect over the lethal dose more than twice; therefore, no increased
teratogenic potential was observed for any antioxidant compound [46].

Altogether, these results indicate that this ZF embryo model is a valuable tool with
which to analyze the protective effects of the antioxidant molecules that constitute food. To
determine the chemical–structural reasons for which apigenin, rutin, and curcumin showed
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the highest protective effects in our study, further analyses are necessary; for instance, to
determine quantitative structure–activity relationships (QSARs).

4. Materials and Methods
4.1. Ethical Statement

The procedures involving zebrafish larvae and embryos were authorized by the Ani-
mal Ethics Committee of the University of Barcelona, authorization number or protocol 7971
of the Department of Livestock and Fisheries of the Government of Catalonia (Procedure
DAAM 7971).

4.2. Chemicals and Solution Preparation

Tert-butyl hydroperoxide (tBOOH, CAS number: 75-91-2) and the antioxidant com-
pounds were acquired from TCI Europe. tBOOH was dissolved in 0.3X Danieau’s buffer
(17.4 mM NaCl; 0.23 mM KCl; 0.12 mM MgSO4·7 H2O; 0.18 mM Ca(NO3)2; 1.5 mM HEPES
(N-(2-hydroxyethyl) piperazine-N0 -(2-ethanesulfonic acid); pH 7.4).

Naringenin (20 µM) (CAS number: 67604-48-2), oleuropein (15 µM) (CAS number:
32619-42-4), rutin (10 µM) (CAS number: 207671-50-9), chlorogenic acid (20 µM) (CAS
number: 327-97-9), apigenin (10 µM) (CAS number: 520-36-5), curcumin (15 µM) (CAS
number: 458-37-7), lycopene (20 µM) (CAS number: 502-65-8), astaxanthin (20 µM) (CAS
number: 472-61-7), and β-carotene (25 µM) (CAS number: 7235-40-7) were acquired from
Sigma-Aldrich®. Antioxidants were dissolved in 100% dimethyl sulfoxide (DMSO, Sigma-
Aldrich, Madrid, Spain) and subsequently diluted in 0.3× Danieau’s buffer to a final
DMSO concentration of 0.05% (v/v). Antioxidants were used at different concentrations,
depending on the highest concentration at which no effect on lethality or embryonic
development was observed (maximum tolerable concentration, MTC)

4.3. Zebrafish Maintenance and Egg Production

Adult wild-type zebrafish were housed in standardized conditions. The embryos
were collected, cleaned, and selected according to their viability. The fertilized embryos
were treated with water standardized according to the International Organization for
Standardization (ISO) standards 7346-1 and 7346-2 (ISO, 1998; 2 mM CaCl2·2H2O, 0.5 mM
MgSO4·7H2O, 0.75 mM NaHCO3, and 0.07 mM KCl). Fertilized eggs were staged according
to previous studies by Kimmel et al., 1995 [47], and selected for subsequent exposure under
a dissecting stereomicroscope (Motic SMZ168, Motic China Group, LTD., Luwan, Shanghai,
China). The fish embryos were kept in glass vials at a controlled temperature of 27 ± 1 ◦C.

4.4. Exposure of Zebrafish Embryos to Oxidative Stress (Tert-Butyl Hydroperoxide)

For the preparation of the tBOOH curve, the methodology of Boix, 2020, was followed.
This methodology is based on obtaining a concentration–lethality response (LC50) curve
and dysmorphogenesis (EC50) by exposing the ZF embryos to an oxidative stress inducer,
tert-butylhydroperoxide (tBOOH). Once zebrafish embryos are obtained, they are kept in
0.3X Danieau’s medium from 0 to 24 hpf. From 24 to 48 hpf, the embryos are exposed to
tBOOH solutions at different concentrations, of 1, 1.5, 2, 2.5, 3, and 3.5 mM. Embryos from
3 different clutches of zebrafish in triplicate were used (Figure 5A).
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4.5. Determination of the Protective Effects of Antioxidant Compounds

To establish whether a compound had a protective effect against oxidative stress,
zebrafish embryos were first exposed to the antioxidant compound from 0 to 24 hpf.
The concentrations were calculated depending on the maximum tolerable concentration
assays. Then, from 24 to 48 hpf, the embryos were exposed to the stress inducer, tBOOH.
Subsequently, each group of embryos was evaluated at each of the concentrations of
tBOOH (Figure 5B). To determine whether there was a significant difference, the curve for
exposure to tBOOH alone and the curve for pre-exposure to the antioxidant compound
were compared.

Ten fertilized eggs were exposed to 2.5 mL for each substance and concentration.
Three independent replications were performed, using eggs from different spawning
events. The ZF embryos were pre-exposed to the antioxidant compounds for 24 h, then
the antioxidant solution was removed, washing was performed using Danieau’s medium,
and the ZF embryos were exposed to different tBOOH concentrations. The lethality was
evaluated after 48 h, and the mean of dead embryos was calculated after the appropriate
assays. For the dysmorphogenesis evaluation, we followed the scoring system described
by Teixidó et al. [48] to compute the embryos’ dysmorphogenesis at around 48 hpf. We
selected nine morphological features, described in Table 2. The frequency of abnormal
embryos was calculated (defined as the embryos with a score 1 in any morphological
feature) for each concentration and treated group.

Table 2. Criteria employed to evaluate dysmorphogenesis on zebrafish embryos.

Morphological Features Morphological Abnormality Example of Observed Characteristics.

Detachment of the tail; Tail No tail, malformation of chorda or spinal
cord. Tail necrosis, bent tail.

Molecules 2021, 26, x FOR PEER REVIEW  9  of  11 
 

 

Table 2. Criteria employed to evaluate dysmorphogenesis on zebrafish embryos. 

Morphological Features  Morphological Abnormality 
Example of Observed 

Characteristics. 

Detachment of the tail; Tail 
No tail, malformation of chorda or spinal cord. Tail 

necrosis, bent tail. 
 

Optic system; Otic system; 
Brain 

Abnormal pigmentation, asymmetric eyes. Formation of 
no, one, or more than two otoliths per sacculus. Brain 

necrosis, hemorrhage. 
   

Heart 
Pericardial edema, big heart, hemorrhage, abnormal 

chambers.   
 

Head‐body pigmentation; 
Tail pigmentation  Lack of pigmentation in the tail or body. 

 

Movement  Spasms, abnormal movements, no movement at all.  The ZF embryo was touched and 
its movement was evaluated. 

* Control  No signs of dysmorphogenesis. 

 

* Control of normal characteristics of a zebrafish embryo at 48 hpf. 

4.6. Statistical Analysis 

The concentration–response curves for mortality and dysmorphogenesis were calcu‐
lated and evaluated using GraphPad 7.02 Software Inc. The extra‐sum‐of‐squares F test 
was used to compare the fit of the parameters of each data group of the curve. The confi‐
dence interval was adjusted to 95%. 

5. Conclusions 

This study used zebrafish embryos as a model organism to test the protective capac‐
ity of six phenolic compounds and three carotenoids commonly found in foods. All the 
compounds,  except  β‐carotene,  showed  protective  effects  against  oxidative‐stress‐in‐
duced lethality. Furthermore, apigenin, rutin, and curcumin also exhibited protective ef‐
fects against  tBOOH‐induced dysmorphogenesis. We propose  that a zebrafish embryo 
test, as presented here, could be applied to evaluate the in vivo protective effects of novel 
bioactive food components with potential antioxidant capacity. 

Author Contributions: Conceptualization, C.A., N.B., E.T., F.M., S.C. and A.B.; methodology, C.A., 
N.B., E.T. and A.B.; validation, C.A., N.B., E.T., F.M., S.C. and A.B.; formal analysis, C.A., N.B. and 
A.B.; investigation, C.A., N.B. and E.T.; resources, E.T. and A.B.; writing—original draft preparation, 
C.A. and A.B.; writing—review and editing, C.A., N.B., E.T., F.M., S.C. and A.B.; visualization, C.A., 
N.B., E.T. and A.B.; supervision, A.B.; project administration, E.T. and A.B.;  funding acquisition, 
E.T. and A.B. All authors have read and agreed to the published version of the manuscript. 

Funding: This  research was  supported by  the Spanish Ministry of Economy  and Competitivity 
(AGL2013‐49083‐C3‐1‐R). 

Optic system; Otic system; Brain

Abnormal pigmentation, asymmetric
eyes. Formation of no, one, or more than
two otoliths per sacculus. Brain necrosis,

hemorrhage.
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Heart Pericardial edema, big heart, hemorrhage,
abnormal chambers.
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Head-body pigmentation; Tail
pigmentation Lack of pigmentation in the tail or body.
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Table 2. Cont.

Morphological Features Morphological Abnormality Example of Observed Characteristics.

Movement Spasms, abnormal movements, no
movement at all.

The ZF embryo was touched and its
movement was evaluated.

* Control No signs of dysmorphogenesis.
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5. Conclusions

This study used zebrafish embryos as a model organism to test the protective capacity
of six phenolic compounds and three carotenoids commonly found in foods. All the
compounds, except β-carotene, showed protective effects against oxidative-stress-induced
lethality. Furthermore, apigenin, rutin, and curcumin also exhibited protective effects
against tBOOH-induced dysmorphogenesis. We propose that a zebrafish embryo test, as
presented here, could be applied to evaluate the in vivo protective effects of novel bioactive
food components with potential antioxidant capacity.
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Abstract: Currently, radiotherapy is one of the most effective strategies to treat cancer. However,
deleterious toxicity against normal cells indicate for the need to selectively protect them. Reac-
tive oxygen and nitrogen species reinforce ionizing radiation cytotoxicity, and compounds able to
scavenge these species or enhance antioxidant enzymes (e.g., superoxide dismutase, catalase, and
glutathione peroxidase) should be properly investigated. Antioxidant plant-derived compounds,
such as phenols and polyphenols, could represent a valuable alternative to synthetic compounds to be
used as radio-protective agents. In fact, their dose-dependent antioxidant/pro-oxidant efficacy could
provide a high degree of protection to normal tissues, with little or no protection to tumor cells. The
present review provides an update of the current scientific knowledge of polyphenols in pure forms
or in plant extracts with good evidence concerning their possible radiomodulating action. Indeed,
with few exceptions, to date, the fragmentary data available mostly derive from in vitro studies,
which do not find comfort in preclinical and/or clinical studies. On the contrary, when preclinical
studies are reported, especially regarding the bioactivity of a plant extract, its chemical composition
is not taken into account, avoiding any standardization and compromising data reproducibility.

Keywords: ionizing radiation; radioprotection; polyphenols; flavonoids; plant extracts

1. Introduction

Life on Earth has evolved in the presence of a continuous exposure to ionizing ra-
diation (IR), whose mode of action at the biomolecular level is unique among all known
mutagen and carcinogenic agents [1]. This is due to the peculiar pattern of energy deposi-
tion accompanying IR absorption at the micro- and nanometer scale [2], which is inherently
nonhomogeneous, resulting in either isolated or highly clustered ionization events. As a
consequence, they may generate a plethora of DNA lesions of varying severity, ranging
from base damage and molecular cross-links to the most deleterious single- and double
strand breaks (SSB and DSB, respectively) [3]. Indeed, cellular DNA has always been
regarded as the target of choice of IR biological action because it is present in a single copy,
hence any un- or mis-repaired damage can have relevant consequences, impinging on
genome integrity and stability in the exposed cellular progeny. In fact, due to the ubiqui-
tous nature of IR exposure, cellular systems have developed well-orchestrated DNA repair
molecular pathways, highly specialized and differentiated to deal with the several classes
or IR-induced lesions, a machinery collectively known as DNA damage response (DDR) [3].
Repair capability depends by the sheer amount of initially induced DNA damage, which
is a function of the absorbed radiation dose, but also by the quality of radiation, i.e., the
ionization density along radiation tracks.

Obviously, naturally occurring background radiation is not the only source of human
exposure to IR [4]. At about the same time light was shed on the laws governing the process
of natural radioactive decays, it became evident that IR could be artificially generated.
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The impact that the discovery of X-rays by Wilhelm Conrad Roentgen in 1895 has had
on many aspects of human health is still reverberating nowadays, as IR is widely used
in both the diagnosis and treatment of diseases [5]. Insofar as the therapeutic use of IR
is concerned, the very same DNA-damaging action by IR that classifies it as a hazard
to human health is exploited by its ability to eradicate cancer cells though radiotherapy.
Much is known about the way IR brings about its biological effects thanks to extensive
radiobiological research that has unveiled basic mechanisms. To this aim, it is useful to
classify IR as indirect and direct, based on the way energy is released in the (biological)
matter. Photons, such as X-rays and γ-rays, and neutrons act indirectly, requiring a two-
step action before causing any potentially biological relevant damage. In fact, photons
interact with the atom shell-containing electrons thereby generating secondary fast-moving
electrons, which in turn cause further ionizations, with the emission of slower electrons;
neutrons interact with the nuclei of the traversed material, giving rise to charged particles
such as protons and heavier nuclei [5]. Charged particles, instead, lose energy directly
through Coulomb interactions, producing the above-mentioned ionizing tracks along their
penetration depth [5]. Biological effects related to IR, whether caused by direct or indirect
radiations, are classified into direct and indirect, too. In the first case chemical alteration
of biomolecules are formed during the physico-chemical stage that temporally precedes
the actual biological stage. Instead, they are indirect when they are the result of radiation
products, such as free radicals generated by water radiolysis. Indirectly generated DNA
damage is the only form of damage whose amount can be modulated by concomitant
agents, such as antioxidant compounds. In fact, when ionizing radiation passes through
water, it leads to a number of ionic and excited states that further decompose or recombine
to give hydrated electrons (e−aq) and reactive species, including hydrogen radical (H•),
hydroxyl radical (OH•), hydrogen peroxide (H2O2), oxygen (O2), hydrogen (H2), and
hydroperoxyl radical (HO2

•) (Figure 1) [6].
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Figure 1. Hydrated electrons (e−aq), and radical and molecular species generated during
water hydrolysis.

DNA DSBs are universally regarded as the most deleterious IR-induced lesion [7].
DDR can lead to cell-cycle checkpoint activation, hence cell cycle delay/arrest, in the
attempt to increase time for repair. Irrespective of which mechanism the cell uses, un-
/mis-repaired DSBs can lead to cell death through several pathways (e.g., mitotic failure,
apoptosis), typically arising at first mitosis post-irradiation or after a few cell cycles from
exposure. This is the aim of curative radiotherapy. However, failure in correct restoration
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of the DBS can result in rearrangements of genetic material (e.g., chromosome aberrations,
micronuclei), which, if transmissible through cell division, can cause late-arising effects,
leading to generalised genomic instability, and hence to an increase in the risk of malignant
transformation [8].

Conventional radiotherapy by high-energy photon or electron beams is a mainstay
of modern cancer treatment, with an estimated 50% of cancer patients receiving it alone
or in combination with other modalities worldwide [9]. Although several improvements
have been achieved in dose delivery accuracy, the mitigation of noncancerous normal
tissue toxicity remains of crucial importance because of the above-mentioned secondary
cancer risk affecting the unavoidably exposed normal tissues and/or organs at risk. Since
photons are mainly characterized by the indirect mode of action, the amount of damage
they produce during the physical stage, can be modulated during the chemical stage prior
to damage fixation and before the onset of the biologically driven DDR. Therefore, mod-
ifiers/protectors can be utilized to selectively benefit normal tissues, delivering further
minimal toxicity [10]. In this context, several compounds have been described, but only
amifostine, the S-phospho derivative of 2-[(3-aminopropyl)amino]ethanethiol, is approved
as clinical radiation protector [11]. Other thiol-containing compounds, beyond nitrox-
ides with superoxide dismutase (SOD)-like activity, hormone analogues, antibiotics, and
phytochemicals, have been investigated as radioprotectors, whereas immunomodulators,
probiotics, statins are explored as mitigator agents [12]. Specialized natural compounds
are playing a key role in preclinical and clinical research, thanks to their anti-oxidant
and anti-inflammatory efficacy that identifies them as promising agents in the field of
radioprotection and radiomitigation.

2. Radioprotection: A Valuable Approach to Counteract Radiation Exposure

Although radiotherapy is one of the most effective strategy to treat cancer, the normal-
tissue response is the limiting factor for the total dose that can be safely administered to
achieve tumour local control, hence reducing the chances of cure, while acute and chronic
toxicities may lead to an overall poor patient’s life quality. Therefore, an urgent need in
protecting normal cells is actively claimed. In this context, technological improvements
in IR delivery and accuracy are ongoing, whereas radiomodulating agents are considered
a valuable alternative to decrease toxicity to normal tissues. This is not an emerging
issue so much so that the IR research program of the National Cancer Institute classified,
according to administration timing, agents with IR protective properties in three categories:
(a) protection, (b) mitigation, and (c) therapeutic agents [13]. Analogously, the European
Commission has paid and continues to pay great attention to radiation protection, generally
addressing new research findings with potential policy and/or regulatory implications [14].

Radioprotectors and radiomitigators are valuable modulator agents. Their delivery
precedes or occurs simultaneously with the radiation administration and is prompt to
reduce or ameliorate normal tissue toxicity. The latter could take advantage of therapeutic
compounds, when an adverse effect is established, acting after irradiation as palliation or
support [15].

All these compounds need to share some functional features such as the ability to inter-
rupt or slow down the overproduction of reactive species, which can perpetuate indefinitely
the IR injury affecting different cell activities and signalling pathways. Indeed, reactive
oxygen and nitrogen species reinforce IR cytotoxicity. Counteracting the onset of oxidative
stress conditions prevents structural and functional disruption of nucleic acids, proteins
and lipids, and a series of processes (e.g., mitochondrial depolarization), which irreversibly
lead to cell death [16]. IR-induced genomic instability is the main target to encompass, as
mutations, gene amplification and other cytogenetic rearrangements could be also after the
initial insult [17]. Cells adaptatively respond to IR by activating the Nrf2-ARE antioxidant
defence [18], which is constituted by enzymatic and non-enzymatic compounds, and can
benefit radioprotectors with the aim to evade free radicals, remove IR-induced toxic sub-
stances, and overall to intensify the repair and recovery processes [19]. Thus, compounds
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able to scavenge these species or enhance antioxidant enzymes (e.g., superoxide dismutase,
catalase, and glutathione peroxidase) should properly investigated. In this context, thiols,
thanks to their ability to scavenge hydroxyl radical, protect DNA, which provides, mostly
in hypoxic condition, harmful DNA radicals, likely responsible for radiation lethality [10].
Furthermore, thiols are observed to prevent the oxidation of membrane phospholipids, and
to modulate cell recovery and stress responses. Cysteine and cysteamine are sulfhydryl
amines, and other aminothiol analogues/derivatives appeared to be radioprotective, but
their side effects advised against clinical use, with the exception of the aminothiol amifos-
tine (WR-2721) [10]. Among the deeply studied species, nitroxides are also of great interest
thanks to their single-electron redox cycle ability. In particular, as a pleiotropic intracellular
antioxidant, tempol was observed to reduce the incidence of radiation-induced second
malignancies [20]. Indeed, tempol (4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl) was
also shown to act as a SOD mimetic, whereas the radioprotective properties of the SOD
isoforms (Cu, Zn SOD, Mn SOD and extracellular SOD) are highlighted as useful agents
for their O2

−• scavenging efficacy in cytosol, mitochondrion, and extracellular space,
respectively, and their-catalysed dismutation to H2O2 and O2. Other categories of radio-
protective agent are cytokines and growth factors, including IL-1, TNF-α, G-CSF, GM-CSF,
and erythropoietin, and angiotensin-converting enzyme inhibitors (Figure 2). These latter
compounds, routinely prescribed for hypertension treatment, were observed to ameliorate
radiation side effects in kidney, lung and brain and to interfere with TGF-β pathway, which
could contribute to radiation-induced fibrosis [10]. Among these agents, palifermin, a
recombinant N-terminal truncated form of keratinocyte growth factor, was firstly approved
for the treatment of oral mucositis induced by chemo- and radio-therapy [21]. Inhibitors of
PUMA (p53 Up-regulated Modulator of Apoptosis) and radiation-induced apoptosis were
also investigated. PUMA inhibitors (PUMAi) are designed to inhibit PUMA-dependent
and radiation-induced apoptosis and to avoid or alleviate intestinal damage and apoptosis
induced by inflammatory cytokines, ROS (reactive oxygen species), or cancer therapy [22].
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Natural antioxidants also find growing interest. Vitamins (A, C, and E), L-selenomethionine,
N-acetylcysteine, glutathione, and coenzyme Q-10 are suggested to be effective against
radiation injury [23], while several dietary phytochemicals appeared to act as radiopro-
tectors for normal cells, and radiosensitizers for tumour cells in a fascinating scenario.
Melatonin, which is secreted by the pineal gland in the brain, from lymphocytes, the retina,
and gastrointestinal system, is one of the most studied natural occurring compounds. It
directly scavenges ROS species, inhibits ROS forming enzymes, and activates DNA repair
enzymes [24].

The lack of harmful toxicity, together with their appreciable antioxidant and im-
munostimulant activities, make specialized metabolites from plants an endless reservoir of
radioprotective compounds. Polyphenols, through their intrinsic antioxidant capability,
are able to reduce inflammation, protecting both immune and hematopoietic systems, and
preserving DNA. In particular, flavonoids, such as rutin and baicalein, the isoflavonoid
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genistein, and the stilbene resveratrol, represent compounds strictly related from a biosyn-
thetic point of view and are promising radioprotective candidates. The poor bioavailability
of these substance encourages new administration forms, and the phytochemical research
for the discovery of new compounds from hopeful plant extracts. An update of the radio-
protective natural molecules and an examination of the plant extracts enriched in these
constituents are provided below.

3. Phenols and Polyphenols: Are They a Valuable Radioprotective Strategy?

The failure of synthetic compounds as effective radioprotectors allowed researchers to
focus on natural substances and their radioprotective efficacy, and several botanicals, which
could be less expensive than synthetic ones, have been screened for their radioprotective
activity [25].

Free radical scavenging, anti-inflammation, facilitation of repair activity, regeneration
of hematopoietic cells, are the main mechanisms attributable to natural radioprotectors
(Figure 2). In particular, since most of the IR damage in the conventional radiotherapy
setting arises from the interaction of IR-induced free radicals with biomolecules, natural
substances, such as curcumin, chlorogenic acids, and different flavonoids, being able
to destroy free radicals or prevent their formation, could serve as radioprotectors [26].
Thus, the use of radioprotectors for protecting normal tissue and of radiosensitizer for
augmenting cancerous tissue response appeared to be innovatively maximized in a toxicity-
free nutraceutical approach based on polyphenols. These natural compounds summarize
the concept of an ideal protector, as, based on their dose-dependent antioxidant/pro-
oxidant efficacy, could provide a high degree of protection to normal tissues, with little or
no protection to tumor cells. Moreover, plant-derived polyphenols have gained a lot of
attention in the long-standing quest for intrinsically low-toxic radiosensitizing drugs.

The attractive double-edged potential of pure polyphenols or polyphenol-enriched
extracts provided good evidence on their possible radiomodulating action, and the polyphe-
nol dual ability to act as both radiosensitizing and radioprotective agents would arguably
hold pre-clinical significance, and, more generally, bear a significant impact on the progno-
sis of tumors refractory to radiation treatment.

3.1. Flavonoids: The Double-Edged Sword in Radioprotection

Over the last twenty years, the interest in radioprotective flavonoids is ongoing.
These plant metabolites, commonly biosynthesized as defense compounds against UV-
radiation, and other environmental stresses through chalcone precursors, are structurally
characterized by a 15-carbons skeleton, consisting in two benzene rings (A and B) linked
through a heterocyclic pyrone C-ring atoms. A high degree of hydroxylation, substitution,
and polymerization is in flavonoid class, which consists in seven sub-classes: flavanones,
dihydroflavonols, flavonols, flavones, flavandiols, anthocyanins, and catechins (Figure 3).
Isoflavonoids form a well-separated flavonoid subclass, as these compounds showed a
structural variant feature in which the B-aromatic ring is located at C3 carbon (Figure 3) [27].
Investigations aimed to explore structural features involved in radioprotection highlighted
that some flavonoid compounds (mainly those sharing the keto group conjugated to
aromatic rings) could be valid agents, because protection is related to their ability to inhibit
energy transfer processes and to stabilize redox processes in irradiated cells [28].

Flavonols appeared the most valuable compounds, although glycosylation on C-3
carbon affects the reactivity, based on the saccharidic moiety identity. In fact, it was
observed that flavonol glucosides decrease in reactivity when the sugar forms two in-
tramolecular H-bonds. Furthermore, based on aglycone substitution, more phenolic func-
tions are present, more the compound is active [28]. Among flavonol compounds, rutin
(3,3′,4′,5,7-pentahydroxyflavone-3-rhamnoglucoside; Figure 4), abundant in passion flower,
buckwheat, tea, and apple, is broadly investigated for its radioprotective action. Cell
culture assays data highlighted its ability to protect from radiation-induced oxidative DNA
damage in cells (e.g., V79).
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Rutin daily supplementation, as well as that of its aglycone, namely quercetin, reduced
the frequency of micronucleated reticulocytes in the peripheral blood of irradiated mouse.
Combining podophyllotoxin and rutin in G-003 formulation, it was found a significant
protection of the mice hematopoietic, gastrointestinal, and respiratory systems against
lethal radiation dose [29–31]. The monoglucosyl rutin, ad hoc semi-synthetized to overcome
quercetin and rutin insolubility in aqueous media, was proved to be effective towards
CHO 10B2 cells, being able to increase the survival of IR-treated cells at doses greater than
2 Gy [32]. Indeed, the in vitro DNA double-strand breaks analysis, carried out on different
flavonoid aglycones and glycosides, evidenced that, although quercetin derivatives reduced
DNA double-strand breaks at a concentration equal to 10 µM, they low bioavailability
could affect their efficacy in vivo [33].

Protection from DNA damage in γ-irradiated white blood cells [34], leucocytes [35]
was also ascertained for quercetin and its enriched natural matrix propolis, so much so that
further investigation in animal models was performed. In particular, the protective effect
of an aqueous propolis extract against intestinal radiation damage was also evidenced in
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rats exposed to a γ-radiation dose of 8 Gy, able to induce intestinal mucositis [36], whereas
a propolis methanolic fraction, with high content in both simple phenols and flavonoids,
lowered total protein carbonyl content in UV-treated HaCat cells [37].

The radioprotective effect of flavones, such as apigenin and baicalein, was also deeply
investigated (Figure 5). Apigenin, widely distributed in the leaves and stems of dietary
vegetables and fruits, dose-dependently induced micronuclei in human lymphocytes
treated in vitro, also suppressing adverse effects of ionizing radiation [38]. The compound
appeared to exert immunostimulatory effect in vivo, thus mitigating radiation-induced
hematological alterations. This outcome could be due to its ability to trigger the endoge-
nous antioxidant status [39]. Recently, apigenin, intraperitoneally administered at a dose
level equal to 15 mg/kg body weight, was found to slow down radiation-induced gastroin-
testinal damage in whole-body irradiated Swiss albino mice. In particular, the restoration
of intestinal crypt-villus architecture appeared to occur following apigenin pre-treatment,
as well as the inhibition of the radiation-induced activation of NF-κB expression in the
gastrointestinal tissue [40].
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(flavopiridol) flavones.

Naringin, a flavanone-7-O-glycoside from Citrus species, also showed inhibitory ef-
fect towards IR-induced inflammation. The NF-κB suppression defined the alteration of
pro-inflammatory factors. Moreover, naringin reinforced the intracellular defense mech-
anisms, through the preservation of endogenous antioxidants [41]. The oxidative stress
inhibitory activity was also linked to the release of inflammatory cytokines by inducing
Nrf2 activation, a common feature of other flavonoid compounds, such as naringenin
and epigallocatechin-3-O-gallate (Figure 6) [42]. Moreover, regarding flavone compounds,
baicalein (5,6,7-trihydroxyflavone), originally isolated from the dried roots of Scutellaria
baicalensis and Scutellaria lateriflora, elicited pleiotropic activity that allowed it to protect
mouse splenic lymphocytes against IR-induced cell death through its ability to suppress
MKP3 and activate ERK. This is in line with mitigation of radiation-induced hematopoi-
etic injury [43]. Recently, baicalein, administered intraperitoneally with 100 mg/kg in
C57BL/6J mice, rebalanced IR-altered gut microbial composition, ameliorating intestinal
structure. It down-regulated the expression of pro-apoptotic proteins (e.g., p53, caspase-3,
caspase-8 and Bax), also recovering IR-induced hematopoietic dysfunction [44]. Baicalein
was reported as a potent radioprotector at the concentration of 5–50 µM [45] and impacts
on the NF-κB-mediated inflammatory response [46].
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Growing evidence suggests the potential benefit from green tea flavanols. Early
studies supported the hypothesis of anti-genotoxic efficacy in human lymphocytes [47],
and the overall prevention against ultraviolet radiation-induced DNA damage [48].

Epigallocatechin-3-O-gallate (Figure 6), the main polyphenol in green tea, due to its
antioxidant activity and the efficacy in ameliorating many oxidative stress-related diseases,
is of wide interest. It promoted Nrf2-dependent radioprotective effects and Nrf2 signalling,
in turn, and was found to repress IR-induced apoptosis and ferroptosis, ameliorating
intestinal injury induced by total body irradiation in male C57 BL/6 J mice [49]. The
radioprotection of EGCG was studied through a model of oxidative damage in 60Coγ
radiation mice, and data acquired evidenced the ability of the compound to enhance
the activity of enzymatic antioxidants, such as superoxide dismutase and glutathione
peroxidase, as well as glutathione levels [50].

Soy isoflavones mitigate vascular damage and inflammation related to lung cancer
radiotherapy [51]. Genistein, a main soy isoflavone with phytoestrogen activity, enjoy dual
action in radiotherapy; first, it can protect L-02 cells against radiation damage via inhibition
of apoptosis, alleviation of DNA damage and chromosome aberration, down-regulation
of GRP78 and up-regulation of HERP, HUS1 and hHR23A at low concentration (1.5 µM).
Secondly, at high concentration (20 µM) indicate radio-sensitizing properties through
the promotion of apoptosis and chromosome aberration, impairment of DNA repair, up-
regulation of GRP78, and down-regulation of HUS1, SIRT1, RAD17, RAD51 and RNF8 [52].
Indeed, recently, it was observed that genistein is able to augment the radiosensitivity
of hepatoblastoma cells by inducing G2/M arrest and apoptosis [53]. Administration of
the genistein also demonstrated providing protection against acute radiation injury at
non-toxic doses [54]. Several evidences underline genistein-induced radioprotection for the
hematopoietic acute radiation injury, and the ability of the compound to act as a selective
estrogen receptor β-agonist was also explored, as it is involved in its radioprotective
mechanism of action [55]. The up-regulation of ER-β and FOXL-2 by genistein, with
associated downregulation of TGF-β expression was implied also in reversing radiotherapy-
induced premature ovarian failure [56]. Soy isoflavones are overall prone to modify
clinical responses to RT, acting both with radiosensitizing and radioprotective effects. In
preclinical orthotopic models of prostate cancer, renal cell carcinoma and non-small cell
lung cancer, it was observed that soy isoflavones targeted signaling survival pathways
radiation-upregulated, such as DNA repair and transcription factors, finally driving cancer
cells to death [57].

The interest in flavonoids as radiomodulators also led to screen the properties of
semisynthetic drugs, such as flavopiridol (Figure 5). This compound, also known as alvo-
cidib, is a flavone derivative that was developed by Sanofi-Aventis, based on a flavonoid
derived from the Indian indigenous plant Dysoxylum binectariferum. Flavopiridol, struc-
turally based on flavonoid (2-cholorophenyl-4-one) and an alkaloid (1-methylpiperadine)
moieties, is a CDK inhibitor that exhibited potent inhibition of CDK1, 2, 4, 6, 7, and 9. It
was observed that the compound acts to inhibit and/or repair sublethal damage as well
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as the repair of DNA double-strand breakage followed by radiation therapy in malignant
tumours. Indeed, it might enhance the cytotoxic effect of radiation in radioresistant tumour
cells through p53 dysfunction or Bcl-2 overexpression [58].

Reducing the harmful effects of UV radiation is an important issue to pursue, as UVB
(290–320 nm) could destroy the integrity of the skin causing epidermal cell apoptosis,
potentially even leading to skin cancer. Thus, radioprotective compounds need to be
explored and anthocyanins appeared valuable candidates. In particular, the protecting
effect of cyanidin-3-O-glucoside against UVB-induced damage, one of the harmful factors
for the benefit of human skin, to human HaCaT keratinocytes. The anthocyanin was able
to decrease intracellularly reactive oxygen species, as well as phospho-p53 and phospho-
ATM/ATR levels, and the expression of anti-apoptotic protein B-cell lymphoma 2 [59].
Indeed, it was also demonstrated that cyanidin-3-O-glucoside suppressed COX-2 expres-
sion by interaction with the MAPK and Akt signalling pathways [60]. Excess ultraviolet
(UV) radiation causes numerous forms of skin damage. The encapsulation of cyanidin-3-O-
glucoside in chitosan nanoparticles provided evidence for the efficacy of the formulation
to effectively reduce UVB-induced epidermal damage through the p53-mediated apoptosis
signalling pathway [61].

3.2. Other Phenols and Polyphenols with Radioprotective Efficacy

Non-flavonoid compounds were also analyzed in pure form or in mixture. Simple
phenols, such as vanillin, were screened for their radioprotective activity.

The compound 4-hydroxy-3-methoxybenzaldehyde, better known as vanillin, widely
used as food flavoring agent, was previously investigated as able to counteract γ-radiation-
induced DNA damage in plasmid pBR322, human and mouse peripheral blood leucocytes
and splenic lymphocytes. The positive action was ascribed to its radical scavenging capa-
bility, as well as to the modulation of DNA repair [62]. The antioxidant power of vanillin
also includes its ability to act as lipoperoxidant. Moreover, the compound exhibits anti-
mutagenic effects being able to inhibit X-ray and UV-induced single-strand DNA breaks,
chromosomal breaks, and DNA crosslinking. Furthermore, although it was shown to also
favor DNA ligation, repair and replication, its clinical use is limited by the low in vivo activ-
ity. This finding promoted the synthesis of its derivative, VND3207, which appeared to be,
in a preclinical screening, radioprotective towards radiation-induced intestinal injury [63].
In this context, it was observed that radioprotection is due also, beyond the antiradical
properties of the compound, to the modulation of activated p53 levels in intestinal epithe-
lial cells. Recently, Li et al. [64] showed that treatment with VND3207 can enhance the
expression of the catalytic subunit of the DNA-dependent protein kinase (DNA-PKcs) in
human lymphoblastoid cells with or without γ-irradiation. Also in this case, the activity of
the enzyme consisted in DNA double-strand breakage repair.

Hydroxycinnamic acids, commonly found in fruits, vegetables, and beverages, and
structurally characterized by a phenylpropenoid skeleton deriving from the deamination of
phenylalanine and tyrosine in plants, could be mirrored in radioprotection. In recent times,
caffeic acid was found to ameliorate premature senescence of hematopoietic stem cells,
due to its antioxidant capacity. In fact, senescence is mediated by ROS overproduction.
On the other hand, caffeic acid can act as pro-apoptotic agent in colon cancer cells [65].
Ferulic acid was also hypothesized to be effective against accident or intentional exposures
to ionizing radiation, and the repair of DNA was experimented to take place at a faster rate
in ferulic acid treated mice [66].

Among hydroxycinnamoyl derivatives, chlorogenic acid prevented genomic insta-
bility induced by X-ray irradiation in non-tumorigenic human blood lymphocytes [67].
Furthermore, the treatment with this depside, at dose level equal to 200 mg/kg, one hour
prior to irradiation with high doses of γ-radiation, favoured the animal survival [68].

The radioprotective ability of caffeic acid phenethyl esters, which are abundant in
propolis, also was studied and it involves in prevention of oxidative and nitrosative
damages induced by radiation [69]. In another study, caffeic acid phenethyl ester was
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found to act both as radioprotector and radiosensitizer, meaning that it can modulate the
radiation response by following different mechanisms depending on the tissue type [70].

Rosmarinic acid, a depside of caffeic acid and 3,4-dihydroxyphenyl lactic acid, pro-
moted, when administrated at a dose of 100 mg/kg, the recovery of peripheral blood cells
in irradiated mice [71]. Its capability was also compared to that exerted by carnosic acid
and carnosol, two aromatic diterpenes, endowed with antioxidative and antimicrobial
properties, equally isolated from rosemary herb. Indeed, the radioprotective effects against
γ-irradiation was in the order carnosic acid > rosmarinic acid ≥ carnosol [72].

Radioprotection research pays peculiar attention to curcumin, whose antioxidant and
anti-inflammatory properties are well-known to target multiple signalling molecules [73].

The diferuloylmethane was demonstrated to ameliorate radiation-induced pulmonary
fibrosis [74]. Its effect was through up-regulation of the cytoprotective heme oxygenase 1.
Furthermore, as oxidative stress is involved in radiation pneumonopathy, the inhibition of
γ-radiation-induced reactive oxygen species in murine lung primary cells was detected.
The preventive curcumin outcome was also in ileum goblet cells [75], and on Drosophila
melanogaster lifespan [76]. Inhibition of the transcription factor NF-κB is the main mode of
action of curcumin and is involved also in curcumin-based radiosensitization [77].

Recent findings suggest the capability of a pre-treatment with curcumin to prevent
radiotherapy-induced oxidative injury to the skin, through enhancing CAT, SOD, and
GSH-Px [78]. Indeed, the low bioavailability of curcumin, due to poor absorption, rapid
metabolism, and rapid systemic elimination [79], was carefully taken into account when
approaches aimed at preserving its functionality were investigated. In this context, there
was the formulation of nanoscale curcumin-encapsulated liposomes [80], or the design
of curcumin conjugated albumin-based nanoparticles. In particular, the improvement of
radioprotection of conjugated albumin-based nanoparticles was estimated in HHF-2 cells
X-ray irradiated, finding that nanoparticles with curcumin at 50 µg/mL induced a 2.3-fold
increase in cell viability in respect to cells which underwent only X-ray irradiation [81].

Table 1 summarizes literature data for all phenolic and polyphenolic compounds
taken into account in the above discussion, ordered alphabetically, with details about the
studied model (in vitro or in vivo), the used dose, and the main protective effect(s).

Table 1. Radioprotective properties of natural phenols and polyphenols herein described (BW = body weight;
i.p. = intraperitonially; s.c. = single subcutaneous; i.m. = intramuscular; i.g. = intragastrical).

Compound Studied Model Dose Main Protective Effects Ref.

Apigenin

Human lymphocytes Up to 25 µg/mL Protection from 137Cs gamma rays-induced
chromosome aberrations

[38]

Swiss albino mice 15 mg/kg BW i.p. for
7 consecutive days

Immunostimulatory effect and mitigation of
radiation-induced hematological alterations [39]

Swiss albino mice 15 mg/kg BW i.p. for
7 days

Restoration of intestinal
crypt-villus architecture

Inhibition of the radiation-induced activation of
NF-κB expression in the gastrointestinal tissue

[40]

Baicalein

Swiss and
C57BL/6 male mice

10 mg/kg BW for
3 days Activation of the target molecules ERK and

Nrf-2 both in vitro and in vivo [43]
Murine T cell

lymphoma cells (EL4) 5–100 µM

Swiss albino mice 150 mg/kg BW
Protection from DNA damage

Reduction of radiation-induced damage to mice
bone marrow cells [45]

Human white
blood cells Up to 50 µM Dose dependent inhibition of DNA

strand breaks

C57BL/6 mice 5 mg/kg BW for 3 days

Protection against NFκB-mediated
inflammatory response through MAPKs and

the Akt pathway
Up-regulation of FOXO activation, catalase and

SOD activities

[46]
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Table 1. Cont.

Compound Studied Model Dose Main Protective Effects Ref.

Caffeic acid

Mouse colon cancer
(CT-26), human liver
cancer (HepG2) and
human breast cancer
(MCF-7) cells lines

1–3 mM Induction of apoptosis of colon cancer cell

[65]

C57BL/6 mice

20 mg/kg BW
5 times (every three

days) via oral gavage
before and 1 after

irradiation

Amelioration of ROS production and premature
senescence of hematopoietic stem cells

Caffeic acid
phenethyl

esters
Sprague-Dawley rats 10 µmol/kg i.p. 30 min

before irradiation
Prevention of oxidative and nitrosative

damages induced by radiation [69]

Chlorogenic
acid

Human blood
lymphocytes 0.5, 1, 2 and 4 µg/mL Prevention of genomic instability induced by

X-ray irradiation [67]

Mice
100, 200 and

400 mg/kg BW 1 or
24 h before irradiation

Increase of animal survival (with 200 mg/kg
dose 1 h before irradiation with high doses of

γ-radiation)
[68]

Curcumin

C57BL/6 mice
standard mouse chow
(5015) with 1% or 5%

curcumin w/w

Amelioration of radiation-induced
pulmonary fibrosis

Increase of mouse survival with no impairment
of tumor cell killing by radiation.

[74]

Wistar albino rats
100 mg/kg BW orally

(by intra gastric
intubation)

Protection against intestinal damage [75]

Wistar rats
150 mg/kg BW 1 day
before irradiation to
3 days after orally

Prevention of radiotherapy-induced oxidative
injury to the skin, through enhancing CAT,

SOD, and GSH-Px
[78]

Human blood cells

curcumin-
encapsulated

liposomes (up to
1046.5 µg/mL)

Reduction in the micronuclei frequency
No genotoxicity [80]

Human foreskin
fibroblast cells (HHF-2)

conjugated albumin
based nanoparticles

(50 µg/mL)
Increase in cell viability

[81]
Balb/C mice

125, 250, 500 and
1000 mg/kg via

tail vain
Increase in the survival rate

Cyanidin-3-O-
glucoside

(C3G)

HaCaT keratinocytes 80, 160 and 200 µM Suppression of COX-2 expression by interaction
with the MAPK and Akt signalling pathways [60]

Kunming mice

125 µM, 250 µM and
500 µM chitosan-C3G

nanoparticles;
500 µM C3G

Reduction of UVB-induced epidermal damage
through the p53-mediated apoptosis signalling

pathway
Higher efficiency of nanoparticles respect to

C3G at the same dose

[61]

HaCaT keratinocytes 80, 160 and 200 µM

Intracellular decrease of ROS and of the
phospho-p53 and phospho-ATM/ATR levels

Expression of anti-apoptotic protein B-cell
lymphoma 2

[59]
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Table 1. Cont.

Compound Studied Model Dose Main Protective Effects Ref.

Epigallocatechin-
3-O-gallate

C57 BL/6 J mice 12.5 or 25 mg/kg BW
for 5 days

Reduction of IR-induced cell death in intestinal
epithelial cells through Nrf2

Repression of IR-induced apoptosis and
ferroptosis

Amelioration of intestinal injury induced by
total body irradiation

[49]

Kunming mice 6.25, 12.5 and 25 mg/kg
BW for 30 days

Prevention of the immune system damage
Enhancement of the activity of enzymatic

antioxidants (e.g., SOD, GSH-Px)
[50]

Normal fetal lung
fibroblasts (MRC5) and

adult skin
fibroblasts (84BR)
Normal human

epidermal
keratinocytes (NHEK)

Up to 1 mM
250 µM

Prevention against ultraviolet
radiation-induced DNA damage [48]

Ferulic acid Swiss mice
50, 75 and 100 mg/kg

BW i.p. 1 h before
irradiation

Faster repair of DNA [66]

Flavopiridol *

A172/mp53 and
HeLa/bcl-2 cells

(radioresistant through
genetic alteration)

0.0125–0.125 µM
Radio-sensitization via inhibition of sublethal

damage and DNA double-strand
breakage repair

[58]

Genistein

Human embryo liver
cells (L-02) 1–20 µM

Low concentration: protection against radiation
damage

High concentration: radiosensitizing features
[52]

Huh-7, Hep3B and Hep
G2 human HCC cells

L-02 cells
0–40 µM

Low dose (5 µM): HCC cell sensitivity
enhancement to X rays; no significant toxicity to

L-02 cells
[53]

CD2F1 mice 100, 200, or 400 mg/kg
BW s.c.

Protection against acute radiation injury
(administered 24 h before irradiation)

Hypothesized indirect mechanism
(e.g., cytokine release)

[54]

CD2F1 mice 150 mg/kg BW i.m. Selective binding to estrogen receptor β [55]

Sprague-Dawley rats 5 mg/kg BW i.p. for
7 days

Up-regulation of ER-β and FOXL-2
Downregulation of TGF-β expression

Reversion of radiotherapy-induced premature
ovarian failure

[56]

Monoglucosyl
rutin * CHO 10B2 cells 0.001–0.1% Increase in survival of IR-treated cells at doses

greater than 2 Gy [32]

Naringin Swiss albino mice 75 mg/kg BW for 3
days

Reversion of the liver IR-induced
redox-imbalance [41]

Quercetin
CBA mice 100 mg/kg BW i.p. for

3 days
Protection of mice white blood cells from lethal
effects and DNA damage before γ-irradiation [35]

Human white
blood cells 50 µM Protection from DNA damage after

γ-irradiation [34]

Quercetin
glycosylated
derivatives

Cell-free systems 10 µM Reduction of DNA double-strand breaks [33]

Rosmarinic
acid Mice

100, 200 and
400 mg/kg BW (oral)
for 10 days (3 before

and 7 after irradiation)

Promotion of the recovery of peripheral
blood cells

Enhancement of 30-day survival rates
[71]
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Table 1. Cont.

Compound Studied Model Dose Main Protective Effects Ref.

Rutin +
podophyllo-

toxin

C57BL/6 mice 2.5mg/kg BW 1 h
before irradiation

ROS levels reduction
Protection of cellular macromolecules

Activation of antioxidant signaling pathway
[30]

HaCat cells 0.025–0.4 µg/mL
culture medium

Reduction of the cellular damage by scavenging
free-radicals, cell-cycle arrest and DNA repair

enhancement in the hematopoietic system

[29]

Strain ‘A’ mice 2.5mg/kg BW i.m. 1 h
before irradiation

VND3207
vanillin

derivative *

Human intestinal
epithelial cells (HIEC) 40 µM Promotion of intestinal repair after radiation

injury by regulation of the DNA-PKcs pathway [64]
C57BL/6 J, NOD-SCID
(Prkdcscid/scid) and

BALB/c mice

100 mg/kg BW i.g. 30
min before irradiation

C57BL/6J mice
100 mg/kg BW (oral

gavage) 30 min
before/after irradiation

Intestinal repair after radiation injury by
reduction of ROS-induced DNA damage and

modulation of activated p53 levels in intestinal
epithelial cells

[63]

* semi-synthetic compound.

4. Bioactive Plant Extracts in Radioprotection: A Still Undervalued Topic

Plant extracts possess infinite therapeutics, such as anticancer, antioxidant, antimi-
crobial, anti-inflammatory, and analgesic. According to the World Health Organization
(WHO), about 80% of people worldwide use traditional medicine for primary health-
care needs [82]. There are nearly 20,000 medicinal plants in 91 countries which contain
a wide range of substances that can be used to different therapeutic purposes. Differ-
ent plant extracts rich in phenols and polyphenols and/or other specialized metabolites
(e.g., carotenoids, sulphur compounds) were screened for their radioprotective effects, and
potential mechanism of actions were proposed.

Indeed, although promising efficacy was suggested, literature data often lack detailed
chemical composition analyses and standardization, compromising data reproducibility.

The activities in radiation protection as evaluated in extracts obtained from medicinal
plants, widely used in complementary and alternative medicine, or from food plants are
reported below. Alcoholic extract of the plant Ageratum conyzoides was able to protect mor-
tality in mice exposed to 10 Gy of γ-radiation. Accordingly, up to a dose of 3000 mg kg−1

was attributed to non-toxic concentration, suggesting that the radioprotection afforded
by Ageratum conyzoides may be in part due to the scavenging of reactive oxygen species
induced by ionizing radiation [83].

The investigation on extracts from five medicinal plants including Adhatoda vasica,
Amaranthus paniculatus, Brassica compestris, Mentha piperita and Spirulina fusiformis indicated
that the antioxidant capacities of these plant extracts can be responsible for radioprotective
capacities [84]. According to this study, major chemical constituents play a key role in
radiation protection. These compounds were vesicine, vesicinone, betaine, vitamin C,
β-carotene, and vasakin in Adhatoda vasica; proteins, vitamins (C and E), provitamin A, and
riboflavin in Amaranthus paniculatus; allyl isothiocyanate, glucosinolates, indoles in Brassica
compestris, and proteins, natural vitamins (β-carotene), and SOD in Spirulina fusiformis.

Several pathways of protection against ionizing radiation have been suggested in
mammalian cells [85]. These mechanisms involve free radical-scavenging through the
inhibition of reactive oxygen species, as well as hydrogen atom donation [86,87]. It can
be concluded that phenolic compounds due to their antioxidant activities can act as free
radical scavenger and, likewise radioprotectors [84]. Recently, an aqueous extract from a
Southern Italian cherry cultivar, constituted by chlorogenic acids and flavonoids together
with simple carbohydrates and polyols, proved to exert a radiomodulating behaviour
against SH-SY5Y neuroblastoma cell line. In fact, at low doses it acted as a radioprotector
agent, whereas at high doses it enhanced cytotoxic effects due to radiation exposure [88].
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Olea europaea leaf is a rich source of phenols and polyphenols, whose radioprotective
potential was marginally investigated in pre-UV and post-UV treatments [89]. Anticlasto-
genic and antiradical activities of an olive leaf extract, constituted by 24.5% in oleuropein,
1.5% in hydroxytyrosol and by almost 3% in flavone-7-glucosides, and 1% in verbascoside,
was found. The effects of pure oleuropein on radiation response in nasopharyngeal car-
cinoma were also determined [90]. Oleanolic acid and ursolic acid, two triterpene acids
from olive fruit and other dietary products, could inhibit the tumor growth and modify
hematopoiesis stem cells (HSCs) after irradiation [91]. In addition, anti-tumor activity was
perforemed by the interplay of oleanolic acid and ursolic acid, so that they might partially
act as anti-cancer agents and, furthermore, decrease damages occurring on hematopoi-
etic tissue after radiotherapy [91,92]. The radioprotection by apple polyphenols was also
investigated through in vitro studies mainly aiming to clarify the polyphenols’ ability to
scavenge free radicals [93].

Rheum palmatum L., and its main compound emodin (6-methyl-1,3,8-trihydroxyanthraquinone),
were radioprotective against γ-rays. Emodin’s mechanism of action is somehow that
the levels of total thiols such as glutathione and lipid peroxidation products have been
decreased. Furthermore, measuring of tongue antioxidant enzymes, glutathione peroxidase,
glutathione-S-transferase, γ-glutamyl transferase, and glucose-6-phosphatase, revealed the
amelioration of the levels of cellular thiols and antioxidant enzymes in serum of gamma
irradiated diabetic mice with emodin treatment [94].

The ethanolic extract of leaves of Adhatoda vasica L. Nees, a well-known plant drug in
Ayurvedic and Unani medicine, showed a significant decrease in acid phosphatase level
and, on the contrary, an increase in alkaline phosphatase level. Pre-treatment with Adha-
toda also significantly demonstrated the prevention of radiation-induced chromosomal
damage in bone marrow cells. However, it remains the necessity of mechanistic studies
for its radioprotective effects as well as major ingredients in the extract thereof [95]. Leaf
extract of Adhatoda vasica was also reported for the protective role in spleen of Swiss albino
mice exposed to 6 Gy γ-radiation [96].

Radioprotective efficacy of Amaranthus paniculatus leaf extract have been reported [97,98].
The oral administration of A. paniculatus extract at 800 mg/kg body weight of Swiss
albino mice for 15 consecutive days before exposure to gamma ray showed the increased
endogenous spleen colonies and the spleen weight without any side effect or toxicity. The
modulation of glutathione as well as lipid peroxidation were other results thereof [97].

Lamiaceae family is attributed to have radioprotector ability, with mechanisms in-
cluding mainly free radicals scavenging, DNA damage protection, decreasing of lipid
peroxidation and enhancing of glutathione, superoxide dismutase, catalase, and alkaline
phosphatase enzymes activity levels [99]. For instance, Mentha piperita is a plant belonging
to this family, containing eugenol, caffeic acid, rosmarinic acid, and α-tocopherol that play
a key role for anti-cancer and radioprotective properties [84,100].

Remedial and pharmacological properties of aromatic plants have been reported.
Amongst, essential oils are used for different aspects such as in cosmetics, fragrance,
pesticides, and beverages. Since essential oils are known for their antioxidant activities and
free radical scavenging, they can be also considered as radioprotectors. Ageratum conyzoides
has shown DPPH radicals scavenging, likewise its radioprotective role with the dose of
75 mg/kg for 6–11 Gray on mice. Active agents in this plant are polyoxygenated flavonoids,
triterpenes (friedelin), sterols β-sitosterol and stigmasterol, and alkaloids (lycopsamine
and echinatine) [83].

Alium cepa, Alium sativum are two plants from Liliaceae family which enjoy antioxidant,
antihypertensive and antihyperglycemic [101]. Alk(en)yl thiosulfates from onions and
garlic markedly reduced damage in rat hepatoma H4IIE cells and mouse lymphoma L5178Y
cells treated with 10 Gy of X-ray irradiation [102].

Recently, the radioprotective efficacy of an hydroalcoholic extract of Pterocarpus san-
talinus, a small-to-medium–sized deciduous tree belonging to the Fabaceae family [103],
was verified in BALB/c mice exposed to γ-radiation. The redox homoeostasis corrupted
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by the radiation was ameliorated following the treatment with the extract, which probably
occurred via the upregulation of Nrf2, HO-1, and GPX-1p. The UHPLC-HRMS/MS analy-
sis of the extract highlighted its diversity in santolins, beyond other phenols and flavonoid
compounds [104]. Furthermore, the Pterocarpus santalinus hydroalcoholic extract (PSHE)
was non-toxic, and when RAW264.7 macrophages were pretreated with it, a significant
inhibition of LPS-induced pro-inflammatory cytokines IL-6, and TNF-α production was
observed. Polyphenols from medicinal plants, such as Sanguisorba officinalis and Erigeron
canadens, were found to be able to decrease irradiation-induced oxidative stress in normal
lymphocytes using ROS mechanisms, acting as a radiation modifier for normal cells [105].
An extract from Lonicera caerulea var. edulis, rich in anthocyanins, and intragastrically
administered to mice once a day, prior to 5 Gy whole body 60Coγ radiation, was effective
to slow down the levels of malondialdehyde, while increasing superoxide dismutase and
glutathione peroxidase activities and glutathione GSH content in the liver [106].

5. Conclusions

Over the last two decades, secondary metabolites in plants have been broadly con-
sidered for their therapeutic attributes as radioprotectors. Indeed, the lower toxicity and
cost of natural products appear two key factors that push the research to deepen the under-
standing of the mechanism of action of these substances. Thus, several studies are found in
literature focused on their role in counteracting IR-induced damage. Pure compounds or
plant extracts showing free radical scavenging activity, anti-lipoperoxidant, and reducing
properties are of predominant interest and are prone to intervene in DNA repair or in
restoring chromosomal damages.

In particular, (poly)phenols could represent a valuable alternative to synthetic com-
pounds to be used as radioprotective agents. In fact, based on their dose-dependent
antioxidant/pro-oxidant efficacy, they could provide protection to normal cells, with little
or no protection to tumor cells resistant to radiotherapy. Thus, they provide good evidence
regarding a possible radiomodulating action.

Furthermore, considering the dietary nature of the majority of matrices investigated,
another great advantage could derive from the suitability of oral administration that could
be optimal during radiotherapy. However, with few exceptions, the data available to date
remain fragmentary and are mostly the result of in vitro studies which, while deepening
the chemical and biological knowledge of the molecules, do not find comfort in preclinical
and/or clinical studies, or preclinical studies in which, especially when evaluating the
bioactivity of a plant extract, its chemical composition is not taken into account.
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Abbreviations

ACE Angiotensin Converting Enzyme
Akt Protein kinase B
Bax Bcl-2-associated X protein
Bcl-2 B-cell lymphoma 2
CAT Catalase
CDK Cyclin-Dependent Kinase
COX-2 Cyclo-oxygenase-2
DDR DNA Damage Response
DPPH 2,2-diphenyl-1-picryl hydrazyl
DSB Double Strand Break
e−aq Hydrated electrons
EGCG Epigallocatechin-3-O-gallate
ERK Extracellular signal-regulated kinase
ER-β Estrogen Receptor-β
FOXL-2 Forkhead box L2 protein
G-CSF Granulocyte-Colony Stimulating Factor
GM-CSF Granulocyte Macrophage-Colony Stimulating Factor
GPx Glutathione peroxidase
GRP78 78-kDa Glucose-Regulated Protein
GSH Reduced Glutathione
HO-1 Heme Oxygenase-1
HO2

• Hydroperoxyl radical
HSCs Hematopoiesis Stem Cells
IL-1 Interleukin-1
IR Ionizing Radiation
LPS Lipopolysaccharide
MAPK Mitogen-Activated Protein Kinase
MKP3 MAP Kinase Phosphatase 3
NF-κB Nuclear factor kappa B
Nrf2-ARE NF-E2-related factor 2-Antioxidant Responsive Element
O2
−• Superoxide anion radical

PSHE Pterocarpus santalinus hydroalcoholic extract
PUMA p53 Up-regulated Modulator of Apoptosis
RNF8 Ring Finger Protein 8
ROS Reactive Oxygen Species
SIRT1 Sirtuin 1
SOD Superoxide Dismutase
SSB Single Strand Break
TGF-β Transforming Growth Factor-β
TNF-α Tumor Necrosis Factor-1

UHPLC-HRMS/MS
Ultra High Performance Liquid Chromatography-High Resolution Tandem
Mass Spectrometry
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Abstract: Beet has been used as an ingredient for functional foods due to its high antioxidant activity,
thanks to the betalains it contains. The effects of the addition of beet extract (liquid and lyophilized)
on the physicochemical characteristics, color, antioxidant activity (AA), total betalains (TB), total
polyphenols (TP), and total protein concentration (TPC) were evaluated on stirred yogurt. The
treatments (T1-yogurt natural, T2-yogurt added with beet juice, T3-added extract of beet encap-
sulated with maltodextrin, and T4-yogurt added with extract of beet encapsulated with inulin)
exhibited results with significant differences (p < 0.05). The highest TB content was observed in
T2 (209.49 ± 14.91), followed by T3 (18.65 ± 1.01) and later T4 (12.96 ± 0.55). The highest AA was
observed on T2 after 14 days (ABTS˙ 0.819 mM TE/100 g and DPPH˙ 0.343 mM TE/100 g), and the
lowest was found on T1 at day 14 (ABTS˙ 0.526 mM TE/100 g and DPPH˙ 0.094 mM TE/100 g).
A high content of TP was observed (7.13 to 9.79 mg GAE/g). The TPC varied between 11.38 to
12.56 µg/mL. The addition of beet extract significantly increased AA in yogurt, betalains being the
main compounds responsible for that bioactivity.

Keywords: yogurt; betalains; encapsulation; lyophilization; antioxidant activity; polyphenols

1. Introduction

Dairy derivatives are the main segment among functional foods, representing around
74% of all functional products [1].Yogurt is a functional dairy food that is obtained from
the fermentation of milk with lactic acid bacteria (LAB); it is consumed around the world
and is traditionally recognized as a healthy food due to its own characteristics [2], which
can be improved by incorporating natural ingredients such as fruit extracts [3], tea [4],
olive leaf extract [5], paprika juice [6], coriander and cumin seeds [7], etc. It has been
reported that the high oxidative stability of yogurt is due to the peptides released during
the fermentation carried out by LAB [8]. According to the latest studies, the use of various
additives and fruit, in yogurt production, has a significant influence its quality [9,10].
Thus, the addition of natural food materials increases the nutritive value of yogurt. The
fortification of yogurt using different bioactive compounds has been studied by different
authors [4–7,11,12]; encapsulation by extrusion can significantly extend the stability of
natural β-carotene with potential use as a functional ingredient in yogurt [13]. The addition
of hibiscus flower essential oil can also be used to increase the antioxidant capacity of
yogurt due to anthocyanin content [12]. Green, white and black tea can be used successfully
to enhance the antioxidant properties of yogurt and provide sustained antioxidants during
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storage [4]. On the other hand, the addition of carotenoids in a fermented-maize product,
similar to yogurt, can induce a cholesterol lowering effect [14].

Beet (Beta vulgaris sp.) represent the main commercial source of betalains [15–17], in
addition to containing polyphenols, both being powerful antioxidants. In recent decades,
the functional properties that these compounds confer on health have been studied, among
which their antioxidant (AA), antidiabetic, anti-inflammatory and anticancer activity stand
out [18–25]. Beet extract (betanin) is an approved color under the code 73.40 by the US Food
and Drug Administration [17,26] and by the European Union designated with the number
E162 [22,27]. Betalains and polyphenols are unstable in the presence of light [28], high tem-
peratures [29], alkaline pH [30,31], enzymatic activity [32], and presence of oxygen and/or
metals [33,34]. Due to their low stability, their use in food has been restricted [3,35–42].
However, it has been shown that the encapsulation of betalains and polyphenols in differ-
ent edible matrices (maltodextrin and inulin) can increase the stability of these compounds
and therefore retain their antioxidant and anti-radical activities [21,43–49]. Therefore, the
objective of this work was to evaluate the effect of adding beet extract (Beta vulgaris sp.)
encapsulated with different carrier agents on the physicochemical characteristics, color,
betalain and polyphenol content, and antioxidant capacity of yogurt during shelf life. The
treatments were as follows: T1-natural yogurt as control, T2-yogurt added with beet juice,
T3-added extract of beet encapsulated with maltodextrin, and T4-yogurt added with extract
of beet encapsulated with inulin.

2. Results and Discussion
2.1. Physicochemical Analysis

The treatments added with encapsulated beet extract (T3 and T4) presented higher
protein content (4.88 ± 0.22 and 4.84 ± 0.48, respectively), showing a significant difference
(p < 0.05), compared to T1 (3.87 ± 0.31) and with T2 (3.88 ± 0.36) (p < 0.05). Regarding the
percentage of fat, treatments T3 (5.49 ± 0.81) and T4 (5.36 ± 0.32) had a higher content in
contrast to T1 (5.09 ± 0.45) and T2 (5.02 ± 0.86) (Table 1), although in this determination,
there was no significant difference (p > 0.05) between the treatments. Other studies indicate
that yogurts added with rubas (Ullucus tuberosus) concentrate, curuba (Passiflora mollissima
Bailey) extract, chocolate, and oats also showed a significant increase in protein and fat
content [50–53]. The moisture percentage showed a significant difference (p < 0.05) in the
four treatments, this behavior could be attributed to the fact that the beet extracts were
in different forms (juice or powders), since in treatments 3 and 4 added with powders,
the moisture content was lower (78.10 ± 0.17 and 78.60 ± 0.33) than in T1 (78.94 ± 0.15),
likewise, the moisture percentage of T2 was higher (79.92 ± 0.12) than T1. Regarding the
percentage of ash, there was no significant difference (p > 0.05) between the treatments.

Table 1. Physicochemical analysis of yogurt added with beet extracts (Beta vulgaris sp.).

Treatment % Fat % Protein % Moisture % Ashes

T1 5.09 ± 0.45 a 3.87 ± 0.31 b 78.94 ± 0.15 b 0.18 ± 0.01 a

T2 5.02 ± 0.86 a 3.88 ± 0.36 b 79.92 ± 0.12 a 0.18 ± 0.01 a

T3 5.49 ± 0.81 a 4.88 ± 0.22 a 78.10 ± 0.17 d 0.18 ± 0.02 a

T4 5.36 ± 0.32 a 4.84 ± 0.48 a 78.60 ± 0.33 c 0.19 ± 0.02 a

T1 = Natural yogurt (Y), T2 = Y added with beet juice, T3 = Y added with encapsulated extract with Maltodextrin
and T4 = Y added with encapsulated extract with Inulin. a,b,c,d Values with different superscript between rows
indicate significant statistical difference between treatments (p < 0.05).

2.2. pH and Syneresis (SYN)

All treatments presented a decrease in pH over time (p < 0.05). These values were
4.13 ± 0.052 on day 1, 4.04 ± 0.030 on day 7, and 3.95 ± 0.010 on day 14 (Figure 1), and
that decrease in pH could be attributed to the microbial activity of the lactic acid bacteria
present in yogurt [52,54]. The degree of SYN varied from 18.01 to 35.32%, presenting
significant differences (p < 0.05) between treatments and days of storage (Figure 2).
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Figure 1. Hydrogen potential (pH) of yogurt added with beet extracts. T1 = Natural yogurt (Y), T2 = Y added with beet
juice, T3 = Y added with extract encapsulated with Maltodextrin, and T4 = Y added with extract encapsulated with Inulin.
A,B,C Values with different superscript indicate significant statistical difference between treatments (p < 0.05). a,b,c Values
with a different superscript indicate a statistically significant difference over time (p < 0.05).
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Figure 2. Percentage of syneresis of yogurt added with beet extracts. T1 = Natural yogurt (Y), T2 = Y added with beet juice,
T3 = Y added with extract encapsulated with Maltodextrin, and T4 = Y added with extract encapsulated with Inulin. A,B,C,D

Values with different superscript indicate significant statistical difference between treatments (p < 0.05). a,b,c Values with
different superscript indicate statistical difference significant over time (p < 0.05).

These differences between treatments could be attributed to the fact that the compo-
nents of the powders, specifically maltodextrin and inulin, favored water retention, because
they contribute to the mesh effect in the three-dimensional network of the gel formed in
the yogurt [55]. In addition, syneresis increased in all treatments during storage, possibly
due to the loss of stability of the yogurt components [56]. This behavior is also due to the
decrease in pH during storage, since it can have a contraction effect in the casein micelle
matrix causing greater elimination of whey [57].
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2.3. Color

The values of the color parameters L*, a* and b* can be observed in Table 2. The
values of L* decreased significantly for T1, T3, and T4, although this value increased in T2
from 43.70 at day 1 to 50.88 at day 14 (p < 0.05). In relation to the parameter a* (Table 2),
this was reduced in T3 after storage, and this trend was reported [58] in microcapsules of
beets using M as a vehicle (day 0 to a* = 8.39, day 7 to a* = 1.71); however, the a* values
for T1, T2, and T4 showed an increase over time (p < 0.05). In general, the b* values also
showed an increase over time (p < 0.05). The degradation of BC leads to the formation of
compounds with a yellow color and, this is reflected in the increase in the b* parameter [38].
Color saturation (Chroma) and hue (Hue angle) indicated differences (p < 0.05) between
treatments and over time; however, treatments added with beet powder (T3 and T4) did
not show differences (p > 0.05). The color change (∆E) between treatments and days was
also different (p < 0.05).

Table 2. Color values L*, a*, b*, C*, h* and ∆E of yogurt added with liquid extract and lyophilized of beet (Beta vulgaris sp.).

Parameter Day T1 T2 T3 T4

L* 1 96.354 ± 2.543 Aa 43.700 ± 1.376 Db 79.330 ± 1.441 Cb 83.678 ± 0.659 Ba

7 88.170 ± 1.294 Ab 41.780 ± 1.828 Dc 82.079 ± 2.189 Ca 80.719 ± 0.503 Bc

14 87.528 ± 2.448 Ac 50.884 ± 1.742 Da 76.927 ± 2.739 Cc 82.225 ± 1.033 Bb

a* 1 −3.522 ± 0.124 Cb 32.763 ± 1.729 Ab 22.705 ± 0.998 Ba 21.076 ± 0.688 Bb

7 −3.272 ± 0.232 Ca 30.701 ± 1.254 Ab 21.581 ± 0.601 Bb 22.822 ± 0.051 Ba

14 −3.266 ± 0.106 Ca 39.563 ± 3.047 Aa 22.137 ± 0.816 Bb 22.118 ± 0.732 Ba

b* 1 8.612 ± 0.303 Ab 2.174 ± 0.209 Bb 0.617 ± 0.097 Db 1.574 ± 0.380 Ca

7 9.533 ± 0.281 Aa 3.254 ± 0.077 Ba 1.344 ± 0.248 Da 0.696 ± 0.024 Cb

14 9.037 ± 0.132 Aa 3.527 ± 0.414 Ba 1.182 ± 0.117 Da 1.169 ± 0.127 Ca

C* 1 9.305 ± 0.278 Cb 32.835 ± 1.735 Ab 22.713 ± 0.998 Ba 21.135 ± 0.673 Bb

7 10.078 ± 0.314 Ca 30.873 ± 1.241 Ab 21.623 ± 0.595 Bb 22.833 ± 0.503 Ba

14 9.609 ± 0.134 Cb 39.720 ± 3.067 Aa 22.169 ± 0.819 Bb 22.149 ± 0.732 Ba

h* 1 2.445 ± 0.134 Cc 0.066 ± 0.005 Ac 0.027 ± 0.004 Bc 0.075 ± 0.019 Ba

7 2.913 ± 0.168 Ca 0.106 ± 0.006 Aa 0.062 ± 0.012 Ba 0.030 ± 0.002 Bc

14 2.767 ± 0.091 Cb 0.089 ± 0.006 Ab 0.053 ± 0.005 Bb 0.053 ± 0.006 Bb

∆E 1 - 64.268 ± 1.584 Aa 32.273 ± 1.803 Ba 28.553 ± 1.059 Ca

7 - 57.841 ± 1.971 Ab 26.867 ± 0.739 Bb 28.539 ± 0.690 Ca

14 - 56.635 ± 2.469 Ab 28.626 ± 1.782 Bb 27.099 ± 1.012 Cb

T1 = Natural yogurt (Y), T2 = Y added with beet juice, T3 = Y added with extract encapsulated with Maltodextrin and T4 = Y added with
extract encapsulated with Inulin. L* = luminosity, a* = green (-) and red (+), b* = blue (-) and yellow (+), C* = chroma (color saturation),
h* = Hue angle (hue), and ∆E = color difference. A,B,C,D Values in columns with different superscript indicate significant statistical difference
between treatments (p < 0.05). a,b,c Values in rows with different superscript indicate significant statistical difference over time (p < 0.05).

2.4. Antioxidant Activity (AA)

Statistically significant differences (p < 0.05) were found for the AA variable between
the treatments (p < 0.05) in ABTS˙ (Figure 3) and DPPH˙ (Figure 4). The highest AA was
observed on T2 after 14 days (ABTS˙ 0.819 mM TE/100 g and DPPH˙ 0.343 mM TE/100 g),
and the lowest AA was found on T1 at day 14 (ABTS˙ 0.526 mM TE/100 g and DPPH˙
0.094 mM TE/100 g). Among the treatments added with encapsulated extract, the highest
AA was found in T3 on day 1 (ABTS˙ 0.667 mM TE/100 g and DPPH˙ 0.197 mM TE/100 g).
On the other hand, T4 presented higher AA on day 7 (ABTS˙ 0.644 mM TE/100 g and
DPPH˙ 0.145 mM TE/100 g); it is important to highlight that for this treatment, the AA
was higher on day 14 (ABTS˙ 0.613 mM TE/100 g and DPPH˙ 0.136 mM TE/100 g) even
than on day 1 (ABTS˙ 0.604 mM TE/100 g and DPPH˙ 0.124 mM TE/100 g) (Figure 4).
Likewise, a decrease on AA was reported previously, followed by a 10 day stability period
and an increase in AA by day 14 [59]. This behavior could be due to compounds with high
antioxidant activity that were formed or released during storage due to the adsorption of
water by encapsulation or to the interaction of some components in the stored sample with
oxygen or other components of the sample [60]. In addition, it has been reported that a
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longer storage time and a greater water activity produce greater antioxidant activity to
extinguish radicals [59,61].
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Figure 3. Antioxidant activity (ABTS˙ method) of yogurt added with beet extract. T1 = Natural yogurt (Y), T2 = Y added
with beet juice, T3 = Y added with extract encapsulated with Maltodextrin, and T4 = Y added with extract encapsulated
with Inulin. A,B,C,D Values with different superscript indicate significant statistical difference between treatments (p < 0.05).
a,b,c Values with a different superscript indicate significant statistical difference over time (p < 0.05).
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Figure 4. Antioxidant activity (DPPH˙ method) of yogurt added with beet extract. T1 = Natural yogurt (Y), T2 = Y added
with beet juice, T3 = Y added with extract encapsulated with Maltodextrin, and T4 = Y added with extract encapsulated
with Inulin. A,B,C,D Values with different superscript indicate significant statistical difference between treatments (p < 0.05).
a,b Values with a different superscript indicate significant statistical difference over time (p < 0.05).
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2.5. Total Polyphenols (TP)

A high content of TP was observed from 7.13 to 9.79 mg of GAE/g, (Figure 5) referring
to that reported previously 4.88 mg of GAE/g [58]. In cactus pear (Opuntia ficus indica)
powders values of 14.67 mg of GAE/g have been reported [62]. The concentration of
TP showed a behavior reported previously [48], where report recoveries and polyphenol
formation of more than 100% with respect to the initial time, as a consequence of the
hydrolysis of the beet polyphenol conjugates during storage [48]. Storage with high
water activity facilitates oxidation reactions, causing phenolic compounds to react with
oxygen and produce an enriched medium that has strong radical elimination and reduction
properties [59]; it is worth mentioning that these studies were carried out only on powders.
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Figure 5. Total polyphenol content of yogurt added with beet extract. T1 = Natural yogurt (Y), T2 = Y added with beet
juice, T3 = Y added with extract encapsulated with Maltodextrin, and T4 = Y added with extract encapsulated with Inulin.
A,B,C,D Values with different superscript indicate significant statistical difference between treatments (p < 0.05). a,b,c Values
with a different superscript indicate significant statistical difference over time (p < 0.05).

2.6. Total Betalains (TB)

Several investigations have been carried out on the use of encapsulating agents to
prevent the degradation of betalains [35,58,63,64]; however, the most of the stability studies
were conducted on powder samples. In the present study, the powder was added to a
non-Newtonian fluid. The stability of the extracts was evaluated in the yogurts in terms
of TB content (Figure 6), during 14 days of storage at 4 ◦C and in absence of light. The
highest pigment content was observed in T2 after 14 days (243.20 mg/100 g); statistically
significant differences (p < 0.05) in TB content were observed after 7 (191.65 mg/100 g) and
14 days of storage compared to its content on day 1 (209.40 mg/100 g). The TB content
increased with the fermentation time, and that event could be due to acid hydrolysis
and the bioconversion of condensed phenols [29,65]. In addition, during fermentation,
microbial activity caused an intense release of betalains responsible for the increase in TB
content [61]. Of the treatments added with encapsulated extract (T3 and T4), the highest
TB content was found in T3 on day 1 (18,652 mg/100 g), and the highest TB content for
T4 was on day 7 (18,024 mg/100 g). However, while T3 showed a decrease in TB on day
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7 (10.24 mg/100 g) and subsequently an increase on day 14 (15.06 mg/100 g), T4 had
an increase in TB on day 7 (18.02 mg/100 g) and on day 14 a decrease (15.26 mg/100 g).
However, it is important to note that on day 14 the quantification of TB in T4 was higher,
even than on day 1 (12.96 mg/100 g) (Figure 6).
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Figure 6. Total betalain content of yogurt added with beet extract. T2 = Y added with beet juice, T3 = Y added with
extract encapsulated with Maltodextrin, and T4 = Y added with extract encapsulated with Inulin. A,B Values with different
superscript indicate significant statistical difference between treatments (p < 0.05). a,b,c Values with a different superscript
indicate significant statistical difference over time (p < 0.05).

Encapsulation with maltodextrin was effective in stabilizing betalains after 14 days
of storage [66]. Unlike what was reported by Omae et al. [46], in this study, the addition
of inulin did increase the stability of BC during storage, and a linear relationship was
not observed from the graphs of TB content versus time. According to previous stud-
ies [28,29,67,68], the degradation of BC is the result of a hydrolysis reaction that produces
cyclo-DOPA-D-glucoside (CDG) and AB; this degradation reaction is reversible, and in-
volves a condensation of the Schiff’s base of the CDG amine with the aldehyde of betalamic
acid (BA) [69]. On the other hand, the degradation of betalamic pigments derived from
beets was reported [46,58,59,63].

Beets have been reported to have higher levels of betacianins (BC) than betaxanthins
(BX) [63,70–72]. According to the above, in this investigation, a higher content of BC was
found compared to BX. The contents of BC (6.22 to 11.809 mg/100 g) and BX (4.01 to
6.85 mg/100 g) (Figures 7 and 8) in the treatments added with encapsulated beet extract (T3
and T4) in this study were lower than those reported by Janiszewska [63] and higher than
those reported by Ravichandran et al. [72] (118.0 mg/100 g and 3.5 mg/100 g, respectively).
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Figure 7. Betacyanins content of yogurt added with beet extract. T2 = Y added with beet juice, T3 = Y added with extract
encapsulated with Maltodextrin, and T4 = Y added with extract encapsulated with Inulin. A,B Values with different
superscript indicate significant statistical difference between treatments (p < 0.05). a,b,c Values with a different superscript
indicate significant statistical difference over time (p < 0.05).
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Figure 8. Betaxanthins content of yogurt added with beet extract. T2 = Y added with beet juice, T3 = Y added with
extract encapsulated with Maltodextrin, and T4 = Y added with extract encapsulated with Inulin. A,B Values with different
superscript indicate significant statistical difference between treatments (p < 0.05). a,b,c Values with a different superscript
indicate significant statistical difference over time (p < 0.05).
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2.7. Total Protein Concentration (TPC)

The TPC (Figure 9) ranged from 11.385 to 12.568 µg/mL. However, they had a statis-
tically significant difference (p < 0.05) between treatments and over time. This behavior
is probably due to the extracellular proteins secreted by bacteria during the fermentation
time [73]. Furthermore, the increase in the total content of betalains has a positive correla-
tion regarding the total concentration of proteins, due to the fact that they are nitrogenous
compounds [74].
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Figure 9. Total protein concentration of yogurt added with beet extract. T1 = Natural yogurt (Y), T2 = Y added with beet
juice, T3 = Y added with extract encapsulated with Maltodextrin, and T4 = Y added with extract encapsulated with Inulin.
A,B,C Values with different superscript indicate significant statistical difference between treatments (p < 0.05). a,b,c Values
with a different superscript indicate significant statistical difference over time (p < 0.05).

2.8. Correlation between Variables

Table 3 shows the correlation coefficient (r) and level of significance between the
response variables of the yogurts. A strong negative correlation (r = −0.9410, p < 0.0001)
was found between L* and TB and a positive correlation (r = 0.7054, p < 0.0001) between
the value of a* and TB. This indicates that the higher the TB content, the lower the lumi-
nosity and the higher the concentration of red color. These correlations have already been
reported in prickly pear pulp micro particles [48,75,76] and in prickly pear pulp coloring
powders [44]. Like Pitalua et al. [59], observed a strong positive correlation (r = 0.8615,
p < 0.0001) between TP and TB. It is important to highlight that betalains are the main
polyphenols present in beets [58]; therefore, a positive association between both variables
was expected. In addition, positive correlations were obtained (r = 0.9994, p < 0.0001),
(r = 0.9960, p < 0.0001) between TB and BC and between TB and BX, respectively. On the
other hand, a high positive correlation (r = 0.7946, p < 0.0001) was found between TB and
AA, which could be due to the presence of betalamic acid, since it acts as an antioxidant
agent. However, if the acid molecule does not have hydroxyl groups, betalamic acid does
not have antioxidant capacity [64]. Likewise, a positive correlation was found (ABTS˙
r = 0.8263 and DPPH˙ r = 0.8002, p < 0.0001) between AA and TP. The increase in AA during
storage can occur because in these periods, new phenolic compounds capable of extinguish-
ing radicals are released or formed [77]. A positive correlation was found between TPC
and AA (ABTS˙ r = 0.8022 and DPPH˙ r = 0.8126, p < 0.0001) and TP (r = 0.7917, p < 0.0001)
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and TB (r = 0.8822, p < 0.0001). These correlations could be to compounds with high AA
that were formed or released during storage, thanks to the adsorption of water [60], and it
can be observed despite the presence of betalains [64]. Storage with high water activity
facilitates hydrolysis, causing phenolic compounds to react with oxygen and produce an
enriched medium that has strong radical elimination and reduction properties [65,73].

Table 3. Correlation between the response variables of yogurt added with liquid extract and freeze-dried beet extracts
(Beta vulgaris sp.).

DPPH˙ TP TB BC BX TPC L* a* b* pH SYN

ABTS˙ 0.9652 0.8263 0.9281 0.9231 0.9361 0.8022 −0.9306 0.8322 −0.4192 0.3101 0.7143
p-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
DPPH˙ 0.8002 0.9395 0.9355 0.9447 0.8128 −0.9463 0.8017 −0.3518 0.2469 0.7660
p-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

TP 0.8615 0.8621 0.8552 0.7917 −0.7921 0.4929 0.0126 0.2085 0.7890
p-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.8217 0.0002 <0.0001

TB 0.9994 0.9960 0.8822 −0.9410 0.7054 −0.1638 0.2006 0.8773
p-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0031 0.0003 <0.0001

BC 0.9924 0.8802 −0.9355 0.6979 −0.1525 0.1949 0.8802
p-value <0.0001 <0.0001 <0.0001 <0.0001 0.0059 0.0004 <0.0001

BX 0.8827 −0.9502 0.7214 −0.1927 0.2147 0.8645
p-value <0.0001 <0.0001 <0.0001 0.0005 <0.0001 <0.0001

TPC −0.8939 0.5308 −0.0260 0.2972 0.8480
p-value <0.0001 <0.0001 0.6416 <0.0001 <0.0001

L* −0.7702 0.3215 −0.2102 −0.8032
p-value <0.0001 <0.0001 0.0001 <0.0001

a* −0.7934 0.1319 0.4245
p-value <0.0001 0.0175 <0.0001

b* −0.1343 0.1679
p-value 0.0156 0.0024

pH −0.0415
p-value 0.4562

ABTS˙ and DPPH˙ = Antioxidant activity, TP = Total polyphenols, TB = Total betalains, BC = Betacyanins, BX = Betaxanthins, TPC = Total
protein concentration, L* = Luminosity, a* (tendency to red), b* (tendency to green), and SYN = Syneresis. p-value = Level of significance of
the correlation.

3. Materials and Methods
3.1. Materials

Between March and July 2018, beet, whole milk (LALA®, Gomez Palacio, Dgo.,
Mexico), whole cream (LALA®, Gomez Palacio, Dgo., Mexico), powdered milk (NIDO®,
Ocotlan, Mex., Mexico), table sugar, and natural yogurt (LALA®, Gomez Palacio, Dgo.,
Mexico) were purchased in a local market in Chihuahua, Mexico. Maltodextrin (DE 10)
and agave inulin were purchased from Sigma-Aldrich (St. Louis, MO, USA).

3.2. Reagents

All other reagents used were analytical grade. Reagents 2,2′-azino-bis (3-ethylbenzo-
thiazoline-6-sulfonic acid) (ABTS), 2,2-diphenyl-1-picrylhydrazyl (DPPH), Trolox, ammo-
nium salt, potassium persulfate, Folin–Ciocalteu, sodium carbonate, gallic acid, trichloro-
acetic acid, citrate, and phosphate standard reagent were analytical grade and obtained
from Sigma-Aldrich (St. Louis, MO, USA). J. T. Baker provided high-performance liquid
chromatography (HPLC)-grade methanol and HPLC-grade water (Mexico City, Mexico).
A deionizer was used to obtain deionized water (Barnstead, Thermo Scientific, Waltham,
MA, USA).

3.3. Yogurt Elaboration

To elaborate yogurts, milk was heated to 95 ◦C for five minutes, then cooled to 45 ◦C,
and then, powdered milk (8%), cream (3%), sugar (3%), and the inoculum (10%) were
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added. Next, yogurts were incubated ((Thermo Fisher Scientific, Model 3721, USA) at
42 ◦C for approximately 4:30 h, until reaching a pH of 4.2. Once this acidity was reached,
the yogurt was shaken and stored at 4 ◦C for 12 h. Subsequently, the beet extracts (liquid
or lyophilized) were added to the yogurt; a shake was made, and finally, these were stored
at 4 ◦C for 14 days.

3.4. Preparation of Beet Extracts

A household extractor (Cold Press 900W, Breville, Sydney, Australia) was used to
extract the juice from the beets. The encapsulating agents (Maltodextrin-M and Inulin-I)
were added to the red beet juice at room temperature at an amount of 30 g of dry matter per
100 mL, as described by Antigo et al. [58]. Next, the mixtures were homogenized (10 min)
with a dispersion tool (Vortex-Ultra-Turrax IKA T18 basic) (S18N-19G, IKA Works Inc.,
Wilmington, NC, USA) and frozen for 48 h at 20 ◦C previously to freeze-dried (4 days at
−85 ◦C and 0.035 mbar pressure) in a Labconco Niro Mobile Minor Freeze-dryer. Finally,
pure beet (B), beet extract encapsulated with maltodextrin (M), and beet extract encapsu-
lated with inulin (I) were kept at 9 ± 3 ◦C for further analysis. The characterization of these
extracts has been reported previously [42].

3.5. Treatments

Four treatments with three repetitions were elaborated under a completely random
statistical model. The description of the treatments was based on the addition of beet
extracts (liquid or lyophilized and encapsulated). Control treatment was yogurt without
the addition of beet extract (T1), yogurt added with 100 mL of liquid beet extract per liter
(T2), yogurt added with 600 mg of beet extract encapsulated with maltodextrin per liter
(T3), and yogurt added with 600 mg of beet extract encapsulated with inulin per liter (T4).
Treatments were kept in refrigeration (4 ◦C) for 14 days, taking samples on days 1, 7, and
14 to evaluate color, pH, syneresis, betalains, and polyphenols content and antioxidant
activity. On day 1, physicochemical analysis (fat, protein, moisture, and ash content) of
yogurts were determined.

3.5.1. Physicochemical Analysis

The chemical composition of the yogurt samples corresponding to day 1. Moisture,
ash, fat, and protein content were determined in triplicate according to the methods
established by the AOAC (926.08, 935.42, 989.05, and 991.20, respectively).

3.5.2. pH and Syneresis

The pH was measured in 20 g of each sample with a digital potentiometer (Orion
Versa Star) previously calibrated and syneresis was evaluated using the method described
by Özturk and Óner [78]; 10 g of yogurt were taken (4 ± 1 ◦C), placed in Corning UHP
tubes (50 mL), and centrifuged (Avanti Model J-26 XPI Beckman Coulter® centrifuge, USA)
at 2800× g for 10 min, at 4 ± 1 ◦C. The supernatant was weighed and expressed as a
percentage in relation to the initial weight of the yogurt.

3.5.3. Color

Color was measured with a Model CR-410 colorimeter (Konica Minolta®, Japan)
evaluating the L*, a* and b* parameters. Where L* is an indicator of luminosity (from
black to white), a* is an indicator that goes from green (negative values) to red (positive
values), and b* indicates shades from blue (negative values) to yellow (positive values). The
samples were placed in plastic containers with a capacity of 200 mL. The determinations
were made in triplicate, and the L*, a*, and b* values were used to calculate Chroma* (C*),
Hue angle (h◦), and ∆E.

123



Molecules 2021, 26, 4768

The Chroma value indicates the intensity or color saturation and was determined
using the following equation [62]:

Chroma = (a∗2 + b∗2)
1/2

(1)

Hue angle refers to hues and can range from 0◦ (pure red), 90◦ (pure yellow), 180◦

(pure green), and 270◦ (pure blue). This parameter was calculated using the following
equation [62]:

Hue◦ = arctan(b∗ + a∗) (2)

For the yogurt color difference (represented as ∆E*) in each of the treatments, the
average of the readings of the parameters L*, a* and b* was used using the following
equation, and the control treatment was the reference of the readings [79]:

∆E =

√
(Ls − Lc)

2 + (ahs − ahc)
2 + (bhs − bhc)

2 (3)

where Lc, ahc, and bhc = control parameters and Ls, ahs, and bhs = parameters for the
different treatments.

3.5.4. Yogurt Aqueous Extract

To obtain the aqueous extract, the methodology reported by Torres-Llanez et al. [80]
was applied, with the modification (or elimination) of the preparation or conditioning of
the sample. Briefly, 50 mL of each treatment was placed in plastic tubes (for centrifuge)
and centrifuged (Avanti® J-26 XPI. Beckman Coluter®, USA) at 10,000× g for 30 min at
4 ◦C. The supernatant (aqueous extract) was filtered with Whatman ™ filter paper (GE
Healthcare, UK) with 125mm pore diameter. Said extract was centrifuged again with
the conditions mentioned above. The supernatants were filtered through a 0.22 µm pore
polyethylene filters for the determination of antioxidant capacity and polyphenol content
(Millipore Corp., Bedford, MA, USA). To determine betalain content, the extract was filtered
on 0.45 µm pore paper (Millipore Corp., Bedford, MA, USA). All extracts were stored at
−20 ◦C until analysis.

3.5.5. Antioxidant Activity

Antioxidant activity by the ABTS (2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid)) methodology was conducted according to Thaipong et al. [81]. First, an ABTS
7.4 mM solution was elaborated (38.8 mg of crystallized ammonium salt of ABTS in 10 mL
of distilled water). Next, a solution 2.6 mM of potassium persulfate was prepared (6.6 mg
in 10 mL with distilled water). Then, these two solutions were then combined and let to
stand at room temperature for 12 h in the dark. To make the ABTS working solution, 1 mL
of ABTS free radical solution was added to 60 mL of methanol to get an absorbance of
1.1 + 0.02. After that, in a 3 mL plastic cell, 150 µL of the standard (Trolox) or sample and
2850 µL of ABTS working solution were placed and let to stand for 2 h at room temperature
in the dark; then, the absorbance was measured with a UV spectrophotometer at 734 nm
(UV–1800. Shimadzu, Japan). Measurements were conducted three times. Antioxidant
activity was given as equivalent mM Trolox (mM TE/100 g). The resulting absorbance was
then put into the regression equation (y = −1.0726x + 0.9863; r2 = 0.9967) derived from the
Trolox calibration curve.

Antioxidant activity by the DPPH (2,2-diphenyl-1-picrylhydrazyl) methodology was
realized according to Thaipong et al. [81] with slight modifications. First, a 0.6 mM
DPPH stock solution was elaborated (0.0240 g of DPPH in 100 mL of methanol) to get a
concentration of 0.6 mM. This stock solution was kept in the dark and frozen at −20 ◦C
until used. To obtain the working solution, 10 mL of the stock solution was mixed with
methanol (45 mL) to get an absorbance of 1.1 + 0.02 and a final concentration of 0.1 mM.
Later, in a 3 mL quartz cell, 150 µL of standard (Trolox) or sample and 2850 µL of the
DPPH working solution were sited and let to stand in the dark at room temperature for
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3 h. Finally, the absorbance was measured at 515 nm on a UV spectrophotometer (UV-1800.
Shimadzu, Japan). Measurements were conducted three times. Antioxidant capacity was
given as equivalent mM Trolox (mM TE/100 g). The resulting absorbance was then put
into the regression equation (y = −1.3055x + 1.1077; r2 = 0.9994) derived from the Trolox
calibration curve.

The ABTS and DPPH standard curves were executed according to Thaipong et al. [81]
methodology. A stock solution (31.3 mg of Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid) in 10 mL of methanol) was made and 1.20, 1.00, 0.80, 0.60, 0.40, 0.20, 0.10,
0.08, 0.05, and 0.03 mM dilutions were used to obtain the curves.

3.5.6. Polyphenols Content

The polyphenols content was determined according to Singleton and Rossi [82] with
some modifications, following the Folin–Ciocalteu spectrophotometric method employing
gallic acid (GA) as a standard. First, a solution of a sample extract (50 µL), distilled water
(3 mL), Folin–Ciocalteu reagent (250 µL), and sodium carbonate solution at 7% (750 µL) was
prepared and stirred for 10 s and let to stand at room temperature for 8 min. Next, distilled
water (950 µL) was added, and the mixes were left in the dark at room temperature for 2 h.
Finally, in a UV spectrophotometer (UV-1800. Shimadzu, Japan), the absorbance was taken.
Triplicate measurements were taken. The absorbance measurements were linearized using
the calibration curve’s regression equation (y = 0.0929x − 0.0197; r2 = 0.9991) and reported
in mg gallic acid equivalent (mg GAE/g).

The standard curve for polyphenols content was obtained following Xu and Chang,
2007 [83] methodology. For this, a stock solution was made (0.5 g of gallic acid in 250 mL
of distilled water) and 400, 300, 200, 150, 100, 80, 60, 40, and 20 ppm concentrations were
prepared to elaborate the standard curve.

3.5.7. Extraction of Betalains

The extraction of betalains was done according to Güneşer [84]. For this, 4 mL of
the aqueous extract and 4 mL of trichloroacetic acid (TCA) solution at 4% concentration
were placed and mixed in Corning tubes. Then, solutions were homogenized for 3 min
with a vortex (Ultra-Turrax IKA T18 basic) and centrifuged at 4032× g (Avanti® J-26 XPI.
Beckman Coluter®, Indianapolis, IN, USA) for 10 min at 25 ◦C. Finally, using a 0.45 µm
pore polyethylene filter (Millipore Corp., Bedford, MA, USA) supernatants were filtered
through. Samples were stored at −20 ◦C for further analysis.

3.5.8. Total Betalains Content

Total betalains content was determined according to Ruíz-Gutiérrez et al. [62]. McIl-
vaine buffer (pH 6.5, citrate-phosphate in a 1 to 10 ratio) was used to dilute the aqueous
extracts of T2. This dilution was not required for T3 and T4 to produce values at their
respective absorption maxima. The following formula was used to compute TB:

B [mg/g ] = [(A × DF × MW × V)/( ε × L)] (4)

where A = value at maximum absorption (534 for BC and 480 for BX) at 600 nm, DF = dilution
factor, MW = molecular weight (550 g/mol for BC and 308 g/mol for BX), V = volume of
the solution (1000 mL), ε = molar extinction coefficient (60,000 Lmol −1 cm−1 for BC and
48,000 Lmol −1 cm−1 for BX), and L = length of the reading cell (1 cm).

BC and BX quantifications were done separately, and the findings were combined
to get the BT content. These determinations were done in triplicate, and the results were
expressed in milligrams per 100 g of powder.

3.5.9. Total Protein Concentration

The total protein concentration was evaluated following the methodology of Brad-
ford [85]. For this, 0.1 mL of the sample and 1 mL of the Bradford reagent were mixed
and let to stand in the dark for 45 min. After that, absorbance was read at 595 nm in a
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spectrophotometer (UV-1800 Shimadzu). The absorbance measurements were linearized
using the calibration curve’s regression equation (y = 0.1526x − 0.0597; r2 = 0.9973) and
reported in µ/mL of BSA.

For the calibration curve, bovine serum albumin (BSA) at different concentrations
(1.20, 1.00, 0.80, 0.60, 0.40, 0.20, and 0.10 mM.) were prepared and the absorbance of these
were linearized to obtain the regression equation of the calibration curve.

3.5.10. Statistical Analysis

All analyses were conducted using SAS 9.0 program (Institute Inc., Cary, NC, USA,
2006). To determine the type, strength, and significance of their linear association, an
analysis of correlations between pairs of response variables was performed, using the
CORR procedure. Yogurts proximal analysis were analyzed using the ANOVA procedure,
through the following model:

Yij = µ + Ti + εij. (5)

where Yij = response variable measured in the j-th repetition of the i-th treatment, µ = general
mean common to all observations, Ti = effect of the i-th treatment, and εij = random error
measured in the j-th repetition of the i-th treatment, which was assumed to be identically
and independently distributed in a normal way with mean µ and variance σ2. When there
were differences across treatments, the Tukey’s and Duncan’s tests were used to perform a
multiple comparison of means.

For the analysis of the physical characteristics (color, pH, and syneresis) and the
bioactivities (antioxidant, betalains, and polyphenols) measured over time, an analysis was
carried out with the MIXED procedure, based on the following model:

Yijk = µ + Ti + Pj + εijk (6)

where Yij = response variable measured in the k-th repetition of the i-th treatment evaluated
in the j-th storage time, µ = general mean common to all observations, Ti = effect of the
i-th treatment, Pj = effect of j-th storage time, and εijk = random error measured in the j-th
repetition of the i-th treatment evaluated in the j-th storage time, which was assumed to be
identically and independently distributed in a normal way with mean µ and variance σ2.

4. Conclusions

The results of this research confirm that beet extracts (liquid or lyophilized) can be
added to yogurt to increase its functional properties. The addition of beet extracts sig-
nificantly increased the antioxidant activity of the yogurts; where betalains and other
polyphenols are the main compounds responsible for said bioactivity. Meanwhile, encap-
sulation of beet extract by lyophilization turned out to be an effective method to stabilize
betalains. However, it was not possible to determine whether maltodextrin or inulin was
better as an encapsulating agent, as the AA of the yogurt added with these varies during
storage time. The mechanisms that affect antioxidant activity during fermentation are
considerably varied; therefore, it is recommended to study the AA of yogurts added with
liquid and/or lyophilized beet extract, with the same betalain content to obtain comparable
results. The shelf life of the product could be increased to observe the behavior of betalains
and polyphenols in yogurt after 14 days. In addition, it would be interesting to carry out
the microbiological and economic study of this yogurt.

Author Contributions: Conceptualization, M.A.F.-M. and A.C.-M.; data curation, E.S.-E.; formal
analysis, M.A.F.-M. and E.S.-E.; funding acquisition, A.C.-M.; investigation, M.A.F.-M. and R.S.-V.;
methodology, M.G.R.-G.; project administration, A.C.-M.; supervision, M.G.R.-G., R.S.-V. and A.C.-
M.; writing—original draft, M.A.F.-M.; writing—review and editing, M.G.R.-G., R.S.-V., E.S.-E. and
A.C.-M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

126



Molecules 2021, 26, 4768

Institutional Review Board Statement: Ethical review and approval were waived for this study, due
to yogurt was elaborate with pasteurized milk and it does not represent a risk to the health of the
participants.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors acknowledge that the Universidad Autónoma de Chihuahua sup-
ported this investigation. The Science and Technology National Council of Mexico (CONACYT)
provided a graduate study scholarship for Martha Azucena Flores Mancha.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds . . . . . . are available from the authors.

References
1. Salmerón, I. Fermented cereal beverages: From probiotic, prebiotic and synbiotic towards Nanoscience designed healthy drinks.

Lett. Appl. Microbiol. 2017, 65, 114–124. [CrossRef] [PubMed]
2. Shah, N.P. Functional cultures and health benefits. Int. Dairy J. 2007, 17, 1262–1277. [CrossRef]
3. Flores-Mancha, M.A.; Ruiz-Gutiérrez, M.G.; Renteria-Monterubio, A.L.; Sanchez-Vega, R.; Juarez-Moya, J.; Santellano-Estrada, E.;

Chavez-Martinez, A. Stirred yogurt added with beetrot extracts as an antioxidant source: Rheological, sensory, and physicochem-
ical characteristics. J. Food Process. Preserv. 2021, 53, 1689–1699. [CrossRef]

4. Muniandy, P.; Shori, A.B.; Baba, A.S. Influence of green, white and black tea addition on the antioxidant activity of probiotic
yogurt during refrigerated storage. Food Packag. Shelf Life 2016, 8, 1–8. [CrossRef]

5. Cho, W.Y.; Kim, D.H.; Lee, H.J.; Yeon, S.J.; Lee, C.H. Quality characteristic and antioxidant activity of yogurt containing olive leaf
hot water extract. CYTA J. Food 2020, 18, 43–50. [CrossRef]

6. Hong, H.; Son, Y.-J.; Kwon, S.-H.; Kim, S. Biochemical and antioxidant activity of yogurt supplemented with paprika juice of
different colors. Food Sci. Anim. Resour. 1390, 40, 613–627. [CrossRef]

7. Shori, A.B. Proteolytic activity, antioxidant, and α-Amylase inhibitory activity of yogurt enriched with coriander and cumin
seeds. LWT 2020, 133, 109912. [CrossRef]

8. Sabeena-Farvin, K.H.; Baron, C.P.; Nielsen, S.; Otte, J.; Jacobsen, C. Antioxidant activity of yoghurt peptides: Part 2—
Characterisation of peptide fractions. Food Chem. 2010, 123, 1090–1097. [CrossRef]

9. Cho, W.; Yeon, S.; Hong, G.; Kim, J. Antioxidant activity and quality characteristics of yogurt added Green olive powder during
storage. Korean J. Food Sci. Anim. Res. 2017, 37, 865–872.

10. Yeon, S.; Hong, G.; Kim, C.; Park, W.J.; Kim, S.; Lee, C. Effects of yogurt containing fermented pepper juice on the body fat and
cholesterol level in high fat and high cholesterol diet fed rat. Korean J. Food Sci. An. Res. 2015, 35, 479–485. [CrossRef]

11. Parra-Huertas, R.A. Effect of green tea (Camellia sinensis L.) on the physicochemical, microbiological, proximal and sensory
characteristics of yogurt during refrigerated storage. Aliment. Cienc. Tecnol. Aliment. 2013, 11, 56–64.

12. Ramos-Arrieta, K.; Zabaleta, K.; Granados-Conde, C. Preparation of a Standardized Yogurt with the Addition of Hibiscus
Sabdariffa (Jamaica Flower) with Antioxidant Functional. Property Thesis, Universidad de Cartagena, Bolívar, Colombia, 2013.
Available online: https://repositorio.unicartagena.edu.co (accessed on 20 July 2021).
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Abstract: Human noroviruses, which belong to the enterovirus family, are one of the most common
etiological agents of food-borne diseases. In recent years, intensive research has been carried out
regarding the antiviral activity of plant metabolites that could be used for the preservation of fresh
food, because they are safer for consumption when compared to synthetic chemicals. Plant prepara-
tions with proven antimicrobial activity differ in their chemical compositions, which significantly
affects their biological activity. Our review aimed to present the results of research related to the
characteristics, applicability, and mechanisms of the action of various plant-based preparations and
metabolites against norovirus. New strategies to combat intestinal viruses are necessary, not only to
ensure food safety and reduce infections in humans but also to lower the direct health costs associated
with them.

Keywords: plant secondary metabolites; antiviral activity; food; noroviruses; MNV; FCV

1. Introduction

Knowledge of food viruses is not as extensive as our understanding of bacteria or
fungi, the main reason for this being the difficulties in isolating, growing, and labeling the
former regarding food products. Unlike many other groups of microorganisms, food-borne
viruses cannot multiply in food. However, they can apparently survive food processing
and storage [1]. Food contaminated with viruses can be a source of infection in consumers.
Noroviruses have been associated with many recorded major food-borne viral outbreaks
worldwide, while other intestinal viruses, such as the human astrovirus (HAstV), hu-
man rotavirus (HRV), sapovirus (SaV), enterovirus (EV), or Aichi virus (AiV) have been
responsible for sporadic outbreaks all over the world [2].

Human noroviruses are a major cause of epidemics and periodic acute gastroenteritis
worldwide. These viruses are the most common cause of food-borne diseases in the United
States and Europe, entailing the societal burden of tens of billions of dollars in estimated
costs of illness [3–5]. Globally, the incidence of food-borne norovirus infections reaches
120 million cases and 35,000 deaths per year [6]. Official reports published in 2017 and 2018
list human norovirus among the most frequently reported triggers of food-borne outbreaks.
These reports show that the virus was responsible for 140 outbreaks (35% of all outbreaks)
in the United States, and 211 outbreaks (7.8%) in Europe [7–11]. According to the RASFF
report (2019), 145 outbreaks were caused by noroviruses and other caliciviruses that were
found in fish and seafood, and a further 14 outbreaks relating to non-animal products were
detected in the European Union [12]. According to the CDC, norovirus was the identified
etiological factor of gastrointestinal complaints in 2 outbreaks out of 4 in 2020, in 8 out of
10 in 2019, and in 5 out of 11 in 2018 [13].
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The transmission of the virus to humans through the consumption of contaminated
food depends on various parameters, such as virus stability, food processing methods,
infectious dose, and host susceptibility [14]. It is worth noting that food ingredients
can protect the virus during processing and human consumption. The infectious dose
of a food-borne virus is generally low, and a small number of virus particles can cause
infection. Moreover, noroviruses, as food contaminants, persist in food for a long time
without loss of infectivity [2]. Many control strategies that rely on the internal and external
properties of the food, e.g., pH and water activity, are ineffective against these pathogens.
Heat treatment is an effective way of deactivating foodborne viruses, but it can alter
the organoleptic properties (e.g., color and texture) and reduce the nutrient content (e.g.,
protein and vitamins) of foods [15]. Currently, consumers show an increasing demand for
high-quality natural food products. One of the issues is changes to the way we eat, while
another is introducing raw or mildly-heat-treated foods to everyday menus: sushi, blue
beef, seafood, and insects. Shellfish, fruit, and vegetables pose a serious threat to humans
because they are eaten raw [16]. These foods are prone to contamination, due to the use of
fecal-contaminated water for irrigation or the lack of proper personal hygiene in the people
who come into contact with food [17,18].

Noroviruses belong to a group of viruses resistant to external factors. They are not
sensitive to freezing, short-term heating, ionizing radiation, organic acids, preservatives
and chlorine compounds, alcohols, and other detergents. At a temperature of 60 ◦C, their
deactivation takes place only after 30 min. In their natural environment, they can remain
active for several weeks or even years [19,20]. Viral infections in which the etiological
factors are viruses that contaminate food can be prevented primarily by neutralizing the
source of contamination during the food sanitation processes. In the context of public
health, this is a significant challenge for the food industry [21–23]. For this reason, both
deactivating the virus and maintaining high standards risk lowering the food quality
characteristics, presenting a challenge for food processors. Innovative non-thermal food
processing technologies, including high-pressure processing (HPP), cold plasma (CP),
ultraviolet (UV) light, radiation, and pulsed electric field (PEF) treatments have been tested
for food-borne virus deactivation, sensory properties, and the retained nutritional value of
processed foods [14].

In recent years, intensive research has been carried out on the properties of phyto-
chemicals with antiviral activity. Unlike chemicals, these metabolites are a safe option if
used as fresh food preservatives. New strategies to combat intestinal viruses are necessary,
not only to ensure food safety and reduce the number of infections in humans but also to
reduce the direct health costs associated with them [5].

The aim of our study is to review the results of the latest literature describing the
applicability and efficacy of various metabolites of plant origin that could be used as
modern and environmentally safe agents against human food-borne noroviruses.

2. Characteristics of Human Norovirus

Human Norovirus (HuNoV), formerly known as the Norwalk virus, is a non-segmented,
non-enveloped RNA virus belonging to the Caliciviridae family. Caliciviruses are small
viruses of 30–35 nm in size, which are visible in the microscopic image as spherical par-
ticles, devoid of envelopes and spikes [24]. Noroviruses do not multiply in vitro in cell
cultures. HuNoV, as well as its surrogates that are commonly used in laboratory tests, i.e.,
murine norovirus (MNV) or feline calicivirus (FCV), are devoid of an envelope, contain
ssRNA, and show high resistance to both antimicrobial preparations and environmental
conditions [14,25].

According to the latest systematics, noroviruses are divided into seven gene groups
(from GI to GVII) with 30 genotypes detected globally. GI, GII and GIV are the most
common causes of human infections. Many international epidemic surveillance systems
(CaliciNet and NoroNet) record the transmission of norovirus infections and provide im-
portant information about the spread of different human norovirus strains. According to
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Hoa Tran et al. [26], the strains with the GII.4 genotype accounted for 70–80% of all the
outbreaks reported over the past decade. The frequency of genotypes varied according
to the population level and the route of transmission [27]. The GII.4 genotype is more
commonly associated with dissemination via interpersonal contact, while non-GII.4 geno-
types, such as GI.3, GI.6, GI.7, GII.3, GII.6 and GII.12, are most commonly transmitted by
food [28]. Water transmissions occur more frequently among GI gene group strains than
GII7 strains. This may be related to the fact that GI strains have higher water stability than
GII strains [29]. Between 2009 and 2013, the GII.4 genotype was the cause of 2853 (72%)
outbreaks in the USA, of which, 94% were GII.4 New Orleans or GII.4 Sydney [30].

Viruses do not multiply on the surfaces of raw food. Viral particles will not increase
in number when introduced into raw food as their site of primary contamination. On the
contrary, their numbers may drop over an extended period of storage, or change, subject to
the conditions of their storage. Cold storage of raw produce, often at temperatures below
0◦C, preserves the viruses present on them, leaving food still contaminated and therefore
potentially infectious [31].

3. Methodology of Research Regarding the Antiviral Activity of Phytochemicals

Due to the fact that plant extracts may contain several dozen to several hundred
compounds, standardization is necessary, taking into account their unique chemical profiles.
In accordance with international standards, such characteristics should also include the
systematic affiliation of the plant from which the oil or extract is derived and define the
physicochemical properties of these phytochemicals [32].

The antiviral activity of essential oils and plant extracts is lower in food matrices, in
comparison with in vitro tests. The lowest concentration of oils necessary to inhibit the
growth of microorganisms in the food may be over 1000 times higher than are needed in
the model conditions in in vitro studies [33].

To ensure that the range of activity of biologically active compounds in food is de-
termined with precision, it is necessary to employ an adequately designed experimental
analysis. A testing methodology of the antiviral activity of metabolites of plant origin must
satisfy a number of criteria: for example, the starting titer must be determined correctly,
according to the tested virus; the cytotoxicity of the plant product has no effect on the
cell growth and/or cell morphology; the plant-derived phytochemicals in question show
antiviral activity against the tested virus model [34].

Determining the antiviral effect of a biologically active preparation requires confir-
mation with appropriate tests. The use of the suspension method in the first stage of the
research allows us to determine whether the active plant metabolite, being a component or
one of the components of the tested preparation, exhibits antiviral activity [35]. In the next
step, the test viruses are exposed to the plant product at different concentrations, contact
times and temperatures, which allows the titer of the infectious virus to be determined. The
virus’s infectious titer is determined by assessing the presence or absence of a cytopathic
effect in the cell culture. The ability of the tested plant product to deactivate the test virus
is determined by decreasing its infectious titer when compared to the control mixture [36].

The virucidal activity of the tested preparation against a specific virus is confirmed
if the infectious virus has decreased by at least 4 logs in the titer compared to the control
mixture. This means a loss of viral infectivity of 99.99% [37].

The use of cell models in in vitro tests allows for the quick and precise determination
of the antiviral activity of various preparations [38]. All results of in vitro studies on the
action of plant-derived active metabolites (e.g., endpoint titration technique (EPTT), virus-
induced cytopathic effect inhibition (CPE), virus yield reduction assay, MTT assay, plaque
reduction assay, virus deactivation assay, virus adsorption assay, virus attachment, and
virus penetration assay [39]) must also be confirmed by in vivo testing [40–42], which, at
the next stage, is a necessary step in the application for registration with government food
and drug control agencies and in making the preparation available to food pharmaceutical
industries [43].

133



Molecules 2021, 26, 4669

The results of in vitro studies regarding the activity of plant-derived metabolites
require confirmation by reference tests, also conducted in vivo, to enable an application for
registration with the appropriate government food control agency before the preparation is
licensed for use in the food or pharmaceutical industries.

The factors significantly affecting the antimicrobial activity of plant preparations
include the activity of food enzymes, water activity, pH, temperature, and the number
of microbes contaminating a given food product [44,45]. Virions present in the food
matrix and in foodstuffs were found to be more resistant to the antiviral activity of plant
compounds than were virions present in water [46,47].

4. Mechanism of the Antiviral Action of Compounds of Plant Origin

In recent years, many laboratories around the world have engaged in research into
plant extracts and their respective biological activity. Plant-derived phytochemicals exhibit
various antiviral activities and employ different mechanisms of action (Figure 1) [46,48].
Individual compounds isolated from plants may show a different effect than the entire
extract. Considering the fact that the effectiveness of the antimicrobial action of plant
preparations is based on the mutual interaction of biologically active compounds, it is
especially important to understand the structure of such molecules. Bioinformatics methods
have proved to be extremely helpful in this field, making it possible to study the interactions
of various low-molecular compounds with viral or cellular proteins (the so-called molecular
docking). Nonetheless, wider use of plant compounds with antimicrobial activity primarily
depends on determining the molecular mechanism of their action [49].

Figure 1. Representation of different possible modes of action of plant extracts, essential oils, and
their constituents against noroviruses.

The biological and pharmacological activity of plant-derived secondary metabolites,
such as polyphenols, terpenes, and alkaloids, has long been known and used in medicine.
Plant antiviral phytochemicals can bind to particles on the surface of the virion, preventing
target cell recognition and virus adsorption via the proper receptor (Figure 1). The blockage
of receptors on the host cell surface is yet one more mechanism of action that is exhibited
by phytochemicals. This consists of blocking the penetration of the virus into the cell or
blocking the synthesis of viral nucleic acids. The activity of these compounds may also
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inhibit the synthesis and post-translational processing of viral proteins. It may also block
the processes relating to the assembly of daughter virions, or the release of viral daughter
particles from the host cell [50] (Figure 1).

The multiplication of viruses in the host cell is dependent on both cellular and viral
factors. Plant metabolites exhibiting antiviral qualities and, therefore, finding uses in
antiviral drugs specifically inhibit the multiplication of viruses without damaging the host
cells [48]. Their most frequent target sites of action are the molecules found on the virion’s
surface that are responsible for the recognition, adsorption, and penetration of the virus
into the cell. Nucleic acids (DNA or RNA), proteins, viral RNA replicases, and reverse
transcriptase have also been recognized as attractive target sites for the action of these
phytochemicals [50].

Considering the potential use of essential oils and other plant extracts to combat or
deactivate food-borne viruses, their antimicrobial mechanism should be analyzed first. The
available literature on this topic is still scarce, especially in the group of non-enveloped
viruses, which, due to their structure, constitute a difficult objective for laboratory research.
Plant antimicrobial metabolites may exhibit various mechanisms of antiviral activity, which
is confirmed by the results obtained by the authors of experimental studies [51,52].

In the studies conducted by Gilling et al. [53,54], the influence and mechanisms of
the antiviral activity of allspice oil, lemongrass oil, citrus oil (specifically, citral), oregano
oil and its main active metabolite, carvacrol, against murine norovirus (MNV) were an-
alyzed. As part of the research, tests were carried out on the infectivity of cell cultures,
protection against RNase I, binding to receptors within the host cells, and imaging in a
TEM microscope was performed [53,54]. Based on the results obtained, it was found that
the effectiveness of active phytochemicals varies greatly depending on the type of virus.
This is confirmed by previous observations, indicating that even small differences in the
structure or genome of the virus can significantly affect its susceptibility to various antiviral
agents [55,56]. In turn, the results obtained by Kovač et al. [57] indicated that the essential
oils obtained from hyssop and marjoram were active against enveloped HSV viruses but
did not deactivate the two non-enveloped viruses that were tested (HAdV-2 and MNV-1).

In non-enveloped viruses, the capsid protects the integrity of the viral nucleic acid.
Viral RNA may remain intact, while changes in the structure of the capsid may deactivate
the virus [58,59]. Modification of the virus capsid is one of the mechanisms that can lead
to the inhibition of the virus adsorption process, which is associated with its deactivation.
In the case of MNV, the results obtained by Gilling et al. [54] suggest that, as lemongrass
oil and citral bind to the viral capsid, they most likely deactivate the virus by inducing
conformational changes in the capsid proteins. The magnification of the viral particles, as
seen in the TEM images, indicates that oregano oil and carvacrol affect the complete loss of
the integrity of the capsid [53]. Various types of structural changes within the FCV capsid,
and deformations of NoV (HuNoV GII.4) and MNV-1 particles, were also found after the
application of cranberry juice and grape seed extract [55,60,61].

The blocking of the epitopes necessary for the adsorption process in viral ssRNA
allowed the observation of another instance of the mechanism of action of plant-derived
compounds. Thereby, the virus lost its affinity to the receptors on the surface of the host
cells and was unable to infect them. In this case, the tested plant metabolites did not
damage the viral RNA [54]. The exposure of FCV-F9 and MNV-1 to pomegranate juice also
reduced the infectivity of the viruses studied [60].

The phytochemicals in allspice oil have been found to be virucidal against the MNV
virus. They lead to the degradation of both the capsid proteins and viral RNA [54].

Our review of the literature points to the conclusion that various plant metabolites
can cause a direct virucidal effect against non-enveloped virus ssRNA by degrading the
capsid or viral nucleic acid. Plant-derived compounds can also bind to the surface of the
virus without destroying the proteins in the capsid and, thus, interfere with its adsorption
to host cells [54,62].
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5. Plant Preparations as Antiviral Agents against Noroviruses

The antiviral activity of plant metabolites is the subject of many scientific
studies [23,41,53–121]. The available literature includes reports of the use of various
plant extracts containing essential oils and other metabolites against viruses, including
noroviruses (Figure 2). The referenced publications are classified according to the various
compounds of plant origin used for testing and the active metabolites they contain (Table 1).
Particular attention is paid to the antiviral efficacy of the tested plant preparations and the
mechanisms of their action against noroviruses. Our review presents the most interesting
and promising examples of the potential use of compounds of plant origin as antiviral
phytochemicals in medicine and the food industry.

Figure 2. Antiviral activity of metabolites of plant origin against noroviruses.

Table 1. The composition of essential oils and their antiviral activity against noroviruses.

Essential Oil Plant Main Constituents Group of Chemical
Compounds Content (%) Viruses References

Oregano Origanum
vulgare

Carvacrol Monoterpene 0.3–80.8

MNV
FCV

[53,63–67]

Thymol Sesquiterpene lactone 0.96–63.7
P-cymene Related to monoterpene <0.1–16.94

Gamma-terpinene Monoterpene 0.8–21.0
Alpha-terpineol Monoterpene alcohol <0.09–12.0

Limonene Monoterpene 0.3–0.7

Marjoram Thymus
mastichina

Linalool Monoterpene alcohol 24.5–73.5

MNV-1 [57,63,68–70]

1,8-cineole Monoterpene deriv. 9.4–55.6
Beta-pinene Monoterpene 0.6–5.9

Alpha-pinene Monoterpene 0.9–4.3
Alpha-terpineol Monoterpene alcohol 0.9–3.0

Camphor Monoterpene deriv. 0.00001–3.0
Limonene Monoterpene 0.4–2.1
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Table 1. Cont.

Essential Oil Plant Main Constituents Group of Chemical
Compounds Content (%) Viruses References

Thyme Thymus
vulgaris

Thymol Sesquiterpene lactone 27.6–100

MNV-1 [57,63,71,72]

Trans-sabinene
hydrate Monoterpene hydrate 0.43–39.4

Menthol Monoterpene alcohol 1.3–39
Bornyl acetate Monoterpene 0.2–25.57

Limonene Monoterpene 0.4–24.2
Carvacrol Monoterpene 2.0–20.5

Gamma-terpinene Monoterpene 0.6–14.9

Zataria
multiflora

Zataria
multiflora

Boiss.

Thymol Sesquiterpene lactone 40.8

MNV
FCV

[63,67,73–77]

Carvacrol Monoterpene 27.8
P-cymene Related to monoterpene 8.4

Gamma-terpinene Monoterpene 4.0
Beta-caryophyllene Sesquiterpene 2.0

Linalol Monoterpene alcohol 1.7
Alpha-terpinolene Monoterpene 1.3

Clove

Syzygium
aromaticum

(Eugenia
caryophyl-

lus)

Eugenol Monoterpene deriv. 86.7
MNV
FCV

[63,67,78,79]
Beta-caryophyllene Sesquiterpene 3.2

Allo-
aromadendrene Sesquiterpene 1.3

Alpha-humulene Sesquiterpene 0.9

Hyssop Hyssopus
officinalis

Linalool Monoterpene alcohol 49.6

MNV-1 [57,63,80,81]

1,8-cineole Monoterpene deriv. 13.3
Limonene Monoterpene 5.4–12.2

Beta-pinene Monoterpene 3.0–11.1
Beta-caryophyllene Sesquiterpene 1.5–2.8
Isopinocamphone Bicyclic monoterpenoids 1.3–43.3

Zanthoxylum
schinifolium

Zanthoxylum
schini-
folium

Estragole Phenylpropene 42.0

MNV-1
FCV-F9

[63,82,83]
Oleic acid Monounsaturated

omega-9 fatty acid 20.97

Palmitic acid Saturated fatty acid 19.86

2,4-Decadienal Polyunsaturated
fatty aldehyde 4.87

2-Undecenal Aldehyde 3.81

Allspice Pimenta
dioica

Eugenol Monoterpene deriv. 45.4–83.68

MNV [54,63,84–86]

Beta-caryophyllene Sesquiterpene 2.3–8.9
P-cymene Related to monoterpene 1.77–1.78

Terpinolene Monocyclic monoterpene 1.23–2.35
Alpha-cadinol Pseudoguaianolide 1.0–5.9

Alpha-humulene Sesquiterpene 0.88–5.4

Lemongrass Cymbopogon
citratus

Geranial Monoterpene aldehyde 32.7–49.9

MNV-1 [54,63,87–89]

Neral Monoterpene aldehyde 26.5–38.2
Myrcene Monoterpene 1.7–25.3

Nerol Monoterpene 0.2–12.5
Geraniol Monoterpene deriv. 0.2–10.4

1,8-cineole Monoterpene deriv. 0.2–2.9

Tea tree

Artemisia
princeps

var.
orientalis

1,8-cineole Monoterpene deriv. 2.2–24.3

MNV-1
FCV-F9

[63,90–92]

Borneol Monoterpene alcohol 2.1–5.6
Camphor Monoterpene deriv. 1.4–38.7
α-terpineol Monoterpene alcohol 1.1–9.8
Beta-pinene Monoterpene 0.6–11.7

Alpha-pinene Monoterpene 0.5–9.7
Beta-caryophyllene Sesquiterpene 0.4–10.6

Isoborneol Monoterpene deriv. 0.1–20.9
Alpha-thujone Monoterpene 0.1–16.0
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5.1. Effect of Essential Oils on Noroviruses

Essential oils (EOs) are volatile, aromatic substances that belong to secondary plant
metabolites. The main components of essential oils are terpenes, including monoterpenes
and sesquiterpenes (Table 1). Each oil may contain between a dozen and several dozen
compounds of various concentrations and properties. The highly diverse chemical com-
positions of EOs support an extremely wide range of biological activity. The biological
activity of oils and their ingredients has been the subject of many in vitro studies and a
few in vivo tests. Table 1 lists the essential oils and their main ingredients used in research
against norovirus surrogates, i.e., feline calicivirus (FCV) and murine norovirus (MNV).

Oregano essential oil (Origanum vulgare) successfully deactivated non-enveloped
human norovirus surrogates—feline calicivirus (FCV) and murine norovirus (MNV) [53,67].
Gilling et al. [53] noted that the antiviral effect of 4% of oregano oil resulted in a statistically
significant reduction in MNV within 15 min of exposure. The authors observed changes
in virus particles under transmission electron microscopy (TEM) after 24 h of exposure to
oregano oil. The treated virus particles were larger (40–75 nm) than the untreated virus
particles (20–35 nm). Based on the results of a cell-binding assay, an RNase I protection
assay, and TEM imaging, the authors drew conclusions regarding the mechanism of action
of oregano essential oil on MNV and claimed that this oil is likely to disrupt the integrity
of the virus capsid. Elizaquivel et al. [67] found significant reductions in both MNV and
FCV at 4% of oregano essential oil. However, the reductions turned out to be temperature-
dependent. The antiviral activity of oregano essential oil was recorded only at 37 ◦C, while
no significant reduction was observed at 4 ◦C.

Gilling et al. [54] used allspice (Pimenta dioica) and lemongrass (Cymbopogon citra-
tus) essential oils at concentrations of 2% and 4% to determine their antiviral efficacy
against MNV. Lemongrass essential oil in both concentrations significantly reduced the
viral infectivity of MNV within 6 h of exposure, while allspice oil was effective only at a
concentration of 4% after 30 min of exposure. The authors also showed that the antiviral ac-
tivity of allspice essential oil was both time- and concentration-dependent, while the effects
of lemongrass essential oil were only time-dependent. The research of Gilling et al. [54]
included an RNase I protection experiment to assess if the MNV capsid was degraded
by lemongrass and allspice oils, and a cell-binding experiment to check if both tested oils
inhibited the ability of MNV to bind to the RAW 264.7 cells. The test results obtained were
suggestive of degradation of the viral capsid in the samples that were treated with the
lemongrass and allspice oils. Nonetheless, the specific binding of MNV particles to host
cells was unchanged after exposure to the tested essential oils, which means that they do
not affect viral adsorption. The authors also used TEM to determine whether there were
any structural changes to the virus particles after treatment with the oils. MNV particles
exposed to allspice oil turned out to be slightly larger (from 25 to 75 nm) compared to
untreated MNV (from 20 nm to 35 nm). Virus particles after treatment with lemongrass oil
were much longer and had a size of 100–500 nm.

The effect of clove and Zataria multiflora essential oils on FCV and MNV at 4 ◦C
and 37 ◦C was studied by Elizaquivel et al. [67]. The results obtained showed that the
concentrations of 1% clove oil and 0.1% Zataria oil were effective against MNV and FCV at
37 ◦C.

Chung et al. [92] tested the antiviral effect of an essential oil obtained from the edible
medicinal plant Artemisia princeps var. orientalis, which is popular in Korea. The active
compounds in this essential oil, alpha-thujone (thujone), borneol, and camphor, were used
in plaque tests against MNV-1 and FCV-F9, and 48% efficacy was observed for FCV-F9
and 64% for MNV-1 at 0.1% and 0.01% concentrations of essential oil. In addition, it was
found that only α-thujone showed strong antiviral activity, while in the case of borneol
and camphor, no inhibitory effect was observed against FCV-F9 and MNV-1. The authors
point out the need for further research to elucidate the antiviral mechanisms of the action
of the essential oil obtained from Artemisia princeps var. orientalis and alpha-thujone against
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FCV-F9 and MNV-1, as well as the influence of temperature on the inhibition of tested
noroviruses by the active phytochemicals used in the research [92].

Kovač et al. [57] investigated the ability of essential oils derived from two aromatic
plants—Hyssopus officinalis (hyssop) and Thymus mastichina (marjoram)—to deactivate
non-enveloped mouse norovirus (MNV-1). No significant reduction of MNV titer was
observed after treatments with hyssop and marjoram at a concentration of 0.02%.

The seeds and pericarp of Zanthoxylum schinifolium are widely used in Korea, China,
and Japan as a spice. The antiviral activity of Z. schinifolium essential oil (ZSE) against the
foodborne viral surrogates FCV-F9 and MNV-1 was analyzed, using the cytopathic effect
test [82]. In this study, RAW 264.7 or CRFK cells were exposed to ZSE at concentrations
of 0.00001%, 0.0001%, and 0.001% for 72 h. Inhibition of the cytopathic effect on CRFK or
RAW 264.7 cells was not detected after the incubation of FCV-F9 and MNV-1 at all tested
concentrations of ZSE. These results suggested that ZSE did not deactivate viruses.

Kim et al. [89] determined the effect of lemongrass essential oil on the infectivity
and replication of MNV-1. From the plaque reduction test results, this oil was found to
inhibit MNV-1, both in a time-dependent and dose-dependent manner (73.09%, using a
concentration of 0.02%). It has been proven that lemongrass oil, and its main component
citral, deactivate the viral coat proteins necessary for viral infection and inhibit replication
of the viral genome in the host cells, which was further confirmed in in vivo studies.

5.2. Effect of Plant Extracts on Noroviruses

Plant extracts, which contain innumerable ingredients, are valuable sources of new
and biologically active molecules with antimicrobial properties. Reports concerning the
antiviral activity of plant extracts are rather limited.

Li et al. [61] tested grape seed extract (GSE) on noroviruses—murine norovirus MNV
and human norovirus NoV GII.4. MNV infectivity was detected by plaque assay, while NoV
GII.4 infectivity was examined by cell-binding reverse transcription-PCR, after treatment
of GSE with two solutions: 0.2 mg/mL and 2 mg/mL. The infectivity of MNV was reduced
to >3-log PFU/mL. The ability of NoV GII.4 to bind to the cells of the human enterocytic
Caco-2 cell line was significantly reduced by treating GSE in a dose-dependent manner.
The authors also checked the effect of GSE on NoV GII.4 P particles using a saliva-binding
enzyme-linked immunosorbent assay. The P domain formed the outermost surface on
the NoV protein capsid, and this was needed for viral binding to carbohydrate receptors
on the host cells. The binding signal (OD450) of NoVs GII.4 P particles to the salivary
carbohydrate coat on the ELISA plate was reduced. Based on the results obtained in the
plaque assay for MNV-1, cell-binding RT-PCR for human NoV GII.4, and saliva-binding
ELISA for human NoV GII.4 P particles, the authors concluded that GSE may cause the
denaturation of viral capsid protein. Therefore, the morphology of NoV GII.4 before and
after GSE treatment was examined by TEM. Human NoVs in the untreated control sample
appeared as small spherical particles of two sizes: 18–20 nm and 30–38 nm. After treatment
with GSE at 0.2 mg/mL, the viral particles clumped together. The deformation of most of
the larger particles was also observed. At a dose of GSE of 2 mg/mL, the spherical particles
disappeared, and a high concentration of residual protein was observed. These results
provided direct evidence that GSE could effectively damage the NoV capsid protein.

The antiviral properties of GSE were described by Su and D’Souza [93]. They assessed
GSE activity against the human norovirus surrogates, MNV-1 and FCV-F9, using lettuce
and jalapeno peppers, which are frequently associated with foodborne outbreaks. Lettuce
and jalapeno peppers were inoculated with MNV-1 and FCV-F9 at high (~7 log10 PFU/mL)
or low (~5 log10 PFU/mL) titers, and were treated with 0.25, 0.5, 1 mg/mL GSE for 30 s to
5 min. At the higher titers, FCV-F9 was reduced by 2.33, 2.58, and 2.71 log10 PFU on lettuce,
and 2.20, 2.74, and 3.05 log10 PFU on peppers after 1 min, respectively. Low FCV-F9 titers
could not be detected after 1 min at all three GSE concentrations. The low MNV-1 titer was
reduced by 0.2–0.3 log10 PFU on lettuce and 0.8 log10 PFU on paprika. High-titer MNV-1
was not reduced by GSE at all three tested concentrations.
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The aim of the study by Joshi et al. [94] was to determine the antiviral activity of GSE
against FCV-F9 and MNV-1 at both room temperature and 37 ◦C, and in complex food
matrices within 24 h. Based on the results obtained, it was found that the antiviral effect
of the tested extract increased proportionally to the time and dose. On the other hand,
conducting tests in model food (apple juice and 2% milk) and simulated gastric conditions
weakened the effect of GSE.

Oh et al. [95] determined the effect of mulberry seed extract (MSE) on FCV-F9 and
MNV-1, using plaque assays. The antiviral effects of MSE at concentrations of 0.01, 0.1, and
1 mg/mL were assessed at various times during viral infection to assess the mechanism
of antiviral action: cell pre-treatment, viral pre-treatment, concurrent treatment, and post-
treatment. The maximum antiviral effect of MSE against MNV-1 and FCV-F9 was achieved
when MSE at 1 mg/mL was added, along with viruses simultaneously added to RAW
264.7 and CRFK cells with viruses. The results obtained suggest that MAS may affect both
noroviruses in the initial phase of viral replication.

The ability of persimmon, wattle, coffee, and green tea extracts to deactivate FCV
and MNV was tested [96]. The results showed that the persimmon extract deactivated
both viruses, inhibiting their infectivity. Both wattle and green tea extracts reduced the
infectivity of FCV. Coffee extract had no suppressive effect on any virus.

Other studies have shown that green tea extract (GTE) inhibits the replication of
MNV and FCV [21,52,97]. Additionally, it has been observed that GTE and catechins
can deactivate these viruses by non-specific binding to their receptors, thus preventing
the virus from binding to host cells [97]. MNVs were completely deactivated by GTE at
37 ◦C [46]. Based on subsequent research results, it was also found that the accumulation
of catechin derivatives during the storage of the mature green tea extract (aged-GTE) (24 h
at 25 ◦C) resulted in a significant increase in the antiviral activity of GTE against human
GII.4 norovirus under laboratory conditions [98,99]. The results obtained by Falco et al. [99]
indicate a potential use of the synergistic antiviral effect of aged-GTE, and gentle heat
treatment (50 ◦C, 30 min) to ensure food safety, mainly in fruit juices.

Randazzo et al. [100] observed a complete inhibition of human norovirus GII.4 repli-
cation by aged-GTE at concentrations of 1 mg/mL at 37 ◦C, 1.75 mg/mL for 21 ◦C, and
2.5 mg/mL at 7 ◦C.

Oh et al. [101] investigated the antiviral activity of methanol extracts from medicinal
plants, including spices, herbal teas, and medicinal herbs, against FCV by using a plaque
reduction test. Spices: garlic, ginger, red pepper; herbal teas: rosemary, green tea; and
medicinal herbs: rhizome of Cnidium, safflower, raisin tree, trifoliate orange, danggwi
and mandarin peel were used in testing. The antiviral activity of the plant extracts was
measured in a plaque reduction assay in which activity was expressed as an EC50 value.
Among the investigated medicinal extracts, green tea extract showed the most effective
anti-FCV activity. The EC50 value was 0.13 mg/mL. Danggwi, safflower, rosemary, orange
trifoliate, and tangerine peel extracts also showed antiviral activity. The EC50 values were
0.26, 0.27, 0.34, 0.49, and 0.54 mg/mL, respectively.

Other authors used aqueous extracts obtained from cloves, fenugreek, garlic, onion,
ginger, and jalapeno, which were also tested for antiviral activity, using FCV as a substitute
for human norovirus. Based on the test results, it was found that the use of clove extracts
(eugenol—29.5%) and ginger (1,2-propanediol—10.7%) deactivated 6.0 and 2.7 logs of the
initial viral titers, respectively [102].

Seo and Choi [103] determined the activity of 29 edible Korean herbal extracts against
the human norovirus surrogates, MNV and FCV. Preliminary results indicate that extracts
obtained from Camellia sinensis, Ficus carica, Pleuropterus multiflorus, Alnus japonica, Inonotus
obliquus, Crataegus pinnatifida, and Coriandrum sativum showed inhibitory activity against
MNV and FCV, which allows their use as natural antiviral agents.

Park et al. [104] determined the antiviral activity of 5%, 10%, and 15% vinegar (6%
acetic acid) against MNV-1 in edible, experimentally contaminated fresh seaweed (En-
teromorpha intestinalis). After a 7-day storage period at 4 ◦C, a significant decrease in the
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MNV-1 titer was observed. In other studies, capsaicin was also found to contribute to the
reduction of MNV during kimchi fermentation at various temperatures [105].

Polysaccharide-rich aqueous (HWE) and alcoholic (HEE) extract of Houttuynia cordata,
with pharmacological properties, were used by Cheng et al. [106]. Additionally, the H.
cordata polysaccharide (HP) with a molecular weight of ~43 kDa, which consisted mainly of
galacturonic acid, galactose, glucose, and xylose, was also used to determine the antiviral
potential against MNV-1. HWE was shown to be the most effective in the plaque test.
HP deformed and inflated virus particles. These changes made it difficult for viruses to
penetrate target cells, which confirmed the antiviral properties of HP [106].

The aim of the study by Joshi et al. [107] was to determine the antiviral activity of
aqueous Hibiscus sabdariffa extracts against FCV-F9 and MNV-1. FCV-F9 titers were reduced
to undetectable levels after 15 min at concentrations of 40 and 100 mg/mL of hibiscus
extract; in the case of MNV-1, a similar effect was obtained only after 24 h.

Solis-Sanchez et al. [23] examined the antiviral effect of Lindera obtusiloba leaf extract
(LOLE) with a significant content of pinene (49.7%), phellandrene (26.2%), and limonene
(17%). These compounds significantly inhibited the infectivity of MNV-1. Preincubation
of viruses with LOLE at concentrations of 4, 8, or 12 mg/mL for 1 h at 25 ◦C reduced
the infectivity of MNV-1 by 51.8%, 64.1%, and 71.2%, respectively. The results of studies
concerning the antiviral activity of LOLE, as obtained by the authors, did not make it
possible to establish the mechanisms of action of these phytochemicals on the viruses
studied. Further experiments are needed to clarify these issues.

5.3. Effect of Bioactive Plant Compounds on Noroviruses

The antiviral activity of essential oils and plant extracts may be related to the presence
of bioactive compounds.

Thyme and oregano contain significant amounts of monoterpenes, such as thymol
and carvacrol. Gilling et al. [53] determined the antiviral efficacy of carvacrol, which is the
main active ingredient in oregano essential oil. Depending on the geographic origin, its
content can be as high as 85%. Carvacrol was tested at concentrations of 0.25% and 0.5%.
Both concentrations resulted in a statistically significant reduction in MNV within 15 min,
in comparison with the control sample. The authors used an RNase I protection experiment
and a cell-binding experiment in the study to determine the likely mechanism of carvacrol’s
action on MNV. The reductions observed in cell culture infectivity for carvacrol increased
with greater durations of exposure to carvacrol (e.g., from 1.28-log10 after 15 min to >4.52-
log10 after 24 h of exposure to the 0.5% concentration), whereas the reductions observed in
the viral RNA were initially greater. These results suggest that carvacrol partially degraded
the capsid, but the virus may still be infectious. TEM images showed that all the carvacrol-
treated virus particles were greatly expanded in size (100 to 900 nm). Among them were
both intact particles and others completely broken into capsid components.

Carvacrol at various concentrations (0.25, 0.5, 1% for 2 h at 37 ◦C) was used in the
MNV and FCV deactivation test at titers of about 6–7 log TCID50/mL. Carvacrol, at a
concentration of 0.5%, completely deactivated both norovirus surrogates. In addition, it
was also found that 0.5 or 1% carvacrol can be used in lettuce-washing water to reduce
the MNV and FCV titer, which indicates the possibility of using this plant metabolite as a
natural viral contamination-reducing agent in fresh vegetables [108].

Thymol was also effective in reducing the titer of norovirus surrogates in a dose-
dependent manner. Thymol in concentrations of 0.5 and 1% reduced FCV titers to unde-
tectable levels, while in the case of MNV, thymol at concentrations of 1 and 2% reduced
them by 1.66 and 2.45 log TCID50/mL, respectively [109].

Antiviral activity against MNV-1 was also found using natural extracts of Aloe vera and
Eriobotryae folium. Aloin and emodin are the main active metabolites of both extracts [110].

The antiviral activity of citral, one of the main active ingredients of lemongrass oil, was
studied by Gilling et al. [54]. Both 2% and 4% citral concentrations significantly reduced the
infectivity of the MNV cell cultures over 6 and 24 h of exposure, compared to controls. The
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citral-treated MNV particles were greatly enlarged to an average size of 600 nm. However,
the citral-treated MNV particles appeared intact.

Catechins are an important active ingredient in green tea. The antiviral activity of four
catechins—epigallocatechin (EGC), epicatechin (EC), epigallocatechin gallate (EGCG), and
epicatechin gallate (EKG)—was determined by Oh et al. [101]. EGCG, which is the main
component of green tea, showed the most effective activity (EC50, 12 mg/mL) against FCV.

The effect of cranberry proanthocyanidins (PAC) at concentrations of 0.30, 0.60 and
1.20 mg/mL on MNV and FCV was determined [55]. At low viral titers (~5 log10 PFU/mL),
FCV was undetectable after 1 h of exposure to the three tested PAC solutions, while the
MNV decreased by 2.63, 2.75 and 2.95 log10 PFU/mL from 0.15, 0.30 and 0.60 mg/mL
PAC, respectively. Experiments with high viral titers (~7 log10 PFU/mL) showed similar
trends but with reduced effects. Su et al. [111] showed that the viral reduction within
the first 10 min of PAC treatment was ≥50% of the total reduction. Structural changes in
PAC-treated FCVs were observed under TEM.

Su et al. [112] investigated the effect of pomegranate polyphenols on the infectivity of
FCV and MNV. Viruses with high (~7 log10 PFU/mL) or low (~5 log10 PFU/mL) titers
were treated with pomegranate polyphenols at concentrations of 8, 16, and 32 mg/mL.
FCV was undetectable after 1 h of exposure to all pomegranate polyphenols tested, us-
ing both low and high titer. MNV with low initial titers decreased by 1.30, 2.11, and
3.61 log10 PFU/mL, and at high initial titers by 1.56, 1.48, and 1.54 log10 PFU/mL, respec-
tively, from treatment with 4.8 and 16 mg/mL of pomegranate polyphenols. Su et al. [60]
described the time-dependent effect of pomegranate polyphenols at two concentrations
(2 and 4 mg/mL) on the infectivity of FCV and MNV. The reduction of viral titer by
pomegranate polyphenols was found to be a rapid process, with a ≥50% reduction in
titer within the first 20 min of treatment. The FCV and MNV-1 titers were reduced by
4.02 and 0.68 log10 PFU/mL at 2 mg/mL pomegranate polyphenols. In the presence
of pomegranate polyphenols at a concentration of 4 mg/mL, the FCV and MNV titers
decreased by 5.09 and 1.14 log10 PFU/mL, respectively.

The antiviral activity of myricetin, L-epicatechin, tangeretin and naringenin, belonging
to the flavonoids, was established by Su et al. [113]. Flavonoids at concentrations of
0.25 and 0.5 mM were used in the research. Myricetin was found to be most effective
against FCV. Low-titer FCV (~5 log10 PFU/mL) decreased to undetectable levels after
treatment for 2 h with myricetin, at both 0.25- and 0.5-mM concentrations. The high titer
of FCV (~7 log10 PFU/mL) was reduced by 1.73 and 3.17 log10 PFU/mL with 0.25 and
0.5 mM myricetin, respectively. L-epicatechin was less effective; at 0.25 and 0.5 mM, it
reduced a high-FCV titer by 0.18 and 0.72 log10 PFU/mL and a low-FCV titer by 0.33
and 1.40 log10 PFU/mL, respectively. Tangeretin and naringenin, at both concentrations
tested, did not cause any significant deactivation of both high- and low-FCV titers. All
flavonoids tested at 0.25 mM showed no measurable deactivation of the low-MNV titer
after 2 h of incubation. Only myricetin and 0.5 mM L-epicatechin showed a negligible
reduction in low-titer MNV of 0.22 log10 PFU/mL and 0.27 log10 PFU/mL, respectively.
Tangeretin and naringenin at 0.5 mM showed no measurable effect on the low-MNV titer.
Su et al. [113] described the effect of myricetin, L-epicatechin, tangeretin, and naringenin
at concentrations of 0.25 mM on the virus adsorption and replication of FCV and MNV.
Only myricetin showed a slight measurable effect on FCV adsorption to host cells. No
measurable effect of all tested flavonoids on the adsorption of MNV into host cells was
observed. None of the flavonoids had any effect on virus replication.

The effect of tannin-containing compounds (glucose pentagalloyl (PGG), propyl gallate
(PRG), pyrogallol (PYG)) on FCV and MNV was investigated [96]. The antiviral test was
performed by measuring the infectivity of the virus after treatment with tannins by the
standard TCID50 method. The results obtained indicated that PGG, PRG, and PYG had a
weak damping effect on FCV and MNV.

Turmeric, as an active plant component, contains 1–5% phenolic components. The
antiviral properties of curcumin have been demonstrated in the example of noroviruses.
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Out of 18 phytochemicals used in the study, curcumin showed the most effective neutraliz-
ing activity against MNV. The action of curcumin depends on both its concentration and
the time of its incubation with pathogens. The increase in the concentration of curcumin
and the extension of the incubation time resulted in an increase in the amount of neutral-
ized MNV. The studies used curcumin concentrations at 0.25, 0.5, 0.75, 1 and 2 mg/mL.
The presence of curcumin at a concentration of 2 mg/mL neutralized approximately 91%
of the MNV particles. Moreover, it was found that curcumin did not inhibit viral RNA
replication [34].

Another study investigating the effects of curcumin on noroviruses was based on
photodynamic therapy. This method consists of the production of reactive oxygen species
with the participation of light-induced photosensitizers [114]. One of these was found to be
curcumin, the effect of which on FCV and MNV was assessed after initial photoactivation
with an LED diode. Although antiviral activity was found against both tested viruses, it
was slightly lower for MNV. These results indicate the possibility of using photoactivated
curcumin as a natural additive in the food industry, to reduce food contamination with
intestinal viruses [115].

Complete inhibition of virus multiplication was observed using the extract and its
fraction at concentrations of 0.1–1 mg/mL [116]. Enlarged viral capsids were observed
using TEM, which could interfere with the binding of the viral surface protein to host
cells. Additionally, two RCS-F1-derived polyphenolic compounds were identified that
inhibited replication of the tested viruses. Test results obtained by Lee et al. [116] indicate
the possibility of using black raspberry seed extract in food preservation processes.

Joshi et al. [117] assessed the antiviral effect of blueberry proanthocyanidins (B-PAC)
in food matrices (apple juice and 2% milk), under simulated gastrointestinal conditions,
against FCV-F9 and MNV-1. Milk, which was a much more complex food matrix compared
to apple juice, inhibited the antiviral activity of B-PAC.

The results obtained by Kim et al. [41] demonstrate the inhibitory effect of fucoidans
obtained from three species of brown algae (Laminaria japonica, LJ), Undaria pinnatifida (UP),
and Undaria pinnatifida sporophyll (UPS) against MNoV, FCV, and HuNoV. The use of
these compounds at a concentration of 1 mg/mL showed high antiviral activity, with a
mean log decrease in viral titer of 1.1 in the plaque assays. LJ showed the greatest antiviral
effectiveness (54–72% inhibition at 1 mg/mL). It was observed that pre-treatment with
fuconaids interfered with the attachment of the virus to the host cell receptors. It is worth
noting that, according to the authors, this is the first report in which, in in vivo studies
performed on mice administered with brown algae fucoidans, a 0.6 log reduction in the
MNoV titer was observed, with a corresponding improvement in the survival rates of the
mice in the study group compared to the animals from the control group [41].

5.4. The Effect of Juices on Noroviruses

The aim of the research conducted by Horm and D’Souza [118] was to determine the
survival of human MNV-1 and FCV-F9 norovirus surrogates in orange and pomegranate
juices, and a mixture of both juices, over 0.1.2, 7, 14, and 21 days in a refrigerator (4 ◦C).
Both juices were inoculated with each virus for 21 days, then serially diluted in a cell
culture medium, and plaques were tested. MNV-1 showed no titer reduction after 21 days
in orange juice. A moderate reduction in titer (1.4 log) was found in the pomegranate juice.
MNV-1 was completely reduced after 7 days in a mixture of orange and pomegranate juice.
FCV-F9 was completely reduced after 14 days in orange and pomegranate juice. FCV-F9
was completely reduced after 1 day in a mixture of orange and pomegranate juice.

Su et al. [112] investigated the effect of pomegranate juice (PJ) on MNV-1 and FCV-F9.
Viruses with high (~7 log10 PFU/mL) or low (~5 log10 PFU/mL) titers were mixed with
equal volumes of PJ and incubated for 1 h at room temperature. Post-treatment viral
infectivity was assessed using standard plaque tests. PJ lowered the FCV-F9 and MNV-1
titers by 2.56 and 1.32 log10 PFU/mL, respectively, for low titer, and 1.20 and 0.06 log10
PFU/mL for high titer, respectively. The same research group [60] determined the time-

143



Molecules 2021, 26, 4669

dependent effect of PJ on the infectivity of food-borne replacement viruses. Each virus at
~5 log10 PFU/mL was mixed with equal volumes of PJ and incubated for 0, 10, 20, 30, 45,
and 60 min at room temperature. Reduction of the viral load by PJ was found to be a rapid
process. Test viruses were reduced by ≥50% during the first 20 min of treatment. The titer
decreased by 3.12 and 0.79 log10 PFU/mL, respectively, for FCV-F9 and MNV-1.

The effect of cranberry juice (CJ) on MNV-1 and FCV-F9 was studied by Su et al. [55].
Both viruses with high (~7 log10 PFU/mL) and low (~5 log10 PFU/mL) titers were mixed
with equal volumes of CJ (pH 2.6) and incubated for 1 h at room temperature. The standard-
ized plaque assay was used to assess viral infectivity. CJ reduced FCV-F9 at low viral load
to undetectable levels in the suspension test, and MNV-1 decreased by 2.06 log10 PFU/mL.
Experiments with high viral titers showed similar effects. In another time-dependent study
by Su et al. [111], FCV-F9 at low viral titers was reduced by ~5 log10 PFU/mL, over 30 min
when treated with CJ (pH 2.6 and pH 7.0). MNV-1 titers similarly decreased for CJ at pH 2.6
or 7.0.

Rubus coreanus is a species of black raspberry, one that is rich in polyphenols and
with anti-inflammatory, antibacterial, and antiviral properties. Oh et al. [119] compared
the antiviral activity of R. coreanus juice (black raspberry juice, BRB) and cranberry, grape,
and orange juices using plaque tests. Out of all the juices tested, BRB juice was the most
effective in reducing plaque formation in MNV-1 and FCV-F9. The studies attempted to
determine the mechanism of action of BRB juice on viruses. The maximum antiviral effect
of BRB juice on MNV-1 was observed when it was added to the cells of murine macrophage
leukemic monocytes (RAW 264.7) simultaneously with the virus (co-treatment). Pre-
treatment of Crandell Reese Feline Kidney (CRFK) cells or FCV-F9 with BRB juice showed
significant antiviral activity. On the basis of the obtained results, it can be concluded that
inhibition of viral infection with BRB juice on MNV-1 and FCV-F9 probably occurs during
the internalization of virions into the cell or upon the attachment of the viral surface protein
to the cell receptor.

The aim of the research carried out by Joshi et al. [120] was to determine the antiviral
effect of blueberry juice (BJ) and proanthocyanidins (BB-PAC) against FCV-F9 and MNV-1
(37 ◦C, 24 h) by reducing plaque tests. The prophylactic and therapeutic potential of
commercially available juices and BB-PAC were tested in a dose- and time-dependent
manner. Based on the results obtained, it was found that both BB-PAC and BJ had an
influence on the processes of adsorption and replication of the intestinal viruses studied
in vitro (a reduction of MNV-1 titer to undetectable levels was observed after 3 h for 1,
2, and 5 mg/mL BBPAC, and after 6 h for BJ). Determining their antiviral activity in the
presence of food matrices under simulated gastric conditions is a prerequisite for the use of
these preparations in therapy [120].

The antiviral activity of Morus alba (mulberry juice, MA) on MNV-1 and FCV-F9 was
tested by cytopathic inhibition, platelet reduction, and RNA expression assays [121]. MA
juice was found to be effective in reducing the infectivity of both viruses during both initial
and concomitant treatment. Juice concentrations of 0.005% (equivalent to 100% natural
juice) for MNV-1 and 0.25% for FCV-F9 caused a 50% decrease in viral load. 0.1% MA juice
showed approximately 60% reduction in MNV-1 polymerase gene expression, confirming
suppression of viral replication. It can therefore be concluded that MA juice can inhibit
MNV-1 replication and the internalization of both tested viruses.

6. Practical Application of Metabolites of Plant Origin in the Food Industry

One of the most effective strategies being developed in modern methods of food
preservation is the application of active packaging containing essential oils. Biologically
active phytochemicals are an integral component of the packaging material [122]. The active
packaging interacts with the food, limits the growth of microorganisms, and deactivates
viruses. In this way, active packaging largely eliminates the risk to public health and
extends the shelf life of food products [123].
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In recent years, intensive work has been carried out on the use of edible films and coat-
ings with the addition of essential oils for food preservation. The advantage of this method
has been demonstrated in experimental studies of contaminated fruit, vegetable, cheese,
meat, and fish, where both naturally occurring microbial contaminants and artificially
introduced strains were included.

Fabra et al. [124] developed antiviral active edible membranes by adding lipids to
alginate membranes. The polymer matrix prepared in this way was enriched with two
natural extracts with a high phenolic compound content, green tea extract (GTE) and
grape seed extract (GSE). All of these are biologically active plant metabolites and, as
such, showed antiviral activity against mouse norovirus (MNV). Edible antiviral coatings
benefiting from the synergistic effect of carrageenan and GTE are also an innovative
strategy used to eliminate or reduce the viral contamination of berries without significantly
changing their physicochemical properties [125]. In addition, it was observed that GTE
solutions significantly increased their antiviral activity against MNV if left in different pH
conditions for 24 h. This may be related to the formation of catechin derivatives during
the storage of this preparation [52]. Additionally, it was observed that GTE solutions
significantly increased their antiviral activity against MNV if left in different pH conditions
for 24 h, which was associated with the formation of catechin derivatives during the storage
of this preparation [98].

It was also found that the addition of aging GTE to mildly heat-treated juices increased
the deactivation of MNV-1 by over 4 logs. The synergistic action of both antiviral agents
reduced the infectivity of MNV-1, which confirms the hypothesis that GTE can be used as
an additional control agent that improves food safety [99].

The antiviral effect of Lindera obtusiloba leaf extract (LOLE) on MNV-1, stemming from
the synergistic action of several compounds with pinene as the key molecule, was tested
on fresh lettuce, cabbage, and oysters. An hour-long incubation at 25 ◦C with LOLE at a
concentration of 12 mg/mL resulted in a significant reduction of the viral plaques (plaque
formation) of MNV-1 in lettuce (76.4%), cabbage (60.0%), and oysters (38.2%). The results
of these studies suggest that LOLE can deactivate norovirus and can be used as a natural
disinfectant and preservative in fresh food products [23].

Antiviral activity was also found by analyzing the effects of natural Aloe vera and
Eriobotryae folium extracts. Aloin and emodin, the main active phytochemicals in the
extracts of these plants, showed a preservative effect. This was confirmed, based on the
results of studies in which fresh cabbage was inoculated with MNV-1 on its surface [110].

Chitosan films supplemented with green tea extract (GTE) can also be applied as
active packaging materials. Chitosan is a non-toxic polysaccharide polymer that is used as
an ingredient in edible packaging films, where its antimicrobial activity is used to increase
the shelf life of food products. Natural plant metabolites with antimicrobial activity, e.g.,
essential oils and plant extracts, may be considered as possible components of edible films.
It is important that all the above phytochemicals have GRAS (Generally Recognized as
Safe) status. It was found that, after 24 h of incubation with the addition of 5 and 10% GTE,
there was a significant reduction in the MNV-1 titer by 1.6 and 4.5 logs, respectively. Films
containing 15% GTE reduced MNV-1 to undetectable levels [21].

The encapsulation of essential oils (capsules with a size of 1–1000 µm (microcapsules)
or 1–100 nm (nanocapsules) offers another opportunity to preserve food using essential
oils [122]. Polyethylene, carbohydrates (starch, cellulose, chitosan), proteins (casein, albu-
min, gelatin), fats (fatty acids, waxes, paraffin), and gums (alginates, carrageenan, acacia)
are the materials most often used in this technology. Essential oils enclosed in capsules
maintain greater stability, and this determines their optimal antimicrobial properties [126].
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7. Summary

Noroviruses are highly resistant to environmental factors, so they can be efficiently
transmitted through food, water, or surfaces contaminated with them, and pose a potential
threat to public health. Antiviral metabolites of plant origin have important advantages
over synthetic preservatives used as fresh food disinfectants because they are effective at
safe dosages, are generally available, and use the inability of microorganisms to become
resistant to plant-based viroids. As secondary metabolites of plants, essential oils, and plant
extracts are part of their defense system against pathogens. Therefore, they often exhibit
antimicrobial, including antiviral, activities. The activity spectrum of plant metabolites is
diverse. The effectiveness of plant preparations and the possibility of their use in fighting
intestinal viruses such as noroviruses is primarily dependents on the qualitative and
quantitative composition of biologically active phytochemicals, and their concentration
in food.
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Abstract: We aimed to analyze the chemical compositions in Arabica coffee bean extracts, assess the
relevant antioxidant and iron-chelating activities in coffee extracts and instant coffee, and evaluate
the toxicity in roasted coffee. Coffee beans were extracted using boiling, drip-filtered and espresso
brewing methods. Certain phenolics were investigated including trigonelline, caffeic acid and their
derivatives, gallic acid, epicatechin, chlorogenic acid (CGA) and their derivatives, p-coumaroylquinic
acid, p-coumaroyl glucoside, the rutin and syringic acid that exist in green and roasted coffee extracts,
along with dimethoxycinnamic acid, caffeoylarbutin and cymaroside that may be present in green
coffee bean extracts. Different phytochemicals were also detected in all of the coffee extracts. Roasted
coffee extracts and instant coffees exhibited free-radical scavenging properties in a dose-dependent
manner, for which drip coffee was observed to be the most effective (p < 0.05). All coffee extracts,
instant coffee varieties and CGA could effectively bind ferric ion in a concentration-dependent
manner resulting in an iron-bound complex. Roasted coffee extracts were neither toxic to normal
mononuclear cells nor breast cancer cells. The findings indicate that phenolics, particularly CGA,
could effectively contribute to the iron-chelating and free-radical scavenging properties observed
in coffee brews. Thus, coffee may possess high pharmacological value and could be utilized as a
health beverage.

Keywords: coffee; Coffea arabica; phenolic; free-radical scavenging; iron chelating; cytotoxic

1. Introduction

Coffea arabica (Arabica) and Coffea acanephora (Robusta) are known to be two of the
most popular beverages in the world; however, Arabica coffee is more often consumed
and more preferable in the global coffee market [1,2]. Coffee cherry husks, as well as
green and roasted coffee beans, have all been processed to produce popular coffee bev-
erages, of which roasted coffee beans are recognized as the most popular. Green coffee
extract is made of unroasted green coffee beans. It is available as a dietary supplement
and contains phenolic amides, as well as other phytochemicals [3,4]. In fact, the physical
aspects, the species of the coffee bean, and the roasting and brewing processes are all
important factors that influence the chemical composition of coffee beverages [5]. These
chemical compositions include caffeine (CF), chlorogenic acid (CGA), caffeic acid (CA)
and Maillard reaction products (e.g., melanoidins) [1,5]. Besides providing an alerting
effect, coffee consumption is also associated with a range of health complications such as

153



Molecules 2021, 26, 4169

insomnia, tremors, nausea, polyuria, diarrhea, polyphagia, hypertension and a decrease in
iron absorption. All of which have been attributed to the CF and melanoidins content in
coffee-based beverages [6–9]. Beneficially, coffee intake can reduce the risks associated with
type 2 diabetes mellitus, Parkinson’s disease, colorectal cancer, hepatic injury, cirrhosis
and hepatocellular carcinoma [10–15]. These benefits have been attributed to the actions of
nitrogenous compounds, acids, esters and CGA [5,16–18]. CF (1,3,7-trimethylxanthine) is
naturally found in coffee beans, cacao beans, kola nuts, guarana berries and tea leaves, of
which coffee and tea are the first and second most prominent sources. The performance
benefits of CF include the enhancement of mental alertness, increased levels of concen-
tration and physical endurance, a potential reduction in fatigue and body weight and a
lowering of the overall risks associated with certain metabolic syndromes [19,20]. CGA
has three subclasses including5-O-caffeoylquinic acid (CQA), feruloylquinic acid (FQA)
and dicaffeoylquinic acid (diCQA), of which CQA is the most common and strongest an-
tioxidant present in coffee in the form of neochlorogenic acid (3-CQA), cryptochlorogenic
acid (4-CQA) and chlorogenic acid (5-CQA) [21].

Instant coffee (regular and decaffeinated type) is a spray-dry form of coffee made from
coffee extracts combined with a number of other functional ingredients (e.g., vitamins A and
C, iron, inulin and oligofructose); nonetheless, the fortification of instant coffee products is
necessary to improve particle size distribution, reconstitution properties, wettability and
dispersibility times, as well as the overall level of satisfaction of its consumers [22]. In
the manufacturing process, decaffeinated coffee is usually prepared by a treatment with
waterand an organic solvent or carbon dioxide to remove intact CF from coffee beans
before they are roasted and ground.The resulting coffee beveragewill then contain 1–2% of
the original CF content of the regular coffee. Even after removing CF, the decaffeinated
type still contains phenolic compounds (such as CGA, CA and trigonelline) and other
phytochemicals. Thesecompounds and contents are similar to those found in the regular
type and are known to exertcertain biological activities of interest [23–27].

Depending on the country of origin and the differing preferences of cultures and
individual, coffee can be brewed by simple percolation or boiling methods, or with the use
of Italian and electric coffee makers, espresso machines and French presses [5]. However,
instant coffee is made by drying prepared coffee which produces a soluble powder that
can be dissolved in hot water by the consumer. Different coffee preparations result in
different tastes, aromas and chemical compositions [5,9,28–30]. It is likely that changes in
the phenolics and CGA contents in coffee brews can affect these biological activities [30,31].
In contrast, degradation of 5-CQA that occurs during the roasting process does not affect
antioxidant activity, whereas higher CF content has resulted in a greater degree of antioxi-
dant activity indicating that the antioxidant activity may not depend only upon the CGA
action [32].

Many liquid chromatographic techniques have been developed for identification
of the active ingredients in coffee samples. For instance, the high-performance liquid
chromatography-diode array detection (HPLC-DAD) method is often used for the simulta-
neous quantification of CF, trigonelline, nicotinic acid, N-methylpyridinium ion, 5-CQA,
and 5-hydroxymethyl furfural. The resulting values can then be compared to the specific re-
tention times (TR) and concentrations of the authentic standards [33]. HPLC coupled witha
mass spectrometer and a nuclear magnetic resonance spectrometer has been developed for
the efficient analysis of the phenolic compounds in coffee bean extracts [34]. Recently, a
fast highly-resolved sensitive ultra-high-performance liquid chromatography coupled with
electrospray ionization quadrupole time-of-flight mass spectrometry (UHPLC-ESI-Q-TOF-
MS), that involves a greater degree of informative structure elucidation and identification of
the fragmentation patterns of the compounds, has been developed to identify polyphenols,
alkaloids, diazines, and Maillard reaction products present in ground coffee samples [35].
Furthermore, a fast direct form of analysis using a real time ion source coupled with
high-resolution time-of-flight mass spectrometry (DART-TOF-MS) without any prior chro-
matographic separationhas been developed for the quantitative analysis of CF in coffee
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samples [36]. In most advanced research studies, this technique can be applied for phar-
maceutical, phytochemical and metabolomic analysis [37,38]. The present study aims to
analyze the chemical compositions, assess the free-radical scavenging and iron-chelating
activities and evaluate the toxicity of different coffee preparations.

2. Results
2.1. Information and Extraction Yield of Coffee Samples

Table 1 summarizes types and preparations of coffee samples used in this study,
in which details and preparation protocols have been explained in the Materials and
Methods section.

Table 1. Description of all coffee samples used in the experiments.

Coffee Samples Source Preparation Condition/Instrument

Roasted Arabica coffee beans Royal Project Foundation,
Thailand

Extraction Boiled water
Extraction Automatic drip coffee machine
Extraction Portable espresso coffee machine

Green Arabica coffee beans Royal Project Foundation,
Thailand

Extraction Boiled water
Extraction Automatic drip coffee machine
Extraction Portable espresso coffee machine

Regular instant coffee Tesco Supermarket, Thailand Brewing nd

Decaffeinated instant coffee Tesco Supermarket, Thailand Brewing nd

nd = not determined.

Yields for the extracts of ground roasted coffee beans prepared from boiling and with
the use of automatic coffee makers (drip and espresso methods) were found to be 17.76,
16.04 and 9.51% (w/w), respectively. The coffee extracts were further analyzed in terms of
their chemical composition using the more sensitive HPLC-ESI-MS, UHPLC-ESI-Q-TOF-
MS, while CA, CF and CGA concentrations were determined using HPLC/DAD. The
antioxidant and iron-binding activities of the coffee products were determined and the
degree of toxicity in cells and animals was evaluated.

2.2. HPLC-ESI-MS Identification of Phenolic Compounds in Coffee Bean Extracts

The phenolic constituents present in green and roasted coffee bean extracts were
then analyzed using high-resolution HPLC-ESI-MS. Table 1 presents the chemical char-
acterization of all identified phenolic compounds by peak elution order: TR, UV ab-
sorption maxima at 270 nm from adiode array detector (DAD), exact molecular mass,
molecular formula, quasimolecular ions ([M-H]+, [M-NH4]+, [M-Na]+ and [M-K]+) with
relative abundance and tentative names. As is shown in Figure 1A–F and Table 2 all
analyzed roasted and green coffee extracts displayed nearly the same qualitative pro-
files of the bioactive substances found in the HPLC/DAD profiles at 270 nm during
the course of monitoring the phenolic compounds. Their peaks were identified on the
basis of UV spectra and elution/retention sequences that had been reported in previ-
ously published literature. These values were then confirmed by their mass spectro-
metric behavior. At least 17 phenolic compounds were detected in all roasted coffee
extracts including trigonelline (peak 2), caffeic acid (peak 3), gallic acid (peak 4), epi-
catechin (peak 5), dicaffeoylquinic acid or dichlorogenic acid (peak 6), caffeoylquinic
acid or chlorogenic acid (peak 7), caffeoyl-O-hexoside (peak 8), p-coumaroylquinic acid
(peak 9), p-coumaroylglucoside (peak 10), rutin (peak 11), caffeoylquinic acid or chloro-
genic acid derivative (peak 12), syringic acid (peak 13), caffeoylquinoyl-O-glucoside or
chlorogenoyl-O-glucoside (peak 14), p-caffeoylquinoyldiglucoside I or chlorogenoyldiglu-
coside I (peak 15), p-caffeoylquinoyldiglucoside II or chlorogenoyldiglucoside II (peak 16),
dicaffeoylquinoyl-O-glucoside or dichlorogenoyl-O-glucoside(peak 17) and an unidenti-
fied compound (peak 1) (Figure 1A–C and Table 1). In comparison, boiled and drip green
coffee extracts contained the same 17 phenolic compounds and two additional phenolic
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compounds, namely dimethoxycinnamic acid (peak 10a) and caffeoylarbutin (peak 11a)
(Figure 1D,E and Table 1), while espresso green coffee extract contained the same 17 pheno-
lic compounds and three additional phenolic compounds, namely dimethoxycinnamic acid
(peak 10a), caffeoylarbutin (peak 11a) and cynaroside (peak 13a) (Figure 1F and Table 1).
Hence, there were no differences in the chromatographic profiles of the phenolic com-
pounds analyzed in roasted and green coffee extracts that were prepared using the boiling,
drip and espresso methods, with the exceptionof the aforementioned compounds.

Figure 1. Chromatograms of the phenolic compounds in roasted and green coffee extracts. Roasted and green coffee were
extracted with hot water using the boiling, drip and espresso methods. Phenolic compounds in the coffee extracts were
identified using HPLC-ESI-MS, as has been described in Section 4.3.
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Table 2. Identification of phenolic compounds in roasted and green coffee extracts. Roasted and green coffee were
extracted using the boiling, drip and espresso methods. Phenolic compounds in the coffee extracts were identified using
HPLC-ESI-MS, as has been described in Section 4.3.

(A) Roasted Coffee Extract (Boiling)

Peak OD
270 nm TIC MS Exact

Mass Chemical Observed Mass (m/z) Error Identification

No TR (min) TR (min) (g/mol) Formula [M-H]+ [M-NH4]+ [M-Na]+ [M-K]+ (%)

1 1.52 1.77 218.1 NA 219.1 231.1 - 262.2 0.46 Unknown
2 1.91 1.95 137.1 C7H7NO2 138.1 154.1 - 176.1 0.73 Trigonelline
3 2.65 2.69 180.2 C9H8O4 182.2 194.2 203.2 220.1 1.13 CA
4 ND 3.07 170.1 C7H6O5 171.1 183.1 193.1 202.2 0.58 GA
5 10.28 10.09 290.3 C15H14O6 291.1 303.0 314.1 325.1 0.28 Epicatechin
6 10.90 10.94 516.4 C25H24O12 517.1 527.0 538.0 554.1 0.14 DiCGA
7 11.56 11.60 354.3 C16H18O9 355.0 367.2 377.0 394.1 0.20 CGA

8 11.78 11.83 342.3 C15H18O9 343.0 355.1 365.0 381.1 0.20 Caffeoyl-O-
hexoside

9 12.49 12.54 338.3 C16H18O8 339.1 - 361.1 377.1 0.23
p-
Coumaroylquinic
acid

10 13.71 13.45 327.3 C15H18O8 328.2 341.1 351.2 - 0.27 p-Coumaroyl
glycoside

11 15.22 15.25 610.5 C27H30O16 611.1 - 633.0 649.0 0.10 Rutin

12 16.01 16.23 452.0 C22H28O10 453.3 466.0 476.2 491.2 0.29 Unknown CGA
derivative

13 ND 19.10 198.2 C9H10O5 198.1 214 227.2 235.2 −0.05 Syringic acid

14 ND 21.23 516.1 C22H28O14 517.0 529.0 - 547.0 0.17 CGA-O-
glucoside

15 ND 25.90 678.1 C28H39O21 679.4 - - - 0.19 CGAdiglucoside
I

16 ND 36.79 682.0 C30H34O17 680.4 - - - −0.23 CGA
diglucoside II

17 ND 46.33 682.0 C30H34O17 680.4 - - - −0.23 DiCGAO-
glucoside

(B) Roasted Coffee Extract (Drip)

Peak OD 270
nm TIC MS Exact

Mass Chemical Observed Mass (m/z) Error Identification

No TR (min) TR (min) (g/mol) Formula [M-H]+ [M-NH4]+ [M-Na]+ [M-K]+ (%)

1 1.50 1.77 218.1 NA 219.1 231.1 - 262.2 0.46 Unknown
2 1.91 1.95 137.1 C7H7NO2 138.1 154.1 - 176.1 0.73 Trigonelline
3 2.65 2.70 180.2 C9H8O4 182.2 194.2 206.1 219.1 1.13 CA
6 10.90 10.93 516.4 C25H24O12 517.1 527.2 538.1 555.0 0.14 DiCGA
7 11.56 11.60 354.3 C16H18O9 355.1 367.2 377.1 394.1 0.23 CGA

8 11.78 11.83 342.3 C15H18O9 344.1 355.1 365.0 381.1 0.53 Caffeoyl-O-
hexoside

9 12.59 12.54 338.3 C16H18O8 339.1 344.2 365.1 377.1 0.23
p-
Coumaroylquinic
acid

10 13.71 13.45 327.3 C15H18O8 328.2 342.1 355.1 - 0.27 p-Coumaroyl
glycoside

11 15.22 15.25 610.5 C27H30O16 611.0 - 633.0 649.0 0.08 Rutin

12 16.02 16.21 452.0 C22H28O10 453.3 465.0 476.1 491.2 0.29 Unknown CGA
derivative

13 ND 19.12 198.2 C9H10O5 198.1 214.1 227.2 235.1 −0.05 Syringic acid

14 ND 21.23 516.1 C22H28O14 517.0 529.1 - 545.0 0.17 CGA-O-
glucoside

15 ND 25.67 678.1 C28H39O21 679.4 - - - 0.19 CGA
diglucoside I

16 ND 36.83 682.0 C30H34O17 680.4 - - - −0.23 CGA
diglucoside II

17 ND 46.33 682.0 C30H34O17 680.4 - - - −0.23 DiCGA-O-
glucoside
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Table 2. Cont.

(C) Roasted Coffee Extract (Espresso)

Peak OD 270
nm TIC MS Exact

Mass Chemical Observed Mass (m/z) Error Identification

No TR (min) TR (min) (g/mol) Formula [M-H]+ [M-NH4]+ [M-Na]+ [M-K]+ (%)

1 1.77 1.77 218.1 NA 219.1 - - 262.1 0.46 Unknown
2 1.84 1.95 137.1 C7H7NO2 138.1 154.1 - 176.1 0.73 Trigonelline
3 2.70 2.70 180.2 C9H8O4 182.1 194.1 206.2 219.1 1.08 CA
6 10.91 10.95 516.4 C25H24O12 517.1 - - - 0.14 DiCGA
7 11.58 11.62 354.3 C16H18O9 355.0 367.2 377.0 394.1 0.20 CGA

8 11.88 11.85 354.3 C16H18O9 355.1 367.1 377.1 393.0 0.23 Caffeoyl-O-
hexoside

9 12.60 12.33 442.4 C22H18O10 445.1 457.1 - 487.0 0.61 Epicatechin
3-gallate

10 13.08 13.22 313.1 C15H18O8 314.1 327.1 337.0 347.1 0.32 p-Coumaroyl
glycoside

11 15.26 15.30 610.5 C27H30O16 611.0 - 633.0 649.0 0.08 Rutin

12 16.06 16.25 452.0 C22H28O10 453.3 465.0 475.2 491.1 0.29 Unknown CGA
derivative

13 ND 19.13 198.2 C9H10O5 198.1 214.1 227.2 235.1 −0.05 Syringic acid

14 ND 21.23 516.1 C22H28O14 517.0 529.1 - 545.0 0.17 CGA-O-
glycoside

15 ND 25.76 678.1 C28H39O21 679.4 - - - 0.19 CGA
diglucoside I

16 ND 36.83 682.0 C30H34O17 680.4 - - - −0.23 CGA
diglucoside II

17 ND 46.33 682.0 C30H34O17 680.4 - - - −0.23 DiCGA-O-
glucoside

(D) Green Coffee Extract (Boiling)

Peak OD 270
nm TIC MS Exact

Mass Chemical Observed Mass (m/z) Error Identification

No TR (min) TR (min) (g/mol) Formula [M-H]+ [M-NH4]+ [M-Na]+ [M-K]+ (%)

1 1.50 1.77 218.1 NA 219.1 - - 262.1 0.46 Unknown
2 1.91 1.95 137.1 C7H7NO2 138.1 154.1 - 176.1 0.73 Trigonelline
3 2.66 2.70 180.2 C9H8O4 182.1 194.1 206.2 219.1 1.08 CA
6 10.91 10.95 392.0 C25H24O12 393.0 405.1 401.1 431.0 0.26 DiCGA
7 11.22 11.61 354.3 C16H18O9 355.0 367.2 377.0 394.1 0.20 CGA

8 11.67 11.84 342.3 C15H18O9 343.0 355.1 365.0 381.1 0.20 Caffeoyl-O-
hexoside

9 12.09 12.32 442.4 C22H18O10 445.1 457.1 - 487.0 0.61 Epicatechin
3-gallate

10 13.08 13.22 313.1 C15H18O8 314.1 328.3 337.0 347.1 0.32 p-Coumaroyl
glycoside

10a 13.46 13.47 208.2 C11H12O4 207.1 - - - −0.53 Dimethoxycinnamic
acid

11 15.26 ND 610.5 C27H30O16 611.1 - 633.0 649.0 0.10 Rutin
11a 15.64 ND 434.4 C21H22O10 433.0 - - - −0.32 Caffeoylarbutin

12 16.07 16.25 452.0 C22H28O10 453.3 466.0 476.2 491.2 0.29 Unknown CGA
derivative

13 ND 19.14 198.2 C9H10O5 198.1 214 227.2 235.2 −0.05 Syringic acid

14 ND 21.29 516.1 C22H28O14 517.0 529.1 - 545.0 0.17 CGA-O-
glucoside

15 ND 25.75 678.1 C28H39O21 679.4 - - - 0.19 CGA
diglucoside I

16 ND 36.86 682.0 C30H34O17 680.4 - - - −0.23 CGA
diglucoside II

17 ND 46.41 682.0 C30H34O17 680.4 - - - −0.23 DiCGA-O-
glucoside
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Table 2. Cont.

(E) Green Coffee Extract (Drip)

Peak OD 270
nm TIC MS Exact

Mass Chemical Observed Mass (m/z) Error Identification

No TR (min) TR (min) (g/mol) Formula [M-H]+ [M-NH4]+ [M-Na]+ [M-K]+ (%)

1 1.05 1.77 218.1 - 219.1 231.1 - 262.2 0.46 Unknown
2 1.91 1.95 137.1 C7H7NO2 138.1 154.1 - 176.1 0.73 Trigonelline
3 2.65 2.70 180.2 C9H8O4 182.2 194.2 203.2 220.1 1.13 CA
6 10.92 10.92 516.4 C25H24O12 517.1 527.0 538.0 554.1 0.14 DiCGA
7 11.57 11.61 354.3 C16H18O9 355.0 367.2 377.0 394.1 0.20 CGA

8 11.79 11.84 342.3 C15H18O9 343.0 355.1 365.0 381.1 0.20 Caffeoyl-O-
hexoside

9 ND 12.32 338.3 C16H18O8 339.1 - 361.1 377.1 0.23
p-
Coumaroylquinic
acid

10 13.01 ND 313.1 C15H18O8 314.1 328.3 337.0 347.1 0.32 p-
Coumaroylglycoside

10a 13.42 13.46 208.2 C11H12O4 207.1 - - - −0.53 Dimethoxycinnamic
acid

11 15.14 ND 610.5 C27H30O16 611.1 - 633.0 649.0 0.10 Rutin
11a 15.63 15.67 434.4 C21H22O10 433.0 - - - −0.32 Caffeoylarbutin

12 16.05 16.23 452.0 C22H28O10 453.3 466.0 476.2 491.2 0.29 Unknown CGA
derivative

13 ND 19.11 198.2 C9H10O5 198.1 214 227.2 235.2 −0.05 Syringic acid

14 ND 21.29 516.1 C22H28O14 517.0 529.1 - 545.0 0.17 CGA-O-
glucoside

15 ND 25.79 678.1 C28H39O21 679.4 - - - 0.19 CGA
diglucoside I

16 ND 36.64 682.0 C30H34O17 680.4 - - - −0.23 CGA
diglucoside II

17 ND 46.40 682.0 C30H34O17 680.4 - - - −0.23 DiCGA-O-
glucoside

(F) Green Coffee Extract (Espresso)

Peak OD 270
nm TIC MS Exact

Mass Chemical Observed Mass (m/z) Error Identification

No TR (min) TR (min) (g/mol) formula [M-H]+ [M-NH4]+ [M-Na]+ [M-K]+ (%)

1 1.50 1.77 218.1 NA 219.1 231.1 - 262.2 0.46 Unknown
2 ND 1.95 137.1 C7H7NO2 138.1 154.1 - 176.1 0.73 Trigonelline
3 2.65 2.69 180.2 C9H8O4 182.2 194.2 203.2 220.1 1.13 CA
6 10.90 10.94 516.4 C25H24O12 517.1 527.0 538.0 554.1 0.14 DiCGA
7 11.56 11.61 354.3 C16H18O9 355.0 367.2 377.0 394.1 0.20 CGA

8 11.79 11.84 342.3 C15H18O9 343.0 355.1 365.0 381.1 0.20 Caffeoyl-O-
hexoside

9 12.59 12.32 338.3 C16H18O8 339.1 - 361.1 377.1 0.23
p-
Coumaroylquinic
acid

10 ND 13.21 313.1 C15H18O8 314.1 328.3 337.0 347.1 0.32 p-Coumaroyl
glycoside

10a ND 13.46 208.2 C11H12O4 207.1 - - - −0.53 Dimethoxycinnamic
acid

11 15.24 ND 610.5 C27H30O16 611.1 - 633.0 649.0 0.10 Rutin
11a ND 15.59 302.2 C15H10O7 301.1 - - - −0.38 Quercetin

12 16.04 16.23 452.0 C22H28O10 453.3 466.0 476.2 491.2 0.29 Unknown CGA
derivative

13 ND 19.11 198.2 C9H10O5 198.1 214 227.2 235.2 −0.05 Syringic acid

13a 20.05 20.12 448.4 C21H20O11 449.0 - 471.1 487.0 0.13
Cynarosideor
Luteolin-7-O-
glucoside

14 ND 21.26 516.1 C22H28O14 517.0 529.1 - 545.0 0.17 CGA-O-
glucoside

15 ND 25.67 678.1 C28H39O21 679.4 - - - 0.19 CGA
diglucoside I

16 ND 36.64 682.0 C30H34O17 680.4 - - - −0.23 CGA
diglucoside II

17 ND 46.39 682.0 C30H34O17 680.4 - - - −0.23 DiCGA-O-
glucoside

Abbreviations: CA = caffeic acid, CGA = chlorogenic acid, DiCGA = dichlorogenic acid, GA = gallic acid, m/z = mass to charge ratio,
MS = mass spectrometry, NA = not available, ND = not detectable, TIC = total ion count, TR = retention time.
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2.3. UHPLC-ESI-Q-TOF-MS Identification of Phytochemical Compounds

According to the UHPLC-Q-TOF-MS analysis, many phytochemical compounds includ-
ing 4-fluoro-L-threonine (peak 1), 3-nitroperylene (peak 2), cycloeudesmanesesquiterpenoids
(peak 3), 3,4,5-tricaffeoylquinic acids (peak 4), 6-gingesulfonic acid (peak 5), phytosphingosine
(peak 6), sativanine B (peak 8), sterebin E (peak 11), anofinic acid (peak 12), samandenone (alka-
loids) (peak 13), sorbitan oleate (peak 14), 2-palmitoylglycerol (peak 15), citranaxanthin (peak 16),
2-stearoyl glycerol (peak 17), dodecanic acid and 12-methoxy-1-[(phosphonooxxy)methyl]1,2-
ethanediyl ester (peaks 18, 19) were detected in extracts of boiled, drip and espresso roasted
coffee beans and the extracts of boiled, drip and espresso green coffee beans (Figure 2 and
Table 3). In addition, citronellyl butyrate, 2-[2-(4-hydroxy-3-meyhoxyphenyl)ethyl]tetrahydro-6-
(4,5-dihydroxy-3methoxyphenyl)-2H-pyran-4-ylacetateand dodemorph, which correspond to
peaks 7, 9 and 10, respectively, weredetected only in the boiled roasted coffee extract. However,
the compounds eluted at TR of 34.50 min (peak 20) and 36.65 min (peak 21) are unknown. The
results imply that not only were two major active compounds, namely CF and CGA, found
in the green and roasted Arabica coffee beans, but also that a number of minor phytochem-
ical compounds were found in the beans. Owing to the presence of certain nutrients or the
function of other important biological/pharmacological properties, these coffee extracts require
further investigation.

2.4. CF, CGA and Total Phenolic Contents

HPLC-DAD profiles shown in Figure 3 have demonstrated the presence of CF and
CGA, but not CA in these coffee extract samples. Stoichiometric data have revealed that
the CGA contents were equal among the coffee extracts, while CF contents of the boiled
and espresso coffee extracts were higher than that of the drip coffee extract. Inversely, TPC
of the drip coffee extracts was higher than those of the boiled and espresso coffee extracts
(Table 4). Herein, regular and decaffeinated instant coffee types were found to contain
equal amounts of TPC, while their CA, CF and CGA contents were not determined in
this study.

2.5. Free-Radical Scavenging Activity

In this study, the antioxidant activities of coffee samples were determined using
ABTS+• and DPPH• methods in which Trolox was used as a standard for both experiments.
Considerably, the results demonstrated that all coffee extracts and instant coffee prepara-
tions expressed free-radical scavenging properties in a concentration-dependent manner.
With regard to the Trolox equivalent (TE), anti-oxidation values were assayed using the
ABTS method, wherein the drip coffee extract (149.4 ± 9.2 mg TE/g) was found to be
significantly more effective than the boiled coffee extract (125.8 ± 9.1 mg TE/g) and the
espresso coffee extract (127.6 ± 3.0 mg TE/g) (p < 0.05) (Figure 4A). In this regard, the
regular instant coffee (160.4 ± 4.0 mg TE/g) seemed to be as effective as the decaffeinated
instant coffee (173.2 ± 8.9 mg TE/g) (p > 0.05).

Similarly, Trolox as well as the coffee samples were able to scavenge DPPH• in
concentration-dependent manners; however, the abilities were significantly enhanced
when consecutive concentrations were increased (Figure 4B). In addition, the DPPH• scav-
enging activities of the coffee samples are depicted as TE values (mean± SD). Therefore, the
espresso coffee extract (1274± 46 mg TE/g) and the drip coffee extract (1250 ± 38 mg TE/g)
could exert stronger antioxidant activity than the boiled coffee extract (1174 ± 26 mg/g
extract) (p < 0.05). However, regular instant coffee (2359± 159 mg/g) exhibited antioxidant
activity equal to decaffeinated instant coffee (2358 ± 93 mg/g). The antioxidant activity of
the coffee extracts and instant coffee were assayed using the ABTS+• and DPPH• methods
and the results are summarized in Table 5.
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Figure 2. Chromatograms of the phytochemical compounds in roasted and green coffee extracts. Extracts of roasted coffee
(A–C) and green coffee (D–F) were prepared by the boiling, drip and espresso methods, respectively. The coffee extracts
were then identified using UHPLC-ESI-QTOF-MS, as has been described in Section 4.5.

161



M
ol

ec
ul

es
20

21
,2

6,
41

69

Ta
bl

e
3.

Id
en

ti
fi

ca
ti

on
of

p
hy

to
ch

em
ic

al
co

m
p

ou
nd

s
in

ro
as

te
d

an
d

gr
ee

n
co

ff
ee

ex
tr

ac
ts

.E
xt

ra
ct

s
of

ro
as

te
d

co
ff

ee
an

d
gr

ee
n

co
ff

ee
w

er
e

p
re

p
ar

ed
by

th
e

bo
ili

ng
,d

ri
p

an
d

es
p

re
ss

o
m

et
ho

ds
(A

,B
,C

,D
,E

an
d

F,
re

sp
ec

ti
ve

ly
).T

he
co

ff
ee

ex
tr

ac
ts

w
er

e
th

en
id

en
ti

fie
d

us
in

g
U

H
PL

C
-E

SI
-Q

-T
O

F-
M

S,
as

ha
s

be
en

de
sc

ri
be

d
in

Se
ct

io
n

4.
4.

Pe
ak

N
o

T
R

(m
in

)
O

bs
er

ve
d

M
as

s
[M

-H
]+

(m
/z

)

Ex
ac

tM
as

s
(g

/m
ol

)
Er

ro
r

(%
)

C
he

m
ic

al
Fo

rm
ul

a
Po

ss
ib

le
C

on
st

it
ut

es
A

B
C

D
E

F

1
0.

76
0.

72
0.

72
0.

75
0.

75
0.

77
13

7.
05

13
7.

11
0.

00
0

C
4H

8F
N

O
3

4-
Fl

uo
ro

-L
-t

hr
eo

ni
ne

2
2.

49
2.

48
N

D
2.

47
2.

47
N

D
29

7.
08

29
7.

3
0.

00
1

C
20

H
11

N
O

2
3-

N
it

ro
pe

ry
le

ne

3
4.

86
4.

84
4.

84
4.

84
4.

83
N

D
49

0.
29

49
0.

63
0.

00
1

C
28

H
42

O
7

C
yc

lo
eu

de
sm

an
e

se
sq

ui
te

rp
en

oi
ds

4
6.

31
6.

31
6.

31
6.

29
6.

30
N

D
67

8.
51

67
8.

6
0.

00
0

C
34

H
30

O
15

3,
4,

5-
Tr

ic
af

fe
oy

lq
ui

ni
c

ac
id

s

5
9.

89
9.

90
9.

89
9.

73
9.

88
N

D
75

4.
25

35
8.

5
1.

10
4

C
17

H
26

O
6S

6-
G

in
ge

su
lf

on
ic

ac
id

6
12

.0
6

12
.0

6
12

.0
6

12
.0

7
12

.0
5

12
.0

8
31

7.
29

31
7.

5
0.

00
1

C
18

H
39

N
O

3
Ph

yt
os

ph
in

go
si

ne

7
13

.6
9

N
D

N
D

N
D

N
D

N
D

22
6.

19
22

6.
35

0.
00

1
C

14
H

26
O

2
C

it
ro

ne
lly

lb
ut

yr
at

e

8
14

.0
2

14
.0

1
14

.0
2

14
.0

2
14

.0
3

N
D

51
8.

29
51

8.
6

0.
00

1
C

30
H

38
N

4O
4

Sa
ti

va
ni

ne
B

9
16

.2
3

N
D

N
D

N
D

N
D

N
D

43
2.

18
43

2.
46

0.
00

1
C

23
H

28
O

8

2-
[2

-(
4-

H
yd

ro
xy

-3
-

m
ey

ho
xy

ph
en

yl
)e

th
yl

]
te

tr
ah

yd
ro

-6
-(

4,
5-

di
hy

dr
ox

y-
3m

et
ho

xy
ph

en
yl

)-
2H

-p
yr

an
-4

-
yl

ac
et

at
e

10
17

.2
1

N
D

N
D

17
.2

1
17

.2
2

17
.2

0
28

1.
27

28
1.

5
0.

00
1

C
18

H
35

N
O

D
od

em
or

ph

11
17

.7
5

N
D

N
D

17
.7

7
17

.7
7

17
.8

1
33

8.
25

33
8.

5
0.

00
1

C
20

H
34

O
4

St
er

eb
in

E

12
18

.3
3

18
.4

9
18

.5
3

18
.4

8
18

.4
9

18
.4

9
20

4.
08

20
4.

22
0.

00
1

C
12

H
12

O
3

A
no

fin
ic

ac
id

13
20

.5
2

20
.5

5
N

D
20

.5
5

20
.9

6
20

.5
2

34
3.

5
34

3.
25

0.
00

1
C

22
H

33
N

O
2

Sa
m

an
de

no
ne

(a
lk

al
oi

ds
)

14
20

.9
6

N
D

20
.9

5
20

.9
5

20
.9

5
20

.9
7

42
8.

31
42

8.
6

0.
00

1
C

24
H

44
O

6
So

rb
it

an
ol

ea
te

15
24

.3
8

24
.3

6
24

.4
3

24
.3

9
24

.3
9

N
D

33
0.

28
33

0.
5

0.
00

1
C

19
H

38
O

4
2-

Pa
lm

it
oy

lg
ly

ce
ro

l

16
25

.2
8

25
.2

8
25

.2
8

25
.3

3
25

.3
2

25
.5

8
45

6.
34

45
6.

70
0.

00
1

C
33

H
44

O
C

it
ra

na
xa

nt
hi

n

17
28

.4
1

28
.4

2
28

.4
2

28
.4

3
28

.4
3

28
.6

6
35

8.
31

35
8.

6
0.

00
1

C
21

H
42

O
4

2-
St

ea
ro

yl
gl

yc
er

ol

18
31

.8
9

31
.8

9
31

.8
9

31
.8

5
31

.8
6

31
.8

5
59

6.
57

59
6.

73
0.

00
1

C
29

H
57

O
10

P
D

od
ec

an
oi

c
ac

id
,

13
-m

et
ho

xy
-1

-[
(p

ho
sp

ho
no

ox
y)

m
et

hy
l]

1,
2-

et
ha

ne
di

yl
es

te
r

162



M
ol

ec
ul

es
20

21
,2

6,
41

69

Ta
bl

e
3.

C
on

t.

Pe
ak

N
o

T
R

(m
in

)
O

bs
er

ve
d

M
as

s
[M

-H
]+

(m
/z

)

Ex
ac

tM
as

s
(g

/m
ol

)
Er

ro
r

(%
)

C
he

m
ic

al
Fo

rm
ul

a
Po

ss
ib

le
C

on
st

it
ut

es
A

B
C

D
E

F

19
32

.6
5

N
D

32
.5

2
32

.7
6

N
D

N
D

59
6.

37
59

6.
73

0.
00

1
C

29
H

57
O

10
P

D
od

ec
an

oi
c

ac
id

,
12

-m
et

ho
xy

-1
-[

(p
ho

sp
ho

no
ox

y)
m

et
hy

l]
-1

,2
-e

th
an

ed
iy

le
st

er

20
34

.5
0

N
D

N
D

N
D

N
D

N
D

58
5.

43
N

D
N

D
C

33
H

57
N

6O
S

U
nk

no
w

n

21
36

.6
5

N
D

N
D

36
.8

4
36

.8
1

N
D

64
1.

43
N

D
N

D
C

41
H

57
N

2O
4

U
nk

no
w

n

A
bb

re
vi

at
io

ns
:m

/z
=

m
as

s
to

ch
ar

ge
ra

ti
o,

N
D

=
no

td
et

ec
ta

bl
e,

TI
C

=
to

ta
li

on
co

un
t,

T R
=

re
te

nt
io

n
ti

m
e.

163



Molecules 2021, 26, 4169

Figure 3. Cont.
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Figure 3. Chromatograms of coffee extracts, standard caffeic acid, caffeine and chlorogenic acid. Extracts of roasted coffee
were prepared by the boiling, drip and espresso methods ((A–C), respectively). The coffee extracts and authentic standards,
including caffeic acid, caffeine and chlorogenic acid, were then subjected to HPLC-DAD analysis as has been described in
Section 4.5.
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Table 4. Caffeine, chlorogenic acid and total phenolic contentsin coffee samples. Boiled, drip and
espresso coffee extracts, and the authentic standards including caffeic acid (CA), caffeine (CF) and
chlorogenic acid (CGA), were subjected to HPLC-DAD analysis, as has been described in Section 4.5.
Total phenolic contents in the coffee extracts and instant coffee were determined using the Folin-
Ciocalteu method, as has been described in Section 4.6. Data obtained from three repetitions are
expressed as mean ± standard deviation (SD) values.

Coffee Samples CGA (mg/g) CF (mg/g) CA
(mg/g)

TPC (mg
GAE/g)

Boiled roasted coffee extract 14.47 ± 0.98 65.58 ± 9.83 ND 87.9 ± 7.9
Drip roasted coffee extract 15.67 ± 0.83 55.58 ± 10.61 ND 111.6 ± 11.4

Espresso roasted coffee extract 14.97 ± 0.89 64.25 ± 11.56 ND 97.2 ± 3.9
Regular instant coffee nd nd nd 115.2 ± 22.4

Decaffeinated instant coffee nd nd nd 118.1 ± 6.87
Abbreviations: CA = caffeic acid, CF = caffeine, CGA = chlorogenic acid, GAE = gallic acid equivalent, nd = not
done, ND = not detectable, TPC = total phenolic content.

Figure 4. Free-radical scavenging activity of roasted coffee extracts and instant coffee. (A) ABTS+• solution was incubated
with deionized water (DI), standard Trolox, boiled, drip and espresso roasted coffee extracts, as well as regular and
decaffeinated instant coffee products, while optical density (OD) was photometrically measured at a wavelength of 764 nm
against the reagent blank. (B) DPPH• solution was incubated at various concentrations of standard Trolox, boiled, drip
and espresso coffee extracts, regular and decaffeinated instant coffee products and OD was photometrically measured at
a wavelength of 517 nm against the reagent blank. Radical-scavenging activity was calculated according to the method
described in Section 4.7 and is reported as percentage of ABTS+• or DPPH• scavenging activity. Data obtained from three
repetitions are expressed as mean ± SD values.

Table 5. Antioxidant activity values of coffee samples accessed using ABTS+• and DPPH• methods.

Coffee Samples Antioxidant Activity (mg TE/g)

ABTS+•Method DPPH•Method

Roasted coffee extract (boiled) 125.8 ± 9.1 1174 ± 26
Roasted coffee extract (drip) 149.4 ± 9.2 1250 ± 38

Roasted coffee extract (espresso) 127.6 ± 3.0 1274 ± 46
Regular instant coffee 160.4 ± 4.0 2359 ± 159

Decaffeinated instant coffee 173.2 ± 9.8 2358 ± 93
ABTS+• = 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt radical, DPPH• = 2, 2-diphenyl-
1-picrylhydrazylradical, TE = Trolox equivalent.

These findings have indicated that two instant coffee products displayed significantly
stronger radical-scavenging activity than all three coffee extracts in the following order:
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drip coffee extract > espresso coffee extract and boiled coffee extract based on ABTS assay
and drip coffee extract = espresso coffee extract >boiled coffee extract based on DPPH assay.

2.6. Iron-Binding Ability

Using scanning spectrophotometry, all the coffee samples themselves elucidated
three distinct maximal absorption peaks at wavelengths of 217, 275 and 323 nm in a
concentration-dependent manner (Figure 5A–C, Table 6). However, the decaffeinated
instant coffee resulted in a longer absorption wavelength at 289 nm than the regular instant
coffee (Figure 5D,E, Table 6), while CF itself exhibited two major absorption peaks at 217
and 275 nm and CGA itself exhibited peaks at 217 and 324 nm (Figure 5F,G, Table 6).
Additionally, no peaks were exhibited by all of the samples at wavelengths of 400–600 nm.

Figure 5. Cont.
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Figure 5. Spectral patterns of roasted coffee extracts, instant coffee, CF and CGA with and without the addition of
iron. (A–G) Boiled, drip and espresso roasted coffee extracts (25–200 µg/mL), regular and decaffeinated instant coffee
(12.5–200 µg/mL each), CF (2.45–38.8 µg/mL) and CGA (2.22–35.43 µg/mL) were photometrically measured at a wave-
length rank of 200–800 nm against the reagent blank. (H–N) The coffee extracts and the instant coffees (250 µg/mL), CF
(500 µM) and CGA (250 µM) were incubated with Fe-NTA (25–200 µM) for 1 h and photometrically measured at a wave-
length rank of 200–800 nm against the coffee extract, instant coffee, CF and CGA solutions. Abbreviations: CF = caffeine,
CGA = chlorogenic acid, Fe-NTA = ferric nitrilotriacetic acid.

Table 6. Spectral peaks from roasted coffee extracts, instant coffee, CF and CGA with and without
the addition of iron.

Samples Fe-NTA
(25–200 µM) Peak(s) (nm)

Boiled coffee extract (25–200 µg/mL) - 217, 275, 323

Drip coffee extract (25–200 µg/mL) - 217,275, 323

Espresso coffee extract (25–200 µg/mL) - 217, 275, 323

Regular instant coffee (12.5–200 µg/mL) - 217, 275, 323

Decaffeinated instant coffee (12.5–200 µg/mL) - 217, 289, 323

CF (2.45–38.8 µg/mL) - 217, 275

CGA (2.22–35.43 µg/mL) - 217, 324

Boiled coffee extract (250 µg/mL) + 595
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Table 6. Cont.

Samples Fe-NTA
(25–200 µM) Peak(s) (nm)

Drip coffee extract (250 µg/mL) + 595

Espresso coffee extract (250 µg/mL) + 595

Regular instant coffee (250 µg/mL) + 595

Decaffeinated instant coffee (250 µg/mL) + 595

CF (500 µM) + ND

CGA (250 µM) + 617

Abbreviations: CF = caffeine, CGA = chlorogenic acid, Fe-NTA = ferric nitrilotriacetic acid, ND = not detectable.

In comparison, CGA, but not CF, was found to bind ferric ion from Fe-NTA in a
concentration-dependent manner producing a complex with a maximal absorption peak of
617 nm (Figure 5M,N, Table 6). Notably, all coffee extracts and instant coffee varieties also
bound ferric ion in a concentration-dependent manner to produce a complex with a new
maximal absorption peak of 595 nm (Figure 5H–L, Table 6).

2.7. Cytotoxic Effects

Herein, Arabica coffee extracts prepared by boiling, drip and espresso methods were
tested in vitro for toxicity against normal human PBMC and human breast cancer (MDA-
MB-231 and MCF-7) cells within 24 and 48 h of incubation and the results are shown in
Figure 6. PBMC viability was found to be almost unchanged following treatment with
all coffee extracts (with the exception of the 25 and 50 µg/mL espresso coffee beverages,
(p < 0.05) for 24 h and compared to the specimens without treatment. During 48h of incu-
bation, cell viabilities were significantly increased in a concentration-dependent manner by
all the extracts, for which the drip coffee beverage was the most effective when compared
to the specimens without treatment. In comparison, the viability of MDA-MB-231 cells
remained unchanged following treatment with all the extracts for 24 and 48 h. When
MDA-MB-231 and MCF-7 cells were treated with aggressive doses of the drip coffee extract
at 31.25–1000 µg/mL, the viability of these two cells was unchanged during incubation for
24 h and tended to decrease slightly during the course of incubation up to 48 h. According
to the findings, all three coffee extracts were non-toxic to normal PBMC but expressed a
significantly dose-dependent increase in cell viability during 48 h of incubation based on
the reducing power of the mitochondrial reductases. Likewise, no cytotoxic effect was
observed in MDA-MB-231 cancer cells treated with equal concentrations of the coffee
extracts for 24 and 48 h. Moreover, increasing doses of the drip coffee extract and treatment
times up to 48 h were determined to be not harmful to both MDA-MB-231 and MCF-7 cells.

2.8. Acute Oral Toxicity in Rats

Acute toxicity test was conducted following OECD Guidelines for the Testing of
Chemicals 425 by using initial doses of the coffee extracts at 175, 550 and 2000 mg/kg body
weight (BW), respectively. However, the upper limit of the caffeine dose should not exceed
400 mg/kg BW. All clinical signs and symptoms were observed and recoded in Table 7. At
the first and second dose of the drip coffee extract, neither a toxic effect nor a lethal effect
was observed in the rats. One out of three rats dosed at 2000 mg/kg exhibited a sign of
lethargy and drowsiness after 1 h of being given a dose of the coffee extract. After 6 h and
14 days of observation, no clinical signs of toxicity and lethality were observed. Since there
were no signs of mortality and no clinical signs of toxicity at all dosing levels, the median
lethal dose (LD50) value of the drip coffee extract was found to be greater than 2000 mg/kg.
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Figure 6. Viability of PBMC, MDA-MB-231 and MCF-7 cells treated with roasted coffee extracts. Normal human peripheral
blood mononuclear cells (PBMC) and human breast cancer (MDA-MB-231) cell lines were treated with boiled, drip
and espresso roasted coffee extracts for 24 and 48 h. The degree of viability was determined using MTT assay. Using
aggressive doses, MDA-MB-231 and MCF-7 cells were treated with drip roasted coffee extract and the degree of viability
was determined using MTT assay. Data are expressed as mean ± SEM values. * p < 0.05 when compared without treatment.

Table 7. Behavioral patterns observed in rats after single oral administration of coffee extract at doses of 175, 550 and
2000 mg/kg BW. Signs of lethargy and drowsiness were observed after 1 h of administering doses of the coffee extract.

Observations

Dose of Coffee Extract

175 mg/kg BW (n = 1) 550 mg/kg BW (n = 1) 2000 mg/kg BW (n = 3)

Days 1–14 Days 1–14 Day 1 Days 2–14

Hair falling 0/1 0/1 0/3 0/3
Ophthalmopathy 0/1 0/1 0/3 0/3

Mucous membrane 0/1 0/1 0/3 0/3
Hypersalivation 0/1 0/1 0/3 0/3

Hyperpnea 0/1 0/1 0/3 0/3
Diarrhea 0/1 0/1 0/3 0/3
Lethargy 0/1 0/1 1/3 * 0/3

Drowsiness 0/1 0/1 1/3 * 0/3
Aggressiveness 0/1 0/1 0/3 0/3

Convulsions 0/1 0/1 0/3 0/3
Tremors 0/1 0/1 0/3 0/3

Mortality 0/1 0/1 0/3 0/3

* Sigh of lethargy and drowsiness were observed after 1 h of dosing the coffee extract.
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3. Discussion

Coffee is understood to be the most frequently consumed beverage in most countries
worldwide. The consumption of coffee can be beneficial or may actually be detrimental
to human health due to the naturally occurring active compounds that are present in
coffee products. Though diterpenes (e.g., cafestol and kahweol), phenolics (e.g., CGA, CA)
and heterocyclic compounds present in boiled coffee (e.g., CF and melanoidins) exhibit
strong antioxidant properties, these two diterpenes have been claimed to be associated
with increased serum cholesterol levels [39,40]. In the coffee trade, coffee beans are exten-
sively used in beverage processing and are mainly comprised of a number of functional
phytochemicals and nutritional carbohydrates [41]. Certain extraction factors can influence
the quantity and activities of bioactive compounds that are present in coffee samples. These
extraction factors include the use of solvents, the mass to volume ratio, acidity, time, tem-
perature and pressure, as well as the application of microwaves or ultrasonic preparation
methods and the specific type of coffee maker that may have been used [42–45]. Brewing
is a key and final step in the production process of coffee drinks. The resulting drinks
have been associated with coffee stoichiometry (known as total dissolved solids (TDS)),
percent extraction and sweetness, and an inverse proportion to TDS. In addition, roasting
is another key step in the preparation process of many of the most popular brewed coffee
beverages. The roasting step can deliver a pleasant aroma while minimizing the bitterness
of the final coffee beverage [46]. In this study, we have emphasized that all data reported
were based on the use of a single-type of wet-washed Arabica coffee beans to prepare coffee
beverages with and without roasting. This coffee bean was selected for the production of
brewed coffee using boiled water and automatic coffee makers (drip and espresso types).
Thus, we have demonstrated higher coffee extraction yields by using the boiled water
and drip methods over the espresso method. A previous study reported the TDS values
of the espresso and drip brewed coffees (5–10% and 1.0–1.75%, respectively), and the
extraction yields of the espresso coffee (approximately 14–25%) [47]. In comparison, the
extraction yields of the commercial coffee samples were found to be 81.26 ± 19.23 mg/g by
methanol (100 ◦C), 19.12 ± 1.28 mg/g by dichloromethane (120 ◦C) and 1.76 ± 0.93 mg/g
by n-hexane (120 ◦C) [48]. Consistent with the outcomes of our study, coffee drinks brewed
with high temperatures and the cold dripping method exhibited the highest values in terms
of TDS, extraction yields and the highest contents of CF, trigonelline, 4-CQA and 5-CQA,
regardless of the roasting method that was used [49]. Moreover, Angelone and coworkers
have reported on the extraction yield values assayed in espresso (13.1 ± 1.3–22.8 ± 1.3%),
moka (28.4 ± 1.1%), V60 (22.1 ± 0.7%), cold brew (23.3 ± 0.9%), Aeropress (20.4 ± 1.2%)
and French press (18.7 ± 1.1%) coffee beverages [50]. In roasting, galactomannan yields
extracted from ground coffee with hot water were observed to increase [51]. Importantly,
the amount of ochratoxin A, a naturally occurring food-borne mycotoxin produced by
Aspergillus spp. and Penicillium spp. that is often found in green, roasted and brewed
coffee products was reduced by the use of an espresso coffee maker (49.8%), the drip-filter
method (14.5%) or the moka brewing process (32.1%) [52]. In terms of roasting coffee, CF
content was not affected, CGA was degraded due to a consequence of the temperature used
in brewing, CA decreased in dark roasted coffee, while melanoidins and other Maillard
reaction products were developed [53]. Importantly, the roasting of green coffee beans
and the brewing of ground roasted coffee are important processes that are used to make
varieties of bioactive, aromatic and popular coffee drinks.

Ultraviolet (UV) detection, derivatization spectrophotometry and gas-liquid chro-
matography (GLC) techniques have been developed for the simple and rapid determi-
nation of CF concentrations in beverages over a long period of time [54]. At present,
HPLC-ESI-MS and HPLC-ESI-MS-MS are known to be powerful techniques with high
degrees of sensitivity and accuracy that can be used to determine the compound profiles
of plant materials and natural products. Owing to the advantages of MS detection, coffee
extracts were subjected to HPLC-ESI-MS identification by collision-induced dissociation
mass spectrometer in order to identify certain phenolics, especially isomers. MS fragmenta-
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tion patterns were observed after analysis by tandem MS spectra, while chromatographic
retention times, relative hydrophobicity and bonding strength to quinic acid have been
used to develop structure-diagnostic hierarchical keys for the identification of phenolic
compounds. In this sense, the relative hydrophobicity of aglyconic phenolics can de-
pend upon the substitution position of the phenolic ring and the number and identity
of the residues. By using HPLC/ESI-MS/MS, we have identified at least 17 phenolic
compounds, including trigonelline, CA, gallic acid, epicatechin, di-CGA, CGA, caffeoyl-O-
hexoside, p-coumaroylquinic acid, p-coumaroylglucoside, rutin, CGA derivative, syringic
acid, CGA-glucoside, CGA-diglucoside I, CGA-diglucoside II, diCGA-glucoside, and one
unknown compound in the roasted coffee extracts, whereas all of the 17 compounds and
an additional three compounds, namely dimethoxycinnamic acid, caffeoylarbutin and
cynaroside, were detected in the green coffee extracts. Interestingly, trigonelline, which
is a bitter alkaloidal ingredient that serves as an aroma generator and is responsible for
certain biological activities, was detected in both green and roasted coffee extracts. Stennert
and Maier demonstrated that trigonelline was degraded gradually during the roasting
stage [55]. Similarly, CQAs, including 5-CQA,3-CQA and 4-CQA; diCQAs including 3,4-
diCQA, 3,5-diCQA and 4,5-diCQA; feruloylquinic acids (FQAs) including 3-FQA, 4-FQA
and 5-FQA; diFQA and p-coumaroylquinic acids (p-CoQAs) including 3-p-CoQA, 4-p-
CoQA and 5-p-CoQA isomers, were also found to be present inthe coffee samples [56].
Likewise, CF, CQAs, diCQAs, p-CoQAs, FQAs and caffeoylquinic acid lactone were de-
tected in the espresso, moka, cold brewed and French Press coffee extracts [50]. This
technique has been reported to be effective in identifying certain bitter compounds, such
as 1,3-bis(3′,4′-dihydroxyphenyl) butane, trans-1,3-bis(3′,4′-dihydroxyphenyl)-1-butene
and eight hydroxylated phenylindanes in roasted coffee at threshold concentrations of
23–178 µM [57], as well as in the detection of a carcinogenic furan in defatted, ground and
constituted coffee preparations [58]. In the roasting process, free amino acids and peptides
existing in green coffee beans are changed into aromatic flavors, whereas polymerization
and fragmentation of proteins simultaneously generate hydrogen peroxide [59]. Unfortu-
nately, a potential carcinogen acrylamide was also detectable in certain foods including
coffee (169 ng/g) [60].

In addition, HPLC can be employed with ESI-triple quadrupole time-of-flight mass
spectrometry (HPLC-ESI-QTOF-MS) in order to provide higher resolution, faster speeds
and less solvent consumption, which can lead to a rapid and sensitive characteriza-
tion of certain unexpected natural products. Currently, Spreng and colleagues applied
this technique for the analysis of roasted coffee and reported eleven pyrazine deriva-
tives, of which 2-(2′,3′,4′-trihydroxybutyl)-(5/6)-methyl-pyrazine and 2,(5/6)-bis(2′,3′,4′-
trihydroxybutyl)-pyrazine were the most prominent compounds [61]. In the new findings,
our UHPLC-ESI-QTOF-MS results have elucidated the presence of many phytochemi-
cals, including 4-fluoro-L-threonine, 3-nitroperylene, cycloeudesmanesesquiterpenoids,
3,4,5-tri-CQAs, 6-gingesulfonic acid, phytosphingosine, sativanine B, sterebin E, anofinic
acid, samandenone, sorbitan oleate, 2-palmitoylglycerol, citranaxanthin, 2-stearoyl glyc-
erol, dodecanic acid and 12-methoxy-1-[(phosphonooxxy)methyl]1,2-ethanediyl ester, cit-
ronellyl butyrate, 2-[2-(4-hydroxy-3-meyhoxyphenyl)ethyl]tetrahydro-6-(4,5-dihydroxy-
3-methoxyphenyl)-2H-pyran-4-ylacetate and dodemorph, in the extracts of the boiled,
drip and espressogreen/roasted coffee beans. In addition, UHPLC-ESI-QTOF-MS analysis
of the clinical specimens obtained from selected coffee consumers has indicated the ap-
pearance of CF, methylxanthines and methyluric acids in the plasma, along with eleven
methylxanthine and methyluricacid metabolites, furan and methylfuran metabolites in the
urine. These were mainly found in the form of sulfate, methyl derivatives, glucuronides
and un-metabolized CQAs, FQAs, CoQAs, CA, ferulic acid and coumaric acids [62–64].

Through the use of HPLC-DAD analysis, we have detected the presence of CF and
CGA, but not CA, in the roasted Arabica coffee extracts that were prepared by boiling and
with the use of coffee makers (drip and espresso) [65]. A recent HPLC/DAD analysis of
five commercial coffee samples has reported the presence of 8.35 ± 6.13 mg CF/g methanol
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extract [48]. Furthermore, trigonelline, CF and CGA were detected in green coffee beans
(0.65 ± 0.05, 0.97 ± 0.09 and 3.13 ± 0.33 mg/g dry weight, respectively) and roasted coffee
beans (0.85 ± 0.01, 1.30 ± 0.13 and 1.00 ± 0.02 mg/g dry weight, respectively), indicating
a decrease in CGA and total phytochemical contents but increases in trigonelline and CF
contents during the roasting process [66]. Likewise, trigonelline, CGA and CA were found
in instant coffee samples [24]. Due to the thermal degradation of CGA and the relative
stability of the alkaloids that occur at high temperatures during the roasting process, CF
and trigonelline were the main metabolites present in roasted coffee beans [66]. During
the process of roasting, CGAs and their CGA derivatives in green coffee that contribute
to the acidity, astringency and bitterness of the final coffee beverages, can be isomerized
and transformed to CGA lactones through a process involving water loss from quinic acid
moiety and intramolecular ester bonding. This gives the coffee its flavor and determines
its quality [67]. However, the amount of CGAs and their derivatives can also be used to
indicate the quality of green coffee beans and to discriminate between low-quality varieties
(9.1 g CGA/100 g) and commercial ones (10.4 g/100 g) [68]. Consistently, the phenolics
found in our hot water/drip coffee extracts were mostly similar to those found in cold
drip coffee extracts as determined by Angeloni et al. [69]. Through the use of HPLC/MS
in our study, the phenolic and alkaloid profiles identified for the espresso coffee extracts
were not totally the same as those assayed by Aves and colleagues [70]. However, the ana-
lyzed compounds were mostly comprised of trigonelline, CQAs, FQAs, coumaroylquinic
acids, diCGAs, diFQA and caffeoylferuloylquinic acid. In the present study, when using
UHPLC-ESI-QTOF-MS, 19 of 21 phytochemical compounds were detected consistently in
all of the green coffee and roasted coffee extracts. Consistently, Angelino and colleagues
used the UHPLC-MS-MS technique and have revealed the presence of trigonelline, CF,
CGA, FQA, coumaroylquinic acids, hydroxycinnamate dimers, caffeoylshikimic acids and
caffeoylquinic lactones in regular espresso coffee varieties [71].

With regard to antioxidant activity, food processing generally affects the content and
activities of persisting phytochemicals and the corresponding antioxidant capacities in func-
tional foods. Coffee beans are the main sources of anti-oxidative compounds andrequire
roasting and drying before utilization. Consequently, the two processes may give rise to
significant alterations in the antioxidant compositions and properties of theresultant coffee
products, while the Strecker and Maillard reactions may increasefree-radical scavenging
capacities [41]. Functional phenolic compounds contain hydroxyl components on the
aglyconic phenolic ring and glyconic ring that scavenge ROS. Nonetheless, the antioxidant
capacity that is related to human health benefits is dependent upon the bioavailability of
the phytochemicals after consumption, which is subsequently dependent upon the soluble
parts of the coffee known as the extraction yields [17]. In accordance with this finding, all
roast coffee extracts and instant coffee doses dependently scavenged ABTS•+ and DPPH•

at different potencies depending on the coffee type and the preparation method used,
in which the drip coffee extract exhibited the most efficient activity. With regard to the
relevant technical factors, decaffeinated espresso coffee exerted slightly higher DPPH•

scavenging activity than regular espresso coffee (32% and 38%, respectively), which was
directly related to the phenolic contents [70]. Iwai and colleagues previously elucidated
that the potency order of superoxide anion radical scavenging activity was diCGA > CA,
CGA > FQA, for which the activities of the diCGA were twice as effective as those of CGA
and four times as effective as those of 5-FQA [68]. Importantly, total phenolic content,
ABTS•+- and DPPH•-scavenging capacities of coffee samples were increased during the
roasting process [66]. More importantly, the order of antioxidant capacity of all coffee brews
was espresso > mocha > plunger > drip-filtered; herein, CGAs scavenged Fremy’s salt
(potassium nitrosodisulfonate) radicals, while melanoidins scavenged 2,2,6,6-tetramethyl-
1-piperidin-1-oxyl radicals [72].

Notably, the consumption of a cup of drip coffee or instant coffee resulted in approxi-
mately a 39% decrease in dietary non-heme iron. Additionally, when coffee is consumed
along with a meal, ferric-ethylenediamine tetraacetic acid or ferric chloride decreases the
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degree of dietary iron absorption from 5.88% to 1.64% depending upon the coffee dose [6].
For the preparation of coffee extracts, water was found to be the optimum solvent in terms
of producing higher yields, better protective effects against lipid peroxidation, and effective
ROS-scavenging and iron-chelating properties when compared to methanol, ethanol and
n-hexane [73]. It was noted that certain phenolic compounds, such as CGAs, hydrolysable
multi-galloyl tannin and galloylcatechin, did not condense the tannins or catechins present
in the coffee utilized diol groups onto the phenolic ring that would bind iron at different
affinity levels and interfere with dietary iron absorption [74,75]. In addition, the CGAs
abundant in roasted coffee beans utilized the hydroxyl groups to bind thiol-molecules [76].
Moreover, coffee grounds were found to adsorb divalent metal ions in the following or-
der: Cu < Pb < Zn < Cd, whereas tea leaves exhibited a similar outcome in the opposite
order [77].

It has been reported that coffee constituents (e.g., kahweol, cafestol and CGAs) in-
duced antioxidant-response element gene expression and activated the production of
anti-oxidative enzymes in peripheral blood lymphocytes [78]. Herein, our roasted coffee
extracts significantly increased the MTT-assayed viability of normal PBMC at 48 h, but
did not influence the viability of breast cancer MDA-MB-231 and MCF-7 cells at any time
period. Consistently, the consumption of coffee containing cafestol and kahweol induced
antioxidant enzymes by an increase of 38% of superoxide dismutase activity [79]. Taken
together, the treatment of PBMC with kahweol, cafestol and CGAs-rich roasted coffee
can increase and empower mitochondrial reducing enzyme systems and subsequently
intensify blue formazan products, which can result in higher percentages of cell viabil-
ity. Ambiguously, a recent placebo-controlled intervention trial in healthy subjects has
demonstrated that the consumption of coffee at up to 5 cups per day had no detectable
beneficial or harmful effects on human health [80]. In contrast, the biocompatible copper
sulfate-oxidized nanoparticles of Arabica coffee bean extracts showed anti-proliferative
activity against MCF-7 breast cancer cells [81]. In some studies, CGAs and the natural
extracts of green and roasted coffee beans could be employed as chemoprotective dietary
supplements against the proliferation of Ras-dependent breast cancer MDA-MB-231 cell
lines [82]. On the other hand, trigonelline, a niacin-related natural constituent of coffee
(1%), was found to stimulate MCF-7 cell growth by acting as a phytoestrogen through
the mediation of the estrogen receptor [83]. However, there is no evidence to support a
relationship of either caffeinated or decaffeinated coffee intake with breast cancer risk [84].
Despite the fact that they are the two major active flavor ingredients in coffee, CA (6 and
10 mg/plate) and CGA (19 and 28 mg/plate), have been reported for their mutagenic
properties in the L5178Y mouse lymphoma TK÷/-assay. This was possibly due to the
oxidative degradation and transformation of the two compounds to hydrogen peroxide at
a neutral pH in the presence of a metal ion2+ (such as Mn2+) [85].Additionally, green and
light roasted coffee extracts were found to promote higher inhibitory effects on the viability
of PC-3 and DU-145 metastatic prostate cancer cell lines that had been assayed by the MTT
test [53]. Moreover, green coffee beans containing CGAs and their derivatives showed
anti-proliferative effects against U937, KB, MCF7 and WI38-VA cancer cell lines [68]. In
controversy, diterpenes (e.g., cafestol and kahweol) are claimed to promote an increase in
plasma cholesterol concentrations as a risk factor of cardiovascular diseases and type 2
diabetic mellitus [86].

4. Materials and Methods
4.1. Chemicals and Reagents

In terms of materials, 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)diammonium
salt (ABTS), chlorogenic acid (CGA), caffeic acid (CA), caffeine (CF), gallic acid (GA),
2,2-diphenyl-1-picrylhydrazyl (DPPH), formic acid, 3-(N-morpholino) propanesulfonic
acid (MOPS), 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT), ni-
trilotriacetate disodium salt, nitrilotriacetate trisodium salt, phosphate-buffered saline
(PBS) pH 7.0, phosphoric acid, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid
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(Trolox) and potassium thiosulfate were purchased from Sigma-Aldrich, Chemical Com-
pany (St. Louis, MO, USA). Ferric nitrate nonahydrate, sodium carbonate and Folin-
Ciocalteu’s phenol reagent were obtained from the Merck-Millipore Company (Merck
KGaA, Damstadt, Germany). Organic solvents, such as acetonitrile, were all of HPLC
grade and all chemicals were highly pure and of analytical grade. Commercial instant
coffee (regular and decaffeinated types) were purchased from a Tesco Supermarket in
Chiang Mai Province, Thailand.

4.2. Preparation of Coffee Extracts

Green coffee beans (Coffea arabica) were harvested from coffee fields belonging to the
Royal Project Foundation at Mae Hair Village, Mae Wang District, Chiang Mai Province,
Thailand. Whole beans were roasted and ground (known as milling) with the use of a
coffee-grinding machine in a Coffee Factory of the Royal Project Foundation, Chiang Mai,
Thailand. Extracts of ground green and roasted coffee were prepared using the boiled water,
drip and espresso coffee maker methods, as has been previously described by Hutachok
and colleagues [65]. Boiled coffee extract was manually prepared by placing ground roasted
coffee (10 g) into hot water (90 ◦C) (100 mL), allowing the coffee to dissolve for 10 min
and then allowing it to cool down. In pressurized percolation (espresso coffee extract),
hot water (100 mL) was forced through fine coffee (10 g) under pressure using a manual
portable Espresso maker (Minipresso GR, Wacaco Company, Pagewood NSW, Australia)
with a specification of 8g ground coffee capacity, 120-mL water capacity and 8-bar pump
pressure according to the manufacturer’s instructions. During the brewing of drip coffee,
hot water (100 mL) was forced through fine coffee (10 g) and filtered on high-quality paper
under pressure using an automated drip coffee maker (Delonghi, Thiptanaporn, Company
Limited, Bangna, Bangkok, Thailand) with a specification of 1.4-L tank capacity and 15-bar
pump pressure according to the manufacturer’s instructions. All the coffee brewed was
filtered through a clean filter cloth and centrifuged at 6000 rpm for 20 min, while the
supernatant was lyophilized to dryness. Coffee extracts were then stored in separate brown
bottles at −20 ◦C until further analysis.

4.3. HPLC/ESI-MS Identification of Phenolic Compounds

All of the coffee extracts were analyzed in terms of their polar phenolic compounds
at the Central Laboratory (North Branch), Department of Land Development, Ministry
of Agriculture and Cooperation, Chiang Mai using the HPLC/MS method established by
Cuyckens and colleagues with slight modifications [65,87]. The HPLC system (Agilent
Technologies 1100 Series, Deutschland GmbH, Waldbronn, Germany) consisted of a quater-
nary pump (G1311A), an online vacuum degasser (G1322A), an autosampler (G1313A),
a thermostated column compartment (G1316A) and a photodiode array (PDA) detector
(G1315A). The outlet of the PDA was coupled directly to the atmospheric pressure ESI
interface of the mass spectrometer (MS) detector (Agilent Technologies 1100 LC/MSD
SL, Palo Alto, CA, USA) through a flow splitter (1:1). In terms of the analysis, coffee
extracts were constituted in 1.0 mL of a mixture comprised of solvent A (acetonitrile) and
solvent B (10 mM formate buffer pH 4.0) (1:1, v/v) and filtered through a syringe filter
(polytetrafluoroethylene membrane, 25 mm diameter, 0.45-µm pore size, Corning®) before
being used. The mixture was then injected (20 µL) into the system. Chromatographic
separation was carried out on a column (LiChroCART RP-18e, 150 mm × 4.6 mm, 5 µm
particle size; Purospher STAR, Merck, Darmstadt, Germany) operated at 40 ◦C. The mobile
phases A and B were run at a flow rate of 1.0 mL/min under the gradient program of 100%
B (0% A) for an initial period of 5 min, 0–20% A from 5 to 10 min, 20% A from 10 to 20 min,
20–40% A from 20 to 60 min, 40% A for 3 min, and followed by an initial step of 100% B for
5 min. PDA detection was set at 270 nm. MS analysis was done in positive ESI mode and
spectra were acquired within the mass to a charge ratio (m/z) ranging from 100 to 700. For
the single quadrupole MS system, the ESI energy was set at 70 eV, while the temperatures
of the ion source and the interface were set at 150 ◦C and 230 ◦C, respectively. Nitrogen
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was used as the nebulizing, drying and collision gas. The capillary temperature was set
to 320 ◦C, the nebulizer pressure was set to 60 psi and the drying gas flow rate was set
to 13 L/min. Capillary voltages were set to 3500 V (positive) and 150 V (negative). The
oven temperature was programmed as follows: 80 ◦C (held for 3 min), ramped to 110 ◦C
at 10 ◦C/min (held for 5 min), increased to 190 ◦C (held for 3 min), ramped to 220 ◦C at
10 ◦C/min (held for 4 min) and increased to 280 ◦C at 15 ◦C/min (held for 13 min). Accu-
rate mass measurements were performed by employing the auto mass calibration method
using an external mass calibration solution (ESI-L Low Concentration Tuning Mix; Agilent
calibration solution B). Herein, the limit of detection (LOD), limit of quantitation (LOQ) and
recovery value were found to be 0.5 mg/kg, 1.20 mg/kg and 70–110%, respectively. The
chromatographic and mass spectrometric analysis and prediction of the chemical formula,
including the exact mass calculation, were performed by Mass Hunter software version
B.04.00 built to 4.0.479.0 (Agilent Technology). Available authentic phenolics (1 mg/mL
each), such as gallic acid, catechin, tannic acid, rutin, isoquercetin, hydroquinine, eriodic-
tyol and quercetin, were also analyzed and used to generate a database. In addition, MS
data were searched for in published literature repositories.

4.4. UHPLC-ESI-QTOF-MS Analysis of Phytochemical Compounds

Phytochemical compounds of the coffee extracts were analyzed at the Central Lab-
oratory, Faculty of Agriculture, Chiang Mai University, Chiang Mai, Thailand using the
HPLC-ESI-QTOF-MS method [88]. The HPLC instrument was equipped with an ESI-QTOF-
MS machine (Agilent Acquisition SW version 6200 series TOF/6545 series LC/Q-TOF)
and QTOF Firmware Version 25.698 (Agilent Technologies, Santa Clara, CA, USA). Mobile
phase A (acetonitrile) and mobile phase B (0.1% formic acid) were degassed at 25 ◦C
for 15 min. The GSO (20 mg) was constituted in 1.0 mL of the A:B mixture (1:1, v/v). It
was then filtered using a syringe filer (polyvinylidene fluoride type, 0.45 µm pore size,
Millipore, MA, USA) and put into HPLC vials. The flow rate was set to 0.35 mL/min,
the injection volume was measured at 10 µL for each sample and the running time was
60 min. Chromatographic separation was carried out on a column (InfinityLabPoroshell
120 EC-C18 type, 2.1 mm × 100 mm, 2.7 µm, Agilent Technologies, Santa Clara, CA, USA)
that was regulated thermally at 40 ◦C. The ESI-MS-MS spectra were recorded using an
Agilent Q-TOF mass spectrometer. In the MS system, nitrogen gas nebulization was set at
45 pounds per inch2 with a flow rate of 5 L/min at 300 ◦C, while the sheath gas was set at
11 L/min at 250 ◦C. In addition, the capillary and nozzle voltage values were set at 3.5 kV
and 500 V, respectively. A complete mass scan was conducted as a mass-to-charge ratio
(m/z) ranging from 200 to 3200. All the operations, acquisition and analysis of the data were
monitored using Agilent LC-Q-TOF-MS MassHunter Acquisition Software Version B.04.00
(Agilent Technologies) and operated under MassHunter Qualitative Analysis Software
Version B.04.00 (Agilent Technologies). Peak identification was performed in positive
modes using the library database, while the identification scores were further selected for
characterization and m/z verification.

4.5. HPLC-DAD Analysis of Caffeic Acid, Caffeine and Chlorogenic acid Contents

Owing to their popularity and the general preferences of consumers, we focused our
investigation on the biological properties of roasted coffee extracts in comparison with
instant coffee. Thus, CA, CGA and CF contents were analyzed in boiled, drip and espresso
roasted coffee extracts using the HPLC-DAD method [65]. The conditions included a
column (C18-type, 4.6 × 250 mm, 5-µm particle size, Agilent Technologies, Santa Clara,
California, United States), isocratic mobile-phase solvent containing 0.2% phosphoric acid
and acetonitrile (90:10, v/v), a flow rate of 1.0 mL/min and a wavelength detection of
275 nm for CF and 330 nm for CA and CGA. Data were recorded and integrated using
Millenium 32 HPLC Software. CGA and CF were identified by comparison with the specific
TR of the authentic standards. Determined concentrations were then established from the
standard curves constructed from different concentrations.
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4.6. Determination of Total Phenolic Content

Total phenolic compounds (TPC) of the roasted coffee extracts and instant coffee were
determined using the Folin-Ciocalteu method [89]. Briefly, coffee samples (100 µL) were
incubated with 10% Folin-Ciocalteu reagent (200 µL) at room temperature for 4 min and
then incubated with 700 mM Na2CO3 (800 µL) for 30 min. The optical density (OD) was
then measured at 765 nm against the reagent blank. GA (6.25–200 µg/mL) was used to
generate a calibration curve that was then used to calculate TPC and identify the gallic acid
equivalent (GAE).

4.7. Determination of Free-Radical Scavenging Activity

Antioxidant activity was determined by using the ABTS radical cation (ABTS•+)
decolorization method [89] and the DPPH radical (DPPH•) scavenging method as was
previously established by Hatano and colleagues with slight modifications [89]. Ten
microliters of DI (control), coffee extracts (50–4000 µg/mL), instant coffee (50–4000µg/mL)
or Trolox (6.25–800 µg/mL) was incubated with the freshly prepared solution consisting of
3.5 mM ABTS•+ and 1.22 mM K2SsO8 in the dark at room temperature for exactly 6 min.
The substance was then photometrically measured at a wavelength of 764 nm. Results are
expressed as percentage of inhibition of ABTS•+ production and reported in mg Trolox
equivalent antioxidant capacity as (TEAC)/g dry weight of the extracts. With the use of
the DPPH• scavenging method, DI (control), coffee extracts (30–500 µg/mL), instant coffee
(30–500µg/mL) or Trolox (6.25–50 µg/mL) were incubated with of 0.4 mM DPPH• solution
in the dark at room temperature for 30 min and photometrically measured at a wavelength
of 517 nm. Antioxidant activity was determined using the following equation:

Radical scavenging activity (%) = [(ODDI − ODcoffee or Trolox)/ODDIt] × 100 (1)

Results were reported as percentage of ABTS• or DPPH• scavenging activity (y-axis)
and compared to DI plotted against coffee extract, instant coffee or Trolox concentration
(x-axis), while the concentration of the substance that provided 50% reduction of DPPH•

concentration (IC50) value was calculated from the graph.

4.8. Determination of Iron-Binding Ability

Iron-binding activity of the coffee extracts and the instant coffee was determined with
the method established by Srichairatanakool and colleagues [90]. Nitrilotriacetate (NTA)
pH 7.0 solution (80 mM) was prepared by mixing 80 mM nitrilotriacetate disodium salt
solution with 80 mM nitrilotriacetate trisodium salt solution until the pH reached 7.4. Stock
ferric nitrilotriacetate (Fe-NTA) solution (1 mM) was freshly prepared by dissolving ferric
nitrate nonahydrate in 80 mM NTA pH 7.0 solution and the mixture was incubated at room
temperature for 1 h. Coffee extracts (250 µg/mL) were diluted in 10 mM MOPS buffer pH
7.0 to reach designated concentrations. The coffee extracts, CGA and CF, were incubated
with 1 mM Fe-NTA solution at room temperature for 1 h and were photometrically mea-
sured within a wavelength range of 200–800 nm using a scanning double-beam UV-VIS
spectrophotometer against the reagent blank. In addition, the coffee extracts (250 µg/mL)
were incubated with different concentrations of Fe-NTA solution at room temperature for
30 min. Finally, the produced coffee-iron complex was photometrically measured within a
wavelength range of 200–800 nm using a scanning double-beam UV-VIS spectrophotometer
against the reagent blank.

4.9. Cell Toxicity Study Using MTT Assay

Colorimetric MTT assay was used for the determination of cell viability based on
mitochondrial reductases presented in live cells, in which yellow MTT dye was reduced to
purple-colored formazan product in a direct proportion to the number of viable cells [91].
Normal human peripheral blood mononuclear cells (PBMC) and two human breast cancer
cell lines were used in the toxicity study. The blood collection protocol was approved of by
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the director of Maharaj Nakorn Chiang Mai, Faculty of Medicine, ChiangMai University,
Chiang Mai, Thailand and the Ethical Committee for Human Study (Reference Number
8393 (8).9/436). Informed consent was provided by healthy blood volunteers. Blood
samples (10 mL) obtained from healthy donors were collected into tubes (BD Vacutainer®,
USA) containing 158 USP units of sodium heparin and diluted with sterile PBS, pH 7.4(1:1,
v/v). Ficoll-Paque (Histopaque®-1077) solution was then overlaid with heparinized blood
(at a ratio of 1:2, v/v) in 50-mL sterile conical tubes and centrifuged at 1500 rpm and at
a temperature of 25 ◦C for 30 min. After centrifugation, the upper layer was aspirated
and mononuclear cells at the interphase were collected into 15-mL sterile centrifuge tubes.
The suspension was washed twice with 10 mL of sterile PBS, then centrifuged at 6000 rpm
and at a temperature of 4 ◦C for 5 min, while the supernatant was aspirated and the
cell pellets were resuspended in complete culture medium. The suspension was then
incubated overnight in a humidified environment containing 5%CO2 at 37 ◦C. In the assay,
PBMC (7 × 104 cells/well) were incubated with boiled, drip and espresso coffee extracts
(3.125–50 µg/mL) or PBS for 24 and 48 h in a humidified 5%CO2, 37 ◦C incubator. After the
treatment, MTT reagent (20 µL) was added into each well and the cells were incubated in
the dark at 37 ◦C for 4 h. Finally, the formazan crystal product was dissolved with DMSO
(200 µL) and the OD was measured at wavelengths of 570 and 630 nm. The percentage of
cell viability was calculated using the following formula: ODsample/ODcontrol× 100.

The human breast cancer cell lines, MCF-7 (ATCC HTB-22) and MDA-MB-231 (ATCC
HTB-26), were kindly provided by Professor Dr. Masami Suganuma, PhD. at the Graduate
School of Science and Engineering, Saitama University, Saitama, Japan and Professor
Dr. Ratana Banjerdpongchai, MD., PhD. at the Department of Biochemistry, Faculty of
Medicine, Chiang Mai University, Thailand. MDA-MB-231 cells were cultured incomplete
RPMI-1640 medium supplemented with 10% (v/v) heat-inactivated fetal bovine serum
(FBS) and penicillin-streptomycin solution (10,000 U/mL). They were then treated with
boiled, drip and espresso coffee extracts (3.12–50 µg/mL) for 24 and 48 h. Viability was
then determined using the MTT assay. In another study, MDA-MB-231 and MCF-7 cells
were treated with drip coffee extracts (31.25–1000µg/mL) in an incubator (5% CO2, 37 ◦C)
for 24 and 48 h. Viability was then determined using the MTT assay.

4.10. Acute Toxicity Study

Acute toxicity of the drip coffee extract was investigated in female rats for 14 days
using the Standard Operating Procedure (SOP) according to OECD Guidelines 2008 estab-
lished by van den Heuvel and colleagues [92]. Animals were purchased from the National
Laboratory Animal Center, Mahidol University, Salaya Campus, Thailand. The study
protocol was approved of by the Animal Ethics Committee, Faculty of Medicine, Chiang
Mai University, Thailand (Reference Number 25/2561). Male Sprague–Dawley rats at
approximately 8–10 weeks of age and weighing around 180–200 g were used for the acute
toxicity study. Rats were orally fed with a single dose of drip coffee extract using an oral
dosing needle. Animals were observed after being dosed for 30 min, 1, 4 and 6 h and
daily for 14 d. In addition, rat body weights were recorded before treatment, then once
a week for the next 2 weeks or at the time of death. The initial dose was estimated from
the median lethal dose (LD50) of caffeine content, while the starting dose was 175 mg/kg
BW. The dose for the next animal was then adjusted up or down (1.3 of dose progression
factor) depending upon the outcome for the first animal. If an animal survived, the dose
for the next animal was increased; if the animal died, the dose for the next animal was
decreased. The upper and lower limits of the dose should not exceed 2000 mg/kg BW
or be lower than 5 mg/kg BW, respectively. Remark: The caffeine content in the upper
limit dose should not exceed 200 mg/kg BW. Visual observations including behavioral
patterns (trembling, diarrhea, breathing, impairment in food intake, water consumption,
postural abnormalities, hair loss, sleep, lethargy and restlessness) and physical appearance
(eye color, mucous membrane, salivation, skin/fur effects, body weight and injury) were
recorded daily for 14 d.
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4.11. Statistical Analysis

The experiments were performed in at least triplicate. Data were analyzed using
the SPSS Statistics Program (IBM SPSS® Software version 22, IBM Corporation, Armonk,
NY, USA, with a shared license assigned to Chiang Mai University, Thailand) and are
expressed as mean±standard deviation (SD) or mean±standard error of the mean (SEM)
values. Statistical significance was analyzed using one-way analysis of variance (ANOVA)
followed by Tukey HSD’s post-test. A p-value < 0.05 was considered significant.

5. Conclusions

We have conducted a comparative analysis of the phytochemical compounds, radical
scavenging activities and also the iron binding capacity of roasted and green Arabica
coffee extracts and instant coffee. The profiles of the phenolics and phytochemicals were
practically the same in all green and roasted coffee bean extracts prepared using the
boiling, drip-filtered and espresso methods. An exception of this would be the existence
of additional dimethoxycinnamic acid, caffeoylarbutin and cynaroside that were present
in green coffee. Similar to instant coffee, besides an abundance of caffeine, all the roasted
coffee extracts were determined to be rich phenolic compounds; particularly, chlorogenic
acid, which is known to exert dose dependent antioxidant and iron-binding properties.
Among them, the drip coffee extract contained higher total phenolic content which would
reflect stronger free-radical scavenging activity. The coffee extracts were not harmful to
breast cancer cells and normal white blood cells, while they did support viability of the
white blood cells at longer incubation times. Taken together, an automatic drip-filter coffee
maker would be the most efficient way of brewing roasted coffee to yield the highest
free-radical capacity, as well as the greatest amounts of phenolic compounds.
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Abbreviations

3-CQA = neochlorogenic acid; 4-CQA = cryptochlorogenic acid; 5-CQA =5-O-caffeoylquinic acid;
5-FQA = 5-feruloylquinic acid; ABTS = 2,2′-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) di-
ammonium salt; ABTS+• = 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt
radical cation; ANOVA = analysis of variance; BW = body weight; CA = caffeic acid; Cd = cadmium;
CF = caffeine; CGA = chlorogenic acid; CQA = caffeoylquinic acid; Cu = copper; DAD = diode-
array detector; DI = deionized water; diCGA = dichlorogenic acid; diCQA = dicaffeoylquinic acid;
diFQA = diferuloylquinic acid; DMSO = dimethyl sulfoxide; DPPH = 2, 2-diphenyl-1-picrylhydrazyl;
DPPH• = 2, 2-diphenyl-1-picrylhydrazyl radical cation; ESI = electrospray ionization; Fe3+-NTA = ferric-
nitrilotriacetic acid; Fe-NTA = ferric nitrilotriacetic acid; FQA = feruloylquinic acid; GA = gallic acid;
GAE = gallic acid equivalent; GLC = gas-liquid chromatography; HPLC-DAD = high-performance liq-
uid chromatography-diode array detection; HPLC-ESI-MS = high-performance liquid chromatography-
electrospray ionization-mass spectrometry; HPLC-MS = high-performance liquid chromatography-
mass spectrometry; HPLC-ESI-MS-MS = high-performance liquid chromatography-electrospray
ionization-tandem mass spectrometry; IC50 =half-maximal inhibitory concentration; K2SsO8 = potas-
sium thiosulfate; LD50 = median lethal dose; LOD = limit of detection; LOQ = limit of quantitation;
m/z = mass to charge ratio; Mn2+ = Manganese ion; MOPS = 3-(N-morpholino) propanesulfonic acid;
MS = mass spectrometry; MTT = 3-[4,5-dimethylthiazol-2-yl]2,5-diphenyl tetrazolium bromide; NA = not
available; ND = not detectable; NTA = nitrilotriacetate; OD = optical density; OECD = organization
for economic co-operation and development; Pb = lead; PBMC = peripheral blood mononuclear
cells; PBS = phosphate-buffered saline; PDA = photodiode array; p-CoQAs = para-coumaroylquinic
acids; ROS = reactive oxygen species; rpm = revolutions per minute; SD = standard deviation;
SEM = standard error of the means; SOP = standard operating procedure; TDS = total dissolved
solid; TE = Trolox equivalent; TEAC = Trolox equivalent antioxidant capacity; TIC = total ion
count; TPC = total phenolic content; TR = retention time; UHPLC-ESI-QTOF-MS = ultra-high perfor-
mance liquid chromatography-electrospray ionization-quadrupole time-of-flight-mass spectrometry;
UHPLC-QTOF-MS = ultra-high performance liquid chromatography-quadrupole time-of-flight-mass
spectrometry; UV = ultraviolet; v/v= volume by volume; w/w = weight by weight; Zn = zinc.
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Abstract: Antioxidant polyphenols in black tea residue are an underused source of bioactive com-
pounds. Microencapsulation can turn them into a valuable functional ingredient for different food
applications. This study investigated the potential of using spent black tea extract (SBT) as an active
ingredient in food packaging. Free or microencapsulated forms of SBT, using a pectin–sodium
caseinate mixture as a wall material, were incorporated in a cassava starch matrix and films de-
veloped by casting. The effect of incorporating SBT at different polyphenol contents (0.17% and
0.34%) on the structural, physical, and antioxidant properties of the films, the migration of active
compounds into different food simulants and their performance at preventing lipid oxidation were
evaluated. The results showed that adding free SBT modified the film structure by forming hydrogen
bonds with starch, creating a less elastic film with antioxidant activity (173 and 587 µg(GAE)/g
film). Incorporating microencapsulated SBT improved the mechanical properties of active films
and preserved their antioxidant activity (276 and 627 µg(GAE)/g film). Encapsulates significantly
enhanced the release of antioxidant polyphenols into both aqueous and fatty food simulants. Both
types of active film exhibited better barrier properties against UV light and water vapour than the
control starch film and delayed lipid oxidation up to 35 d. This study revealed that starch film
incorporating microencapsulated SBT can be used as a functional food packaging to protect fatty
foods from oxidation.

Keywords: biodegradable; edible film; release; polyphenols; antioxidant activity; pectin; sodium
caseinate; oil oxidation; waste biomass

1. Introduction

Lipid oxidation or oxidative rancidity, one of the main causes of food deterioration
alongside microbial spoilage, generates harmful compounds in foods as well as degrading
their colours and nutrients [1]. Synthetic antioxidants such as butylated hydroxyanisole
(BHA), butylated hydroxy toluene (BHT), and propyl gallate have often been used to
overcome rancidity. However, undesirable side-effects associated with these synthetic
antioxidants have directed scientific studies towards investigating natural antioxidants [2,3].
Therefore, phenolic compounds originating from plants, the main category of natural
antioxidants, have become of growing scientific interest.

The large amount of waste arising from food manufacturing is a potential source of
underused polyphenols which possess antioxidant power [4,5]. In this sense, using this
waste is a sustainable and economically attractive way of obtaining natural antioxidants.

Tea has been a popular beverage since ancient times. One type, black tea, is consumed
throughout the world and contains many types of polyphenols such as theaflavin, thearu-
bigin, and catechin which are responsible for its antioxidant activity [6,7]. Tea is prepared
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by infusing tea leaves in boiling water for a short time. After black tea is brewed during the
industrial beverage manufacturing process, the remaining residue, spent black tea (SBT), is
usually discarded as waste. SBT still contains a significantly high and recoverable quantity
of antioxidant phenolic compounds and our previous study has shown that subcritical
water extraction with ethanol as a co-solvent is an efficient process for extracting phenolic
compounds from SBT [8]. This method, subcritical solvent extraction (SSE), uses a pres-
surized mixture of water and ethanol in the liquid state above its boiling point to enhance
the solubility of the compounds and the mass transfer rate during the extraction process,
thereby improving the extract yield while decreasing the time and solvent consumption
during the process.

The phenolic extract from SBT can be incorporated directly into foods or in food
packaging to control lipid oxidation. However, adding phenolic extracts directly to food
may neutralize their antioxidant activity after they react with the food and reduce its quality.
As the lipid oxidation process is induced from the surface of the foodstuff, designing a
functional food film incorporating phenolic extracts has recently received more research
attention [9,10]. Antioxidants incorporated into a film can, not only prevent oxidative
damage in fatty foods, but also act as a functional additive by migrating from the packaging
into the food product. However, the stability of polyphenols can deteriorate during food
processing and storage because of their sensitivity to oxygen, light, and heat. Encapsulating
phenolic extracts in various types of wall material can efficiently reduce this deterioration
during the preparation of the films. Encapsulation can also help to regulate the kinetics
of the active compounds as they are released into food products while maintaining the
physical properties of the film.

Spray drying is the most widely used technique for encapsulating active and heat-
labile compounds because of its short thermal contact time and suitability for industrial
application. The type of wall material is also crucial when producing microencapsulates by
spray drying [11]. Of the various types of wall material, conjugated mixtures of protein
and polysaccharides, such as sodium caseinate and pectin, are of great interest because of
their complementary effects on the stability of the core material [12,13]. Sodium caseinate is
derived from casein, the principal protein in the milk of bovine and other ruminant animals.
Its emulsifying properties combined with its heat stability promote its suitability as a wall
material for encapsulation [14]. Pectin is a negatively charged plant polysaccharide which
has a wide range of food applications including as a protective carrier because of its gel-
forming and stabilization properties. In our recent study, polyphenols obtained from SBT
were successfully encapsulated in a mixture of pectin and sodium caseinate to produce
a functional food ingredient [8]. These encapsulated polyphenols can be used as stable
active compounds in different food applications. However, few studies have reported on
the application of these prepared functional microencapsulates to food products and active
food packaging incorporating SBT extract microencapsulates has not yet been developed
to the best of our knowledge. For producing food packaging, the use of biobased polymers
rather than synthetic material is gaining popularity because they are biodegradable, cheap,
abundant, and edible. Starch from a variety of plant sources is considered as one of the most
promising biopolymers. In particular, cassava starch has been reported to be an excellent
raw material for food packaging because of its characteristics of being odourless, tasteless,
colourless, non-toxic, and with a high amylopectin content and high viscosity [15–18]. It
has also been used as a carrier for antioxidants and antimicrobials in active food packaging
and improved the physical properties of the film [19–21].

Hence, the present study aimed to develop a functional film incorporating SBT extract
and to investigate the effect of incorporating free and encapsulated forms of the extract on
the physico-chemical properties and migration behaviour of active compounds into food
simulants. The performance of antioxidants in preventing lipid oxidation of soybean oil
will also be studied.
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2. Results and Discussion
2.1. Fourier Transform Infrared (FTIR) Analysis of Films and SBT Extract Powders

FTIR spectroscopy is used for analysing the functional bonds and intermolecular
interactions between compounds by identifying their molecular vibrations. The infrared
spectra of free and encapsulated spent black tea extract powders (SBT, SBTen respectively)
are shown in Figure 1a. The FTIR spectrum of SBT extract reflects the main functional
groups in polyphenols, amino acids, and alkaloids. The broad band at 3318 cm−1 is related
to the O–H and N–H stretching modes in tea extract [22,23]. The peaks observed at 2922,
2858, and 1034 cm−1 have been attributed to C–H stretching, O–H stretching in alkanes
and carboxylic acid, and C=C bond stretch in aromatic rings, respectively [24]. The 1234
cm−1 band probably arises from the C–O group in polyols such as hydroxyflavones and
catechins [25]. The absorption bands at 1630 and 1530 cm−1 have been attributed to amide
I (C=O stretching) and amide II (N–H bending) in the amino acids present in black tea [26].
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For SBTen powder, a strong peak observed at 1643 cm−1 could be caused by the
migration of the –COO stretching vibration at 1630 cm−1 from the spectrum of pectin
and the C=O band at 1648 cm−1 from the spectrum of casein (Figure S1). These spectral
changes have been documented as characteristics of the pectin–casein bonding which may
be created due to the Maillard conjugation [27–29]. The results from X-ray diffraction and
thermal stability in our previous study have also confirmed the formation of a pectin–
caseinate complex [8]. Moreover, emerged new peaks at 1105 and 1018 cm−1 in SBTen
presented a band at 1150 cm−1 (C–O stretching) in both SBT and SBTen and a mild shift
in the peak of O–H stretching at 3290 cm−1, and indicated that conjugation had occurred
between the polyphenols and sodium caseinate–pectin during the encapsulation process
(Figure S1). This result was consistent with Jin et al.’s study [30], which revealed FTIR
spectra of conjugation between tea polyphenols, pectin, and soy protein.

In the IR spectra of all films (Figure 1a), the wide band between 3000 and 3600 cm−1

associated with O–H stretching and the peak at 2927 cm−1 could be attributed to the C–H
from alkyl groups [31]. The peaks at 1149 and 1077 cm−1 were attributed to C–O bond
stretching of the C–O–H group. It has been reported that the vibrational band at around
1645 cm−1 is related to the O–H bending of the adsorbed water in the amorphous regions of
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cassava starch [32]. In films incorporating SBTen, this peak overlapped with C=O stretching
(amide I; at 1635 cm−1) in the sodium caseinate wall materials. The films with SBTen
exhibited bands at 1542 cm−1 (amide II) and 1745 cm−1, corresponding to typical peaks for
SBTen powder, thus confirming the successful incorporation of the encapsulated powder.

After adding intact SBT extract to the film, a flattening and a slight red shift of the
O–H stretching band from 3285 cm−1 to 3291 cm−1 can be observed, indicating that there
was no chemical interaction, but hydrogen bonds between active groups of the starch
matrix and the phenolic hydroxy groups in the SBT. In contrast, the related peak in films
with SBTen showed less flattening than with SBT and shifted to the lower wavenumber.
This behaviour indicated the higher availability of O–H in SBTen films than in the other
formulations owing to having unbound surface O–H groups in SBTen film [33]. The ratio of
the intensities of the peaks at 3300 and 1149 cm−1 (I3300/I1149), associates to the stretching
vibration of ‘C–O’ in the ‘C–O–H’ group, was also calculated to compare the number
of hydroxyl groups available in the different formulations. The films containing SBTen
exhibited higher ratios indicating a higher number of available hydroxyl groups and the
film containing SBT showed a lower number than the other formulations [19]. It can thus
be presumed that phenolic hydroxyl groups can interact with the cassava starch matrix
by creating hydrogen bonds, but encapsulating SBT in wall materials can interrupt these
bonds, as illustrated in Figure 1b.

2.2. Morphology of Control and Active Films

The effect of incorporating free and biopolymer-encapsulated SBT extract into starch
films on their superficial morphology was analysed using scanning electron microscopy
(SEM) images (Figure 2).
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The cassava starch films exhibited a smooth, homogenous, and flat surface, but adding
SBT generated the rough surface on films, which interfered with the regular starch matrix.
This damaging of matrix could be ground for the poor mechanical properties of the active
films. Films incorporating the free SBT extract showed no significant differences in their
surfaces regardless of the polyphenol concentration, suggesting that the SBT extract had
spread evenly throughout the starch matrix and interacted via hydrogen bonding during
the processing of the film. Similar results have been observed during the development of
active starch films incorporating tea polyphenols [34]. After adding SBTen, white particles
were observed on the surface of the films, possibly related to the partial dissolving of
SBTen resulting in the entrapment of SBT extract within the core of the microencapsulates.
The SBTen 0.34% films exhibited a very rough surface with a less homogenous surface,
suggesting that the polymer chains had been interrupted by the microcapsules. This
phenomenon has also been reported where undissolved particles were observed on the
surface of cassava starch films incorporating anthocyanin microencapsulates [35].

2.3. Tensile Properties, Thickness, Young’s Modulus, and Viscosity of Film-Forming Solutions

The mechanical behaviour of films is related to their internal structure and can be
described in terms of tensile strength (TS), elongation at break (EAB), Young’s modulus
(YM), and film thickness. For the different film formulations, Table 1 shows the mean
values of their mechanical parameters and Figure 3, their stress–strain curves.

Table 1. Viscosity of FFD, thickness, mechanical properties, and water vapor transmission rates (WVTR) of starch films
incorporating free or encapsulated SBT extracts.

Film Viscosity of FFD
(mPa.s) Thickness (mm) Tensile Strength

(MPa)
Young’s Modulus

(MPa)
WVTR (g mm2/m2

24 h)

S 195.5 ± 2.5 a 0.1133 ± 0.0036 a 13.43 ± 0.141 b 224.45 ± 86.3 c 0.61 ± 0.19 a

SBT 0.17% 119.0 ± 5.0 b 0.1002 ± 0.0120 ab 17.54 ± 4.535 ab 231.94 ± 63.7 c 0.29 ± 0.04 b

SBT 0.34% 104.3 ± 5.1 bc 0.0957 ± 0.0028 ab 25.33 ± 3.706 a 1282.39 ± 84.4 a 0.54 ± 0.12 a

SBTen 0.17% 90.5 ± 1.5 bc 0.0906 ± 0.0043 b 25.17 ± 4.578 a 955.05 ± 74.0 b 0.38 ± 0.05 ab

SBTen 0.34% 82.5 ± 3.5 c 0.0862 ± 0.0032 b 23.47 ± 5.301 ab 1088.19 ± 72.34 ab 0.52 ± 0.13 a

Starch films incorporating free or encapsulated SBT extracts: control film (S) and active films incorporating SBT or SBTen at 0.17% or 0.34%.
Different letters in the same column (a–c) indicate a statistically significant difference (p < 0.05) between mean values. Values represent the
mean ± standard deviation of three individual runs.
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Incorporating free and encapsulated SBT decreased the thickness of the active films
associated with the decreasing starch mass. The control film with the highest mass of
cassava starch exhibited the highest thickness influenced by the viscosity of the film-
forming dispersion (FFD) (Table 1), an important parameter to be evaluated for the film
casting process. This can affect the spread ability, thickness, uniformity of the casting
layer, and the mechanical properties of the biopolymer film [36]. Table 1 shows that the
tensile strength (TS) of the films incorporating SBT was significantly higher than that of the
control film (p < 0.05) with the film incorporating 0.34% SBT exhibiting the highest value of
25.33 MPa. Simultaneously, the strain at break of the SBT films decreased significantly. This
behaviour can be attributed to the generation of hydrogen bond interactions between the
black tea extract and the cassava starch molecules. The spent black tea extract comprises
polyphenols with hydroxyl groups, particularly thearubigins, theaflavin, and catechin,
which influence their linking with the functional groups in cassava starch. Similar results
have been found in starch films incorporating tea polyphenols and rosemary extracts [19,34].
The incorporation of encapsulated SBT into film also significantly increased both the
value of TS and Young’s modulus (YM) (p < 0.05). This may have been caused by the
microencapsulates acting as a reinforcement filler in the starch matrix, thus developing a
less continuous microstructure. However, the values of TS and YM in films with SBTen
were lower than those with free SBT at 0.34%, possibly influenced by the sodium caseinate
and pectin used as wall materials in the microencapsulates. High levels of rigidity and
brittleness are seriously disadvantageous limitations in active biobased packaging films
and thus affect their use in the food industry. Consequently, incorporating encapsulated
SBT into the starch matrix can overcome these disadvantages by increasing the elasticity
and positively affecting the mechanical behaviour of the film.

2.4. Water Vapour Transmission Rate

The water vapor transmission rate (WVTR) is a critical property of packaging films
which affects the moisture level of the food products by preventing the loss or gaining
moisture. The WVTR of the different film formulations with free and encapsulated SBT
was assessed (Table 1). The results indicated that the significant effect on WVTR of adding
SBT at 0.17% could be attributed to the formation of hydrogen bonds between the starch
and polyphenols, as discussed previously. This can reduce the quantity of hydrophilic
functional groups, thus lowering the WVTR value. However, this value increased again
with the addition of SBT at a concentration of 0.34% owing to the hygroscopic nature of
phenolic extracts. The WVTR of a film can be influenced by several factors such as the
hydrophobic/hydrophilic nature of the materials used for the preparation of film, the
presence of cracks or voids, and steric hindrance and tortuosity in the structure [37]. The
WVTR values of active films with encapsulated SBT increased, but not above those of the
control and the SBT 0.34% films, possibly because of the water-soluble nature of pectin in
an aqueous environment [38] and the hydrophilic groups of sodium caseinate in the wall
of the microencapsulates [39]. However, the decrease in the WVTR indicated the adequate
cohesion of the polymeric chain formed, thus illustrating that strong intermolecular inter-
actions had created barriers to the diffusion of water vapor through the matrix, whereas
the presence of microcapsules as fillers can also create a tortuous path for water molecules
to pass through.

2.5. Light Transmission and Transparency of Films

The light transparency of packaging materials is an important parameter, because
it affects the quality of the protection to foods while also influencing its appearance and
attractiveness. Figure 4a shows that the control film based only on cassava starch was clear
and transparent, but adding SBT or SBTen made the films slightly brown in colour. The
control film (S) exhibited the highest transparency value (−1.783), but after adding the
SBT and SBTen powder, the transparency of the resulting active films (average: −2.98 and
−3.15, respectively) decreased significantly (p < 0.05).
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Light can catalyse many reactions causing food to deteriorate, influencing lipid oxida-
tion, off-flavour development, the generation of undesired colours, and the degradation
of nutritional compounds. UV light, with a higher energy than visible light, has a great
potential for breaking chemical bonds. Therefore, blocking out UV light is a desirable
property for a packaging film, particularly when used on foods with a high lipid content
which are prone to photosensitized oxidation.

The wavelength of ultraviolet (UV) light ranges from 10 to 380 nm and visible light
from 400 to 780 nm [40]; thus, the transmission of UV and visible light was determined at a
wavelength between and 200 to 800 nm (Figure 4b). All the active films provided a lower
transmission of UV light than the control film (S), possibly due to the fact that UV light was
absorbed after incorporating the phenolic extracts into the starch matrix. It was shown to
increase the obstruction to UV light with increasing SBT or SBTen content. This behaviour
agreed with previous studies on active cassava starch film incorporating Chinese berry
anthocyanins [21], and cassava starch/chitosan active film with Pitanga leaf extract [41].
In the case of the SBTen 0.34% film, the light transmission in the range of 400–800 nm was
35–58%, whereas for the SBT 0.34% film, it was 29–55%, possibly because the polymeric
wall materials in SBTen had covered the active compounds.

2.6. Antioxidant Content of Films and Their Migration into Food Simulants

Biopolymer films incorporating antioxidant compounds are manufactured for active
food packaging applications. The incorporated antioxidant compounds can help reduce
oxidative reactions in foods and thus significantly increase their shelf life. The DPPH
radical scavenging activity assay is commonly used to evaluate the activity of antioxidant
compounds in food by quantifying their ability to quench the DPPH radical. The dark
purple colour of DPPH disappears when it is reduced to its non-radical form. The degree
of fading of the free radical scavenger can be quantified by measuring the absorbance at
517 nm. The antiradical effects of all active film formulations measured by DPPH are
shown in Table 2. The results showed that the concentration of polyphenols and en-
capsulation significantly affected the antiradical effect of the films (p < 0.05). The total
antioxidant activity of the SBTen 0.34% film was the highest at 630 µg GAE/g film, whereas
that of the SBT 0.17% film was significantly lower than that of the other formulations
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at 173 µg GAE/g film. This can be attributed to the loss of antioxidant polyphenols
during the preparation and drying of films incorporating free SBT. However, the microen-
capsulation of polyphenols could preserve the antioxidant activity of the films, which
agreed with a report on the use of microencapsulation for preserving green tea polyphe-
nols during different food applications [42]. Incorporating a higher level of polyphenols
(0.34%), whether encapsulated or free, also significantly increased the antioxidant activity of
the films.

Table 2. Antioxidant content and their migration into food simulants (water and 95% ethanol),
expressed in terms of µg (gallic acid equivalent; GAE)/g film.

Film Total Antioxidantµg
(GAE)/g Film

Migration (Water)
µg (GAE)/g Film

Migration (95% Ethanol)
Mg (GAE)/gFilm

SBT 0.17% 173.14 ± 6.88 d 9.84 ± 3.00 c 10.85 ± 7.22 c

SBT 0.34% 587.06 ± 6.98 b 30.03 ± 4.00 c 53.31 ± 5.11 b

SBTen 0.17% 276.13 ± 6.88 c 105.63 ± 10.11 b 35.08 ± 4.44 bc

SBTen 0.34% 629.70 ± 20.80 a 391.22 ± 24.40 a 118.53 ± 5.12 a

Starch films incorporating free or encapsulated SBT extracts: control film (S) and active films incorporating SBT or
SBTen at 0.17% or 0.34%. Different letters in the same column (a–d) indicate a statistically significant difference (p
< 0.05) between mean values. Values represent the mean ± standard deviation of three individual runs.

The migration or release test is important for providing information on the affinity of
food products for active materials, thus making it feasible to select the most suitable active
material for each type of food. The release completely depends on the compatibility of the
antioxidant compound with the food product or food simulant [43]. Various studies have
quantified the compounds which are released into recommended food simulants such as
water (representing aqueous foods) and 95% ethanol (representing fatty foods) [44,45]. The
results of the present study showed a significantly higher release of antioxidant compounds
from films incorporating SBT microcapsules (SBTen) into water than into 95% ethanol
(Table 2, Figure 5a).

The three main factors affecting the migration of active compounds into food simulants
are the liquid diffusion into the film network, the solubility of the film in the simulant,
and the diffusion of the film into the simulant [44]. The liquid diffusion into the film
matrix also depends on the polarity of the simulant, as indicated by the swelling degree
of the film. Figure 5b,c shows that the swelling degree of all the active films in water was
higher than those in ethanol and that the films incorporating encapsulated SBT exhibited
a higher swelling degree in water than those incorporating free SBT. This could be the
effect of the hydrophilic nature of the films, thus making them swell more in water than
in ethanol. In particular, films incorporated the encapsulated SBT were more hydrophilic
than the film incorporated free SBT, and thus led to the higher migration of antioxidant
compounds into water. In contrast, films with free SBT released more active compounds
into 95% ethanol than into water, possibly because of the greater affinity and swelling of
SBT films in 95% ethanol (Figure 5c). This could also be attributed to the hydrophobic
nature of polyphenols in their free form, but when covered with a polymer wall material,
the resulting microcapsules exhibited a more hydrophilic nature. Even though the release
from SBT films into 95% ethanol was higher than into water, it was always lower than that
from the SBTen films. This behaviour could also be attributed to the presence of hydrogen
bonds between the polyphenols and starch molecules in the SBT film, but their absence in
the SBTen films promotes the release of microcapsules. Thus, active films incorporating
encapsulated SBT released more into both types of food simulant, but after release, the
hydrophilic nature of the microcapsules seemed to limit the complete release of active
compounds more into ethanol than into water. A similar observation has been reported for
the release of microencapsulated eugenol from thermoprocessed starch films [46].
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2.7. Effect of Antioxidant Activity on Preventing Lipid Oxidation

Lipid oxidation is a detrimental process in food systems, because it can reduce the
nutritional value and sensory quality of foods and produces toxic compounds hazardous
to human health. The degree of lipid oxidation is commonly measured by evaluating the
peroxide value (PV) of foods. This is also an important test for measuring the effectiveness
of active packaging films placed in direct contact with foods. The PV determines the
concentration of hydroperoxide, the primary oxidation products of foods, with a high
peroxide value indicating a higher level of lipid oxidation or food spoilage [47]. In the
present study, the PV of soybean oil samples in contact with the different formulations
of films was measured during storage for 35 d. The soybean oil in the open vial reached
the highest PV of 68.4 ± 3.04 (meq O2/Kg) after 35 d of storage (Figure 6) because of its
exposure to light and oxygen.
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Figure 6. The changes of peroxide value of soybean oil during 35 days of storage at 27 ◦C, open glass
vial (control) and starch films without and with incorporating free or encapsulated SBT extracts at
0.17% or 0.34%.

The all-active films exhibited a lower PV than the open control sample and the sample
sealed with the starch film. As the concentration of polyphenols increased, the PV of
the oil decreased. This suggested that adding SBT extract to the film in either the free
or encapsulated form could retard the formation of peroxides due to lipid oxidation.
Theoretically, lipid oxidation can be induced by oxygen in the presence of initiators such
as heat, free radicals, light, and metal ions [48]. Thus, the polyphenols in the SBT extract
could scavenge the free radicals in oil by donating hydrogen from the phenolic hydroxyl
group, which helped to stop the chain of radical propagation.

The PV of oil sealed with SBTen films was lower than that of oil sealed with SBT films,
possibly because of its higher release of antioxidant compounds. However, the PV of oil
samples sealed with either SBT or SBTen films at 0.34% were similar, possibly because the
lower transparency of the SBT films at 0.34% would remove the initiators needed for oil
oxidation.

3. Materials and Methods
3.1. Materials

The cassava starch was obtained from a local supermarket in Sapporo
(Hokkaido, Japan). Unblended black tea was supplied by New Vithanakande Tea Factory
(Pvt) Ltd., (Ratnapura, Sri Lanka). Glycerol, gallic acid, 2,2-diphenyl-1-picrylhydrazyl
(DPPH), Folin and Ciocalteu phenol reagent, and casein sodium salt from bovine milk
were provided by Sigma-Aldrich (St. Louis, MO, USA), and pectin from citrus, sodium
carbonate, magnesium nitrate, ethanol, and methanol were provided by Fujifilm Wako
Pure Chemical Corp. (Osaka, Japan). Distilled water was used in all experiments. All other
chemicals and solvents used were of analytical grade.

3.2. Preparation of SBT Powders
3.2.1. Preparation of SBT

The SBT was produced as described previously [8]. Briefly, black tea leaves were
brewed in boiling water for 6 min (2 g/100 mL), then filtered to obtain the residue. The
SBT was prepared after air-drying the filtered residue in an oven at 45 ◦C.
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3.2.2. Extraction and Encapsulation of SBT Polyphenols

The antioxidant phenolic compounds from SBT were extracted by subcritical solvent
extraction (SSE) using the conditions optimized in a previous study [8]. Briefly, a mixture
of pure water and ethanol (71% concentration) and SBT (20 mL/g) were mixed in an 11-mL
reactor with an agitator (Chemi-station PPV 3000, Tokyo Rikakikai Co. Ltd., Tokyo, Japan).
The extraction reactor was purged with nitrogen gas and 2.0 MPa of initial pressure was
applied. The sample in the reactor was then heated to 180 ◦C and maintained there for
10 min. During extraction, the agitation speed was kept at 1000 rpm to prevent any local
overheating and to increase the mass transfer. After the extraction, the reactor was cooled
in a cold-water bath; then, the sample was filtered through filter paper (6 µm) to recover
the SBT extract. The recovered SBT extract was concentrated using a rotary evaporator
(N-1210 and SB-1300 water bath, EYELA Tokyo Rikakikai Co., Ltd., Tokyo, Japan), then
stored at 4 ◦C until encapsulation.

The SBT extract was microencapsulated as described previously [8]. A 50%:50%
combination of pectin and sodium caseinate was used as the wall or coating material.
First, the coating material was dissolved in distilled water at 90 ◦C (3 g/100 mL), then
stirred until a clear dispersion was obtained. The polymer solution was then kept in a
refrigerator overnight to allow complete hydration. On the next day, the concentrated
SBT extract was added dropwise to the prepared biopolymer solution (1 g SBT extract:
20 g solution) after it had been heated to 40 ◦C; then, the mixed solution was stirred for
20 min. The prepared feed solutions were sonicated for 20 min, then homogenized for
30 min (HERACLES-16g, Koike Precision Instruments, Tokyo, Japan). The samples with a
3% solids concentration were then spray-dried with a laboratory-scale spray dryer OSK
55MO102 (Osaka Seimitsu Kikai Co. Ltd., Osaka, Japan) using a spray nozzle (diameter
0.5 mm), an inlet air temperature of 140 ◦C, an outlet air temperature of 85 ◦C, an atomiza-
tion pressure of 0.4 MPa, and a feed flow rate of 5 mL/min. The non-encapsulated SBT
extract was spray dried under similar conditions to the other samples with each experiment
performed in duplicate. The resulting SBT extract powders with or without encapsulation
were packed in zip-lock bags, covered with aluminium foil, then stored in a refrigerator
until further use.

3.3. Preparation of the Films

The films were prepared by the solvent casting process, as described in previous stud-
ies [19,35,46]. Cassava starch control films were produced by blending 4.0 g of starch, 1.2 g
of glycerol, and 84.0 g of distilled water. Active starch films were prepared by replacing
the starch component in the formulations with the same amount of free or encapsulated
SBT extract powder with predetermined phenolic content by Folin–Ciocalteu method [8]
(total phenolics content of powders: 359.90 and 17.14 µg of gallic acid equivalent/mg, re-
spectively), to obtain films with two different concentrations of total polyphenols (Table 3).
The total solids concentration of all the control and active films were set at 4% (m/m).
First, an aqueous starch dispersion was heated at 95 ◦C for 30 min under constant stirring
until the starch was gelatinized. Glycerol was then added to the solution at a total solid:
glycerol ratio of 10:3 (m/m) and agitated for 30 min. After cooling the solutions to 40
◦C in a cold-water bath, the free and microencapsulates of SBT were added to the starch
solution, then homogenized for 15 min. The film-forming dispersions (FFD) obtained were
degassed by sonication then poured into polypropylene Petri dishes while maintaining the
amount of FFD in the dish constant at 0.28 g/cm2. After drying at 35 ◦C for 24 h, the films
were conditioned at 25 ◦C and 53% relative humidity over saturated Mg (NO3)2 before
characterization.
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Table 3. Formulations of starch films incorporating free or encapsulated SBT extracts.

Types Polyphenols
% Starch (g) SBT/SBTen

(g)
Glycerol

(g) Water (g)

Control films S 4.000 - 1.2 84.0
Films with
SBT extract

SBT 0.17% 0.17% 3.981 0.0190 1.2 84.0
SBT 0.34% 0.34% 3.962 0.0380 1.2 84.0

Films with en-
capsulatedSBT

extract

SBTen
0.17% 0.17% 3.600 0.4000 1.2 84.0

SBTen
0.34% 0.34% 3.200 0.8000 1.2 84.0

3.4. Measurement of Viscosity of FFD

The viscosity of all the FFD was measured using a Sinewave Vibro Viscometer SV-10
(A&D Co. Ltd., Tokyo, Japan). All measurements were carried out at room temperature in
triplicate, and the average value was taken as the final value.

3.5. Characterization of the Films
3.5.1. Fourier Transform Infrared (FT-IR) Spectroscopy of Powders and Films

The preliminary structures of the SBT and SBTen powders were characterized using an
FTIR spectrophotometer (JASCO FTIR660plus, JASCO Corp., Tokyo, Japan). The samples
were prepared by pressing a mixture of the powder sample and KBr into pellets. The
functional groups of the films were identified by the FTIR spectrophotometer equipped
with an attenuated reflection accessory, ATR (Spectrum 100, PerkinElmer Co., Ltd., Shelton,
CT, USA). A spectral resolution of 4 cm−1 was used and 32 scans were acquired for each
spectrum in the range of 650–4000 cm−1. This experiment was performed in a room at
23 ◦C and 50% relative humidity.

3.5.2. Scanning Electron Microscopy (SEM)

The surface morphology of the films was observed using a field emission scanning
electron microscope (SEM, JSM-6301F, JEOL Ltd., Tokyo, Japan). The samples were dried
at 35 ◦C for 12 h, mounted on aluminium stubs using double-sided carbon tape, then
sputter-coated with gold. The micrographs were captured at an accelerating voltage
of 10 kV.

3.5.3. Film Thickness and Tensile Properties

The thickness of the films was measured by a digital micrometer (ABSOLUTE Digi-
matic Micrometer, Mitutoyo Corp., Kawasaki, Japan) to the nearest 0.001 mm. The average
thickness was based on measurements at three random positions on the film.

The tensile properties, tensile strength (TS), elongation at break (%EAB), and Young’s
modulus (YM) of the films were analysed using a universal testing machine system
(AG-100kNXplus, Shimadzu Corp., Kyoto, Japan) according to the ISO 527-3 (2018) test
method [49]. All the films were initially cut into a dumbbell shape using a cutter (JIS K7113
No.1 1

2 , Shimadzu Corp.) and preconditioned for 5 d at 23 ◦C and 50% relative humidity
before the mechanical testing. The initial grip separation and the testing speed were set
at 50 mm and 50 mm/min, respectively. The results are based on three measurements for
each formulation.

3.5.4. Water Vapour Transmission Rate (WVTR)

The water vapour transmission rate of the samples was analysed as described pre-
viously [50], with minor modifications. First, the film samples were equilibrated in a
desiccator containing a saturated solution of NaCl (75% relative humidity). The films
were then fixed using elastic bands over the top of a weighing bottle containing 5.0 g of
anhydrous CaCl2, then weighed immediately (W1). All the bottles were then placed in a
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chamber for 24 h (75% relative humidity at 25 ◦C) then weighed again (W2). The WVTR
was calculated as follows:

WVTR
(

g mm/m2 24 h
)
=

(W2−W1)× Film thickness
Area ×Holding time

(1)

3.5.5. Light Transmission

The light transmission of the films was measured using a UV-Vis spectrophotometer
(JASCO V-560, JASCO Corp., Tokyo, Japan) in the wavelength range of 200–800 nm. First,
the films were cut into rectangular strips (3.5 cm × 0.5 cm), then placed directly into a
cuvette to allow the light beam to pass through the films. The analyses were performed
in triplicate and an empty cell was used as the reference. The film transparency for
visible light was determined at 600 nm [51]. The percentage transparency was calculated
as follows:

Transparency value = (log T600)/x (2)

where T is the fractional transmission at 600 nm and x is the thickness of the film
sample (mm).

3.5.6. DPPH Radical Scavenging Assay

The antiradical effect of the films was determined by the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) scavenging activity method [52] with slight modifications. First, a piece of film
(30 mg) was completely dissolved in distilled water, then 3 mL of ethanol was added. The
resulting solution was centrifuged at 6000× g for 10 min. Two millilitres of the supernatant
and 5 mL of 0.1 mM DPPH solution were mixed, kept in the dark for 30 min, then the
absorbance was measured at 517 nm using a UV–vis spectrophotometer (JASCO V-560,
JASCO Corp., Tokyo, Japan). Gallic acid was used as the standard for preparation of the
standard curve (0.5–6.0 µg/mL, R2 = 0.99). The DPPH scavenging capacity was expressed
as micrograms of gallic acid equivalent/g (dry weight) film (µg GAE)/g film).

3.5.7. Migration Test

Pieces of film sample (2 cm × 2 cm) were placed in 8 mL of water (representing an
aqueous food) and 95% ethanol (representing a fatty food) in separate glass vials. The vials
were then purged with nitrogen gas before closing and kept at 25 ◦C for 7 d. The migration
of the antioxidant compounds into each food simulant was then tested using the DPPH
method, as described earlier (Section 3.5.6). The results were expressed as micrograms of
gallic acid equivalent/g (dry weight) film (µg GAE)/g film).

3.5.8. Peroxide Value (PV) of Soybean Oil

Soybean oil (5 mL) was poured into dark glass vials, then sealed with films of each
formulation (S, SBT 0.17%, SBT 0.34%, SBTen 0.17% and SBTen 0.34%). The sealed vials
containing the oil were then placed upside-down to ensure the oil was in contact with
the films. An open dark glass vial containing 5 mL of soybean oil was used as a control.
All vials were stored at 27 ± 2 ◦C and 50 ± 5% relative humidity under fluorescent light,
then samples were taken after 0, 7, 14, and 35 d of storage to determine the PV of the oil.
The peroxide value of the soybean oil was determined by iodometric titration. The oil
sample (1 g) was mixed with 10 mL of glacial acetic acid and chloroform (3:2, v/v) in an
Erlenmeyer flask. The mixture was shaken vigorously to dissolve the oil completely, then
mixed with 0.5 mL of saturated potassium iodide solution. The mixture was then kept in
the dark for 1 min before dilution with 30 mL of distilled water and titrated against 0.01 M
sodium thiosulphate in the presence of a starch indicator (5 mL). The volume of sodium
thiosulphate consumed was recorded and the PV expressed as millimolar equivalents
of free iodine per kilogram of oil (meq of oxygen/kg). All the analyses were performed
in triplicate.
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3.6. Statistical Analysis

Statistical analyses were carried out using Minitab 19.1.1. (Minitab Inc., State
College, PA, USA) to determine the significance of differences of factors and levels. One-
way analysis of variance (ANOVA) and Tukey′s multiple comparison test were used to
compare and identify significant differences (p < 0.05) between group means. The results
were reported as the mean value of three repeated experimental data.

4. Conclusions

In the present study, a functional film has been developed using free and microencap-
sulated SBT extract as the active ingredient. The results showed that adding SBT either in
the free or encapsulated form significantly affected the mechanical, barrier (water and light),
and antioxidant properties of the films. Non-encapsulated SBT extract could modify the
starch matrix by forming hydrogen bonds with cassava starch, thus inducing a reduction in
the mechanical properties of the film and in antioxidant migration from the film. The film
incorporating microencapsulated SBT extract exhibited a heterogenous film surface and
enhanced physical properties compared with the SBT film. The microencapsulation of SBT
protected the antioxidant compounds during the film processing and caused a significant
increase in the migration of the active compounds into both the aqueous and fatty food
simulants. The SBTen 0.34% film exhibited the highest free radical scavenging activity and
prevented lipid oxidation of soybean oil samples for more than 35 d.

Supplementary Materials: The following are available online, Figure S1: FTIR spectra of spray dried
SBT, SBTen, sodium caseinate, and pectin.
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Abstract: Abelmoschus esculentus (Okra) is an important vegetable crop, widely cultivated around
the world due to its high nutritional significance along with several health benefits. Different
parts of okra including its mucilage have been currently studied for its role in various therapeutic
applications. Therefore, we aimed to develop and characterize the okra mucilage biopolymer
(OMB) for its physicochemical properties as well as to evaluate its in vitro antidiabetic activity.
The characterization of OMB using Fourier-transform infrared spectroscopy (FT-IR) revealed that
okra mucilage containing polysaccharides lies in the bandwidth of 3279 and 1030 cm−1, which
constitutes the fingerprint region of the spectrum. In addition, physicochemical parameters such as
percentage yield, percentage solubility, and swelling index were found to be 2.66%, 96.9%, and 5,
respectively. A mineral analysis of newly developed biopolymers showed a substantial amount of
calcium (412 mg/100 g), potassium (418 mg/100 g), phosphorus (60 mg/100 g), iron (47 mg/100 g),
zinc (16 mg/100 g), and sodium (9 mg/100 g). The significant antidiabetic potential of OMB was
demonstrated using α-amylase and α-glucosidase enzyme inhibitory assay. Further investigations
are required to explore the newly developed biopolymer for its toxicity, efficacy, and its possible
utilization in food, nutraceutical, as well as pharmaceutical industries.

Keywords: okra mucilage; okra polysaccharides; biopolymer; α-amylase activity; α-glucosidase
activity; nutraceuticals; antidiabetic activity

1. Introduction

Abelmoschus esculentus (L.) Moench is a popular vegetable crop cultivated throughout
the world mostly in tropical and subtropical regions. The cultivation of okra vegetable
is globally known for its palatability [1]. Okra plant and its derived products have been
studied for various therapeutic purposes, such as antidiabetic, antioxidant, anticancer,
immunomodulatory potentials, as well as its ability to ease constipation [1]. Currently, the
mucilage or latex present in okra has drawn attention of the scientific community for its ap-
plication as an intervention for new therapeutic purposes, as the infusion of okra mucilage
has been earlier used in traditional Indian ethnomedicine for treating dysentery, diarrhea,
and many more [2]. Previous studies indicated that okra mucilage could have a potential
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role in the management of diabetes [3]. Mucilaginous substances present in the pod walls
of okra containing significant amount of protein, carbohydrate, neutral sugars, minerals,
and other complex polysaccharides [4,5]. Polysaccharides are a very important class of
biopolymers and represent a structurally diverse class of macromolecules. Furthermore,
natural polymers derived from plant or animal sources have high molecular weight along
with increased polarity, as these polymers are made up of monosaccharide units and joined
by glycosides linkage [6]. Moreover, polysaccharides are highly diverse in structure and bi-
ological functions including serving as structural components of cell walls, cell recognition,
cell proliferation, energy storage, cell differentiation, regulation of signaling, and immune
responses [7]. This enormous potential variability in polysaccharide structure gives the
necessary flexibility for the precise regulatory mechanisms of various cell–cell interactions
in higher organisms. Recent research is focused on polysaccharides isolated from natural
sources, because of its low side effect or with minimal toxicity. Meanwhile, several natu-
rally occurring polysaccharides such as cellulose, starch, pectin, acacia gum, gum arabic,
arabinogalactan, xylan, beta-glucan, and karaya gum has been reported [8,9]. Furthermore,
the main bioactive component of okra mucilage is okra polysaccharide, which is reported
to be comprising of pectic polysaccharides [10]. Meanwhile, the compositions of water-
extractable polysaccharides were reported to be galacturonic acid, rhamnose, arabinose,
xylose, mannose, galactose, glucose, xylan, starch, and uronic acid [11,12]. In addition,
okra polysaccharides have been reported for their antioxidant activity, immunomodula-
tory activity, ability to improve metabolic disorders and intestinal function, hypoglycemic
activity, and antifatigue activities. Rhamnogalacturonan, a polysaccharide extracted from
okra, has been reported to have an antidiabetic effect [11].

Okra polysaccharides have been seen as a promising bioactive component considering
its future prospective in food and pharmaceutical purposes for the development of novel
polymer [10,11,13,14]. Additionally, okra polysaccharides could also become a source for
the development of antidiabetic biopolymer, since it is considered to be very economical,
non-toxic, and biodegradable [6]. Diabetes is currently one of the most prevalent epidemics
worldwide; it represents an increase in socioeconomic burden, affecting about 382 million
people globally, and each year, around 1.3 million people die from diabetes. By 2045, an
estimate of 629 million people will be diabetic worldwide, as reported by the International
Diabetes Federation in 2017 [15]. Moreover, the etiology of different types of diabetes varies,
but complications related to high blood glucose are common in both types of diabetes.
Meanwhile, drug or diet ability to delay the production or absorption of glucose by
inhibiting carbohydrate-hydrolyzing enzymes such as α-amylase and α-glucosidase is one
of the most common therapeutic approaches used for the treatment of hyperglycemia [16].
Additionally, α-glucosidase inhibitors are considered to be more effective categories of
antidiabetic agents used in hyperglycemia, especially in case of postprandial hyperglycemia
over α-amylase inhibitors. The membrane bound α-glucosidase enzymes speed up the
digestion of oligosaccharides and disaccharides into simple monosaccharides, after which
they get absorbed and enter into the bloodstream. The inhibition of α-glucosidase as
well as α-amylases enzyme can help in delaying the digestion of carbohydrates, thereby
reducing the levels of glucose in blood [17]. At present, the use of carbohydrate digesting
enzyme inhibitors plays a vital role in controlling hyperglycemia by reducing the intestinal
absorption of glucose [16].

However, several reports suggest that pharmacological agents are usually associated
with some side effects, adverse effects, and even sometimes, their efficacies are controversial.
Hence, attention has been shifted toward traditional and alternative medicines or food-
derived products rich in antidiabetic phytoconstituents. The bioactive components present
in plants and plants derived products such as alkaloids, flavonoids, glycosides, gum,
carbohydrates, triterpenes, and different types of peptides are usually responsible for
their therapeutic importance [18–21]. Recently, okra has been recognized for its potential
therapeutic purposes due to the presence of various important phytochemicals including
polysaccharides [1,22]. Therefore, despite having various therapeutic applications of okra
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fruits, seeds, pods, its mucilage has not been much explored toward its promising potential.
Hence, a novel biopolymer derived from okra mucilage has been developed along with its
physicochemical characterization, and its antidiabetic properties are studied.

2. Results and Discussion
2.1. Characterization of Okra Mucilage Biopolymer by FT-IR

Okra mucilage biopolymer (OMB) characterization using FT-IR analysis identifies
several functional groups representing characteristic bands of polysaccharides lying be-
tween 3279 and 1030 cm−1, which constitute the fingerprint region of the spectrum, as
presented in Figure 1. The broad band at 3279 cm−1 is mainly due to the presence of
hydrogen-bonded hydroxyl groups, which give rise to the complex vibrational bands
associated with free intermolecular and intramolecular bound hydroxyl groups, which
leads to the gross structure of carbohydrates [23,24]. Our FT-IR data also revealed the
characteristic of polysaccharide consisting of galactose, rhamnose, and galacturonic acid
represented by the broad-spectrum peak at 3279 cm−1, suggesting the presence of aromatic
sugar with O-H as the principle functional groups. Meanwhile, the presence of an O-H
functional group in the broad peak characterizes hydrophilic nature of the polysaccharides.
The hydroxyl groups in carbohydrate have intermolecular and intramolecular hydrogen
bonding that give broad band at 3279 cm−1 [24]. In addition, the band present at 2938 cm−1

is also a characteristic of methyl C-H bonding associated with benzene rings. In cellulose
and hemicellulose components, the characteristic C–H stretching corresponds to the band
at 2942 cm−1 [25]. In complex polysaccharides spectra, 1245 cm−1 was assigned for the
C–O stretching band, whereas 1030 cm−1 was assigned for the C–O–C group, indicating the
presence of aromatic bonds present in galactose, galacturonic acid, as well as in rhamnose.

The amide I band corresponds to the band at 1625 cm−1, which comes in the most
sensitive spectral region, depicting the secondary organizational units of proteins [26]. This
band is purely due to peptide linkages and CO stretch vibrations, indicating the presence
of protein. As the biopolymer was not subject to deproteinization, the protein bands were
observed [27]. The absorption at 1732 cm−1 was observed because of ester carbonyl, which
has also been reported in a previous study on okra mucilage [28]. Moreover, the presence
of carbonyl, methyl, as well as hydroxyl functional groups in okra are representative
of polysaccharides molecules, which is considered to be the backbone of the developed
polymer. Our results confirmed that OMB is composed of polysaccharides. However,
the polysaccharides were not in the form of cellulose or starch, but few functional bands
indicated the presence of peptide cross-link along with some amino sugars, and our results
are in line with earlier studies [24,29].

2.2. Percentage Yield, Solubility, and Swelling Index of Okra Mucilage Biopolymer

Okra mucilage extraction and its percentage yield were found to be 2.66% w/w using
water as the extraction liquid, and according to previous studies, the percentage yield of
okra mucilage was reported to range from 0.5% to 11% [28,30,31]. These variations in the
percentage yield of okra mucilage could be due to several factors, such as the physical
state of pods (dried or hydrated), cultivation region of pods, breed of okra, parts of okra
(crown or pulp), and maturation state of okra pods. In addition, the percentage yield could
also be affected by the extraction method used [25]. It has been reported that acetone is
more effective when compared to methanol as an extraction solvent; the yield rises by
31 times [28]. Percentage yield was recorded on a dry weight basis, and the moisture
content of extracted mucilage was found to be 9.6%. Currently, scientific communities are
working more on these factors to determine the optimal conditions of mucilage extraction,
such as extraction time, temperature, extraction cycle number, and raw material-to-solvent
ratio. Okra mucilage extraction by the water extraction method gave the yield of 2.66%,
and the conditions were temperature of 70 ◦C for 2 h and agitating at 200 rpm [32]. The
solution obtained was caramel-colored, viscous, and slippery. We found that the solubility
of extracted mucilage polymer at neutral pH was 96.9%. Earlier studies have also indicated
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that okra mucilage is partially soluble in cold water and soluble in warm water. Our results
are also consistent with the previous reported studies. All the characteristics obtained were
similar to those reported previously [31,33].

Figure 1. FT-IR spectrum of okra mucilage.

Additionally, we found that the swelling index of OMB at pH 7.5 in deionized water
was 5.0. Moreover, the swelling index has been found to be increasing with a gradual
increase of pH, as presented in Figure 2. This increase in the swelling index of okra
mucilage could be due to its increase in intra-ionic repulson when the ionization of carboxyl
groups (-COOH) is high. In addition, we also found that at pH 5.5, the swelling index
was the lowest; this could be due to the low ionization of the major functional groups
present in mucilage biopolymer. The pH-responsive behavior shown by OMB could
present a favorable condition for the controlled release of a bioactive active component in
pharmaceutical as well as nutraceutical industries [24]. In addition, the controlled release of
active agents at different pH indicates a unique polymer behavior, which is indispensable
in the packaging of food. Earlier studies have indicated that the polymer prepared for
drug development shows reduced swelling onwards of pH > 7.4, which could be due to
carboxyl groups ionization, and polymer dissolution occurs [34]. However, further studies
are required for a better analysis of this reported behavior.
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Figure 2. Swelling index of okra mucilage biopolymer at different pH. All experiments were per-
formed in triplicate, and data represent mean ±standard deviation.

2.3. Mineral Composition

Minerals are considered as one of the important parts of human nutrition, which help
to promote a healthy physical and mental state. The minerals are the principal elements of
the bones, teeth, tissues, muscles, blood, and nerve cells [35]. They play an important role
in acid–base balance maintenance, nerve response to physiological stimulation, and in the
clotting of blood [36]. The major component of bone is calcium, which is essential in teeth
development, blood coagulation, and intracellular cement substance integrity [37]. The
mineral constitution of OMB is summarized in Figure 3. The calcium concentration of OMB
was found to be 412 mg/100 g. One of the key trace elements required is iron, which is
helpful in the synthesis of hemoglobin, central nervous system functioning, and oxidation
of carbohydrates, fats, and proteins [38,39], which is further important in preventing
diabetes. The low iron content in the body leads to infection in the gastrointestinal pathway,
epistaxis (nose bleeding), and myocardial infection [40]. Figure 3 presents the iron content
of OMB, which was found to be 47 mg/100 g. Zinc is another required trace element having
important roles in many cellular processes such as normal body growth, development
of the brain, behavioral responses, formation of bone, and smooth wound healing [41].
Protein and carbohydrate metabolism requires zinc. The hepatic stellate cells (HSCs)
of the liver are the storage sites of vitamin A, and zinc is involved in its mobility to
other body parts from the liver. Zinc metalloenzymes are involved in DNA and RNA
biosynthesis [42]. The deficiency of zinc is commonly seen in people suffering from Crohn’s
disease, hypothyroidism, and gum disease (Periodontitis). People with zinc inadequacy are
vulnerable to viral infections and diabetes mellitus. Zinc plays a favorable role in treating
viral infections such as AIDS, prostate gland enlargement, rheumatoid arthritis, laceration,
acne, eczema, and stress [43]. Figure 3 presents the zinc content of OMB, which was found
to be 16.31 mg/100 g. Other minerals detected in okra mucilage in significant amount were
phosphorus (60 mg/100 g), potassium (418 mg/100 g), and sodium (9 mg/100 g). A high
potassium level in the body causes an increased utilization of iron in the body. Potassium
is also beneficial to patients administered with diuretics for hypertension control and those
having excessive potassium excretion via body fluid [44].
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Figure 3. Mineral contents (mg/100 g) of okra mucilage biopolymer.

2.4. Antidiabetic Activity

The use of plant-based approaches in the existing modern medications system for
the treatment of chronic disease such as diabetes is gaining recognition. Majorly, two of
the α-amylase and α-glucosidase enzymes are considered to be responsible for diabetic
conditions: α-amylase begins the process of carbohydrate digestion by hydrolysis of
1, 4-glycosidic linkages of polysaccharides (starch, glycogen) to disaccharides, and α-
glucosidase catalyzes the disaccharides to monosaccharides, which leads to postprandial
hyperglycemia. Hence, inhibitors of α-amylase and α-glucosidase are useful for the control
of high glucose level, as they delay carbohydrate digestion, which consequently reduces
the postprandial plasma glucose level [16].

To study the antidiabetic activity of OMB, α-amylase enzyme assay (Figure 4a) and
α-glucosidase inhibitory assay (Figure 4b) were performed. The α-amylase inhibition
enzyme assay of okra mucilage revealed that the new developed okra biopolymer had
significant anti-diabetic property with the increase in the concentration of biopolymer,
and its inhibitory activity was highest. On the other hand, α-glucosidase inhibitory assay
showed that OMB had concentration-dependent inhibitory effects. The mucilage biopoly-
mer at different concentration of 1, 2, 3, 4, and 5 mg/mL showed 9.9, 16.5, 24.5, 28.2, and
49.8 α-amylase inhibitory activity as well as 30, 41.5, 50.5, 62.2, and 69.7 α-glucosidase
inhibitory activity, respectively. Figure 4a,b showed that the higher the concentration, the
higher the inhibition of α-amylase and α-glucosidase inhibition. This could be due to high
concentrations representing more solutes in the form of secondary metabolites from okra
polymer, which had the ability to inhibit the action of both antidiabetic enzymes.

Earlier, the antidiabetic activity of okra has been reported by Ahmad et al. (2016),
and they found that aqueous extract of okra at different increasing concentrations (50,
100, 150, 200, and 250 µg/mL) has reportedly increased the inhibition for both percentage
of α-amylase and α-glucosidase enzyme. This reported result was consistent with our
results [45,46]. In both the assays, the mucilage polymer showed significant results, indi-
cating that OMB has potential, and it needs to be further explored for toxicity studies and
clinical trials, and by virtue of that, it could become an important anti-diabetic agent.
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Figure 4. Screening of (a) α-amylase inhibitory assay, (b) α-glucosidase inhibitory assay of okra
mucilage biopolymer at various concentrations. All experiments were performed in triplicate, and
data are expressed as mean ±standard deviation.

3. Materials and Methods
3.1. Materials

Mature okra pods were collected during the month of September 2020 from the local
markets of Hail city, Saudi Arabia. Samples collected from the local market were carefully
assorted, cleaned, washed from the earthy or waste material, and further dried under the
shade for 1 day. The kits used for α-amylase enzyme, α-glucosidase inhibitory assays, and
ethanol was bought from Sigma-Aldrich® (St. Louis, MO, USA). No additional purification
was done in these kits before using them for the experiments. All other reagents used to
carry out the experiments in this study were of analytical grade.

3.2. Extraction of Okra Mucilage

The okra pods were sliced, deseeded, and then water-soaked at ambient temperature.
Liquid fraction or filtrate was separated from the solid content after 12 h using a muslin
cloth. To the filtrate, triple the volume of ethanol was added. The liquid was stirred slowly
by hand until the mucilage was fully precipitated. The mucilage was left to dry in an oven
for about 12 h at 30 ◦C. Later, the dried mucilage was ground into powdered form evenly
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using a grinder and then passed through sieves. The finely pulverized polymer was kept
in polyethylene pouch bags in the dark until further analyses [47].

3.3. Characterization of Okra Mucilage Biopolymer

The FT-IR experiments were carried out using the Thermo Scientific® Nicolet TM
6700 FT-IR spectrophotometer. The attenuated total reflection was performed to ob-
tain the spectra. In this technique, Zn-Se crystals were used to press the samples, and
4000–650 cm−1 was the range of collection. An average of 16 scans having a resolution of
4 cm−1 was considered.

3.4. Quantitative Yield Determination

The percentage yield was calculated by the previously reported method of Jouki et al.
(2014) [48,49]. The weight of okra pods without seeds in grams (ms) was used to calculate
the yield. After the extraction, the weight of mucilage polymer was converted into mil-
ligrams (m). The percentage yield was calculated using Equation (1) as mentioned below.

Yield =
m
ms

(1)

3.5. Swelling Index

The swelling index (SI) was determined according to the method reported by Cotrim
et al. (2016) with certain modifications. In a graduated cylinder of 10 mL, 0.1 g of okra
mucilage biopolymer was transferred. After measuring the initial dried sample volume,
ionized water was added, and a final volume of 10 mL was made. The mucilage polymer
swelled up to form a viscous gel. After 24 h, the volume of swelled up mucilage was
measured. The swelling index was calculated using Equation (2) mentioned below [49].

SI =
Vf
Vb

(2)

where Vf = final volume 24 h later, and Vb = dry mucilage initial volume.

3.6. Solubility of Okra Mucilage Biopolymer

Dry okra mucilage biopolymer (0.1 g) was taken in a graduated cylinder of 10 mL
to study its solubility in water. Deionized water was added to make the volume up to
10 mL, and the sample solutions were left for 6 h. Furthermore, the dispersed samples were
subjected to magnetic stirring at 60 ◦C for 1 h. Later on, the sample solution was centrifuged
at 4000 rpm for 30 min. After the centrifugation process, the insoluble matrix was separated
and dried at 105 ◦C until it achieved constant weight. The solubility percentage of the
sample was obtained as per Equation (3), as mentioned below [31]

S =
w1 − w2

w1
× 100 (3)

where S = percentage solubility, w1 = initial mass of dry mucilage, and w2 = mass of
insoluble dry matter obtained after centrifugation.

3.7. Determination of Mineral Content

The mineral analysis of OMB was carried out according to the procedure mentioned
in the AOAC (2016). Additionally, sample preparation was made by taking 1 g of the
pre-dried sample in crucible and burned over a hot plate followed by ashing inside the
muffle furnace at 550 ◦C. Once the sample cools down, it was mixed 20% supra pure nitric
acid (50 mL) in an Erlenmeyer flask and heated at 70–85 ◦C for 6 h. Meanwhile, during
the digestion of the sample, supra pure nitric acid was added intermittently to maintain
the volume. Furthermore, the sample was filtered cool and the volume was made up to
100 mL in a volumetric flask using deionized water. Afterwards, the prepared samples
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were placed for analysis of selected elements [50]. The standard flame emission photometer
(PerkinElmer, Waltham, MA, USA) was used to determine the concentrations of sodium
(Na) and potassium (K) present in the okra mucilage. Phosphorus (P) content was quanti-
fied by the vanadomolybdate method AOAC (2016). Atomic absorption spectrophotometer
(PerkinElmer, Waltham, MA, USA) was used to measure calcium (Ca), iron (Fe), and zinc
(Zn) concentrations [51].

3.8. Antidiabetic Activity

To investigate the in vitro antidiabetic activity, α-amylase inhibitory assay and α-
glucosidase inhibitory assay were performed.

3.8.1. α-Amylase Inhibitory Assay

α-Amylase inhibitory activity of OMB was carried out as per the method presented
by Oliviya et al. (2018) with slight modification. Non-identical aliquots of mucilage
biopolymer (1, 2, 3, 4, and 5 mg/mL), were taken separately. Subsequently, 250 µL of
0.02 N sodium phosphate buffer containing α-amylase solution (0.5 mg/mL) was added
to it. Starch solution (1%, 250 µL) prepared in 0.02 M sodium phosphate was added to
the solution. The incubation of 10 min at 25 ◦C was provided to this mixture. With the
addition of 500 µL of dinitrosalicylic acid, the reaction was terminated. Then, it was kept
for 5 min in a boiling water bath. Then, the solution was cooled down, and absorbance
(Abs) was recorded at 540 nm [52]. Negative control was prepared using distilled water,
and the percentage inhibition was calculated by using following formula [53].

% Inhibition =
Abs.(540)control − Abs.(540)sample

Abs.(540)control
× 100

3.8.2. α-Glucosidase Inhibitory Assay

α-Glucosidase inhibitory activity of okra mucilage biopolymer was carried out as per
the method presented by Oliviya et al. (2018) with slight modification. Pre-incubation
of 100 µL of glucosidase with 50 µL at different concentration (1, 2, 3, 4, 5 mg/mL) of
mucilage biopolymer extract were taken separately. To start the reaction, 50 µL of 3.0 mM P-
nitrophenyl-α-D-glucopyranoside was added in 20 mM phosphate buffer. The solution was
incubated for 20 min at a temperature of 37 ◦C. At this stage, the reaction was terminated
by adding 0.1 M of Na2CO3. The absorbance was measured at 405 nm [52]. Negative
control was prepared using distilled water, and the percentage inhibition was calculated
by using the following formula [53].

% Inhibition =
Abs.(405)control − Abs.(405)sample

Abs.(405)control
× 100

3.9. Statistical Analysis

The data of all the experiments were expressed as mean ±standard deviation of
triplicate measurements. All the analysis were carried out using IBM SPSS software version
23.0 (IBM Corp. Armonk, NY, USA).

4. Conclusions

Okra, an easily available nutritive vegetable crop, has been found very interesting
in terms of mineral content. Mucilage present in okra has been found to be a rich source
of polysaccharides. Our study showed that the newly developed biopolymer had key
physicochemical characteristics. Key parameters such as swelling index, solubility, as
well as mineral analysis indicated that the newly developed biopolymer could become
a potential source for food and pharmaceutical industries as packaging materials (edible
polymer), emulsion stabilizers, binding agent, water retention agent, thickeners, etc. The
high swelling index of biopolymer at different pH could open the door of possibilities
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for the development of edible polymer as well as for the development of nutraceuticals
by incorporating bioactive components. In addition, FT-IR analysis suggested that it
contains polysaccharides majorly composed of galactose, rhamnose, and galacturonic
acid. Furthermore, mucilage biopolymer was evaluated for in vitro antidiabetic activity,
and both α-amylase and α-glucosidase inhibitory assay showed positive response against
the okra mucilage biopolymer, indicating its possible application for the advancement of
anti-diabetic agent. Therefore, based upon our results, we can conclude that the newly
developed okra mucilage biopolymer is enriched with nutritional content as well as it
could become an important natural source for various food, nutraceutical as well as
pharmaceutical applications.
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Abstract: Jamaican cherry (Muntinga calabura Linn.) is tropical tree that is known to produce edible
fruit with high nutritional and antioxidant properties. However, its use as functional food is still
limited. Previous studies suggest that fermentation with probiotic bacteria could enhance the
functional properties of non-dairy products, such as juices. In this study, we analyze the metabolite
composition and activity of Jamaican cherry juice following fermentation with Lactobacillus plantarum
FNCC 0027 in various substrate compositions. The metabolite profile after fermentation was analyzed
using UPLC-HRMS-MS and several bioactive compounds were detected in the substrate following
fermentation, including gallic acid, dihydrokaempferol, and 5,7-dihydroxyflavone. We also found
that total phenolic content, antioxidant activities, and inhibition of diabetic-related enzymes were
enhanced after fermentation using L. plantarum. The significance of its elevation depends on the
substrate composition. Overall, our findings suggest that fermentation with L. plantarum FNCC 0027
can improve the functional activities of Jamaican cherry juice.

Keywords: Jamaican cherry; fermentation; Lactobacillus plantarum; antioxidant; antidiabetic; food
nutrition improvement

1. Introduction

Jamaican cherry (Muntingia calabura Linn.) is a plant species belonging to Elaeo-
carpaceae. This plant is indigenous to Southern Mexico, Northern South America, Central
America, Trinidad, St. Vincent, and the Greater Antilles [1]. It is also spread and com-
monly found in other tropical countries including Indonesia, Malaysia, the Philippines,
and India [2]. The flower, roots, and barks are used as folk remedies for various medical
conditions including fever, liver disease, incipient cold, and antiseptic agents in Southeast
Asia [1]. The leaves are known to contain phenolic compounds that exhibits various biolog-
ical activities such as antimicrobial [3], antioxidant [4], anti-cancer [5], hepatoprotective [6],
and hypotensive activities [7]. In addition, Jamaican cherry fruit is edible; they can be eaten
raw or processed as juice. Morphologically, the fruit is relatively small, weighted around
1.50 g, round smooth-shape, and the color turns from green to red when ripened. It has a
sweet taste due to low titratable acidity and high content of soluble solids. The fruit is also
known to have high nutritional value [8] and contain high concentration of flavonoid and
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phenolic compounds [9]. Due to its taste, nutritional value, and high content of antioxidant
compounds, Jamaican cherry fruit has a great potential to be used as a functional food in
the food industry.

In previous work, we reported the isolation of lactic acid bacteria from Jamaican cherry
fruit [10]. Despite their abundance and diversity, little is known about lactic acid bacteria
natural physiological function. Nevertheless, these bacteria are widely known in the food
industry due to their probiotic properties [11]. Fermentation using lactic acid bacteria was
reported to enhance the flavor [12], shelf life [13], bioavailability [14], and functional quality
of the fermented substrates [15]. Our previous study showed that fermentation of black
grape juice using Lactobacilli could increase juices’ functional properties in vitro [16]. The
use of L. pentosus and Leuconostoc in the fermentation of carrot juice also shown to improve
the bioavailability of iron in the juice [17]. Another study showed that lactic bacteria and
other associated microorganisms in kefir could elevate the α-glucosidase inhibitory effect
of Aronia melanocarpa fruit juice [18]. The market interest and demands for functional food
are continuously increasing [19], aforementioned studies suggest that probiotics bacteria
could be used to enhance the functional properties of non-dairy products such as juices. In
this study, we use L. plantarum strain FNCC 0027 for the fermentation of Jamaican cherry
juice. Six different substrate compositions were tested and functional properties of the
fermented juices in each of the substrate compositions were reported, including phenolic
content, antioxidant capacity, and the inhibition of several type II diabetes-related enzymes.
Further, we also provided the metabolite profile of the fermented juice. Here we showed
that Jamaican cherry juice fermentation using L. plantarum FNCC 0027 can effectively
improve functional properties of the juice.

2. Results and Discussion
2.1. Fermentation of Jamaican Juice by L. plantarum

Fermentation using various substrate compositions containing different ratios of
Jamaican cherry juice and MRS broth (M1 to M6) was monitored for 48 h. As shown in
Figure 1A. the initial viable count of L. plantarum was 7.02 log CFU/mL and the initial
pH was 6.51. The rapid growth of L. plantarum was observed after 4 h of fermentation
while the pH of the substrate continuously declined in an opposite trend. The viable count
of L. plantarum reached a maximum at 24 h and was maintained until 48 h. The highest
viable count observed was 9.3 logs CFU/mL at 24 h in M6, followed by M5, M4, M2, M1,
and M3 with 8.9, 8.6, 8.4, 8.5, and 8.5 log CFU/mL, respectively (Figure 1A). Our data
showed that the growth rate of L. plantarum was positively correlated with the amount of
MRSB in the substrate. Propagation of viable cells and growth pattern are crucial for the
production of desired metabolite in the fermented substrate. Østlie, et al. [20] reported that
the production of organic acid, carbon dioxide, and volatile compounds was influenced by
the total cell count of probiotic L. acidophilus, L. rhamnosus, L. reuteri, and Bifidobacterium
animalis in the fermented substrate. On the other hand, L. plantarum viable count was
negatively correlated with substrate pH, while the viable count is increasing the pH is
decreasing over the fermentation period (p < 0.05) (Figure 1B). The pH value of the substrate
is an essential parameter to assess the progress and endpoint of the fermentation; it was
reported to influence the flavor of the final product [21]. After 48 h of fermentation, the
pH of the fermented juices has decreased from 6.5 to 3.3 (M1), 3.4 (M2), 4 (M3), 3.7 (M4),
3.4 (M5), and 3.9 (M6). This pattern is quite similar to the 48-h-fermentation of Indonesian
black grape juice using L. plantarum [16].
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Figure 1. Effect of fermentation on pH and viable count (A) the change of pH (B) viable count.

2.2. Total Phenolic Content after Fermentation

The fruit of Jamaican cherry are reported to be rich in phenol, flavonoid, and other
bioactive substances [8]. Phenols are essential antioxidants in fruit and vegetables, therefore,
in this study we evaluated total phenolic content in different substrates formulation (M1 to
M6) before and after fermentation. Our data revealed that fermentation using L. plantarum
can significantly increase total phenolic compounds in M1 and M2 formulation to about 1.3-
and 1.4-folds (p < 0.05), respectively (Figure 2). This result is in consonance with published
studies about fruit fermentation using L. plantarum, including in the fermentation of
blueberry [22], mulberry [23], and kiwi juice [24]. Changes in total phenolic content in
the substrate might occur through multiple factors. For example, changes in substrate
pH during fermentation period could affect the structure of the phenolic compound [22].
Alternatively, a macromolecular form of phenol can be disintegrated into small phenols
due to specific metabolic activity of the lactic acid bacteria, such as de-glycosylation [23].
Lactobacillus fermentation does not always have a positive effect on phenol concentration.
Liao, et al. [25] reported that fermentation using L. brevis MPL39 can significantly reduce
phenolic content in mango juice. Therefore, it should be considered that different lactic acid
bacteria strains and substrate matrices could have different effects on the phenolic content.
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2.3. Antioxidative Activity of the Fermented Juices

Antioxidants that present in fermented substrates, such as polyphenol and flavonoid,
can eliminate free radicals through electron donation or hydrogen atom transfer. Vari-
ous types of antioxidative compounds may act against oxidizing agents through diverse
mechanisms [26,27]. The antioxidant activity of Jamaican cherry fruit has been reported in
previous study [8], which attributed to the presence of polyphenol, flavonoid, and vitamin
C in the fruit [28]. Fermentation with lactic acid bacteria could improve the bioavailability
of fruits’ natural constituents [14]. Here we performed four assays for assessing the antioxi-
dant capacity of fermented Jamaican cherry juice (M1–M6), including DPPH radical, ABTS
cation radical, FRAP, and ORAC assay (Figure 3).

The highest DPPH scavenging activity was observed in fermented M1 that contains
100% of Jamaican cherry juice, showing 77.81% DPPH activity, comparable to gallic acid
(76.77%) and ascorbic acid (85.57%) that were used as positive control in the experiment.
The fermented M1 to M3 substrates exhibited enhanced DPPH scavenging activity com-
pared to their respective non-fermented controls; it was 1.7, 1.8, and 2.2 times higher in
fermented M1 to M3, respectively (Figure 3A). Overall, fermented M1 to M3 showed more
than 50% of radical scavenging activity after 48 h of fermentation using L. plantarum. Simi-
lar enhancement in DPPH radical scavenging following fermentation has been reported in
previous studies [16,23]. The ABTS radical scavenging activity is also elevated after 48 h
fermentation. Similar to DPPH activity the highest ABTS scavenging activity was observed
in fermented M1 that contains 100% Jamaican cherry juice, showing 69.25% ABTS activity.
Gallic acid and ascorbic acid exhibited 75.43% and 73.45% ABTS activity, respectively.
Comparing fermented and non-fermented group, significant increase in ABTS activity
was observed in the fermented M1 to M4 (p ≤ 0.05), where 1.70; 1.46; 1.47; and 1.76-fold
increase in ABTS activity was recorded, respectively (Figure 3B). FRAP (Figure 3C) and
ORAC (Figure 3D) values also showed a similar trend. M1 and M2 antioxidative activity
significantly elevated (p ≤ 0.05) after fermentation using L. plantarum. The FRAP and
ORAC values for both M1 and M2 are 1.3 times higher following 48 h fermentation

Generally, we showed that L. plantarum could elevate antioxidant activity of Jamaican
cherry juice, additionally we observed that substrate containing 100% (M1) and 80% (M2)
Jamaican cherry juice could significantly increase (p ≤ 0.05) antioxidant activity in all
tested assays. Suggesting that higher juice content in the substrate correlates with higher
antioxidative activity. This results was consistent with our previous study about black
grape juices fermentation with L. plantarum [16]. Several recent studies also showed the
enhancement of antioxidant capacity in fruit juices fermented using lactic acid bacteria,
such as in kiwifruit [24], dragon fruit [29], apple [30], and bergamot [31]. Fermentation
using lactic acid bacteria could increase the concentration of functional components like
phenolic and flavonoids compounds through hydrolysis mechanisms [32]. In addition,
the pH change during fermentation could also influence the phytochemical structure of
antioxidant compounds [33]. Further, changes in pH could alter the activity of various
metabolic enzymes and increase the bioavailability of various compounds [16].

2.4. Enzyme Inhibition Ability

Controlling postprandial hyperglycemia is an essential part of diabetes treatment.
This could be achieved by reducing or inhibiting the absorption of glucose during the
digestion step. There are numerous pathways to prevent the absorption of glucose, one
strategy is by inhibiting α-glucosidase, α-amylase, and amyloglucosidase activity. These
three enzymes are essential hydrolase that could metabolize carbohydrates and regulate
the blood sugar level in the human body. Various extracts from bacteria, fungi, and plants,
including fruit, leaves, roots, and roots were reported to be able to inhibit diabetes-related
enzymes activity [16,34]. Recent study showed that fermentation using probiotic bacteria,
including lactic acid bacteria, could increase the antidiabetic potential of blueberry juice [22].
Such study is essential for the development of fermentation based functional beverages.
Here we reported α-glucosidase, α-amylase, and amyloglucosidase inhibition by different
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formulations (M1–M6) of Jamaican cherry juice fermentation using L. plantarum. Overall,
significant increase in the inhibition of α-glucosidase, α-amylase, and amyloglucosidase
activity (p < 0.05) was observed in M1 to M4 following fermentation for 48 h (Figure 4).
The highest increase in inhibition against α-glucosidase (1.9 times) and amyloglucosidase
(1.6 times) was recorded in fermented M2, while the highest increase in inhibition against
α-amylase (1.9 times) was observed in fermented M1. Acarbose, a well-known antidiabetic
drug, a positive control in this study, showed higher but comparable inhibitory properties
against those three enzymes (Figure 4). These results indicate that fermentation of Jamaican
cherry fruit juice using L. plantarum can improve the inhibitory activities of the juice and
their antidiabetic potential. The increase in inhibitory activities of plant extract against
diabetes-related enzymes following L. plantarum fermentation is in agreement with previous
studies [16,22,35]. Further, the cell-free filtrate of L. plantarum X1 was also reported to be
able to inhibit α-glucosidase activity [36].
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Structural changes of indigenous compounds following fermentation might con-
tribute to the inhibition activity. It is reported that fermentation of Momordica charantia
(bitter melon) juice using L. plantarum BET003 results in the transformation of aglycone
compounds and improved antidiabetic potential of the fermented juice [37]. In addition, fer-
mentation might enhance the activity various proteolytic enzymes that can inhibit amylase
and amyloglucosidase activity, such as protamex, alcalase, neutrase, and flavourzyme [16].
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2.5. Mass Spectrometry Analysis of M1 Substrate

Our results showed that total phenolic content, antioxidant activities, and inhibitory
activity against diabetes-related enzymes was highest in substrate with 100% Jamaican
cherry juice. To evaluate whether those activities are correlated with changes in metabolite
composition of the fermented juice, we analyzed the metabolite profile of the fermented and
unfermented M1 using UHPLC-QTOF-HRMS/MS. The electrospray ionization mode was
set into a negative mode, three more peaks were detected in the fermented M1 namely A,
B, and C (Figure 5). We then annotate the putative metabolites A, B, and C using molecular
formula and the fragmentation pattern against database, aided with spectral library search
together with the suggested fragmentation trees using SIRIUS (https://bio.informatik.
uni-jena.de/software/sirius/ [accessed 20 June 2020]). We identified the three putative
metabolites of fermented Jamaican fruit juice, including gallic acid (A), dihydrokaempferol
(B), and 5,7-dihydroxyflavone (C) (Table 1 and Figures S1–S3).

A previous study reported that L. plantarum strain CIR1 could produce gallic acid
during fermentation. This bacteria could produce tannase, an enzyme that could facilitate
bioconversion of tannic acid to gallic acid [38]. L. plantarum strain FNCC 0027 used in this
study might also produce tannase that can hydrolyze tannic acid presence in Jamaican
fruits [8,39]. Recent study reported that fermentation of Solanum retroflexum leaf using L.
plantarum strain 75 could induce the production of various bioactive compounds, such
as gallic acid, vanillic, coumaric, ellagic acid, quercetin, and catechin [40]. Fermentation
with L. plantarum FNCC 0027 also induces the production of bioactive compounds, in-
cluding gallic acid, dihydrokaempferol, and 5,7-dihydroxyflavone. The production of
dihydrokaempferol possibly due to the L. plantarum shikimic pathway that can convert
flavonoid naringenin presents in Jamaican fruit into dihydrokaempferol [8]. Hydroxylation
of naringenin by hydroxylase enzyme known to be produced by L. plantarum could produce
intermediate compounds from dihydroflavonols class, such as dihydrokaempferol and
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dihydroxyflavone [41–43]. Gallic acid and flavonoids such as dihydrokaempferol and
5,7-dihydroxyflavone is known to have antidiabetic and antioxidant properties [44–46].
Thus, their presence in the fermented substrate can influence the functional properties of
the Jamaican cherry juice.
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Table 1. Chemical constituent identified after fermentation of M1 using L. plantarum.

Peak Putative Compound Experiment (m/z) Theoretical (m/z) Adduct Error (ppm) rdb

A gallic acid 169.0141 169.0142 [M-H]− 0.7 5
B dihydrokaempferol 287.0561 287.0561 [M-H]− −0.1 10
C 5,7-dihydroxyflavone 253.0505 23.0506 [M-H]− 0.5 11

rdb means ring double bond.

3. Materials and Methods
3.1. Chemical and Reagents

The chemicals and reagents used are p-nitrophenyl-α-D-glucopyranoside (Calbiochem®,
San Diego, MA, USA), starch (Merck, Darmstadt, Germany), acarbose (Fluka Analytical,
Sigma–Aldrich, Laramie, WY, USA), Man Rogosa Sharpe/MRS broth (Sigma–Aldrich,
St. Louis, MO, USA), α-glucosidase from Saccharomyces cerevesiae (Sigma–Aldrich, St.
Louis, MO, USA), α-amylase from Aspergillus oryzae (Sigma–Aldrich, St. Louis, MO,
USA), amyloglucosidase from Aspergillus niger (Sigma–Aldrich, St. Louis, MO, USA),
2,2-Diphenyl-1-picrylhydrazyl (Sigma–Aldrich, St. Louis, MO, USA), 2,4,6-Tris(2-pyridyl)-
s-triazine (Fluka Analytical, Sigma–Aldrich, St. Louis, MO, USA), 3,5-dinitrosalicylic acid
(Sigma–Aldrich, St. Louis, MO, USA), 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (Sigma–Aldrich, St. Louis, MO, USA), Folin–Ciocalteu’s phenol reagent (Merck,
Darmstadt, Germany), gallic acid, peroxidase. Other reagents were analytical grade
or better.
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3.2. Bacterial Strain and Fruit Material

Lactobacillus plantarum FNCC 0027 was obtained from the culture collection of Biotech-
nology Laboratory, Graduate School of Biotechnology, Universitas Gadjah Mada, Yo-
gyakarta, Indonesia. Jamaican cherry fruits were collected from the research field at
Research Division for Natural Product Technology (BPTBA), the Indonesian Institute of
Sciences (LIPI), Yogyakarta, Indonesia in March 2016. The fruits (250 g) were washed and
kept at 4 ◦C before further use. Jamaican cherry juice was produced from the fruit using
sterilized-commercial food juicer at room temperature.

3.3. Preparation of Inoculant

L. plantarum FNCC 0027 were propagated in MRS broth at 37 ◦C for 48 h under
anaerobic conditions. The cells were harvested, pelletized, and re-suspended in sterilized
phosphate buffer saline at 7.02 log CFU/mL for inoculation.

3.4. Fermentation Procedure

First, Jamaican cherry juice was produced by homogenizing Jamaican cherry fruits
with sterile water in a commercial blender at the concentration of 1 g/mL. The homogenized
juices were filtered and pasteurized for 3 min at 85 ◦C [20]. Fermentation was performed
in 250 mL sterilized Erlenmeyer. Erlenmeyer was filled with pasteurized Jamaican cherry
juice (J) and sterilized MRS broth (M) with a total reaction volume of 100 mL. Six different J
to M ratios were used in this study (in a total of 100 mL), including M1 (1:0), M2 (4:1), M3
(3:1), M4 (1:1), M5 (1:4), and M6 (0:1). Each formulation was subjected to two treatments:
control non-fermented group and group fermented using L. plantarum (with an initial
starter of 7.02 log CFU/mL). All samples were then incubated aerobically at 37 ◦C, 100 rpm,
for 48 h before harvested for subsequent analysis.

3.5. Bacterial Cell Separation

To obtain cell-free supernatant, the fermented juices were centrifuged for 15 min at
10,000× g [47]. The resulting supernatant was then filtered through a 0.22 µm membrane
filter (Millipore, Burlington, MA, USA) and kept at −20 ◦C.

3.6. Bacterial Viable Count

Viable count was performed at different intervals over the course of 48 h fermentation
(0, 6, 12, 18, 24, 30, 36, 42, and 48 h). To perform viable count, 10 sterile 15mL test tubes
were filled with 9 mL of sterilized phosphate buffer saline (PBS). Serial 10-fold dilutions
in PBS were then prepared in the test tubes, using 1 mL of fermented juice as the starter.
Viable count was next performed using pour plate method in duplicate, 1 mL of solution
from each dilution series was mixed with 25 mL tempered (47 ◦C) Plate Count Agar
(OXOID®, Basingstoke, England). The plate was incubated for 72 h at 30 ◦C ± 2 ◦C, and
colony numbers was calculated using a colony counter. Plates with 15 to 300 colonies
were considered for colony forming unit calculation. The viable colonies were converted
into weighted mean colony forming units per milliliter (CFU/mL) using the following
Equation (1):

N = ∑C/[(n1 + 0.1n2)d] (1)

N is the number of colonies in the plate; ∑C is the sum of plates containing 15 to 300
colonies; n1 is the number of plates retained in the first dilution; n2 is the number of plates
retained in the second dilution; and d is the first dilution factor. The viable colonies were
then converted into log CFU/mL.

3.7. pH Measurement

The pH of the samples was measured using Eutech PC 700 pH meter (Thermo Scien-
tific, Waltham, MA, USA). The pH measurement was performed at different intervals over
the course of 48 h fermentation (0, 6, 12, 18, 24, 30, 36, 42, and 48 h).
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3.8. Total Phenolic Content Measurement

Total phenolic content was determined using methods developed by Zhou, Wang,
Zhang, Yang, Sun, Zhang, and Yang [24], with minor modifications. Briefly, 25 µL of 0.2 N
Folin–Ciocalteu phenol reagents was added into 96-well plates containing 5 µL of each
supernatant and 195 µL of distilled water. The mixture was then incubated for 6 min at
room temperature in darkness, followed by addition of 75 µL of 7% sodium carbonate.
The mixture was then incubated further for 2 h at room temperature in darkness. Blank
solution was prepared by the same steps as described above except that supernatant was
substituted with 5 µL of water. For all samples, the absorbance at 765 nm was recorded
using Multiskan® Go microplate spectrophotometer (Thermo Scientific, Vantaa, Finland).
Standard curve was produced using Gallic acid, the equation for the standard curve is
y = 0.0104x − 0.0159 (R2 = 0.9988) where y is the absorbance at 735 nm and x is the
concentration of Gallic acid in µg/mL. Total phenol was expressed as µg of Gallic acid
equivalent (GAE) per mL of supernatant (µg GAE/mL).

3.9. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) Radical Scavenging Activity

The DPPH scavenging assay was performed using 96-well plates following the method
by Kosem, et al. [48], with modifications. Briefly, 50 µL of filtered supernatant was mixed
with 70 µL of methanol and the absorbance of the pre-plate reading was recorded at 517 nm.
About 80 µL of 0.5 mM DPPH solution in methanol was then added to the well. The degree
of purple (from DPPH) decolorization to yellow represents the scavenging efficiency of
the supernatants. After an incubation period of 30 min at room temperature (25 ± 2 ◦C)
in the darkness, the decrease in the absorbance was recorded at 517 nm using Multiskan®

Go microplate spectrophotometer (Thermo Scientific, Vantaa, Finland). Lower absorbance
represents higher free radical-scavenging activity. The scavenging activity against DPPH
was calculated using following Equation (2):

DPPH scavenging rate (%) = [1 − (Abs1 − Abs0)] × 100% (2)

Abs0 was absorbance of control and Abs1 was the absorbance in the presence of super-
natant.

3.10. 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) Assay

The ABTS assay was performed according to Re et al. [49]. In brief, radical cation was
generated by reacting 5 mL of 7 mM ABTS with 5 mL of 2.45 mM of potassium persulfate.
The reaction was performed by incubating the mixture for 16 h in the dark. Working
solution for radical cation was obtained by diluting the reacted solution at the OD 0.7 ±
0.02 at 734 nm. Subsequently, 300 µL of the diluted radical cation solution was mixed with
3 µL of supernatant. The ODs was then recorded at 734 nm after 10 min incubation at
room temperature using Multiskan® Go microplate spectrophotometer (Thermo Scientific,
Vantaa, Finland). The ABTS radical scavenging activity was calculated using Equation (2).

3.11. Ferric Reducing-Antioxidant Power (FRAP) Assay

The FRAP assay was conducted according to Cecchini and Fazio [50], which was
originally described by Benzie and Strain [51], with minor modifications. In brief, FRAP
reagent was prepared by mixing 300 mM sodium acetate buffer (pH 3.6), 10 mM of 2,4,6-
Tris(2-pyridyl)-s-triazine (TPTZ) in 40 mM HCl, and 20 mM FeCl3.6H2O at 10:1:1 (v/v/v)
ratio. Subsequently, 10 µL of supernatant was added to the 96-well plate containing 300 µL
FRAP solution as an oxidizing reagent. After 5 min incubation in dark at 37 ◦C, the
absorbance was measured at 593 nm using Tecan Infinite® 200 Pro microplate reader. The
experiment was calibrated with FeSO4·7H2O and the results were expressed in terms of
FeSO4·7H2O equivalents (µM).
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3.12. Oxygen Radical Absorbance Capacity (ORAC) Assay

ORAC were measured according to Zulueta, et al. [52]. The 2,2′-Azobis(2-amidinopropane)
dihydrochloride (AAPH) radical stock solution was prepared freshly by adding 434 mg of
AAPH to 10 mL of phosphate buffer (75 mM) to obtain final concentration of 161 mmol/L.
Fluorescein stock solution (1.03 mmol/L) was prepared using phosphate buffer solution.
Subsequently, the supernatant (25 µL) was added to the 96-well plate and mixed with
150 µL of fluorescein solution (40 nm/L). Mixture was then incubated for 5 min at 37 ◦C.
Subsequently, 25 µL AAPH solutions was added and the fluorescein was recorded imme-
diately at an excitation wavelength of 485 nm and emission wavelength of 535 nm. The
fluorescein was monitored using Tecan Infinite® 200 Pro microplate reader every minute
for 30 min, ORAC values were expressed in term of Trolox equivalents (µM).

3.13. In Vitro Inhibiting Activity of α-Glucosidase

The α-glucosidase inhibitory activity of the fermented supernatant was determined ac-
cording to the chromogenic method, in a 96-well plate, according to our previous published
method [16]. First, 20 µL of supernatant was mixed with 10 µL of a 1.0 U/mL α-glucosidase
and 50 µL of 0.1 M sodium phosphate buffer (pH 6.9). The mixed solution was incubated
at 37 ◦C for 15 min. After pre-incubation, the enzymatic reaction was initiated by adding
20 µL of 5 mM p-nitrophenyl-α-D-glucopyranoside solution in 0.1 M sodium phosphate
buffer (pH 6.9). The mixture was incubated for 20 min at 37 ◦C. The absorbance was subse-
quently measured at 405 nm using Multiskan® Go microplate spectrophotometer (Thermo
Scientific, Vantaa, Finland). Percent inhibition was calculated relative to the diabetes drug
acarbose as the reference. Reaction system without supernatant was used as negative
control while reaction system without α-glucosidase was used as a blank for correcting the
background absorbance. The percentage of enzymatic inhibition activity was calculated
using following Equation (3):

% inhibition activity = [(AbsA − AbsB)/AbsA] × 100% (3)

AbsA is the absorbance of the control and AbsB is the absorbance of the tested supernatant.

3.14. In Vitro Inhibiting Activity of α-Amylase

The α-amylase inhibitory activities of the fermented supernatant were carried out
according to procedure reported by Telagari and Hullatti [53]. The assay system was
carried out in a 96-well plate. First, a reaction mixture containing 10 µL of a 2.0 unit/mL
α–amylase, 50 µL sodium phosphate buffer (0.1 M, pH = 6.9), and 20 µL of supernatant
was prepared. The mixed solution was incubated at 37 ◦C for 20 min. After pre-incubation,
50 µL of 1% soluble starch (Merck, Darmstadt, Germany) in 0.1 M sodium phosphate
buffer pH 6.9 was added as a substrate and the mixture was incubated further for 30 min
at 37 ◦C. Next, 100 µL of the 3.5-dinitrosalicylic acid solution was added and heated at
100 ◦C in a water bath for 10 min. The absorbance was subsequently measured at 540 nm
using Multiskan® Go microplate spectrophotometer (Thermo Scientific, Vantaa, Finland).
Acarbose was used as a positive reference standard. The percentage of α-amylase inhibition
was calculated using Equation (2).

3.15. In Vitro Inhibiting Activity of Amyloglucosidase

The amyloglucosidase (exo-1,4-α-glucosidase) inhibitory activities of the fermented su-
pernatant was carried out in 96-well plate according to Saul et al. [54] and Warren et al. [55],
with modifications. First, a mixture containing 10 µL of a 1.0 U/mL α-amyloglucosidase,
10 µL of 0.1 M sodium acetate (pH 5.0), and 25 µL of supernatant was prepared. The mixed
solution was incubated at 37 ◦C for 20 min. After pre-incubation, the enzymatic reaction
was initiated by adding 5 µL of 5 mM p-nitrophenyl-α-D-glucopyranoside solution in
0.1 M sodium phosphate buffer (pH 6.9). At the end of the incubation, 200 µL of 0.4 mM
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glycine buffer (pH 10.4) was added to each well to stop reaction. The p-nitrophenil released
was then measured at 410 nm using Tecan Infinite® 200 Pro microplate reader.

3.16. UPLC-HRMS-MS Analysis

High resolution MS was carried out using Bruker maXis 4G ESI time of flight mass-
spectrometer (Bruker Daltonics, Bremen, Germany) attached to an Ultimate 3000 HPLC
(Thermo Fisher Scientific, Bremen, Germany). The UHPLC-method was performed using
Reprosil 3 µm C18 100 Å, 10 × 3.3 mm (flow rate of 0.3 mL/min, monitored at 210 and
240 nm) with linear gradient starts from 90% to 0% of A (A: ddH2O, B: Acetonitrile, both
solvents containing 0.01% formic acid) for 30 min and held constant of 100% B for 10 min.
The parameter was set in a capillary voltage of 4500 V, nebulizer nitrogen pressure of 2
bars, the dry gas flow of 9 L/min source temperature, ion source temperature 200 ◦C, and
spectral rate of 3 Hz. The MS data subsequently analyzed using Bruker Compass Data
Analysis 4.4 SR1(x64).

3.17. Statistical Analysis

All assays were conducted in triplicate. The mean and standard error (mean ± SE)
was determined of each data. The analysis of variance (ANOVA) and student t-test was
employed using SPSS 16 to determine the level of statistical differences between control
and Jamaican juice formulation fermented with L. plantarum. Differences at p < 0.05 were
considered statistically significant.

4. Conclusions

Our results demonstrated that fermentation of Jamaican cherry juice using L. plantarum
FNCC 0027 could significantly improve the functional activities of the substrates, including
higher polyphenol content, antioxidant capacity (DPPH, ABTS, FRAP, and ORAC), and
inhibitory activity against diabetic-related enzymes (α-glucosidase, α-amylase, and amy-
loglucosidase). Various fermentation formulations with different ratios of Jamaican cherry
juice and MRSB volume were studied in this study and we found that M1 formulation with
100% Jamaican cherry juice showed the highest functional activities compared to the other
composition. This result indicates that the addition of MRSB is not required to facilitate
effective fermentation and improvement of Jamaican cherry juice functional properties. In
summary, the functional properties and beneficial activity of Jamaican cherry juice can be
enhanced by fermentation with L. plantarum, one of “generally regarded as safe” (GRAS)
strain. This work can be used as the basis for the development of new functional beverages
using fermented Jamaican cherry juice as the main component.

Supplementary Materials: The following are available online, Figure S1: Peak A found in fermented
Jamaican cherry juice with a negative HR-ESI-TOF-MS m/z 235.0506 [M-H]−; Figure S2: Peak B
found in fermented Jamaican cherry juice with a negative HR-ESI-TOF-MS m/z 169.0140 [M-H]−;
Figure S3: Peak C found in fermented Jamaican cherry juice with a negative HR-ESI-TOF-MS m/z
287.0561 [M-H]−.
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Abstract: Recently, there has been a paradigm shift from conventional therapies to relatively safer
phytotherapies. This divergence is crucial for the management of various chronic diseases. Okra
(Abelmoschus esculentus L.) is a popular vegetable crop with good nutritional significance, along
with certain therapeutic values, which makes it a potential candidate in the use of a variety of
nutraceuticals. Different parts of the okra fruit (mucilage, seed, and pods) contain certain important
bioactive components, which confer its medicinal properties. The phytochemicals of okra have
been studied for their potential therapeutic activities on various chronic diseases, such as type-2
diabetes, cardiovascular, and digestive diseases, as well as the antifatigue effect, liver detoxification,
antibacterial, and chemo-preventive activities. Moreover, okra mucilage has been widely used in
medicinal applications such as a plasma replacement or blood volume expanders. Overall, okra
is considered to be an easily available, low-cost vegetable crop with various nutritional values
and potential health benefits. Despite several reports about its therapeutic benefits and potential
nutraceutical significance, there is a dearth of research on the pharmacokinetics and bioavailability of
okra, which has hampered its widespread use in the nutraceutical industry. This review summarizes
the available literature on the bioactive composition of okra and its potential nutraceutical significance.
It will also provide a platform for further research on the pharmacokinetics and bioavailability of
okra for its possible commercial production as a therapeutic agent against various chronic diseases.

Keywords: antidiabetic; cardioprotective; functional foods; nutraceuticals; okra; phytotherapy

1. Introduction

Okra (Abelmoschus esculentus L.), belonging to the family Malvaceae, is commonly
known as Lady’s finger, as well as by several vernacular names, including okra, bhindi,
okura, quimgombo, bamia, gombo, and lai long ma, in the different geographical regions of
its cultivation [1]. Okra is believed to have originated near Ethiopia, where it was frequently
cultivated by the Egyptians during the 12th century, and thereafter spread throughout
the Middle East and North Africa [2,3]. Okra is an annual shrub that is cultivated mostly
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within tropical and subtropical regions across the globe and represents a popular garden
crop, as well as a farm crop. It is a widely cultivated food crop and is globally known
for its palatability. The immature green pods of okra are usually consumed as vegetables,
while the extract of the pods also serves as a thickening agent in numerous recipes for
soups, as well as sauces, to augment their viscosity [4,5]. Another noteworthy application
of okra fruit is their wide use in the pickle industry. The polysaccharides present in okra
are used in sweetened frozen foods such as icecreams, as well as bakery products, due to
their health benefits and longer shelf-lives [6–8]. Anatomically, the fruits, stem, and leaves
of okra are covered with minute soft, hairy structures. Although the flowering of the okra
plant is perennial, it is highly dependent on various biotic and abiotic factors. The leaves
of okra are polymorphous, characterized by hairy upper and lower surfaces, whereas the
petioles are around 15 cmlong. The flowers of okra can be easily recognized due to their
slight yellowish color with a crimson center. The edible part of okra or its capsule (pod)
measures approximately 15–20 cm in length and has a pyramidal-oblong, pentagonal,
hispid appearance. Historically, okra pods were utilized for various purposes, such as
in food, appetite boosters, astringents, and as an aphrodisiac. Furthermore, okra pods
have also been recommended to cure dysentery, gonorrhea, and urinary complications [9].
Extracts of young okra pods have also been reported to display moisturizing and diuretic
properties, whereas the seeds of this plant have been reported to possess anticancer and
fungicidal properties [10].

Recently, okra has been used not only for its nutritional values but, also, for its
nutraceutical and therapeutic properties, owing to the presence of various important
bioactive compounds and their associated bioactivities. This review presents a summary of
the nutritional significance of okra, as well as the possible pharmacological applications of
okra bioactive components, and to explore the possible characteristics forthe development
and formulation of nutraceuticals andfunctional food. In addition, this review also focuses
on the nutraceutical potential of Abelmoschus esculentus for various therapeutic purposes,
as well as to demonstrate the benefit of okra-based nutraceuticals and their consumption.

2. Nutritional and Bioactive Constituents in Okra

Okra is probably a proficient dietary constituent rather than a staple food crop. Small
industries (Surajbala Exports Private Limited, New Delhi, India and Hunan QiyiXinye
culture media, Hunan, China) have utilized okra seeds for oil extraction [11,12]. Addition-
ally, the lipid content of any food item is considered as one of the important aspects of
itsnutritional value, andseveral food types have different levels oflipid contents, including
triacylglycerols, polar lipids, free fatty acids, or diacylglycerols. Among these constituents,
fatty acids are largely responsible for determining the stability and nutritional value of food
types. Triacylglycerols are biomolecules that are composed of unsaturated and saturated
fatty acids with subtle differences in the number of associated acyl group repeats, along
with the repetitions and positions of double bonds. Importantly, these lipids are naturally
destined to be energy reservoirs [13].

Earlier, Savello et al. reported that the seeds of the okra plant represent a rich source
of oil, constituting 20 to 40% of the total composition, which varies with the extraction
procedure [14]. Linoleic acid, a well-known representative of polyunsaturated fatty acids
(PUFA), is the dominant constituent of the oil content (47.4%) of okra seeds [14]. Other
important dietary constituents essential for human growth are the amino acids and their
polymers, viz., proteins [15,16]. Okra seeds have been reported to have different protein
compositions from cereals and pulses, as their protein ingredients are modified to bear
a balance of characteristic amino acids, namely lysine and tryptophan. Thus, owing to
their rich content of essential amino acids, okra seeds represent an important constituent
of the human diet [17]. Okra also serves as a potentially rich source of vitamins and
carbohydrates, which are also regarded as a vital nutritional components of the diet [18].
Okra pods are also reported for their rich nutritional compositions and are frequently
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consumed either after boiling, frying, or cooking [19]. The nutritional values of different
edible parts of okra (per a 100 g serving) are mentioned in Table 1.

Table 1. Nutritional composition of raw okra per 100 g of serving. Data reported from USDA (United
States Department of Agriculture) SR-21.

S. No. Dietary Constituents Amount Per Serving %DV *

1. Total calories 130 kJ 2
2. Total carbohydrates 7 g 2
3. Total protein 2.0 g 4
4. Dietary fiber 3.2 g 13
5. Starch 0.3 g -
6. Sugar 1.2 g -
7. Total fat 0.1 g -
8. Trans-fat - -
9. Saturated fat 0.0 g 0

10. Cholesterol 0.0 mg 0
11. Total omega-3 fatty acids 0.001 g -
12. Total omega-6 fatty acids 0.026 g -
13. Phytosterols 0.024 g -

* Indicates the daily limit percentage for adults and children aged ≤ four years [20].

Okra also provides a rich supply of minerals required for maintaining normal home-
ostasis at the cellular level. The edible plant parts have been documented to possess
calcium (Ca), phosphorus (P), and iron (Fe) at different amounts of 84, 90, and 1.20 mg,
respectively. It also possesses a β-carotene, riboflavin, and vitamin B complex at the ap-
proximate concentrations of 185 µg, 0.08 mg, and 0.04 mg, respectively [21]. The other
compositional vitamins of okra plants are mentioned in Table 2.

Table 2. Mineral intake per serving of 100 g of okra. Data reported from USDA SR-21.

S. No. Minerals Amount Per Serving %DV *

1. Potassium 303 mg 9
2. Calcium 81.0 mg 8
3. Phosphorus 63.0 mg 6
4. Magnesium 57.0 mg 14
5. Copper 0.1 mg 5
6. Selenium 0.7 µg 1
7. Manganese 1.0 mg 50
8 Zinc 0.6 mg 4
9. Sodium 8.0 mg 0

10. Iron 0.8 mg 4

* Indicates the daily limit percentage for adults and children aged ≤ 4 years [20].

The mucilage from the okra plant is primarily constituted by carbohydrates [22]. Fur-
thermore, the young pods of okra plants are composed of polysaccharides (Mw~170,000),
along with 11% amino acids. Moreover, okra pods are primarily constituted by equivalent
amounts of galactose and galacturonic acid (25 and 27%, respectively), along with 22%
rhamnose. In some parts of the world, especially West Africa, okra pods are also consumed
in a dried form after the addition of other ingredients. However, one major nutritional
drawback of such consumption is the absence of β-carotene or retinol (vitamin A) in a dried
form [23]. Moreover, fresh pods of okra also provide viscous dietary fiber, which has been
reported to minimize cholesterol levels. In previous studies, the maximum concentrations
of nutrients were reported from okra pods that were aged only up to seven days [24,25].
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3. The Pharmacological and Potential Applications of Okra-Derived Biomolecules
3.1. Antidiabetic Efficacy

The incidences of metabolic disorders, particularly diabetes, have tremendously in-
creased in populations throughout the world. Although diabetes is caused by several
factors, oxidative imbalance and inflammatory responses have been identified as their
most common repercussions [26,27]. Recently, type 2 diabetes patients have also been
reported to be associated with obesity and high lipid profiles [28]. Okra plant parts have
been widely reported to reduce hyperglycemic levels. Okra mucilage, along with ethanolic
and aqueous extracts of the pods, have been reported to lower the glucose levels in the
blood of alloxan-induced diabetes models [29,30]. Diabetes nephropathy (DN) is a common
complication of diabetes that has become a serious threat to human health and is expected
to become the common cause of end-stage renal disease and cardiovascular events [31–33].

In clinical practice, a Chinese single plant-based drug extracted from the dry flowers of
Abelmoschus manihot, named the Huangkui capsule (HKC), is used for the treatment of CKD
(chronic kidney disease), DN, chronic glomerulonephritis, membranous nephropathy, and
other inflammatory diseases. It is a patented drug approved by the State Food and Drug
Administration of China (Z19990040) in 1999 for diabetes-related complications [34–36].

In a rat model of unilateral nephrectomy and doxorubicin-induced nephropathy,
a HKC dose of 0.5 and 2 g/kg is administered via an intragastric (IG) manner for 28 days.
It was found that the general status of the rat improved, as alleviated renal histological
changes, proteinuria, albuminuria, glomerulosclerosis, and a decreased infiltration of ED1+
and ED3+ macrophages into the glomeruli were noticed. An inhibition of the protein
expression of tumor necrosis factor (TNF)-α in the kidney was found. Further studying
of the mechanism shows that, in a rat model of doxorubicin-induced nephropathy, HKC
can downregulate the protein expression of transforming growth factor (TGF)-β1 and the
p38mitogen-activated protein kinase (MAPK) by suppressing the p38/ MAPK signaling
pathway [37,38].

Additionally, within a rat model of DN induced by unilateral nephrectomy and
streptozotocin (STZ) injections rather than lipoic acid, it was noted that, when HKC was
administered (IG) at doses of 0.75 and 2.0 g/kg for 56 days, the urinary albumin levels were
reduced. It also improves renal function, as it decreases the blood urea nitrogen (BUN)
and serum uric acid levels. The number of cells and the extracellular matrix of glomeruli
is reduced to alleviate kidney fibrosis by HKC and reverse the increase in the markers of
oxidative stress, such as malondialdehyde (MDA), 8-hydroxy-2′-deoxyguanosine, total
superoxide dismutase (SOD), and nicotinamide adenine dinucleotide phosphate oxidase-
4 [39]. Further studies of the mechanism proved that HKC simultaneously decreased the
protein expression of pp38MAPK, p-Akt, TGF-β1, and TNF-αby inhibiting the p38MAPK
and Akt signaling pathways in the kidney in a rat model of DN.

Later, in vitro and in vivo studies indicated that an increase in the mRNA expression of
peroxisome proliferator-activated receptor (PPAR)-α and PPARG in the livers and kidneys
of rats with DN was observed when HKC was administered (IG) at doses of 75, 135, and
300 mg/kg for 84 days. It was also found that HKC administration also increased the
serum albumin levels, while the serum triglycerides, cholesterol, and total fats levels were
lowered in a dose-dependent manner. This result was seen in the livers of rats with DN
as compared to irbesartan [33]. Moreover, HKC decreased the expression of interleukin
(IL)-1, IL-2, IL-6, and TNF-α by suppressing the inflammatory reaction in the kidneys of
rats with DN. Strikingly, HKC alleviated endoplasmic reticulum stress and decreased the
activation of the c-Jun NH2-terminal kinase in the livers and kidneys of rats with DN and,
subsequently, reduced renal injury [33].

The results obtained from the above studies demonstrated that HKC can be a potential
agent for DN treatment in humans. It was found that, when HKC was administered
via IG at a dose of 0.75 g/Kg for 28 days, a significant decrease in the levels of BUN,
serum creatinine, and urine protein in the plasma was found. The molecular mechanisms
demonstrated that HKC notably downregulated the protein expression of NADPH oxidase
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(NOX)-1, NOX-2, NOX-4, α-smooth muscle actin (αSMA), and the p-extracellular signal-
regulated kinase (ERK)1/2 by inhibiting the NADPH oxidase/reactive oxygen species
(ROS)/ERK signaling pathways in renal tissue in rats with chronic renal failure induced
by adenine in vivo [40]. Subsequent phytochemical investigations have shownthat the
main bioactive components of HKC are quercetin, quercetin-3′-O-glucoside, isoquercitrin,
and hyperoside. A 100-µM concentration of gossypetin-8-O-β-D-glucuronide can inhibit
the protein expression of smooth muscle actin, p-ERK1/2, NOX-1, NOX-2, and NOX-4 in
HK-2 cells, which are induced by high glucose levels in the same way as the NOX inhibitor
diphenyleneiodonium [40].

Furthermore, aqueous extracts from the pods of okra plants co-administered with
metformin also resulted in hypoglycemia in Long Evans rats [41]. The enzyme α-amylase,
which acts by breaking polysaccharides, resulting in the availability of glucose, has been
considered as a vital enzyme for fulfilling the energy requirements of the human body.
Water-soluble seed and peel extracts from okra plants have also been previously reported to
inhibit the activities of both α-glucosidase and α-amylase [42]. Moreover, Lu and coworkers
reported that the α-glucosidase and α-amylase inhibitory activities of premature seeds
of the okra plant were due to oligomeric proanthocyanidins [43]. Further research on the
antidiabetic efficacy of the okra plant suggested that rhamnogalacturonan also mediated
the antidiabetic activity [44].

3.2. Antioxidant Efficacy

Okra pods are immature fruits of okra that are consumed in nearly all parts of the
world as a vegetable. Previous studies have reported that immature okra pods have
antioxidant potential [45,46]. In elaboration of this, a recent study elucidated that the
antioxidant efficacy of okra pods may be due to the large amounts of polyphenols (29.5%)
present within the seeds of immature pods. After the ingestion of food or a beverage,
flavonoids in the ingested matrix must pass from the gut lumen into the circulatory
system in order to be absorbed. Since, in plants, almost all flavonoids are in the form of
glycosides, the attached sugar must be removed following consumption before absorption
can take place [47]. These polyphenols from immature okra pods carry out the antioxidant
activity by lowering the MDA level and increasing the SOD and glutathione peroxidase
(GSH-Px) levels [48,49]. Flavonoids are a large group of secondary plant metabolites and
occur as either aglycones or conjugates with glycosides and acyl groups, wherein around
8000 different types have been identified so far [50]. The major phenolic compounds found
in okra fruits are quercetin-3-O-gentiobioside, quercetin-3-O-glucoside (isoquercitrin),
rutin, a quercetin derivative, protocatechuic acid, and a catechin derivative, of which
quercetin-3-O-gentiobioside was the most abundant phenolic compound [51,52]. The major
contributor of the antioxidant capacity is quercetin-3-O-gentiobioside. It also exhibits
inhibitory effects on digestive enzymes like lipase, α-glucosidase, and α-amylase [48,51].

The free radicalscavenging and ferric-reducing capabilities of okra pods have been
documented in previous studies. In one study, okra extract obtained by cold extraction
and boiling the fruit in water showed notable antioxidant activity [53]. Seeds from the
okra plant are also a rich source of phenols, namely procyanidin B1 and B2, both of
which are involved in DPPH (1,1-diphenyl-2-picrylhydrazyl) and ABTS (2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) free radicalscavenging activities [54]. Liao et al. also
reported the antioxidant and ferric-reducing activities of okra pods, although they identi-
fied two specific glucopyranoside compounds, 5,7,3′,4′-tetrahydroxy-4”-O-methylflavonol-
3-O-β-D-glucopyranoside and 5,7,3′,4′-tetrahydroxy flavonol−3-O-[β-D-glucopyranosyl-
(1→6)]-β-D-glucopyranoside, to be the responsible bioactive compounds [55]. Subse-
quently, it was also reported that alternative parts of okra—namely, the flowers, leaf, seed,
and pods—also had substantial antioxidant efficacy [55]. In a desirability study, a powder
of the seed and peel of okra augmented the levels of hepatic, renal, and pancreatic SOD
and glutathione peroxidase in streptozotocin models of diabetes. A similar treatment
regime also resulted in reduced levels of glutathione and thiobarbituric acid [41]. Similar
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observations were also recorded by Doreddula et al., in which extracts from okra seeds
at concentrations in the range of 100–250 µg/mL showed substantial antioxidant effects
through ferric reduction, β-carotene-linoleic assay, and DPPH. Moreover, different fractions
of okra plants have also been reported to reduce malondialdehyde and elevate the levels of
glutathione peroxidase and superoxide dismutase [51].

3.3. Anticancer Effect

Cancer is the second-leading cause of death globally, and despite the advances in drug
development, it is still necessary to develop new plant-derived medicines. There is an
urgent need for new anticancer drugs, because cancerous cells are developing resistances
against the currently available drugs, like vinca alkaloids and taxanes [56,57].

The term cancer represents a broad group of malignancies showing the key charac-
teristic of uncontrolled proliferation, aided by various regulatory and functional changes,
which, in turn, ensure a systemic spread throughout the body [58]. Although scientific
cancer research communities have made remarkable progress in understanding the mecha-
nisms responsible for such a debilitating disease, an effective treatment strategy without
accompanying toxic effects has yet to be made available. The therapeutic management
of such life-threatening modalities should focus on the increased exploration of a chemo-
preventive approach through plant-based natural agents from different sources. To this end,
plant products have attracted several researchers across the world because of their selective
toxicity against malignant cells [59–61]. It is also reported that the flowers of okra contain
substantial amounts of flavonoids and phenols, as compared to the pods, peel, leaves, and
seeds [62,63]. A recent report elucidated that purified fractions of flavonoids from the flow-
ers of okra plants had a significant antitumor effect on colorectal malignancy both in-vitro,
as well as in vivo, exerting a strong antioxidant potency concomitantly with substantial
antiproliferative effects on tumor growth. The antiproliferative effect of flavonoids within
okra flowers induced the activation of p53, culminating into the ceasing of mitochondrial
functions within colorectal tumor cells, ultimately resulting in apoptosis and restraining
the autophagy [64].

Subsequently, the anticancerous effect of okra seed extracts have also been documented
in vitro through several other cell lines. The flavonoid constituents of seed extracts showed
enhanced cytotoxic effects on human-derived breast cancer cells (MCF-7) in comparison
with hepatoma cells of human origin (HepG2) and human cervical cancer (HeLa) cells in a
dose-dependent manner. These observations affirmed that the flavonoid isoquercitrin, in a
synergistic association with other flavonoids, inhibited vascular endothelial growth factor
(VEGF), resulting in the apoptosis of cancerous cells [65]. Additionally, Hyperin—also
known as quercetin-3-O-β-D-galactoside—is an important flavonoid constituent of okra.
Hyperin has also been reported for its anticancerous potential in gastric cancer cells (CHI)
by establishing an antiproliferative, antimigratory, and anti-invasive environment resulting
in apoptosis by blocking the Wnt/β-catenin signal pathway [66].

Carbohydrate-binding proteins such as lectins have been widely investigated for their
anticancer effects [67,68]. Lectins from okra have been documented to activate caspase-
mediated downstream signaling in MCF7 cells and normal fibroblasts (CCD-1059 SK) [69].
Furthermore, the extract of okra pulp has also been attached to gold nanoparticles and ob-
served to exhibit a significant induction of oxidative stress, followed by the depolarization
of mitochondrial membrane potential and apoptosis in Jurkat cells, thereby indicating its
anticancer potential [70]. However, studies focusing on the capability of okra and its parts
to reduce cancer progression and its associated effects are rare.

3.4. Immunomodulatory Potential

The immune system acts as a well-defined protective shield against noxious external
or internal intervening agents. The immune system plays a critical role in protecting
the human body from infectious diseases. Its two main contributors include innate and
acquired immunity responses. The most important feature of innate immunity is its lack
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of specific recognition. This type of immune system responds to all pathogens, regardless
of their nature. Innate immunity is composed of immune and nonimmune components,
whilst acquired immunity has only immune elements. Phytochemicals are the naturally
occurring secondary metabolites present in abundance in fruits and vegetables. They do
not have any nutritional importance, but they are essential for the growth and maintenance
of plants, and with evolution, humans have learnt the ways to harvest and manipulate
these phytochemicals for their own benefits [71,72].

The biologically potent constituents of A. esculentus have also been reported to mod-
ulate the complex immune system. The administration of lectin from okra in mice at
low concentrations (0.01, 0.1, and 1 mg/kg) has demonstrated significant inflammatory
effects [45]. Recently, the administration of the ethanolic extract of okra lowered inflam-
mation in Wistar rats subjected to acute gastric mucosal injury [73]. The polysaccharide
constituents of an aqueous okra extract were demonstrated to augment the hemoglobin
content and expression of major histocompatibility complex (MHC) II and CD80/89 within
the bone marrow hematopoietic cells derived from rats, as well as reduce endocytosis.
Furthermore, the aqueous extracts also upregulate the expression of interleukin-12 and
interferon-γ, along with the simultaneous reduction of the anti-inflammatory cytokine
interleukin-10 [74]. Macrophages are key components of innate immunity and act as a
prerequisite for the effective functioning of the innate immune systems. The immunomod-
ulatory effects of polysaccharides from okra have also been evaluated on macrophage
cell lines by Chen et al. (2016), who reported an increase in nitric oxide (NO) synthesis,
inducible NO synthase (iNOS) expression, and the levels of tumor necrosis factor-α and
cytokines in RAW264.7 cells following treatment [75].

3.5. Microbicidal Action

The lipid content—namely, palmitic and stearic acids of lyophilized extracts from okra
pods—along with its aqueous counterpart, have earlier been reported to inhibit Rhodococcus
opacus, Rhodococcus erythropolis, Mycobacterium aurum, Escherichia coli, Staphylococcus aureus,
Pseudomonas aeruginosa, and Xanthobacter Py2 [76]. Moreover, the gold nanoparticles
synthesized from the okra extract (pulp) also displayed substantial microbicidal efficacy
against Bacillus cereus, Bacillus subtilis, E. coli, P. aeruginosa, and M. luteus [77]. Furthermore,
fractionsof the pods from okra that are rich in carbohydrates were also documented for
their activity against Helicobacter pylori [78]. Apart from the above-mentioned therapeutic
effects of okra fruits, some therapeutic effects and their mechanisms of action are presented
below in Table 3, alongwith the presentation of various bioactive components present in
okra and their chemical structures (Figure 1).

Table 3. Different bioactive components derived from okra showing their therapeutic benefits on human health, along with
their mechanisms of action.

Bioactive Components Therapeutic Benefits Mechanisms of Action Reference

Polysaccharide Antidiabetic

It helps to lower body weight and glucose
levels, improve glucose tolerance, and

decrease the total serum cholesterol levels in
high-fat diet-fed C57BL/6 mice.

[79]

Rhamnogalacturonan Antidiabetic Hypoglycemic effect, [80]

Lectins Anticancer

Arrest the cell cycle and activate the
caspase cascades. [81]

Inhibit cellular proliferation in human breast
cancer in vitro. [70]
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Table 3. Cont.

Bioactive Components Therapeutic Benefits Mechanisms of Action Reference

Pectin

Anticancer
Involved in cell adhesion, growth, and

survival, as well as tumor development and
cancer prevention therapy.

[82–84]

Antiproliferative and
proapoptotic

Induce apoptosis and inhibit
cellular proliferation. [85]

Pectin Lower bad cholesterol

Okra promotes cholesterol degradation and
inhibits the production of fat in the body. It
lowers bad cholesterol by altering the bile
production in the intestines. This helps in

eliminating the clots and
deposited cholesterol.

[86]

Polyphenolic compounds Antioxidant Extract exhibits a strong DPPH radical
scavenging activity and reducing power. [87]

Quercetin 3-O-glucosyl (1→6)
glucoside (QDG) and

quercetin 3-O-glucoside (QG)
Antioxidant

Excellent reducing power and free radical
scavenging capabilities, including DPPH,
superoxide anions, and hydroxyl radicals.

[88]

Vitamin C, calcium, iron,
manganese, and magnesium Antioxidant Eliminating free radicals. [86]

Quercetin derivatives and
epigallocatechin Antioxidant Inhibitory effects on the generation of

reactive oxygen species (ROS). [54]

Polysaccharide Metabolic disorders Inhibition of LXR and PPAR signaling. [79]

Polyphenolic compounds, Antioxidant Perform the function of capturing free
radicals and stopping the chain reactions. [89]

Vitamin A; B vitamins (B1, B2,
B6); and vitamin C and traces

of zinc, calcium, folic acid,
and fiber

Pregnancy benefits

Folates prevent miscarriages. They are also
beneficial in the formation of the neural tube

of the fetus and protect these tubes,
preventing defects. This helps prevent birth
defects like spina bifida and can even stop

constipation during pregnancy.

[86]

Polyphenols like catechin and
flavonoids like quercetin

possess
Antifatigue effects

Decreased the levels of blood lactic acid
(BLA) and BUN in the blood; MDA in the
liver; and increased the levels of HG, SOD,

and GSH in the liver during fatigue recovery,
which proved that OSD could alleviate
physical fatigue and promote recovery.

[51]

Probiotics Gut bacteria-friendly Biosynthesis of the vitamin B complex. [86]

Glutathione Detoxify liver, antioxidant
The slimy substance in okra contains

substances that bind bile acid and cholesterol
to detoxify the liver.

[86]

Mucilaginous Ulcer treatment

The slimy stuff in okra is alkaline. This helps
in neutralizing the acid. Additionally, it
provides a protective coating within the

digestive tract, which speeds up the healing
process of peptic ulcers.

[86]

Mucilaginous with fiber Relieves and prevents
constipation

Bind toxins and lubricates the large
intestines. This ensures effortless and normal

bowel movement due to its natural
laxative property.

[86]
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Table 3. Cont.

Bioactive Components Therapeutic Benefits Mechanisms of Action Reference

Vitamin K and C

Bone health and essential for
the blood-clotting process. It

also helps restore bone density
and prevent osteoporosis.

Several mechanisms are suggested by which
vitamin K can modulate bone metabolism.

Besides the gamma-carboxylation of
osteocalcin, a protein believed to be involved

in bone mineralization, there is increasing
evidence that vitamin K also positively

affects the calcium balance, a key mineral in
bone metabolism.

[86,90]

Vitamin A, along with
antioxidant contents such as

lutein, xanthein, and carotenes
Improves vision

Okra contains beta-carotenes (precursor of
vitamin A), xanthin, and lutein, all with
antioxidant properties preventing eye
problems like cataract and glaucoma.

[86]

Glycosylated compounds Antibacterial activity Inhibit the adhesion of Helicobacter pylori to
the human gastric mucosa. [78]

Rhamnogalacturonan
Polysaccharides Antiadhesive properties

Interrupt the adhesion of H. pylori to human
stomach tissues via interfering with the outer

membrane proteins.
[78,91–93]

Polyphenols and flavonoids
(okra seeds) Antifatigue

Reduce the levels of BLA and BUN,
enhancing hepatic glycogen storage and the
promoting antioxidant ability by lowering
the MDA level and increasing the SOD and

GSH-PX levels.
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Figure 1. Chemical structures of the identified potent bioactive components derived from okra. (A) Catechin, (B) rham-
nogalacturonan, (C) epigallocatechin, (D) quercetin-3-O-sophoroside, (E) Quercetin-3-O-[glucosyl(1->6) gluco-
side]-7-O-rhamnoside, and (F) isoquercitrin. 
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seed powder at a dose of 200 mg/kg showed a significant reduction inblood glucose 
compared to a 100 mg/kg dose. Additionally, the treatment of both the doses of okra seed 
powders significantly produced a greater blood glucose reduction when compared to 
okra peel powderat a 100 or 200-mg/kg dose. Meanwhile, there several studies suggested 
multiple mechanisms of antidiabetic plants to exert their blood glucose-lowering effects, 
such as the inhibition of carbohydrate metabolizing enzymes, enhancement of insulin 
sensitivity, regeneration of damaged pancreatic islet β-cells, and enhancement of insulin 
secretion and release [41,94]. Okra polysaccharides were also reported to lower the body 
weight and glucose levels, improve the glucose tolerance, and decrease the total serum 
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rhamnoside, and (F) isoquercitrin.
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4. In Vivo Studies on the Health Benefits of Okra and Its Components

As stated earlier in this review, okra and its bioactive components are reported to
have potential beneficial health effects. A significant reduction in the blood glucose level,
along with an increase in body weight, was reported by Dubey and Mishra (2017) and
Sabitha et al. (2011) in streptozotocin-induced diabetic rats when fed the peel and seed
powder of okra.Sabitha et al. also reported a significant increased level of hemoglobin and
the total protein level and a decrease in HbA1c. They also reported that okra peel and seed
powder at a dose of 200 mg/kg showed a significant reduction inblood glucose compared
to a 100 mg/kg dose. Additionally, the treatment of both the doses of okra seed powders
significantly produced a greater blood glucose reduction when compared to okra peel
powderat a 100 or 200-mg/kg dose. Meanwhile, there several studies suggested multiple
mechanisms of antidiabetic plants to exert their blood glucose-lowering effects, such as
the inhibition of carbohydrate metabolizing enzymes, enhancement of insulin sensitivity,
regeneration of damaged pancreatic islet β-cells, and enhancement of insulin secretion
and release [41,94]. Okra polysaccharides were also reported to lower the body weight
and glucose levels, improve the glucose tolerance, and decrease the total serum cholesterol
levels in mice fed with a high-fat diet. Different studies reported the effects of different
parts of okra on alloxan-induced diabetic rats and showed that there was a significant
reduction in the blood glucose level and glycated hemoglobin and an improvement in
the lipid profile compared with the diabetic nontreated control rats and comparable with
the metformin-positive control group [95,96]. Different parts of okra fruits can stimulate
glycogen synthesis in the liver and delay the intestinal absorption of glucose in alloxan-
induced diabetic rats [97]. In the same study, the histopathological examination of the
pancreatic tissue after the administration of okra fruits revealed the evidence of pancreatic
islet cell regeneration [97]. Okra supplementation statistically reduced the highlevels of
fasting blood sugar, total cholesterol, and triglycerides and decreased the homeostasis
model assessment of the basal insulin resistance index in diabetic rats, as reported by Majd
et al. (2018) [98].

Nguekouo et al. (2018), in an in vivo study, showed that boiling and roasting do not
change the antidiabetic potential of okra fruits and seeds [99]. Ortaç et al. (2018) reported in
an in vivo study that okra has a gastroprotective effect against ethanol and could decrease
a gastric ulcer, as indicated by the biochemical and histopathological data. They concluded
that okra could be a possible therapeutic antiulcer agent [74]. Hossen et al. (2013) showed
that the methanol extract of okra had a good central nervous system depressant activity,
along with a high painkiller activity, on Swiss albino mice [100]. Wang et al. (2104)
demonstrated that mice fed an okra diet execrated more cholesterol in their stools and had
lower total blood cholesterol levels compared to the control mice group [101]. A four-year
study conducted on 1100 people showed that people who ate a diet rich in polyphenols
had lower inflammatory markers associated with heart disease, and as okra is one of the
polyphenol-rich diets, okra may therefore help to protect from cardiovascular diseases [102].
Monte et al. (2014) reported that the lectin available in okra can stop cancer cell growth by
up to 63% when they did a testtube study on breast cancer cells. Additionally, Vayssade
et al. (2010), in a testtube study on metastatic mouse melanoma cells, showed that okra
extract leads to cancer cell death [85]. Doreddula et al. (2014) revealed that the seed extracts
of okra have an antioxidant, antistress effect in the bloodstream of mice [103].

5. Therapeutic Prospects of Okra as Dietary Medicine/Nutraceuticals

Around two-thirds of the world population (7.8 billion) is dependent on plant-based
materials for their medicinal and healing properties, mainly because of their easy avail-
ability, accessibility, affordability, and safety, as well as the traditional beliefs of the con-
sumers [104]. A very old quote by Hippocrates stated, “Let food be thy medicine and
medicine be thy food”, which described the significance of food and its nutritional, as well
as therapeutic, values for the prevention, treatment, and management of diseases [105].
Thereafter, DeFelice coined the term nutraceutical by merging “nutrition” and “pharma-
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ceutical” and defined it as food or part of a food that not only imparts health benefits but,
also, contributes to the prevention or treatment of various diseases [106]. Importantly,
nutraceuticals have been formulated in such a way that they could benefit or facilitate the
management of human health without instigating any harm due to their natural occurrence.
Nutraceuticals derived from plants, animals, or live microorganisms possess great poten-
tial for use by scientific communities, food researchers, and food-processing industries to
produce unique foods or food components for the forthcoming needs of human beings to
stay healthy without any side effects. Currently, the rapid rise in demand for nutraceutical
products has been largely observed because of their therapeutic value in various diseases,
such as diabetes, hypertension, arthritis, inflammatory bowel disease, the common cold,
dyslipidemia, heart disease, and cancer. Nutraceutical products may also increase the
lifespan by delaying aging, promoting the integrity of the body, and sustaining smooth
normal functioning [107]. Moreover, based upon various pharmacological potentials of
okra-derived molecules, okra has been seen as one of the potential sources of nutraceuticals.

It was observed that there was an increase in the number of studies investigating
the therapeutic value of okra (Figure 2). The phytochemicals present in okra have been
suggested to have potential applications for the treatment and management for various
diseases (Tables 3 and 4) [9]. However, the potential of this extraordinary, cost-effective,
cheap vegetable crop is still not fully used for its therapeutic or nutraceutical potential
effects [9]. Therefore, there is an urgent need for such an easily available cheap vegetable
crop like okra to be used in a nutraceutical formulation. Hence, okra-basednutraceuticals
could play an essential role in the prevention and management of health, along with health
improvements. Therefore, A. esculentus, an edible vegetable, could be an ideal source of
nutraceuticals, since it contains both nutritionally active chemicals, as well as a source for
various physiological advantages, as presented in Table 4. Few countries have traditionally
used okra in folk medicine for various therapeutic purposes, such as gastroprotective,
antiulcerogenic, and as a diuretic. The recent urbanization and changes in lifestyles, eating
habits, and other factors have exposed the global population to a variety of chronic diseases.
Since okra is an easily available and low-cost vegetable, it could potentially become an
important nutraceutical product for populations in countries, irrespective of their stage
of development. Particularly, okra-based nutraceuticals could become an ideal source of
nutrition for people suffering from malnutrition in lesser-developed countries. However,
the available studies in the literature have not specifically analyzed the therapeutic potential
of okra as a nutraceutical.
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Table 4. Health benefits of various phytochemicals present in okra and its various parts.

Bioactive Components Part Health Benefits Reference

Polyphenols Carotene

Pod

Important for eyesight, along with healthy skin. [78,108]
Folic acid Beneficial for fetus development. [1,109]

Thiamine Improves the nervous system, brain, heart, stomach, muscles,
and intestine functions. [8,110]

Riboflavin Needed for growth and overall good health. [111,112]
Niacin Keeps our nervous system, digestive system, and skin healthy. [108,113]

Vitamin C Helps in the overall growth of the body and tissue repair. [1,114]

Oligomeric catechin

Seed

Prevents and is used for treating chronic ailments, e.g.,
cardiovascular diseases and cancer. [10,115]

Flavonol derivatives Improves vascular health, leading to a reduced risk of diseases. [116,117]
Lysine Improves calcium absorption and retention. [118,119]

Palmitic acid An important constituent of the cell membrane, with a critical role in protein
palmitoylation and palmitoylated signal molecules. [120,121]

Oleic acid Decreases the cholesterol levels and prevents heart diseases. [122,123]
Linoleic acid Improves cardiovascular health. [88,124]

Carbohydrate
Roots

Prime energy source and fuel for the brain, kidney, heart, and muscles. [125,126]

Flavonoids Exhibits substantial anticancer, antioxidant, anti-inflammatory,
and hepatoprotective activities. [10,127]

Minerals
Leaves

Helps in overall growth and body development. [128,129]

Tannins Accelerate blood clotting, reduces the serum lipid and blood pressure,
and modulates the immune responses. [130–132]
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6. Formulation and Development of Okra-Based Nutraceuticals

Nutraceuticals are broadly described as food or parts of food that provide incremental
health benefits. Okra-based nutraceuticals represent popular health foods, owing to its
intrinsic nutritional and other bioactive components, which show health-associated benefi-
cial properties (Figure 3) [133]. Several efforts are being made to improve the well-known
hypoglycemic outcomes of okra fruit by formulating different proportions of seeds and
peels of Ex-maradi Okra fruit in the ratio of (10:90, 20:80, 30:70, 40:60, 50:50%, and so on),
which is subsequently followed by investigating the antidiabetic and antioxidant efficacy of
these formulations in vitro. Recent findings have led to the conclusion that seeds and peels
at the ratio of 10:90% are the most efficient in exhibiting substantial in vitro antidiabetic
and antioxidant efficacy [134,135]. Subsequently, it was recommended that the nutraceuti-
cal formulation of peel and Ex-maradi okra seeds in the ratio (10:90) exhibits substantial
hypoglycemic and hypolipidemic activity in alloxan models of diabetes (rodents) and was
thus appropriate for further improvements for the formulation of okra-based nutraceutical
interventions in diabetes mellitus [135]. On the other hand, okra polysaccharides have
also been reported to inhibit human cancer cell proliferation [136]. This possibly indicates
their potential usage as anticancer nutraceutical formulations. However, an individual’s
susceptibility to any disease also largely depends upon genetic predisposition and lifestyle
habits, such as smoking and high alcohol consumption. Therefore, the efficacy of nutraceu-
ticals can vary from person to person. Nutraceuticals have proven health benefits, and
their consumption (within their acceptable recommended dietary intakes) may help in the
prevention of disease and allow humans to maintain overall good health. Therefore, since
various parts of okra (fruit, seed, pulp, and mucilage) carry several therapeutic purposes,
it can be considered to be an important vegetable crop for nutraceutical purposes.
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7. Global Okra Production and Possible Nutraceutical Market

Okra, being an inexpensive popular vegetable crop, is consumed by several popula-
tions globally and is a local staple food in low-income countries. Nowadays, due to its
nutritional and health benefits, there is a growing demand for okra, and different okra
products are available for purchase on online marketplaces. Recently, the agency Mar-
ket Research Future estimated that the global okra seed market could earn a revenue of
USD 352.7 million and register a 9.8% compound annual growth rate during the period
2018–2023 [137]. Globally, the market of okra seeds is geographically largely divided into
Europe, Asia-Pacific, and North America, followed by the remaining countries. In 2018, the
largest accreditation for the contribution of the okra market share (63.77%) was recorded
by the Asia-Pacific region. It is estimated that the okra-based nutraceutical market will
reach a worth of 222.9 million USD by the end of the year 2023. Small-scale manufactur-
ers are a major cause for the disintegration of the okra market in the Asia-Pacific region.
Pakistan, Malaysia, India, and the Philippines are regarded as the dominant producers
of okra seeds [19,137–139]. In recent times, India has been the prominent producer of
okra globally, followed by the remaining countries mentioned above. Since 2018, these
remaining countries have held a 33.0% share of the global okra market. This enhanced
expansion within the local market is attributed to increased cultivation, as well as the
development of genetically modified (GM) seeds. Furthermore, the acceptance of hybrid
and disorder-resistant seeds within the region has also facilitated the noticeable expan-
sion of the okra market. Africa is now predicted to globally dominate the market for
the consumption of okra seeds. It represents approximately 69% of the territorial market
share due to increased accessibility to more arable croplands within the country. On the
other hand, during 2017, North America accounted for only 2.2% of the okra market share,
whereas Europe accounted for only 1.0%. At the same time, Mexico is known to be a
dominant producer of okra in North America because of the high cultivation of okra within
the country [109]. The global okra seed-mediated market (OSM) is divided categorically
and regionally. Based on the category, the OSM is further divided into conventional and
organic seeds of okra plants. The conventional OSM (cOSM) is more prominent, with a
market share of 90.5% since 2018. The market dominance of cOSM could be attributed to
the exploitation of different varieties, namely open-pollinated and traditional. In contrast,
organic OSM is estimated to show a high growth rate of 10.7%, which could be attributed
to a shift in consumer awareness resulting in an increased preference for organic plant
produce [17]. Thus, the high production of okra the world over should be utilized to some
extent in the large-scale production of okra-based nutraceuticals, which could also be used
to alleviate the problem of malnutrition in underdeveloped countries.

8. Safety and Efficacy

Okra is a food crop, and its elongated, edible pods are mostly harvested during the
immature stages and eaten primarily as a vegetable dish. Other parts of okra—namely, the
flowers and buds—are also palatable [112]. The premature pods are commonly ingested in
vegetable dishes and are also consumed dried, marinated in salads, fried, raw, or boiled,
along with various other ingredients [10]. An average fresh okra pod is estimated to
contain approximately 740 IU of vitamin A. Okra seeds also provide a rich source of edible
oil, constituting up to 22% of the biomass [10]. Toxicological reports have suggested that
the fruit and seeds of okra are nontoxic at normal levels of consumption. Few reports
have substantiated the safety and efficacy of okra extracts in controlled human trials.
Abelmoschus manihot, a single medicament of traditional Chinese medicine widely used to
treat kidney disease, was evaluated in the form of a huangkui capsule, 2.5 g, three times
per day, losartan potassium, 50mg/d, or a combined treatment—a huangkui capsule at
2.5 g, three times per day, was combined with losartan potassium, 50mg/d. The duration
of the intervention was 24 weeks. The results were evaluated in the form of changes
within the mean baseline urine protein excretion and changes in the estimated glomerular
filtration rate (eGFR) from the baseline after treatment. The study proved the efficacy of
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Abelmoschus manihot as a promising therapeutic for patients with primary kidney disease
(chronic kidney disease stages 1 and 2) with moderate proteinuria [34].

Similarly, IQP-AE-103 is a combination of dehydrated powder of okra (A. esculentus
(L.) Moench) pods and inulin; a heterogeneous mixture of fructose polymers extracted
from chicory roots was used to evaluate the efficacy and tolerability/safety of IQP-AE-103
on body weight reduction in overweight-to-moderately obese adults. A beneficial effect of
IQP-AE-103 on the lipid metabolism was also demonstrated in the subgroup of subjects
with baseline total cholesterol levels above 6.2 mmol/L. The study indicated that IQP-
AE-103 could be an effective and safe weight loss intervention; the trial was registered
with NCT03058367 [140]. However, currently, a trial to evaluate the glycemic evaluation
of okra seed noodles is currently active, although not recruiting; see clinicaltrials.gov
(ClinicalTrials.gov Identifier: NCT03990844). Data on the safety and toxicity of okra fruits
are limited. Therefore, further clinical studies and research is required on this edible
medicinal plant in the context of nutraceutical and functional food development, food
excipients, drug discovery, and development [9,117].

9. Future Perspectives and Conclusions

The attributes of the different edible okra parts discussed in this review highlight the
nutritional relevance of okra and its nutraceutical potential for providing health benefits to
humans. Okra is a cost-effective and economically affordable natural source with ample
reservoirs of carbohydrates, proteins, fatty acids, vitamins, fiber, and minerals, with various
other bioactive phytochemicals that are important for human well-being. Although the
potential benefits of okra on different chronic disorders have been scientifically explored to
some extent, several aspects, such as the pharmacokinetics and bioavailability of okra, as
well as its specific mechanisms of action on different diseases, need further investigation.
Such a knowledge gap may have arisen due to the complex etiology of diseases, along with
different related factors aiding the diseases. Owing to the nutritional composition of okra, it
can be potentially used to compensate for the problem of malnutrition in underdeveloped
countries across the globe. Moreover, the formulation of okra-based nutraceuticals could
prove to be beneficial, since it is easily available and inexpensive. Therefore, further studies
should focus on the development of functional foods, nutraceuticals, or drugs from okra
components.
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Abstract: Andean blueberry (Vaccinium meridionale Swartz) fruits are an underutilized source of
anthocyanins and other valuable bioactive phytochemicals. The purpose of this work was to obtain
Andean blueberry juice powders via freeze-drying processing and evaluate the effect of maltodextrin
as a drying aid on their physicochemical, technological, microstructural, and bioactive characteristics.
Andean blueberry juices were mixed with variable proportions of maltodextrin (20–50%); freeze-dried;
and characterized in terms of their tristimulus color, Fourier transform infrared spectra (FTIR),
moisture content, water activity, morphology, water solubility, flow properties, total polyphenols and
anthocyanins content, and DPPH•-scavenging capacity. The powders obtained presented suitable
characteristics in terms of their water activity (<0.5), solubility (>90%), and bioactive compound
recovery (>70% for total phenolics, and >60% for total monomeric anthocyanins), with antioxidant
activities up to 4 mg equivalent of gallic acid/g of dry matter. Although an increased content of
maltodextrin resulted in lower concentrations of phytochemicals, as expected, it also favored an
increased % recovery (over 90% of total phenolics at the highest maltodextrin proportion) and
improved their flow properties. Freeze-dried juice powders are a potential alternative for the
stabilization and value addition of this fruit as a new source of functionality for processed foods.

Keywords: anthocyanins; antioxidant activity; bioactive compounds; colorants; fruit juices;
polyphenols; wild blueberry

1. Introduction

The use of natural ingredients has received widespread attention in recent years due to its high
demand in different industrial fields such as food, pharmaceutics, and cosmetics [1]. In particular, in
the food industry there is a growing interest in the extraction, characterization, and stabilization of
new natural ingredients that can be further incorporated into functional foods.

The genus Vaccinium (family Ericaceae) comprises about 450 species, known for their high content
of phytochemicals [2]. Andean blueberry (Vaccinium meridionale Swartz) is a wild shrub with few
commercial exploitations that grows in the Andean region of South America at 2300–3300 m above
sea level (m.a.s.l.) [3]. Several studies have reported that Andean blueberry fruits are a rich source
of bioactive compounds, such as anthocyanins, flavonoids, and phenolic acids, which have been
associated with antioxidant, anticarcinogenic, and anti-inflammatory properties [4–6].
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Andean blueberry fruits are commonly marketed either fresh or processed into jellies and jams,
with a very low supply of derived value-added products [4]. Andean blueberry juice is very attractive
to small-scale food processors of rural areas because it is easy to produce and has adequate sensory
properties [7]. Indeed, several studies had reported that Andean blueberry juice has a high potential
for use as an antioxidant additive or functional ingredient in foods because it is rich in polyphenols
and has a high antioxidant capacity [3,4]. However, as with most fruit juices Andean blueberry
juices are susceptible to microbial spoilage and degradation due to their high moisture content.
Moreover, the anthocyanin content and antioxidant capacity of Andean blueberry juice are significantly
reduced during storage [3,8]. Therefore, it is necessary to develop strategies to increase their storage life.

The dehydration of fruit juices is a promising approach to obtain highly stable dried powders
that are more resistant to microbial and oxidative degradation, light in weight, and readily soluble;
furthermore, it enables room temperature storage over longer periods [9]. Several drying techniques are
available for the production of food powders at an industrial scale, with freeze drying and spray-drying
being the most successful methods for fruit juice powder production [10].

Freeze drying is a low-temperature dehydration process that removes ice or frozen solvent
through sublimation and has the advantages of being flexible, straightforward, and easily
scalable [11,12]. Additionally, freeze-drying is suitable for the processing of heat-sensitive active
compounds, because substances are not exposed to high temperatures, unlike in conventional air-drying
and spray-drying [12,13]. Nonetheless, fruit juices are generally difficult to dry due to their high
content of sugars and organic acids, which make the dried products extremely hygroscopic, adhesive,
and very susceptible to degradation during storage. Therefore, food-grade drying aids (carriers),
such as maltodextrin and gum Arabic, have been added to spray-dried or freeze-dried fruit juices [9,14].

Maltodextrins are polysaccharides obtained by the partial enzymatic or acid hydrolysis of
starch that consist of β-D-glucose units linked mainly by glycosidic bonds α(1→4). These low-cost
carbohydrate polymers feature good film-forming properties, a high water solubility, and a neutral
taste and aroma [10]. It has been reported that maltodextrins allow obtaining juice powders with a
good stability against oxidation, ease of handling, improved solubility, and extended shelf life [10].
Several studies have been carried out to evaluate the optimal drying conditions for different fruit
juices. Lachowicz et al. [15] studied the effect of maltodextrin and inulin on the protection of natural
antioxidants in powders made of Saskatoon berry fruit, juice, and pomace, finding that the freeze-drying
process using these wall materials led to the highest content of polyphenolic compounds and antioxidant
activity. Pudziuvelyte et al. [16] encapsulated Elsholtzia ciliata ethanolic extract by freeze-drying using
skim milk, sodium caseinate, gum Arabic, maltodextrin, β-cyclodextrin, and resistant maltodextrin,
alone or in mixtures of two or four encapsulants. The highest value of encapsulation efficiency of
phenolic compounds was obtained for powders prepared using sodium caseinate alone or in a mixture
with resistant maltodextrin and maltodextrin.

The aim of the current work was to develop freeze-dried Andean blueberry juice powders for
potential applications as ingredients with bioactive characteristics. The effect of the addition of
different maltodextrin concentrations (20–50%) on the moisture content, water activity, water solubility,
bulk density, flow properties, color attributes, morphology, polyphenols and anthocyanins content,
and antioxidant capacity of the juice powders was evaluated. To the best of our knowledge, this is the
first report on powders from freeze-dried Andean blueberry juice.

2. Results and Discussion

2.1. Andean Blueberry Juice Properties

The physicochemical properties of the Andean blueberry juice used in this work are presented in
Table 1. The juice was characterized by a relatively high content of soluble solids (13.27 ◦Brix) and high
concentrations of antioxidants, both total phenolic compounds and anthocyanins, which are expected
to be more stable at the mildly acidic pH of this product (2.91) [17]. In fact, the juice presented a
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DPPH radical scavenging capacity of 19.1 mg GAE/g dw. These characteristics, along with its deep
ruby color, similar to that of Tannat or Merlot wines, and sweet characteristic taste highlight that
this product is suitable for consumption as fresh juice with antioxidant features or for addition as a
functional ingredient. The composition of berry fruits and juices depends on the cultivar, maturity
stage, and agro-climatic conditions. In particular, the characteristics of Andean blueberry could be
more variable because it grows as a wild shrub. According to previous reports, Andean blueberry fruits
at maturity stages have a soluble solids content ranging between 12 and 18 ◦Brix, a pH between 2.5 and
3.0, a dry solid content between 17% and 23%, total monomeric anthocyanins between ~329 ± 28 mg
cyd-3-glu/100 g, and phenolic compounds ~758.6 ± 62.3 mg gallic acid equivalent/100 g [3,18].
Franco et al. found similar values to those reported in this study (Table 1) when they evaluated
the physicochemical properties of Andean blueberry nectar [19]. Casati et al. [20] evaluated the
physicochemical characteristics from berries juices cultivated in Argentina (blueberry, elderberry,
blackcurrant, and maqui berry), finding soluble solids contents ranging between 9.0 and 14.8 ◦Brix,
a pH between 3.4 and 4.2, a water activity between 0.983 and 0.989, total polyphenol contents between
2970 and 9340, and total monomeric anthocyanins contents between 288 and 1795.4 mg cyd-3-glu/L.

Table 1. Physicochemical properties of the Andean blueberry juice.

Physicochemical Property Value

Soluble solids content (◦Brix) 13.27 ± 0.05
Dry solid content (%) 11.6 ± 0.3

pH 2.91 ± 0.07
Water activity 0.97 ± 0.01

Color coordinates (CIELAB)

L* = 22.7 ± 0.4
a* = 22.5 ± 0.4
b* = 7.8 ± 0.5
h = 19.2 ± 1.9
c = 23.2 ± 0.8

Total polyphenol content (mg GAE/L) 2032.5 ± 41.7
Monomeric anthocyanin content (mg cyd-3-glu/L) 371.5 ± 20.1

Antioxidant capacity (mg GAE/ g dw) 19.1 ± 0.3

mg GAE: milligrams equivalents of gallic acid; g dw: grams of dry matter; mg cyd-3-glu: milligrams of
cyanidin 3-glucoside.

2.2. Physicochemical and Morphological Properties of the Juice Freeze-Dried Powders

Mixtures of the extracted blueberry juices and maltodextrin with no further ingredients were
prepared and subjected to freeze drying processing to obtain juice powders. The general appearance
of the juice powders obtained with the addition of maltodextrin is shown in Figure 1; unlike the
maltodextrin-free freeze-dried juice (Figure S1, Supplementary Material), these powders were solid,
easily manageable, and did not adhere to solid surfaces.
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The CIELAB color coordinates of Andean blueberry juice powders are given in Table 2.
Compared to the deep ruby color of the pure juice, the colors of the powders were dark fuchsia pink.
The lightness of the Andean blueberry juice powders increased when the maltodextrin concentration
increased from 20% to 40% (i.e., a lighter color). Above this material amount, a slight decrease in
this parameter was observed (Table 2). Other authors have also described a higher lightness after the
addition of higher maltodextrin amounts [21].

Table 2. Color parameter of Andean blueberry juice freeze-dried powders obtained with different
concentrations of maltodextrin.

Maltodextrin
Concentration (%) L* a* b* h Chroma

20 47.2 ± 0.8 a 42.3 ± 0.5 a 2.6 ± 0.4 a 3.6 ± 0.5 a 42.3 ± 0.5 a

30 54.2 ± 0.6 b 36.6 ± 0.3 b 1.4 ± 0.1 b 2.2 ± 0.2 b 36.6 ± 0.3 b

40 56.7 ± 1.1 c 35.6 ± 0.6 b 3.4 ± 0.4 a 5.5 ± 0.6 c 35.8 ± 0.6 b

50 52.7 ± 1.7 b 38.0 ± 2.7 b 2.9 ± 0.4 a 4.3 ± 0.7 b 38.1 ± 2.7 b

Different letters within the same column indicate significant differences (p < 0.05).

Hue angle (h) and chroma are a very important color attributes that characterize the perception and
the purity and intensity of the color, respectively. All the powders showed low h values (i.e., closest to
the angle for red (0◦)), as expected in this type of products (Table 2).

The samples with maltodextrin at 20% showed the higher values of chroma, indicating the highest
intensity of color. Above this concentration, non-significant differences between the chroma values of
the samples were observed (Table 2). As expected, the samples with a higher Andean blueberry juice
concentration (maltodextrin at 20%) showed the higher values of coordinate a* (indicating redness)
(Table 2).

The moisture content and the water activity of the Andean blueberry freeze-dried powders ranged
from 4.0% to 9.0% and from 0.2 to 0.5, respectively (Table 3). The longer shelf life of dried products is
closely related to lower moisture content and water activity. It has been reported that, in dried food
powders with a low water activity (aw < 0.6), no microbial proliferation occurs, and the product could
be considered fully stable in that respect [22]. Similar results were obtained for sumac extract powders
by Caliskan et al. [14].

Table 3. Moisture content, water activity, and water solubility of Andean blueberry juice freeze-dried
powders obtained with different concentrations of maltodextrin.

Maltodextrin
Concentration (%)

Moisture Content
(%)

Water Activity
(aw)

Water Solubility
(%)

20 6.1 ± 0.4 a 0.31 ± 0.03 a 94.6 ± 0.4 a

30 4.3 ± 0.1 b 0.27 ± 0.01 a 93.2 ± 0.9 a

40 5.4 ± 0.1 a,b 0.41 ± 0.05 b 92.8 ± 0.8 a

50 8.6 ± 0.3 c 0.52 ± 0.01 c 91.1 ± 0.5 a

Different letters within the same column indicate significant differences (p < 0.05).

The microstructure of the encapsulated dried fruit extracts is relevant to their water reconstitution
behavior, flowability, and other techno-functional characteristics; although it is mainly dependent on
the type of encapsulant and the drying technique, it can vary according to the extract-encapsulant
interactions and ratio [23]. Figure 2 shows SEM images of the freeze-dried Andean blueberry
juice powders obtained using different concentrations of maltodextrin. All the images show the
typical morphology of freeze-dried powders, with an irregular glassy shape [12,16]. In this case,
the microstructure of the powders appeared to be mainly defined by the characteristic crystallinity of the
maltodextrin, even at lower (20%) encapsulant concentrations. This indicates that the thermodynamic
compatibility between maltodextrin and the Andean blueberry juice solids allows for obtaining
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amorphous but microscopically homogeneous encapsulated materials via freeze-drying, and suggests
that the macroscopical and techno-functional properties of these powders will be defined by those
of the encapsulant, thus enhancing their manageability as a powdery food ingredient. The observed
differences in the particle sizes might be attributed to the grounding of the freezing-dried cakes [24].
González-Ortega et al. [25] encapsulated olive leaf extract by freeze-drying, reporting that a porous
cake was obtained due to the sublimation of the ice, giving rise to a structure made of a glassy
matrix containing air cells whose size and shape depended on the processing conditions used and the
composition of the initial system.

To evaluate the effect of freeze drying on the spectral characteristic of the juices and possible
interactions between the Andean blueberry juice solids and maltodextrin at the processing conditions,
the absorbance spectra of the powders in the mid-infrared region of electromagnetic radiation were
recorded. Figure 3 shows the infrared spectra (4000–500 cm−1) of the Andean blueberry juice powders
obtained with different concentrations of maltodextrin. The spectra of the Andean blueberry juice and
the maltodextrin are shown for comparison. Andean blueberry juices featured characteristic bands
at 1712 cm−1 corresponding to –C=O bonds, and at 1630 cm−1 and 1521 cm−1 previously associated
with the C=C vibrations of polyphenolic compounds from anthocyanin-rich berry extracts [26]. The IR
spectra of all Andean blueberry juice powders showed the characteristic bands of maltodextrin at
3300 cm−1 (O–H stretching), 2905 cm−1 (C–H2 asymmetric stretching), 1641 cm−1 (free carboxyl groups),
1150 cm−1 (C–O stretching), 1005 cm−1 (C–O stretching), and 929 cm−1 (C–O–C stretching of glycosidic
bonds; CH2 out of plane bending) [27]. The characteristic absorption bands of Andean blueberry juice
were also detected in the juice in the freeze-dried powders (Figure 3).

The absorbance of the bands located at 1630, 1521, 1410, and 1024 cm−1, associated with phenolic
compounds and in particular with the presence of anthocyanins [26], were quantitatively correlated
with the juice content of the powders, which indicates that FTIR-ATR measurements could be used
as fast technique to assess the actual juice content in this type of ingredients. The absence of bands
unrelated to either maltodextrin or Andean blueberry juice suggest that maltodextrin was an inert wall
material with no observable chemical interactions with the Andean blueberry juices.

2.3. Technological Features of the Juice Freeze-Dried Powders

Table 4 shows the flow properties of Andean blueberry juice freeze-dried powders obtained with
different concentrations of maltodextrin. The bulk density of the freeze-dried powders increased
with the increase in the maltodextrin concentration—i.e., the samples with lower maltodextrin
concentrations showed higher cohesiveness. The results obtained were similar to those determined for
freeze-dried powders containing cinnamon infusions (536–554 kg ×m−3) [28] and sea buckthorn juice
(512.7 kg ×m−3) [21]. All the powders showed an increase in their bulk density due to the tapping
suggesting the presence of attractive forces and friction [29]. On the other hand, the samples with a
maltodextrin concentration at 40% and 50% showed a slight decrease in the Hausner ratio and a lower
Carr index and angle of repose than the powders with 20% and 30% of wall material, indicating better
flow properties (Table 4). In general, higher maltodextrin proportions improved the flowability of
the freeze-dried juices. Similar observations were reported by Caliskan et al. [14] when analyzing the
effect of different amounts of maltodextrin addition on the powder properties of freeze-dried sumac
extract powders.
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Figure 2. Scanning electron microscopy (SEM) images of freeze-dried powders obtained using different
wall materials and mixtures.
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Table 4. Flow properties of Andean blueberry juice freeze-dried powders obtained with different
concentrations of maltodextrin.

Maltodextrin
Concentration (%)

Bulk Density
kg ×m−3

Tapped Density
kg ×m−3 Hausner Ratio Carr Index

(%)
Angle of Repose

(◦)

20 470 ± 24 a 545 ± 44 a 1.2 ± 0.1 a,b 20.7 ± 2.6 a 35.4 ± 0.3 a

30 502 ± 20 a 615 ± 17 b 1.2 ± 0.1 a 15.6 ± 0.4 b 37.0 ± 0.5 a

40 585 ± 35 b 674 ± 39 c 1.1 ± 0.1 a,b 11.6 ± 0.7 c 36.3 ± 1.1 a

50 595 ± 41 b 650 ± 43 b,c 1.1 ± 0.1 b 6.1 ± 0.2 d 27.0 ± 0.9 b

Different letters within the same column indicate significant differences (p < 0.05).

The water solubility of the freeze-dried powders is significant for its incorporation in food
systems [14]. All the freeze-dried Andean blueberry juice powders showed a similar water
solubility—i.e., close to 93%—regardless of the maltodextrin concentration added (Table 3).
This behavior can be attributed to the high solubility of maltodextrin in water and is in accordance with
the microstructure similarity of the powders obtained at different encapsulant proportions in the SEM
observations. Franceschinis et al. [30] reported a water solubility (%) of almost 100% for powders from
blackberry juice obtained by freeze and spray-drying. Several authors have reported that the water
solubility of freeze-dried powders depends on the morphology, the particle size, the inter-particle
voids of powders, and the properties of juice and carrier agents [29].

2.4. Bioactive Characteristics of Andean Blueberry Powders with Different Maltodextrin Additions

The determination of the active compound content of freeze-dried fruit juice powders is important
for estimating the powder amount necessary to reach a determined active compounds level in a
food formulation. Figure 4 shows the total polyphenol content and total monomeric anthocyanin of
freeze-dried Andean blueberry juice powders with different concentrations of maltodextrin. In general,
a decrease in the total polyphenol content and the total monomeric anthocyanin of the powders was
observed as the maltodextrin concentration in the formulations increased—i.e., as the juice amount
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in the powders decreased. The content of total phenolic compound ranged between 2.9 and 7.0 mg
GAE/g of dry matter, while the monomeric anthocyanins content ranged between 0.19 and 0.60 mg
cyd-3-glu/g of dry matter. The results obtained in this study were close to the ones previously reported
by Casati et al. [20] for freeze-dried blueberry (Vaccinium corymbosum) powders: phenolic contents of
7.69 mg GAE/g and total monomeric anthocyanins content of 0.74 mg/g.
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Figure 4. Total polyphenol content and total monomeric anthocyanin of freeze-dried Andean blueberry
juice powders with different concentrations of maltodextrin. Values with different superscript letters
are significantly different (p < 0.05).

On the other hand, the retention of phenolic compounds of the freeze-dried powders was
significantly improved with increasing the maltodextrin concentration in the formulations (Figure 5).
In all cases, retention percentages of phenolic compounds greater than 70% were obtained, with a
higher recovery in the powders with 50% of maltodextrin. The percentage of recovery of monomeric
anthocyanins increased significantly when the maltodextrin concentration increased from 20%
to 30% (Figure 5). However, above this concentration a significant decrease in anthocyanin
retention was observed. Romero-González et al. [31], when working with maqui juice freeze-dried
powders, reported that the anthocyanin efficiency values decreased at a higher proportion of added
polysaccharides (maltodextrin, gum Arabic, inulin, and their blends). Fraceschinis et al. [30], when
working with freeze-dried blackberry powders, reported percentages of the retention of polyphenols
and anthocyanins of 73% and 75%, respectively.

Figure 6 shows the antioxidant activity of the freeze-dried powders obtained using different
maltodextrin (MD) concentrations. The DPPH•-scavenging activity of the freeze-dried powders
increased as the maltodextrin concentration in the formulation decreased. In this sense, a high
correlation (R2 = 0,99) between the polyphenol content and the antioxidant activity of the
powders was obtained, indicating a strong influence of the phenolic compound on this parameter.
This correlation between polyphenol content and antioxidant capacity was also observed by
Garrido-Makinistian et al. [32] in maqui powders obtained by spray-drying.

Garzón et al. reported that the high antioxidant activity of Andean blueberry fruits could be due
to the high concentration and the chemical structure of its phenolic compounds. They detected in this
fruit through high-performance liquid chromatography with photodiode array detection (HPLC-DAD)
and HPLC-electrospray ionization tandem mass spectrometry (ESI-MS/MS) the presence of bioactive
compounds with a strong antioxidant activity, such as monoglucosides of cyanidin and delphinidin,
chlorogenic acid, and quercetin [4].
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different maltodextrin (MD) concentrations. Values with different superscript letters are significantly
different (p < 0.05).
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3. Materials and Methods

3.1. Materials

Andean blueberries (Vaccinium meridionale Swart) maturity stage 5 (100% dark purple) were
obtained in Ráquira (Boyacá, Colombia) at 2150 m.a.s.l. The berries were examined previous to its
use to separate fruits with physical, mechanical, or microbial damage. The fruits were washed and
disinfected with a 100 mg L−1 of chlorine solution.

Maltodextrin (MD) dextrose equivalent (DE) 18–22 from Tecnas S.A. (Medellín, Colombia) was
used as a carrier. Folin–Ciocalteu reagent was purchased from Panreac (Barcelona, Spain) and gallic
acid was purchased from Merck (Darmstadt, Germany). 2,2-diphenyl-1-picrylhydrazyl (DPPH•)
reagent was purchased from Sigma-Aldrich (St. Louis, MO, USA). All the chemicals used were of
analytical grade.

3.2. Preparation of Andean Bluebery Juice and Freeze-Drying Formulations

Andean blueberry juices were squeezed from crushed fruits using a juice press extractor and
vacuum filtered through Whatman paper N ◦1.

Four formulations for freeze drying were obtained blending the juice (J) with maltodextrin
(MD) in the following ratios (J:MD): 80:20 (MD20), 70:30 (MD30), 60:40 (MD40), and 50:50 (MD50).
Maltodextrin was dissolved in the Andean blueberry juices under constant stirring using a EUROSTAR
20 vertical agitator at 800 rpm (IKA, Staufen, Germany). The homogenized formulations were poured
on aluminum trays for the freezing drying process.

In preliminary experiments, the freeze drying of pure juices (100:0) and its blend with maltodextrin
at 10% (90:10) was also assayed, but these formulations did not lead to stable juice powders (Table S1,
Supplementary Material).

3.3. Freeze Drying

All the formulations were frozen at −20 ◦C for 24 h and then dried using a BUCHI Lyovapor L-200
freeze dryer (Flawil, Switzerland). It was operated at −55 ◦C at a chamber pressure of 0.1 mbar for
48 h. The freeze-drying cakes were grounded to obtain powders and stored in hermetic flask until use.

3.4. pH and Soluble Solids Content

The pH was assessed using a digital pH meter (Oakton Instruments, Vernon Hills, IL, USA)
(AOAC 981.12). The soluble solids content was measured in the fruit juice using an Atago refractometer
model PR 101 (Atago CO., Tokyo, Japan) and expressed as ◦Brix (AOAC 932.12).

3.5. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis was performed using FT/IR-4100 equipment (JASCO, Hachioji, Tokyo, Japan)
equipped with a diamond single reflection attenuated total reflectance (ATR) module. Portions of the
samples (approximately 10 mg) were placed on the ATR accessory and analyzed under reflectance
mode. A total of 24 spectra per sample were acquired with 24 scans per spectrum with a spectral
resolution of 4 cm−1 in the spectral interval 4000–450 cm−1. The measured spectra were recorded and
pre-treated with the built-in procedures for water elimination using the software Spectra Manager
(v.2.7, JASCO Hachioji, Tokyo, Japan).

3.6. Color

Color was measured using a tristimulus Minolta colorimeter (Konica-Minolta CR-10, Osaka,
Japan) and was reported in CIELab parameters (L*, a* and b* values), where L* was used to denote
lightness, a* redness (+) and greenness (−), and b* yellowness (+) and blueness (−).
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Hue angle (h) and chroma values were calculated using the following equations:

h = tan−1
(

b∗

a∗

)
, (1)

Croma =
[
a∗2 + b∗2

]1/2
(2)

3.7. Morphological Analysis

The morphological characteristics of the freeze-dried powders were investigated by Scanning
Electron Microscopy (SEM) using a ZEISS EVO MA10 microscope (Carl Zeiss SMT Ltd., Cambridge,
UK). The powders were attached to stubs, coated with a layer of gold, and examined using an
acceleration voltage of 20 kV.

3.8. Moisture Content and Water Activity

Humidity content (%) was measured gravimetrically, drying the freeze-dried powders in an oven
at 105 ◦C until they reached a constant weight (AOAC, 1998). Values of water activity (aw) were
determined using an AquaLab Serie 3 TE (Pullman, WA, USA) apparatus (AOAC, 1998).

3.9. Water-Solubility

Water solubility was determined by blending 1 g of the freeze-dried powders with 100 mL of
distilled water at room temperature with continuous stirring at 1000 rpm for 5 min (IKA RT5 magnetic
stirring, Staufen, Germany). The rehydrated juice was centrifuged at 1500 rpm for 5 min and the
supernatant was dried at 105 ◦C until constant weight. The dry weight was used to calculate solubility
as a percentage.

3.10. Total Polyhenols Content

The total polyphenols content of Andean blueberry juice and powders was determined by
the Folin–Ciocalteu method [33]. Briefly, 400 µL of reconstituted juice was mixed with 2 mL of
Folin–Ciocalteu reagent (1:10 diluted). Then, 1.6 mL of sodium carbonate (7% w/v) was added to each
sample. After 30 min, the absorbance was measured at 760 nm using a spectrophotometer (X-ma
1200 Human Corporation, Loughborough, UK). The results were expressed as gallic acid equivalents
(GAE) per gram of dry solids.

3.11. Total Monomeric Anthocyanins Content

The total monomeric anthocyanins content of Andean blueberry juice and powders was measured
by the pH differential method [34]. Absorbencies were read at 520 and 700 nm. The anthocyanin
concentration was calculated and expressed as cyanidin 3-glucoside (cyd-3-glu) using an extinction
coefficient (ε) of 26,900 L cm−1 ×mol−1 and a molecular weight of 449.2 g/mol.

3.12. Active Compounds Recovery (%)

The recovery (%) of phenolic compounds and monomeric anthocyanins after the freeze drying
process was calculated with the following equation [35]:

Recovery (%) =
Lc

L0
× 100. (3)

where Lc and L0 are the total phenolic or monomeric anthocyanin content of the freeze-dried powders
and the infeed dispersion, respectively.
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3.13. DPPH•-Scavenging Activity

Antioxidant activity was tested as described in Brand-Williams et al. [36]. A volume of 100 µL of
each reconstituted juice was mixed with 3.9 mL of 1,1-diphenyl- 2-picrylhydrazyl (DPPH•) ethanol
solution (25 mg DPPH•/L). Absorbance was determined at 515 nm until the reaction reached a plateau.
A calibration curve was performed using gallic acid as a standard. The results were expressed as the
mg GAE per gram of dry solids.

3.14. Flow Properties

The loose bulk density was determined by pouring a known mass of freeze-dried powders
delivered freely by gravity into a measuring cylinder and calculated by dividing the mass by the bulk
volume. The tapped bulk density was calculated from the weight of powder and the volume occupied
in the cylinder after being hand tapped until a constant value was reached [29,37].

The Hausner ratio and the compressibility index were estimated according to the procedures
presented in López Córdoba et al. [37]

The angle of repose was determined by pouring a known mass of freeze-dried powder through a
funnel located at a fixed height on a graph paper flat horizontal surface and measuring the height (h)
and radius (r) of the conical pile formed. The tangent of the angle of repose is given by the h/r ratio [38].

3.15. Statistical Analysis

The statistical analysis was performed using the Minitab v.16 statistical software (State College,
PA, USA). Analysis of variance (ANOVA) and Tukey’s pairwise comparisons were carried out using
a level of 95% confidence. The experiments were performed at least in triplicate, and the data were
reported as means ± standard deviations.

4. Conclusions

Maltodextrin was found a suitable wall material for the stabilization of Andean blueberry juice
via freeze-drying because it allowed obtaining powders with good handling properties and desirable
features, such as low water activity and a high water solubility. Besides this, maltodextrin is an inert
wall material that does not have chemical interactions with Andean blueberry juices.

The amount of maltodextrin used in the formulations significantly affected the lightness, the bulk
density, the polyphenol and monomeric anthocyanins content, and the antioxidant activity of the
freeze-dried Andean blueberry juice powders. The products with maltodextrin at 30% and 50% showed
higher monomeric anthocyanin and polyphenol recoveries, respectively. The antioxidant activity of
the freeze-dried Andean blueberry juice was highly correlated with its content of phenolic compounds.
The produced powders could be potentially employed as functional ingredients for the formulation of
new value-added foods.

Supplementary Materials: The following are available online, Figure S1: Images of the maltodextrin-free freeze
dried-powder, Table S1: Physicochemical properties of the maltodextrin-free freeze dried-powder.
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the Protection of Natural Antioxidants in Powders Made of Saskatoon Berry Fruit, Juice, and Pomace as
Functional Food Ingredients. Molecules 2020, 25, 1805. [CrossRef] [PubMed]

16. Pudziuvelyte, L.; Marksa, M.; Sosnowska, K.; Winnicka, K.; Morkuniene, R.; Bernatoniene, J. Freeze-Drying
Technique for Microencapsulation of Elsholtzia ciliata Ethanolic Extract Using Different Coating Materials.
Molecules 2020, 25, 2237. [CrossRef] [PubMed]

17. Fossen, T.; Cabrita, L.; Andersen, O.M. Colour and stability of pure anthocyanins influenced by pH including
the alkaline region. Food Chem. 1998, 63, 435–440. [CrossRef]

263



Molecules 2020, 25, 5635

18. Garzón, G.A.; Soto, C.Y.; López-R, M.; Riedl, K.M.; Browmiller, C.R.; Howard, L. Phenolic profile, in vitro
antimicrobial activity and antioxidant capacity of Vaccinium meridionale Swartz pomace. Heliyon 2020,
6, e03845. [CrossRef]

19. Franco Tobon, Y.N.; Rojano, B.A.; Arbeláez Alzate, A.F.; Saavedra Morales, D.M.; Celis Maldonado, M.E.
Efecto del tiempo de almacenamiento sobre las características fisicoquímicas, antioxidantes y antiproliferativa
de néctar de agraz (Vaccinium meridionale Swartz). Arch. Latinoam. Nutr. 2016, 66, 261–271. (In Spanish)

20. Casati, C.B.; Baeza, R.; Sánchez, V. Physicochemical properties and bioactive compounds content in
encapsulated freeze-dried powders obtained from blueberry, elderberry, blackcurrant and maqui berry.
J. Berry Res. 2019, 9, 431–447. [CrossRef]

21. Tkacz, K.; Wojdyło, A.; Michalska-Ciechanowska, A.; Turkiewicz, I.P.; Lech, K.; Nowicka, P. Influence Carrier
Agents, Drying Methods, Storage Time on Physico-Chemical Properties and Bioactive Potential of
Encapsulated Sea Buckthorn Juice Powders. Molecules 2020, 25, 3801. [CrossRef]

22. Tapia, M.S.; Alzamora, S.M.; Chirife, J. Effects of Water Activity (aw) on Microbial Stability: As a Hurdle in
Food Preservation. Water Act. Foods 2007, 239–271.

23. Sarabandi, K.; Peighambardoust, S.H.; Sadeghi Mahoonak, A.R.; Samaei, S.P. Effect of different carriers on
microstructure and physical characteristics of spray dried apple juice concentrate. J. Food Sci. Technol. 2018,
55, 3098–3109. [CrossRef]

24. Khazaei, K.M.; Jafari, S.M.; Ghorbani, M.; Hemmati Kakhki, A. Application of maltodextrin and gum
Arabic in microencapsulation of saffron petal’s anthocyanins and evaluating their storage stability and color.
Carbohydr. Polym. 2014, 105, 57–62. [CrossRef] [PubMed]

25. González-Ortega, R.; Faieta, M.; Di Mattia, C.D.; Valbonetti, L.; Pittia, P. Microencapsulation of olive leaf
extract by freeze-drying: Effect of carrier composition on process efficiency and technological properties of
the powders. J. Food Eng. 2020, 285, 110089. [CrossRef]

26. Alzate-Arbeláez, A.F.; Dorta, E.; López-Alarcón, C.; Cortés, F.B.; Rojano, B.A. Immobilization of Andean
berry (Vaccinium meridionale) polyphenols on nanocellulose isolated from banana residues: A natural food
additive with antioxidant properties. Food Chem. 2019, 294, 503–517. [CrossRef] [PubMed]

27. Ballesteros, L.F.; Ramirez, M.J.; Orrego, C.E.; Teixeira, J.A.; Mussatto, S.I. Encapsulation of antioxidant
phenolic compounds extracted from spent coffee grounds by freeze-drying and spray-drying using different
coating materials. Food Chem. 2017, 237, 623–631. [CrossRef] [PubMed]

28. Santiago-Adame, R.; Medina-Torres, L.; Gallegos-Infante, J.A.; Calderas, F.; González-Laredo, R.F.;
Rocha-Guzmán, N.E.; Ochoa-Martínez, L.A.; Bernad-Bernad, M.J. Spray drying-microencapsulation of
cinnamon infusions (Cinnamomum zeylanicum) with maltodextrin. LWT Food Sci. Technol. 2015, 64, 571–577.
[CrossRef]

29. López-Córdoba, A.; Goyanes, S. Food Powder Properties. Ref. Modul. Food Sci. 2017, 1–7. [CrossRef]
30. Franceschinis, L.; Salvatori, D.M.; Sosa, N.; Schebor, C. Physical and Functional Properties of Blackberry

Freeze- and Spray-Dried Powders. Dry. Technol. 2014, 32, 197–207. [CrossRef]
31. Romero-González, J.; Shun Ah-Hen, K.; Lemus-Mondaca, R.; Muñoz-Fariña, O. Total phenolics, anthocyanin

profile and antioxidant activity of maqui, Aristotelia chilensis (Mol.) Stuntz, berries extract in freeze-dried
polysaccharides microcapsules. Food Chem. 2020, 313, 126115. [CrossRef]

32. Garrido Makinistian, F.; Sette, P.; Gallo, L.; Bucalá, V.; Salvatori, D. Optimized aqueous extracts of maqui
(Aristotelia chilensis) suitable for powder production. J. Food Sci. Technol. 2019, 56, 3553–3560. [CrossRef]

33. Singleton, V.L.; Orthofer, R.; Lamuela-Raventos, R.M. Analysis of total phenols and other oxidation
substrates and antioxidants by means of Folin-Ciocalteu reagent. In Methods in Enzymology
(Oxidants and Antioxidants, Part A); Lester Packer, L., Ed.; Academic Press: San Diego, CA, USA, 1999;
Volume 299, pp. 152–178.

34. Lee, J.; Durst, R.W.; Wrolstad, R.E. Determination of Total Monomeric Anthocyanin Pigment Content of
Fruit Juices, Beverages, Natural Colorants, and Wines by the pH Differential Method: Collaborative Study.
J. AOAC Int. 2005, 88, 1269–1278. [CrossRef]

35. Fang, Z.; Bhandari, B. Effect of spray drying and storage on the stability of bayberry polyphenols. Food Chem.
2011, 129, 1139–1147. [CrossRef] [PubMed]

36. Brand-Williams, W.; Cuvelier, M.E.; Berset, C. Use of a free radical method to evaluate antioxidant activity.
LWT Food Sci. Technol. 1995, 28, 25–30. [CrossRef]

264



Molecules 2020, 25, 5635

37. López-Córdoba, A.; Deladino, L.; Agudelo-Mesa, L.; Martino, M. Yerba mate antioxidant powders obtained
by co-crystallization: Stability during storage. J. Food Eng. 2014, 124, 158–165. [CrossRef]

38. Rattes, A.L.R.; Oliveira, W.P. Spray drying conditions and encapsulating composition effects on formation
and properties of sodium diclofenac microparticles. Powder Technol. 2007, 171, 7–14. [CrossRef]

Sample Availability: Samples of the freeze-dried powders are available from the authors.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

265





molecules

Article

Development of Antioxidant-Loaded Nanoliposomes
Employing Lecithins with Different Purity Grades

Cristhian J. Yarce 1,2 , Maria J. Alhajj 1 , Julieth D. Sanchez 1, Jose Oñate-Garzón 3

and Constain H. Salamanca 1,2,*
1 Laboratorio de Diseño y Formulación de Productos Químicos y Derivados, Departamento de Ciencias

Farmacéuticas, Facultad de Ciencias Naturales, Universidad ICESI, Calle 18 No. 122-135,
760035 Cali, Colombia; cjyarce@icesi.edu.co (C.J.Y.); mariajoalhajj@hotmail.com (M.J.A.);
julieths28@outlook.com (J.D.S.)

2 Centro de Ingredientes Naturales Especializados y Biotecnológicos-CINEB, Facultad de Ciencias Naturales,
Universidad ICESI, Calle 18 No. 122-135, 760035 Cali, Colombia

3 Facultad de Ciencias Básicas, Programa de Microbiología, Universidad Santiago de Cali, Calle 5 No. 62-00,
760035 Cali, Colombia; jose.onate00@usc.edu.co

* Correspondence: chsm70@gmail.com

Academic Editors: Severina Pacifico and Simona Piccolella
Received: 20 October 2020; Accepted: 11 November 2020; Published: 16 November 2020

Abstract: This work focused on comparing the ability of lecithins with two purity grades regarding
their performance in the development of nanoliposomes, as well as their ability to contain and release
polar (trans-aconitic acid) and non-polar (quercetin) antioxidant compounds. First, the chemical
characterization of both lecithins was carried out through infrared spectroscopy (FTIR), electrospray
ionization mass spectrometry (ESI/MS), and modulated differential scanning calorimetry (mDSC).
Second, nanoliposomes were prepared by the ethanol injection method and characterized by means
of particle size, polydispersity, and zeta potential measurements. Third, the encapsulation efficiency
and in vitro release profiles of antioxidants were evaluated. Finally, the antioxidant effect of quercetin
and trans aconitic acid in the presence and absence of nanoliposomes was assessed through the
oxygen radical absorbance capacity (ORAC) assay. The results showed that, although there are
differences in the chemical composition between the two lecithins, these allow the development of
nanoliposomes with very similar physicochemical features. Likewise, nanoliposomes elaborated
with low purity grade lecithins favored the encapsulation and release of trans-aconitic acid (TAA),
while the nanoliposomes made with high purity lecithins favored the encapsulation of quercetin
(QCT) and modified its release. Regarding the antioxidant effect, the vehiculization of TAA and QCT
in nanoliposomes led to an increase in the antioxidant capability, where QCT showed a sustained
effect over time and TAA exhibited a rapidly decaying effect. Likewise, liposomal systems were also
found to have a slight antioxidant effect.

Keywords: antioxidant effect; lectins; nanoliposomes; purity grade; quercetin; trans-aconitic acid

1. Introduction

Lecithins are a type of raw material widely used by different sectors, such as pharmaceutical, food,
and cosmetic sectors, where they are employed for different purposes due to their great versatility [1].
Some of these uses correspond to their ability to act as emulsifiers, as well as humectants and suspension
stabilizers [2]. However, their most important application lies in their ability to form nanoliposomes,
which represent a very special type of self-assembling system that is very useful as a nanometric
formulation vehicle for multiple compounds of interest in the previously mentioned sectors [3,4].
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Lecithins are complex raw materials because they consist of a mixture of various types of
phospholipids, where phosphatidylcholine (PC) is usually the main component [5]. However, they may
also contain other types of phospholipids, such as phosphatidylethanolamines (PE), phosphatidylserines
(PS), phosphatidylinositols (PI), phosphatidylglycerols (PG), and glyphospholipids (GLP), as well as
other components, such as phosphatidic acid (PA) and cholesterol [6]. Therefore, depending on the
obtention source (vegetable or animal), the type of extraction, and the purification methods, lecithins
can be composed of different types and amounts of phospholipids and thus have a wide diversity of
references with multiple purity grades and commercial prizes [7]. This diversity of references can, in
some cases, lead to confusion or a lack of criteria for choosing the correct lecithin. In the case of the
pharmaceutical sector, this choice is easier to make due to the intrinsic features of such products and their
regulatory affairs, in which it is practically mandatory to use raw materials with the highest possible
purity grade. In contrast, this situation is different in other sectors, such as foodstuff and cosmetic
sectors, where lower purity grade lecithins can be used with less restrictions. Therefore, the question
presented in this study is as follows: Can a low purity lecithin develop nanoliposomes, just like a
high purity lecithin? To address this question, the work focused on (i) chemically characterizing two
types of soybean lectins with different purity grades and commercial value; (ii) the development and
characterization of nanoliposomes loaded with two model antioxidants, corresponding to quercetin [8]
and trans-aconitic acid [9]; and (iii) determining the encapsulation efficiency and in vitro release
profiles of antioxidant compounds from nanoliposomal vehicles.

2. Results and Discussion

2.1. Lecithin Characterization

Firstly, it is important to highlight that for the comparison of the purity grade to be consistent,
it is necessary that lecithins come from the same origin and therefore have a similar phospholipid
composition. If this was not the case, the results would be meaningless and may not be reproduced.
Considering this, the results discussed as the conclusions issued in this manuscript correspond to
lecithins from a similar plant source (soybean). In the case of low purity lecithin, this was found to be a
brown fluid with a sticky consistency. In contrast, the high purity lecithin was shown to be a yellowish
granular waxy solid that could be easily handled. Such physical appearance characteristics are a
very important factor to consider in foodstuff raw materials, since, depending on their consistency,
various stages of product development, such as dispensing, weighing, and post-production cleaning,
may be easier to carry out. Therefore, low purity lecithin has a disadvantage compared to high purity
lecithin, which is easier to handle. Additionally, the color of the raw materials is another aspect to
be considered, since the appearance of these plays an important role in the sensory characteristics of
the product to be developed, where dark colors are more difficult to mask, which may be another
disadvantage of low purity lecithin versus high purity lecithin. Consequently, the physical appearance
of these lecithins is largely determined by their own chemical composition. In this way, and according
to the respective technical data sheets, low purity lecithin has a distribution of phospholipids of
around 90%, where ~50% is phosphatidylcholine, ~30% are inositol phosphatides, and ~10% is
phosphatidylethanolamine; the remaining 10% corresponds to several impurities [5,10]. In contrast,
high purity lecithin consists of 97% phospholipids, where ~92% is phosphatidylcholine, ~3% is
lysophosphatidylcholine, and ~2% are other phosphatides, with the remainder also corresponding to
compounds other than phospholipids [5].

2.1.1. FTIR Characterization

Figure 1A shows the FTIR spectra for low and high purity lecithins and also indicates the
chemical structures of the two phospholipids that, according to the literature, are present in a greater
proportion in lecithins [5]. In the case of Lp-SBL, signals were found at 3384, 3010, 2924, and 2854 cm−1.
These signals correspond to the stretching vibrations of the OH groups from (i) the carboxylic acid
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function of the fatty acids and the saccharides present in glyphospholipids; (ii) the amino group present
in some phospholipids, such as phosphatidylcholine; and (iii) the symmetric and asymmetric tension
vibrations of the CH2 groups present in fatty acids. In the case of Hp-SBL, the signals were observed
at 3334, 3009, 2924, and 2854 cm−1. Moreover, the OH band amplitude and intensity suggest that
low purity lecithin has a higher content of saccharides. On the other hand, the bands of 1744 cm−1

for Lp-SBL and 1739 cm−1 for Hp-SBL correspond to the stretching vibration of the carbonyl bond
(C=O). However, the signal shifting suggests that the substitution for carbonyl is different in each
raw material, which is due to differences in the length and proportion of substituent fatty acids in
phospholipids. Likewise, the multiple bands that appear for both raw materials between 1238 and
1064 cm−1 correspond to the phosphate groups in the phospholipid chains. Finally, the wide shapes
of the signals presented between 1064 and 1165 cm−1 in low purity lecithin are representative of the
asymmetric tensions of OH groups present in sugars, which is consistent with a higher amount of
saccharide molecules in that lecithin.

Figure 1. (A) Infrared spectroscopy (FTIR) signals for low purity grade (Lp-SBL) and high purity grade
(Hp-SBL) soybean lecithins. (B) Modulated differential scanning calorimetry (mDSC) signals for low
purity grade (Lp-SBL) and high purity grade (Hp-SBL) soybean lecithins. The solid line corresponds to
the total heat flow, the short dashed line corresponds to the non-reversible heat flow, and the broken
dashed line corresponds to the reversible heat flow.

2.1.2. Thermal Analysis

The results of the thermal characterization performed are shown in Figure 1B. In the case of
low purity lecithin, it is possible to observe two thermal transitions. The first one had an onset
at approximately 38.2 ◦C, a transition peak at around 91.6 ◦C, and an enthalpy value of 132.3 J/g.
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This behavior can be observed in the total heat flow signal (solid line) and in the non-reversible heat flow
signal (short dashed line), but not in the reversible heat flow signal (dashed line). This indicates that there
is an endothermic-type transition caused by the kinetics of the molecules inside the material [11–13].
It leads to a reorganization and presents multiple rearrangements in their physical structure, suggesting
a possible loss of volatile substances and water present in the Lp-SBL raw material. Consequently,
according to the enthalpy of the transition, the energy expenditure required to remove volatile substances
and water was relatively high, due to the contribution of the heat of water vaporization [12–17]. The DSC
results for Lp-SBL are consistent with the mass spectra, where representative signs of mass loss due to
the dehydration of saccharide-like molecules were observed.

On the other hand, in the case of high purity lecithin, the total heat flow signal presents an
endothermic-type transition, with an onset at around 164.4 ◦C, a peak at 181.8 ◦C, and an enthalpy
of 6.5 J/g. These signals are consistent for the reversible heat flux and the non-reversible heat flux.
This shows that the high purity lecithin is a consistent material and that its composition is defined by
compounds that operate around approximate temperature values. Furthermore, due to the relatively
low enthalpy of the transition, it establishes the heat flow through the material being transmitted
homogeneously, which requires a low energy expenditure for the fusion of phospholipids in Hp-SBL.
Furthermore, for this raw material, there is no sign of water loss or signs due to the rearrangement
of the material, as is the case for Lp-SBL. Finally, all these results are reliable in terms of the fluidity
and physical appearance of the Lp-SBL, where it is necessary to remove the water and other volatile
components prior to the fusion of the phospholipids, which is a transition that is displaced with an
onset of 211.0 ◦C, with a peak at 220.2 ◦C and an enthalpy of 1.96 J/g.

2.1.3. Electrospray Ionization Mass Spectrometry (MS/ES−/ES+)

Figure 2 shows the mass spectra recorded in negative (ESI−) and positive (ESI+) ion mode.
The signals are discussed together for both Lp-SBL and Hp-SBL. In the case of the mass spectrum in
ESI− negative ionization mode, (Figure 2A left), the [M + H] ion is observed for phosphatidylcholine
substituted with linoleic acid (C18:2) and palmitic acid (C16:0), at an m/z ratio of 758 Da. Additionally,
an ion with an m/z of 833 Da, corresponding to phosphatidyl inositol, with substitutions of linoleic acid
and oleic acid (C18:1), is observed. Conversely, in the case of the mass spectrum registered in positive
ESI+ mode (Figure 2A right), the presence of a molecular adduct of potassium for phosphatidylcholine,
which is the ion [M + K] with an m/z ratio, can be found at 797 Da. In addition, the ion corresponding
to the dehydrated form of [GLP] can be found at an m/z ratio of 832 Da. It is important to highlight that,
in the case of low purity lecithin, the abundance between [M + H] and [GLP] is inverted regarding the
abundance of these ions in high purity lecithin. Consequently, a greater abundance is observed for the
phosphatidyl inositol signal than for the phosphatidylcholine signal, which is consistent with a higher
presence of saccharides in the low purity lecithin.

On the other hand, Figure 2B shows the estimated fragmentation patterns in negative ionization
mode for phosphatidylcholine and inositol glycophospholipid, respectively. It can be observed
that the molecular ion [M + H] for phosphatidylcholine suffers a loss of fraction (1) of m/z 279 Da,
which corresponds to the loss of the linoleic acid substituent of phosphatidylcholine, which leads to
the generation of 479 Da m/fragment of z (3). In addition, a loss of m/z of 255 Da, corresponding to
the palmitic acid substituent and a fragment (4) of the m/z ratio of 714 Da, is formed from the rupture
of the nitrogen-bound methyl groups of the choline fraction. In Figure 3B, a water molecule from
the phosphatidyl inositol [GLP] glycophospholipid is lost and forms a fragment with an m/z ratio
of 831 Da. These processes occur in both low purity lecithin and high purity lecithin. Furthermore,
Figure 3C shows the fragmentation patterns for phosphatidylcholine and inositol glyphospholipids in
positive ionization mode. In ESI+, a molecular adduct for phosphatidylcholine [M + K] is presented,
which suffers losses of the substituent fatty acids in the phospholipid (1) and the methyl groups
bounded to nitrogen in the choline fraction (4). In the case of [GLP], a loss of the dehydrated inositol
molecule (5) and the substituent fatty acids in the phospholipid (2) can be observed. Accordingly,
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it is important to highlight that the results suggest that the ions present in the low purity lecithin
are also present in high purity lecithin. Therefore, phospholipids such as phosphatidylcholine and
phosphatidyl inositol are present in both raw materials and it is thus possible to obtain the advantages
of these compounds when using lecithins for a process of transformation or the subsequent preparation
of a food or cosmetic product. However, it is estimated that the phosphatidylcholine:phosphatidyl
inositol ratio is lower for Lp-SBL compared to Hp-SBL. Furthermore, it should be recognized that other
phospholipids, such as phosphatidylethanolamine and phosphatidylserine, may also be present in the
raw materials [10], but their signals were not observed, because they could be overlapped with the
abundance of ions from other compounds in lecithins.

Figure 2. (A) Mass spectrometry (MS) spectra in total ion scanning mode for positive ion (ESI−)
and negative ion (ESI+) modes for high purity lecithin (Hp-SBL) and low purity lecithin (Lp-SBL).
(B) MS/ESI− estimated fragmentation patterns. (C) MS/ESI+ estimated fragmentation patterns.
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Figure 3. (A) Size, (B) polydispersity index (PDI), and (C) zeta potential for liposomes prepared
with high purity lecithin (Hp-SBL) and low purity lecithin (Lp-SBL). BLK corresponds to unloaded
nanoliposomes. Data are reported as the mean ± SD and n = 3.

2.2. Development of Nanoliposomes

2.2.1. Physicochemical Characterization

Figure 3 shows the results of the particle size, polydispersity index, and zeta potential for
nanoliposomes prepared with low purity (Lp-SBL) and high purity (Hp-SBL) soybean lecithins. In the
case of nanoliposomes prepared with Lp-SBL, the particle size of non-loaded nanoliposomes (BLK-Lp)
was around 150 nm, while the particle sizes of the nanoliposomes loaded with QCT (QCT-Lp) and
TAA (TAA-Lp) were ~250 and ~200 nm, respectively. In contrast, for the nanoliposomes prepared
with Hp-SBL, the size of non-loaded nanoliposomes (BLK-Hp) was around 200 nm, while the sizes
of the nanoliposomes loaded with QCT (QCT-Hp) and TAA (TAA-Hp) were ~250 and ~180 nm,
respectively (Figure 3A). These differences in particle size can be explained considering the composition
of phospholipids in both lectins and specifically, in those that consist of greater polar phospholipid
amounts (inositol, saccharides, etc.), such as Lp-SBL, and that lead to a higher compaction of the aqueous
liposomal core. Likewise, such a compaction effect can also be observed when the nanoliposomes
are loaded with TAA, which is a very polar molecule [18–22]. On the other hand, it is important
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to highlight that the particle size reached in the liposomes prepared with both lecithins is on a
nanometric scale (150–250 nm), which favors the permeation process in many biological membranes
and is, in fact, an interesting characteristic for the development of functional food products [23–25].
Regarding the polydispersity values (Figure 3B), it was found that, regardless of the lecithin used,
it always tends to form nanoliposomes (loaded and unloaded) with a low particle size distribution
(PDI < 0.3). This result is very interesting, since it suggests that both lecithins can be used to produce
nanoliposomes of a regular size, which is essential to guaranteeing the uniformity of the content inside
the nanoliposomes [4,26,27]. In relation to the zeta potential (Figure 3C), this parameter showed values
of around −30 mV in all of the nanosystems obtained, regardless of the lecithin used. These negative
zeta potential values can be explained considering that liposomes consist of a small portion of fatty
acids (oleic acid, linoleic acid, etc.), which can be slightly ionized in the aqueous medium. In the
same way, it can be considered that the autoprotolysis effect of water, where some hydroxy anions are
generated and located in the liposome-aqueous medium interface, leads to an increase in the negative
zeta potential [28]. Therefore, this result suggests that nanoliposomes could have an adequate physical
stability, because of electrostatic repulsion that prevent interparticle aggregation [29–31]. Furthermore,
the systems loaded with TAA lead to more negative zeta potential values. This result can be explained
by considering that TAA is a polycarboxylic acid (carboxylic acid-carboxylate), which can also be
adsorbed in the interfacial zone (a fraction), increasing the anionic charge in this zone and therefore,
the zeta potential.

2.2.2. Encapsulation and In Vitro Release of Antioxidant Compounds

Figure 4A shows the results of the encapsulation efficiency (EE) of antioxidant compounds
(QCT and TAA) from nanoliposomes prepared with low purity (Lp-SBL) and high purity (Hp-SBL)
soybean lecithins. In the case of nanoliposomes loaded with QCT and TAA and prepared with
Lp-SBL, the results of the encapsulation efficiency were around 88% and 57%, respectively. For the
nanoliposomes loaded with QCT and TAA and prepared with Hp-SBL, the results of the encapsulation
efficiency were around 99% and 27%, respectively. These results suggest that the Lp-SBL favored the
encapsulation of polar compounds, while the Hp-SBL favored non-polar compound encapsulation.
This result may be explained considering the differences between the lecithins’ composition,
where Lp-SBL displayed a higher amount of glycophospholipids and sugars, which could interact with
polar compounds such as TAA through hydrogen bond interactions. Another study also suggested
that some small molecules, such as caffeine, are mainly located in the solvation layer adjacent to
the liposomal lipid bilayer interface [32]. On the contrary, the Hp-SBL exhibited a composition of
phospholipids with a non-polar character and where the encapsulation of QCT (non-polar) could
possibly take place by a process such as micellar solubilization.

On the other hand, Figure 4B shows the in vitro release of antioxidant compounds (QCT and
TAA) from nanoliposomes prepared with low purity (Lp-SBL) and high purity (Hp-SBL) soybean
lecithins. In the case of QCT, it is noteworthy that the release profiles display a lag time of 240 min
for nanoliposomes made with Lp-SBL and a maximum released amount of 15%. In comparison,
for nanoliposomes elaborated with Hp-SBL, the lag time was 60 min, and the maximum released
amount was 40%. These results are very interesting, since they show that the nanoliposomal vehicle
considerably affects the QCT release, which can be easily appreciated when these are compared
against the control (QCT alone, i.e., without a nanoliposomal vehicle), which is faster and exhibits
a greater amount (99%). This result is very consistent, considering that the QCT is encapsulated
within the hydrophobic pseudo-phase formed by the lamellar structures of the hydrocarbon chains
of phospholipids. Likewise, this result supports the previous results of the encapsulation efficiency,
where the QCT is encapsulated in high amounts in both nanoliposomal systems (88–99%), describing
a greater affinity for the vehicle than the aqueous medium and therefore, its release is slow and
controlled, as reflected in their respective lag times. On the contrary, the TAA-loaded nanoliposomes
showed a faster release profile, regardless of the type of lecithin used. In this way, the TAA release from
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nanoliposomes described a similar behavior to that shown by the control (TAA alone), where rapid
diffusion was observed. Regarding the control, it could be seen that around 80% of the TAA went
through the bi-compartmental system in the first 5 min, and then remained almost constant, suggesting
that the material balance had been reached. In the case of the TAA loaded in the nanoliposomes, it was
found that the release was lower (~60%), which indicates that most of the TAA is in the interfacial zone
and not within the liposomal aqueous core and therefore, the release is practically immediate. Likewise,
the difference in the amount of TAA between the control and the nanoliposomal systems suggests that
there is a fraction of TAA inside the nanoliposome and to achieve a higher released amount, a longer
time or other external conditions would possibly be required. Similar results have also been reported,
where it has been described that, depending on the molecule polarity, the encapsulation and release
mechanisms may vary [32–37].

Figure 4. (A) Encapsulation efficiency and (B) release profiles of antioxidant (TAA and QCT) liposomes
prepared with high purity lecithin (Hp-SBL) and low purity lecithin (Lp-SBL). QCT is quercetin and
TAA is trans-aconitic acid. Data are reported as the mean ± SD and n = 3.

2.3. Antioxidant Effect Assay

The ORAC assay results for pure QCT and TAA, as well as loaded in nanoliposomes, are shown
in Figure 5. In the case of Trolox® (standard), QCT, and TAA antioxidants, the increase in their
concentrations prevented fluorescence quenching of the probe in different ways. In the case of pure
QCT, a similar trend to that described by the standard antioxidant was observed, while TAA exhibited
a different behavior. The maximum antioxidant effect was reached at concentrations of 30.5, 40.5,
and 140 µg/mL for Trolox®, QCT, and TAA, respectively (Figure 5A). These results can be explained by
considering the photo-physical mechanism that takes place in the ORAC assay, as well as analyzing the
chemical structures of antioxidants (Figure 5B). In this context, fluorescein in aqueous medium emits
fluorescent radiation at 520 nm, which remains practically unchanged over time. Then, the addition of
the AAPH reagent leads to the oxidation of fluorescein by the reactive oxygen species (ROS) generated
during the homolytic cleavage of such reagent [38,39]. Consequently, the oxidation in fluorescein
leads to a decay of the fluorescence intensity over time (quenching) [38–40]. Therefore, the addition of
an antioxidant establishes competition with fluorescein in the oxidation process and thus, when the
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antioxidant interacts with the ROS species, fluorescence decay is avoided, which is interpreted as an
antioxidant effect. In these molecules, the phenyl substituent presents a thermodynamic equilibrium
between phenyl and phenolate species, where the phenolate form is the one that reacts with the ROS
species [8,38,39,41,42]. On the contrary, the antioxidant effect of TAA is due to the alteration of the
phenyl-phenolate thermodynamic balance in fluorescein, leading to a slight predominance of the
neutral form (R-phenyl), which is less reactive against ROS species. Moreover, the antioxidant effect
was achieved at high concentrations (140 µg/mL), being moderate. However, it is important to note
that TAA does not have oxidizable groups [9,43], whereas the Trolox® and QCT antioxidants do and
therefore, TAA’s ability to avoid fluorescence decay is more limited.

Figure 5. Results of the oxygen radical absorbance capacity (ORAC) assay. (A) Pure antioxidants.
(B) ORAC method scheme. (C) Antioxidant-loaded nanoliposome. (D) Antioxidant efficiency. Data are
reported as the mean ± SD and n = 3.
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Regarding nanoliposomes loaded with QCT and TAA (Figure 5C), the antioxidant effect changes,
depending on the type of compound. In the case of pure QCT, slight fluorescence decay of the probe
was observed after 30 min, while QCT-loaded nanoliposomes displayed a sustained fluorescence
effect. This result is consistent with that previously obtained in the QCT release profile from liposomes,
where a sustained release was observed. Therefore, the use of nanoliposomes extends the antioxidant
effect of QCT over time. On the contrary, TAA presented a considerable change when it was loaded
in nanoliposomes, leading to a remarkable recovery of fluorescence. In the case of pure TAA,
the antioxidant effect was very short and after 30 min, the probe fluorescence was considerably
quenched. However, when TAA was loaded on nanoliposomes, there was a slight recovery of the
fluorescent emission, suggesting a slight increase in the antioxidant effect. However, this recovery was
less than that obtained with Trolox® and QCT antioxidants. This result is consistent considering that
TAA does not have the phenyl substituent, which is involved in the oxidation by ROS species.

Regarding the antioxidant efficiency (Figure 5D), the results showed that pure QCT and that
loaded in the nanoliposomes have practically the same antioxidant efficiency of around 70%, being very
similar to that shown by the standard antioxidant. Nevertheless, the most interesting result is the
sustained antioxidant effect over time, which was achieved when QCT was loaded inside the liposomes.
In relation to TAA, the antioxidant efficiency was <30%, which is lower than the values for Trolox® and
QCT antioxidants. However, this antioxidant efficiency was significantly improved when TAA was
loaded in the nanoliposomes, resulting in an antioxidant efficiency value of around 60%. Regarding
the type of lecithins used for the formation of nanoliposomes, no significant changes were observed
concerning the antioxidant effect. In the case of Lp-SBL-QCT and Hp-SBL-QCT systems, as well as
Lp-SBL-TAA and Hp-SBL-TAA systems, the antioxidant efficiencies were very similar to each other,
with values of around 70% and 60%, respectively. Likewise, it was observed that both liposomal
systems also exhibit a slight antioxidant effect of around 20%. These results are very interesting because
they show that nanoliposomes formed with low purity lecithins can provide a similar antioxidant
effect to that provided with nanoliposomes formed with high purity lecithins.

3. Material and Methods

3.1. Materials

Low purity grade lecithin (Lp-SBL) was obtained from Farmacia-Drogueria San Jorge Ltd.a
(Cali, Colombia), whereas high purity grade lecithin (Hp-SBL) (Epikuron 200™, Mw = 786 g/mol)
was purchased from Cargill Corporation (Wayzata, MN, USA). Both lectins claim to come from
the same plant source (soybean) and were used as received. The phospholipid 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine (DOPE, Mw = 744.03 g/mol) and cholesterol (Mw = 386 g/mol)
were purchased from Avanti Polar Lipids (Alabaster, AL, USA). Quercetin (QCT), trans-aconitic
acid (TAA), and Ethanol USP grade were purchased from Sigma-Aldrich (St. Louis, MO, USA) and
ultrapure water was supplied by an Elix Essential Millipore® purification system, with a mean
conductivity value of ~0.050 µScm. Methanol Lichrosolv™mass spectrometry grade was obtained from
Sigma-Aldrich (St. Louis, MO, USA). Regarding the antioxidant activity assay, the analytical reagents
employed were fluorescein sodium salt, 2,2′-Azobis(2-methylpropionamidine) dihydrochloride
(AAPH), 6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox), potassium phosphate
monobasic, and potassium phosphate dibasic, which were purchased from Sigma-Aldrich (Merck KGaA,
Darmstadt, Germany)

3.2. Chemical Characterization of Lecithins

3.2.1. Infrared Spectroscopy (FTIR) Characterization

The structural characterization of lecithins was performed in an FT-infrared spectrometer
coupled to an attenuated total reflectance (ATR) instrument (Nicolet 6700, Thermo Fisher Scientific,
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Waltham, MA, USA). The spectra were recorded by using an attenuated total reflectance Smart iTR™
accessory, where the spectra of both lectins were compared.

3.2.2. Thermal Analysis

Thermal studies were carried out on a Q2000 differential scanning calorimeter (DSC;
TA Instruments, New Castle, DE, USA) calibrated with indium Tm = 155.78 ◦C and ∆Hm = 28.71 J/g.
Therefore, a modulated heating–cooling cycle from −10 ◦C (263.15 K) to 250 ◦C (523.15 K) at a heating
rate of 5 ◦C/min was used. It was applied a ±0.5 ◦C modulation each 40 s. Approximately 10 mg of
each sample was placed on a hermetic crucible with a lid, and an empty hermetic crucible was used as
a reference.

3.2.3. Electrospray Ionization Mass Spectrometry

A methanolic solution of each respective lecithin was prepared at a concentration of 1 mg/mL,
which was injected by direct infusion (flow of 3 µL/min) into a simple quadrupole mass spectrometer
coupled to an electrospray ionization source (SQD2/ESI, Waters Corporation, Milford, MA, USA).
The spectra were obtained in total ion scanning mode for positive ions (ESI+) and negative ions (ESI−),
in a range of 200 to 2000 m/z. The test conditions for both ionization modes were as follows: Desolvation
gas flow, 550 L/h; desolvation temperature, 500 ◦C; source temperature, 150 ◦C; extraction voltage, 3 V;
cone voltage, 40 V; and capillary voltage 2.69 kV. The samples were injected in triplicate.

3.3. Development of Nanoliposomes

3.3.1. Preparation by the Ethanol Injection Method

The nanoliposomes were prepared based on a sequential process defined in several steps,
depending on the antioxidant [44]. In the case of QCT-loaded nanoliposomes, they were prepared as
follows: (i) Dispersion of phospholipids in organic phase: Ethanolic solutions of lecithin (1.3 mg/mL),
cholesterol (0.64 mg/mL), DOPE (1.23 mg/mL), and QCT (350.8 µg/mL) were prepared. From those
solutions, volumes of 30, 11.5, 30, and 28.5 µL were taken, respectively; (ii) mixture with aqueous
phase: 100 µL of organic phase was slowly added to 100 µL of ultrapure water, and the solution was
then stirred for 1 min and left to rest for 10 min; and (iii) Nanoliposome formation: The resulting
mixture between the organic phase and aqueous media was diluted in 800 µL of ultra-pure water.
This process led to nanoliposome formation with a final QCT concentration of 35 µg/mL. In the case of
TTA-loaded nanoliposomes, these were prepared as follows: (i) Dispersion of phospholipids in organic
phase: Ethanolic solutions of lecithin (1.3 mg/mL), cholesterol (0.64 mg/mL), and DOPE (1.23 mg/mL)
were prepared. From those solutions, volumes of 42.4, 15.2, and 42.4 µL were taken, respectively.
(ii) Mixture with aqueous phase: 100 µL of organic phase was slowly added to 100 µL of aqueous media
trans-aconitic acid solution with a 1000 µg/mL concentration (Ultra-pure water), and the sample was
then stirred for 1 min and left to rest for 10 min. The nanoliposome formation was conducted similarly to
QCT-loaded nanoliposomes, where the TAA concentration in nanoliposomes was 100µg/mL. Liposomes
were purified by means of the ultrafiltration/centrifugation technique. An aliquot of each nanoliposome
dispersion was transferred into an ultrafiltration tube (VWR, modified polyethersulfone-PES 10 kDa,
500 µL, diameter: 0.96 cm) and centrifuged (MIKRO 185, Hettich Lab Technology, Tuttlingen, Germany)
at 10,000 rpm (1075 RFC) for 6 min. Each nanoliposomal system was prepared in triplicate at room
temperature (25 ◦C).

3.3.2. Physicochemical Characterization

The particle size and zeta potential were determined using a Zetasizer nano ZSP (Malvern
Instrument, Worcestershire, UK) with a red He/Ne laser (633 nm). The particle size was measured
using dynamic light scattering (DLS) with an angle of scattering of 173◦ at 25 ◦C, in a quartz flow
cell (ZEN0023), whereas the zeta potential was measured using a disposable folded capillary cell
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(DTS1070). This instrument reports the particle size as the mean particle diameter (z-average),
with the polydispersity index (PDI) ranging from 0 (monodisperse) to 1 (very broad distribution).
All measurements were performed in triplicate after an appropriate dilution (~5:5000, v/v) of the
liposome suspension in ultra-pure water and are reported as the mean and standard deviation of
measurements made from freshly prepared liposomal dispersions.

3.4. Encapsulation and In Vitro Release of Antioxidant Compounds

3.4.1. Antioxidant Encapsulation Efficiency (EE)

The EE of QCT and TAA was assessed using the ultrafiltration/centrifugation technique.
An aliquot of each nanoliposome dispersion was transferred into an ultrafiltration tube (VWR,
modified polyethersulfone-PES 10 kDa, 500 µL, diameter: 0.96 cm) and centrifuged (MIKRO
185, Hettich Lab Technology, Tuttlingen, Germany) at 10,000 rpm (1075 RFC) for 6 min. For QCT
quantification, an aliquot of the filtrate obtained in each system was obtained and evaluated with
a microplate reader (Synergy, H1. Microplate reader, Biotek, Winooski, VT, USA). The amount of
quercetin was determined by interpolation from a calibration curve that was previously prepared at
the following concentrations, using ultra-pure water as the solvent: 1, 3, 10, 30, and 300 µg/mL. For the
quantification of TAA, an aliquot of the filtrate obtained in each system was obtained and evaluated via
HPLC (Lachrom elite, Merck, Darmstadt, Germany) equipped with a photo diode array (PDA) detector
and an automatic sampling system. The mobile phase consisted of acetonitrile and water with a pH
of 2.5 (10:90), and the flow rate was 0.8 mL/min. Separation was achieved using a 50 mm × 4.6 mm,
Zorbax Eclipse XDB-C18 (Agilent technologies, Santa Clara, CA, USA) reversed-phase column, with an
average particle size of 1.8 µm, keeping the column at 25 ◦C. The column effluent was monitored at
270 nm, and the chromatographic data analysis was performed with EZChrome software (Agilent
technologies, Santa Clara, CA, USA). The amount of TAA was determined by interpolation from a
calibration curve that was previously prepared at the following concentrations, using ultra-pure water
as the solvent: 5, 10, 20, 40, 80, and 100 µg/mL. Finally, the amount of QCT and TAA loaded inside the
nanoliposomes was calculated using the following equation:

EE = 100−
[

Qt −Qs

Qt
× 100

]
(1)

where EE, Qt, and Qs correspond to the encapsulation efficiency, initial total amount of bioactive
compound, and amount of bioactive compound in the filtrate, respectively.

3.4.2. In Vitro Antioxidant Release

The in vitro release of QCT and TAA from nanoliposomes was assessed by the dialysis method,
using 5 mL of phosphate buffer with a pH of 7.0 and 150 mM aqueous medium under sink conditions.
Therefore, volumes of 500 µL of the nanoliposomes were placed into a dialysis tube (VWR, modified
polyethersulfone-PES cut-off 10 kDa, 500 µL, diameter: 0.96 cm) in triplicate and dialyzed at 37 ◦C for
16 h with constant stirring in an incubated orbital shaker (Inkubator 1000 with Unimax 1010, Heidolph
Instruments, Schwalbach, Germany). Subsequently, the samples were taken from the external medium
at intervals of 0, 5, 10, 20, 30, 60, 120, 180, 240, 360, and 996 min. The quantification of QCT and TAA
was performed as described in the encapsulation efficiency section.

3.5. Antioxidant Effect Assay

The antioxidant activity was determined by the oxygen radical absorbance capacity (ORAC)
assay [45,46], which is a method based on an evaluation of the ability of a compound to prevent the
fluorescence quenching mediated by the AAPH reagent. For this, fluorescein (a fluorescent probe)
and AAPH solutions were prepared in PBS (pH: 7.0) at concentrations of 0.02 mg/mL and 59.8 mg/mL,
respectively. In contrast, the antioxidant compounds were made in PBS (pH: 7.0) at concentrations of
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7.65, 15.25, 30.5, and 61 µg/mL for the standard antioxidant (Trolox®); 5, 10, 20, 40, 80, and 100 µg/mL
for QCT; and 20, 40, 80, 100, 120, and 140 µg/mL for TAA. The evaluation of the fluorescent decay
for fluorescein was conducted using a Synergy H1 microplate reader (Biotek, Winooski, VT, USA),
where excitation and emission wavelengths of 485 and 520 nm were used, respectively, at 37 ◦C.
Measurements were carried out in triplicate every 3 min for 2 h, and the data obtained from the
fluorescent vs. time curves are reported as the average antioxidant efficiency (AE) of the antioxidant
compound. This parameter is defined as the area under the fluorescent decay curve (AUC) recorded at
a particular time in relation to the rectangular area (R) described by 100% of fluorescent emission of
pure fluorescein (AUC of the positive control) at the same time. Therefore, the antioxidant efficiency
can be calculated from:

AE =
AUC

R
× 100% (2)

Finally, the pure fluorescein solution was named as the positive control because fluorescence
decay does not take place. On the contrary, the fluorescein + AAPH solution was labeled as the
negative control, because AAPH forms reactive oxygen species (ROS) that lead to a high quenching of
the fluorescent probe. Similarly, Trolox® and unloaded nanoliposomes were labeled as the standard
antioxidant and blank, respectively.

3.6. Statistical Analysis

The data were tabulated and analyzed using Microsoft Excel and Graph Pad Prism, respectively.
The homogeneity of variance in the data was analyzed using Bartlett’s test. Statistical comparisons were
conducted using a one-way ANOVA. The Bonferroni post-hoc test was used to determine significant
differences between the two independent groups. A confidence level of 95% was adopted. Data are
expressed as the mean ± standard deviation.

4. Conclusions

In this study, it was established that low and high purity lecithins from a similar plant source
(soybean) show differences and similarities, which can mean both advantages and disadvantages
for their use as raw materials. First, the physical appearance is a determining factor for obtaining
adequate handling and organoleptic characteristics at different stages of the product life cycle.
Accordingly, the physical handling of a material such as low purity degree lecithin presents some
difficulties compared to a material such as high purity degree lecithin. However, the physicochemical
characterization of both materials using instrumental techniques such as FTIR, MS, and DSC, indicated
that the chemical compositions of the two lecithins are very similar. Therefore, phospholipids such as
phosphatidylcholine and phosphatidyl inositol were the main constituents of lecithins in this work.
Regarding the ability to form nanoliposomal systems with adequate physicochemical characteristics
(particle sizes < 300 nm, PDI < 0.3 nm, and zeta potential values of ~−30 mV), it was found that both
lectins allow the preparation of these types of soft nanometric vehicles in a simple way. On the other
hand, it was established that lecithins with a low purity grade consist of a greater amount of polar
phospholipids, which tend to mainly encapsulate trans-aconitic acid (TAA). In contrast, lecithins with a
high purity degree and which mainly consist of non-polar phospholipids tend to encapsulate a higher
amount of quercetin (QCT). It was also established that the release of antioxidant compounds from
nanoliposomal systems depends on their polarity and the way that they are encapsulated. In the case
of the TAA, this is mainly located in the nanoliposome-water interface, where its release is very fast and
around 60%. On the contrary, QCT release is slow and occurs at smaller quantities (15–40%), which is
explained by the specific location of QCT within the lamellar structure of the nanoliposomes, where its
affinity for such pseudo phase is great and therefore, its release is limited. It was demonstrated that
low purity lecithins represent a viable alternative in terms of costs–benefits for obtaining innovative
products for application to the food and cosmetic sectors. On the other hand, it was found that QCT
presents a high antioxidant efficiency, which is sustained over time, describing a behavior very similar
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to the standard. On the contrary, it was found that TAA has a low antioxidant efficiency that can be
increased when it is loaded with nanoliposomes. Finally, it was found that nanoliposomes formed
with low purity lecithins can provide an antioxidant effect equal to that provided with nanoliposomes
formed with high purity lecithins.
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Abbreviations

QCT Quercetin
TAA Trans-aconitic acid
Lp-SBL low purity-soybean lecithin
Hp-SBL low purity-soybean lecithin
PC phosphatidylcholine
PE phosphatidylethanolamines
PS phosphatidylserines
PI phosphatidylinositols
PG phosphatidylglycerols
GPL glyphospholipids
PA phosphatidic acid
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