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Bioprocessing is a very important part of biotechnology that utilizes living organisms
and their components to produce various types of products. The products and services that
depend on bioprocessing can be grouped into the following: (1) biopharmaceuticals, which
involve the production of therapeutic compounds, vaccines, and diagnostic components;
(2) specific bio-based chemicals, such as biofuels, food, and agricultural products, as well
as fine chemicals derived from and/or by living organisms and other types of bioproducts;
(3) environmental management aids that use bioprocessing to treat, control, or remediate
pollutants and toxic components. Bioprocessing is one of the key factors in several emerging
industries of biofuels, used in the production of biogas, bioethanol, and biodiesel; industrial
enzymes; waste management through biotechnology; new vaccines; and many more. The
term bioprocessing is always referred to as a biotechnology method that produces products
and provides services that are environmentally friendly, sustainable, and renewable.

The important role of bioprocessing has attracted interest from researchers in terms of
finding suitable bioprocesses that can enhance production or process efficiency. The Asian
Federation of Biotechnology (AFOB) has set 12 academic divisions that cover all biotechno-
logical areas. Most of these areas require bioprocess technology for the production of their
desired products. To promote the recent technologies and findings in biotechnology, AFOB
Malaysia Chapter (AFOB-MC) organized the 2nd AFOB Malaysia Chapter International
Symposium 2019 (AFOBMCIS 2019), which was held in Putrajaya, Malaysia, from the 20th

to 23rd October 2019. The theme of the symposium was “Biotechnology for Sustainability
and Social Well Being” and it comprised 12 technical sessions—namely, (1) agricultural
and food biotechnology; (2) applied microbiology; (3) biopharmaceutical and medical
biotechnology; (4) biocatalysis and protein engineering; (5) bioprocess and bioseparation
engineering; (6) bioenergy and biorefinery; (7) environmental biotechnology; (8) marine
biotechnology; (9) nanobiotechnology, biosensors, and biochips; (10) systems and synthetic
biotechnology; (11) tissue engineering and biomaterials; and (12) bioindustry promotion
and bioeducation. All of the authors of the accepted contributions at AFOBMCIS 2019
related to bioprocessing were invited to submit manuscripts to Processes under this Special
Issue on Bioprocessing.

This Special Issue, “Biotechnology for Sustainability and Social Well Being”, invited
manuscripts from academicians as well as industry players who are working on biotech-
nology and green technology-related processes. Authors were invited to submit original
research articles covering topics which include, but are not limited to, the following areas:
(1) bioprocess; (2) bioproducts; (3) bio-based chemicals; (4) biomaterials; (5) fermentation,
etc. The manuscripts were regularly submitted, selected, and reviewed by the regular
system and accepted for publication. This Special Issue, “Biotechnology for Sustainability
and Social Well Being”, aims to incorporate and introduce the advances in bioprocess as
well as green technologies to the new generation of academicians and industry players. In
this Special Issue on “Biotechnology for Sustainability and Social Well Being”, we have
accepted and published 17 high-quality and original articles. These research papers cover
theoretical, numerical, and experimental approaches on the latest developments in biopro-
cessing and biotechnology, as well as green technologies that bridge conventional practices
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and the Industry 4.0 concept. The Special Issue operated a rigorous peer-review process
with a single-blind assessment and at least two independent reviewers, hence resulting in
our final acceptance of these published high-quality papers.

Apart from that, this Special Issue also attracted one quality review paper and five
feature article papers. The review provides insights on the use of renewable sources such as
Jatropha curcas L. as a biodiesel feedstock in Malaysia [1]. This review paper emphasizes the
potential of Jatropha curcas as an eco-friendly biodiesel feedstock to promote socio-economic
development and meet significantly growing energy demands, even though there are many
challenges for its implementation as a national biodiesel and the program might require a
long period to be realized. The proposed use of this feedstock is promising, as it shows
lower carbon and greenhouse gases emissions. Apart from that, there are five papers
selected as feature papers, with topics covering biohydrogen production, rapid monitoring
process for bacteria, the optimization of fermentation process for bacteria, nanofiltration
and transesterification enhancement by lipase, and liquid biphasic separation for protein
recovery. The study on biohydrogen production investigates the effects of alginate and
chitosan entrapped in biofilm formations on activated carbon [2]. A positive response to the
higher growth of hydrogen-producing bacteria was obtained in the work. Another study
on the cultivation of Lactobacillus pentosus was conducted with rapid monitoring through
the spectrophotometer method [3]. The method developed can rapidly determine the lag
phase of Lactobacillus in breast milk, which is useful in assessing the bacteria growth curve
and growth behavior of the strain. Furthermore, one of the studies applied the isolation,
identification, and optimization of a new γ-aminobutyric acid (GABA)-producing Bacillus
cereus strain from soy sauce [4]. Response surface methodology was used to obtain a
high concentration of the GABA strain under optimal fermentation conditions. There is
also a study on nanofiltration membrane separation to concentrate lipase for biodiesel
production [5]. The nanofiltration membrane technology developed showed a comparable
fatty acid methyl ester (FAME) composition to that of commercial lipase, which improves
its applicability and scalability. The last featured study shows the application of a Liquid
Biphasic Flotation (LBF) system to extract proteins from Persicaria tenella leaf [6]. The
efficient, environmental friendly, and cost-effective liquid separation method showed
a good reliability with a high protein recovery and separation efficiency. All these five
feature papers were selected based on a rigorous review process carried out by international
independent reviewers assigned by the journal’s office.

On the other hand, there are 16 technical research papers which were accepted in this
Special Issue. All these selected 16 technical research papers were contributed by partici-
pants who attended the 2nd Asian Federation of Biotechnology (AFOB) Malaysia Chapter
International Symposium 2019 (AFOBMCIS 2019). The Asian Federation of Biotechnology
(AFOB) is a non-profit organization established in 2008. Its incorporation was agreed
upon by delegates from Asian countries during the IBS 2008 conference, 12–17 October
held in Dalian, China. Preparative meetings for the formation of AFOB had been held
four times prior to its official establishment (27th April, Songdo Technopark, Incheon,
Korea, KSBB 2007 National Spring Meeting; 5th and 7th November, Taipei International
Convention Center, Taipei, Taiwan, APBioChEC 2007 Meeting; April 18th, Jeonju City,
Korea, KSBB 2008 (National Spring Meeting)). The delegates from the participating Asian
countries discussed the launching of the AFOB during the meetings. The International
Federation bears the name Asian Federation of Biotechnology, abbreviated to “AFOB”,
hereafter referred to as “The Federation”. All the accepted papers in this Special Issue are
of high quality and were specially selected by international experts before being invited to
submit a paper to this issue.

We strongly believe that the novel bioprocesses and green biotechnologies presented in
this issue will be useful in assisting the global community in working towards fulfilling the
Sustainable Development Goals (SDG) of the United Nations. The guest editors thank the
authors for their contribution to this new knowledge and the reviewers for their valuable
time and effort given to the review process. Besides this, we would like to thank the
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editorial office, MS Wency Xiang, MS Jamie Li, and the whole Processes’ Team for their help
and support in completing this Special Issue, especially during the COVID-19 pandemic.
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Abstract: The full dependency on chemical fertilizers in oil palm plantation poses an enormous
threat to the ecosystem through the degradation of soil and water quality through leaching to the
groundwater and contaminating the river. A greenhouse study was conducted to test the effect of
combinations of biofertilizers with chemical fertilizer focusing on the soil fertility, nutrient uptake,
and the growth performance of oil palms seedlings. Soils used were histosol, spodosol, oxisol,
and ultisol. The three treatments were T1: 100% chemical fertilizer (NPK 12:12:17), T2: 70% chemical
fertilizer + 30% biofertilizer A (CF + BFA), and T3: 70% + 30% biofertilizer B (CF + BFB). T2 and
T3, respectively increased the growth of oil palm seedlings and soil nutrient status but seedlings in
oxisol and ultisol under T3 had the highest in almost all parameters due to the abundance of more
efficient PGPR. The height of seedlings in ultisol under T3 was 22% and 17% more than T2 and T1
respectively, with enhanced girth size, chlorophyll content, with improved nutrient uptake by the
seedlings. Histosol across all treatments has a high macronutrient content suggesting that the rate of
chemical fertilizer application should be revised when planting using the particular soil. With the
reduction of chemical fertilizer by 25%, the combined treatment with biofertilizers could enhance the
growth of the oil palm seedlings and soil nutrient properties regardless of the soil orders.

Keywords: plant growth promoting rhizobacteria; oil palm seedlings nursery; biofertilizers; chemical
fertilizer

1. Introduction

The agriculture sector is considered as one of the economy pillars in many developing nations [1].
However, continuous use of agrochemicals such as chemical fertilizers and pesticides in this sector is
detrimental to human health such as infant methemoglobinemia [2] and which also cause ecological
imbalance [3,4]. The use of chemical fertilizer will also cause air and ground water pollution resulting

Processes 2020, 8, 1681; doi:10.3390/pr8121681 www.mdpi.com/journal/processes5
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from eutrophication. This practice also negatively affects the roots of the crops, making them unable to
acquire nutrients [5,6]. Therefore, there is a need to replace this conventional agricultural practice by
implying a safer alternative to promote the growth of the plants, without affecting the agroecosystem.
The effort to reduce the dependence on the chemical fertilizers has been made through the establishment
of biological based organic fertilizers (also known as biofertilizer) as an alternative [7]. Biofertilizers are
made up from soil bacteria that are beneficial to the plants and it is known as an integrated nutrients
system where nutrients required by the plants are provided by the activity of the below-ground
microorganisms. This practice of using beneficial microbes in agriculture has started about 60 years
ago [8].

The introduction of beneficial microbes in inorganic fertilizers have received a considerable amount
of attention in the last decades as the microbes are effective in promoting plant growth by secreting
phytohormones and metabolites [9]. The application of bioinoculants containing N-fixing bacteria and
P-solubilizing bacteria have proven to improve leaf chlorophyll, plant nutrient uptake, and yield of rice
in which the use of N and P fertilizer was able to be minimized by 50% [10]. These beneficial bacteria
are termed as the Plant Growth Promoting Rhizobacteria (PGPR) which comprise of nitrogen—fixers,
phosphorus (P), and potassium (K) solubilizers, and often combined as consortium with the some
beneficial fungi in the production of biofertilizers [7]. The PGPR mechanism of action can be divided
into direct and indirect mechanism, with direct mechanism including biofertilization, root stimulation,
rhizoremediation, and plant stress control. The indirect mechanism includes the biological control
against diseases which includes antibiosis, induction of systemic resistance, and competition for
nutrient and niches [11]. Genera belonging to Rhizobium spp., Azospirillum spp., and Bacillus spp. are
the symbiotic nitrogen fixing bacteria which efficiently fix the nitrogen in the nodules and roots of the
plants, hence reducing the dependence on nitrogenous fertilizers [12,13]. Meanwhile, the production of
organic acid such as the gluconic acid, oxalic acid, malic acid, formic acid, 2-ketogluconic acid, propionic
acid, lactic acid, D-malic acid, and citric acid by PGPR belonging to the genera Pseudomonas spp. [14,15],
Acinetobacter spp. [16], Bacillus spp. [17], Klebsiella pneumonia [18], and Burkholderia fungorum [19] aid in
the P solubilization and making the nutrient accessible to the plants.

Malaysia is currently the world’s second largest palm oil producer and the increase in the
plantation area from 1.5 million hectares in 1985 to 5.39 million hectares in 2014 has resulted in extensive
use of chemical fertilizers [9,20]. Malaysia has tropical soils, most of them are considered as problematic
soils such as peat, sandy acid sulfate, and highly weathered soils such as ultisols and oixsols [21].
The acidity of the soils is due to the natural ecosystem through the weathering process, pyrite oxidation
in acid sulfate soil, and organic matter deposition and accumulation of forming peat; where these
processes are often enhanced by human activities through intensive land-based crop and animal
production [22]. The aim of this study is to observe the effects of combined application of chemical
fertilizer with the biofertilizer application on oil palm (Elaeis guineensis) seedlings using different soil
orders under greenhouse conditions as we are looking into reducing the rates of chemical fertilizer
application and investigate the effects of common problematic soils in Malaysia on the application
of biofertilizers for oil palm seedlings plantation. Different biofertilizers with various compositions
of beneficial microbes was used together with the chemical fertilizer and evaluated based on plant
growth attributes including the uptake of nutrients by these seedlings.

2. Materials and Methods

2.1. Study Area and Experimental Design

The experiment was carried out at Rimba Ilmu, University of Malaya, Kuala Lumpur. Four soil
orders were used in this experiment; histosol, spodosol, oxisol, and ultisol. The chemical properties
of the soils used in this study were listed in Table 1. Three quarters of each polybags (n = 12)
(20 kg for histosol and spodosol, 15 kg for oxisol and ultisol) was filled with each respective soil
and 4 g of Christmas Island Phosphate Rock (CIRP) (15% Total P and available P was 58.86) was
applied and mixed into each polybag (34 × 45 cm) and incubated for a week before the transplant.
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The temperature ambience was 28–33 ◦C. The experiments were conducted in the Complete Block Design
(CBD) with four replicates for each treatment in a single trial. Liquid biofertilizer A (BFA) (effective
microorganisms: 1 × 107 CFU/mL) and biofertilizer B (BFB) (effective microorganisms: 1 × 106 CFU/mL)
were purchased from local Malaysian manufacturers. BFA consists of Bacillus spp. such as Bacillus
cereus JCM 2152, Bacillus amyloliquefaciens strain MPA 1034 and Bacillus tequilensis strain 10b Lactobacillus
spp.; Azospirillum spp. and Rhizobium spp. Meanwhile, BFB consists of a very diverse group of
microbes: Actinomycetes such as Kocuria rhizophila, Arthrobacter methylotrophus, Bacillus spp. such as
B. pumilus, B. subtilis (subspecies Spizizenii), B. vallismortis, B. Thurengiensis, B. mycoides, B. mucilaginosus,
Brevibacillus reuszeri, Paenibacillus polymax, and Paenibacillus azoreducens. Azospirillum brasilense and
fungus such as Aspergillus niger and Aspergillus awamori; yeast such as Saccharomyces cerevisiae Hansen
were also the beneficial microbes contained in the biofertilizer. The micro and macro nutrient with
the organic matter of the biofertilizers were listed in Table 2. NPK blue with the formulation ratio of
(12 N:12 P2O5:17 K2O: 2 MgO + TE) was used as the chemical fertilizer. The experiment consists of
three treatments: [T1] 100% of CF, [T2] 70% CF + 30% BFA, and [T3] 70% CF + 30% BFB. The amount and
dose of fertilizers applied was listed in Table 3. Treatments were done for four rounds (every 30 days).

Table 1. Chemical properties of histosol, spodosol, ultisol, and oxisol.

Soil Properties Histosol Spodosol Ultisol Oxisol

pH 3.23 5.49 3.83 4.33
Total N (%) 0.61 0.34 0.10 0.12

Availlable P (mg/kg) 75.81 36.66 25.99 32.78
Exchangeable K (mg/kg) 455.2 487.93 358.33 471.1

Table 2. The micro and macro nutrient, and the organic matter of the biofertilizer A and biofertilizer B.

Micro and Macro Nutrients Biofertilizer A Biofertilizer B

N 7% 5–6%
P 6% 8–9%
K 9% 10–11%
Ca 2% -
Mg 1% 0.5–1.0%
Su 1% -
Bo 0.5% 0.9–1.1%
Fe 50 ppm 282 ppm
Cu 15 ppm 18.4 ppm
Mn 10 ppm 35.8 ppm
Zn 15 ppm 51.4 ppm
Mo 12 ppm -

Organic matter

Aloe vera
Seaweed extract

Fulvic acid
Amino acid

Protein

Aloe vera
Seaweed extract

Humic acid
Amino acid

Fish emulsify

Table 3. Chemical fertilizer and biofertilizer application. The biofertilizer was diluted with 200 mL of
distilled water before applied to a single seedling.

Month

Control Plot Treatment Plot
Dosage per Palm (g seedlings−1) (NPK 12-12-17-2 + TE)

Biofertilizer (mL)
100% Chemical Fertilizer 75% Chemical Fertilizer

1 15 10 2
2 20 15 2
3 25 20 3
4 30 25 3
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2.2. Analysis of Soil Chemical Properties

The soil used was thoroughly mixed and air dried, sieved using a 2 mm mesh sieve and measured
for macronutrients (NPK) content. Soil chemical properties such as the pH was accessed using a
glass electrode pH meter with 1:2.5 soil to water suspensions (Eutech Instruments, Thermo Fisher
Scientific, Woodlands, Singapore). Total N was analyzed using CNS analyzer (LECO TruMac® CNS,
St. Joseph, MN, USA) [23] and K was determined using the leaching method with 1 M ammonium
acetate buffered at pH 7 [24]. P was analyzed using the method described by Bray and Kurtz [25].

2.3. Measurement of Oil Palm Seedlings Growth

During the treatment period, the growth parameters of the oil palms were observed and taken
every two weeks. The height of the fronds (leaflets plus rachis) was measured using measuring
tape from the lowest rudimentary to the tip of the rachis. The number of fronds was taken and
recorded. The girth size was measured using a digital Vernier caliper at 5 cm from the planting medium.
The chlorophyll was measured using a chlorophyll meter (SPAD-502, Minolta Camera Co., Osaka,
Japan) of leaf blades from the third frond with a visually green colour at the midrib to maximize
the calibration [26]. The readings were taken at three random spots and the amount was averaged
throughout the study period. The SPAD-502 was calibrated after and before another reading on
different seedlings.

2.4. Plants Analysis

The planting material used in this study was D × P Yangambi (ML 161). The seedlings were
harvested after four months of planting. They were carefully removed from the soil and the roots were
cleansed of soil particles. The seedlings were cut at the soil level and separated from the roots. The dry
mass of both aboveground biomass and root were determined by drying in an oven at 71–75 ◦C until
constant weight was achieved. The aboveground biomass and roots were ground separately using a
grinding machine (<2 mm) separately for macronutrients (NPK) analysis. To determine the residual
of plant nutrients, the amount of N was determined using a CNS analyzer (LECO TruMac® CNS,
St. Joseph, MN, USA) [24] while P was analyzed using the wet digestion method [27] and exchangeable
K using displacement of cations with 1.0 N of NH4OAc (pH 7.0) and displacement of absorbed NH4

+

with 0.1 N K2SO4 [28].

2.5. Data Analysis

Tukey’s HSD (honest significant difference) test was used to determine significant differences
(p-value ≤ 0.05) between different types of soil orders and two-way ANOVA was used to determine
significant differences (p-value ≤ 0.05) between the treatments. The data are statistically analyzed
using the IBM SPSS Statistics for Windows, version 21.0.

3. Results

3.1. Growth Performance of Fronds

Figure 1 shows the height of the oil palm seedlings at DAT (days after transplant) 131. There is a
significant difference between T1 and T3 plots. In general, all seedlings across every soil type show
a better growth under the T3. Under the same biofertilizer treatment, seedlings planted in oxisol
depicted the highest growth. The application of BFB has a positive effect on the growth of seedlings in
oxisol with a total increase of 22% and 17% from T2 and T1, respectively. Most seedlings in the T3 plot
are higher and have more developed fronds with leaves as compared to the other treatments. In terms
of the number of fronds, no significant difference was observed between the treatments and the type of
soils used. However, seedlings in oxisol under the T2 have more frond counts compared to T1 and T3
with an increase of 5% and 12%, respectively. Meanwhile, seedlings in T3 planted using spodosol and
ultisol depicted the highest number of fronds where seedlings in T1 show the lowest number of fronds.
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Figure 1. Highest frond height of oil palm seedlings at the end of treatment (DAT 131). Vertical bar
represents the standard deviation. Different letters represent significant differences in Tukey’s HSD
comparison. Means sharing the same letter across treatments do not differ significantly at p-value ≤ 0.05.

3.2. Stem Girth Size

At the time of harvest, all seedlings in histosol, ultisol, and oxisol under T3 plots have the largest
girth size (38.38, 38.87, and 38.25 mm, respectively) (Figure 2). The girth size of the seedlings was
at least 26–30% larger than seedlings in T1. The stem girth size of seedlings in spodosol under the
combined fertilization with BFA was the highest across all soils and treatments. Seedlings in spodosol
also have the largest girth size under T1 while the girth size of seedlings in histosol, oxisol, and ultisol
was less than 30 mm at 131 DAT. The other soils show an increase in girth size reading under T2 and
no girth size below 30 mm was recorded.

3.3. Aboveground Biomass (ABG) and Root Dry Mass Ratio

Table 4 shows the aboveground biomass and root and their dry ratio. The highest ABG dry mass
was obtained from oil palms seedlings treated under T3 under oxisol and ultisol while the least dry
mass was from seedlings planted under 100% CF. This corresponded with oil palm seedlings height
in which ultisol has the highest height compared to other soils. There was a significant difference
between T1 and T3 for ABG, however there was no significant difference in ABG dry mass in between
the soils used. Heavier root weights can be observed in seedlings under oxisol as compared to other
soil types especially in the treatment with BFB. However, there was no significant difference between
the treatments in root dry mass, and the root:Aboveground ratio. From this study, the combined
fertilization with biofertilizers also showed a positive effect on the proliferation and development of
the roots.

3.4. Chlorophyll Content

Figure 3 shows the chlorophyll content of the oil palm seedlings throughout the study period
measured by the SPAD meter. The chlorophyll content of the seedlings in spodosol under T1 plots
were decreasing starting DAT 41 until the harvesting day and remained the lowest. The combined
treatment of chemical fertilizer with the biofertilizers show a positive response on the chlorophyll
content of the seedlings. Our results indicate that biofertilizers can substitute chemical fertilizers to
sustain N needs by the seedlings to enhance the chlorophyll content even at a reduced rate of fertilizers.
There were significant differences among T1 and T3 in all the experimented seedlings across all soil
types at p-value ≤ 0.05. Unlike T1, an increasing trend was seen in all seedlings under T2 and T3.
Under the combined fertilization with BFA, all seedlings show an increment in the chlorophyll content
except for chlorophyll in seedlings planted using oxisol which decreased at 67 DAT but increased again
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after 131 DAT. Seedlings in histosol depicted the highest chlorophyll reading throughout the last two
months of treatment period. The chlorophyll content of seedlings in T3 planted using histosol declined
after 30 DAT but increased after 41 DAT and show a slight change from 67 and 131 DAT. Seedlings in
ultisol under the same treatment reached the highest peak at 41 DAT with the chlorophyll content
reading of 63.18 but decreased to 62.50 at 131 DAT. A steady increase in the chlorophyll content was
seen in seedlings under oxisol but it remained the lowest reading throughout the last three months
during the treatment period. The addition of biofertilizers seems also to have a positive impact on the
chlorophyll reading of the seedlings.

Figure 2. Girth size of the seedlings throughout the treatment period. Vertical bar represents the
standard deviation. Different letters represent significant differences in Tukey’s HSD comparison.
Means sharing the same letter across treatments do not differ significantly at p-value ≤ 0.05.

Table 4. Aboveground biomass (ABG) and root dry weight with ABG:root. Different letters represent
significant differences in Tukey’s HSD comparison. Means sharing the same letter across treatments do
not differ significantly at p-value ≤ 0.05.

Soil Treatment ABG Root Root:ABG

Histosol
T1 57.97 ± 9.92b 16.22 ± 4.46a 0.28 ± 0.03a
T2 62.07 ± 3.47a 16.10 ± 3.31a 0.26 ± 0.04ab
T3 59.50 ± 17.47b 15.09 ± 3.61a 0.26 ± 0.04b

Spodosol
T1 49.62 ± 14.32b 14.25 ± 4.21a 0.29 ± 0.02a
T2 63.48 ± 7.08ab 16.52 ± 0.92a 0.26 ± 0.02ab
T3 64.53 ± 4.99a 15.84 ± 1.17a 0.25 ± 0.02b

Ultisol
T1 53.61 ± 3.80b 11.70 ± 0.68a 0.22 ± 0.01ab
T2 66.34 ± 2.50ab 15.20 ± 1.26a 0.23 ± 0.02a
T3 70.39 ± 7.98a 13.92 ± 1.60a 0.20 ± 0.00b

Oxisol
T1 65.97 ± 4.61b 15.55 ± 2.95a 0.24 ± 0.06ab
T2 58.70 ± 11.13ab 14.30 ± 1.03a 0.25 ± 0.02a
T3 78.21 ± 14.91a 16.44 ± 0.95a 0.22 ± 0.00b
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Figure 3. Chlorophyll index of the seedlings throughout the treatment period. Vertical bar represents
the standard deviation. Different letters represent significant differences in Tukey’s HSD comparison.
Means sharing the same letter across treatments do not differ significantly at p-value (p ≤ 0.05).

3.5. Soil Macronutrient Status

The nitrogen content in histosol was significantly higher across all treatments especially in the T3
plots as compared to spodosol, oxisol, and ultisol at the time of harvest p-value (p ≤ 0.05) (Figure 4).
This indicates that a lower N fertilizer rate is substantial for oil palms seedlings grown in the nursery
prior to transplanting especially in tropical peat soil or the histosol. In the T3 treatment, the P content
in the soil was higher than T2 followed by the T1 treatment especially in the histosol. However,
no significant differences were found in all treatments and soils for P, as well as K soil content.

3.6. NPK Uptake by the Oil Palm Seedlings

The nutrient uptake by the oil palm seedlings is shown in Figure 5. The majority of the seedlings
depicted an improved nutrient uptake in treatments with biofertilizers especially BFB under oxisol and
ultisol. Overall, seedlings planted in ultisol under T3 have the highest NPK uptake, which is 20%, 38%,
and 14% more than histosol, spodosol, and oxisol, respectively. However, there was no significant
difference between the treatment at p-value (p ≤ 0.05) but a significant difference was observed between
histosol and spodosol, spodosol and ultisol in the uptake of N by the oil palm seedlings. Our results
also indicate that there is a correlation between the high N uptake with an enhanced chlorophyll
reading. However, there was no significant difference between the treatment at p-value (p ≤ 0.05) but a
significant difference was observed between histosol and spodosol, spodosol and ultisol in the uptake
of N by the oil palm seedlings. No significant difference was found in all soil orders for the uptake of K
at p-value (p ≤ 0.05). Improved nutrient uptake is often correlated with root growth [20], however in
our study the majority of seedlings depicted better root growth in histosol and spodosol as compared
to the seedlings in oxisol (Figure 6) but the NPK uptake was higher in seedlings planted in oxisol and
ultisol especially in T3.
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Figure 4. Soil macronutrient content (NPK) after the harvest. Vertical bar represents the standard
deviation. Different letters represent significant differences in Tukey’s HSD comparison. Means sharing
the same letter across treatments do not differ significantly at p-value (p ≤ 0.05).

Figure 5. NPK uptake by the seedlings at time of harvest. Vertical bar represents the standard deviation.
Different letters represent significant differences in Tukey’s HSD comparison. Means sharing the same
letter across treatments do not differ significantly at p-value (p ≤ 0.05).
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Figure 6. Roots of oil palm seedlings at the end of treatment. (a)T1, (b) T2, and (c) T3. The roots of
oil palm seedlings treated with T3 were more in number, longer with more root hairs followed by
seedlings in T2 then 100% T1 plots.

4. Discussion

4.1. Growth Performance of Fronds

FAO in 2011 states that about 175.5 million tons of chemical fertilizer is used in agriculture to
achieve an optimum crop yield [29]. The enormous amount of chemical fertilizers deposited into
soil causes a severe pollution of the river and groundwater which poses serious environmental
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issues and public health. Thus, the initiative of using organic fertilizers such as bioinoculant has
gained immense interest over the years. Although the production of phytohormones, suppression of
phytopathogens, activation of phosphate solubilization, and promotion of plant nutrients uptake are
the common mechanisms of PGPR in promoting the plant growth but the exact mechanisms are not
clearly known [30]. PGPR also influence aerial growth of the inoculated crops which can be observed
in increasing plant height, shoot, weight and stem width, as well as increasing the number of leaves
per plant [31]. A similar finding was observed by Adiprasetyo et al. [32] where the multi-microbial
biofertilizer was able to increase the height, chlorophyll, and the number of leaves of oil palm plants
as compared to the sole treatment with chemical fertilizer. Zainuddin et al. [9] also reported the
increase of vegetative growth of oil palm seedlings in the treatment containing biofertilizer made
with Bacillus spp., Providencia sp., Phyllobacterium sp., Sphingobacterium sp., and few fungi species
at a lowered rate of CF. In the present study, the bioinoculant is effective in conferring beneficial
growth traits to the seedlings under greenhouse condition. Regarding the plant growth promotion
mechanisms, Bacillus strains in BFA may promote the growth of the oil palm seedlings via the inhibition
of pathogens. B. amyloliquefaciens is efficient in producing secondary metabolites such as lipopeptides,
surfactins, bacillomycin D, and fengycins, which are secondary metabolites mainly with inhibiting
pathogens activity [30,33,34]. B. amyloliquefaciens produce a mixture of organic acids such as lactic,
isovaleric, isobutyric, and acetic acid that were identified as phosphate solubilizers [35]. A study by
Yanti et al. [36] reported that the B. cereus strain JCM 2152 has the potential to promote the growth of the
tomato plant and provide resistance towards Ralstonia solanacearum which usually causes bacterial wilt
in tomato and other tropical crops. These Bacillus strains are ideal to be incorporated into biofertilizer
formulation as they will be able to promote the plant growth.

4.2. Stem Girth Size

Abidemi et al. [37] reported that the phosphorus fertilization by the PGPR in most seedlings
resulted in a higher number of leaves and stem girth size of oil palm seedlings. In the present study,
the PGPR strains used in both biofertilizers A and B were excellent in enhancing the vegetative growth
of the seedlings. Although seedlings in spodosol show poor frond growth, it is compensated with the
large stem girth size.

4.3. Aboveground Biomass (ABG) and Root Dry Mass Ratio

During the treatment period, the growth of the oil palm seedlings in the greenhouse occurred
predominantly aboveground especially the rachis and leaves as similar was observed by Zakry et al. [38].
Batool and Iqbal [39] reported that an increment of 10−95% in root length and shoot length was
observed in seedlings treated by phosphate solubilizing bacteria (PSB) inoculum as compared to the
control treatment. The Azospirillum strains used by Amir et al. [40] was also proven to increase the
root growth of oil palm plantlets at the nursery stage. A diverse group of PGPR including few PSB
and Azosprillum brasilense in BFB might have contributed to the growth and the elongation of the
roots alongside the aboveground biomass of oil palm seedlings. The increase in aboveground and root
biomass could also be related to the response to PGPR in the production of phytohormones such as
auxin, gibberellin, and cytokinin which stimulated the root growth [12,39] and in turn increasing the
essential nutrient uptake for an enhanced growth. Seedlings treated under both biofertilizers have a
positive impact on the root development and proliferation. The root dry mass was not significantly
affected by the treatments but T2 spodosol followed by T3 in ultisol gave the highest root dry mass.

The enhanced root development is likely triggered by the phytohormone production and nitrogen
fixation [41]. Seedlings treated using T2 seemed to have a positive impact on the root development
and proliferation. This indicates the effectiveness of PGPR to colonize the roots and promote nutrients
solubilization and uptake by the seedlings that result in enhanced growth. B. tequilensis contained in
BFA was reported by Dastager et al. [42] to produce indole-3-acetic acid (IAA) which promoted the
proliferation and elongation of the black pepper roots for the uptake of nutrients. Even though the roots
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development of seedlings in spodosol was much better than seedlings in oxisol and ultisol, the majority
of seedlings depicted poor growth. This could be due to poor drainage and soil acidity in association
with using spodosol [43]. Furthermore, poor root development was seen in oxisol and ultisol especially
in the sole treatment with CF but there seems to be an increase root volume when the seedlings are
treated with biofertilizers. Poor root development in soil can be caused by the soil bulk density,
with less pore space and soil aeration [20] which gave less space for the roots proliferation. Another
possible explanation could be that both oxisol and ultisol have higher bulk density, thus uprooting
the seedlings was harder as compared to spodosol and histosol which were less dense. Seedlings
in more compacted soils such as oxisol and ultisol might produce less primary and secondary roots,
but this might be compensated by the production of longer and thicker tertiary and quaternary roots
as observed by Yahya et al. [44]. Our study shows that different soil orders play a different role in
oil palm seedlings nutrient uptake especially on the stimulatory efficiency of the bacterial inoculant
contained in both BFA and BFB which may be important for successful root inoculation and plant
growth promotion. The efficiency of the treatment and inoculation on agricultural crops also depends
on few factors such as the ability of the bacteria to colonize roots, compounds exuded by the roots that
enhance the colonization, and soil health [45]. Furthermore, the differences in the responses towards
fertilization could be due to several factors such as the water regime [46], temperature, wind speed,
soil texture, and soil depth [47].

4.4. Chlorophyll Content

The decrease in chlorophyll content in spodosol and ultisol under T1 plots could be due to the fact
that CF alone failed to sustain N needs of the oil palm seedlings and this is shown in the N status of the
seedlings which was the lowest among other soil orders. N is responsible to enhance the chlorophyll
content [10]. Furthermore, the decrease could be due to few factors such as exposure to environmental
stresses, herbicides, light irradiance or might be due to a source-sink relationship during the plant
growth in later stages [48,49]. Reduction in the leaf chlorophyll content of oil palm seedlings treated
with PGPR has also been reported by Amir et al. [12]. The decrease may also be influenced by time of
day and underlying changes in solar irradiance where standardization of time and irradiance condition
when taking chlorophyll measurements is recommended [50].

4.5. Soil Macronutrient Status

N is responsible for the cellular synthesis of chlorophyll and other components for the plant
growth [51]. Soil N status plays a role in determining the effect of the PGPR inoculation especially on
the nitrifying and denitrifying communities where the crop could affect the soil N dynamics within
the rhizosphere and influence the type and level of mineral N available [52]. Although the addition
of biofertilizer alongside with the NPK fertilizer can save up to 48% of the total N requirement in
oil palm seedlings [53], from the present study there is a need to study the N rate application on
crops to predict the N fertilizer requirement to avoid N rates that exceed the plant requirement [54] as
seen in the histosol under the T1. The effect of PGPR also may be varied depending on the N source,
N rate, and soil fertility [55]. The low N content in both oxisol and ultisol across all treatments could
be an indication that essential macronutrients including P and K are taken up by the seedlings for
survival [49]. Phosphate fertilizers applied to soils with lower pH are often precipitated immediately
by aluminium and iron after application which makes P not available for the uptake by the crops,
thus the practice of using soil pH correctors such as gypsum and liming are common in Malaysia [22].
Another alternative of increasing the P availability for the uptake by the crops is via the use of
phosphate-solubilizing bacteria (PSB). Although the soils used in the study were in the acidic range,
the addition of biofertilizers was found to improve the available P especially in oxisol and ultisol and
histosol but no significant differences were observed. However, a revision on the rates of the applied
NPK fertilizers on the histosol must be done due to excessive available N and P in the soil as the
chemical fertilizer added was 500 mg P/kg in T1, 420 mg/kg soil in T2 and T3, respectively when the oil
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palm seedlings growth can be optimized from as low as 90 mg L−1 of P2O5 [56]. Through the reduction
of NPK rate, the farmers or the oil palm plantation companies can optimize the production cost of oil
palm seedlings, and reduce the negative environmental impacts due to the excessive use of chemical
fertilizer [57]. Therefore, further studies on the increased rate of biofertilizers and reduced mineral
fertilizer must be done to avoid over-fertilization.

4.6. NPK Uptake by the Oil Palm Seedlings

The plant N status correlates with the SPAD chlorophyll readings [58] and in the present study there
is a positive correlation between the N status of the seedlings with chlorophyll readings. The inoculation
with PGPR can enhance the uptake of N in the early phase of the oil palm cultivation. N-fixer such
as Bacillus sphaericus could increase the fixed N in the soil for the uptake by the plants especially to
the most nutrient demanding part in oil palm such as rachis and leaflets [38]. The microbial inoculant
in the biofertilizers consisting of the N-fixer has the ability to increase the nutritional assimilation
(total N) and increase the growth and at the same time improve the soil properties [59]. PGPR such
as Azospirillum contributes about 70% of the total N requirement of the host plant [60]. The low
solubilization and precipitation of phosphorus in the soil might be caused by several factors such as the
pH and the type of soil used [51]. However, combined treatment with BFB resulted in higher phosphate
solubilization as Bacillus strains such as Bacillus brevis strains, B. polymyxa, B. thurengiensis, Paenibacillus,
and B. subtilis in BFB were considered as some of the important strains applied to soils to enhance
phosphorus solubilization and uptake in plants [61]. B. tequilensis is a phosphate solubilizer and it also
has shown to improve the macronutrient (NPK) uptake of the black pepper in both acidic and alkaline
conditions [42]. The oil palm seedlings growth could be enhanced if the dose of the chemical fertilizer
is reduced [62]. Essential nutrients such as the NPK must be present in biofertilizers [9] but it might be
in a minute amount for the uptake by the roots. Thus, the major source of K in all treatments might be
from the fertilization with chemical fertilizer, not fully by the K solubilization by the PGPR. PGPR
contained in the BFB are important to the plant nutrition by increasing the N and P uptake by the
plants [63]. This study also shows that although the nutrient supply and fertility are the limiting factors
especially in oxisol and ultisol [64], the practice of combining biofertilizers with chemical fertilizers
can enhance and optimize the yield for oil palms in these soils.

5. Conclusions

From the present study, the addition of biofertilizers alongside with chemical fertilizers have
shown not only enhanced oil palm seedlings growth in terms of the height, girth size, and chlorophyll,
it also improves the nutrient uptake of the seedlings and soil nutrient status at a reduced rate of chemical
fertilizer. Reduction on the rate of the chemical fertilizer may be needed to avoid over-fertilization of
the oil palm seedlings.
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Abstract: Carbon dioxide is the most influential gas in greenhouse gasses and its amount in the
atmosphere reached 412μmol/mol in August 2020, which increased rapidly, by 48%, from preindustrial
levels. A brand-new chemical industry, namely organic chemistry and catalysis science, must be
developed with carbon dioxide (CO2) as the source of carbon. Nowadays, many techniques are
available for controlling and removing carbon dioxide in different chemical processes. Since the
utilization of CO2 as feedstock for a chemical commodity is of relevance today, this study will focus
on how to increase CO2 solubility in culture media used for growing microbes. In this work, the CO2

solubility in a different medium was investigated. Sodium hydroxide (NaOH) and monoethanolamine
(MEA) were added to the culture media (3.0 g/L dipotassium phosphate (K2HPO4), 0.2 g/L magnesium
chloride (MgCl2), 0.2 g/L calcium chloride (CaCl2), and 1.0 g/L sodium chloride (NaCl)) for growing
microbes in order to observe the difference in CO2 solubility. Factors of temperature and pressure were
also studied. The determination of CO2 concentration in the solution was measured by gas analyzer.
The result obtained from optimization revealed a maximum CO2 concentration of 19.029 mol/L in the
culture media with MEA, at a pressure of 136.728 kPa, operating at 20.483 ◦C.

Keywords: carbon dioxide; culture media; microorganism; optimization

1. Introduction

Fossil fuels are broadly acknowledged as being the principal source of energy, and since the
First Industrial Revolution the amount of carbon dioxide (CO2) in the atmosphere has risen from
280 μmol/mol to 412 μmol/mol. The resulting CO2 emissions contribute significantly to worldwide
climate change [1]. Up to now, the deployment of cutting-edge low-carbon fossil-energy technologies
was considered to be the ultimate solution. Preventing worldwide climate change can be achieved by
taking two long-term emission objectives into account. First, CO2 emissions have had to reach their
highest point, and then in the second half of the century, the goal has had to be to strive to achieve net
greenhouse gas neutrality, by balancing anthropogenic emissions by the sources with the removal by
sinks [2]. Hence, it is crucial to decrease such anthropogenic emissions. Second, CO2 can be captured
and used as a significant feedstock to produce valuable commodities. As the world population
increases, the need for energy supply rises at an exponential rate. Subsequently, to meet this demand,
new and renewable energy sources are required. Along this line, treating CO2 as a feedstock to many
value-added chemicals and fuels addresses both emission-control and energy supply challenges [3].

The concepts mentioned above are commonly used in carbon management from a climate
change perspective. The term used is CO2 capture, utilization, and sequestration (CCUS). The carbon

Processes 2020, 8, 1373; doi:10.3390/pr8111373 www.mdpi.com/journal/processes21
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capture and storage (CCS) approach in reducing CO2 emissions is particularly common nowadays [4].
It refers to technologies that emphasize the selective removal of waste CO2 from a large point source,
its compression into a liquified gas, and finally its transportation and sequestration to a storage site
where it will not enter the atmosphere such as underground geologic formations, including depleted oil
and gas reservoirs or oceans [5]. Meanwhile, carbon capture and utilization (CCU) technologies capture
CO2 to be recycled for an additional application. It differs from CCS in that CCU does not permanently
sequester the CO2 waste, but rather, treats it as a renewable carbon feedstock to complement the
conventional petrochemical feedstocks for conversion into other substances or products with higher
economic value [6].

However, due to the thermodynamically stable nature of CO2, utilizing it in chemical reactions is
challenging. High energy input is required to breakdown carbon atoms in CO2 molecules, which is one
of the reasons why CO2 is not extensively used in current chemical industries. Nevertheless, autotrophic
microorganisms are well-known for their ability to utilize light to fix atmospheric CO2 during the
process of photosynthesis. These microorganisms can capture energy in the light cycle and store it for
converting adenosine diphosphate (ADP) and nicotinamide adenine dinucleotide phosphate (NADP)
into adenosine triphosphate (ATP) and nicotinamide adenine dinucleotide phosphate hydrogen
(NADPH) respectively. They then utilize these energy molecules during a dark cycle for transforming
CO2 into valuable organic compounds [7]. Research has been done recently on altering the molecules of
autotrophic cyanobacteria and algae through metabolic engineering to take advantage of their abilities
to treat CO2 [8]. Microorganisms require macronutrients, micronutrients, and vitamins to grow [9].
Based on these requirements, a culture broth is required as a growth medium in a closed system,
such as a bioreactor, for the production of biomass or organic compounds [10]. Therefore, increasing
the CO2 solubility in a culture broth is an important step toward CO2 utilization by microorganisms.

Al-Anezi et al. studied the effect of temperature, salinity, and pressure on CO2 solubility in
different aqueous solutions [11]. The relationship between these parameters on CO2 solubility was
presented. Where gas solubility reduced between the temperatures of 25 ◦C and 60 ◦C, the effect
was less evident at a higher temperature. Meanwhile, higher pressure (one to two bars) resulted in
higher gas solubility. Additionally, the study stated that gas solubility decreased as salt increased
in the solution. Yincheng et al. compared the CO2 removal efficiency of sodium hydroxide (NaOH)
and aqueous ammonia [12]. The study involved the capture of CO2 in a spray column, and a fine
spray of ammonia and NaOH was used. The key finding of the study was the value of mole ratios
of NaOH and ammonia to CO2 suitable for the spray column, which is 4.43 and 9.68 respectively.
Additionally, Martins da Rosa et al. researched the CO2 fixation of Chlorella using monoethanolamine
(MEA) [13]. Through this research, it was found that the CO2 intake was higher for the growth of algae
using a certain mass concentration of MEA; 50 mg/L and 100 mg/L for this particular strain of algae.
However, the treatment of CO2 decreased if the MEA concentration used was very low or very high.
Thus, the concentration of MEA used was dependent on the microorganism used.

The present paper will investigate various features that determine the concentration of CO2

dissolved in a culture solution. First, to determine the maximum CO2 concentration in the NaOH
aqueous solution as a comparison, a steady rate of CO2 was supplied for a certain time. NaOH was
chosen because the CO2 absorption capacity of NaOH solution is high, with a mass ratio of capture,
w(NaOH/CO2) equal to 0.9 [14]. Second, MEA and culture media were used as the absorbent to
determine the capability of both solutions in capturing CO2. Next, different kinds of culture media
solutions were prepared; with the addition of either NaOH or MEA, and the absorption was carried
out under the same conditions as the previous run in a batch reactor. From the experimental results,
the absorption behavior is presented according to pH and time. Then optimization was run by software
to determine the optimized condition for CO2 absorption.

22



Processes 2020, 8, 1373

2. Materials and Methods

2.1. Carbon Dioxide (CO2) Delivery System

A batch-typed glass (borosilicate) cylindrical reactor (Bio Gene®, Australia) with a built-in motor,
the total volume capacity of 5 L (D = 140 mm; h = 325 mm), equipped with a pressure gauge,
(RS Components, Johor Bahru, Johor, Malaysia), pH (BOQU®, Shanghai, China) and temperature
probe (DPSTAR Manufacturing Sdn. Bhd., Kuala Lumpur, Malaysia) was employed for the carbon
dioxide (CO2) absorption as shown in Figure 1. The reactor was connected to a pressurized gas
mixture tank (Gaslink Industrial Gases Sdn. Bhd., Puchong, Selangor, Malaysia) through a flowmeter
(HERO TECH®, Puchong, Selangor, Malaysia) with a valve for controlling the flow rate of the mixture.
The compositions of the gas mixture were 90% CO2 and 10% Nitrogen (N2). For providing a vacuum
space inside the reactor, a vacuum pump (vacuubrand®, Wertheim am Main, Baden-Württemberg,
Germany) was mounted with a valve. The gas analyzer (Geotech Environmental Equipment Inc.,
Denver, CO, USA) was connected through one of the openings to determine the amount of CO2 in the
headspace. The unwanted opening at the surface of the reactor was closed by a stopper. Additional
CO2 diffuser (FunPetAqua.my, Kuala Lumpur, Malaysia) was employed to increase the CO2 absorption
rate. All dimensions and components of the diffuser are described in Figure 2. All components were
made of borosilicate except for the distributor head that was made of porous rubber.

 

Figure 1. Carbon dioxide absorption system.

 

Figure 2. Carbon dioxide diffuser.
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2.2. Time Measurement of The Maximum Carbon Dioxide (CO2) Dissolved

An aqueous solution with the concentration of sodium hydroxide (NaOH) equal to 0.1 mol/L was
prepared by dissolving sodium hydroxide pellets (Sigma-Aldrich, St. Louis, MO, USA) in 2 L of distilled
water. Before absorption was conducted, the absorbent (NaOH) temperature was maintained at room
temperature, 100 kPa pressure and pH = 11.0 by adding hydrochloric acid (HCl) (Sigma-Aldrich,
St. Louis, MO, USA) or NaOH to adjust the pH value to a desirable number. All equipment, including
tubes, fittings, and the headspace of the reactor, were sufficiently washed by a vacuum pump. After the
conditions are met, the absorption was carried out by injecting the gas mixture into the absorbent via a
sparger with a flow rate of 4.5 L/min controlled by a mass flow controller. The solution was mixed
using a mechanical stirrer at a speed of 180 rpm for uniform reaction in an absorber. The variations of
pH during the reaction were measured every 10 s. The gas mixture was bubbled into the absorbent
until the pH value stops dropping. The time for the CO2 component in the mixture to dissolved
in the medium was taken and a graph for pH drop against time was drawn. The same experiment
was repeated while using 0.1 mol/L monoethanolamine (MEA) (Sigma-Aldrich, St. Louis, MO, USA)
solution to determine the pH drop for both absorbents.

Then the experiment was repeated by replacing the absorbent with culture media. Culture media
composed of 3.0 g/L dipotassium phosphate (K2HPO4), 0.2 g/L magnesium chloride (MgCl2),
0.2 g/L calcium chloride (CaCl2), and 1.0 g/L sodium chloride (NaCl) was prepared (Sigma-Aldrich,
St. Louis, MO, USA). A total of 0.1 mol/L aqueous NaOH solution or 0.1 mol/L MEA solution was added
to culture media to promote CO2 absorption. It is important to determine media capability as CO2

absorbent as culture media will help microbes to utilize CO2 for producing the chemical commodity.
The parameter is set as the previous run, until the CO2 concentration is maximized, and then the gas
mixture supply will be stopped. The graph of pH drop against time for both compositions was plotted
to determine the significance of each composition. Then, all the experiments were repeated with the
deployment of a CO2 diffuser at the sparger to observe the change in time for pH drop.

2.3. Optimization through Surface Response Methodology

Additionally, three factors that affect CO2 solubility (s), composition (X), pressure (p),
and temperature (T) were also studied using three-factor, three-level Box-Behnken design (BBD).
Each of these independent factors divided into three different levels as shown in Table 1. To describe
the relationship between a set of parameters and output, the regression model was developed in BBD
design and can be defined by Equation (1):

Y = β0 +
3∑

i=1

βiXi +
3∑

i=1

βiiX2
ii +

2∑
i=1

3∑
j=i+1

βi jXiXj (1)

where Y: response; β0: constant-coefficient; βi and βii: linear and quadratic coefficients for the terms Xi
and Xii, respectively; βij: coefficients which represent the interactions of Xi and Xj. Then, an analysis of
variance (ANOVA) was used to determine whether the models are acceptable for analysis.

Table 1. Levels and ranges of independent input parameters in the Box-Behnken design.

Level and Range

Parameters Symbols Low Centre High

Absorbent X Media + NaOH NaOH Media +MEA
Pressure, (kPa) p 100 125 150

Temperature, (◦C) T 20 30 40
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2.4. Analytical Methods

Dissolved carbon dioxide (CO2) in culture media was determined by calculation based on readings
obtained from a gas analyzer (Geotech Environmental Equipment Inc., Denver, CO, USA). Readings of pH
and temperature were obtained by direct measurement using a portable pH (BOQU®, Shanghai, China)
and temperature probe (DPSTAR, Kuala Lumpur, Malaysia). Time was recorded using a stopwatch.

2.5. Model Description and Calculation

Dissolved carbon dioxide (CO2) in culture media can be calculated using the information given
by the gas analyzer. The reading given by the analyzer consists of the composition of air in the
headspace. Since the value given by the analyzer is in percentage, some calculations need to be done.
The percentage of CO2 was multiplied by the volume of headspace to get the volume CO2 in the
headspace in m3. The volume of headspace was constant throughout the experiment. It was set at
2.5 × 10−3 m3. By subtracting the total value of CO2 supplied with the one in the headspace, the value
of carbon dioxide aqueous, CO2(aq) can be obtained.

3. Results and Discussion

3.1. Relationship between Carbon Dioxide (CO2) Concentration and pH

The pH of the absorbent decreased with increasing CO2 concentration. A slight difference in the
lowest value of pH was observed between the absorbent used; sodium hydroxide (NaOH), culture
media, and culture media with either NaOH or monoethanolamine (MEA), but the difference was
not significant except for MEA which was observed to take a longer time to achieve minimum pH.
A significant difference was only in the time taken to achieve the minimum value of pH. The graph of
pH against time was plotted for NaOH, MEA, and culture media in Figure 3. The pH decreased with
time until the 18 min mark for NaOH and the final pH was 6.91. Meanwhile for MEA and culture
media were t = 60 min; pH = 8.52 and t = 8 min; pH = 6.46 respectively. Finally, culture media with
NaOH and MEA were t = 9 min; pH = 6.45 and t = 21 min; pH = 7.0 respectively.

 

Figure 3. Effect of pH change for five absorbents at p = 100 kPa, T = 20 ◦C, with an initial pH of 11 with
exception of culture media with an initial pH of 8.5.

Since the behavior of culture media and MEA absorbents do not follow the trend of the other
three absorbents, it not suitable to be included in the optimization process (Table 1). The value of pH
for culture media cannot be increased without the addition of other substances, thus, the comparison
cannot be done as the initial pH value was way lower than other absorbents. For the case of MEA,
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the optimization process is used to find the best solution for a range of data, a large difference in data
value can resulting in invalid optimization. Because of that, these two absorbents were not included in
the optimization analysis. Additionally, the focus was always on culture media with the addition of
NaOH and MEA.

Many factors can affect pH in the absorbent. The decrease in pH value in all absorbents was due
to the increase of the concentration of dissolved inorganic carbon such as CO2(aq), HCO3

−, and CO3
2−

present in CO2 that been dissolved in said absorbents [15]. Theoretically, NaOH will yield a higher
CO2 solubility than culture media present because the total alkalinity of NaOH is higher due to NaOH
is a strong alkaline. The mechanism of CO2 absorption in NaOH aqueous solution is summarized in
the following [16]. All Na+ and OH− was ionized in pure water, then aqueous CO2 reacts with OH− as
expressed in the following equation:

CO2(aq) + OH−(aq)� HCO−3 (aq) (2)

HCO−3 (aq) + OH−(aq)� H2O(l) + CO2−
3 (aq) (3)

Both equations are reversible reactions with a high effect on pH changes. The reaction is continuous
so every CO2(aq) that was present in the medium will instantaneously be consumed. Due to high
alkalinity, reaction Equation (3) was the main reaction occur in the absorbent early on resulting in
increasing of CO3

2−, while OH− is rapidly consumed via both reactions. This explained the reason for
the sudden change in pH at the early stage of the experiment. As CO2 aerated through the medium,
OH− will keep decreasing and CO3

2− keep accumulating. This phenomenon will force a backward
reaction of Equation (3) which will accelerate the forward reaction of Equation (2). The pH will keep
dropping in this stage. At a certain point in the experiment, pH will stop dropping and remain constant
due to the reaction at equilibrium. After all the reactions are at equilibrium, the overall reaction of
NaOH with CO2 can be written as Equation (4).

NaOH(aq) + CO2(g)→ NaHCO3(aq) (4)

Meanwhile, for the culture media, the phenomenon of CO2 dissolved can be explained by the
reaction between CO2 and water (because H2O is present in media). Firstly, aqueous CO2 will react
with water to form carbonic acid [17]:

CO2(aq) + H2O(l)→ H2CO3(aq) (5)

Then the H2CO3 can lose one or both of its H+ to form:

H2CO3(aq)� HCO−3 (aq) + H+(aq) (6)

HCO−3 (aq)� CO2−
3 (aq) + H+(aq) (7)

The pH drops in media are due to the released hydrogen ions. However, this equation can operate
in both directions depending on the current pH level, working as its buffering system. At a higher pH,
this bicarbonate system will shift to the left, and CO3

2− will pick up a free hydrogen ion [18]. But in the
system, CO2 was constantly added to the media, then increasing the value of dissolved CO2 causing
the reaction Equations (6) and (7) forced to be carried out from left to right. This increases H2CO3,
which decreases pH.

Additionally, based on Figure 2, it shows that culture media with NaOH was the fastest to reach
the minimum or equilibrium pH, following by pure NaOH and media with MEA. When the pH
reaches its equilibrium point, it indicates that no more CO2 is being absorbed. With this information,
it is concluded that the longer time is taken to reach equilibrium, the higher the CO2 concentration
in absorbent. As expected, culture media capability to absorb CO2 is weaker than NaOH. However,
when MEA was added to culture media, a higher amount of CO2 was absorbed.
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3.2. System Performance with Deployment of Carbon Dioxide (CO2) Diffuser

One of the main factors in the CO2 absorption rate is the surface area of the gas–liquid boundary [19].
In the next set of experiments, the factor was been investigated. CO2 diffuser was mounted at the
sparger at the bottom of the reactor where the CO2 is aerated. This diffuser functions to turn the CO2

bubble into a more refined form. Parameters used were based on the previous experiments. The result
is shown in Figure 4.

 

Figure 4. Effect of diffuser on pH change for five absorbents at p = 100 kPa, T = 20 ◦C, with an initial
pH of 11 with exception of culture media with an initial pH of 8.5.

From Figure 4, the addition of the diffuser favorably affected the CO2 absorption rate by all
absorbents. The final pH value were almost identical with previous run, while the time taken for pH to
drop for NaOH (pH = 6.88, t = 15 min), MEA (pH = 8.49, t = 50 min), culture media (pH = 6,4, t = 6 min),
culture media with NaOH (pH = 6.43, t = 7 min) and culture media with MEA (pH = 7, t = 17 min) were
approximately decrease by 20% when using diffuser compared to the previous. By using a diffuser,
CO2 is dissipated into countless small bubbles, which flows in the culture media in the form of a
bubbling stream. This process is called atomization. The large number of bubbles scattered in culture
media will increase the contact area of gas–liquid that will increase the absorption rate.

A simple relation between the contact surface area and mass transfer rate can be expressed in
Equation (8) [20]:

m =

∫
S

jmdS = Sjm (8)

where m, mass transfer, jm, mass flow, and S, interfacial area, and it is shown that the relationship
between mass transfer is directly proportional to the contact area. Additionally, a more detailed
mathematical model of absorption rate with other parameters had been derived by Martinez I. et al. [21]
using Fick’s Law shown in Equation (9):

jg =
qm

4πr2 = −Dg
d(wρ1)

dr
(9)

where jg: diffusion mass flux; qm: mass flow rate; Dg: gas diffusivity; w: mass fraction; ρ1: density of
the liquid used. The assumption is as follows: symmetry is spherical, time-independent, constant
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liquid and gas density, and residence time of bubble much smaller than the dissolution time, the factor
that affects the absorption rate can be defined by Equation (10):

w∞(tv) = w0[1− exp(−Ktv)], where K ≡ 27v1Dgug

2gr4
0

(10)

w∞: mass fraction before venting; w: gas mass fraction; v: kinematic viscosity of liquid;
Dg: diffusion coefficient of CO2 gas in water; ug: gas injection speed; g: gravity acceleration;
r0: radius of the bubble. The benefit of this simple mathematical formula is that the relations between
different parameters are explicit. Gas diffusion from bubbles to the aqueous phase is measured by w∞,
hence based on this equation, the mass of gas in a liquid is inversely proportional to the fourth power
of bubble radius. This experiment only portrays the benefit of a simple diffuser. More complications,
especially with made CO2 diffusers for CO2 absorption in the reactor can further increase the absorption
rate of CO2.

3.3. Factors Affecting Carbon Dioxide (CO2) Solubilities in Culture Media

CO2 is one of the key factors in organic acid fermentation [22,23]. Organic acid had a wide
application ranging from preservative agents for food to lab application [24]. Due to its benefit,
the production of organic acid is widely studied. As mention earlier, one of the three factors that affect
CO2 solubilities is the composition of media. Many studies focusing on organic acid production have
increased the CO2 availability by the addition of chemicals such as magnesium carbonate (MgCO3),
sodium bicarbonate (NaHCO3), or calcium carbonate (CaCO3). Through the addition of such chemicals,
the CO2 solubility is greatly increased. Thus, studies on different chemicals such as sodium hydroxide
(NaOH) and monoethanolamine (MEA) are also important.

The theoretical access to CO2 solubilities in culture media is very limited. The effect of organic
solutes on gas solubility can be rather complex. But parameters affecting the solubilities were
well-studied. Three parameters affecting CO2 solubilities are pressure, temperature, and media
composition [25]. The effects of these parameters on the solubility of a gas in a pure solvent, expressed
in a mathematical model were simplified in Table 2. Based on Table 2, composition (X), pressure (p),
and temperature (T) had been identified as the three most important independent parameters affecting
CO2 solubility (s) in absorbent and thus are chosen as the inputs for the design.

Table 2. Mathematical model of effects of pressure, temperature, and composition on gas solubility.

Parameters Model Remark Ref.

Composition
Empirical model of Henry’s Law

Solubility depends on
ion and organic

substance appearing
in solvent

[26]

log
(

H
H0

)
= log

( sG,o
sG

)
=
∑
i
(hi + hG)ci +

∑
j

Kn,jcn,j

whereas H: Henry’s constant in solvent mixtures; sG:
CO2 solubility in solvent mixtures; subscript 0: value at
pure solvent (e.g., water); h: ion-specific parameter; Kn,j:
substance specific model parameter; ci: concentration of

ion; cn,j: concentration of an organic substance

Pressure
Henry’s Law:

Solubility is directly
proportional to

the pressure
[26]

ρCO2 = H0cCO2

whereas pCO2 : CO2 partial pressure; H0: Henry’s
constant; cCO2 : concentration of dissolved CO2.

Temperature
Henry’s Law and Van’t Hoff equation:

Solubility is inversely
proportional to

temperature.

[21,22]
cCO2 = kHρCO2

kH(T) = k298K exp
[
−ΔHdiss

R

(
1
T − 1

298

)]
whereas kh: temperature-dependent Henry’s constant;

k298K: Henry’s constant at 298K; ΔHdiss: dissolution
enthalpy; R: ideal gas constant
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3.3.1. Design of Experiment Analysis

In this study, a three-factor, three-level Box-Behnken design (BBD) was used to investigate the
effects of composition (X), pressure (p), and temperature (T) the interactions of these factors on the CO2

solubility (s) in absorbent measured by its concentration. A total of fifteen experimental samples were
required for the BBD including three replicated experimental runs using the processing parameters at
the center points (Table 3).

Table 3. Actual response of CO2 concentration at experimental design points.

Independent Input Variables [X] Response [Y]

Exp. Absorbent T/◦C p/kPa s/(mol/L)

1 NaOH 20 100 14.82
2 NaOH 40 100 9.7
3 Culture media with MEA 20 125 18.42
4 Culture media with NaOH 20 125 10.44

5 * NaOH 30 125 10.04
6 Culture media with MEA 30 100 12.11
7 Culture media with MEA 40 125 12.12
8 NaOH 20 150 16.52
9 Culture media with MEA 30 150 15.76
10 NaOH 40 150 10.4
11 Culture media with NaOH 30 100 8.48

12 * NaOH 30 125 10.29
13 Culture media with NaOH 30 150 9.56

14 * NaOH 30 125 9.93
15 Culture media with NaOH 40 125 9.57

* Replicated experimental runs.

The ANOVA analysis is performed as shown in Table 4 to determine the significance and adequacy
of the regression models. The Model F-value of 135.76 implies the model is significant. There is only
a 0.01% chance that an F-value this large could occur due to noise. p-values less than 0.05 indicate
model terms are significant and all insignificant model terms had been reduced. Additionally, a graph
in Figure 5 shows a good agreement between the actual data and the predicted values from the
regression models. The Predicted R2 of 0.9375 is in reasonable agreement with the Adjusted R2 of
0.9897; i.e., the difference is less than 0.2. For adequate precision measures of the signal to noise ratio,
a ratio greater than 4 is desirable. The ratio of 37.693 indicates an adequate signal. This model can be
used to navigate the design space. This result shows that the regression model is statistically significant
and adequate for the prediction and optimization of the CO2 absorption process.

Table 4. Results of ANOVA for the quadratic model of the CO2 concentration in absorbent.

Source
Sum of
Squares

Degrees of
Freedom

Mean
Square

F-Value p-Value

Model 128.74 10 12.87 135.76 0.0001 significant
X-Medium 53.08 2 26.54 279.85 <0.0001

T-Temperature 42.367 1 42.37 446.76 <0.0001
p-Pressure 6.35 1 6.35 67.01 0.0012

XT 9.44 2 4.72 49.78 0.0015
Xp 2.33 2 1.16 12.28 0.0196
T2 14.28 1 14.28 150.60 0.0003
p2 2.40 1 2.40 25.34 0.0073

Residual 0.3793 4 0.0948

Lack of Fit 0.3112 2 0.1556 4.57 0.1794 not
significant

Pure Error 0.0681 2 0.0340
Corrected Total Sum of Squares 129.12 14

R2: 0.9971; adjusted R2: 0.9897; predicted R2: 0.9375; Adequate Precision: 37.6933.
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Figure 5. Comparison of actual and predicted results of CO2 absorption.

Quadratic equations were derived to describe the relationships between the parameters and CO2

solubility (s) as shown in Equations (11)–(13).
NaOH:

s = 0.001291(p)2 + 0.019667(T)2 − 0.298667p− 1.46100T + 53.38333 (11)

Culture media with NaOH:

s = 0.001291(p)2 + 0.019667(T)2 − 0.301067p− 1.2235T + 44.5975 (12)

Culture media with MEA:

s = 0.001291(p)2 + 0.019667(T)2 − 0.249667p− 1.495T + 51.4075 (13)

3.3.2. Individual Effect of Experiment Parameters on Carbon Dioxide (CO2) Absorption

The significance of each parameter on CO2 solubility can be illustrated by the perturbation plot in
Figure 6, where steep slope and curvature were obtained for both pressure and temperature indicates
that CO2 solubility is sensitive to the parameters. The maximum value of CO2 dissolved achieved
with the addition of NaOH for culture media was lower than what been achieved for MEA. This is due
to the MEA’s rapid reaction with CO2 in low partial pressure [27].
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Figure 6. Perturbation plot comparing the response of CO2 solubility to changes in temperature
and pressure in (i) pure NaOH, (ii) culture media with NaOH, and (iii) culture media with
monoethanolamine (MEA).

Figure 6 shows the relationship between pressure and final CO2 concentration which is directly
proportional which was described quantitatively by Henry’s law shown in Table 2; pressure. External
pressure affects the concentration of gas molecules in space. When the partial pressure of the gas
above the solution increases, it forces the gas molecules to solute in solution to maintain dynamic
equilibrium [28]. Additionally, high temperature demotes CO2 absorption as opposed to high pressure.
Also, the effect of temperature is more significant than the pressure (highest F-value). A slight increase
in temperature will greatly reduce CO2 absorption. While to achieve more significant change by
pressure, extremely high pressure needs to be applied [29]. The gas dissolves in liquid because of
the interactions between its molecules and absorbent. This interaction will release heat when these
new attractive interactions form in an exothermic process. Thus, additional heat will produce thermal
energy that overwhelms the attractive forces between the gas and the absorbent molecules resulting in
less CO2 dissolved in solution [28].

3.3.3. Collective Effect of Experiment Parameters on Carbon Dioxide (CO2) Absorption

The F-value determine the relative importance of a parameter. From Table 4, the temperature has
the highest F-value, which is 446.76, showing its importance in CO2 absorption in this case. Figures 7–9
are three-dimensional response surface and project contour for NaOH, culture media with NaOH,
and culture media with MEA, respectively, which show the different experimental parameters and
their effects on CO2 concentration in the absorbent. All graphs derived had curved rather than straight
lines, indicating the strong interaction between parameters and the output.
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Figure 7. Effect of pressure, temperature and their interaction on CO2 concentration in NaOH
(i) three-dimensional surface plot; (ii) projected contour plot.

Figure 8. Effect of pressure, temperature and their interaction on CO2 concentration in culture media
with NaOH (i) three-dimensional surface plot; (ii) projected contour plot.

 

Figure 9. Effect of pressure, temperature and their interaction on CO2 concentration in culture media
with MEA (i) three-dimensional surface plot; (ii) projected contour plot.
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3.3.4. Process Optimization

It was observed that carbon dioxide (CO2) solubility (s) reaches the maximum values under low
temperature operating in high pressure. However, there was a certain point in these parameters where
a further change in their value will not affect the final CO2 solubility (s). Therefore, a balance value
needs to be established to achieve the maximum result while optimizing the parameters. The purpose
of this step is to observe the combination of the independent variable (i.e., absorbent, temperature,
and pressure) to get the maximum CO2 solubility (s) simultaneously. The overall performance of the
CO2 absorption strongly depends on a wide range of experimental conditions. It is crucial to optimize
the CO2 absorption process with multiple inputs and multiple responses. Thus, a series of optimizing
results proposed by response surface methodology (RSM) with multiple inputs and multiple responses
are listed in Table 5. The optimal CO2 solubility (s) can be obtained in the following conditions: culture
media with MEA as absorbent; 20.483 ◦C of temperature; 136.728 kPa of pressure. The optimal CO2

solubility (s) obtained at this condition was 19.029 mol/L. Additionally, a favorable value for each
parameter can be chosen from the RSM. For example, the desired temperature is ≈ 22 ◦C, pressure must
be around 140 kPa to obtain the optimal CO2 solubility (s). Though from the optimization process,
absorbents other than culture media with MEA was found to be undesirable.

Table 5. Process optimization for CO2 absorption by RSM.

No. Absorbent T/◦C p/kPa s/(mol/L)

1 Culture media with MEA 20.483 136.728 19.029
2 Culture media with MEA 20.702 133.270 18.537
3 Culture media with MEA 20.557 132.113 18.529
4 Culture media with MEA 21.951 143.633 18.834
5 Culture media with MEA 20.125 132.344 18.850

4. Conclusions

The present work has investigated the features of sodium hydroxide (NaOH) aqueous solution
and culture media to capture carbon dioxide (CO2) at different compositions, pressure, and temperature.
It was observed that the CO2 solubility increases using monoethanolamine (MEA) compared to NaOH.
CO2 absorption was also favorable at high pressure and low temperature. Improvement of the
absorption rate can be achieved by deploying a CO2 diffuser. Using optimization software, the most
optimized condition for the CO2 absorption process was by using culture media added with MEA, at a
pressure of 136.728 kPa operating at 20.483 ◦C. Besides, capturing CO2 by using culture media will
lead to the production of chemical commodities (such as succinic acid, formic acid, and acetic acid) by
microbes that can be useful for industrial usage. This work serves as a base for further research on
CO2 absorption by culture media. Further studies such as the feasibility of this method by using gas
mixture instead of pure CO2 are necessary to demonstrate a more flexible process. The ultimate aim of
this work is to produce value-added commodities utilizing CO2 as the main carbon source with the
help of suitable microbes.
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Abstract: In this study, the effects of alginate and chitosan as entrapped materials in the biofilm
formation of microbial attachment on activated carbon was determined for biohydrogen production.
Five different batch fermentations, consisting of mixed concentration alginate (Alg), were carried
out in a bioreactor at temperature of 60 ◦C and pH 6.0, using granular activated carbon (GAC) as
a primer for cell attachment and colonisation. It was found that the highest hydrogen production
rate (HPR) of the GAC–Alg beads was 2.47 ± 0.47 mmol H2/l.h, and the H2 yield of 2.09 ± 0.22 mol
H2/mol sugar was obtained at the ratio of 2 g/L of Alg concentration. Next, the effect of chitosan (C)
as an external polymer layer of the GAC–Alg beads was investigated as an alternative approach to
protecting the microbial population in the biofilm in a robust environment. The formation of GAC
with Alg and chitosan (GAC–AlgC) beads gave the highest HPR of 0.93 ± 0.05 mmol H2/l.h, and H2

yield of 1.11 ± 0.35 mol H2/mol sugar was found at 2 g/L of C concentration. Hydrogen production
using GAC-attached biofilm seems promising to achieve consistent HPRs at higher temperatures,
using Alg as immobilised bead material, which has indicated a positive response in promoting the
growth of hydrogen-producing bacteria and providing excellent conditions for microorganisms to
grow and colonise high bacterial loads in a bioreactor.

Keywords: biohydrogen production; immobilised cells; entrapment; alginate; chitosan; activated carbon

1. Introduction

Biohydrogen is a popular energy carrier as its production promises clean energy that only
generates water upon combustion, with higher energy content per unit weight (122 kJ/g) than any
other fuel [1]. Biological methods have been studied to ensure the hydrogen production is safer and
more economical than thermochemical methods. Dark fermentation is being recognised as an excellent
biological method of hydrogen production because of its ability to perform without light energy and
oxygen source [2]. Fermentation is the process of using specific microorganisms to convert organic
substrates into hydrogen, carbon dioxide, and other solutes such as acetate, butanol, and ethanol [3].

The production of biohydrogen using a suspended cultivation system through high-temperature
operation (50–60 ◦C) has gained attention due to its higher yield and hydrogen productivity (HPR)
capability. This operation is preferable in pathogenic destruction as it can restrain the growth of
hydrogen consumers such as homoacetogens and methanogens [4,5]. However, the lower microbial
cell density at this temperature is a disadvantage for the fermentation. Difficulties in the retention
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of biomass in the suspended system and cell washout are regularly experienced inside the reactor,
which usually happens during the short hydraulic retention time (HRT) [6,7]. As a consequence,
attached cell immobilisation is an approach to maximising and maintaining biomass, such that it can
work at a higher rate of dilution without biomass washout from the reactor. Immobilisation technology
has been developed to increase hydrogen production by providing a favourable environment of
support for microbial cells during fermentation. Hence, the selection of the supporting material is
imperative because it affects the overall performance of biohydrogen production.

Alginate (Alg) is an excellent support material, making it a practical choice in immobilisation.
It has been reported that biohydrogen production increases three-fold when using alginate beads
supplemented with aluminum oxide and titanium oxide [8,9]. Meanwhile, Wuet al. [10] said that
biohydrogen production is two-times greater when alginate beads are enhanced with activated carbon.
Nonetheless, even though alginate beads have been widely used in immobilisation, they are reported
to still suffer from certain limitations like weak mechanical strength and reduced porosity [11,12].
Therefore, several approaches have been studied to improve the permeability and mechanical stability
of alginate matrices, such as incorporating other materials like cellulose, metal, and carbon sources.

A previous study reported that the entrapment between chitosan and alginate forms a strong ionic
interaction between carboxyl groups of alginate and amino groups of chitosan, thus resulting in an
improvement in the mechanical properties of the matrix support [13,14]. In other studies, the formation
of high, crosslinked, porous beads, with better mechanical and chemical stability of the support matrix
in the buffered medium, is produced from the ionotropic gelation of chitosan, leading to low rates of cell
leakage even at higher cell loading [15]. It was also reported that the effectiveness of chitosan coating
enables the physical isolation of bacteria from the outer environment and reduces cell detachment
during fermentation, besides improving the mechanical strength of alginate bead carriers during
storage [16–18].

The entrapment technique is widely used, which can be done in a simple procedure. This technique
involves an entrapment process in which the enzyme is crosslinked within polymeric materials such as
calcium alginate, polyacrylamide (PAM) gel, and agar [19]. The research reported that the stability of
immobilised cells can be enhanced via the fusion of microbial cells into a rigid network of the polymer
due to the mechanical firmness and good porosity of the carrier, thus providing the right anaerobic
conditions to microorganisms during hydrogen production [20].

In this study, the effect of alginate and chitosan was investigated as one of the potential
entrapped-material approaches in cell immobilisation and cell encapsulation. In the first part of
this research, the ability of microbial culture to attach and maintain itself on a granular activated carbon
(GAC) surface as their support material was performed on mixtures of glucose and xylose as the carbon
source. GAC has a high surface area, low toxicity, and excellent mechanical properties, which are
ideal for fermentation at high temperatures. Moreover, its characteristic of having highly porous
structure helps to preserve cell viability, which serves an excellent purpose in the field of microbial
colonisation where fermentative bacteria can expand freely on the surface of the supporting material
and form a biofilm [21]. Efforts have been made to improve the high cell density that facilitates the good
production of hydrogen. Furthermore, entrapment is part of immobilisation methods that have been
used to improve the productivity of enzyme or microbial cells. This study investigated the variations of
GAC–alginate (GAC–Alg)- and GAC–alginate–chitosan (GAC–AlgC)-immobilised beads, which acts
as a support carrier during biofilm development in batch fermentation of biohydrogen production.

2. Materials and Methods

2.1. Microorganism, GAC Carrier, Alginate, and Chitosan Carriers

The microorganism source was collected from a sludge pit of palm oil mill effluent (POME) that was
located at Sime Darby Plantation, Selangor, Malaysia. The sludge containing mixed culture underwent
a heat-treated process at 80 to 90 ◦C for 60 min to prevent the development of the methanogenic
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population prior to use. The GAC carrier originated from shells of coconuts that were supplied by KI
Carbon Solutions Sdn Bhd. GAC was sieved to attain 2–3 mm of particle size. Sodium alginate powder
and chitosan flakes originated from crab shells were supplied by BT Science Sdn Bhd. Sodium alginate
powder was dissolved into 1 L of distilled water and stirred using a hot plate magnetic stirrer for
30 min to attain homogeneity prior to use.

2.2. Biofilm Formation on Activated Carbon

Biofilm was primarily developed on the surface of GAC using the surface attachment method as
one of the immobilisation approaches. A similar ratio of GAC to sludge, 10:10 (w/v g/L), was acclimatised
in the synthetic medium inside a 1 L modified Schott bottle using the sequencing batch operation mode
of 2 days HRT. The biofilm was continuously developed until biogas production was consistently
obtained. The synthetic medium was used in sequencing batch fermentation. The medium contained
(per liter of deionised water): KH2PO4 0.75 g L−1, NH4Cl 1 g L−1, K2HPO4.3H2O 1.5 g L−1, NaCl 2 g L−1,
NaHCO3 2.6 g L−1, MgCl2.6H2O 0.5 g L−1, CaCl2.2H2O 0.05 g L−1, yeast extract 2 g L−1, xylose 10 g L−1,
and glucose 10 g L−1. The fermentation system was cultivated for 48 h in a water bath shaker at 60 ◦C
and 120 rpm, with the pH of the culture medium adjusted to pH 6.0 [21,22].

The gas produced was monitored using the water displacement method. The measuring cylinder
was put invertedly in the hydrochloric acid solution (with pH 2) to avoid the gases from being released
into the environment. The volume of biogas was recorded in every cycle and collected once the
stationary phase was achieved. The experimental setup of this study is shown in Figure 1.

Figure 1. Experimental setup for cell acclimatisation

2.3. Development of GAC—Attached Biofilm Entrapped in Alginate Beads (GAC–Alg)

The different concentrations of alginate were prepared by dissolving 0.5, 1, 2, 3, and 4 g of sodium
alginate powder into 1 L of distilled water, as shown in Table 1. About 40 g of GAC-attached biofilm
were put into the alginate solution and mildly stirred until well mixed. The mixed granules were then
dropped into a 2% (w/v) solution of 100 mL of calcium chloride (CaCl2) in a separate beaker to form
and harden the beads and left for 30 min. The hardened beads, obtained with a diameter range of
approximately 4–5 mm, were filtered and rinsed with sterile water before use.
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Table 1. Samples of granular activated carbon–alginate (GAC–Alg)- and granular activated carbon–
alginate–chitosan (GAC–AlgC)-immobilised beads v/w.

Sample Labelling GAC-Alg GAC-AlgC

A 1:0.5 1:0.5
B 1:1 1:1
C 1:2 1:2
D 1:3 1:3
E 1:4 1:4

2.4. Entrapment of GAC–Alg Beads with Chitosan (GAC–AlgC)

The previous method of GAC-attached biofilm with alginate was repeated. The different
concentrations of chitosan were prepared by dissolving 0.5, 1, 2, 3, and 4 g of chitosan flakes into 5%
(v/v) of acetic acid (5 mL) in a separated beaker, as shown in Table 1. The beads formed were added
into chitosan solution until they were well immersed. The beads were then sunk into 40 g of NaOH for
30 min to make it hardened and fully coated before being filtered and rinsed with sterile water and
used in fermentation [23,24].

2.5. Batch Fermentation of Biohydrogen Production

The fermentation process was carried out in a 250 mL Schott Duran bottle, as shown in Figure 1
Nitrogen gas was pumped into the bottle for 2 min before fermentation to eliminate the oxygen inside
the bottle. The fermentation process was carried out for 12 h, with an initial medium of pH 6.0, as well
as temperature and shaking speed at 60 ◦C and 120 rpm, respectively. The process was repeated
periodically for two batches with different types of substrates [25,26]. The gas samples generated
during the fermentation were collected when the biogas amount was consistently achieved.

2.6. Analysis of Gaseous, Hydrogen Yield, and Productivity

The hydrogen yield (HY) was determined based on the amount of hydrogen produced over
the amount of sugar consumed. Hydrogen yield was represented as hydrogen moles per mole of
sugar consumed. The percentage of biogas composition was examined using gas chromatography
(GC) (Model HP6890N, Agilent Technology, USA) consisting of two detectors: a thermal conductivity
detector (TCD) andflame-ionization detector (FID). The internal diameter and film thickness of the
column was 0.53 mm and 0.5 mL, respectively. The oven temperature was set at 75 ◦C, and the carrier
gas flow rate (argon) was 6 mL/min. Then, 0.5-mL samples of gas were taken using a 1-mL gas-tight
syringe, injected into the GC immediately. The TCD was calibrated with standard gas (Air Product,
Malaysia) mixtures, consisting of H2, CH4, CO, and CO2 in nitrogen, at periodic intervals.

Modified Gompertz was presented to correlate the cumulative hydrogen gas production using
the Solver add-in in Excel. Theoretically, the Gompertz equation was modified [26]

Ht = Hm.exp
{
−exp

[Rm.e
Hm

(λ− t) + 1
]}

. (1)

where Ht is the cumulative hydrogen production (mL), Hm is the maximum hydrogen production
(mL), Rm is the maximum hydrogen production rate (mL.h−1), e is the Euler number (e = 2.73), λ is the
lag phase time (h), and t is the incubation time (h).

2.7. Analysis of Volatile Fatty Acid and Sugar

HPLC analysis was used to determine the number of monosaccharides mainly found as xylose and
glucose, and also the amount of volatile fatty acids (TVFAs) that was present in a sample. The liquid
samples were filtered into vials via a 0.22-μm syringe. The soluble microbial product (SMP) and
monomeric sugar concentrations were quantified by HPLC analysis fitted with a refractive index
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detector (RID) with a column (Phenomenex, RPM Pb2+). The mobile phase used was 5 mM water at a
constant flow rate of 0.6 mL/min at room temperature. The column temperature was maintained at
80 ◦C, and the HPLC sample injection volume was 20 μL. The intended compounds were identified by
conducting standard curves of different concentrations of SMPs and sugar concentrations.

2.8. Scanning Electron Microscope (SEM)

The formation of cell attachments on the immobilisation beads was observed by using scanning
electron microscopy (SEM) [27]. The appearance of beads was seen before and after the fermentation
process. The size of both types of beads was measured as 4–6 mm per bead. The physical stability of the
beads was observed by putting the bead samples separately into test tubes with a medium of synthetic
solution at pH 6.0 and keeping them in the same water bath shaker for fermentation. The state of
the physical changes of the beads was recorded after they began to degrade. For further analysis,
the beads were taken right after the fermentation process and left at −20 ◦C before the morphology
test. The experiment was conducted using a scanning electron microscope (SEM; model Q250,
Thermo Scientific, Waltham, MA, USA). The beads were cut into half with a knife to inspect the
structure inside. The gel beads were then mounted on metal stubs, and the inside layer underwent
sputter-coating with gold for 6 min. Then, the surfaces were examined and captured.

3. Results and Discussion

3.1. Microbial Cells Self-Attached to GAC for Hydrogen Production

The microbes were cultivated in a synthetic medium containing glucose and xylose mixtures as the
sole carbon and energy source until biogas production was consistently achieved. The ability of the cells
to bind themselves (self-attach) to the GAC surface had been thoroughly evaluated. Biogas production
(mL) was plotted over fermentation time (day), as shown in Figure 2. It can be seen that the biogas
fluctuated over the fermentation period and started to be consistently produced at Day 30, towards the
end of 40 days of fermentation, with cumulative biogas production being 2115.75 ± 413.03 mL and
2274.75 ± 411.83 mL for 10 and 20 g/L sugar loading, respectively. The results of the production of
biogas via dark fermentation immobilised with GAC are shown in Table 2.

Figure 2. Biogas production (mL) of 10 g/L and 20 g/L sugar loading over fermentation time (day) with
2 days HRT in sequencing mode reactor.
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Table 2. Hydrogen productivity and H2 yield obtained from each of the different sugar loadings.

Sugar Loading Glucose Xylose H2 H2 Productivity Rate (HPR) H2 Yield

g/L g/L g/L mL mmol H2/l.d mmol H2/l.h mol H2/mol Total Sugar

10 5 5 1743.42 ± 42.16 3.71 ± 0.09 2.56 ± 0.17 3.27 ± 0.08
20 10 10 1840.42 ± 97.76 3.92 ± 0.21 2.70 ± 0.29 3.38 ± 0.18

The process continued until the biogas was stable and ready for gaseous analysis by using GC.
The average hydrogen production rate was recorded as 3.71 ± 0.09 mmol H2/l.d at 10 g/L sugar used
and 3.92 ± 0.21 mmol H2/l.d at 20 g/L sugar used. This indicates that 20 g/L is the optimal amount of
sugar to be used for immobilisation beads and, thus, as the optimum substrate for future experiments.
In parallel, our previous work also suggested that 20 g/L sugar was the optimal amount of sugar
to use [21]. From the data obtained, it was found that the granular activated carbon could provide
a suitable matrix to become a primer for cell attachment and colonisation before entrapment for
hydrogen production. This is due to the mechanical stability of the biofilms formed on the activated
carbon, which have a high propensity in binding capacity, providing a nutrient-rich environment,
and thus promoting microbial adhesion [28,29]. The attachment-formed biofilms also help to sustain
cell viability and prevent cell washout from the reactor, thus increase cell density [30].

3.2. Biohydrogen Production of Immobilised Beads GAC–Alg

The different concentrations of alginate (Alg) ratios were added to GAC to determine an optimum
amount of alginate for biohydrogen production. The results of hydrogen gas produced in each run
were plotted against time. From Section 3.1, the optimum result was obtained when 20 g/L amount
of sugar was used as a substrate in this experiment, which was subjected to 20% w/v of GAC–Alg as
immobilised beads in 200 mL working volume.

Hydrogen production using the entrapment technique as immobilised beads was evaluated.
Figure 3 shows the comparison of biogas trend production for GAC–Alg beads during the acclimatisation
period using a synthetic medium as a substrate. Hydrogen production started to increase at 4 h of
fermentation for five different concentrations of alginate, dominantly by GAC–Alg beads at C with a
ratio of 1:2.
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Figure 3. Hydrogen production (mL) at different concentrations of alginate in 200 mL of a 250-mL
modified bioreactor in batch fermentation.

The results of HPR (mmol H2/l.h) and hydrogen yield (mol H2/mol sugar) were plotted against
different concentrations of GAC–Alg, as shown in Figure 4. It can be seen that the highest hydrogen
production was found for C at the GAC–Alg ratio of 1:2, with HPR of 2.47 ± 0.47 mmol H2/l.h.
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The highest hydrogen yield was 2.09 ± 0.22 mol H2/mol total sugar run at C. The cell density (in VSS)
of the GAC–Alg was produced at the highest value of 1.65 g/L, as compared to the density of the lowest
concentration of GAC–Alg at Run A, which was only 0.48 g/L.

Figure 4. Hydrogen productivity rate (mmol H2/l.h) and hydrogen yield (mol H2/mol sugar) in the
different concentrations of alginate for hydrogen production.

The trends of HPR and hydrogen yield obtained in Table 3 were comparable to the other runs
that contained GAC–Alg at different ratios of B, D, E, and F. It was slightly different in terms of
hydrogen yield under different concentrations of alginate, comparing the higher results of Runs B
and C to Run D. It can be determined that the irregular space and porous structure present on the
carrier’s surface provided the microbes with ample space to develop well, in agreement with the
results obtained by [31,32]. However, the trends decreased with the increment of added alginate in
Runs E and F. It shows that when surrounded by a large number of support carriers, the microbial
population had some limitations to grow. Increasing the concentration of alginate did not improve
the beads’ robustness, and the production of hydrogen gas was slower because a higher amount of
alginate also acted as a barrier to the substrate and products [33].

Table 3. Hydrogen productivity obtained from different concentrations of alginate in batch fermentation.

Samples
H2

Modified Gompertz Equation Parameter Values
for H2 Production (Per Working Volume)

Yield HPR Hm Rm λ

mol H2/mol Sugar Consumed mmol H2/l.h mL mL/h h

A (1:0.5) 1.36 ± 0.13 1.66 ± 0.05 2225.03 95.83 5.89
B (1:1) 1.73 ± 0.06 1.92 ± 0.05 3273.37 145.48 3.84
C (1:2) 2.09 ± 0.22 2.47 ± 0.47 4099.59 187.58 3.72
D (1:3) 1.54 ± 0.06 1.51 ± 0.45 2091.09 104.85 4.11
E (1:4) 1.11 ± 0.34 1.00 ± 0.17 1119.49 39.79 4.10

The optimum ratio of GAC to alginate of 1:2 remarked the occupation of the optimal porous space
of GAC–Alg immobilised beads by the microbes to promote stable biological activity for biohydrogen
production. Hence, the study revealed that a combination of GAC and alginate as immobilised
beads gave a positive response in bacterial immobilisation, especially in promoting the growth of
hydrogen-producing bacteria during the fermentation [34]. The positive performance of the GAC–Alg
beads was due to the presence of granule activated carbon inside, which acted as a support for the
alginate carrier and maintained the stability of beads [21].
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3.3. Bacteria Immobilisation in GAC–Alg Entrapped with Chitosan on Hydrogen Production

The development of entrapped GAC–Alg in chitosan was studied to investigate the adherence of
GAC–Alg beads with regards to the mucoadhesion behaviour of chitosan. As reported by Szymańska
and Winnicka [35], chitosan possesses good mucoadhesion behaviour resulting from the cationic
properties, existence of amino groups, and free hydroxyl, which allow the polymers to interact with
each other by electrostatic and hydrogen bonding. The capability of chitosan to trap the GAC–Alg
beads had been thoroughly evaluated. Different concentrations of chitosan subjected to 20% w/v of
GAC–AlgC as immobilisation beads in 200 mL working volume (w/v) were used. The results of the
hydrogen production (mL H2) were plotted over fermentation (hr), as shown in Figure 5. It showed
the comparison of hydrogen production trends for different concentrations of chitosan g/L used during
the acclimatisation period, using a synthetic medium as a substrate. Hydrogen production started to
increase at 4 h of fermentation and dominantly during Run C, which had a ratio of chitosan of 1:2.
The consistency of hydrogen against chitosan concentration g/L was consistent after 40 h of operation.

Fermentation (hr)

Figure 5. Hydrogen production (mL) at different concentrations of chitosan in 200 mL of a 250 mL
modified bioreactor in batch fermentation.

The results of HPR (mmol H2/l.h) and hydrogen yield (mol H2/mol sugars consumed) were plotted over
different concentrations of chitosan (g/L), as shown in Figure 6. The entrapment of GAC–Alg beads with
varying concentrations of chitosan was measured from the evolved gas during the acclimatisation process.
The results were analysed and presented in Table 4, which shows that the chitosan concentration at C with
2 g/L reached the highest level for both HPR (0.93 ± 0.05 mmol H2/l.h) and H2 yield (1.11 ± 0.35 mol H2/mol
sugar consumed) with 86.63 H2 %. Meanwhile, at a lower concentration than C, which is concentration
atB reached the second highest HPR of 0.85 ± 0.08 mmol H2/l.h and H2 yield of 0.97 ± 0.21 mol H2/mol
total sugar with 84.79 H2 %. The beads of Run D, with 3 g/L, followed as the thirdighest HPR of
0.74 ± 0.15 mmol H2/l.h and H2 yield of 0.88 ± 0.12 mol H2/mol total sugar with 64.54 H2%. HPR of ratios A
0.5 g (as the lowest concentration) and E (as the highest concentration, with 4 g) was proportionate between
those two and was recognised as causing lower hydrogen production than Concentrations B, C, and D
after 52 h of operation, individually at 0.58 ± 0.20 and 52.94, and 0.70 ± 0.20 and 76.43 (mmol H2/l.h; H2%).

44



Processes 2020, 8, 1254

Figure 6. Hydrogen productivity rate (mmol H2/l.h) and hydrogen yield (mol H2/mol sugar) in the
different concentrations of chitosan.

Table 4. Hydrogen productivity obtained from different concentrations of chitosan in batch fermentation.

Samples
H2

Modified Gompertz Equation Parameter for H2

Production
(Per Working Volume)

Yield HPR Hm Rm λ

mol H2/mol Sugar Consumed mmol H2/l.h mL mL/h h

A (1:0.5) 0.46 ± 0.12 0.58 ± 0.20 133.77 5.55 6.26
B (1:1) 0.97 ± 0.21 0.85 ± 0.08 173.19 7.76 5.57
C (1:2) 1.11 ± 0.35 0.93 ± 0.05 297.76 13.53 4.45
D (1:3) 0.88 ± 0.12 0.74 ± 0.15 80.37 2.90 3.01
E (1:4) 0.67 ± 0.30 0.70 ± 0.20 150.61 6.03 4.14

The comparison of these findings revealed that the immobilised beads of Run C reached the
highest hydrogen production and they were examined as the optimum concentration for microbial
support matrix in immobilisation bead development. The work by Damayanti et. al [36] reported
that among a variety of chitosan applications, chitosan in encapsulation technology is widely applied
whether as a second-layer coating or in combination with other polymers. It was also reported that
chitosan could improve the stability of the capsules. In other studies reported by Žuža et al. [16],
it was claimed that the mechanical confidence of alginate beads increased up to seven days when
coated with chitosan, which significantly contributes to the preservation of carrier strength during
fermentation. The formation of the shape of cell-immobilised GAC, cell-immobilised GAC-Alg and
GAC-AlgC were presented in Figure 7. Figure 7a image of cell-immobilised into GAC, (b) the shape of
cell-immobilised GAC with alginate and (c) the shape of cell- immobilised GAC-Alginate beads with
chitosan. It can be seen both GAC-Alg and GAC-Alg coated with chitosan were not much spherical.
The GAC covered with alginate were transparent, while the beads coated with chitosan have slightly
cloudy of physical appearance. Generally, the differences in the shape of beads were caused by the
gravity and surface tension imbalance when the beads dropped from the syringe. The beads shape
formation also were affected by the viscosity of alginate and chitosan, and distance of dropper to
gel solution [34]. This is a new method introduced to improve the stability of biofilm formation and
adsorption capacity as well as enhanced the mechanical strength of the carrier, thus enhanced the
hydrogen yield production. Table 5 summarizes the comparison of a similar study on the efficiency of
different types of immobilisation beads on hydrogen production. Table 5 shows that the carbon source
and fermentation process were different to produce hydrogen gas. In the present work, the highest
hydrogen yield was 2.09 mol H2 /mol sugar obtained from GAC-Alg immobilised beads. It should be
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noted that the type of fermentation process and carbon source can always influence the results [36].
Likewise, the selection of the materials to be used as immobilising carriers also playing an important
role in biohydrogen production, in term of high resistance towards temperature, mechanical strength
as well as the possibility to recycle the immobilised carriers. Hence, in this research, attached-biofilm
of hydrogen-producing bacteria on GAC from adsorption approach are stabilised using alginate
entrapped with chitosan to form stable cells immobilised beads as a novel approach.

   
(a) (b) (c) 

Figure 7. (a) Cell-immobilised GAC; (b) cell-immobilised GAC–Alg; (c) cell-immobilised GAC–AlgC.

Table 5. Comparative study on the efficiency of different types of immobilisation beads on
hydrogen production.

Carbon Source Type of Carrier Temp
Fermentation

Process
Hydrogen Yield References

Glucose CA-AC 35 Batch 2.6 mol H2/mol sucrose [10]
Sucrose CA-C-TiO2 35 Batch 2.60 mol H2/mol sucrose [37]
Glucose CA 60 Batch 1.90 mol H2/mol glucose [38]
Glucose CA 40 Batch 17 L/g mol glucose [39]

Brewery wastewater CA 37 Batch 14 g/L COD [40]
glucose GAC 37 Continuous 0.4–1.7 mol H2/mol sugar [41]
Glucose CA-AC 36 Batch 0.029 mol H2/mol glucose [34]
Sucrose CA 35 Batch 1.7 mol H2/mol sucrose [42]
Xylose CA 37 Continuous 3.15 mmol H2/mol xylose [43]
Sucrose CA-AC 35 Continuous 2.67 mol H2/mol sucrose [8]

Glucose/Xylose GAC-AlgC 60 Batch 1.11 mol H2/mol sugar This study
Glucose/Xylose GAC-Alg 60 Batch 2.09 mol H2/mol sugar This study

Ac = activated carbon; GAC = granular activated carbon; CA = calcium alginate; C = chitosan.

3.4. Effect of Alginate and Chitosan Concentration on Volatile Fatty Acid Production

Hydrogen production performance is usually monitored collectively with the formation of acetic
acid (HAc) to butyric acid (HBu) and total volatile fatty acids (TVFAs). In this anaerobic hydrogen
production, the concentration of TVFAs and their relative proportions were effectively used as indicators.
The plot between HPR (mmol H2/l.h) and volatile fatty acid (VFA) concentration (mg/L) for GAC-Alg-
and GAC-AlgC-immobilised beads in batch fermentation is presented in Figure 8a for GAC-Alg
and Figure 8b for GAC-AlgC. The summary of total volatile fatty acids at various concentrations of
GAC-Alg and GAC-AlgC shown in Table 6
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Figure 8. Hydrogen production rate (mmol/l.h) and VFA concentration (HAc-acetate acid and
HBu-butyrate acid) in batch fermentation of (a) GAC-Alg and (b) GAC-lgC beads.
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Table 6. Summary of total volatile fatty acids at various concentrations of GAC–Alg and GAC–AlgC,
all at 200 mL working volume of a 250 mL modified bioreactor in batch fermentation.

Samples
HPR Hydrogen HAc HBu TVFAs

mmol/l.d mmol/l.h % mM mM mM

GAC–Alg
A (1:0.5) 3.63 1.66 84.60 21.08 25.88 46.95
B (1:1) 4.27 1.92 78.97 17.87 24.01 41.87
C (1:2) 5.00 2.47 85.87 24.05 28.66 52.71
D (1:3) 3.13 1.51 65.74 18.58 19.14 37.72
E (1:4) 2.36 1.00 73.18 18.21 22.29 40.50

GAC–AlgC
A (1:0.5) 1.15 0.58 52.94 10.59 12.36 22.95
B (1:1) 2.03 0.85 84.79 11.53 15.26 26.79
C (1:2) 2.12 0.93 86.63 16.60 16.97 33.57
D (1:3) 1.56 0.74 64.54 10.64 14.18 24.82
E (1:4) 1.55 0.70 76.43 12.71 13.49 26.20

TVFAs (total volatile fatty acids) = HAc + HBu.

Glycolysis is the gateway for the metabolic process of cells that convert glucose into pyruvate as
an intermediate metabolite. Pyruvate reacts to acidogenesis and generates VFAs, including butyric
acid, acetic acid, and also propionic acid under anaerobic conditions [34]. Theoretically, the maximum
amount of H2 yields when all glucose has been converted to HAc is 4 mol H2 per mole of glucose in
Equation (2), while HBu is 2 mol H2 per glucose in Equation (3) [44].

C6H12O6 + 2H2O→ 2CH3COOH + 4H2 + 2CO2 (2)

C6H12O6 + 2H2O→ CH2CH2CH2COOH + 2H2+ 2CO2 (3)

It was found that HBu and HAc were the primary volatile fatty acids that were produced,
while propionate (HPr) contributed to negligible amounts. The result of GAC–Alg dominated,
with 23.99 ± 3.60 mM of HBu and 19.96 ± 2.61 mM of HAc found at Run C. For GAC–AlgC, the result
was dominated by the ratio of 1:2, with 14.45 ± 1.76 mM of HBu and 12.41 ± 2.49 mM of HAc.
Hydrogen production was slightly increased as the concentration of alginate increased from Runs A
to C as Hbu and HAc increased. These results are close to similar metabolic pathways of hydrogen
production found by [45,46], who stated that when the composition of HAc and HBu increases,
the hydrogen production efficiency should also increase.

Based on these findings, it was found that HBu and HAc were eminently affected by hydrogen
production in Equations (2) and (3). The highest range found in butyrate acid proposed that the
biohydrogen production from a mixture of xylose and glucose was of a butyrate type in Equation
(3). Hence, the investigation suggests that butyrate is significantly affected by glucose and xylose
consumption rather than acetate, as reported by [45].

3.5. SEM of Immobilized Beads

Furthermore, this study observed the microbial cell culture on carriers using a scanning electron
microscope (SEM). GAC as a primer for cell attachment and colonisation was observed before and after
acclimatisation. The image of the micropores of clean GAC is shown in Figure 9a, while the image
of Figure 9b shows the microbial cells that have successfully attached to the GAC surface. Both of
the images were captured using a field emission scanning electron microscope (FESEM) at 10.00 k
magnification [27]. The porosity of GAC was provided with a pleasant environment and conditions
for cells to adhere themselves firmly inside the pores, thus helping the cells to grow and form the
population. This overcomes the problem of self-detachment of hydrogen-producing cells during
repeated batch fermentation in the culture medium [4].
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Figure 9. Images of (a) clean GAC; (b) GAC-attached biofilm; (c) immobilised cells on GAC–Alg at (i)
3.00 k magnification and (ii) 10.00 k magnification; (d) immobilised cells on GAC–AlgC at (i) 3.00 k
magnification and (ii) 10.00 k magnification.

A significant number of microbial cells were observed to have successfully immobilised into the
alginate surface, as shown in Figure 9c(i), and agglomerated each other (Figure 9c(ii)). These features
indicate that the alginate does not provide toxic and non-nutritive environments towards the microbial
cells, but gives them a suitable place to grow dominantly, besides protecting the cells inside the
beads. A part of the entrapment of cells into alginate, the image of the predominantly rod-shaped
microbial species, was captured after the fermentation process, which can be clearly seen in Figure 9d(ii).
The rod-shaped bacterial cells appeared to be the dominant consortium on the GAC based on their
morphologic properties. This study is in agreement with a previous study by Jamali et al. [21]. It has
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been identified that the dominant species of anaerobic hydrogen producers is Thermoanaerobacterium
thermosaccharolyticum, which is stated to have spores and is rod-shaped and Gram-positive [21,28].
A similar source of inoculum was used in this research as this species has been recognised as
having a high propensity to be cultivated at an optimal temperature of 50–60 ◦C and a pH of
approximately 5.5 to 6.5. This bacterium played a significant role in the production of butyric
acid, acetic acid, and hydrogen. This research is supported by [21], where Thermoanaerobacterium
thermosaccharolyticum has been documented to be effective hydrogen producers of xylose and
glucose, with butyrate and acetate as the main byproducts of fermentation in a synthetic medium.
Thermoanaerobacterium thermosaccharolyticum has also been documented as capable of fermenting
a broad variety of carbohydrates and complex sugars that are present in almost all wastewater [47].
The accumulation of microbial cells around the GAC–AlgC carrier surface membrane, as illustrated
in Figure 9d(ii), explains the right conditions of the carrier, allowing the retention of the biological
activity of the encapsulated cells. There was a significantly high mortality of cells when using chitosan
as an external encapsulation agent. The hydrophobicity behaviour of chitosan was favoured by the
undesired protein adsorption and denaturation process. Moreover, the diffusion issues also affected the
molecular traffic of substrates and products of the microbial enzymatic process between the outsides
and the insides of the carrier [48,49]. Generally, high microbial loadings hosted within the carrier
showed that the cells are protected from microbial attack and physical or mechanical damage. The high
porosity of the microbial matrix support will provide the right places for cells to grow and immobilise.
The suitable chemical nature of carriers also can help the cells to extend as well as their protein can be
easily accommodated within the channel. Nevertheless, the unavoidably fragile and prone-to-grinding
environment of the carrier needs to be enhanced with optimal entrapment agents.

4. Conclusions

This work has successfully developed the entrapment of immobilised GAC with alginate and
chitosan in the batch fermentation system from xylose and glucose fermentation. It was found that
concentrations of alginate- and chitosan-immobilised beads at 2 g/L presented the highest amount
of hydrogen productivity. The results showed that the immobilised beads maintained their stability
in hydrogen production after 40 h; a consistent HPR of 2.47 ± 0.47 mmol H2/l.h and H2 yield of
2.09 ± 0.22 mol H2/mol total sugar was found with GAC–Alg beads. The consistent HPR obtained
with GAC–AlgC beads was 0.93 ± 0.05 mmol H2/l.h, along with H2 yield of 0.88 ± 0.12 mol H2/mol
total sugar. In accordance with all of the significant results, it is emphasised that the acclimatisation
of GAC–Alg and GAC–AlgC beads as support carriers ensures the continuity of HPR and enhances
cultural density in the handling of synthetic wastewater for thermophilic hydrogen production.
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Abstract: The industry is gradually forced to integrate socially sustainable development practices
and cross-social issues. Although researchers and practitioners emphasize environmental and
economic sustainability in supply chain management (SCM). This is unfortunate because not only
social sustainable development plays an important role in promoting other sustainable development
programs, but social injustice at one level in the supply chain may also cause significant losses to
companies throughout the chain. This article aimed to consolidate the literature on the responsibilities
of suppliers, manufacturers, and customers and to adopt sustainable supply chain management
(SSSCM) practices in the Pakistani industry to identify all possible aspects of sustainable social
development in the supply chain by investigating the relationship between survey variables and
structure. This work went beyond the limits of regulations and showed the status of maintaining
sustainable social issues. Based on semi-structured interviews, a comprehensive questionnaire was
developed. The data was collected through a survey of the head of the supply chain in Karachi,
Pakistan. The results of this paper showed that organizational learning was the most important
dimension of supplier social sustainability with a value of 40.5% as compared to the effectiveness
of the supply chain and the supplier performance with values 37.7 and 9.6%, respectively. In terms
of the manufacturer’s social responsibility, the highest score for operational performance was
47%, while productivity was 20%, and corporate social demonstration was 20%. Finally, for the
customers’ social sustainability, two dimensions were determined, namely, customer satisfaction and
customer commitment with scores of 47 and 40%, respectively. We also solved sustainable social
problems from the perspective of suppliers, manufacturers, and customers. The study would help
professionals anywhere to emphasize their considerations and would improve the management of
social sustainability in their supply chain.

Keywords: sustainable supply chain management (SSSCM); social sustainability; qualitative
research; Pakistan

1. Introduction

Due to the rigidity of the industrial environment, communities, Non-Government Organizations
(NGOs), and consumer awareness policies are under pressure. Organizations must implement
sustainable implementation in supply chain management. Sustainable development combines
economic, social, and environmental characteristics and transcends limits within and between industries.
Therefore, sustainable business is directly related to the sustainable supply chain management (SSSCM)

Processes 2020, 8, 1064; doi:10.3390/pr8091064 www.mdpi.com/journal/processes55



Processes 2020, 8, 1064

proposition [1]. Sustainability is defined by contextualization [2], “the ability to meet the needs of the
next generation without compromising today’s needs”. Besides, SSSCM can be defined as “how to
manage social issues that can sustain long-term strategies of the organization”.

The above aspects are not limited to the internal operations of suppliers, manufacturers,
and customers, but also can be extended to external social issues of the organization. The environmental
and economic sustainability has a considerable impact on the literature and practice. However,
social sustainability has not received enough attention. In order to enhance sustainability and
other aspects of practice, a socially sustainable industrial scale needs to be accurately achieved.
Most researchers focus on how the industry develops social sustainability when working with
upstream or downstream companies [3]. Despite much research on South Asian countries, there is less
evidence of Pakistani industries with different social norms. Some advocates emerging and protection
of labor rights and how these measures support claims for greater efficiency [4]. To date, few studies
have incorporated social factors into their SSSCM framework and have not incorporated sustainable
management practices. Several cases have attempted to address the sustainability of the business
sector with a short-term focus on social initiatives undertaken by the organization. These attempts
are not conducive to improving social measures and building the capabilities and resources needed
to comprehensively and systematically manage the social impact of the organization’s supply chain
management. Some studies have taken the first step in identifying and examining some useful issues
and aspects related to social sustainability.

The purpose of this study was to investigate social sustainability in Pakistan from the perspective
of major companies, first-tier suppliers, and first-line customers. This research made a significant
contribution to the existing literature. First, we extended the current literature by testing and validating
models to enhance Pakistan’s sustainable supply chain management practices through social commerce
motivations, mechanisms, and performance results. Second, our data analysis revealed significant
differences between regulatory constraints that indicated a position to maintain sustainable social
issues. Third, this research raised awareness that in the context of social commerce, socially sustainable
management in its supply chain is still crucial. Fourth, our research provided empirical evidence
that standard adaptation practices of manufacturing companies would positively affect customers’
willingness to buy in social enterprises.

2. Theoretical Background

2.1. Sustainable Supply Chain Management (SSSCM)

Sustainable supply chain management can often be described as the processes and practices
that are carried out within and across organizations to achieve emotional synchronization to increase
output, reduce costs, maximize asset utilization, and maximize customer service. The transactions
involve its activities, resources, information funds, and the impact of the supply chain on the social
well-being of its employees, society, and customers. It also minimizes environmental impacts [5].
Increasingly, companies are held accountable for the social, economic, and ecological decisions that
arise from their internal and supplier operations [6]. For the past two decades, SSSCM has worked
to integrate social, economic, and environmental goals through focused business processes. It has
become a practice for companies to achieve sustainable development results in their supply chains [7].
However, the management register is not able to inspire global SSSCM. SSSCM is recommended to
increase stakeholder attention to the impact of social enterprise internal supply chain operations on
social systems [8].

The business sector performance can be improved by the sustainability of the supply chain.
This directly affects the competitiveness of the industry and the performance of the supply chain.
Koberg and Longoni [9] adopted a plan to solve social problems at multiple levels. According to
Wan Ahmad et al. [10] in order to minimize waste and save costs, the plan must be implemented
with sustainable motivation, and suppliers and manufacturers should be strengthened through the
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refinement between the capabilities and assistance of internal representatives. In order to implement
SSSCM, the social, economic, and environmental requirements of industry models and practices have
been proposed. According to Yuen et al. [11], in order to improve the sustainability of the business
sector, its long-term goal is to manage the well-being of ordinary people who must control social and
economic management operations. This is why many industries use sustainability indices to assess
their social sustainability capabilities [12].

2.2. Social Sustainable Supply Chain Management (SSSCM)

With regard to the environmental and economic sustainability of industrial practices,
SSSCM should also be considered when companies are seeking successful and sustainable growth.
Social sustainability should be managed through social issues to improve the long-term life of the
industry [13]. These issues are important characteristics of sustainable corporate development that are
being considered and evaluated [14,15]. Former scholars use the same report to address social issues
in the supply chain. Determining the scope and measures of universal and global social sustainability
is challenging because of the lack of conceptual clarification, especially in South Asian countries like
Pakistan, where it involves social issues. It is, therefore, clear that supply chain managers do not have
a sufficient understanding of the social issues involved and how to evaluate and manage [16].

A review of the existing literature shows that there are huge challenges in addressing SSSCM
and social issues related to the business sector; few studies have explicitly and broadly focused on
the dimensions of social issues and sustainability [17]. According to research by Moroke et al. [18]
further research is necessary to observe the social sustainability dimensions of Pakistan. Therefore,
this article focused on the social sustainability of supply chain management of the business sector.
Figure 1 illustrates the conceptual model of the study.

Figure 1. Conceptual model of this study. Note: SUSS: supplier social sustainability, MSS: manufacturer
social sustainability, and CSS: customer social sustainability.

2.3. Social Sustainable Supply Chain Issues and Dimensions

Socially sustainable supply chain practices include managing social issues in all three stages of
the supply chain. Social issues fall into two categories: basic issues (good for health and safety) and
progress issues (reporting goods and practices) [19]. Ollila and Macy [20] suggested that improved
organizational social issues should include simple basic questions: What do you say about social
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issues? Whom are you fighting for? Is it a mechanism? Our previous arguments refute the previous
query needs for basic and progressive social issues. The response to the next query comes from
the reorganization of complex individuals in the supply chain. Stakeholder perceptions interpret
customers, manufacturers, suppliers, governments, and society as stakeholders in the industry and the
right of a company’s activities to affect their health and safety benefits. As such, stakeholders play
a vital role in leveraging the company’s social and sustainable management practices [21]. Analysis
changes social issues at various stages of the supply chain and stakeholders [22]. For example, supplier
social sustainability issues and dimensions, manufacturer social sustainability issues and dimensions,
and customer social sustainability issues and dimensions are very powerful. Besides, these dimensions
are directly related to society.

2.3.1. Supplier Social Sustainability

Sustainable supply chain management (SSCM)audits usually carefully consider suppliers,
social issues, and dimensions, which always marks the complexity of individuals in supply chain
management [23]. Parsa, Roper, Muller-Camen, and Szigetvari [24] used case studies to find improved
labor rights and their impact on the supply chain from a supplier’s perspective. In contrast, Sendlhofer
and Lernborg [25] classified labor rights based on the perception of suppliers in South Asian countries.
Others have demonstrated the organization’s commitment to management, occupational safety, health
management, wages, education and training, labor relations, worker welfare, research and development,
ethics, and children and slavery and their role in sustainable supply chains [26]. Taking into account the
above issues of suppliers, it can help to achieve the social sustainability of upstream supply chains [27].

Others believe that the implementation of social sustainability means many influential services in
the upstream supply chain and their relationships with suppliers, jobs, and customer representatives.
Merad et al. [28] validated the positive link between middle management and customer pressure and
the sustainable development of society. However, their research did not establish a positive correlation
between management pressure and the implementation of social sustainability. Similarly, Fortunati and
O’Sullivan [29] found that imitation, regulation, and daunting pressures exist in the implementation of
sustainable social development. Once a supporter of the principles of sustainable development, it is
deeply entrenched that companies implement socially sustainable development policies. Further the
supply chain social issues identified through different researcher are mentioned in Table 1.

Table 1. List of supply chain social issues identified through literature.

Social Issues Suppliers Manufacturer Customer Literature

Child labor and forced labor X X X [30,31]
Diversity X X X [32,33]
Discrimination X X X [34,35]
Health and Safety X X [36,37]
Unethical practice X X X [38,39]
Philanthropy X X X [40,41]
Labor practices X X [39,42]
Human rights X X [43,44]
Wages X X [45,46]
Education X X X [46]
Sustainable sourcing X X [32,47]
Local sourcing X X [48,49]
Product responsibility X X X [50,51]
Employee welfare X X X [32]
Employment creation X [20]
Poverty alleviation X [29]
Local economic development X [32,33]
Stakeholders engagement X [50,51]
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2.3.2. Manufacturer’s Social Sustainability

In addition, considering social issues at the manufacturing level strengthens the overall
sustainability of key businesses. Manufacturers’ social sustainability requires the management
of social issues that theoretically plague individuals, workers, society, and customers. These issues are
complex in manufacturing practice. Through the case study process, based on stakeholder awareness,
Ikram et al. [52] identified organizations’ management, occupational safety and health management,
wages, labor rights, education and training, labor relations, children and slavery, organizational
commitment, worker welfare, research and development, altruism, stakeholders, product liability,
and social issues in the Pakistani Industry and their role in the SSSCM. It is also believed that true
statements of sustainable development practices for stakeholders and consumers tend to take a gradual
approach and expand consideration of the business sector [53,54].

The value of social sustainability promotes manufacturing management’s responsibility to provide
equal opportunities, positive scope, and refinement of natural life, which is spread throughout the
community. Some opinions favor the development of appropriate education and training resources,
fair policies, and worker welfare. Quality management in manufacturing can better manage social issues
that deserve improvement. MARTIN [55] discussed 14 points on quality development, work environment,
self-improvement plan, fearless job training, and fair income, which are essential to increase production
value. Other practical studies have established a link between quality improvement, employee satisfaction,
knowledge improvement, and inclusion programs. The organization’s commitment to management,
occupational safety and health management, and wages and labor rights is positively related to the
strategic presentation of companies, which demonstrates what is observed among stakeholder’s status
and reputation. Subsequently, based on speculative support provided by stakeholders, Mani et al. [56]
discussed child labor and forced labor practices, diversity, altruism, employee safety, welfare, and ethical
issues and how to focus on solving these problems in your business. The convenience and other
performance of social representatives are considered welfare.

2.3.3. Customer’s Social Sustainability

Customer social sustainability points to social issues in the downstream indicators of the supply
association, focusing primarily on the personal issues of customers and suppliers. Generally, it falls into
two categories. The former contract is concluded by social issues that prevail at the sellers, which mark
the health and safety benefits of the working class, which, in turn, affects trade administration and forms
a concern for the entire supply chain [57]. The issue of the next contract to use manufactured items
establishes the foundation for end-consumer health and safety issues and empowers the company’s
sustainable implementation. Among the shared actual customers, downstream associations play a
leading role in their dominant position as they stimulate manufacturers and suppliers.

In previous work, customer-related social sustainability issues are broadly related to health and
safety management, social issues, customer rights, and education [58]. These issues are gradually
affecting executive representatives [59]. In a study of Pakistan (Atef et al.) [60] vendors considered
various social issues, including health management, social issues, customer rights, education, corruption
and bribery, job creation, ethical labels, and respect for customer privacy that affects SSSCM. Through
previous work, the characteristics of social sustainability point to diversity, ethical issues, health and
safety, human rights, and job creation. However, the semi-characteristics and events of companies are
different, and their attitudes to these issues in business activities are also different [61]. Regardless of
the increasing literature on suppliers, sustainable social development plays a role, but this information
system is quietly developing and becoming a prerequisite for further consideration in emerging
economies [62].

This theoretical background recognizes the need to study social sustainability standards in South
Asian countries, especially Pakistani industries, from the perspectives of key companies, front-line
traders and consumers. The different Dimensions of Social Sustainability in Supply Chain according to
the different researcher point of view are presented in Table 2.
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Table 2. Dimensions of social sustainability in the supply chain according to literature (scale items and
measures for social sustainability) [63].

Measures Items Measures Source

Organizational commitment to management (suppliers and manufacturers) OCM1 [64,65]
Occupational safety and health management (suppliers, manufacturers, and customers) OCH1 [66]
Wages (suppliers, manufacturers, and customers) WS1 [67]
Labor rights (suppliers and manufacturers) LR1 [63]
Customer issues (customers) CI1 [64]
Educational training (customers) ET1 [68]
Labor relations (suppliers and manufacturers) IR1 [69]
Stakeholder (manufacturers) ST1 [70]
Child and bonded (suppliers and manufacturers) CB1 [71]
Worker welfares (suppliers and manufacturers) WW1 [32]
Research and development (suppliers and manufacturers) RD1 [72]

This theoretical background recognizes the need to study social sustainability standards in South
Asian countries, especially Pakistani industries, from the perspectives of key companies, front-line
traders, and consumers.

3. Methodology

3.1. Measurement Development

In this study, we tested 41 projects on a pilot scale with 19 supply chain manufacturing managers.
In developing and completing the questionnaire, we followed the generally accepted recommendations
on wording issues [73]. Appendix A lists the measurement items and their related sources.

We used a five-point Likert scale (1 totally disagrees, 5 completely agrees). The Likert scale
has been used in several sustainability measurement studies [74]. To ensure the content is valid,
we conducted expert reviews to improve the tool. All construction projects were originally developed
in English.

It is a Ph.D. student who is proficient in English who participated in the translation process.
The original Urdu questionnaire was tried by some of our colleagues and online friends. Before being
accepted as the final version, 40 useful responses were returned. Our model included several control
variables to ensure that empirical results were not biased due to covariance between variables.

3.2. Survey Design

We designed a survey to test our research hypotheses and conduct it on the Pakistani industry.
We chose the survey method because this quantitative research predicts behavior and examines the
relationship between variables and construction. In line with cheap labor and the government’s pursuit
of creating an encouraging environment for manufacturers, Pakistan’s sustainability assessment ranks
six of the most ideal industrial goals. Therefore, the Pakistan Business Council in 2005 recognized
various factors that promote industrial effectiveness and sustainability. To collect survey data, a pilot
test was conducted for this study.

Our target group included 19 supply chain manufacturing managers and experts in facial
expression effectiveness and readability, including general manager, assistant general manager, senior
manager, CEO, and VP (sustainability), who participated in the bi-annual supply chain management
IIMB Conference held in December 2018. In addition, the Pakistani Corporate and Regulatory
Affairs and the Pakistan Security and Transaction Commission (SECP) have ordered fully registered
organizations to observe and issue a Business Responsibility Report (BRR) horizontally through its
business statement. Figure 2 shows the industries targeted in our survey and the percentage of
participating companies in each industry. Appendix A lists the industries and all the related companies.
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Figure 2. The share of industries targeted in our survey.

3.3. Data Collection

We conducted semi-structured interviews to accumulate data. Closed-ended questioning and
semi-structured interviews helped to reach core rationality by confirming that a comparative assessment
of the responses of all respondents was made. A pre-test was conducted to assess the authenticity of the
interview etiquette, and then a pilot test was conducted with the supply supervisor. The semi-structured
form was sent to 12 different industries, and its release address can be found on its official website link.

We invited an administrative representative to confirm that the questionnaire was filled by
supply chain operations, procurement, logistics, and production supervisors. In the sample structure,
all respondents who received pre-tests belonged to different industries (as described below) and were
not sponsors of the main research. The corresponding supply chain executives representing various
industries in Pakistan participated in preliminary tests to complete the semi-structured questionnaire.
Managers were selected based on their experience; they should have at least five years of experience in
the supply chain and sustainable development of society. The data collected was triangulated with
supplementary data sources (i.e., print media, company reports, retired members of the company) to
define the extent to which respondents in the trial structure were able to truly answer the questions
asked. After making minor changes to the interview etiquette, we determined that the protocol
(Appendix A) and trial structure were appropriate for this study.

The trial structure consisted of Pakistan’s well-known supply chain directors. We sought to
contribute to the most familiar and respected supervisors. Therefore, our trial structure involved
special envoys or spokespersons who have been requested at the Pakistan Supply Chain Association
(SCAP) meetings over the past few years. Respondents’ data were collected by the conference leader.
The 25 directors were contacted primarily based on the technical level, industry, and corporate income.
Overall, 11 members answered preliminary appeals. The interview was scheduled in May 2019.
The honorary member carried archived data and other credentials on sustainable social efforts in his
supply chain.

3.4. Data Analysis

Data analysis was done by having each respondent mark their opinions within a given dimension.
Each questionnaire was based on respondents’ industry experience. To improve response times,
an alternate email was sent (twice a week). Eventually, 503 responses were collected from 12 industries
by ordinary post. From the 503, 412 (81.90%) were selected for post-evaluation, and 91 (18.10%) were
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rejected due to incomplete data or information. After each conversation, a comprehensive summary
was organized, recording key facts identified by each participant. The applicant’s true identity
was clarified by phone. The interview was then translated; the meeting and archive information
were carefully observed to discover the subject. To improve internal coherence, an interview with
an expert in supplier sustainability education was conducted individually. Interviewers and other
experts were recorded separately and interviewed. Analyzing all conversations could lead to trivial
deviations. To improve external effectiveness, this approach was generalized to the research setting [75].
This research used contributors from various fields of the Pakistani industry. In addition, we introduced
the members by translating interview information and conclusions in order to obtain a response on the
representativeness and authenticity of the data.

4. Results and Discussion

4.1. Dimensions of Supplier Social Sustainability Analysis

We used the induction-deduction method in our analysis. Our analysis yielded a variety of
topics related to the adoption of suppliers, focal companies, and customers. If these practices were
cited in the report, they were cited as implementations for that particular company. First, various
social sustainability topics were identified through a literature review. Based on the literature review,
a social sustainability taxonomy for the supply chain was established. This helped us identify the
keywords used to run the query. By comparing the sustainable supply chain management with socially
sustainable supply chain management practices mentioned in the literature review and the report,
we identified patterns and themes related to the practices adopted by Pakistani companies. At the
same time, word frequency and potential coding techniques led to the identification of new topics that
were not part of the listed taxonomy.

Job satisfaction describes various aspects of supplier social sustainability and related issues.
Organizational commitment also has been broadly covered in management research. The members
highlighted activities, such as those related to increasing personal productivity, increasing effort,
and increasing job satisfaction, which are important features of supplier SSSCM. Other characteristics,
such as reduced absenteeism and employment of workers in the organization, were grouped together
and labeled under “organizational commitment to management” (OCM). The results in Table 3
indicated that the dimensions related to OCM were 2.4% high individual productivity, 35.3% increased
endeavor, 28.7% higher job satisfaction, 13.5% less absenteeism, and 20.1% worker employment in an
organization being the most significant. Asrar-ul-Haq et al. [76] stated the importance of job satisfaction
and organizational commitment to supply chain sustainability. The issue of corporate responsibility
for management is even more common in Pakistan’s supply chain. Existing expansions are further
straining supply-side supply chain management (tier 2, 3, etc.), as smaller companies tend to use
organization-based ideals and rules to reduce absenteeism and worker employment.

Participants also discussed issues related to occupational health and safety management conditions,
occupational hazard prevention, and the implementation of 28% safety and health roles (called “health
and safety”) in supplier workplaces. The safety and security of 28% of female employees were essential
for the reporting of cumulative incidents via social media. Social issues related to security were also
highlighted in 19.9% of the total responses related to occupational safety and health management
(OSHM). Finally, issues related to ensuring compliance with regulations and the measurement of health
and hygiene status were highlighted in 20.9% of the responses.

Some contributors have defined the importance of labor rights (13.3%) [77]. Forced labor and
human trafficking (35.8%) are recorded in Pakistan. Another important dimension is child labor, i.e.,
children’s engagement in hazardous work and debt bondage. Many executives have suggested banning
child labor and restricted labor. One manager explained that the minimum age for employment was
observed as 47.9%, child abuse was prohibited, and old-age benefits were paid recorded as 41.9%.
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Table 3. Supplier social sustainable supply chain management dimensions.

Constructs Items Description F P C

Organizational
commitment to
management

OCM1 High individual productivity 10 2.4 2.4
OCM2 Increased endeavor 149 35.3 37.7
OCM3 Higher job satisfaction 121 28.7 66.4
OCM4 Less absenteeism 57 13.5 79.9
OCM5 Worker employment in an organization 85 20.1 100

Occupational Safety and
health management

OSH1 Occupational hazards prevention and
implementation of safety and health roles 118 28 28.6

OSH2 Maintaining the safety measurement for women at
workplace 122 28.9 58.3

OSH3 Ensuring that the company complies with the
regulations 84 19.9 78.6

OSH4 Measurement of health and hygiene conditions 88 20.9 100

Wages
W1 Reasonable wages paid to employees 157 37.2 38.1
W2 No wages period should exceed one month 199 47.2 86.4
W3 Not violates labor laws 56 13.3 100

Labor rights

LR1 Forced labor and human trafficking is illegal 151 35.8 36.7

LR2 No child under the age of fourteen years engaged in
any hazardous work 230 54.5 92.5

LR3 Secure the well-being of people 31 3.7 100

Educational training
ET1 Encourage employees to become productive 174 41.2 42.2
ET2 Reduce workplace injuries and accidents 207 49.1 92.5
ET3 Produce a sense of responsibility 31 7.3 100

Industrial relations

IR1 Vast access to the whole seller 112 26.5 27.2
IR2 Local and international exposure 145 34.4 62.4
IR3 Right of the collective bargaining 62 14.7 77.4
IR4 Right of the strike or power to go slow 93 22.2 100

Child and bonded
CB1 Follow the rule with the minimum age for

employment 202 47.9 49

CB2 Child abusing is prohibited 210 49.8 100

Worker welfare

WW1 Provision for the old-age benefits grant 177 41.9 43
WW2 Social security for workers 156 37 80.8

WW3 Compensation in case of sickness, maternity, injury,
or death 79 18.7 100

Research and
development

RD1 Adopt R&D culture in future growth prospect 210 49.8 51
RD2 Valid through products and process innovation 202 47.9 100

Participants also described how to use “sweet shops or violate two or more labor laws”. In
practice, the labor force in small cities is more disintegrating, in violation of two or more labor laws,
sweatshop labor, reasonable wages paid to employees, lower typical substandard working conditions,
and wages provided. Managers stressed the wage period must not exceed one month, with minimal
compensation to maintain workers and sustainability. The supply chain manager agreed.

Supply chain managers often considered the role of education and skills improvement. These pieces
of training included health and safety, hygiene, achievement, and capacity development in new careers.
Scholar Conaty and Robbins [78] emphasized the impact of reducing payroll injuries and accidents,
creating a sense of responsibility, extensive contact with the entire seller, and workers’ educational
benefits on supplier performance and supply chain management practices. However, in South Asian
countries, funds are still included in education accounts because it means that traders and suppliers
can save more money. Here, suppliers are mainly required to invest in employers’ health and safety
hygiene practices training.

Applicants emphasized on worker welfare to improve social sustainability. Although issues,
such as workers’ social security and sickness, maternity leave, compensation for injuries or deaths,
appear to be similar in South Asian countries and especially in Pakistan, suppliers in these countries
differ in engaging in such activities. The suppliers have adopted a culture of R&D, which is anticipated
to be 49.8% in future growth prospects. They have also effectively modernized the temple through
product and process innovation, and the impact of donated schools and hospitals on elementary
schools on social vendor representatives corresponds to 47.9%. Despite the analysis of humanitarian
charities, a study has confirmed different philanthropic measures in South Asian countries.
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4.2. Dimensions of Manufacturer Social Sustainability

Metrics related to manufacturers’ social sustainability were not sufficient for an explicit assessment
of the primary business and transient environment. Table 4 provides a list of the manufacturers’ social
dimensions of sustainability derived from the given data. Workers emphasized on social activities,
such as adding local suppliers, buying from local suppliers, buying women-owned plans, supporting
different communities in building hospitals, schools, and colleges, skilled training centers, conducting
worker training, and seeking employment. Others discussed the importance of building health centers,
hospitals, and health camps to improve social health. The importance of building public canters to
promote social well-being and expand support for sustainable social agriculture was also discussed
as a means to improve social and community sustainability. In addition, managers discussed the
importance of establishing portable drinking water facilities in cities because too many workers cannot
drink pure water. Workers with higher effective commitment were calculated to be 67.8%, which was
very high, as shown in Table 4.

Table 4. Manufacturer social sustainable supply chain management dimensions.

Constructs Items Description F P C

Organizational
commitment to
management

OCM1 Workers with higher effective commitment 286 67.8 70.1

OCM2 Normative commitment involves a feeling of the
moral obligation of workers 126 29.9 100

Occupational safety and
health management

OSH1 Integrated affected mechanisms designed 160 37.9 38.8

OSH2 Control the risk that may affect worker’s health and
safety 168 39.8 79.6

OSH3 Define certain policies for women’s safety at the
workplace 84 19.9 100

Wages
W1 Reasonable wages paying to employees 328 77.7 79.6

W2 Wages are to be paid within seven days after the end
of the wage period 84 19.9 100

Labor rights LR1 Ensuring appropriate labor working conditions 253 60 61.4
LR2 Work rights are exceptional from cast, creed, or race 159 37.7 100

Educational training

ET1 For skill enhancement 127 30.1 30.8
ET2 For development 126 29.9 61.4
ET3 For accelerating productivity 117 27.7 89.8
ET4 For high supervision 42 10 100

Industrial relations
IR1 There are critical factors in industrial relations

unitary, pluralist, Marxist, and radical 160 37.9 38.8

IR2 Based on a healthy relationship between employee
and employer 252 59.7 100

Child and bonded
CB1 Child under the age of 15 is prohibited at workplace 244 57.8 59.2

CB2 Employers are incurred not by the children
themselves 168 39.8 100

Worker welfare

WW1 Housing (employer-provided or employer-paid) 85 20.1 20.6
WW2 Furnished or not 84 19.9 41
WW3 With or without free utilities 84 19.9 61.4
WW4 Group insurance (health, dental, life, etc.) 126 29.9 92
WW5 Disability income protection 33 7.8 100

Research and
development

RD1 R&D regards the effort increases the pressure to
perform in case of failure 286 67.8 69.4

RD2 Plan developed under R&D more productive than
the current plan 126 29.9 100

Altruism
A1 Increases another person’s welfare, belief that the

others are equally treated 143 33.9 34.7

A2 Traditional virtue 126 29.9 65.3
A3 Communities and supplier to behave ethically 143 33.9 100

Stakeholders

S1 Demand for sustainable measures to the society 96 22.7 23.3
S2 Seek to understand strategically integrated issues 144 34.1 58.3
S3 Impact the firm sustainability 124 29.4 88.3
S4 Emerging economies 48 11.4 100

Another activity included disseminating employment opportunities for qualified young people
to activists in response to activists’ past complaints that major companies did not serve 29.9% of
young people. Issues, such as health and hunger, adequate housing, and employment formation,
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have been explored in developing countries. For developing countries, other issues, such as helping
society with sustainable agriculture, drinking water facilities, and establishing primary healthcare
centers, are unique characteristics. More discussions about workers are “teaching for the professional
development of workers” or “training for the efficiency of industrial institutions”, and the main focus
is on workers’ sustainability education.

A large number of participants (37.9%) drew attention to health and safety procedures. The rest
39.8% advocated the ethical role of manufacturers in protecting contract workers. However, they were
not entitled to permanent positions. In addition, some people mentioned the cleanliness of the
organization, hoping to provide a healthy atmosphere for employees. For the benefit of cooperation,
19.9% of executives emphasized on women’s health and safety issues. Our research found social issues
related to the right to health and security in developing countries, especially Pakistan.

Supply chain managers emphasized ethical aspects that did not allow employees to participate,
such as environmental pollution, coercion, bribery. Gender discrimination in employment, transfer,
and promotion was also highlighted. This research provided organizations with a platform on
which they can develop social sustainability by applying human methods, such as donating to
cancer hospitals, religious organizations, NGOs, orphanages (sweet homes), schools refurbishment,
and cultural heritage donations.

During the interview, many executives highlighted issues related to child labor and labor, as shown
in Table 4. The social participation of children in labor activities is sad, which is very high (57.7%) in
Pakistan. Finally, the issues that are most reflected at the enterprise level are often ensuring sanitation
in the surrounding area, youth unemployment, the construction of primary healthcare centers, health
awareness seminars, and drinking water facilities in public places. Companies may investigate to
ignore local needs to identify major issues.

4.3. Dimensions of Customer Social Sustainability

Table 5 shows a list of dimensions related to the social sustainability of customers. Unsurprisingly,
many customer-related issues were comparable to social issues related to suppliers and manufacturers.
From the perspective of SSSCM, customers had mainly contributed to business-to-business (B2B)
customers. However, some interviewees could plan carefully when dealing with end consumers.
Based on our research data, preventing child-parent relationships and protecting human rights
suggested key aspects of research. In developing countries, such as Pakistan, both issues support the
entire system.

Respondents emphasized the importance of using non-toxic resources that could harm customers’
health, and these were organized by H & S and recorded as just 37.5%. Respondents judged social
issues by declaring responsive packaging, using appropriate product labels, non-toxic resources used
in packaging, and maintaining customer H & S during product use recorded as 13%. They also
discussed the social issues of building customer objection and response tools. Managers worried that
healthcare protection for channel workers must be linked to supply chain management representatives.
Gender diversity in the appointment and promotion of channel staff was also highlighted. Supply
chain managers emphasized and discussed training to adapt workers to capacity growth and business
development. Several managers’ training of employees was full of attention to employee maintenance
and sustainability.

65



Processes 2020, 8, 1064

Table 5. Social Sustainable dimensions of customers.

Constructs Items Description F P C

Safety and health
management

SHM1 The place must be hazards free for visiting customers 179 37.5 43.4
SHM2 Risk prosecution 62 13.0 58.5
SHM3 May lose customer tendency 171 35.8 100

SHM4 Access to fresh drinking water, corruption, native violence,
drug use 46 9.6 11.2

Social issue
SI1 Environmental contamination 180 37.7 54.9
SI2 Inadequate emergency services 87 18.2 76.0
SI3 Inequality, poverty, racism 99 20.8 100

Customer rights

CR1 The right information about the product 169 35.4 41
CR2 Right to have accessibility for considering substitutes 90 18.9 62.9

CR3 Defense from false and distorted rights in advertising
labeling and observing 153 32.1 100

Customer issues
CI1

Social sustainable and supply chain management practices
impact cooperation in their strategic and operational
performance

170 35.6 41.3

CS2 Customer’s social sustainability is positively associated with
local businesses’ supply chain performance 242 50.7 100

Education

E1 Increase awareness 196 41.1 47.6
E2 Emphasized for product moves 127 26.6 78.4

E3 Awareness of product issues that cause safety and health
issues 89 18.7 100

4.4. Discussion and Implications

Table 6 contains a description of each dimension and its relative frequency. These frequencies
indicated the level of socially sustainable entities and their importance to corporate productivity.
Mangers insisted that there was a proportional relationship between supplier performance and time
management of goods (delivery time) with less turbulence. This would lead to a healthy and worry-free
environment. An executive said that as social sustainability is adopted, all of the above factors would
reduce work stress, minimize operational risks, and improve product quality and the ability to meet
buyer needs.

Table 6. Dimension wise results and processes (supplier, manufacturer, and customer).

Construct Items Results and Related Process F P C

Supplier social
sustainability

SSS1 Organizational learning: improved collaboration between
suppliers, manufacturers, and customers 190 40.5 46.1

SSS2 Effective supply chain: manufacture value improvement and
timely delivery to buyers 177 37.7 89.1

SSS3 Supplier performance: capable against buyers, fewer
fluctuations in supply 45 9.6 100.0

Manufacturer
social
sustainability

MSS1 Productivity: raised yield per worker, the adaptation of new
technology 94 20.0 22.8

MSS2 Corporate social demonstration: ethical business execution,
productivity, trustworthy suppliers 96 20.5 46.1

MSS3 Operational performance: competence, quality products, and
consistency 222 47.3 100.0

Customer
social
sustainability

CSS1 Customer association and commitment: enhance
attentiveness, improved communication skill 188 40.1 45.6

CSS2 Customer performance: enlightened patience, increased sale,
time management skill development 224 47.8 100.0

The social sustainability of the organization helped to leverage operational performance,
quality, and reliability, thereby enhancing the company’s social representation and promoting results.
An executive added the company’s social description. Considering all shareholders’ research findings
on customer social issues, the company’s image was enhanced. New customer acquisition and loyalty
related to social sustainability practices. This was a continuous process. The executive concluded that
the method originally used in the study was to conduct a preliminary inspection of SSSCM and explore
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key businesses, front-line traders, and consumers by applying the social sustainability dimension.
Secondly, social problems were attributed to the consequences of socially sustainable development
and analyzed in terms of dimensions. Next, the aspects and results of social sustainability in different
industries in Pakistan were investigated.

Compared to environmental and economic sustainability, our research provided the social
characteristics of sustainability, which is not practiced at all [79]. Promoting discussions about
social sustainability is a daunting task because it benefits the well-being and personal prestige of
society. Even in terms of sustainability, emphasis should be placed on, for example, “organizational
commitment to customer management, occupational safety and health management, customer comfort,
wages, labor rights for ethical production, education with product accessibility, industrial relations,
children and slavery, worker welfare, research, development, and contribution to society”.

Considering the social sustainability of suppliers, the results were linked to [79], which establishes
a bond and plays a role in the formal recognition and firm conviction between supplier sustainability
measures mediating role. Nonetheless, researchers from [78] only focused on the realization of
suppliers and purchasing functions, the process of social sustainability, and this research proposed a
key business of social sustainability, the front-line trader, and consumer side. In addition, by applying
ethical values, the ethical behavior exhibited by suppliers also recognizes the purpose of achieving
company sustainability). We emphasized that moral values were related to the social sustainability
of developing countries. This finding was in line with the results and the research direction of [78],
but we improved their work by suggesting the implementation of social sustainability standards in
developing countries. We, therefore, agreed to explore more discoveries about the social sustainability
of developing countries.

Considering the social sustainability of manufacturers, most activities are mainly related to the
business of the organization and the social responsibility of stakeholders and industry representatives.
These findings lay the foundation for cooperation between social and environmental sustainability for
the future and recognize the diversity and characteristics of SSSCM integration in developing countries
and measures and help export and commercialize social representatives.

This study proposed numerous activities related to joint results and the social sustainability of
clients. Our findings were related to [77], who was accustomed to building a link between corporate
reputation and the sustainable performance of customer society. This research has brought new
insights into the phenomenon of social sustainability and recommended a more comprehensive study
of sustainable supply chain management, including suppliers, manufacturers, and customers.

5. Conclusions and Limitations

This study discussed many dimensions of SSSCM in Pakistan’s manufacturing industries.
These dimensions addressed the social issues in SSSCM and were distinctly different from advanced
economies. The study raised many social questions about how companies can retain social assets,
theoretically improve sustainability, and differentiate on a participant basis. In addition, the study
revealed consequences in social expressions, such as sustainable implementation, how it mimics trade
procedures. This study gave serious attention to the SSSCM literature by providing insights into
various social issues and their scale, results, and experiments in developing countries. The ensuing
social issues and scale of sustainable development were related to the industrial social supply chain
and provided decision-making services to supply chain managers, who proposed to establish socially
accessible supply chains in developing countries. In addition, the results and processes of socially
sustainable supply chain management were also presented.

Nonetheless, the study had some limitations. We used data collected from several trade industries
in Pakistan. Although the number of pilots was not too large, the demographics of the applicants
(in terms of participation in the senior management industry, number of participants, and percentage
of participants) were not very different from the source. This approach needs to improve overall
social issues by selecting applicants in certain industries, and it must also be believed that, over time,
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treating positions diagonally must provide contributors with different altitudes and different groups of
skill. However, further research should follow the example settings. We assume that Pakistan has
representatives of several emerging countries.

However, conducting this research can test or develop our findings through assessments in other
developing countries. Analysis can also explore the links between trade and social sustainability
outcomes. In addition, improving the sympathetic relationship between environmental and social
dimensions is an important area of research, but it has not responded much to past research. For future
consideration and positive quantitative analysis, these findings can be used to examine the strength of
the proposed multidimensional social sustainability model. For this reason, it is reasonable to conduct
a preliminary study on the effect or importance of each standard size. Finally, results and processes
related to the social sustainability dimension are reported. Advanced studies can be added to confirm
these and their recommended associations.
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Appendix A

Table A1. Industries demographics and companies.

Power and Energy Code
Sports, Travel, and

Tourism
Code

Food and
Beverages

Code Technology Code

PAEC (Pakistan Atomic
Energy Commission) A1 PKSF (Pakistan Kettlebell

Sports Federation) B1 Dalda Foods Pvt
Ltd C1 Suparco D1

PEM (Pakistan Energy
Mix) A2

UNWTO (Developing
Tourism Industry of

Pakistan)
B2 Mair Foods C2

Al and loT
for

Pakistan
D2

Ministry of Energy A3
PTDC (Pakistan Tourism

Development
Corporation)

B3 Mitchell’s Fruit
Farms Limited C3 Reditus D3

EIA: Electricity A4 Kashmir Pakistan
Tourism B4 Murree Brewery C4 TECH

Pakistan D4

AEMC (Atomic Energy
Medical Center) A5 TAAP B5 National Food C5

CREA (Center for
Research on Energy and

Clean Air)
A6 OMORE C6

Healthcare and
Pharmaceuticals

Code
Infrastructure and

Cement
Code

Chemical
Industries

Code Mining Code

PPMA E1 WEP F1 Solvay G1

Pakistan
International

Bulk
Terminal
Limited

H1

SEARLE E2 Refhankaisha Hankuri
Foundation F2 CUF G2

PCF F3 ICL G3
Jeevan Welfare

Foundation F4 ICI Pakistan G4

Lucky Cement F5 Descon G5
Askari Cement Ltd. F6

Bestway Cement Ltd. F7
Attock Cement Pak Ltd. F8
Kohat Cement Company

Ltd. F9

Paper, Pulp, and Cork Code
Financial, Banking, and

Insurance
Code Media Code Automobile Code

FARAH
INTERNATIONAL,

Karachi
I1 NBP J1 Dawn News K1 Suzaki L1

FARUKI PULP MILL
LTD, Lahore I2 MCB J2 Geo News K2

ASIA CELL
INTERNATIONAL,

Karachi
I3 Bank Alfalah J3

IPO Pakistan I4 Meezan Bank J4
PFVA I5
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Abstract: Encapsulation of dual compounds of different characters (hydrophilic and hydrophobic)
in single nanoparticles carrier could reach the site of action more accurately with the synergistic
effect but it is less investigated. In our previous findings, combined-compounds encapsulation and
delivery from chitosan nanoparticles were impaired by the hydrophilicity of chitosan. Therefore,
hydrophobic modification on chitosan with palmitic acid was conducted in this study to provide an
amphiphilic environment for better encapsulation of antioxidants; hydrophobic thymoquinone (TQ)
and hydrophilic l-ascorbic acid (LAA). Palmitoyl chitosan nanoparticles (PCNPs) co-loaded with TQ
and LAA (PCNP-TQ-LAA) were synthesized via the ionic gelation method. Few characterizations
were conducted involving nanosizer, Fourier-transform infrared spectroscopy (FTIR), field-emission
scanning electron microscopy (FESEM) and high-resolution transmission electron microscopy
(HRTEM). UV–VIS spectrophotometry was used to analyze the encapsulation and release efficiency
of the compounds in PCNPs. Successfully modified PCNP-TQ-LAA had an average particle size of
247.7 ± 24.0 nm, polydispersity index (PDI) of 0.348 ± 0.043 and zeta potential of 19.60 ± 1.27 mV.
Encapsulation efficiency of TQ and LAA in PCNP-TQ-LAA increased to 64.9 ± 5.3% and 90.0 ± 0%,
respectively. TQ and LAA in PCNP-TQ-LAA system showed zero-order release kinetics, with a release
percentage of 97.5% and 36.1%, respectively. Improved preparation method, encapsulation and
release efficiency in this study are anticipated to be beneficial for polymeric nanocarrier development.

Keywords: chitosan; co-loaded nanoparticles; hydrophobic modification; l-ascorbic acid; thymoquinone

1. Introduction

Tremendous illnesse treatments like those of cancers [1–3] and tuberculosis (TB) [4–6] require
a combination of drugs to achieve positive progress, whether to cure, control or palliate the pain.
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Although the standard therapies have been successful to some extent, multi-drug transportation could
be eased by formulating them together rather than taking them individually, without reducing their
effectiveness. Researchers have started to look at multi-drug delivery from single system formulation
for various treatments [7–15]. Aside from knowing drug compatibility, a system definitely needs an
outstanding carrier to content and deliver them excellently.

Nanoparticles (NPs) come to fulfil this request by acting as a promising carrier due to its large
surface area that causes it to be more reactive [11,16,17]. Having a size of 10–1000 nm [18–21], NPs are
classified as potent drug carrier as it can move more freely in the body. NPs uptake by cells was
reported to be 15–250 times higher than 1–10 μm particles [22]. Furthermore, NPs have been broadly
used in the biomedical sector to treat diseases like diabetes [23–25] and cancers [26–29]. As NPs carrier
is now drawing promising outcomes for multi-drug therapy, the present study aims at developing
smart chitosan-based nanoparticles (CNPs) for combined antioxidants, hydrophobic thymoquinone
(TQ) and hydrophilic l-ascorbic acid (LAA).

The use of chitosan (CS) as a polymer for NPs production has been widely discovered [13,30–32].
Abundant sources of CS from chitin of crustacean shells, fungi and insects makes it accessible and
cheap [33–35]. It is one of the most auspicious polymers for drug delivery, which is biodegradable and
biocompatible [33,36,37]. CS can be degraded in vertebrates by enzymatic reactions, depending on
the degree of deacetylation (DD) and molecular weight (MW); low DD and MW could assist in faster
CS degradation [34,38]. Moreover, the cationic property of CNPs enriched its efficacy in internalizing
negatively charged cell plasma membranes [18,39]. CNPs can be synthesized by several routes, but the
ionic gelation method has been more meticulously discovered, involving crosslinking reactions of CS
amine groups with various anionic crosslinkers [36,40]. However, ionic gelation implementation in
producing CNPs was typically done by using sodium tripolyphosphate (TPP) crosslinker [30,36,41,42].

In addition, the presence of amino and hydroxyl groups in CS makes it highly modifiable for
moieties addition [43]. Palmitic acid is one of the potential modifiers for hydrophobic sites addition.
Studies by Sharma et al. stated that the transfection efficiency of CS for gene delivery was successfully
enhanced once modified with palmitic acid [44]. In another study, palmitic acid was used in modifying
CS for an improved controlled release of tamoxifen, a breast cancer drug [45]. Kuen et al. reported on the
modification of CS with palmitic acid for more effective encapsulation of hydrophobic Silibinin into NPs.
The encapsulation efficiency (EE) of Sibilibin in modified palmiltoyl-chitosan nanoparticles (PCNP) was
increased twice as much, compared to the EE of Silibinin in unmodified chitosan nanoparticles (CNP),
because the palmitoyl anchor provides a hydrophobic core for Silibinin to stay in [41]. The concept of
having both hydrophilic and hydrophobic sites in one NP system could be implemented to contain a
wider range of compatible drugs or compounds to elevate synergistic effects. Therefore, this study
aims at developing modified-chitosan nanoparticles by using palmitic acid N-hydroxysuccinimide
(NHS) ester for hydrophobic thymoquinone (TQ) and hydrophilic l-ascorbic acid (LAA) antioxidants,
as illustrated in Figure 1 below.

TQ is an active hydrophobic component of Nigella sativa, known as black seed, that shows
several pharmacological properties and potential therapeutic effects such as anti-inflammatory and
antioxidant properties [46,47]. LAA, known as vitamin C, is a universal antioxidant that possesses
various benefits in preventing and reducing the common cold [48]. Its potential for alleviating acute
viral infections treatments [49,50] was also reported. The combination of LAA and TQ was proven to
have an anticonvulsant property by showing synergistic effects in lessening pentylenetetrazole-induced
seizures [51]. As TQ and LAA are both antioxidants, this powerful combination can scavenge reactive
oxygen species (ROS). ROS are unstable radicals containing oxygen that can easily react with molecules
in a cell. Its inhibition is important to maintain good health because an excessive amount of ROS
in the body could lead to oxidative stress. Prolonged oxidative stress state could then prime the
emergence of complications such as neurological disorders, hypertension and acute respiratory distress
syndrome [52]. Hence, by taking sufficient antioxidants in a more effective formulation, along with
practicing healthy life style, numerous illnesses could be prevented and a more productive life awaits.
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Figure 1. Proposed illustration of hydrophobically modified palmitoyl-chitosan nanoparticles
encapsulated with hydrophobic thymoquinone and hydrophilic l-ascorbic acid, palmiltoyl-chitosan
nanoparticles (PCNP)-thymoquinone (TQ)-l-ascorbic acid (LAA).

The present work demonstrates the synthesis and optimization of stable and homogenously
dispersed palmitoyl-chitosan nanoparticles co-loaded with thymoquinone and l-ascorbic acid
(PCNP-TQ-LAA). This study explores how the dual loaded compounds, hydrophobic TQ and
hydrophilic LAA in a modified chitosan nanoparticles system is possible. Development and study of
such systems are important, as a lot of treatment regimens involve a concoction of drugs/compounds
of different physico–kinetic properties and dual administration of their combination are often plagued
with many problems. This study attempts to be a proof-of-concept to pave way for finding a solution to
this. As suggested in Figure 2, ammonium cations (from the chitosan chains) form ionic interaction with
the phosphate anions (from the TPP crosslinker). Such interaction is possible because the positively
charge chitosan can form an electrostatic attraction with negatively charge TPP. A similar interaction
was suggested in previous research work [53]. Analysis on particle size, dispersion and zeta potential
by the nanosizer, investigation on the presence of functional groups by Fourier-transform infrared
spectroscopy (FTIR), surface morphologies by field-emission scanning electron microscopy (FESEM)
and high-resolution transmission electron microscopy (HRTEM) together with encapsulation and
release efficiency studies by UV-Vis spectrophotometry were conducted to characterize the NPs.

Figure 2. Proposed ionic interaction of pamiltoyl-chitosan nanoparticles, PCNP (left) and
palmitoyl-chitosan nanoparticles encapsulated with thymoquinone and l-ascorbic acid, PCNP-TQ-LAA
(right). “m” and “n” denote repetition of acetylated and deacetylated group of chitosan, respectively.
(*) denotes hydrophobic–hydrophobic interaction between TQ and palmitic acid, while (~) denotes
hydrophilic–hydrophilic interaction between l-ascorbic acid and tripolyphosphate.
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2. Materials and Methods

2.1. Materials

CS with MW = 50,000–190,000 Da, ≥75% (deacetylated) was used as a carrier, and TPP with MW
= 367.86 Da was used as the crosslinking agent. Both were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Glacial acetic acid, sodium hydroxide pallets, 5% w/v hydrochloric acid, l-ascorbic
acid, dimethylsulfoxide (DMSO), sodium bicarbonate, sodium dodecyl sulfate and methanol were
purchased from R&M Chemicals (Semenyih, Selangor, Malaysia). Thymoquinone, palmitic acid
N-hydroxysuccinimide ester and picrylsulfonic acid solution were purchased from Sigma Aldrich
(St. Louis, MO, USA). Absolute ethanol was purchased from Systerm. Phosphate Buffered Saline (PBS)
pellet was purchased from MP Biomedicals (Solon, OH, USA). All chemicals are of analytical grade
and were used without any further purification.

2.2. Synthesis of Palmitic Acid-Modified Chitosan, PCS

For the purpose of modifying chitosan to be more hydrophobic, palmitic acid NHS ester was
added in the synthesis process. Chitosan (CS) powder was dissolved in 1.0% acetic acid and distilled
water to form a concentration of 1.0 mg/mL CS master solution (CS MS). Separately, palmitic acid
NHS ester was dissolved in absolute ethanol to a concentration of 0.36 mg/mL. Then, the CS solution
was adjusted to pH 6. Palmitic acid NHS ester solution was added into the CS solution dropwise,
with a volume ratio of 1:2 and the mixture was left for 20 h at 50 ◦C to react. After the incubation
completed, the solution was adjusted to pH 9 by using 1 M sodium hydroxide. Then, it was centrifuged
at 2200× g for 45 min to form a precipitate. Following precipitation, it was washed once with 50:50
acetone: absolute ethanol and twice with distilled water. The supernatant was removed from each
centrifugation cycle. The precipitate was dried in an oven for 72 h at 50 ◦C. This process produced
pellet, which is called palmitoyl-chitosan (PCS). The PCS pellet will be used to synthesize PCNP,
PCNP-LAA, PCNP-TQ and PCNP-LAA-TQ.

2.3. Synthesis of Palmitic Acid-Modified Chitosan Nanoparticles, PCNP

Firstly, the PCS pellet was dissolved with 1.0% acetic acid and distilled water to a concentration
of 1.0 mg/mL. It was diluted to two-fold to get 0.5 mg/mL PCS working solution. Then, the solution
was adjusted to pH 5 by adding 1 M aqueous sodium hydroxide solution. The crosslinker, TPP was
dissolved in distilled water to make a concentration of 0.7 mg/mL and altered to pH 2.0 by using 1.0 M
hydrochloric acid. PCNP was formed by adding 600 μL of PCS to 250 μL of TPP. Then, the mixture was
centrifuged at 13,000 rpm for 20 min to get purified PCNP (only for unencapsulated PCNP). Previously,
it was found that 250 μL of TPP was an optimum volume to synthesize CNP and therefore, the same
volume was used in this study to synthesize modified PCNP. That optimum TPP volume was mainly
determined based on the smallest empty carrier produced [42]. This is because the expansion after
encapsulation will be most minimal, which will enhance in vivo biological delivery.

2.4. Encapsulation of l-Ascorbic Acid and Thymoquinone into PCNP

For a single encapsulation process, LAA was prepared by first pouring approximately 10.0 mg of
LAA into 10.0 mL of 0.7 mg/mL TPP solution, making an LAA stock concentration of 5.7 mM. Then,
250 μL of diluted LAA was added into 600 μL of 0.5 mg/mL PCS solution, to produce PCNP-LAA.
Final LAA concentration that was used is 160μM. Another single-loaded PCNP, PCNP-TQ, was prepared
by dissolving approximately 2.0 mg of TQ in 2.0 mL of 99.0% DMSO, making a stock concentration
of 6.1 mM. Only 100 μL of diluted TQ was added into 600 μL of 0.5 mg/mL of PCS. Lastly, 250 μL of
0.7 mg/mL of TPP was dropped into the PCS-TQ mixture to produce PCNP-TQ. Final TQ concentration
that was used is 150 μM.

The encapsulation of both compounds, LAA and TQ, used to make PCNP-LAA-TQ is shown in
Figure 1. Basically, the LAA and TQ solutions were prepared as mentioned previously. PCNP-TQ-LAA
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was prepared by mixing 100 μL of diluted TQ solution with 600 μL of 0.5 mg/mL of PCS for a while.
Then, 250 μL of LAA-diluted solution was added into the mixture of TQ and PCS.

2.5. Quantification of Primary Amine Content in CNP and PCNP

Primary amine content determination was done by using a chemical called picrylsulfonic acid
(TNBS reagent) according to modified methods [30,54]. The process started with preparation of
the TNBS reagent, NaHCO3, SDS and HCl at concentration of 0.05% (v/v), 0.1 M, 10.0% (w/v) and
1.0 M, respectively. First, standard solutions of CS were prepared by performing two-fold dilution of
0.5 mg/mL CS solution in 0.1 M NaHCO3; each sample contained 50 μL of CS solution and 50 μL of
NaHCO3, serially diluted. This was followed by the addition of 50 μL of 0.05% (v/v) TNBS. Similar
steps were applied to prepare standard solutions for PCS. Second, for sample solutions, 100 μL of
CNP of different TPP volume (0 to 300 μL) were added into 100 μL of 0.05% (v/v) TNBS. All standards
and sample solutions were incubated at 37 ◦C water bath for 3 h. Next, 100 μL of all standard and
sample solutions were transferred into 96 well plates. This was followed by addition of 100 μL of 10.0%
(w/v) sodium dodecyl sulfate and 75 μL of 1.0 M HCl into each occupied well and they were mixed
well. Samples were then read with on a μQuant microplate reader (Bio-Tek Instruments, Winooski, VT,
USA) at 335 nm. Absorbance values were analyzed by using Equation (2) to find the primary amine
percentage available:

Percentage o f available amines =

Abs. o f CNP
Abs. o f PCNP

Abs. o f CS
Abs. o f PCS

× 100 (1)

2.6. Physicochemical Characterizations of PCNP Samples

2.6.1. Detection of Functional Groups in PCNP Samples

Emergence and disappearance of functional groups in nanoparticle samples were detected by
FTIR. Prior to analyzing samples by FTIR, they were freeze-dried using a Coolsafe 95-15 PRO freeze
drier (ScanVac, Lynge, Denmark) for 48 h to pull out liquid content. FTIR was performed using a
Perkin Elmer Spectrum 100 FTIR Spectrometer (Shelton, CT, USA) with a universal attenuated total
reflectance (ATR) technique to identify the functional groups in the PCNPs. Samples were measured in
the range of 280–4000 cm−1 at 25 ◦C.

2.6.2. Particle Size Distribution, PSD Study

PSD study was performed by using dynamic light scattering (DLS) technique to analyze particle
size, dispersity in the sample and zeta potential. Prepared NPs were diluted with distilled water to
produce 40% v/v solution. Then, the sample was analyzed by using Zetasizer 3000HSA (Malvern
Instruments, Worcestershire, UK). pH of the system was around 6–6.5, near to pKa of chitosan.
Three different synthesis batches (N = 3) were used in this study to obtain the average particle size,
polydispersity index (PDI) and zeta potential.

2.6.3. Surface Morphology of PCNP Samples by Field-Emission Scanning Electron
Microscopy (FESEM)

The surface morphologies of PCNP, PCNP-TQ, PCNP-LAA and PCNP-TQ-LAA were observed
using FESEM analysis. Samples were prepared as for DLS study, which were then sonicated for
five minutes. Small volumes of samples were dropped on cleaned stubs and left to dry for three
days in a 50 ◦C oven. The dried samples were coated with platinum by using JEOL JEC-3000FC
auto fine coater (Tokyo, Japan). Finally, the samples were analyzed under an electron microscope,
JEOL JSM 7600F (Tokyo, Japan). The NP diameters and particle size distributions were calculated
using Image J software by National Institutes of Health (version 1.52a) from the FESEM image analysis
of 50 individual particles [55].
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2.6.4. Surface Morphology of PCNP Samples by High-Resolution Transmission Electron
Microscopy (HRTEM)

HRTEM was used to determine morphology and clarify functions of detected structures; also,
to measure particle size and check its uniformity. Firstly, samples were prepared as for DLS study,
followed by sonication for fifteen minutes. Then, a tiny droplet of each sample was applied onto a
formvar/carbon film, 400 mesh copper TEM grids. After that, the samples were letft to dry for 7 h
under a lamp, followed by the analysis process by JEOL JEM 2100F Field Emission TEM (Tokyo, Japan).

2.6.5. Encapsulation Efficiency Study of Thymoquinone and l-Ascorbic Acid into PCNP

The encapsulation efficiency (EE) was calculated by comparing the difference in absorbance of a
total compound and free compound. Total compound refers to compound solution only, while free
compound refers to the compound that is unencapsulated in PCNP-TQ, PCNP-LAA or PCNP-TQ-LAA.
Both solutions contained the same concentration of the compound. The % EE indicates the percentage of
compound successfully encapsulated in the carrier; it was calculated using the following formula [56]:

Encapsulation e f f iciency, % =
Abs. o f total compound – Abs. o f f ree compound

Abs. o f total compound
× 100 (2)

The absorbance was measured using Lambda 35 UV–Vis spectrophotometer (PerkinElmer,
Waltham, MA, USA) at wavelengths of 257 nm and 267 nm for LAA and TQ, respectively.
The wavelengths were determined based on the highest peak detected. Triplicate test (N = 3)
analysis of single and dual compounds loaded in PCNP were tested.

2.6.6. Preliminary Study of Thymoquinone and l-Ascorbic Acid In Vitro Release from PCNP

The in vitro release study of thymoquinone (TQ) and l-ascorbic acid (LAA) loaded PCNP
formulations were conducted first by freeze-drying all samples using a Coolsafe 95-15 PRO freeze
drier (ScanVac, Lynge, Denmark) for 48 h. Then, the pellet was loaded into a quartz cuvette containing
phosphate-buffered saline (PBS) pH 7.4. The cuvette was later inserted into a UV–Vis spectrophotometer
(PerkinElmer, Waltham, MA, USA) and set to wavelengths of 257 nm and 267 nm for LAA and TQ,
respectively. The sample was left in the UV–Vis spectrophotometer for 48 h, with auto data recording
set for every 1 min (time drive option).

A calibration curve for each compound is needed in order to convert the absorbance reading to
the concentration of the compound released. After considering the dilution factor, the percentage of
compound released (%) could then be measured using the following formula:

Compound released, % =
Released compound concentration

Encapsulated compound concentration
× 100 (3)

Obtained release profiles were analyzed with zero order, first order, Higuchi, Hixson–Crowell
and Korsmeyer–Peppas models.

Zero-order kinetic model is as follows [57]:

mt = mb + k0t, (4)

where mt is the amount of compound released at time t, mb is the amount of compound in solution
before release (usually 0) and k0 is the zero-order rate constant.

First-order kinetic model is as follows [57]:

ln(m0 −mt) = ln(m0) − k1t, (5)

where m0 is the amount of compound in the formulation before the dissolution and k1 is the first-order
release rate constant.
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Higuchi model is as follows [58]:
mt = kH

√
t, (6)

where kH is Higuchi rate constant.
Hixson–Crowell model is as follows [59]:

3√m0 − 3
√

mle f t = kH−Ct, (7)

where mle f t is the amount of compound left in the formulation over time t and kH−C is Hixson–Crowell
rate constant.

Korsmeyer–Peppas model is as follows [60]:

log
( mt

m∞

)
= log kK−P + n log t (8)

where m∞ is the amount of compound released after an infinitive time, kK−P is Korsmeyer–Peppas rate
constant and n is the parameter indicative of the release mechanism.

3. Results and Discussion

3.1. Quantification of Hydrophobic Palmitic Acid Functionalization on Chitosan by (TNBS) Assay

The amount of primary amine content in chitosan (CS) before and after modified with palmitic
acid are shown in Table 1 and Figure 3. At optimum TPP volume of 250 μL, 25% of free amine content
decreased from 88.35 ± 5.78% (CNP) to 62.99 ± 2.18% (PCNP). Decreased in the free primary amine
groups of CS with TPP indicates increased in the crosslinking reactions between cationic amine groups
of CS and anionic TPP. In other words, functionalization of the amine group of CS with hydrophobic
palmitic acid NHS was a success and this outcome is similarly seen in previous studies [30,41]. This is
essential to ensure adequate sites for hydrophobic thymoquinone encapsulation later. As shown
in Figure 4, the palmitic acid only conjugated the amine sites of CS partially and that is crucial
because some of the amine sites will be utilized by TPP crosslinker to interact during the PCNPs
synthesis later [61].

Table 1. Percentage of free amine and significancy test (t-test) between chitosan nanoparticles (CNP)
and PCNP at different sodium tripolyphosphate (TPP) volume. (a) significant **** with a p value
of <0.0001, (b) significant *** with a p value of 0.0004, (c) significant **** with a p value of <0.0001,
(d) significant **** with a p value of <0.0001, (e) significant **** with a p value of <0.0001, (f) significant
*** with a p value of 0.0004, and (g) significant *** with a p value of 0.0004.

Label
Volume of
TPP (μL)

Percentage of Free Amine (%) t-Test

CNP
Standard
Deviation

PCNP
Standard
Deviation

p-Value
Significance between

CNP and PCNP Reading
at Different TPP Volume

a 0 100.00 0 84.76 0.77 <0.0001 ****
b 50 97.41 1.15 77.11 2.93 0.0004 ***
c 100 94.05 0.94 74.04 0.79 <0.0001 ****
d 150 93.47 1.59 71.61 1.78 <0.0001 ****
e 200 92.54 2.16 64.72 2.14 <0.0001 ****
f 250 84.87 2.81 62.99 2.18 0.0004 ***
g 300 92.38 4.70 58.17 2.43 0.0004 ***
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Figure 3. Percentage of free amine content in chitosan before (CNP) and after (PCNP) modification
across a range of TPP volume. The free amine content in PCNP was lesser than in CNP. The loss of
primary amine in CNP was due to the conjugation of palmitic acid during modification.

Figure 4. Conjugation of palmitic acid to amine group of chitosan. (left) Structure refers to unmodified
CNP, and (right) structure refers to modified PCNP. “m” and “n” denote repetition of acetylated and
deacetylated group of chitosan, respectively.

3.2. Functional Groups Determination by Fourier-Transform Infrared Spectroscopy (FTIR)

ATR-FTIR spectra of the NPs samples; PCNP, PCNP-TQ, PCNP-LAA and PCNP-TQ-LAA are
shown in Figure 5 in the range of 4000–650 cm−1. A number of moieties were recognized based
on the peaks and the numerical values of transmitted beams are reported in Table 2. Based on
Table 2, PCNP, PCNP-LAA and PCNP-TQ-LAA have the same set of peaks. The FTIR interpretation
was done by referring to the Virtual Textbook of Organic Chemistry, Infrared Spectroscopy topic by
William Reusch [62].
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Table 2. Percent transmittance of functional groups existed in PCNP, PCNP-TQ, PCNP-LAA
and PCNP-TQ-LAA.

Peak Functional Group Wavenumber (cm−1)
Percent Transmittance (%)

PCNP PCNP-TQ PCNP-LAA PCNP-TQ-LAA

a Alcohol OH (H bonded) and NH
stretch (2◦ amine) 3399 7.47 4.15 3.17 6.18

b
Amine NH2 scissor (1◦ amine),

carboxylic acid C=O (amide) and
alkene C=C stretch

1647 24.20 20.24 12.46 21.96

c Amine NH2 scissor (1◦ amine) 1563 26.91 - 10.89 18.99

d Carboxylic acid NH (amide) bend 1542 - 62.19 - -

e
Alkane CH2 and CH3

deformation and carboxylic acid
C-O-H bend

1414 42.41 - 24.14 36.45

f Alkane CH2 and CH3
deformation 1379 - 56.40 - -

g Amine C-N and carboxylic acid
C-O stretch, P=O stretch 1106 3.19 9.01 8.52 7.02

h Alkene =C-H and =CH2 bend 903 12.77 28.42 26.88 18.32

i Amine NH2 and N-H wagging
(shifts on H-bonding) 718 64.79 63.52 77.46 86.57

Figure 5. Fourier-transform infrared spectroscopy (FTIR) spectra of PCNP, PCNP-TQ, PCNP-LAA and
PCNP-TQ-LAA. The labelled peaks that represent certain functional groups are stated in Table 2.

PCNP-TQ, on the other hand, has extra peak d (1542 cm−1) and peak f (1379 cm−1) that represent
carboxylic acid NH (amide) bend and alkane CH2 and CH3 deformation, respectively. The emergence
of these peaks could be supported by the chemical structure of TQ itself (refer to Supplementary
Materials, Figure S1). TQ has many C=O components that might bind with the amine of palmitic
acid-NHS and CS. This answers the emergence of peak d and indirectly proves that hydrophobic TQ
had successfully interacted with hydrophobic palmitic acid-NHS, which enhanced its encapsulation.
Peak f in PCNP-TQ, on the other hand, emerged to resemble CH2 and CH3 deformation in conjunction
with TQ association with palmitic acid NHS.

Peak a at 3399 cm−1 appeared in all samples and it suggests an overlay of alcohol OH (H bonded)
with secondary amine NH stretch. The strong and broad peak a was majorly contributed by OH
(H bonded) stretch, while NH stretch was weak. For peak a, encapsulated PCNPs had stronger
bands as compared to PCNP because PCNP has the least source of OH. PCNP-LAA showed the
strongest band because LAA has the highest OH sites that could have bonded with the OH from
TPP (refer to Supplementary Materials, Figure S1 for LAA chemical structure). On the other hand,
NH contributed to the emergence of the peak a and CS played an important role in supplying NH for
all PCNPs conditions.
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Peak b at 1647 cm−1 appeared in all samples and they are primary amine, C=O amide and alkene
C=C stretch. It also represents N–C=O group resulted in the addition of palmitic acid to chitosan
during the hydrophobic modification. This N–C=O group was less significant in unmodified chitosan
samples as reported by Othman et al., 2018 in Table 1 [42]. Therefore, this justifies the successful
insertion of palmitic acid to chitosan. Besides, similar palmitoyl-chitosan nanoparticles have been
reported to exhibit palmitic acid in this range [41,45].

3.3. Particle Size Distribution by Zetasizer

The particle size distribution of all samples (PCNP, PCNP-TQ, PCNP-LAA and PCNP-TQ-LAA)
were analyzed by zetasizer. The size, polydispersity index (PDI) and zeta potential of particles
were successfully determined as shown in Table 3 and Figure 6. Particle size resembles the size of
nanoparticles, while PDI resembles homogeneity of particles distribution; lower PDI samples are made
up of more uniform particles size and therefore, they are more monodisperse [30]. Zeta potential,
on the other hand, indicates the surface charge of nanoparticles that develops at the particle–liquid
interface (slipping plane).

Overall, PCNP had the smallest particle size average, 92.6 ± 8.6 nm because it has not been
encapsulated with any antioxidant yet. Therefore, the crosslinked PCS with TPP resulted in the
smallest particles, with a size less than 100 nm. PNCP also had the lowest PDI value, 0.277 ± 0.103;
this indicates that it had the most even dispersion of particles as compared to other samples. Studies
reported that incorporation of compounds or drugs into nanoparticles resulted in increased of particle
size [45,63]. Likewise, in this study, the encapsulated nanoparticle samples, PCNP-TQ, PCNP-LAA and
PCNP-TQ-LAA showed an increment in size. PCNP-LAA had a slightly larger particles, 165.8 ± 12.9 nm
than PCNP-TQ, 158.3 ± 13.9 nm because LAA has a higher molecular weight, 176.12 g/mol, while TQ is
164.20 g/mol. Furthermore, the final concentration of LAA used in the PCNP-LAA and PCNP-TQ-LAA
formulation was 160 μM; which is 10 μM more than TQ encapsulated in PCNP-TQ and PCNP-TQ-LAA.
Additionally, TQ also has more double bonds as compared to LAA; hence, it may have a smaller radius
as it is more compact (refer to Supplementary Materials, Figure S1). For PCNP-TQ-LAA, the average
particle size was the biggest, 247.7 ± 24.0 nm, and it signifies that LAA and TQ had been efficaciously
encapsulated. Besides that, the PDI value of PCNP-TQ-LAA was 0.348 ± 0.043 and it is lower than
PCNP-TQ, 0.374 ± 0.052 and PCNP-LAA, 0.392 ± 0.087. This remarks that dual loaded PCNP had
more unvarying particles size against single loaded PCNP-TQ and PCNP-LAA due to more complex
crosslinking formation.

For zeta potential, the values among samples did not differ much. It can be concluded that the
encapsulation of thymoquinone, TQ and l-ascorbic acid, LAA did not contribute to a significant
change of the nanoparticle surface charge. Therefore, it proves that they did not conjugate to the
nanoparticle, instead they were encapsulated. In addition, the zeta potentials of PCNPs were almost
similar with reported studies, which were in the range of +20 mV to +30 mV [46,64,65]. Moreover,
the positively charged PCNPs could provide better interaction with negatively charged mucosal
membrane; this could later facilitate the PCNPs delivery and cellular uptake [46,66].

Table 3. Particle size, polydispersity index and zeta potential of all samples; PCNP, PCNP-TQ,
PCNP-LAA and PCNP-TQ-LAA.

Sample Particle Size (nm) PDI Zeta Potential (mV)

PCNP 92.6 ± 8.6 0.277 ± 0.103 22.35 ± 1.48
PCNP-TQ 158.3 ± 13.9 0.374 ± 0.052 19.45 ± 1.20

PCNP-LAA 165.8 ± 12.9 0.392 ± 0.087 20.60 ± 1.13
PCNP-TQ-LAA 247.7 ± 24.0 0.348 ± 0.043 19.60 ± 1.27
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Figure 6. (A) Particle size of PCNP, PCNP-TQ, PCNP-LAA and PCNP-TQ-LAA, with t-test conducted
to see the significance of particle size changes between samples. The confidence level was set to 95%
and the results are labelled as a to f. (a) Significant ** with a p-value of 0.0022, (b) significant ** with a
p-value of 0.0012, (c) significant *** with a p-value of 0.0005, (d) not significant with a p-value of 0.5320,
(e) significant ** with a p-value of 0.0051, and (f) significant ** with a p-value of 0.0065. (B) Polydispersity
index and significance test (t-test) of PCNP, PCNP-TQ, PCNP-LAA and PCNP-TQ-LAA. (a) Not
significant with a p-value of 0.2168, (b) not significant with a p-value of 0.2129, (c) not significant with a
p-value of 0.3279, (d) not significant with a p-value of 0.7820, (e) not significant with a p-value of 0.5437,
and (f) not significant with a p-value of 0.4818. (C) Zeta potential and significance test (t-test) of PCNP,
PCNP-TQ, PCNP-LAA and PCNP-TQ-LAA. The differences between all samples were insignificant
with (a–f) p-values of 0.1649, 0.3161, 0.1851, 0.4284, 0.9146 and 0.4936, respectively.

3.4. Surface Morphologies of Nanoparticles

Morphologies of empty PCNP, single loaded PCNP-TQ and PCNP-LAA and dual loaded
PCNP-TQ-LAA were performed by FESEM and HRTEM. FESEM images were taken at 50,000 magnification
as shown in Figure 7A, while HRTEM images were taken at 10,000 magnification as shown in Figure 7C.
All samples were performed at least thrice.
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Figure 7. Field-emission scanning electron microscopy (FESEM) images (column A), normal distribution
of particles based on FESEM images (column B) and high-resolution transmission electron microscopy
(HRTEM) images (column C) of PCNP, PCNP-TQ, PCNP-LAA and PCNP-TQ-LAA samples (from top
to bottom row). Particle sizes increased as the encapsulated number of antioxidant increased (from
empty PCNP to PCNP-TQ-LAA).

Based on FESEM images Figure 7A, the shape of nanoparticles is spherical with uneven surface
texture. As reported by a few researchers, the spherical shape of nanoparticles establishes more
efficacious therapeutics delivery process by having large surface areas [11,16,17]. The formation
of particles was clearly seen and the particle sizes were in range if compared with PSD study.
Figure 7B shows a histogram and normal distribution curves of particle size based on the FESEM
images. The bin range for PCNP is 20 while the other bin range is 30. The average particle size
of PCNP was 81.49 ± 14.33 nm. PCNP had the smallest particle size average in comparison with
PCNP-TQ, 165.32 ± 21.80 nm, PCNP-LAA, 153.50 ± 51.89 nm and PCNP-TQ-LAA, 195.90 ± 34.58 nm.
For PCNP-TQ particle size distribution (refer to Figure 7B, PCNP-TQ), the second most measured
particles have a size range of 90–110 nm. This clarifies that there are few particles unencapsulated and
it matches with encapsulation efficiency percentage of TQ as stated in Table 4, which is only 41.3 ± 0.6%.
On the other hand, PCNP-LAA has better particle dispersion as compared to PCNP-TQ because of the
selectivity of chitosan that readily interacted with LAA which is of the same nature, hydrophilic [67].
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HRTEM images, on the other hand, show layers of compounds by looking at the different color
tones. Black particles represent the nanoparticles that have an average size that is almost the same as
FESEM and PSD results. Besides, there are lots of tiny white pods in PCNP and PCNP-TQ which are
palmitic acid micelles, the chemical used to modify chitosan to hydrophobic. The existence of palmitic
acid in the system could be proven by looking at the FTIR interpretation. However, once PCNP was
loaded with LAA, the white pods were less obvious and solid lines outlining those particles appeared
to separate them from the surrounding. Meanwhile in PCNP-TQ-LAA, the image of particles became
opaque, which indicated that they were fully occupied.

In addition, small white pods were also seen outside of the black particles. They are globular
unreacted palmitic acid micelles. The amount of palmitic acid loaded might be excessive; therefore,
they leached out from the NPs. It was proposed that the palmitic acid will attach to chitosan as an
anchor on the surface of it; instead, it formed circular shapes. The palmitic acid anchor might be too
long, which caused the formation of a circle as a result of joint ends.

3.5. Encapsulation Efficiency (EE)

This study was conducted to quantify how much of the loaded compound was successfully
encapsulated. The concentration of TQ and LAA loaded in each sample PCNP-TQ, PCNP-LAA and
PCNP-TQ-LAA were 150 μM and 160 μM, respectively. These optimized concentrations were used
according to the previous study on unmodified chitosan nanoparticles done by Othman et al. (2018) in
Section 3.5 [42]. According to Table 4 and Figure 8, LAA showed better EE as compared to TQ in both
single and dual system PCNP with EE values of 73.0 ± 2.6% (116.8 μM) and 90.0 ± 0.0% (143.9 μM),
respectively. These EE of LAA were much higher as compared to its EE before the modification by
palmitic acid. By looking at Section 3.5, Table 4 by Othman et al., 2018, the EE of LAA in unmodified
CNP-LAA and CNP-TQ-LAA were 69.3 ± 1.8% (110.9 μM) and 22.8 ± 3.2% (36.5 μM), respectively [42].

Table 4. The concentration of TQ and LAA loaded and encapsulated in PCNP samples.

Compound
Loaded Compound
Concentration (μM)

EE (%)
Standard
Deviation

Encapsulated Compound
Concentration (μM)

TQ in PCNP-TQ
150

41.3 0.6 62.0
TQ in PCNP-TQ-LAA 64.9 5.3 97.3

LAA in PCNP-LAA
160

73.0 2.6 116.8
LAA in PCNP-TQ-LAA 90.0 0.0 143.9

Figure 8. The percentage encapsulation of TQ in PCNP-TQ, TQ in PCNP-TQ-LAA, LAA in PCNP-LAA,
and LAA in PCNP-TQ-LAA. A t-test was conducted to see the significance of the percentage
encapsulation changes between samples. The confidence level was set to 95% and the results
are labelled as a to f. (a) Significant ** with a p-value of 0.0097, (b) significant *** with a p-value of 0.0005,
(c) significant **** with p-value of <0.0001, (d) not significant with a p-value of 0.0762, (e) significant **
with a p-value of 0.0080, and (f) significant ** with p-value of 0.0031.
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On the other hand, only 41.3 ± 0.6% (62.0 μM) and 64.9 ± 5.3% (97.3 μM) of TQ were encapsulated
in PCNP-TQ and PCNP-TQ-LAA, respectively. Lower EE of TQ compared with LAA in PCNPs was
contributed by the hydrophobic nature of the compound itself, which requires stronger energy to
interact with the main polymer, hydrophilic chitosan [33,46,68]. However, by having the palmitic
acid modifier that holds TQ in place, the EE of TQ in the modified PCNPs were found to be higher
compared to EE of TQ in the unmodified CNPs. As stated by Othman et al., 2018 in Section 3.5, Table 4,
the EE of TQ in unmodified CNP-TQ and CNP-TQ-LAA were 68.7 ± 4.8% (103.1 μM) and 35.6 ± 3.6%
(53.4 μM), respectively [42].

Following the modification, both TQ and LAA showed an increase in the EE for the dual loaded
system. The EE of TQ in modified PCNP-TQ-LAA increased to about 29% compared to unmodified
CNP-TQ-LAA. Meanwhile, the EE of LAA in modified PCNP-TQ-LAA increased to about 67%
compared to unmodified CNP-TQ-LAA. This proves that the modification of chitosan by palmitic
acid NHS was able to augment the EE of antioxidants. Same observations were seen in the increment
of drugs EE when palmitic acid was used as a modifier in chitosan [30,41]. This clarifies that the
palmitic acid is a highly potential modifier in polymeric nanocarrier for encapsulation enhancement
of pharmaceuticals.

3.6. Preliminary Study of Thymoquinone and l-Ascorbic Acid In Vitro Release from PCNP

Release study was conducted to quantify how much of the encapsulated compound was
successfully released from the PCNP carrier. The percentage and concentration of compounds
released were included in Table 5. Release of TQ from the dual loaded system, PCNP-TQ-LAA was
37% more than the release of TQ from single loaded PCNP-TQ. LAA also showed higher release
percentage from the dual loaded system as compared to a single loaded system, PCNP-LAA by around
19%. This trend indicates that when TQ and LAA were encapsulated together in a carrier, they could
be released more efficiently.

Table 5. Release percentage and concentration of thymoquinone (TQ) and l-ascorbic acid (LAA) from
PCNP samples.

Label Release of
Released

Percentage (%) Concentration (μM) Total Time (h)

A TQ from PCNP-TQ 60.6 37.6 43.9
B TQ from PCNP-TQ-LAA 97.5 94.9 43.9
C LAA from PCNP-LAA 17.0 19.8 33.7
D LAA from PCNP-TQ-LAA 36.1 52.0 33.7

The zero-order, first-order, Higuchi, Hixson–Crowell and Korsmeyer–Peppas plots were made for
each release sample (A, B, C and D as labelled in Table 5). Release kinetic of a sample was determined
by selecting the highest correlation value, R2 from the best fit line of all models. Figure 9 summarizes
the best release kinetic model for all samples. Only sample C follows the Higuchi model, while the rest
follow the zero-order model. The zero-order explains the constant release rate of a pharmaceutical
product. It means TQ and LAA were able to be released controllably from the dual loaded system,
PCNP-TQ-LAA. This indirectly tells us that the system could help people predict how long to expect a
pharmaceutical product to work.
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Figure 9. Release kinetics summary of TQ and LAA from all samples. (A) Release of TQ from PCNP-TQ,
(B) release of TQ from PCNP-TQ-LAA, (C) release of LAA from PCNP-TQ-LAA and (D) release of
LAA from PCNP-TQ-LAA. (A,B,D) follow zero-order release kinetics, while (C) follows the Higuchi
release kinetic.

4. Conclusions

In this study, modification of biodegradable and biocompatible chitosan with palmitic acid NHS
prior to nanoparticles formation had resulted in average particle size of around 250 nm for dual loaded
thymoquinone and l-ascorbic acid palmitoyl-chitosan nanoparticles, PCNP-TQ-LAA. The robust and
easy modification had also successfully increased the encapsulation efficiency of thymoquinone and
l-ascorbic acid in the dual loaded system by about 29% and 67%, respectively; therefore, less loaded
antioxidants were unencapsulated. This is supported by FTIR spectra of particular peaks to resemble
related functional groups and also by morphology images using FESEM and HRTEM. It could also be
proven that a 2:1 volume ratio of chitosan to palmitic acid NHS is remarkably appropriate to obtain
partial hydrophobic sites in chitosan for more efficient encapsulation of antioxidants. The achievement of
modifying this carrier with better capability of encapsulating dual classes hydrophilic and hydrophobic
antioxidants has contributed to improvization in multi-drug therapy. As the dual loaded antioxidants
TQ and LAA showed zero- order release kinetics, the polymeric nanoparticles carrier could potentially
be reused with different sets of drugs for more effective delivery.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/8/9/1040/s1,
Figure S1: Chemical structure of thymoquinone, TQ (left) and l-ascorbic acid, LAA (right).
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Abstract: The present study focused on the development of a new method to determine the lag
phase of Lactobacillus in breast milk which was attained during the 1st, 3rd, and 6th month (M1,
M3, and M6). The colonies’ phylogenetic analysis, derived from the 16S rRNA gene sequences,
was evaluated with genus Lactobacillus pentosus and achieved a similarity value of 99%. Raman
spectroscopy in optical densities of 600 nm (OD600) were used for six consecutive days to observe
the changes of the cell growth rate. The values of OD600 were well fitted with the regression model.
From this work, M1 was found to be the longest lag phase in 18 h, and it was 17% to 27% longer
compared to M3 and M6, respectively. However, the samples of M3 and M6 showed the shortest
duration in reaching 0.5 of OD600 nm (16 h) which was enhanced by 80% and 96% compared to M1,
respectively. These studies will be of significance when applied in determining the bacteria growth
curve and in assessing the growth behavior for the strain in human breast milk.

Keywords: Lactobacillus isolation; lag phase; bacteria sequencing; breast milk

1. Introduction

Bacterial growth can be presented in four phases: lag phase, exponential phase, stationary phase,
and death phase. The comprehension of lag phase plays an important role in many aspects of the
biotechnological field. As known, once bacteria are transferred to a new medium, the metabolite
energy will be depleted in the cells and cause termination of the cell growth [1,2]. This phenomenon is
explained by the differences between original media and the new culture. On the other hand, there is a
lag phase where bacteria might adapt to the new media’s conditions. During this phase, organisms
increase officially in size but have no change in number.
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The determination of the microbial growth through the optical density (OD) is an effective
and conventional parameter to be observed from the growth phases of microbials. According to
Ren et al. [3], the work adapted Raman spectroscopy of OD600 to enable the continuous analysis
of the growth phases which is found to be marker-free, and subsequently the technique obtained
different metabolic states from the strain cells through spectra during the different phases. In general,
OD600 is specified to determine the relationship between the colony forming unit (CFU) and growing
phases. Modelling the bacterial growth curve has been reported by several research works [4–7].
The growth curve enables other incubation production derived by microorganisms to observe the
cell concentrations and make comparison [8,9]. The prediction of the cell growth rate can be applied
on the growth model in which it can be derived from the beginning of the transferring time [1,7,8].
Meanwhile, the lag phase can be ignored from the transferring time and by obtaining a regression
model to trace the lag phase. These studies will be applied in determining the bacteria growth curve
and to determine the growth behavior for the strain in human breast milk.

Breast milk has been known to contain a significant amount of beneficial microorganism for cell
culture [10,11]. Besides, parents with no prior drug prescriptions during pregnancy, the mother’s
breastmilk will contain serotonin which is the natural compound for assisting newborns to sleep [12,13].
While the concurrent microbiota from breastmilk contains probiotic that may have a positive influence
on the immunity and digestive system depending on the number of Ig-secreting cells [14]. The drugs
which may affect the newborns are mostly by the psychoactive drugs, such as antidepressants,
lithium, carbamazepine, and valproate, which further decrease the beneficial strains that emerge
from breastmilk [15]. Lactobacillus strains are one of the most beneficial bacteria which are highly
considered as antimicrobial and probiotic potential organisms [10,11,16–18]. Breast milk contains
strains of beneficial bacteria, such as Lactobacillus, to sustain a high-quality digestive system for the
newborn [19–21].

For determining bacterial growing phases, a small volume of microorganism will be cultured in a
selective medium, and their OD600 will be observed over the time. The determination of lag phases of
microbes is therefore difficult to determine with the high accuracy of time. The observation from the
growing phases of a microbial in a medium need to be done for several days, while to observe the
changes in OD600 through Raman spectrophotometer will be performed in a few hours. The need
to understand the growth kinetics of Lactobacillus strain in human breastmilk isolates from Man,
Rogosa, and Sharpe (MRS) medium is primarily useful for cultivation of lactobacilli and for the study
on the influence of time and prediction on the cell growth concentration. Moreover, the data may be
used to simulate mathematical models for problems involving the rate of growth and relationship of
the specific growth rate with the substrate during the strains’ growth period [22]. The bacteria cell
growth kinetics are an autocatalytic reaction according to each cell metabolite cycle. Growth kinetics
would directly influence the dry cell weight, optical density, cell on plate per counts, at the same
time, indirectly influencing the nutrient content such as protein, adenosine triphosphate (ATP) and
deoxyribonucleic acids (DNA) molecules [23]. In the culture growth, there are several uncertainties
that exist in the growth kinetic data as the microorganism will adapt to the changing environmental.
The growth kinetics model may resolve the analytical difficulty when the experiment is not in the
conventional growth pattern and allow for comparison with the developed mathematical model
toward the experiment data. Therefore, the bacteria growth species in the same medium (breastmilk)
would have a control data based on the mathematical equation from this experiment.

In this study, the lag phases from the microorganism was determined through the mathematical
regression model which was able to verify the accuracy deviation. Besides, lag phase is related to the
time when the bacteria have not started to divide, and this period is known as the preparation stage
for bacteria to harvest nutrients while adapting to the new environmental condition [24]. Therefore,
this research was conducted with two main objectives: (i) to propose a simple method for determining
the lag phase and (ii) to compare the growth phases of bacteria from breastmilk to develop the
proposed method.
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2. Materials and Methods

2.1. Lactobacillus Isolation

Breast milk from the 1st, 3rd, and 6th month (hereby denoted as M1, M3, and M6) were collected
each to fill 3 bottles of 125 mL of milk samples (not during the postpartum period) from selected
healthy female patients from Danang Hospital, Vietnam. Prior to inoculating the microorganism in
MRS selective broth (Merck, HoChiMinh City, Vietnam) as an enrichment media, these samples of
15 mL were centrifuged at 5000× g for 5 min to withdraw 1 mL of supernatant into 15 mL of MRS
broth. This broth with microbial was incubated for 24 h at 37 ◦C. After incubation, 100 μL of enriched
microbial was spread on MRS agar with 0.5% of calcium carbonate by a glass spreader, and incubated
again at 37 ◦C under anaerobic condition for 48 h. The 30 milky white colonies in total from M1,
M3, and M6 sprouted on an agar plate were chosen to characterize their biochemical properties such
as Gram staining, catalase, oxidase test, mobility, and indole production. The colonies, which were
isolated and distinguished as Lactobacillus bacteria, were kept in glycerol 20% (Merck, Vietnam) as a
stock culture at −20 ◦C for further phylogenetic analysis. All samples’ data presented were performed
in triplicate.

2.2. Biochemical Screening, PCR Reaction

The Gram staining, catalase, oxidase test, motility, and indole test was performed as a beginning
of Lactobacillus screening. The colonies consisted of Gram-positive, catalase-negative, oxidase
test-negative, and indole-negative were selected for DNA extraction. The microorganism enriched
overnight in sub-cultured media at 30 ◦C after it was extracted by Kit AquaPure Genomic Isolation
(Bio Rad, Hercules, CA, USA). Foremost, centrifugation at 13,000 rpm for 10 min was performed
on the enriched cells for collecting the pellet and further treated by 300 μL of Genomic DNA Lysis
Solution. Then 1.5 μL of RNase was added in this suspension to be homogenized by vortex, and then
the homogenous suspension was incubated at 37 ◦C for 5 min. The solution was further adjusted using
100 μL of Protein Precipitation Buffer and vortexed for 20 s for incubated suspension. The solution
obtained was centrifuged at 13,000 rpm for 5 min to harvest the supernatant and transferred to a new
tube. Three hundred microliters of isopropanol (2-propanol) was added to this tube to precipitate the
DNA which was harvested by centrifugation at 13,000 rpm for 15 min. The DNA precipitation was
rinsed by 1 mL of 70% ethanol, then was centrifuged 13,000 rpm for 5 min. The DNA precipitation was
dried at room temperature and was adjusted to 50 μL of DNA hydration solution. The DNA extraction
product was examined by gel electrophoresis on 0.8 w/v of agarose gel (Bio Rad, America) and was
stored at −40 ◦C for further PCR reaction.

For PCR reaction, the 16S rRNA gene segment amplification reaction for sequencing using
primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-GGTTACCTTGTTACGACTT-3) was
performed. The PCR component consisted of 6 μL of master mix, 10 μmol of per primer, 50 ng of
genomic DNA, and 12 μL of distilled water. After being denatured for 95 min and treated with the PCR
thermal cycle for 95 ◦C for 1 min, subsequently, at a temperature of 55 ◦C for 1 min, and, lastly, at 72 ◦C
for 1.5 min, this sequence was repeated for 30 cycles. The PCR reaction was then incubated at 72 ◦C for
10 min. Finally, PCR products were tested by electrophoresis with 0.8% w/v of agarose gel and were
sequenced by the First BASE Laboratories Sdn Bhd, Malaysia. As a result, sequencing identification
were checked with the GeneBank to manipulate the advanced BLAST which was available at the US
National Library of Medicine [25].

2.3. The Regression Model Analysis

One colony of M1, M3, and M6 chosen from the sub-culture, which well indicated the Lactobacillus
sequencing, was dropped in an Erlenmeyer flask containing 100 mL of MRS broth. A single cell
was inoculated from a Petri dish into 5 mL of the MRS broth in test tube and incubated at 37 ± 2 ◦C
for the observation on the cell growth. The cells reached ~0.3 and was determined using UV-Vis
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spectrophotometer (Shimadzu 1800) at OD600 for a period of 7 days. The Raman spectrometry was
performed through cell aliquots in triplicate according to Ren et al. [3].

The software Sigmaplot Verion 14 was used to determine the regression equation. The growth of
Lactobacillus was presented as the exponential growth curve. Generally, the growth equation was
described as follows:

F = a[1− exp(−bt)] (1)

where a—the potential growth in OD600; b—constant; t—time in hour.
Most microorganisms require a duration to adapt to the new conditions and environmental

surroundings. The lag phase is represented by the time shown in Equation (1). The growth curve was
modified to Equation (2) as follows:

F = y0 + a[1− exp(−bt)] (2)

where y0—OD600, a—growth in OD600; b—constant; t—time in hour.

2.4. Lag Phase Determination

Since the lag phase duration consumed hours to days of duration, depending on the growing
conditions or different microbial strains, the exponential growth phase of microbials was supposed to
start at a time point out of zero. The lag phase duration would be presented as Equation (3) below:

tlag = −b−1 ln

√
y0 + a

a
(3)

where y0, a, and b are similar as in Equations (1) and (2).

2.5. Determination of 0.5 OD600

Microbial growth after the lag phase are varying; hence, the growing time to reach 0.5 OD600 was
determined after the lag phase. Equation (4) is described as follows:

t0.5 OD = −b−1 ln
y0 + a− 0.5

a
(4)

where y0, a, and b are similar as in Equations (1) and (2).

3. Result and Discussion

3.1. Lactobacillus Identification

The 30 colonies isolated from M1, M3, and M6 resulted in the biochemical tests to identify its
strains, such as lactobacilli, and displayed a similarity of more than 99% to a type of Lactobacillus
pentosus and 99.51% to a type of Lactobacillus plantarium (Table 1). The samples collected from
different time points was for studying how time affects the lag phase activity such as metabolic and
cell size. The bacteria population growth may affect the reduction in nutrient content in the breastmilk.
All bacterial 16S rDNA gene sequences were entrusted in GenBank using the accession numbers
MT026914, MT026915, MT026916, and MT026917. This bacteria strain is a class of Bacilli belonging
to the family of Lactobacillaceae which is commonly found in human body intestines. This strain
assists to break down lactose molecules from milk. The chemical composition from the breast milk
supported the Lactobacillus sp. growth and enzyme activity which could be further transferred and
used to produce daily goods such as yogurt drinks [26,27]. Apart from obtaining this strain of bacteria
in the fermentation of milk goods, cereal- and soy-based foods in a reported experiment have shown
that breastmilk associated with glucose and lipids have the ability to culture healthy and beneficial
bacteria strains [28]. Lactic acids are commonly found for in production of yogurt drink in the form of
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Lactobacillus sp. strain which could survive in high acidity environments such as gastric and intestinal
juices [29].

Table 1. The phylotypes of colonies isolated from1st month (M1), 3rd month (M3), and 6th month (M6)
breast milk.

Colonies Isolated
Number of
Identical

Sequence Length,
Similarity

Most Similar Type Strain
Accession
Number

M1 8 1231, 99.51% Lactobacillus plantatirum MT026917
M3 12 1000, 99.9% Lactobacillus plantatirum MT026916
M6 10 1233, 99% Lactobacillus pentosus MT026915

3.2. Lactobacilli Growth Curve

The growth curves of M1, M3, and M6 modeled by the regression model as described in
Equation (2) is shown in Table 2. All results were well fitted to the model with a high correlation (R2 >

0.92). It is clear to see that M1 had the highest growth rate, equivalent to 2.08, followed by M3. This
result showed that the Lactobacillus growth rate with the highest rate was in the first stage of the
mother’s milk during month 1 and slowed down in the 3rd and 6th months. However, the potential
OD600 of M1 and M3 were in high similarity with 1.348 and 1.329, respectively. The value was slightly
higher than M6 which was 0.948. The potential value in the optical density also showed a declining
trend. According to the literature, this current experiment is the first to report a growth rate of L.
pentosus in breast milk decreasing over time, creating an impact on the relevant field of studies.

Table 2. Regression model for growth of L. pentosus (exponential rise to maximum, single, 3 parameter),
run by Sigmaplot Version 14. The equation described is Equation (2) where y0, a, and b are constants
and t is the cultured time.

y0 a b R2 Potential Absorbance at OD600

M1 −0.732 2.08 0.26 0.984 1.348
M3 −0.26 1.588 0.1015 0.926 1.329
M6 −0.328 1.276 0.021 0.971 0.984

3.3. Lag Phase Determination

By obtaining the model for determination of the lag phases of M1, M3, and M6, which is seen in
Table 3, M1 was shown as having the longest time for the lag phase with 16.8 h; this is longer than M3
and M6 by 4.6 and 2.9 h, respectively. In contrast, to reach 0.5 OD600 after lag phases, M1 had the
shortest duration of time which was 18 h, while the others were 51–55% higher compared to M1 for
M3 and M6 (Table 3).

Table 3. The duration for growth phases of L. pentosus from breast milk determined by regression
model (hours).

(Colonies) Lag Phase Reaching 0.5 OD600 Reaching 0.5 OD600 after Lag Phase

M1 16.8 ± 0.21 34.8 ± 0.18 18.0 ± 1.81
M3 12.2 ± 0.34 44.6 ± 0.65 32.3 ± 0.38
M6 13.9 ± 0.10 49.1 ± 1.27 35.2 ± 0.97

Indeed, the model could be referenced to understand the ability to adapt a new environment for
other bacteria. It is noted that M1 had the longest lag phase compared to the rest. This result mentioned
that the bacteria in the early stages of a mother’s milk takes a longer duration to be activated, but then
shortens the period overtime. The reaching of 0.5 OD600 was supposed to see the potential of the
early growth of bacteria, which is also an important factor for culturing most strains of the bacteria.
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In this research, M1 had the shortest time to reach 0.5 OD600, confirming that Lactobacillus in the
early stage of mother’s milk provided the highest growth ability. The Lactobacillus in M1 reached
0.5 OD600 as the fastest among the three samples but was also considered as the highest potential in
OD600. This suggests that M1 had an optimum condition which enhanced the Lactobacillus growth
rate. The mechanism of Lactobacillus in breast milk made it less active over time.

3.4. Applied of Regression Model in Determining Lag Phase of Lactobacillus

Equation (1), as shown in Figure 1, has been applied in many models regarding growth curves and
other fields which increases gradually compared to the potential of growth by observing OD600 [4–8].
However, these models could not deplete the lag phase. This study has concluded that the bacteria
noticeably consumed several hours for the lag phase that ranged from 12.2–16.8 h. By fitting the
regression model, the onset of the exponential phase time was determined as described by the lag phase
in Equation (3). Therefore, the mathematical model value was supported by the practical experiment
value. It is noteworthy that the lag phase requires a period of more than half a day before going
into the exponential phase (log phase). The equation developed can be fitted into a general concept
for biological growth and alternative phenomenological approach for other studies based on similar
experimental practices to assist in those studies.

(a) 

(b) 

Figure 1. Cont.
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(c) 

Figure 1. The growth curve of the 1st (a), 3rd (b), and 6th (c) month of breast milk fitted to the regression
model in Equation (2). The black points were observed OD600, and the continuous curve line was
modelled by Sigmaplot Version 14.

4. Conclusions

The growth rate of Lactobacillus in breast milk was suited well according to the regression model
with high correlation (R2 > 0.92). It is proposed that the model could be applied to estimate the lag
phase as well as early growth phases of bacteria. In addition, Lactobacillus pentosus isolated from
the first month of the breast milk has the most potential as a medium for growth. The early stages of
the exponential phase were found to decrease in trend after the third month of the breast milk which
may conclude the nutrient degradation from the breast milk. Future research could be performed
on different strains of bacteria using later or intermediate stages of breast milk while applying other
mathematical orders and equations to predict the growth pattern.
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Abstract: Lignocellulosic biomass is widely grown in many agricultural-based countries. These are
typically incinerated or discarded in open spaces, which further may cause severe health and
environmental problems. Hence, the proper utilization and conversion of different parts of lignocellulosic
biomasses (e.g., corn wastes derived leave, cob, stalk, and husk) into value-added materials could be a
promising way of protecting both health and environments. In addition, they have high-potential for
myriads applications (e.g., pharmaceuticals, cosmetics, textiles, and so on). In this context, herein,
we isolated holocellulose (a mixture of alpha α, beta β, and gamma γ cellulose) from corn waste,
and then it was converted into carboxymethyl cellulose (CMC). Subsequently, the prepared CMC was
evaluated successfully to be used as a pharmaceutical excipient. Different characterization tools were
employed for structural, morphological, and thermal properties of the extracted holocellulose and
synthesized CMC. Results showed that the highest yield of CMC was obtained 187.5% along with the
highest degree of substitution (DS i.e., 1.83) in a single stage (i.e., size reduction technique) with the
lowest particle size of holocellulose (100 μm). This happened due to the use of a single stage instead
of multiple stages. Finally, extracted CMC was successfully used as a pharmaceutical excipient with
promising results compared to commercially available pharmaceutical-grade CMC.

Keywords: lignocellulosic biomass; holocellulose; CMC; degree of substitution; excipient

1. Introduction

Lignocellulosic biomass is the most abundant resource in nature with immense potential for numerous
applications [1]. Among different lignocellulosic biomasses, agricultural waste-based biomass consists
of cellulose (35–50%), hemicellulose (20–35%), and lignin (10–25%) [2]. Corn (Zea mays) is one of
the abundant cereal crops that is cultivated extensively across the world, which produces huge
lignocellulosic biomass. The world’s total corn production was 985,889.6 (1000 MT) from 2012 to
2017. USA was the top country for producing corn in the period of 2012–2017 with the production
capacity of 343,167.8 (1000 MT), followed by the China, Brazil, Argentina, and Ukraine which produced
216,787.0, 82,400.0, 30,550.0, 26,321.0 (1000 MT) of corn, respectively [3]. Therefore, the processing of
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matured corn can produce large amount of waste. It is estimated that 1 kg of dry corn may yield up to
150 g of cobs, 220 g of leaves, and 50 g of stalks [4]. However, corn wastes namely leave, cob, stalk,
and husk are the major biomass matters that often remain unutilized in the harvested fields. Not only
are these corn wastes being used as a cooking fuel in some rural areas of many countries, but also often
they are causing environmental problems due to inapt waste control such as on-site burning as well
as landfilling. On the other hand, wastes from corn contain good quality cellulosic matters in their
cell walls. Generally, cellulose is a linear and high molecular weight polymer that neither melts nor
dissolves readily in water and many organic solvents. This characteristic makes cellulose ineffective in
most of the industrial uses. Notwithstanding, cellulose can be transformed into valuable chemical
feedstock (e.g., ethanol, lactic acid, furfural, and fermentable sugars including glucose and xylose) as it
is susceptible to chemical and enzymatic derivatization reactions [5,6]. Cellulose contains three -OH
groups in each of its anhydroglucose units. Among them, primary -OH at C-6 and two secondary ones
at C-2 and C-3 can take part in typical reactions such as esterification, etherification, and oxidation.
Cellulose derivatives have been obtained by reacting to some (or all) -OH groups of anhydroglucose
units [6,7]. Carboxymethylation of cellulose is a common conversion process which provides versatile
water-swellable or water-soluble polymers and intermediates with variable characteristics [8,9].

Carboxymethyl cellulose (CMC) is produced through the reaction between alkali cellulose swollen
in aqueous NaOH and monochloroacetic acid in the surplus of alcohol (Figure 1) [10]. Hydroxyl
groups of the anhydrous glucose unit (AGU) are substituted by the sodium carboxymethyl groups
in C-2, C-3, and C-6, of which substitution slightly dominates at C-2 position [11]. CMC has been
synthesized by many researchers from different cellulosic sources such as paper sludge, hyacinth, wood
residue, cotton linters, and bagasse [12–14]. Due to the polyelectrolyte character of CMC, it has many
applications, such as being widely used in the food industry, detergents, cosmetics, pharmaceuticals,
textiles, paper, adhesives, and ceramic industries [15]. The degree of substitution (DS) is considered
a significant property of CMC particularly for its solubility in water, and the highest theoretical DS
of CMC is considered as 3. It is reported that commercially available CMC has a DS value of 0.4
to 1.5 [16]. However, to achieve higher DS of CMC, several parameters such as the solvent system,
the concentration of NaOH, monochloroacetic acid (MCA), temperature, reaction time, and the different
steps of carboxymethylation need to tune properly [17]. Generally, in every case, several steps have
been performed to gain the higher DS. Therefore, an alternative approach such as minimization of
steps to get higher DS is preferable.

CMC is an anionic derivative that is being largely used in oral, ophthalmic, injectable, and topical
pharmaceutical formulations as an excipient. For solid dosage forms, CMC is used primarily as a
binder or matrix former. When CMC is used as a binder, then it yields softer granules with good
compressibility which form tough tablets with moderate strength [18]. On the other hand, commercially
available microcrystalline cellulose-based excipients are extracted from hardwoods and also from
purified cotton. Therefore, it is considered an expensive process that can further trigger investigations
of finding cheaper resources for similar excipients preparation [19]. To the best of our knowledge,
no report has been found in literature where a pharmaceutical excipient was prepared from the corn
wastes based on lignocellulosic biomass. Henceforth, extracting CMC as well as excipient from the
lignocellulosic agriculture waste (i.e., corn waste) could be considered an effective way for the reduction
of production costs as well as process barriers as these biomasses are widely available and free of cost
or at a very negligible price. In addition, such kind of low-cost material i.e., CMC can be further used
to produce tablets at an industrial scale.

Hence, the main objective of this study is to extract CMC from low-cost corn wastes with
higher DS by the utilization of a single-stage size-reduction method for lowering the extraction cost.
The subsequent objective of this study is to use the synthesized CMC as a pharmaceutical excipient by
testing its feasibility by performing different characterizations.
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2. Material and Methods

2.1. Materials

Corn wastes (Zea mays) including leaves, cob, stalk, and husk were collected in the harvesting
season (i.e., June–July) from the Wheat Research Center Rajshahi, Rajshahi Division, Bangladesh.
All the chemicals such as pharmaceutical excipient grade CMC (commercial), sodium hydroxide,
monochloroacetic acid (MCA), acetic acid, ammonium oxalate, sulfuric acid, and hydrochloric acid
were purchased from Sigma Aldrich, Bangladesh, and they were in the highest purity.

2.2. Preparation of Sample

Defective parts and foreign materials from the corn wastes were removed, followed by cutting
into small pieces and dried in sunlight for several days to minimize the intrinsic moisture. The corn
leave, cob, stalk, and husk were dried in the oven (FC-610, Toyo Seisakusho Co., Ltd., Chiba, Japan)
at 105 ◦C for several hours and grounded into powder using a disk mill (FFC-15). Later, the powder
was screened into three different particle sizes (100, 400, and 700 μm) by using a GFL Orbital Shaker
(Model: 3017, Germany) and stored in a silica-containing desiccator for further use.

2.3. Estimation of Fatty and Waxy Matters, Pectic Substances, and Lignin

The dried powder sample was immersed in n-hexane- ethanol mixture in the solid to liquor
ratio of 2: 200 for 10 h. The suspension was then filtered and washed with the residue with the fresh
n-hexane-ethanol mixture. After drying the residue, fatty and waxy matters were calculated using the
following formula.

% of fatty and waxy matters =
y× 100

x
, (1)

where y is the loss in weight and x is the initial weight of the sample. The dewaxed and defatted
powder was then heated with an ammonium oxalate solution (0.5% w/v)) in a liquor ratio of 0.1:10 at
80 ◦C for 3 consecutive days in a heating mantle. The level of the solution kept constant by adding hot
DI water simultaneously. Finally, the suspension was filtered and the residue was washed with DI
water and dried at 105 ◦C for getting pectic matters percentages:

% of pectic matters =
y× 100

x
. (2)

The dewaxed and depectinized dried powder was then treated with 72% sulfuric acid with solid
to acid ratio of 1:15 at ambient condition. The mixture was kept for 1.0 h and diluted by DI water up to
3% acid solution. Subsequently, the mixture was refluxed for 4.0 h and kept overnight. The mixture
was filtered and washed thoroughly with hot DI water and the residue dried until reaching the constant
weight at 105 ◦C. The residue was considered as lignin, and the powdered sample from the filtrate was
the delignified sample [20].

2.4. Isolation of Holocellulose

Holocellulose was isolated with a slight modification of the previously reported method [20].
Briefly, a suitable amount of dewaxed and depectinized powder corn wastes were treated with a 0.7%
NaClO2 solution at pH 4, and at 90–95 ◦C for 90 min with a liquor ratio of 1:80 (w/v). After being
washed with DI water, chlorite holocellulose was treated with a 0.2% Na2S2O5 solution for 15 min.
Subsequently, the holocellulose containing solution was again filtered and washed thoroughly with
distilled water, and finally dried at 60 ◦C to get the holocellulose.

2.5. Estimation of α-Cellulose and Hemicellulose (β and γ-Celluloses)

The α-cellulose and hemicellulose amount were determined to measure the total quantity in corn
wastes [20]. Briefly, 1.0 g of the dried chlorite holocellulose was treated with an 18% NaOH (w/v)
solution for 2 h in the ratio of 1:100 (w/v). The mixture was then filtered and washed thoroughly with
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2% acetic acid solution, followed by hot water. The residue was dried at 105 ◦C until reaching constant
weight. The dried residue (i.e., α-cellulose) was deducted from the weight of the holocellulose to
estimate the amount of hemicellulose.

An equal volume of filtrate and 3N H2SO4 was mixed and placed in a water bath for several minutes
at 90 ◦C to coagulate the β-cellulose. The mixture was kept for 12 h to settle the precipitate. Afterward,
the precipitate was separated and dried at 105 ◦C to obtain β-cellulose. Finally, the γ–cellulose
was estimated by deducting the amount of α-cellulose and β-cellulose from the initial weight of
the holocellulose. Here, diluted acids were used to extract as well as estimate the components of
holocellulose from the lignocellulosic wastes due to its economic and environmental feasibility [21].

2.6. Conversion of Holocellulose into Carboxymethyl Cellulose

The general schematic diagram and synthesis route of CMC from the holocellulose of corn wastes
is depicted in Figure 1. The synthesis of CMC includes two consecutive steps namely, alkalization
and etherification. During alkalization, holocellulose was suspended in ethanol, and 30% (w/v) NaOH
was added slowly for half an hour with vigorous stirring at room temperature, and the stirring was
continued for an hour. In the etherification step, MCA (120%) was added gently to the slurry before
placing into the water bath at 50 ◦C and heated for 3.6 h with intermittent stirring. The synthesized CMC
was filtered and washed with 70% (v/v) alcohol to minimize the unwanted leftover and dried at 65 ◦C.

The outline of the mechanism for preparing CMC from holocellulose of corn wastes followed by
two consecutive steps including basification as well as etherification are documented in Figure 1.

 

 
Figure 1. Schematic diagram of synthesizing of carboxymethyl cellulose (CMC) from holocellulose (A).
Reaction mechanism of carboxymethylation of holocellulose (hemicellulose and cellulose) (B).
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2.7. Estimation of Yield (%) of CMC

The yield of CMC was calculated based on a dry weight basis, where the weight of dried CMC
was divided by the weight of holocellulose:

CMC yield, % =
y
x
×100, (3)

where y and x is the weight of moisture-free CMC (g) and holocellulose (g), respectively.

2.8. Determination of Degree of Substitution (DS)

Before the determination of DS, the prepared CMC was acidified by using the modified protocols
as described elsewhere [22,23]. Briefly, 2 g of CMC powder was placed in 100 mL of a beaker, and 40 mL
of 95% ethanol was added, followed by 10 min agitation. Then, 2.5 mL of nitric acid was added and
the solution was boiled in a hotplate. Subsequently, after removing the solution from the hotplate, it
was stirred for 15 min. The liquid solution was decanted by using a vacuum pump and washed with
80% ethanol for several times. Then, the residue was washed with a small quantity of methanol and
filtered. To analyze the DS, 1.0 g of dried CMC was added to 100 mL of distilled water, and 12.50 mL of
1 N NaOH was added with agitation. After completely dissolving the mixture, it was then titrated by
1 N HCl in the presence indicator phenolphthalein. The DS of CMC was calculated by the utilization
of the following equations [23]:

O =
PQ−RS

T
, (4)

DS =
0.162×O

1− 0.058×O
, (5)

where

O =milli-equivalents of used HCl per gram of specimen;
P = volume of NaOH;
Q = concentration in the normality of NaOH;
R = volume of consumed HCl;
S = concentration in normality of HCl;
T = specimen grams;
162 is the molecular weight of the anhydrous glucose unit and 58 is the net increment in the anhydrous
glucose unit for every substituted carboxymethyl group.

2.9. Determination of Molecular Weight

CMC powder was dissolved in 0.8 M NaOH aqueous solution to measure the molecular weight by
using an Ostwald viscometer. From the value of intrinsic viscosity, the molecular weight of the CMC
was calculated by using the Mark–Houwink–Sakurada equation i.e., [η] = K ×M × a [19]. Where K, a,
[η], and M are the constant for solvent, polymer shape factor, intrinsic viscosity, and molecular weight
of CMC, respectively.

2.10. Structural Morphological and Thermal Study

FTIR spectrum analysis of the extracted holocellulose and synthesized CMC were performed by
Fourier transform infrared (FTIR) spectroscopy (Perkin-Elmer 240C, Waltham, MA 02451, USA) in
between 400 and 4000 cm−1. For surface morphology of the dried samples, they were sputter-coated
with gold for 10 min and then analyzed by using a scanning electron microscope (SEM) (Model-S
3400 N, VP SEM, Hitachi, Japan) using 20 kV accelerating voltage. The thermogravimetric analyses
(TGA) of the samples were carried out using a Shimadzu TGA-50 system (Kyoto 604-8511, Japan) under a
nitrogen atmosphere. The heating rate was 20 ◦C/min, and the temperature range was 25 to 600 ◦C.
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2.11. Physicochemical Characteristics of Prepared CMC (Excipient) (with DS 1.83)

2.11.1. Moisture Content

The prepared CMC was dried in an oven at 105◦ for 120 min. Following this, the dried CMC was
cooled in a desiccator until the ambient temperature was reached, and the final weight was taken.
The moisture content was determined by this following equation [23]:

Moisture content (%) =
y

w0
×100, (6)

where y and x is the final and initial weight of CMC (g), respectively.

2.11.2. Flow Properties of CMC

Flow properties of CMC were measured by performing several tests such as bulk and tap densities,
true density, porosity, angle of repose, Carr’s index, and Hausner’s ratio. Detailed descriptions of these
tests are given below.

2.11.3. Bulk and Tap Densities

A suitable amount of CMC powder (g) was poured in a 100 mL calibrated graduate cylinder and
placed in a bulk density apparatus (LOGAN TAP-2S, New Jersey 08873 USA). After lightly tapping the
cylinder, the occupied volume V0 was estimated. After, that the cylinder was tapped 500 times for
measuring the tap density and calculated by using the following relationship, respectively [24–26]:

Bulk density (BD) =
w
V0

, (7)

Tap density (TD) =
w

V500
, (8)

where w is the weight of CMC powder, V0 is volume before tapping, and V500 is the volume of CMC
powder after 500 times tapping.

2.11.4. True Density

The true density of the CMC powder was calculated by using a calibrated Quantachrome
pycnometer (Quantachrome Corporation, FL, USA). CMC powder was dried at ambient temperature
overnight under reduced pressure before analysis. True density was estimated by using the following
formula [25,26]:

True density (TD) =
w
v

, (9)

where w is the weight of the CMC powder and v is true volume of the CMC powder.

2.11.5. Porosity

The porosity of the CMC powder was determined according to the following equation [25,26]:

True density (TD) = 1− tap density
true density

× 100. (10)

2.11.6. Angle of Repose

The angle of repose of the CMC powder was measured by using a funnel and a Petri dish. At first,
the funnel was fixed with a funnel holder. For making a cone, the CMC powder was allowed to
emanate freely through the funnel. The height and diameter of the cone were recorded by a measuring
scale and determined by using the following formula [25,26]:
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tan θ =
2h
D

, (11)

where D is diameter of the cone and h is the height of the cone.

2.11.7. Carr’s Index and Hausner’s Ratio

The Carr’s index (CI) [25] and the Hausner ratio (HR) [26] were estimated by using the value tap
and bulk density:

CI =
tap density− bulk density

tap density
× 100, (12)

HR =
tap density

bulk density
. (13)

3. Results and Discussion

3.1. Chemical Composition, DS, Yield, and Molecular Weight of CMC

The chemical composition of corn waste residue including holocellulose (i.e., α, β, and γ- cellulose),
lignin, pectic matter, fatty and waxy matter were estimated, and their results are shown in Table 1.
From Table, it can be observed that the α-cellulose contents (i.e., 41.2%) were dominant among all other
constituents, followed by β-cellulose and γ-cellulose contents. The amount of lignin, fatty and waxy
matter, and pectic matters were 19.4%, 2.6%, and 3.6%, respectively. However, all types of holocellulose
(i.e., α, β, and γ-cellulose) were converted into CMC through carboxymethylation. The synthetic route
and reaction mechanism of synthesizing CMC from holocellulose is depicted in Figure 1.

Table 1. Composition of corn waste residue (Each test was performed at least three times and average
and standard deviation were considered).

Holocellulose
Lignin,

wt%

Fatty and Waxy
Matters, wt%

Pectic Matters,
wt%

Others,
wt%α-Cellulose,

wt%
β-Cellulose,

wt%
γ-Cellulose,

wt%

41.2 ± 1.1 15.2 ± 0.9 14.7 ± 1.0 19.4 ± 1.4 2.6 ± 0.2 3.6 ± 0.3 3.3 ± 0.5

Corn wastes were converted into CMC depending on different particle sizes. The values of DS,
yield (wt%), and molecular weight of the obtained CMC are illustrated in Figures 2–4 respectively.
From Figure 2, it can be seen that the DS of the prepared CMC was greatly dependent on the particle
size of the starting material (holocellulose). Therefore, it shows a trade-off relationship with the particle
size of the holocellulose i.e., the values of DS gradually increased with the decreasing size of the
holocellulose. The highest DS value of 1.83 was obtained from the lowest particle size of 100 μm.

The highest yield (i.e., 182.55%) of CMC was found with the lowest particle size of holocellulose
i.e., 100 μm, whereas the yield declined with increasing particle size of holocellulose (Figure 3).
One might postulate that we have reported a higher yield of CMC in this study. This was highly
desirable as the anhydrous glucose unit (molecular weight 162 g/moL) substituted into the sodium
carboxymethyl groups (molecular weight 80 g/moL) based on the DS value. Therefore, the higher
yield was highly desirable. However, we did a theoretical calculation and compared the data with
the experimental findings. We found that theoretical yield was slightly higher (i.e., 7.0–8.6%) for
theoretical mass yield, which indicated that successful substitution of the hydroxyl groups occurred
by the sodium carboxymethyl groups. This result shows the resemblance with the principle that the
reduced particle generates a larger surface area, which increases the chance of collisions between
reactants and holocellulose. Therefore, the yield of CMC was increased by decreasing the holocellulose
particle sizes [27].
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From Figure 4, it can be noticed that the molecular weight of the prepared CMCs was significantly
increased with the increasing DS value. From Figure 2, it was mentioned that the DS value was
increased with the decreasing of holocellulose particle size. Since the smaller holocellulose particle
size has a greater surface area, the excessive amount of reactants can infiltrate into the holocellulose at
a time. In addition, Wang et al. mentioned that the etherification process significantly relies on the
availability of the activated hydroxyl groups of AGU as well as the approachability of reactants [28].
Thus, higher DS, as well as molecular weight, were obtained due to the increasing number of -OH
groups substituted by the sodium carboxymethyl group. The highest molecular weight of 457,910 Da
was obtained with DS value of 1.83, whereas the lowest molecular weight of 100,388 Da was yielded
with DS value of 0.34, as depicted in Figure 4. The molecular weight of the AGU was 162 g/mol, and the
net gain in the AGU for every substituted sodium carboxymethyl group was 80 g/mol. Likewise,
the carboxymethyl group is weightier than the -OH group, hence, the molecular weight of the CMC
increased [23].

Figure 2. Degree of substitution of the synthesized CMC depending on varying particle size
of holocellulose.

Figure 3. Converted amount of CMC as yield (wt%) via varying particle size of holocellulose.
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Figure 4. Estimation of molecular weight of prepared carboxymethyl cellulose (CMC) with different
degrees of substitution value.

3.2. Structural Characterization

Different characterization techniques were used to characterize the synthesized CMC and
holocellulose extracted from corn waste. For example, FTIR spectroscopy was used to analyze
the surface functional groups present in the extracted holocellulose and synthesized CMC (Figure 5).
From the FTIR spectra of the corn wastes powder and holocellulose, a distinct difference was noticed.
Significant differences were observed in the wavenumber in between 1800 and 1000 cm−1. Several
peaks such as at wavenumber 1741 cm−1 (due to C=O stretching), 1637 cm−1 (due to carbonyl stretching
conjugate with aromatic rings), and 1513 cm−1 (due aromatic C=C stretch) were not found in the
extracted holocellulose [29]. Most specifically, peak at wavenumber 1250 cm−1 (due to C-O stretching
vibration) was significantly reduced, and peak at wavenumber 1513 cm−1 (due to aromatic C=C stretch)
was absent in the holocellulose. This phenomenon indicated that the lignin was removed during the
extract process [30]. On the other hand, the wavenumbers at around 1423 and 1640 cm−1 were due to
-CH2 bending and O-H bending vibration of the absorbed water, respectively [31].

From the spectra of CMC, a broad absorption band at 3436 cm−1 was found, which indicated the
presence of -OH group, and a band at 2928 cm−1 was attributed to the C-H stretching vibration [10,32].
In addition, a new and strong wavenumber at 1620 cm−1 was found, which confirmed the stretching
vibration of carboxyl groups (COO−), and a peak at 1424 cm−1 assigned to the salts of carboxyl groups [22].
The peaks at around 1327 and 1116 cm−1 can be assigned to -OH bending vibration and -C-O-C stretching,
respectively. A wavelength of 898 cm−1 was found, which was due to 1 and 4-β glycosides of cellulose [11].

For the characterization of cellulose-based materials, SEM is one of the general techniques for
imaging the microstructure and morphology of the materials. The morphologies of isolated holocellulose
and synthesized CMC were also observed using an optical microscope, depicted in Figure 6. Ribbon
shaped or rod-like morphology was found for the synthesized CMC, which is similar with the reported
literature [33]. Furthermore, from Figure 6, it can also be observed that the surface morphology of
extracted holocellulose is smoother with very low damage. In contrast, the morphology of the prepared
CMC was more extended, rough, and collapsed [34]. In addition, the isolated holocellulose was
further treated with sodium hydroxide during carboxymethylation, thus the ruptured surface was
obtained from the synthesized CMC [35]. From Figure 6, it can be found that the size of the particles of
holocellulose and CMC were in the range of 1.0–3.5 and 1.5–3.5 μm (approximately), respectively.

113



Processes 2020, 8, 711

 
Figure 5. Structural properties of holocellulose and CMC (with degree of substitution 1.83). FTIR
spectra of virgin cellulose, isolated holocellulose, and synthesized CMC.

 

Figure 6. Surface morphology of isolated holocellulose and synthesized CMC (with DS 1.83).

XRD analysis is one of the prime methods of physical research. This technique was employed
to investigate the degree of crystallinity before and after the carboxymethylation of cellulose [36].
XRD analysis of the samples is presented in the Figure 7. The obtained peaks of the samples were
analogous to both crystalline and amorphous phases [37]. From the figure, it can be inferred that that
holocellulose is more crystalline than CMC. More clearly, holocellulose gave five peaks at 2θ = 14.2◦,
22.1◦, 27.4◦, 31.6◦, and 45.4◦ and the peaks were sharp, which indicated the presence of more crystalline
phases on its core structure. On the other hand, in the CMC diffractogram, less number of peaks were
found after carboxymethylation in comparison with the diffractogram of holocellulose in Figure 7.
Therefore, the presence of more amorphous structures in the CMC compared to holocellulose can be
seen since the characteristic peaks at 2θ = 14.2◦, 22.1◦, and 27.4◦ became broader and intensity was
reduced significantly. In addition, it can be observed that the typical peak at 2θ = 31.6◦ for extracted
holocellulose disappeared in CMC [9]. On the contrary, the peak at 2θ = 45.4◦ reduced dramatically for
CMC. This was due to the decrease in crystallinity in CMC as holocellulose was transformed from
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the crystalline to highly amorphous phase after carboxymethylation [38]. Furthermore, the peak at
2θ = 14.2◦ still appeared in CMC, which indicated the presence of some sort of crystallinity, although
the peak intensity was not sharp enough as holocellulose. Even though the percentage of crystallinity
of synthesized CMC was not quantitatively determined, it can be supposed that the CMC adopted a
disordered arrangement as compared to isolated holocellulose. This characteristic can be attributed to
the presence of the carboxymethyl moieties which substituted the hydrogen atoms of the hydroxyl
groups of cellulose [39]. Finally, holocellulose was treated with the alkaline solution during the
carboxymethylation process, and as a result they swelled and showed tension with neighboring
crystallites of cellulose molecules [40].

 
Figure 7. X-ray diffractogram of extracted holocellulose and synthesized CMC (with degree of
substitution of 1.83).

TGA is a technique by which the thermal stability of a material can be analyzed, where the material
is decomposed by the heat, and bonds are broken within the molecule [41]. During the test, when the
maximum degradation occurs at a certain temperate, it is considered as an indicator of the stability
of the material. The TGA graph of holocellulose and CMC is shown in Figure 8. From the figure,
the weight loss of moisture, volatile compounds, and carbohydrate polymers during the carbonization
phase can be observed.

According to the figure, 2.3% weight loss was observed in the case of holocellulose. This was
due to evaporation of absorbed water. Lin et al. [42] reported that the decomposition temperatures
of hemicellulose and cellulose were in the ranges of 200–315 ◦C and 360–400 ◦C, respectively. In our
case, we observed the degradation stage of hemicellulose and cellulose in the ranges of ~300 ◦C and
~380–400 ◦C, respectively. The weight loss of holocellulose was around 79% in the temperature range
of 340 to 387 ◦C, but holocellulose started to degrade at around 300 ◦C, which was due to the thermal
decomposition of glycoside linkages of cellulose (i.e., hemicellulose). In addition, the final change was
observed after 380 ◦C, which was due to the decomposition of α-cellulose [43,44].
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Figure 8. TGA curves of holocellulose and synthesized CMC (with degree of substitute 1.83).

On the other hand, CMC contained about 11.0% moisture. This primarily indicates that the CMC
was more hygroscopic, and this is basically due to the presence of the carboxyl groups. The main
decomposition of synthesized CMC was initiated at above 100 ◦C. This was due to the release of
moisture from the CMC by the breaking of the hydrogen bond. Subsequently, the second and third
stages decomposition was held between 283 and 318 ◦C. Finally, the weight loss was about 40%,
which was probably due to the depolymerization of CMC by forming H2O, CO, CO2, and CH4 [45].
In the temperature of 283 and 318 ◦C, CMC was decarboxylated as it contained COO− groups in
their structure. In addition, as shown in Figure 8, the thermal decomposition temperature further
occurred from about 318 to 377 ◦C, which indicated a further loss of the mass up to 42.2%. The rate of
weight loss gradually enhanced with the increase in temperature. This indicated the presence of more
non-volatile fraction in CMC. More clearly, from the previous discussion, we confirmed that CMC had
more irregular fractions of the amorphous structure, together with the sodium carboxymethyl unit.
This unit was quite tough to break down at the referred temperature. Therefore, we assume that CMC
should have higher stability than holocellulose (mass basis). This was mainly due to the presence
of sodium ions in the residual mass, the degradation is quite tough. Henceforth, the mass residual
mass (in the form of char) was expected to increase significantly, together with higher degradation
temperature [46,47]. Therefore, in our case, we found that around 42.2% residual mass was even at a
higher temperature compared to the holocellulose residual mass (i.e., ~21%).

3.3. Feasibility as Pharmaceuticals Excipient

Generally, microcrystalline cellulose is being used as excipient, which is extracted from hardwood
and also from purified cotton. This process is considered an expensive process. Therefore, investigations
are going on to find out the cheaper resources like CMC [19]. In general, the excipient has no medicinal
functions. Excipients are being utilized in many ways in the pharmaceutical industries. They can be
used as a binder, disintegrator, coating material, diluent, lubricant, and so on [19]. Especially, during
the manufacturing of tablets, physical parameters of the excipient plays a crucial role. Herein, we
compared the physicochemical characteristics of synthesized CMC with commercial CMC (as excipient).
The physicochemical characteristics of synthesized CMC powder and commercial CMC are shown in
Table 2. Moisture content plays a crucial role in the case of flow properties of the powder. The effect
of moisture on powder flowability depends on the amount of water and its distribution. It is quite
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common that the flowability of the powder often decreases with the increase of moisture content.
Because a higher amount of water will increase the thickness of the adsorbed liquid layer, it increases
the strength of liquid bridges. As a result, the powder becomes more cohesive and tends to form
agglomerates [48]. It is clear from the table that the physicochemical properties of synthesized CMC
power remained within acceptable limits with not more than 10% variations [49]. However, the bulk
density rendered an estimate of the ability of a material to flow, which is related to compressibility.

Table 2. Physicochemical characteristics of synthesized CMC as an excipient.

Characteristics CMC Powder (with DS 1.83) CMC Powder (Excipient Grade with DS 0.9)

Moisture content 1.36 ± 0.00 0.94 ± 0.01
Bulk density (g/mL) 0.50 ± 0.004 0.52 ± 0.003
Tap density (g/mL) 0.51 ± 0.003 0.55 ± 0.001
True density (g/mL) 1.75 ± 0.007 1.84 ± 0.005

Porosity 70.82 80.03
Angle of repose 38.55 ± 1.70 41.27±1.20

Carr’s index 8.14 ± 1.20 7.24 ± 1.10
Hausner’s ratio 1.37 ± 0.010 1.18 ± 0.004

Each test was performed at least three times and average and standard deviation were considered.
On the other hand, the tap density is a measure of the property of any sample of how well a powder

can be packed in a confined space on recurring tapping. Bulk and tap density values of synthesized
CMC showed almost similar behavior with the commercial CMC, as depicted in Table 2. It is generally
considered that the better the potential for a material to flow and to re-arrange under compression,
the higher the bulk and tapped densities [50]. In general, the higher true density of a powder reflects
the better compressibility. The true density of synthesized CMC powder was approximately the same
compared with commercial CMC. The total porosity or void fraction of a powder is the measurement
of the void or empty space between the particles as well as pores within the particles of a material.
In addition, it is a fraction of the volume of the void over the total volume, between 0–1 or as a
percentage between 0–100%. The porosity value of the synthesized CMC was similar to the commercial
CMC, which reveals the presence of poly-sized particles. Hence, synthesized CMC can easily be
compressed during tablet making. The angle of repose of powder is another important criterion
that gives a qualitative assessment of its internal and cohesive frictions. Angles of up to 40◦ show
reasonable flow potential of the solid powders. On the other hand, samples with angles greater than
50◦ exhibit poor or absent flow [51]. In this study, the angle of repose of the synthesized CMC was
found to be 38.5, which indicates there was no significant difference when compared with commercial
CMC. To evaluate the flow properties of the powder, the Carr index and Hausner ratio have been
commonly used. Carr’s compressibility index exerts a clue of how much powder can be compressed,
whereas Hausner index measures the cohesion between particles and the particle flows inversely with
the values of the Carr index and Hausner ratio [50,52]. In the case of Carr’s index, values ranged
between 5 to 10, 12 to 16, 18 to 21, and 23 to 28, indicating excellent, good, fair and poor flow properties
of the material, respectively [50]. The Carr’s index of the synthesized CMC powder lies in the range
of 5 to 10, which indicates its excellent flow properties. By contrast, the Hausner ratio (<1.20) often
indicates good flowability of material, whereas a value of 1.5 or higher suggests a poor flow display by
the material [52]. The Hausner ratio of the synthesized CMC showed a good flow property with value
at around 1.3 in comparison with commercial CMC. Finally, it can be inferred from the discussion that
the newly synthesized CMC from the agro waste can be a great source of commercial excipient.

4. Conclusions

CMC was successfully synthesized from extracted holocellulose. The highest yield of 182.55%
was obtained with lower particle size (100 μm) of the holocellulose. The higher yield was reported
due to the smaller particle sizes with DS of 1.83, which significantly contributed to incorporate
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more carboxylic groups in the CMC. Hence, it was used as a starting material for CMC synthesis.
Different characterization analyses showed that CMC was successfully synthesized with ideal structural,
morphological, as well as thermal properties. It was also found that the synthesized CMC had a good
pharmaceutical excipient compatibility with a commercial excipient. The synthesized CMC with DS
value of 1.83 can be a promising pharmaceutical excipient than other CMC bases excipients. Hence, this
study has shown an efficient way of converting corn waste (lignocellulosic biomass) into value-added
material, which can be a great aspect to be used as a pharmaceutical excipient, together with further
applicability in real industrial application such as tablet making and other fields.
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Abstract: A new high γ-aminobutyric acid (GABA) producing strain of Bacillus cereus was successfully
isolated from soy sauce moromi. This B. cereus strain named KBC shared similar morphological
characteristics (Gram-positive, rod-shaped) with the reference B. cereus. 16S rRNA sequence of B. cereus
KBC was found to be 99% similar with B. cereus strain OPWW1 under phylogenetic tree analysis.
B. cereus KBC cultivated in unoptimized conditions using De Man, Rogosa, Sharpe (MRS) broth was
capable of producing 523.74 mg L−1 of GABA within five days of the cultivation period. By using
response surface methodology (RSM), pH level, monosodium glutamate (MSG) concentration and
temperature were optimized for a high concentration of GABA production. The pH level significantly
influenced the GABA production by B. cereus KBC with p-value = 0.0023. GABA production by
B. cereus KBC under the optimized condition of pH 7, MSG concentration of 5 g L−1 and temperature
of 40 ◦C resulted in GABA production of 3393.02 mg L−1, which is 6.37-fold higher than under
unoptimized conditions. Overall, this study has shown that B. cereus KBC isolated from soy sauce
moromi is capable of producing a high concentration of GABA together with the optimal fermentation
conditions that have been statistically analysed using RSM.

Keywords: GABA; fermented food; functional food; non-protein amino acid; soy sauce fermentation

1. Introduction

Gamma-aminobutyric acid (GABA) is a non-protein amino acid produced by theα-decarboxylation
of L-glutamate. The non-protein amino acid is the molecular compound that has the standard structure
of an amino acid consisting of N-terminal and C-terminal. Most amino acids have at least one asymmetric
carbon and are chiral [1]. Amino acids are classified as non-protein when they are not part of the 22 such
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molecules that are translated into proteins by the standard genetic code [2]. These non-protein amino
acids play important roles as metabolites in the organism, function as allelopathic chemicals, nutrient
acquisition and in signalling as well as a stress response. Researchers also reported that they are
responsible for significant medical issues in both invertebrate and vertebrate animals [3]. Biosynthesis
of non-protein amino acid of GABA is catalysed by the glutamate decarboxylase (GAD) enzyme [4].
GABA is usually produced by microorganisms associated with fermented foods, such as fermented
fish [5], fermented cod gut [6], fermented tempeh [7], fermented milk [8], fermented adzuki beans [9] and
recently fermented soybean of soy sauce [10]. GABA plays an important role in the central nervous
system (CNS) as the primary inhibitory neurotransmitter. Due to its major inhibitory functions in the
brain, GABA is studied as a treatment for various neurological diseases, such as epilepsy, schizophrenia,
stiff-person syndrome and anxiety disorders [11]. GABA also demonstrated hypotensive, diuretic
and tranquillizer effects [12]. A high concentration of GABA can also be found in pancreatic islets,
which was associated with insulin secretion, hence, can be used to treat diabetes [13,14]. Furthermore,
the oral administration of GABA can effectively decrease blood pressure in a hypertensive patient [8].
These pharmaceutical applications of GABA have risen the commercial production of functional food
with a high concentration of GABA as its bioactive component.

In order to commercially produce GABA, several biosynthetic techniques were employed,
such as by using sourdough fermentation, immobilized cell technology and batch fermentation [15].
GABA produced from the fermentation of naturally-occurring microorganisms have higher
demand in comparison to chemically-synthesized GABA since customers prefer a nutrient source
that is naturally-produced rather than chemically-synthesized [16]. Production of GABA via
naturally-occurring microorganisms is preferred as they are naturally present in the food production
processes, low-cost, and can be adopted as a functional food [10] rather than painstaking and
expensive chemically-synthesized GABA [17], which are more prone to antihypertensive drugs [18].
Naturally, humans have an innate sense toward natural things; therefore, food naturalness is crucial
among the majority of consumers [19]. Furthermore, natural GABA also improves the taste of the
food while reducing the risk of contamination with pathogenic microorganisms [20]. In order to
identify a high GABA-producing strain, numerous microorganisms such as Lactobacillus paracasei,
Lactobacillus plantarum, Lactobacillus brevis, Lactococcus lactis, Streptococcus salivarius, Uonascus purpureu
and Streptomyces bacillaris have been isolated from various type of food like cheeses, kimchi, tea,
fresh milk and fermented fish [15]. There are many studies that have reported that the culture
conditions play an important role in GABA production. It can be done by (1) finding and/or developing
a higher-yield GABA-producing microorganism and (2) optimizing fermentation conditions. GABA
produced in fermented food is a good option as it can be directly consumed [21].

Soy sauce is a liquid seasoning used worldwide in cooking and eating [22]. It can be a potential
natural functional food for GABA production since the chemically synthesized GABA are expensive
compared to naturally produced-GABA [23]. In 2016, several isolated microorganisms from local
Malaysian soy sauce producers were reported to be capable of producing GABA due to the abilities
of the trio microorganisms, i.e., Aspergillus oryzae NSK (from koji), Bacillus sp. (from moromi) and
strict anaerobic Tetragenococcus sp. (from moromi). Based on these findings, the ability of traditional
solid-state fermentation of soy sauce production processes using soybean as a substrate has been
explored to produce GABA by the microorganism from moromi. Previous studies have been done to
isolate microorganisms from soy sauce koji for GABA production. For example, Aspergillus oryzae NSK
isolated from the soy sauce koji [24] produced 73.13 ± 1.77 mg L−1 of GABA. However, there is no
conclusive study has been done to determine the capability of microorganisms isolated from the moromi
stage for GABA production. Therefore, a complete study from isolation, identification and optimization
of a newly isolated microorganism from commercial soy sauce moromi for GABA production has
been conducted.
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2. Materials and Methods

2.1. Isolation of B. cereus KBC

Three moromi samples ranging from 10, 25 and 80 days were obtained from an established
commercial soy sauce factory in Perak, Malaysia. Soy sauce production consists of several stages of
fermentation (Figure 1). The first stage is a solid-state fermentation, in which soybeans and wheat
flour are mixed with fungal species, such as Aspergillus sojae or Aspergillus oryzae, as the starter and
left fermenting for several days to form koji [25]. During the first stage of making koji, the soybean
was soaked overnight using tap water to allow it to be softened. The dehulled soybean was boiled
at 100 ◦C for 3 h until the colour appeared to be slightly golden. Meanwhile, 1 kg of dried soybean
was mixed with 500 g of wheat flour and 0.0005 g of A. oryzae that works as a starter. The mixture
was loaded into four standard steel trays evenly, each loaded with 4 cm thickness. The koji trays
were covered thoroughly by the parchment paper and incubated at around 27–35 ◦C for two weeks.
After the incubation in a humid and aerated incubation chamber was completed, a greenish-yellow
mash could be observed, known as koji. The second stage involves the mixing of koji with 20% (w/v) of
sodium chloride solution (brine) and incubating for six months in a tank to produce moromi. Moromi is
pressed in the final stage to collect the liquid product, which is the soy sauce.

 
Figure 1. Soy sauce production blueprint and isolation point for Bacillus cereus strain KBC.

The collected moromi samples were stored in 500 mL Schott bottles in the cold temperature of
less than 4 ◦C. Brine sample at the bottom of the moromi sample was pipetted and serial dilution
was conducted. The isolation was conducted by spreading and streaking the moromi sample on de
Man, Rogosa, Sharpe (MRS) (69964-500G, Sigma-Aldrich, Dorset, UK) agar plates. The agar plates
were incubated at 30 ◦C for 5 days under anaerobic conditions using an anaerobic jar supplied with
Anaerocult A (Merck) following the methods by Liu et al. [26]. After incubation, the plates were
screened for colony growth and a single colony was streaked on a new MRS agar plate to obtain a
pure isolate. The pure colonies were transferred to MRS media slants and kept as stock cultures at
−4 ◦C. This pure isolate was used for morphological observation and identification. For long term
preservation, the identified master strain was cultured overnight in MRS broth and 500 μL of the
overnight culture was inoculated into a 2 mL glass vial containing 500 μL of 50% v/v glycerol. The glass
vials containing the master strains were stored in −80 ◦C for future use.
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2.2. Morphological Analysis

The isolated pure culture was Gram-stained and observed under a light microscope [27] to
identify their morphological characteristics. This isolated pure culture was also observed under 1000×
magnification using a Scanning Electron Microscope (SEM) (Brand ZEISS, Model MERLIN Compact,
Oberkcohen, Germany) [28] to confirm its morphological structure.

2.3. Identification Using 16S rRNA

Identification of Bacillus cereus strain KBC was conducted by Apical Scientific Sdn. Bhd.
(Seri Kembangan, Selangor, Malaysia) using 16S rRNA sequencing with 1.5 kb full length based
on Tamura et al. [29]. The extracted bacterial DNA was amplified using universal primers
27F and 1492R, as mentioned by Jawan et al. [30]. The procedures consisted of 25 μL of total
reaction volume, which consisted of genomic DNA purified using in-house extraction blueprint
(0.3 pmol of each primer, 0.5 U DNA Taq polymerase deoxynucleotides triphosphates (dNTPs,
400 μM each), supplied PCR buffer and deionised water). The PCR was done strictly according
to Jawan et al. [30]: 1 cycle for initial denaturation (94 ◦C for 2 min); 25 cycles (98 ◦C for
10 s; 53 ◦C for 30 s; 68 ◦C for 1 min) for annealing-amplified DNA extension via Eppendorf
Mastercycler gradient (Eppendorf, Hamburg, Germany). The PCR products were purified and
directly sequenced with primers 785F and 907R using BigDye® Terminator v3.1 Cycle Sequencing
Kit (Applied Biosystems Co., Foster City, MA, USA). Finally, the sequences fragment (1414 bp) were
compared with those deposited in the GenBank DNA database using Basic Local Alignment Search Tool
(BLAST; https://www.ncbi.nlm.nih.gov/nuccore/NR_074540.1,NR_113266.1,NR_115714.1,NR_112630.1,
NR_114582.1,NR_115526.1,NR_152692.1,NR_113991.1,NR_114581.1,NR_043403.1). A phylogenetic
tree of Neighbour Joining (Unrooted Tree) by NCBl Blast Tree Method based on 16S rRNA 137 genes
(bacteria only) was, excluding uncultured bacteria (taxid: 77133), constructed to determine the closest
bacterial species by using Molecular Evolutionary Genetics Analysis (MEGA) software (Version 6.0,
https://www.megasoftware.net, the software is online by Tamura et al. [29]). Distance-clustering was
generated using bootstrap values based on 1000 replications. The resulting phylogenetic tree was
re-run in Mega X software, as described by Wan-Mohtar et al. [10], and the isolated bacteria was
identified as the same species by the closest Knuc.

2.4. Inoculum Preparation

The stock culture of B. cereus KBC in an MRS media slant was thawed to room temperature before
being streaked on MRS agar plates under sterile conditions. The B. cereus KBC on the MRS agar plates
was cultured for two days to check their viability, then, a loop of the bacterial colony was transferred
into 100-mL Erlenmeyer flask containing 50 mL of MRS broth. The MRS broth culture was incubated
for 24 h and 1% inoculum with the cell’s viability count of 106 CFU mL−1 was used for the fermentation
to produce GABA.

2.5. Medium Preparation

MRS agar and broth (Sigma-Aldrich, Dorset, UK) were used in these experiments. This media
composed of (in g/L) peptone (10.0), yeast extract (4.0), glucose (20.0), dipotassium hydrogen phosphate
(2.0), sodium acetate (5.0), triammonium citrate (2.0), magnesium sulphate (0.2), manganese sulphate
(0.05), and meat extract (8.0). The MRS agar and broth were prepared by measuring a suitable amount
of media (31 g of MRS powder in 500 mL distilled water) and autoclaved at 121 ◦C for 15 min.
Monosodium glutamate (MSG) was added into the media for the optimisation of GABA production
according to the amount specified by the response surface methodology (RSM).
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2.6. Production of GABA by an Isolated Strain

GABA production was conducted by transferring 150 mL of MRS broth into 250-mL Erlenmeyer
flasks. The flasks were then inoculated with 1.5 mL of 1% inoculum with the cells viability count
of 106 CFU mL−1. The inoculated flasks were incubated at 30 ◦C, 100 rpm for 7 days using a shaker
incubator (Binder, Bohemia, NY, USA).

2.7. Optimisation of GABA Production Using RSM

The GABA production by the isolated strain was optimised using RSM with central composite
design (CCD) in Design Expert 7.0 software (Version 7, Godward St NE, Suit 6400, Minneapolis, MN,
USA). The fermentation for optimisation was conducted in a 100-mL Erlenmeyer flask containing 50 mL
MRS broth. The variables being tested are temperature, pH and MSG concentrations with the ranges
shown in Table 1. The experimental design constructed by CCD with the α-value set at 1.0 generated a
total of twenty runs as listed in Table 2. All the experimental runs were conducted accordingly, and the
GABA concentration was measured and inserted as a response for the RSM analysis.

Table 1. The selected variables, range and levels inputted for optimisation study.

Variables
Range and Levels

−1 0 1

pH 3.0 5.0 7.0
MSG (g L−1) 1.0 3.0 5.0

Temperature (◦C) 20 30 40

Table 2. Central composite design (CCD) design with studied variables and actual responses for the
gamma-aminobutyric acid (GABA) production (mg L−1) of B. cereus KBC.

Run No.
Variables Actual Response

pH MSG (g L−1) Temperature (◦C) GABA (mg L−1)

1 3 1 40 1989.54
2 5 3 20 3303.81
3 5 3 30 2178.9
4 7 5 40 3393.02
5 5 3 30 1990.2
6 5 5 30 2141.45
7 3 3 30 1857.36
8 5 3 30 2181.97
9 3 5 20 1965.97
10 5 3 30 2063.18
11 3 5 40 2060.37
12 5 3 30 2146.49
13 7 5 20 3585.29
14 7 1 40 3018.52
15 5 3 40 2379.37
16 5 1 30 2520.9
17 7 3 30 3303.19
18 3 1 20 1969.95
19 7 1 20 1766.99
20 5 3 30 2047.25

2.8. Analytical Procedures

2.8.1. Determination of Dry Cell Weight

Centrifuge tubes of 1.5-mL were pre-dried in a dehydrator overnight and weighed. A 1 mL of
Bacillus strain culture was collected aseptically and centrifuged at 4000 rpm for 15 min. The supernatant
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was collected and stored in another 1.5 mL tube for the determination of GABA. The pellets were
washed with distilled water and centrifuged again. The water was discarded, and the pellets were
dried in a dehydrator overnight before the biomass was weighed.

2.8.2. Determination of GABA

The supernatant was filtered through a 0.22-μm pore-size nylon filter (Fisher Scientific, Brecon,
UK). The supernatant was injected into an HPLC equipped with a Hypersil Gold C-18 column (250
× 4.6 mm I.D., particle size 5/um; Thermo Scientific, Meadow, UK). Mobile phase (a mixture of 60%
solution A (aqueous solution of 100.02 millimolar (mM) sodium acetate, 3.59 mM triethylamine and
12.49 mM acetic acid in 1000 mL) adjusted to pH 5.8, 28% solution B (deionized water), and 12%
solution C (acetonitrile) was used during the separation processes. The flow rate of the mobile phase
was set at 0.6 mL/min. The separation process was conducted at room temperature, and the detection
was monitored at 254 nm. Gradient HPLC separations were performed on a Shimadzu LC 20AT
apparatus, consisting of a pump system, a CT0-10ASVP model oven with 20-μL injection loop injector,
and a Model SPD-M20A PDA detector in conjunction with a DELL model DELL Optiplex integrator.

2.9. Statistical Analysis

All experimental runs were done in triplicates and the respective mean ± SD was determined
using the software, GraphPad Prism 7 (GraphPad Software Inc., 2016, San Diego, CA, USA) and
presented as error bars in the graph or ± symbol in the table. It should be noted the error bars might
not appear in the graph if SD is smaller than the size of the symbol for the data point.

For the optimisation of GABA production by B. cereus KBC using RSM, the statistical tool in
Design Expert 7.0 software was used to conduct an analysis of variance (ANOVA) for the experimental
responses. The significance of the model and variables being studied was determined based on p-value
< 0.05.

3. Results and Discussion

3.1. Identification of B. cereus KBC

3.1.1. Morphological Characteristics of B. cereus KBC

Morphological characteristics of the bacterial strain isolated from the soy sauce moromi are shown
in Figure S1. It can be observed that the isolated strain exhibited round, opaque and milky-coloured
colonies when grown on MRS agar plates. Gram staining also clearly showed that this strain is a
Gram-positive with rod-shaped morphology and has been confirmed under 1000×magnification using
an SEM.

3.1.2. 16S rRNA Identification of B. cereus KBC

Molecular identification was performed on the microorganism isolated from moromi in order to
identify the species of the strain. The base pairs of the isolated strain were estimated using agarose gel
electrophoresis under ultraviolet (UV) light (Figure S2). The marker in Lane 1 was used to construct
the standard curve for base pairs length determination. The base pairs of BCSNSK were estimated to
be 1414 bp. The phylogenetic tree (Figure 2) confirmed the first isolated strain to be closely related
with the species Bacillus cereus and thus will be designated as Bacillus cereus strain KBC (B. cereus KBC)
in further discussion.
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Figure 2. Phylogenetic tree of B. cereus strain KBC with evolutionary distance. The B. cereus KBC was
closely related to B. cereus strain OPWW1.

3.2. GABA Production by B. cereus KBC

The biomass and GABA-producing capability of Bacillus cereus strain KBC was studied by
measuring its biomass and GABA content in MRS broth for seven days. The graph in Figure 3 shows
biomass and GABA production during the fermentation period. The biomass increased until it reached
the highest value of 0.57 ± 0.07 g L−1 on day two, then decreased until day seven. The biomass
concentration could demonstrate the viability of the cells. B. cereus KBC displayed rapid growth and
reached maximum cell concentration on day two. Nutrient limitation, such as a limited amount of
carbon source, might cause a decrease in the biomass of B. cereus KBC. The GABA content increased each
day until day five in which it reached the maximum value of 532.74 ± 5.89 mg L−1 before decreasing.
GABA could improve the growth of bacteria by acting as a growth factor. The previous study has
shown the importance of GABA as a growth factor for a gut microorganism known as KLE1738 [31],
as the isolated B. cereus strain KBC may also produce GABA to stimulate their growth. On day five
of fermentation, the GABA production was the highest while the biomass is the lowest. On the
next day, the biomass suddenly increases while the GABA content decreases. Bacillus cereus strain
KBC could utilise the GABA for survivability and result in this unbalanced growth. More research
is needed to be done to study the existent of GABA-dependent metabolism mechanism in B. cereus
strain KBC. In comparison with a study by Ab Kadir et al. [24], GABA is produced mostly during the
log and stationary phase, while, in this present study, GABA was produced during stationary phase.
This situation might be caused by nutrient limitation such as peptone (nitrogen source) in the MRS
broth. These components are vital elements for the microorganism in order to synthesize amino acids
for growth and secondary metabolite production such as GABA [24]. The result also showed GABA
concentration of 286 mg L−1 at day zero, which could be originated from the inoculum culture as
GABA introduced in the fermentation broth, and it was continuously produced by B. cereus KBC while
growing during the fermentation period. It was observed that there is an increment of 247 mg L−1 of
GABA from day zero until day five (maximum amount of GABA production). In the study by Ab
Kadir et al. [24], maximum GABA concentrations of 194 mg L−1 were achieved around day two to
day four, using Aspergillus oryzae strain NSK isolated from soy sauce koji, which grows and behaves
differently from B. cereus KBC. Technically both A. oryzae strains NSK (from koji) and B. cereus KBC
(from moromi) are responsible in metabolizing the soybean while producing GABA but at different
stages and rates.
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Figure 3. Biomass and GABA production of Bacillus cereus strain KBC in a 7-day cultivation period.

3.2.1. Optimisation of GABA Production by B. cereus KBC

The ANOVA results for GABA production of B. cereus KBC are shown in Table 3. It was found
that 48.21% (R2 = 0.4821) of the variability in the actual response could be described using the CCD
linear model. The p-value was 0.0127, indicating that the model was significant (p < 0.05). In Figure 4,
the effect of a single factor on GABA production was demonstrated. Among the three variables,
pH (A, p-value = 0.0023) showed significant effect on the GABA production at p < 0.05 (Figure 3a).
pH value is an important factor for GABA production [21], which affect the cells growth and glutamate
decarboxylase (GAD) activity. GABA production usually being conducted in acidic pH conditions
range between 3.5 and 5.0, depending on the types of microorganism and different properties of GADs.
However, higher initial pH could trigger the cells to produce more GABA into the system.

Table 3. Analysis of variance (ANOVA) results for the actual responses using the CCD linear model for
GABA production of B. cereus KBC.

Source
Sum of
Squares

Mean
Square

DF F Value Prob > F

Model 3,088,531.300 1,029,510.433 3 4.965 0.0127 * significant
A: pH 2,728,832.702 2,728,832.702 1 13.161 0.0023 * significant

B: MSG 353,508.535 353,508.535 1 1.705 0.2101
C: Temperature 6190.063 6190.063 1 0.030 0.8650

Residual 3,317,449.610 207,340.600 16
Pure Error 31,289.248 6257.850 5
Lack of Fit 3,286,160.362 11 47.739 0.0002 * significant
Cor Total 6,405,980.910 298,741.851 19

Standard Deviation = 455.35 Mean = 2393.19 Adequate Precision = 7.221
R2 = 0.4821 Adjusted R2 = 0.3850

* Significant value.

In addition, optimising MSG concentration is aimed to stimulate the production of GABA by
GAD via the GABA shunt way. However, it was reported that excessive MSG could inhibit cell
growth and decrease GABA production [32,33]. In this present study, MSG (B, p-value = 0.2101) and
temperature (C, p-value = 0.8650) were observed to be less influential on the GABA production of
B. cereus KBC (Figure 4b,c, respectively). It should be noted that the optimal concentrations of MSG are
different for various microorganisms in GABA production. Figure 5 shows the merged effect of pH,
MSG concentration, and temperature on GABA production displayed as the response surface profiles.
Figure 5a shows the effect of pH (A) and MSG concentration (B), Figure 5b shows the effect of MSG
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concentration (B) and temperature (C), and Figure 5c shows the effect of pH (A) and temperature (C)
on GABA production of B. cereus KBC. The GABA production can be seen heavily influenced by the
pH level, while the temperature and the MSG concentration only provide small effects on the GABA
production of BSCKBC. Although some studies reported that temperature is a crucial parameter in
GABA production [21], maintaining the temperature at the range of that B. cereus KBC could sustain its
metabolic pathway could retain GABA production at a high level.

Figure 4. One factor profiles, which demonstrated the effects of (a) pH, (b) MSG concentration (g L−1),
and (c) temperature (◦C) on GABA production of B. cereus KBC.

Figure 5. Response surface profile of GABA production from B. cereus KBC indicated the effects between
(a) MSG and pH, (b) temperature and MSG, and (c) temperature and pH.

3.2.2. Validation of the Optimised Conditions

After the construction of the RSM linear model for GABA production by B. cereus KBC, the Design
Expert 7.0 software was used to conduct optimisation for high GABA production. The software
calculated the optimum conditions to be at pH 7, MSG concentration of 5 g L−1 and temperature of
40 ◦C. The predicted response was 3128.42 mg L−1, while the actual response generated from the
experiment was 3393.02 mg L−1. The actual response was comparatively higher than the predicted
response calculated by the software. Interestingly, the GABA production by B. cereus KBC under
optimised conditions appeared to be 6.37-fold higher than the GABA production by B. cereus KBC under
unoptimised conditions (532.74 mg L−1). By just specifically controlling the pH, temperature and MSG
concentration, six times more GABA can be produced from the same microorganism. In functional
food production, this could mean more GABA can be produced in each fermentation run and save
more production cost. The final product will also contain a much higher concentration of GABA and
provide more benefit to the consumer.

Comparison between GABA production from different microorganisms isolated from various food
sources is shown in Table 4. The GABA concentration produced by B. cereus strain KBC (532.74 mg L−1)
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isolated from Malaysian soy sauce moromi was relatively higher than the GABA concentration (73.13 mg
L−1) produced by A. oryzae NSK isolated from the Malaysian soy sauce koji [24]. Under optimized
conditions, B. cereus strain KBC demonstrated slightly higher GABA concentration (3393.02 mg L−1)
than A. oryzae NSK (3278.31 mg L−1) [10]. In addition, the GABA production by several lactic acid
bacteria was several folds higher than GABA produced by B. cereus strain KBC. Examples of lactic acid
bacteria with high GABA production are Lactobacillus paracasei NFRI 7415 isolated from fermented
fish (31145.3 mg L−1), Lactobacillus brevis BJ20 isolated from kimchi (2465 mg L−1), and Lactococcus
lactis subsp. lactis B isolated from kimchi and yoghurt (6410 mg L−1). However, GABA production by
B. cereus strain KBC was slightly higher than the GABA produced by Lactobacillus plantarum DSM19463
isolated from cheeses (498.1 mg L−1).

Table 4. GABA concentration by microorganisms isolated from various food sources.

Isolated Strain Source GABA Concentration (mg L−1) Reference

Lactobacillus paracasei NFRI 7415 Fermented fish 31,145.30 [5]

Lactobacillus brevis BJ20 Kimchi 2465.00 [6]

Lactococcus lactis subsp. lactis B Kimchi and
yoghurt 6410.00 [34]

Lactobacillus plantarum DSM19463 Cheeses 498.10 [35]

Aspergillus oryzae NSK Soy sauce koji 73.13 [24]

Aspergillus oryzae NSK Soy sauce koji 354.08 [36]

Aspergillus oryzae NSK (unoptimized) Soy sauce koji 3278.31 [10]

Bacillus cereus strain KBC (unoptimized) Soy sauce moromi 532.74 This study

Bacillus cereus strain KBC (optimized) Soy sauce moromi 3393.02 This study

4. Conclusions

A novel bacteria strain was successfully isolated from the soy sauce moromi by using MRS media
under anaerobic conditions. The 16S rRNA sequencing and phylogenetic tree analysis revealed that the
strain belongs to B. cereus species. The GABA-producing capability of this strain was studied, and the
results demonstrated that B. cereus KBC managed to produce 532.74 mg L−1 GABA. The optimisation of
GABA production using RSM also demonstrated that pH significantly influenced the GABA production
of B. cereus KBC. The optimized conditions for high GABA production of B. cereus KBC were found to
be at pH 7, 5 g L−1 MSG concentration and temperature of 40 ◦C. These optimized conditions resulted
in a GABA production of 3393.02 mg L−1, which is 6.37-fold higher than in unoptimised condition
(532.74 mg L−1). This study will be useful in isolating and optimizing potential GABA-producing
strains for the production of soy sauce with a high concentration of GABA in the future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/8/6/652/s1,
Figure S1: (a) Fermentation tank containing soy sauce moromi at a commercial soy sauce factory in Perak, Malaysia,
(b) 80 days soy sauce moromi sample in which the bacterial strain was isolated, (c) Morphologies of B. cereus
KBC on MRS agar plate, (d) B. cereus KBC under light microscope (400x magnification) after Gram staining,
(e) B. cereus KBC at 1000x magnification under Scanning Electron Microscope (Bar = 10 μm) and Figure S2: Agarose
gel electrophoresis of 16S rRNA isolated from B. cereus KBC culture plate. Lane 1 and 3 correspond to 10kb
marker. Lane 2 corresponds to the sample (B. cereus KBC). Lane 4 corresponds to negative control (-ve) and Lane 5
corresponds to positive control (+ve).
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Abstract: We have developed a novel microwave (MW) soldering system using a cylindrical
single-mode TM110 MW cavity that spatially separates the electric fields at the top and bottom of
the cavity and the magnetic field at the center of the cavity. This MW reactor system automatically
detects the suitable resonance frequency and provides the optimum MW irradiation conditions in
the cylindrical cavity via a power feedback loop. Furthermore, we investigated the temperature
properties of electrodes by MW heating with the simulation of a magnetic field in the TM110 cavity
toward the mounting of electronic components by MW heating. We also developed a short-time
melting technology for solder paste on polyimide substrate using MW heating and succeeded in
mounting a temperature sensor using the novel MW heating system without damaging the electronic
components, electronic circuits, and the substrate.

Keywords: electronics package; induction heating; magnetic field; electric field; TM110 single-mode
cavity; solder; eddy current

1. Introduction

The Internet of Things (IoT) applications include smart grids, smart homes [1], sensors [2,3],
and actuators [4]. Their applications are remotely accessible and enable the exchange of information,
allowing for the control of electrical devices and monitoring healthcare from anywhere on the network.
This multifunctionality has seen the IoT receive considerable attention in an attempt to revolutionize
our lifestyles [5,6]. In smart sensors and actuators, technological developments in mounting electronic
components on a flexible substrate (such as textile, plastic substrates, and stretchable thermoplastic
elastomer resins) are urgently required [2,3]. However, the heating process used in conventional
industrial solder mounting (i.e., heating by reflow oven) requires temperatures of more than 170 ◦C for
about 300 s [7,8], which means that the glass transition temperature (Tg) of flexible substrates such as
polyethylene terephthalate (PET, Tg = 120 ◦C) and polyethylene naphthalate (PEN, Tg = 140 ◦C) should
be higher than this if conventional industrial solder mounting systems are to be used. Hence, it is
impossible to mount components on flexible and/or stretchable substrates that have low thermostability
using solder as a connection material.

To resolve the temperature problems, electrically conductive adhesives and heating processes
(electronic packaging technology), which serve as electric and thermal conductors as well as mechanical
connectors without heat damage, are important (Figure 1). Despite the development of polymer-based
conductive adhesives based on polymers with a lower melting point than solder paste [9], the bond
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strength and conductivity are lower than those of solder paste, and so this approach has not been
adopted. Thus, a new solder paste with low melting point, high conductivity, and strong adhesion
force between the electronic components and substrates is strongly required.

Figure 1. Candidates for conductive adhesives and heating processes of metal in mounting of electronic
components on flexible substrate. Circle marks (�) and cross marks (×) mean desirable and undesirable
properties in the mounting processes of electronic components on flexible substrate, respectively. Red
squares highlight the focuses of this study.

Regarding the heating process of metal, various methods using lasers [10,11], electric-discharge [12],
and microwave (MW) [13,14] techniques have been reported. Although selective laser sintering (SLS)
was developed by Dechkard [15] and has been widely utilized by industry, understanding chemical,
mechanical, and material metallurgical phenomena in SLS process was difficult. Electric-discharge
techniques enable rapid heating. Chaim reported that the spark plasma sintering (SPS) process
demonstrates sintering, consolidation and crystal growth by spark plasma systems [16]. Among the
methods of metal sintering, MW-based techniques particularly represent a powerful approach because
MW can selectively heat materials. Heating by MW is based upon the ability of materials to absorb
and transform electromagnetic energy into heat. Materials are classified into three categories, with
respect to their interaction with MW. (a) MW reflectors (high conductive materials such as metals);
the material is not effectively heated by MW. (b) MW transmitters (low loss insulator materials such
as Teflon and quartz); MW can penetrate through the material without any absorption, losses or
heat generation. (c) MW absorbers (high loss insulator such as dielectric materials); they take up the
energy from the MW field and get heated up rapidly [14,17,18]. So far, MW dielectric heating has been
used for inorganic/organic syntheses [19–21] and metal nanoparticle synthesis [22,23]. Bulk metals
cannot be heated by an electric field because the spark phenomenon occurs as follows. When MW
interacts with a bulk metal, the electrons on the material’s surface get sloshed around. If the metal
has an edge, the charges can pile up and result in a high concentration of voltage. If the voltage is
high enough, it can rip an electron off a molecule in the air, leading to creating a spark. Therefore,
the electric field and magnetic field are separated from each other, and the heating process by a
magnetic field is needed to heat metal without spark generation. Various MW-assisted reactors are
commercially available for application; however, the most commercial MW reactor is a multi-mode
reactor and the electromagnetic distributions dramatically changes when materials are set in the
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reactor and metals cannot be heated during controlling the electromagnetic distributions, causing
the inhomogeneous heating of the reactor [22,23]. Hence, an applicator with a multi-mode reactor
is generally used for the continuous vulcanization of rubber, heating food, and heating of dielectric
materials. On the other hand, an applicator with a single-mode is suitable for the heating of a metal
because electromagnetic distributions can be controlled during MW irradiation. However, MW reactor
systems with a cylindrical single mode cavity are scarce.

In this study, we focused on an MW sintering system to mount electronic components on substrates
with low thermostability. We originally developed an MW reactor system that separates the electric
fields at the top and bottom and the magnetic field at the center in a cylindrical single-mode MW
cavity. This MW reactor system automatically detects the suitable resonance frequency and provides
the optimum MW irradiation conditions in the cylindrical cavity via a power feedback loop, leading to
the generation of standing wave in the center of the MW cavity. Consequently, a homogeneous heating
zone can be created along the central line of the MW cavity. In this paper, we describe the heating
property of the electrode pad shape effect by MW that was prepared by silver paste screen printing and
the mounting of a thermo-sensor device on polyimide substrate using MW in a magnetic field without
damaging the sensor or the substrate. Furthermore, the results of thermogravimetric (TG), differential
thermal analysis (DTA), and differential scanning calorimetry (DSC) are performed to evaluate the
decomposition behavior of the solder paste.

2. Experimental Section

2.1. Materials

Conductive silver paste (REXALPHA RA FS 074, Toyochem Co. Ltd., Tokyo, Japan) and solder
paste (L20-BLT5-T7F, Sn42.0/Bi58.0 (in wt.%), melting point: 138 ◦C, Senjyu Metal Industry Co.,
Ltd., Tokyo, Japan) were used as received without further addition of solvent and flux. Scotch tape
(standard 3 M brand transparent tape with a thickness of 52 μm) was used to prepare the solder paste
samples. A thermo-sensor (SHT31-DIS-B, size: 2.5 mm × 2.5 mm × 0.9 mm, SENSIRION Corp., Zurich,
Switzerland) for mounting by MW irradiation was used. As references, SHTDA2 (SENSIRION Corp.,
Zurich, Switzerland) with an SHT35 thermo-sensor (SENSIRION Corp., Zurich, Switzerland) and a
digital thermo-meter (Vaisala, Vantaa, Finland) were used.

2.2. Preparation of Samples and the Induction Soldering Method by MW

2.2.1. Preparation of Silver Paste Pad for the Investigation of the Pad Shape on Induction Soldering by
MW and the Induction Soldering Method by MW

Samples for the investigation of pad shape effect with silver paste on induction soldering by MW
were prepared by screen printing machine (NT-15TVA, Neotechno Japan Corp., Tokyo, Japan) with a
squeeze speed of 20 mm/s on polyimide sheet substrate, followed by heating with a hot plate at 150 ◦C
for 20 min (the sizes given in Table S1).

To investigate the pad shape effect on induction soldering by MW, the prepared pads were
mounted coaxially at the center of the TM110 cavity and heated by MW at 1, 5, 10, 20, and 30 W of
output powers for 30 s under the atmosphere, respectively.

2.2.2. Preparation of Samples for Investigation of Solder Heating Behavior by the Induction Soldering
of MW and Induction Soldering by MW

The samples of solder paste for MW sintering tests were prepared using the blade cote method.
First, a 1 cm × 1 cm square of scotch tape with a thickness of about 60 μm was formed on a 3 cm × 3 cm
polyimide sheet. Second, solder paste was spread using a slide glass and the scotch tape was removed
(Figure S1).
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To investigate solder heating behavior by MW, the prepared samples were mounted coaxially at
the center of the TM110 cavity and heated by MW with 1, 5, 10, 20, and 30 W output powers for 70 s
under the atmosphere. The cooling times of the samples were less than 20 s.

2.2.3. Preparation of Samples for Mounting Electric Components by the Induction Soldering of MW
and Induction Soldering by MW

The circuit patterns of silver paste were prepared by a screen printing machine (NT-15TVA,
Neotechno Japan Corp., Tokyo, Japan) with a squeeze speed of 20 mm/s on polyimide sheet substrate,
followed by heating with hot plate at 150 ◦C for 20 min. Solder paste was also printed on the circuit
patten. After this, thermo-sensor was placed on the solder paste.

To package the electronic component by MW, the prepared samples were mounted coaxially at
the center of the TM110 cavity and heated by MW with 1 W of output power for 40 s, 5 W of output
power for 22 s, 10 W of output power for 11 s, 20 W of output power for 8 s, and 30 W of output power
for 4 s under the atmosphere, respectively. The cooling time of samples were less than 20 s.

2.3. MW Sintering System

The MW reactor system (Ryowa Electronics Co., Ltd, Miyagi, Japan) consists of a variable-frequency
microwave generator (2.45± 0.05 GHz, 200 W) and a cylindrical single-mode cavity (Figure 2). As shown
in Figure 2b, the inner diameter of the TM110 single-mode cavity was designed based on the incident
electromagnetic wave frequency (2.45 GHz). The inner diameter and height of the cavity were
14.6 cm and 11.0 cm. Samples were mounted coaxially at the center of the TM110 cavity. The distance
between the sample and microwave antenna was 13.45 cm. The oscillation frequency was monitored
for matching with the resonance frequency. The applied power was controlled by the temperature
feedback module. The surface temperature of samples was measured using an infrared (IR) thermal
camera (Model PI-200, Optris GmbH, Berlin, Germany) placed through the open circular slit (1.5 cm
diameter) of the cavity.

Figure 2. (a) Induction soldering system of microwave (MW) and (b) TM110 single-mode cavity.

2.4. Electromagnetic Simulation in TM110 Mode Cavity with and without Bulk Silver

The electromagnetic field distribution in cavity was determined by the finite element method
(FEM) simulations performed using COMSOL Multiphysics® software (version 5.4, 2018, COMSOL
Inc., Boston, MA, USA). The simulation module included the MW antenna and the elliptical cavity
with 15.8-cm inner diameter and an 8.0-cm height. The base of the antenna was set to the lumped port
that introduced the electromagnetic wave. The walls of the elliptical cavity and the MW antenna were
made of aluminum and used as the impedance boundary condition. The numerical model for the
simulation of the electromagnetic field is described below:
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where E denotes the electric field vector inside the cavity, μr the relative permeability, j the imaginary
unit, σ the conductivity, ω the angular frequency, and ε0 the permittivity. The model used material
parameters for air: σ = 0, μr = εr = 1. In the bulk silver with a thickness of 8 μm, the same parameters
were used except for the conductivity, which was 61.6 × 106 S/m. The FEM mesh configurations, such
as the number of elements and time of solving, are summarized in Table S2.

2.5. Instruments

The thermal characteristics of the solder paste were measured by differential thermal analysis
(DTA, TG/DTA6200, Seiko Instrument Inc., Chiba, Japan), thermogravimetry (TG, TG/DTA6200, Seiko
Instrument Inc., Chiba, Japan), and differential scanning calorimetry (DSC, EXSTAR DSC 7020, Seiko
Instrument Inc., Chiba, Japan) at a heating rate of 5 ◦C/min in air. Optical images of the sample were
recorded on a VW-9000/VW-600c digital microscope (Keyence Corp., Osaka, Japan).

2.6. Method of Measuring Room Temperature

The room temperature was measured using the thermo-sensor mounted by the induction soldering
of MW. To convert from voltage to temperature, the following expression, which is defined by supplier
of a temperature sensor (SysCom. Inc., New York, NY, USA), was used:

Temperature (%) = (output voltage × 1000/25) − 40

The input voltage was applied using a direct current (DC) signal source (SS7012, Hioki E.E. Corp.,
Nagano, Japan), and the output voltage was obtained using a multi-input data recording system
(NR-600, Keyence Corp., Osaka, Japan). Furthermore, a temperature sensor (SHTDA-2, SysCom. Inc.,
New York, NY, USA) was used as a reference, because the sensor mounted by MW was a type of
SHTDA-2 sensor.

In addition, a digital thermo-meter (HM41, Vaisara, Vantaa, Finland) was employed as a reference
to check the room temperature.

3. Results and Discussion

3.1. Induction Soldering System by MW

Metals cannot be heated by MW in an electric field because sparks occur. Therefore, we originally
developed a frequency-controlled MW system that can compensate for shifts in the resonance frequency
through automatic detection and tracking, and which can then feedback the best condition for MW
irradiation. Consequently, a strong magnetic field was uniformly formed along the central line of the
cavity, where 90◦ is the angle direction of sample conveying direction (Figure 3). To confirm whether
the spark phenomenon occurs or not using the developed induction soldering system of MW, we tried
to heat metals by MW in a magnetic field. As the result, metal was successfully heated without causing
the spark phenomenon. From this result, we found that the sample could be heated by the magnetic
field of MW.
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Figure 3. (a) Induction soldering system of MW and (b) the simulated distribution of electric and
magnetic fields in the TM110 cavity. The frequencies of the simulations are 2.4446 GHz. Red arrows are
sample conveying direction.

3.2. MW Sintering Properties and Morphology of Solder Paste

Figure 4 shows the temperature dependency with respect to output power of MW. Furthermore,
infrared (IR) camera images are shown in Figure 5. The temperatures of the samples under MW
irradiation at 1 and 5 W for 70 s were less than 100 ◦C and the solder paste did not melt (Figure S1a,b).
In contrast, the temperatures of the samples heated at 10, 20, and 30 W exceeded 140 ◦C and the samples
melted, leading to the formation of balls, as shown in Figure S1c,d. The formation of balls would
mean insufficient wetting of the polyimide substrate by the molten solder paste. The sample heated
by a 10-W output power took 15 s to melt, whereas the samples subjected to 20 and 30 W of output
power took about 10 s to melt. In the process of induction soldering by MW at 10, 20, and 30 W output
powers, the temperature increased dramatically from around 110 ◦C. This would be because of the
evaporation process of the solvent contained in the solder paste, because no endothermic process was
observed at around 110 ◦C in the TG/TDA and DSC measurements (Figure S2). After reaching around
150 ◦C, the temperature decreased. This decrease in temperature after the melting process would be
because (i) melted balls were formed and the balls would reflect MW [14,17,18] and/or (ii) penetration
depth decreased with an increase in conductivity [24], and eddy current was not generated.

Figure 4. Changes in temperature of solder paste on a polyimide sheet by MW irradiation at 1, 5, 10, 20,
and 30 W output powers for 70 s.
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Figure 5. Infrared (IR) thermal imaging of solder paste on a polyimide sheet by MW irradiation with
(a) 1, (b) 5, (c) 10, (d) 20, and (e) 30 W output powers for 70 s. Red characters indicate the times of
maximum temperature during the heating process.

3.3. Thermal Property of Silver Pad Patterns by the Induction Soldering of MW

Figure 6 and Table S1 show the temperature difference (�T) between initial temperature (T0) and
arrived temperature (T) of the samples by the induction soldering of MW and �T, as defined in the
below equation:

�T = T − T0

�T of (1 mm, 0.5–20 mm) samples (�T(1, 0.5–20)) by the induction soldering of MW at 1, 5, 10, 20,
30 W of output power for 30 s were less than 10 ◦C, as shown in Figure 6a and Table S1; �T(1, 0.5–20)

= 0.2–0.8 ◦C for 1 W, 1.1–1.5 ◦C for 5 W, 1.7–2.6 ◦C for 10 W, 3.3–5.5 ◦C for 20 W, and 5.3–8.6 ◦C for
30 W, respectively. These results suggest that �T is not mainly dependent on the length of samples. To
elucidate the low�T reason, the simulation of magnetic field distribution around bulk silver in the
cavity was performed by using COMSOL® software (Figure 7). Figure 7a shows the magnetic field
distribution of conveying sample which is z axis = 0 in the cavity without sample, while Figure 7b,c
show magnetic field distribution in the cavity with samples whose thickness are 8 μm. A square
size drawn with a solid line in Figure 7a is 20 mm in width × 20 mm in length whose length is
within the sample size. In particular, the penetration depth of bulk silver, which was estimated by the
equation [24] was 1.3 μm. The magnetic field distribution intensities around the bulk silver samples,
which are (width, length) = (1 mm, 5 mm), (1 mm, 10 mm), (1 mm, 15 mm), and (1 mm, 20 mm), are
almost the same as those shown in Figure 7b. This is because the direction of magnetic field vibration
is the same with the direction of length and the magnetic field intensity decreases from the center to
length direction [25–27]. Therefore, the samples do not have the possibility to absorb MW effectively,
even if the sample length increases. In general, magnetic field induces the circular electrical current,
which called eddy current and the eddy current also induces Joule heat, leading to a temperature
increase in the sample [24]. Due to low eddy current, which is induced by low magnetic field intensity,
the generation of Joule heat is also low. Therefore, the �T(1, 5–20) would be also low.
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Figure 6. (a) �T(1, 0.5), �T(1, 1), �T(1, 5), �T(1, 10), �T(1, 15), �T(1, 20), (b) �T(0.5, 1), �T(1, 1), �T(5, 1), �T(10, 1),
�T(15, 1), and �T(20, 1) by MW irradiation at 1, 5, 10, 20, 30 W output powers for 30 s, respectively. Inset
images are the sample shape. The red arrows of inset are the direction of conveying the samples.

Figure 7. Simulation of magnetic field distribution around bulk silver against the direction of conveying
the samples in the TM110 cavity: (a) empty cavity, (b) (width, length) = (1 mm, 5 mm), (1 mm, 10 mm),
(1 mm, 15 mm), (1 mm, 20 mm), (c) (5 mm, 1 mm), (10 mm, 1 mm), (15 mm, 1 mm), and (20 mm, 1 mm)
bulk silver with 8 μm of thickness, respectively.

On the other hand, the �T of samples (�T(0.5–20, 1)) by the induction soldering of MW at 1, 5, 10, 20,
30 W output powers for 30 s increased as an increase in both width and MW output power, as shown
in Figure 6b and Table S1; �T(0.5–20, 1) = 0.1–2.1 ◦C for 1 W, �T(0.5–20, 1) = 1.0–19 ◦C for 5 W, �T(0.5–20, 1)

= 1.4–30.5 ◦C for 10 W, and �T(0.5–20, 1) = 2.6–46.8 ◦C for 20 W, and �T(0.5–20, 1) = 4.2–60.6 ◦C for 30 W,
respectively. As shown in Figure 7a,c, the magnetic field in the cavity was uniformly widespread at the
90◦ angle direction against the sample conveying direction, and the magnetic field intensity around the
bulk silver also increased with an increase in width [25–27]. The increase in magnetic field intensity
around bulk silver accompanied with an increase in width would be caused by a uniform strong
magnetic field along width direction and 90◦ angle against the sample conveying direction [25–27].
Due to generation of higher eddy current associated with an increase in magnetic field intensity
resulting from an increase in width, higher Joule heat, which is induced by eddy current, is generated
with an increase in width and consequently �T would increase [24]. To confirm this consideration,
simulations of resistive loss around bulk silver with 8 μm of thickness were carried out. As shown in
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Figure 8, resistive loss around the sample was concentrated with the edge of bulk silver. Furthermore,
the resistive loss also increased with an increase in width, which also supports the notion that eddy
current would increase with an increase in width. From the results of the magnetic field and resistive
loss simulations of the bulk silver, an increase in temperature would be caused by an increase in
magnetic field intensity and eddy current with an increase in width.

Figure 8. Simulation of resistive loss around bulk silver against the direction of conveying the samples
in the TM110 cavity: (width, length) = (5 mm, 1 mm), (10 mm, 1 mm), (15 mm, 1 mm), and (20 mm,
1 mm) bulk silver with 8 μm of thickness, respectively.

3.4. Mounting a Device on a Polyimide Sheet Using the MW Method

We mounted a temperature sensor (SHT-31-DIS-B) on a polyimide substrate by MW irradiation
(Figure 9). First, silver paste was spread on the polyimide sheet as an electric circuit using the
screen-printing method, and the pattern was heated at 100 ◦C for 1 h on a hot plate. Second, solder
paste was spread on the silver circuit to form a connection between the circuit and the sensor, and
then a thermo-sensor was mounted on the silver pattern (Figure 9a). Figure 9b,c show the sensor
and connection part between the silver circuit and sensor before and after MW irradiation with 10 W
of output power for 10 s, confirming that the solder paste melted and the sensor was connected to
the electric circuit through the melted solder paste without damaging the substrate. In addition, as
shown in the thermal image of the sample under MW irradiation with 10 W of output power for 10 s
(Figure 9d), the temperature of the sensor part increased rapidly and reached ~160 ◦C for 11 s, whereas
the temperature of the silver electric circuit did not increase during the MW irradiation. This is because
the reaction area (area of solder paste containing sensor unit) is larger than the silver electric circuit
and the width of the electric circuit was less than 6 mm against magnetic field direction, leading to
effective solder heating and melting by MW. Figure 9e shows the temperature dependency with respect
to various output powers of MW irradiation. The results confirm that the solder melted under 5–30 W
of output power, similar to the results of Figure 9c, after the temperature had exceeded 150 ◦C. In the
process of heating only solder paste by MW, the temperature of the solder paste dramatically decreased
after reaching around 150 ◦C during the induction soldering by MW (Figure 5), while, in the process
of mounting a device by MW, the temperature decrease of the solder paste was not observed after
reaching 160 ◦C (Figure 9e). The reasons would be as follows. The melting and adherence between
the solder and the sensor (Figure 9c) would occur without the formation of a small ball, leading to
the generation of higher eddy current than the process of heating only solder. In addition to this,
dielectric substances and metals in the sensor would also absorb MW and heat up with the generation
of eddy current.

Finally, we checked the room temperature using the thermo-sensor mounted by MW irradiation
to confirm that the device works well and that neither the sensor nor the silver electric circuit had
been damaged by MW irradiation. The room temperature values measured by the commercial digital
thermometer and the SHTDA-2 sensor were 23.4 and 24.6 ◦C, as summarized in Table 1. The room
temperature measured by the sensor mounted using MW was 24.8 ◦C. These results indicate that the
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thermo-sensor mounted by MW works well and did not suffer any damage from induction soldering by
MW. On the other hand, we also succeeded in mounting a thermo-sensor on polyethylene terephthalate
film (PET) by the induction soldering of MW without any damage to the sensor and PET. Their detail
results would be report elsewhere.

Figure 9. (a) Image of a thermo-sensor. Photographs of a sensor and connection part (b) before and
(c) after MW irradiation at 10 W of output power. (d) Thermography of samples by MW irradiation
with 10 W of output power for 10 s. (e) Temperature properties by MW irradiation with 1 (black circle),
5 (red circle), 10 (blue circle), 20 (green circle), and 30 W (purple circle) output powers for 40, 22, 11, 8,
and 4 s, respectively.

Table 1. Room temperate measured by digital meter and sensors.

Temperature Sensor Voltage (V) Temperature b (◦C)

Digital meter - 23.4

SHTDA-2 1.6158 24.6

SHT-31-DIS-B a 1.6210 24.8
a A sensor which was mounted by induction soldering of MW. b Calculated as (output voltage × 1000/25) − 40.

4. Conclusions

We have developed an MW reactor system with a cylindrical single mode TM110 cavity that
separates the electric fields at the top and bottom and a magnetic field at the center in the cavity. The
system enables the heating of electrodes with silver paste and the melting of solder paste. In the
investigation of the temperature properties of the electrodes by MW, we found that temperature
increase was mainly dependent on not the length but width of the electrode and was higher if there
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was an increase in the width of electrodes. In the simulation of magnetic field distribution by using
COMSOL® software (version 5.4, COMSOL Inc., Boston, MA, USA, 2018), magnetic field intensity
around samples also increased with an increase in width, while magnetic field intensity around samples
did not increase when the length was large. When the width of the sample was large, the increase in
magnetic field around the sample in simulation was because magnetic field distribution is uniformly
widespread at the 90◦ direction of the conveying the samples. For this reason, we found that the
temperature increase of the samples highly depends on the width of the sample, which corelated with
magnetic field intensity and eddy current value. Furthermore, we successfully mounted a temperature
sensor on a polyimide substrate, without damaging the sensor device or the substrate, using MW for a
short time period (10 s) and a low output power (10 W); the temperature of the substrate was less than
100 ◦C during induction soldering by MW and the substrate surface in a microscope image was not
changed by MW. Comparisons with a commercial digital thermometer and thermo-sensor show that
the mounted temperature sensor device works well, suggesting that induction heating by MW can
be applied during the mounting process instead of conventional reflow heating. The developed MW
system, the investigation of electrode pad shape effect on induction heating by MW, and the mounting
process of electric components by MW should be further developed for use in electronics’ packaging.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/8/5/557/s1,
Figure S1: (a) A photograph and (b) an optical image of solder paste before MW heating process on polyimide
sheet. (c) A photograph and (d) an optical image of solder paste after MW heating process on polyimide sheet,
Figure S2: (a)TG/DTA and (b) DSC curves of solder paste at a scan rate of 5 ◦C/min in air, Table S1: �T(1, 0.5),�T(1, 1), �T(1, 5), �T(1, 10), �T(1, 15), �T(1, 20), �T(0.5, 1), �T(5, 1), �T(10, 1), �T(15, 1), and �T(20, 1) by MW irradiating at
1, 5, 10, 20, 30 W output powers for 30 s. The thickness of the samples is 12 mm. The thickness of the samples
is 12 mm, Table S2: Information about number of elements, meshfree time, and solution time of magnetic field
distribution in simulation using Comsol Multiphysics® software.
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Abstract: Nanofiltration membrane separation is an energy-saving technology that was used in
this study to concentrate extracellular lipase and increase its total activity for biodiesel production.
Lipase was produced by recombinant Aspergillus oryzae expressing Fusarium heterosporum lipase
(FHL). A sulfonated polyethersulfone nanofiltration membrane, NTR-7410, with a molecular weight
cut-off of 3 kDa was used for the separation, because recombinant lipase has a molecular weight of
approximately 20 kDa, which differs from commercial lipase at around 30 kDa for CalleraTM Trans L
(CalT). After concentration via nanofiltration, recombinant lipase achieved a 96.8% yield of fatty acid
methyl ester (FAME) from unrefined palm oil, compared to 50.2% for CalT in 24 h. Meanwhile, the
initial lipase activity (32.6 U/mL) of recombinant lipase was similar to that of CalT. The composition
of FAME produced from recombinant concentrated lipase, i.e., C14:1, C16:0, C18:0, C18:1 cis, and
C18:2 cis were 0.79%, 34.46%, 5.41%, 45.90%, and 12.46%, respectively, after transesterification. This
FAME composition, even after being subjected to nanofiltration, was not significantly different from
that produced from CalT. This study reveals the applicability of a simple and scalable nanofiltration
membrane technology that can enhance enzymatic biodiesel production.

Keywords: nanofiltration; lipase; Fusarium heterosporum; fatty acid methyl ester

1. Introduction

Over the past decade, interest in biodiesel as an alternative to diesel fuel continues to increase
throughout the world due to concerns about global climate change. Increasingly, there is a desire for
renewable/sustainable energy sources, and an interest in developing domestic supplies of fuel that are
more secure [1]. Biodiesel (fatty acid alkyl esters) is produced from renewable natural sources such as
vegetable oils (e.g., palm oil), animal fats, and microalgal oil [2,3]. Biodiesel can be used directly in
existing diesel engines without major modifications, or as a mixture with petroleum diesel, and the
burning of biodiesel produces gas emissions such as sulfur oxide, which are less harmful than those
emitted by the burning of petroleum-based fuels [4].
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The viscosity of vegetable oils is improved via a transesterification pathway which involves
triglycerides and alcohols of lower molecular weights and homogenous or heterogenous substances
that are used as catalysts to yield biodiesel and glycerol [4]. Transesterification via enzymatic catalysis
has attracted much attention because it is an eco-friendly process that produces no by-products,
features easy product recovery, and requires a low reaction temperature [5]. However, the process is
expensive, and has a relatively slow reaction rate [6,7]. A variety of lipases (EC 3.1.1.3) from various
microorganisms (Candida antarctica, Rhizopus oryzae, Pseudomonas cepacia, Thermomyces lanuginosus, etc.)
have been used to accomplish both transesterification and esterification [8–10]. Many researchers
have attempted to solve the limitations of lipase-catalyzed biodiesel production by immobilizing the
enzymes or cells on a suitable matrix [8,11] or via the use of a lipase cocktail [12]. In contrast, at least
one previous study has successfully conducted biodiesel production using recombinant Aspergillus
oryzae that expresses Fusarium heterosporum lipase (FHL), which has demonstrated a high level of
tolerance to water [13]. With the use of that particular enzyme, however, the conversion of oil to
fatty acid methyl ester (FAME) remained low. To increase the conversion rate, the total activity of
this enzyme was increased using a simple process such as a concentrating method. In general, the
conversion increases proportionally with the increase of lipase concentration [14]. Concentration
methods such as precipitation [15,16] require costly chemicals such as ammonium sulfate. Another
concentration method is membrane separation technology, which has advantages that include energy
savings, selectivity, no chemical requirement, and simplicity of operation and scale-up [17].

Reinehr et al. [17] previously reported a membrane concentration of lipase that could be produced
from Aspergillus niger by using microfiltration and ultrafiltration separation processes. The present study
is the first to apply a nanofiltration membrane to simply concentrate lipase produced from recombinant
A. oryzae (expressing FHL) and enable a high level of transesterification compared to a commercially
available lipase, CalleraTM Trans L (CalT) (Novozymes, Bagsvaerd, Denmark). In this study, we use
unrefined palm oil as a model substrate for transesterification. Palm oil is well known as one of the
most suitable sources for biodiesel production. Indonesia and Malaysia produce approximately 85% of
global crude palm oil, which is likely to increase in the future [3,18]. The aim of the present study was
to efficiently produce FAME from unrefined palm oil using membrane-concentrated lipase.

2. Materials and Methods

2.1. Materials and Microorganisms

Unrefined palm oil was purchased as a substrate from Malang, East Java, Indonesia. Aspergillus
oryzae expressing FHL used in this study was obtained as described previously [19,20].

2.2. Lipase Production

Sakaguchi flasks (500 mL) containing 100 mL of DP medium (2% glucose, 2% polypeptone, 1%
KH2PO4, 0.2% NaNO3, 0.05% MgSO4·7H2O) were aseptically inoculated with spores from A. oryzae
expressing FHL in Czapek-Dox (CD)-NO2-methionine selection plate agar [20]. The flasks were
incubated at 30 ◦C and shaken at 150 rpm for 96 h on a reciprocal shaker. The culture broth was
collected and then centrifuged at 6000× g for 15 min at 4 ◦C to recover the supernatant. The culture
supernatant was dialyzed in MEMBRA-CEL® dialysis tubing with a molecular weight cut-off (MWCO)
of 3500 Da (RC, SERVA Electrophoresis GmbH, Heidelberg, Germany), followed by filtrations through
different filter papers in the following order: (1) a polycarbonate filter (0.8 μm pore size); (2) a
polycarbonate filter (0.5 μm pore size); and (3) a polystyrene filter (0.22 μm pore size). The supernatant
was then subjected to nanofiltration-membrane concentration. Lipase from CalleraTM Trans L, a liquid
lipase from Thermomyces lanuginosus lipase (CalT) (Novozymes, Bagsvaerd, Denmark), was used as
a control.
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2.3. Nanofiltration Membrane Separation Processes

A sulfonated polyethersulfone nanofiltration membrane, NTR-7410, with a 3000 Da MWCO was
obtained from the Nitto Denko Corporation (Osaka, Japan). The membrane was cut into a circle
(diameter: 7.5 cm; effective area: 32 cm2). The nanofiltration (NF) process was carried out at room
temperature using a flat membrane test cell (model C40-B, Nitto Denko Corporation, Osaka, Japan) [21].
The lipase supernatant was then subjected to the test cell. The inside of the test cell was stirred at 300
rpm at a pressure of 2.5 MPa under nitrogen gas for one hour.

2.4. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) and Zymography

The A. oryzae supernatant expressing FHL was either directly applied to polyacrylamide gel
electrophoresis in the presence of SDS-PAGE, or applied after filtration through a 5K MWCO Spin-X
Ultrafiltration Concentrator (Corning, UK) to concentrate the lipase. CalT was applied to SDS-PAGE
after dilution. The proteins were then stained with Coomassie brilliant blue R-250. Zymography
analysis was carried out to detect lipase activity, as described previously [22]. The SDS-PAGE gels were
incubated for one hour at room temperature in developing solution consisting of 3 mM α-naphthyl
acetate, 1 mM Fast Red TR (Sigma, St. Louis, MO, USA), and 100 mM sodium phosphate buffer, pH
8.0. Precision Plus Protein™ Dual Color Standards (Bio-Rad, Hercules, CA, USA) were used as a
standard marker.

2.5. Measurement of Lipase Activity and Protein Assay

The hydrolytic activities of lipase were tested using p-nitrophenyl butyrate (pNPB) as a
chromogenic substrate. A stock solution was prepared by dissolving 5 μL of pNPB in 250 μL
of ethanol, with a further dilution to 50 mL using distilled water. The stock solution was then incubated
in a Bioshaker (Taitec, Saitama, Japan) for 10 min at 30 ◦C to allow the development of lipase-hydrolytic
activity. After incubation, 5% trichloroacetate was added to terminate the reaction. The absorbance
of para nitrophenol (pNP) that was produced was measured at 400 nm (UV-Vis spectrophotometer,
Shimadzu, Kyoto, Japan). One unit (U2) of lipase activity was defined as the amount of lipase that
liberates 1 μmol of pNP from pNPB per minute [12]. Protein concentrations were measured using a
Pierce™ BCA Protein Assay Kit (Thermo Scientific™, Rockford, IL, USA).

2.6. FAME Production by Enzyme

FAME production was carried out in triplicate using a 10 mL glass tube with a silicon cap equipped
with a stirrer (Thermo Scientific VARIOMAG Magnetic Stirrers, Waltham, MA, USA) for circulation at
800 rpm. The glass tube was then immersed in a heated water bath Thermo Minder EX TAITEC (Taitec,
Saitama, Japan) that was set to 30 ◦C. The reaction mixture consisted of 4 g of unrefined palm oil and
1.2 mL of lipase (unconcentrated and concentrated lipases from recombinant A. oryzae and CalT diluted
245-fold). The transesterifications were carried out at 32.6 U/mL lipase activity for concentrated lipase
from recombinant A. oryzae and for that from CalT diluted 245-fold (Table 1). To avoid deactivation of
the lipase, 186 μL of methanol (corresponding to a 1:1 molar ratio of unrefined palm oil to methanol)
was added step-wise at 0, 2, 4, and 6 h. Samples were taken at 0, 2, 4, 6, 9, and 24 h [13].

Table 1. Comparison of lipase activity and protein content.

Process
Volume

(mL)
Lipase Activity

(U/mL)
Protein

(mg/mL)

Recombinant lipase before concentration by NTR7410 350 6.4 ± 0.1 0.7 ± 0.0
Recombinant lipase after concentration by NTR7410 65 32.6 ± 3.1 4.0 ± 0.2
Permeate from NTR7410 280 0 0
CalleraTM Trans L (CalT) 8396.7 ± 378.4 25.1 ± 1.4
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2.7. Analytical Methods

Fatty acid methyl ester (FAME) produced during the course of the transesterification reaction was
measured via gas chromatography. Samples taken at specified times were centrifuged at 12,000× g for
5 min at 5 ◦C, and the upper layer was analyzed via a GC-17A (Shimadzu, Kyoto, Japan) equipped
with a ZB-5HT capillary column (0.25 mm × 15 m) (Phenomenex, Torrance, CA, USA), an auto-sampler,
and a flame ionization detector, as previously described [12]. During the analysis, the temperatures of
the injector and detector were set at 320 ◦C and 380 ◦C, respectively, using helium as a carrier gas at a
flow rate of 58 mL/min. The column was configured with an initial temperature of 130 ◦C for 2 min,
which was raised to 350 ◦C at 10 ◦C/min, and then to 370 ◦C at 7 ◦C/min. The FAME composition in
each reaction mixture was reported as the percentage of the oil in the reaction mixture using tricaprylin
as an internal standard [11].

Transesterification was conducted by following the protocol from the fatty acid methylation
kit (Nacalai Tesque Inc., Kyoto, Japan). The FAME composition was analyzed using a gas
chromatography-mass spectrometer (GC-MS) (Shimadzu, Kyoto, Japan). The GC-MS was equipped
with a 0.25 mm × 30 m DB-23 capillary column (J&W Scientific, Folsom, CA, USA). The carrier was
helium gas with a flow rate of 0.8 mL/min at 1:5 split ratios. The initial column temperature was 250 ◦C,
which was increased to 50 ◦C for 1 min and then increased 25 ◦C/min to 190 ◦C and 5 ◦C/min to 235 ◦C
for 4 min. An internal standard C8:0 (octanoic acid) was included in each sample and FAME was
detected at the provided retention time (Supplementary Table S1). The amount of FAME (%) was
calculated as the percentage of each fatty acid to the total weight of fatty acids produced [23].

3. Results and Discussion

3.1. Characterization of Lipases before and after Membrane Concentration

As described previously, the molecular weights of lipases ranged from 20 to 80 kDa [17,24] or
up to 150 kDa [25]. Thus, NTR-7410 with a MWCO of 3 kDa [26] was selected as the membrane that
would best concentrate lipase. Nanofiltration concentration was performed for one hour at 2.5 MPa.

Both concentrated and unconcentrated lipases produced from recombinant A. oryzae were
characterized and compared with commercial lipase, CalT. At first, the molecular weight of the lipase
produced by recombinant A. oryzae was determined via SDS-PAGE. Then, lipase enzyme activity
was detected using the Zymography technique. As a result, the supernatant of A. oryzae contained
plural proteins with molecular weights that ranged from 20 to 50 kDa (Figure 1A). However, lipase
enzyme was detected as a single band at around 20 kDa (Figure 1B). As expected, the concentration
of lipase had definitely increased. By comparison, the CalT contained a major protein at around
30 kDa along with some minor proteins that also showed lipase activity (Figure 1C,D). Therefore, we
assumed that the observed bands other than that at around 30 kDa also represented small amounts of
lipase (Figure 1D). These results suggest that the FHL produced in A. oryzae was a smaller molecule
compared with the lipases produced in CalT. In addition, recombinant A. oryzae produced some other
unknown proteins that were not lipase. Due to this contamination by other enzymes, the lipase
produced from recombinant A. oryzae showed low specific activity (Table 1) compared with lipase
reported elsewhere (more than 66 U/mg) [25]. However, the nanofiltration concentration of lipase
produced by recombinant A. oryzae successfully increased its total activity from 6.4 U/mL to 32.6 U/mL
(five-fold concentration factor) in the short time of one hour. Enzyme activity losses in this study were
low (5.5%, Table 2), and may have occurred due to adsorption on the membrane surface as a function
of fouling [17]. The activity loss was generally lower, because the use of NTR-7410 (MWCO of 3 kDa)
could retain more lipase protein than that produced by recombinant A. oryzae at around 20 kDa. The
denaturation did not occur due to the pressure applied lower than 400 MPa as used in [27].
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Figure 1. SDS-PAGE and Zymogram. (A) SDS-PAGE for the culture supernatant of Aspergillus oryzae
expressing Fusarium heterosporum lipase (FHL) (UC: unconcentrated, C 10×: concentrated 10-fold). (B)
Zymogram for the detection of lipase produced from recombinant A. oryzae. (C) SDS-PAGE of the
lipase from Thermomyces lanuginosus (CalT). (D) Zymogram of CalT. (X 3.000 at dilution 3.000-fold, X
10.000 at dilution 10.000-fold). SM: standard marker.

Table 2. Concentration factors and activity loss obtained in previous processes involving the
concentration of proteins using membrane separation technologies.

Protein Concentrated Process Used
Concentration

Factor Obtained
Activity Loss Ref.

Lipase (recombinant
Aspergillus oryzae) Nanofiltration (3 kDa) 5 5.5% This study

Lipase (Aspergillus niger) Sequential micro- and
ultrafiltration 3 17% in microfiltration and

22% in ultrafiltration [17]

Phytase (Aspergillus niger) Ultrafiltration (10 kDa) 4.3 14% [28]
Inulinase (Kluyveromyces
marxianus)

Ultrafiltration
(100 kDa) 5.5 18.4% [29]

Lignin-peroxidase
(Streptomyces viridosporus) Ultrafiltration (10 kDa) 10 10% [30]

Phycocyanin (Spirulina sp.) Sequential micro- and
ultrafiltration 2 13.6% in 1 μm pore size [31]
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3.2. Efficient FAME Production by Concentrated Lipase

FAME yield was compared for concentrated and unconcentrated lipases produced from
recombinant A. oryzae and commercial lipase (CalT). In these reactions, the total lipase activity
of concentrated lipase produced by recombinant A. oryzae was arranged to be nearly the same as that
of diluted CalT. The results for the FAME yield are shown in Figure 2. Interestingly, FAME production
was enhanced by using concentrated lipase produced by recombinant A. oryzae (designated as AC),
compared with diluted CalT (designated as CalT), and unconcentrated lipase (designated as BC).
Other controls were 0.5 AC + 0.5 CalT, which contained half of the concentrated lipase produced by
recombinant A. oryzae and half of diluted CalT, and 0.5 BC + 0.5 CalT, which contained half of the
unconcentrated lipase produced by recombinant A. oryzae and half of diluted CalT. By comparing these
data, it was apparent that activity for lipase produced by recombinant A. oryzae to convert unrefined
palm oil to FAME was significantly enhanced by nanofiltration concentration, compared with that
produced by CalT. The reason for this remains unclear. We hypothesized that the FHL produced by
recombinant A. oryzae would have different characteristics from commercial lipase (CalT).

AC BC CalT 0.5 AC + 0.5 CalT 0.5 BC + 0.5 CalT
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Figure 2. Fatty acid methyl ester (FAME) production by lipase enzymes. AC: lipase produced from
recombinant A. oryzae after nanofiltration (NF) concentration; BC: lipase produced from recombinant
A. oryzae before NF concentration; CalT: lipase from Thermomyces lanuginosus showing lipase activity
similar to AC (diluted around 245-fold); 0.5 AC + 0.5 CalT: half AC and half CalT; and 0.5 BC + 0.5
CalT: half BC and half CalT. The arrows indicate the time to add methanol.

The FAME compositions after 24 h of enzymatic reaction were analyzed by GC-MS, as shown
in Table 3. In general, there were no major differences in the FAME composition converted from
unrefined palm oil by both concentrated and unconcentrated lipases, produced either by recombinant
A. oryzae or CalT. These results suggest that the biodiesel produced using concentrated lipase from
recombinant A. oryzae has high potential to be used in the same manner as biodiesel produced from

150



Processes 2020, 8, 450

CalT. Furthermore, nanofiltration concentration can be used to enhance the quality of lipase used in
biodiesel production without a loss of FAME quantity.

Previously, most of the research focusing on enzymatic catalysis has employed lipase immobilized
on polymer support as a catalyst. However, the immobilization process is neither simple nor
inexpensive [32]. Using the suggested membrane separation technology to concentrate lipase therefore
simplifies the process and reduces the cost. In addition, concentrated lipase produced from recombinant
A. oryzae can be used as a sole lipase or as a supplement to other commercially available lipases to
reduce costs and improve biodiesel conversion yields from unconventional feedstock.

Table 3. FAME profiles of transesterification results.

Lipase Variations
FAME Compositions (%)

C14:1 C16:0 C18:0 C18:1 cis C18:2 cis

AC 0.79 ± 0.15 34.46 ± 0.37 5.41 ± 1.01 45.90 ± 1.71 12.46 ± 0.29
BC 0.89 ± 0.04 35.45 ± 0.12 5.84 ± 0.08 44.88 ± 0.03 12.32 ± 0.09
CalT 0.81 ± 0.04 34.75 ± 0.44 5.85 ± 0.18 45.06 ± 0.12 12.48 ± 0.19
0.5 AC + 0.5 CalT 0.79 ± 0.01 34.46 ± 0.03 5.75 ± 0.08 45.14 ± 0.09 12.94 ± 0.12
0.5 BC + 0.5 CalT 0.76 ± 0.08 34.71 ± 0.57 5.76 ± 0.11 45.24 ± 0.44 12.66 ± 0.56

AC: lipase produced from A. oryzae expressing FHL after NF concentration, BC: lipase produced from A. oryzae
expressing FHL before NF concentration, CalT: lipase from Thermomyces lanuginosus showing lipase activity similar
to AC (diluted around 245-fold), 0.5 AC + 0.5 CalT: half AC and half CalT, and 0.5 BC + 0.5 CalT: half BC and
half CalT.

4. Conclusions

In this study, the total activity of lipase produced by recombinant A. oryzae was successfully
increased at about 5-fold using nanofiltration membrane separation technology. Concentrated lipase
produced from recombinant A. oryzae showed a higher FAME yield of 96.8% from unrefined palm
oil, compared to 50.2% for CalT in a 24 h period, although the lipase activity (32.6 U/mL) was nearly
the same between concentrated lipase and CalT. FAME composition using concentrated lipase was
unchanged, compared with that using CalT. The FAME, C14:1, C16:0, C18:0, C18:1 cis, and C18:2 cis
were produced, respectively, at 0.79%, 34.46%, 5.41%, 45.90%, and 12.46% after transesterification at
30 ◦C for 24 h. In this study, a simple and inexpensive process was developed using a nanofiltration
membrane that is expected to improve enzymatic and industrial biodiesel production.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/8/4/450/s1,
Table S1: Retention time of target compound of fatty acid methyl ester obtained in Gas Chromatography-Mass
Spectrometer analysis.
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Abstract: Significant advancements in biotechnology have resulted in the development of numerous
fundamental bioprocesses, which have consolidated research and development and industrial
progress in the field. These bioprocesses are used in medical therapies, diagnostic and immunization
procedures, agriculture, food production, biofuel production, and environmental solutions (to address
water-, soil-, and air-related problems), among other areas. The present study is a first approach
toward the identification of scientific and technological bioprocess trajectories within the framework
of sustainability. The method included a literature search (Scopus), a patent search (Patentscope),
and a network analysis for the period from 2010 to 2019. Our results highlight the main technological
sectors, countries, institutions, and academic publications that carry out work or publish literature
related to sustainability and bioprocesses. The network analysis allowed for the identification of
thematic clusters associated with sustainability and bioprocesses, revealing different related scientific
topics. Our conclusions confirm that biotechnology is firmly positioned as an emerging knowledge
area. Its dynamics, development, and outcomes during the study period reflect a substantial number
of studies and technologies focused on the creation of knowledge aimed at improving economic
development, environmental protection, and social welfare.

Keywords: bioeconomy; bioprocesses; applications; policy; social welfare; sustainability

1. Introduction

Biotechnology and bioprocesses are two important tools for economic progress and social welfare.
The industrial, academic, and government sectors are bound to face technical problems as they develop
competitive biotechnological products and processes using synthetic biology, genetics, and molecular
biology as alternatives to chemical-based applications. In this regard, the biological control of microbial
consortia based on synthetic biology solutions and the regulation and optimization of the migration
from batch production to continuous production are ongoing tasks [1,2]. In the biopharmaceutical
industry, improved bioprocesses are always in demand to address new regulatory requirements, quality
control needs, and production problems in biological products, cell culture titration, and the production
of biosimilars [3–5].

Applications derived from biotechnology are very diverse, including food design, processing,
and optimization to improve nutritional intake [6]; the optimization of processes to purify monoclonal
antibodies for the treatment of different conditions, the analysis of host cell proteins (HCPs),
and the production of hematopoietic stem cells (HSCs) for therapeutic purposes [7–9]; the development
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of microorganisms for the processing and transformation of biomass into fuels [10–12]; the production
of raw materials based on fermentation processes, such as ethanol, butanol [13–15], and other products
traditionally derived from chemical sources, such as aliphatic, aromatic, and other macromolecules using
bioprocesses, such as (a) separate hydrolysis and fermentation (SHF), (b) simultaneous saccharification
and fermentation (SSF), and (c) consolidated bioprocessing (CBP) [16]; and the construction of
bioelectronic devices for applications in multivariate data analysis, experiment design, mathematical
models, sensors, and biosensors whose data are processed by software to monitor and optimize
processes [17–22].

Other important bioprocesses involve the large-scale production of secondary metabolites relevant
for the food, cosmetics, pharmaceutical [23], wastewater treatment, and bioremediation industries (all of
these are high-value processes) using bacteria and plant cells produced in vitro to protect endangered
or scarce plants or to obtain metabolites [24,25] and enzymes produced by filamentous fungi, leveraging
the advances of genetic engineering and molecular biology [26]; the development of cells that can be
used in the production of new drugs [27]; the application of enzymatic processes to treat textiles [28];
the use of bacteria for the production of enzymes and various chemical products [29]; the use of
nanotechnology, for instance, the nano-encapsulation of bioactive compounds, intelligent packaging
systems in food production, biocatalysts and biosensors, and microbiological identification [30,31];
the collection and commercialization of recyclable and biodegradable biopolymers such as PLA
(polylactide) [32]; and the development of regenerative medicine solutions [33].

Culture collections (CCs) and microbial biological resources centers (mBRCs) are two critical
elements during the microorganism characterization and preservation process. In the second case, in
spite of pending challenges, Europe has achieved substantial progress in the areas of databases, quality,
infrastructure, legislation, and project development. This progress contributes to the preservation of
biodiversity and ecosystems and, certainly, to stimulating the innovation, research, and development of
biotechnology-based applications [34,35]. Molecular and genetic characterizations of living collections
of biological resources provide added value to these biorepositories. As a consequence, their
development has technical, financial, and regulatory implications to address depending on the type of
collection (microbial cultures and animal or plant germplasm) [36].

Acetic acid bacteria are an interesting group of organisms with potential for the generation
of diverse metabolites of industrial application based on sustainable processes; however, current
processes still have limitations to address large-scale industrial demand [37]. Another example is
the development of yeasts that produce high amounts of glutathione to be used in drugs, cosmetics,
and foods; in the wine production industry, the antioxidant effect of glutathione and its action against
unwanted aromatic compounds are particularly adequate [38].

As can be appreciated, the impact of biotechnology on social welfare is evident and has been
widely discussed. Areas of focus such as sustainability, the decrease in CO2 emissions, technological
change, and the bioeconomy are associated with this field of study, whose potential is vital for
the development of numerous products based on inputs derived from agriculture or other renewable
sources of biological origin [39–41]. For example, marine algae can be used to produce biofuels
and bioenergy as a substitute for fossil fuels [42,43]. In the case of genetically modified and improved
seeds, potential risks and benefits are the subject of heated debate, especially around the ethics of their
development and use, and the issues related to economic and environmental impact have yet to be
addressed [44,45]. It is also possible to use materials created by biological agents or to use these agents
in environmental remediation applications [46]. This new reality underscores the need to analyze
the peculiarities of these inventions in order to address their resulting intellectual property rights
adequately [47].

Thus, under an full (economic, social, and environmental) approach, concerned with social welfare
and the development of the bioeconomy, sustainability is closely oriented toward achieving objectives
and promoting economic growth [48,49]. Although all of these biological resources are renewable
and the solutions that they provide are socially valuable, it is essential to respect and preserve
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their biological sources and optimize the use of water and energy to carry out the bioprocesses.
As a consequence, the use of environmental indicators (climate change, water, energy, land use,
chemical risk) is necessary to manage resources sustainably [50]. However, evaluating the social impact
of these advances is one of the most neglected tasks in the field of bioeconomics because the attention
has been focused on environmental and techno-economic elements [51]. Additionally, the adverse
effects of globalization on economic equality and the preservation of biodiversity must be considered in
each case and context and paying attention to social indicators related to health, food, and employment,
among others, must be paramount [52–54].

Biotechnology uses bioprocesses as an operating mechanism, and the development
and improvement of these processes provide technological alternatives to solve myriad problems
in the health, food, energy, agriculture, and many other industrial sectors. As a result, academia,
the business sector, governments, non-governmental organizations, and the societies in which all
these applications have a positive economic, social, or environmental impact have taken an interest in
bioprocesses. Nevertheless, the alternatives brought forth by the bioeconomy to promote economic
development should not be limited to technological advancement per se but include other aspects of
interest to different actors.

Specifically, the emphasis must be placed on developments that support social welfare and mitigate
environmental impact. Although technologically and economically efficient solutions to address
environmental and other types of technical issues that represent a significant social impact are already
being developed, it is also true that many challenges have to do with the creation of policies, regulations,
and ethical guidelines concerning biosecurity, as well as with technical and risk assessments, industrial
scale-up, the efficient use of renewable resources, and industry-driven ad hoc mechanisms to address
specific problems derived from this area of application (see Figure 1).

Figure 1. Bioeconomy, biotechnology, and sustainability. Source: elaborated by the authors.
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2. Method

A literature search and a patent application search were carried out using the Scopus (in the case
of Scopus, the search criterion was as follows: (TITLE-ABS-KEY (bioproce*) AND TITLE-ABS-KEY
(sustainab*)) AND PUBYEAR > 2009) [55] and Patentscope (in the case of Patentscope, the advanced
search criteria for English language in all offices was: bioproce* AND sustainab*) [56] databases,
respectively, for the period from 2010 to 2019, as a first approach to understand the relationship
between sustainability and bioprocess. The purpose of the present study was to identify documents
and patent applications related to the development and analysis of sustainability involving bioprocesses
to approach our object of study along the economic, social, and environmental axes. In addition,
the search sought to reveal an initial outline of the scientific and technological trajectories around these
terms during the study period.

Thus, the first of these databases identified the 676 most relevant publications by country,
knowledge area, institution, and source; the lowest number of published documents (29) corresponded
to 2010, whereas the highest (103) corresponded to 2018. Concerning the patent search, the data
considered were the number of applications per country, per institution, and technology area;
1233 applications were found, and 2013 was the year with the most significant number of
applications (156). The data obtained from Scopus were subjected to network analysis, including
co-occurrence, using the authors’ keywords as a unit of analysis and full counting. Additionally,
a co-authorship study was included in the analysis, considering the country as a unit of analysis
and full counting.

3. Results

Figure 2 shows that the United States was the leader in bioprocess and sustainability-related
research during the study period. Among the ten leading countries, India, China, and Germany
published more than 50 documents each. The most developed areas, those with more than 100
documents, were biochemistry, genetics, and molecular biology; chemical engineering; immunology
and microbiology; environmental science; energy and engineering. These data highlight the need
to increase the number of basic research projects in disciplines focused on the development or
improvement of new bioprocesses and their industrial scale-up and the creation of technological
applications for the medical, food, environmental, and power generation sectors.

 

Figure 2. Documents by area of knowledge and country (2010–2019). Source: elaborated by the authors
based on Scopus [55].

158



Processes 2020, 8, 436

According to Journal Citation Reports (JCR) [57] 2018, two important academic journals led
the list with more than 30 published documents: (1) Bioresource Technology, with an impact factor
of 6.669 and ranked Q1 in the following three areas: (a) Agricultural Engineering, (b) Biotechnology
and Applied Microbiology, and (c) Energy and Fuels; and (2) Applied Microbiology and Biotechnology,
with an impact factor of 3.670 and ranked Q2 in Biotechnology and Applied Microbiology. They are
followed by journals with ten or more published documents: Biotechnology for Biofuels (impact factor:
5.452); Biotechnology and Bioengineering (impact factor: 4.260); Current Opinion in Biotechnology
(impact factor: 8.083); Renewable and Sustainable Energy Reviews (impact factor: 10.556); Journal of
Chemical Technology and Biotechnology (impact factor: 2.659); and Biotechnology Journal (impact
factor: 3.543) (the quartiles for the rest of the journals with at least 10 documents are distributed
according to different categories as follows: (1) Biotechnology for Biofuels: Biotechnology and Applied
Microbiology (Q1) and Energy and Fuels (Q1); (2) Biotechnology and Bioengineering: Biotechnology
and Applied Microbiology (Q1); (3)- Current Opinion in Biotechnology: Biochemical Research
Methods (Q1) and Biotechnology and Applied Microbiology (Q1); (4) Renewable and Sustainable
Energy Reviews: Green and Sustainable Science and Technology (Q1) and Energy and Fuels (Q1);
(5) Journal of Chemical Technology and Biotechnology: Biotechnology and Applied Microbiology (Q2),
Chemistry, Multidisciplinary (Q2), Engineering, Environmental (Q3), Engineering, Chemical (Q2);
and (6) Biotechnology Journal: Biochemical Research Methods (Q1) and Biotechnology and Applied
Microbiology (Q2).) These top ten journals include the participation of institutions from Denmark,
the Netherlands, England, France, the United States, Korea, India, and Brazil (see Figure 3).

 

Figure 3. Documents by affiliation and source of publication (2010–2019). Source: elaborated by
the authors based on Scopus [55].

In regard to technological development, patent applications were clearly dominated by the United
States, where 552 applications were filed. This country was followed by the Patent Cooperation Treaty
(PCT), Australia, and the European Patent Office, with more than 100 applications each. By institution,
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Genomatica, Inc. ranked first with 118 applications, followed by Regents of the University of California
with 44, and the Massachusetts Institute of Technology with 35; all of these institutions are based in
the United States. The participation of independent inventors and another American company are
noteworthy. These data show that the United States, Australia, and European countries are the target
market for this type of invention, according to the data obtained by searching in English (see Figure 4).

 

Figure 4. Patent applications by country and institution (2010–2019). Source: elaborated by the authors
based on World Intellectual Property Organization (WIPO) [56].

Most of these applications are related to scientific and technological areas of traditional expertise in
the development of bioprocesses, fermentation processes, the use of enzymes to obtain various chemical
compounds, and other formulations and applications involving microorganisms or enzymes, in addition
to compositions of microorganisms and enzymes that are essential in many applications and processes.
The rest of the categories are related to the development of new devices; the manufacture of organic
compounds and pharmaceutical products; medical appliances; the production of deodorization,
disinfection, and sterilization materials; indexing associated with other microorganism subclasses;
applications related to water treatment, wastewater, sewage, and sludges; peptide generation processes;
separation methods, and applications associated with sugars, sugar derivatives, nucleosides, nucleic
acids, and nucleotides, among other examples (see Table 1).

The network analysis based on the literature search showed that sustainability and bioprocesses
are central points in this search; both keywords are grouped in the largest cluster, together with
smaller nodes such as green chemistry, enzymes, biocatalysis, and industrial biotechnology, among
others. Around this cluster, the figure shows three smaller groupings, whose main nodes are
as follows: (1) fermentation, biofuels, bioethanol, biorefining, and lignocellulose; (2) microalgae,
anaerobic digestion, bioenergy, biodiesel, biohydrogen, and dark fermentation; and (3) consolidated
bioprocessing, biofuel, biobutanol, and clostridium. Finally, a smaller cluster, whose main component
is associated with synthetic biology, can also be appreciated. These links showcase the vigorous
dynamics of bioprocess design research in connection with sustainability. They outline where most of
the scientific research is taking place and where the new areas of opportunity originating around this
activity can be found (see Figure 5).
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Table 1. Patent applications by technological field (2010–2019).

No. Code Classification Number

1 C12P
Fermentation or enzyme-using processes to synthesize

a desired chemical compound or composition or to separate
optical isomers from a racemic mixture.

735

2 C12N
Microorganisms or enzymes . . . ; compositions thereof . . .
propagating, preserving, or maintaining microorganisms;

mutation or genetic engineering; culture media . . .
623

3 C12M Apparatus for enzymology or microbiology . . . 114

4 C07C Acyclic or carbocyclic compounds . . . 82

5 A61K Preparations for medical, dental, or toilet purposes . . . 81

6 C12R Indexing scheme associated with subclasses . . .
relating to microorganisms 78

7 C02F Treatment of water, wastewater, sewage, or sludge . . . 76

8 C07K Peptides . . . 54

9 B01D Separation 51

10 C07H Sugars; derivatives thereof; nucleosides; nucleotides;
nucleic acids . . . 47

Source: elaborated by the authors based on WIPO [56,58].

Figure 5. Keyword co-occurrence analysis: (author)-full counting. Source: elaborated by the authors
based on Scopus [55].

As mentioned before, the United States was determined to be the primary originator of publications
focused on sustainability and bioprocesses, and the same was valid for institutional collaboration.
However, although with lower frequency and proximity, the presence of other economies such as
India, Germany, China, England, South Africa, Mexico, Chile, Malaysia, Australia, Turkey, Italy,
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and Singapore, among others, could also be observed in the network; individually, these countries
connected to different clusters. Therefore, it is necessary to increase our efforts to generate new research
focused on the sustainability of bioprocesses in local environments in collaboration with scientists
from institutions in different parts of the world, since biotechnological solutions cannot always be
applied globally, hence the need for ad hoc solutions to specific problems, especially in developing
countries (see Figure 6).

Figure 6. Co-authorship analysis: country-full counting. Source: elaborated by the authors based on
Scopus [55].

4. Conclusions

Biotechnology has provided society with thousands of bioprocesses to address diseases and food
demands, to develop petroleum product substitutes, to provide alternatives for energy production,
and to solve agricultural problems, among other benefits. Applications and products based on
biological sources are the framework of a bioeconomy that contributes to the economic development
of regions and countries. However, social welfare and care for the environment must be inherent to
these applications, which is why the generation of ad hoc indicators of these two areas is necessary to
monitor these areas.

The scientific and technological trajectory shows how sustainability and bioprocesses are topics
of great interest and constantly growing, although further efforts are still needed to move toward
an integrated sustainability framework. Microbiology and enzymology are often prevalent in this
technological field, although new areas of opportunity are emerging around the new demand for
sustainable solutions to support economic growth and industrial development, especially basic
science projects, which need to be explored and exploited in greater depth. New bioprocesses
based on biorefining, bioethanol, consolidated bioprocessing, microalgae, lignocellulose, biocatalysis,
and biohydrogen are among the products and technologies of the future.

In the following decades, actors from the academic, business, and government sectors, in
addition to non-governmental organizations and society in general, will have to intensify their
collaboration mechanisms, especially in developing economies, where the challenge to move forward
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sustainably is harder and problems associated with poverty and inequality tend to be more serious.
Although biotechnology has shown unprecedented progress, it is also true that the design of bioprocesses
must be geared to sustainability criteria, in which social impact must be a priority. Additional aspects
to take into account to guarantee the successful development of future biotechnological applications
for the benefit of economic development, environmental protection, and social welfare are legislative,
normative, and ethical considerations; the optimization of resources and the conservation of biological
sources; technical and risk assessment; biosecurity, and intellectual property.
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Abstract: Diabetes mellitus is shown to bring negative effects on male reproductive health due to
long-term effects of insulin deficiency or resistance and increased oxidative stress. Ficus carica (FC),
an herbal plant, known to have high antioxidant activity and antidiabetic properties, has been used
traditionally to treat diabetes. The objective of this study is to determine the potential of the FC
leaf extract in improving sperm quality of streptozotocin (STZ) induced diabetic male rats from
proteomics perspective. A total of 20 male rats were divided into four groups; normal (nondiabetic
rats), negative control (diabetic rats without treatment), positive control (diabetic rats treated with
300 mg/kg metformin), and FC group (diabetic rats treated with 400 mg/kg FC extract). The treatments
were given via oral gavage for 21 consecutive days. The fasting blood glucose (FBG) level of FC
treated group demonstrated a significant (p < 0.05) decrease compared to negative group after 21 days
of treatment, as well as a significant (p < 0.05) increase in the sperm quality parameters compared
to negative group. Sperm proteomics analysis on FC treated group also exhibited the increase
of total protein expression especially the proteins related to fertility compared to negative group.
In conclusion, this study clearly justified that FC extract has good potential as antihyperglycemic and
profertility agent that may be beneficial for male diabetic patients who have fertility problems.

Keywords: Ficus carica; diabetes mellitus; proteomics; sperm quality

1. Introduction

According to the World Health Organization [1], there were 422 million people with diabetes
worldwide in 2014. Diabetes causes metabolic disturbances of carbohydrate, fat, and protein that result
in complications of the organ and body systems such as retinopathy, nephropathy, and neuropathy
diabetic [2]. Diabetes also affects the function of the male reproductive system by decreasing sperm
concentration, viability, and increasing sperm apoptosis [3,4]. The male reproductive system is affected
by diabetes probably due to the insulin deficiency or resistance, and the increase of oxidative stress.
Insulin deficiency or resistance is found to directly affect spermatogenesis, testis development, and the
secretion of hormone related to male fertility due to the failure of glucose transportation into sertoli
cells [5]. Meanwhile, Ding et al. [6] reported that the increase of oxidative stress due to hyperglycemia

Processes 2020, 8, 395; doi:10.3390/pr8040395 www.mdpi.com/journal/processes167



Processes 2020, 8, 395

causes the excessive production of free radicals that eventually induce sperm DNA fragmentation, and
reduce the expression of fertility protein.

The emergence of proteomic approach helps researchers discover precisely the root cause of male
infertility due to diabetes. Proteomics is the identification and quantification of proteins that give
an understanding about protein function and its interactions with other proteins, hence lead to the
understanding of certain expressed phenotype [7,8]. Based on a compilation by Amaral et al. [9],
there are 6198 different proteins in human spermatozoa, and each protein has its own distinctive role
either directly or indirectly in male fertility. In general, diabetes alters the expression of these sperm
fertility proteins that finally results in male infertility. An et al. [10] reported that diabetes reduces
sperm proteins such as cystatin C and dipeptidyl peptidase 4 which play vital roles in mitochondrial
metabolism that affect directly the motility of sperm. While Pavlinkova et al. [4] found that diabetes
changes protamine 1/protamine 2 ratio that indicates reduced sperm quality, since protamines are
small proteins that bind sperm DNA which are important for DNA stability and sperm maturation.
Accurate representation of male infertility due to diabetes by proteomics analysis of sperm protein
eases the determination of effective treatment [10].

Currently, diabetes is treated by a synthetic drug such as metformin to prevent diabetes
complications, but the treatment does not significantly improve sperm quality parameters [11,12] and
somehow it reduces sperm quality parameters [13–15]. As an option, the focus has now shifted to the
use of herbs to serve as therapeutic alternatives. Ficus carica (FC), also known as the fig, is among the
potent medicinal plants in treating diabetes. Irudayaraj et al. [16] suggest that FC is able to enhance
the insulin sensitivity in diabetic rats via the repair of one or more defects such as insulin receptor,
insulin receptor substrate, or glucose transporter proteins, as demonstrated by the decrease of high
blood glucose level, normalization of plasma insulin, and improvement of insulin tolerance level in FC
treated group. A previous study also reported the profertility effect of FC on infertile male animal
models. Naghdi et al. [17] found that FC improves testis tissue condition, as well as increases sperm
number and progressive sperm percentage of formaldehyde-induced mice. FC leaf extract is effective
in managing diabetes and also treating male infertility, however, the proteomic data related to its
profertility potential on diabetic subjects is not available.

Therefore, this study aims to explore the profertility effect of FC leaf extract on diabetic-induced
male rats at particular genetic sequences in protein level.

2. Materials and Methods

2.1. Preparation of FC Aqueous Extract

FC leaves (cultivar B110) were collected from Saf Fa Fig Garden at Kuala Pilah, Negeri Sembilan,
Malaysia, under the Department of Chemical and Process Engineering, Faculty of Engineering and
Built Environment. FC leaves were deposited in the Universiti Kebangsaan Malaysia herbarium with
the voucher number, UKMB40389. FC aqueous extract was prepared as described by Perez et al. [18].
Briefly, FC leaves were rinsed with water, dried, and ground to fine powder. The fine powder was
mixed with water in the ratio of 1:9, and boiled at 100 ◦C for 30 min. The extract was later filtered and
freeze dried.

2.2. Experimental Animal

A total of 20 male Sprague-Dawley rats aged eight weeks were divided into four groups. Three
groups were normal, positive (diabetic group treated with metformin at 300 mg/kg per body weight) and
negative control (diabetic group without treatment), and one group was treated with FC aqueous extract
at 400 mg/kg per body weight. All groups were treated by oral gavage every day for 21 consecutive
days. The study was approved by the Animal Ethics Committee of Faculty of Medicine, Universiti
Kebangsaan Malaysia (FST/2017/MAHANEM/29-MARCH/833-MARCH-2017-FEB.-2019).
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2.3. Antihyperglycemic Activity

Diabetes was induced by a single intravenous injection of STZ (50 mg/kg) (Sigma – Aldrich,
Saint Louis, Missouri, USA) dissolved in citrate buffer (0.1 M, pH 4.5) (Sigma – Aldrich, Saint Louis,
Missouri, USA) after 16 h of fasting. Diabetes was confirmed by measuring fasting blood glucose (FBG)
level from the tail tip after five days of STZ-induction with glucometer AccuCheck®Performa (Roche
Diagnostic GmbH, Manheim, Germany). The FBG level of 13 mmol/L and above was considered as
diabetic. The FBG level after treatment was measured on day 22.

2.4. Sperm Quality Analysis

All rats were sacrificed on day 22, and cauda epididymis was isolated, minced, and suspended
in 15 mL of a Biggers-Whitten-Whittingham (BWW) medium. BWW is a medium used effectively to
support the fertilizing potential of spermatozoa in vitro, supplemented with balanced salt, bovine
serum albumin (BSA), energy substrates such as glucose, pyruvate, and lactate, as well as Ca2+ and
HCO3 (Sigma – Aldrich, Saint Louis, Missouri, USA) [19]. The sperm preparation was then incubated
in 5% of CO2 incubator for 30 min at 37 ◦C to allow sperms to swim up. Sperm count, motility, and
viability were assessed using an improved Neubauer haemocytometer in accordance to WHO 2010
laboratory manual. Meanwhile, sperm morphology was determined as described by Seed et al. [20].

Sperm count was assessed using a haemocytometer based on WHO protocol [21]. The sperm
sample was pipetted on the middle grid of the haemocytometer, and counted at 10 boxes of that
particular grid under light microscope with 100×magnification. Sperm count was recorded in millions
(106). Then, the same haemocytometer was used in sperm motility determination. Sperm motility was
presented in percentage values in accordance to the grade determined by WHO [21]; progressive (P),
nonprogressive (NP), and immotile (IM). Next, based on the motility of the sperm, sperm viability was
assessed by using the following formula:

Viable sperm (P and NP)
200 sperm

× 100%

Lastly, for normal sperm morphology analysis, the sperm sample was pipetted on the glass slide,
and smeared over the slide surface. The smeared slide was then dried and stained using Giemsa
staining before being observed under a light microscope.

2.5. Sperm Proteomic Analysis

A further study using shotgun proteomics approach was performed to identify and characterize
the diabetic rat sperm protein profile in FC group in comparison with the control group. The sperm
protein of control groups (normal, negative, and positive) and FC treatment group (dose 400 mg/kg)
was used in the proteomic analysis. The protein extraction was conducted based on protocols by
Yunianto et al. [22]. The sperm was harvested from the caudal epididymis before being suspended in a
Biggers-Whitten-Whittingham (BWW) medium for 30 min at 37 ◦C in 5% of CO2 incubator. The sperm
samples were centrifuged and lysed with a lysis buffer. The major components of the lysis buffer
were urea, 3-cholamidopropyl dimethylammonio 1-propanesulfonate (CHAPS), immobilized pH
gradient (IPG) buffer, and phenylmethylsulfonyl fluoride (PMSF). Determination of sperm protein
concentration was performed using a Bradford [23] assay to ensure that the extracted sample had
sufficient concentration for gel electrophoresis and LCMS/MS analysis. The gel electrophoresis of
protein sample was then performed at the voltage of 75 V using sodium dodecyl sulphate (SDS) gel
12.5% and broad range prestained protein markers (Nacalai Tesque, Japan). The protein band in
gel was cut and incubated with dithiotreitol and iodoacetamide for reduction and alkylation steps,
respectively. This is followed by an overnight incubation with 6 ng/μL trypsin (Promega, Madison,
Wisconsin, USA) for protein digestion [24].
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Mass spectrometry (MS) analysis was performed using nanoflow reversed phase liquid
chromatography (Dionex 3000 Ultimate RSLCnano, Thermo Fisher Scientific, Waltham, MA, USA)
coupled to the Orbitrap Fusion mass spectrometer (Thermo Scientific Orbitrap Fusion). The nanoLC
system used was the EASY-Spray column Acclaim PepMap C18 100 A◦, 50 μm id × 15 cm with particle
size of 2 μm. Five microliters digested samples were injected and run in the chromatography system
using the gradient mobile phase method with a constant flow of 250 nL/min. This consists of solvent A
(0.1% formic acid in water) and solvent B (0.1% formic acid in acetonitrile) with linear gradient running
conditions (91 min at 5%–40% B, 2 min at 85% B, 3 min at 85% B, 1 min at 5% B, and 4 min at 5% B). All
chemicals used were LC-MS grade purchased from Fisher Scientific (Fair Lawn, NJ, USA).

The MS spectra was acquired with a scan range of 350–1800 m/z, 50 ms injection period, 120,000
resolution, and an accumulation gain control (AGC) target of 4.0 e5 (400,000). Peptide precursors were
selected for MS/MS based on a charge state of 2–7, an assigned monoisotopic m/z value, intensity
threshold of 5000 and 20-s dynamic exclusion window. Selected precursors were fragmented using
high-energy collision induced dissociation (HCD) (Thermo Fisher Scientific, Waltham, MA, USA)
at 28% normalized collision energy. Ion trap MS (ITMS) (Thermo Fisher Scientific, Waltham, MA,
USA) was used to analyze the MS/MS spectra with 1.6 m/z isolation window, 250 ms injection time,
60,000 resolving power, rapid scan rate, and 1.0e2 (100) AGC target.

Mass spectra data acquired was analyzed by Thermo Scientific Proteome Discoverer Software
Version 2.1. The sequence database for rat (Rattus norvegicus) was obtained from UniProt database
(http://www.uniprot.org) accessed on May 2018. The parameter search included tryptic specific digest
with two or less miscleavages and residue modification was set as fixed (cysteine carbamidomethylation)
and variable modifications (methionine oxidation and deamidation of aspargine and glutamine). During
the main search, parent and fragment ions were permitted with a mass deviation of 10 ppm and
0.6 Da, respectively.

All identified proteins were annotated using Blast2GO software version 5.2 (https://www.blast2go.
com) (BioBam Bioinformatics, Valencia, Spain). The blast parameter was set as blastp with an
expectation value (E-value) 1 × 10−3 against UniProt database. Then, protein sequences were further
examined using InterproScan, Mapping, and Annotation. The gene ontology graph was generated
using WEGO (Web Gene Ontology Annotation Plot) program version 2.0 (http://wego.genomics.org.cn)
(WEGO 2.0, Beijing Genomics Institute, Shenzen, China).

2.6. Statistical Analysis

The results were presented as mean ± standard error of means (SEM), and analyzed using the
One-way analysis of variance (ANOVA). Value p < 0.05 was considered as statistically significant.

3. Results

3.1. Antihyperglycemic Activity of FC Extract

The fasting blood glucose (FBG) level of normal rats was in a range between 4.4 ± 0.10 and
4.9 ± 0.20 mmol/L throughout 21 days of experiment, as shown in Figure 1. While the induction of STZ
increased, the FBG level of normal rats was from 4.9 ± 0.20 mmol/L to a diabetic stage as resembled by
the negative control of 23.7 ± 0.89 mmol/L. Both treatments of 400 mg/kg FC and 300 mg/kg metformin
significantly decreased (p < 0.05) the FBG level of diabetic rats compared to the negative control
(Figure 1). Diabetic rats administered with FC extract showed the reduction of the FBG level from
23.6 ± 2.87 to 12.6 ± 0.66 mmol/L, and it was almost similar to metformin that reduced FBG levels from
24.4 ± 3.27 to 13.22 ± 0.81 mmol/L.
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Figure 1. Fasting blood glucose level of rats from normal (normal group with distilled water), negative
(diabetic group with distilled water), positive (diabetic group with 300 mg/kg metformin), and Ficus
carica (FC) (diabetic group with 400 mg/kg Ficus carica aqueous extract). Symbol “*” represents
significant difference (p < 0.05).

3.2. Sperm Quality Analysis

The parameters used for sperm quality assessment were sperm count, motility, the percentage of
viability, and percentage of normal morphology. Figure 2 shows the comparison of sperm counts for
normal control, negative control (diabetic without treatment), positive control (diabetic treated with
metformin), and FC (diabetic with FC treated). Induction of diabetes with STZ significantly reduced
(p < 0.05) the sperm count of normal control from (88.6 ± 6.85) × 106 sperm to (2.8 ± 1.36) × 106 sperms
after 21 days of treatment. However, treatment with FC significantly increased (p < 0.05) the number
of sperms to (69.8 ± 9.81) × 106 compared to negative control, and it was considerably higher than
metformin which was (14.0 ± 3.65) × 106 sperms.

 

Figure 2. Sperm count (× 106) of rats from normal (normal group with distilled water), negative (diabetic
group with distilled water), positive (diabetic group with 300 mg/kg metformin), and FC (diabetic group
with 400 mg/kg Ficus carica aqueous extract). Symbol “*” represents significant difference (p < 0.05).
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Figure 3 shows the effect of FC treatment on the motility of diabetic rat sperm compared to
the negative, positive, and normal control groups. Sperm motility refers to the activeness of sperm
movement during microscopic observation which is based on WHO [21], either progressive motility,
nonprogressive motility, or immotility. The induction of diabetes resulted in the increase of immotile
sperm to the normal control from 25.52% ± 4.95% to 53.32% ± 6.98% as resembled by the negative
control. Treatment with FC significantly increased (p < 0.05) the percentage of sperm with progressive
motility in diabetic rats at 46.48% ± 2.06% compared to the negative control (6.80% ± 4.16%).

 

Figure 3. Sperm motility (%) of rats from normal (normal group with distilled water), negative (diabetic
group with distilled water), positive (diabetic group with 300 mg/kg metformin), and FC (diabetic group
with 400 mg/kg Ficus carica aqueous extract). Symbol “*” represents significant difference (p < 0.05).

The percentage of viability or percentage of live sperms for each group of rats in this study is
shown in Figure 4. The percentage of sperm viability decreased significantly (p < 0.05) after the STZ
induction, which was 6.68% ± 4.09%, compared to normal control (54.46% ± 4.41%). Diabetic rats
treated with FC have shown a significant increase in percentage of sperm viability (p < 0.05) which
was 69.91% ± 2.04% compared to the negative control (6.68% ± 4.09%), and higher than metformin
(53.62% ± 7.4%).

 

Figure 4. Sperm viability (%) of rats from normal (normal group with distilled water), negative (diabetic
group with distilled water), positive (diabetic group with 300 mg/kg metformin), and FC (diabetic group
with 400 mg/kg Ficus carica aqueous extract). Symbol “*” represents significant difference (p < 0.05).
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Normal morphology of a sperm was observed on the three main parts of the sperm, which are head,
midpiece, and tail. Figure 5 shows the effect of FC on the percentage of normal morphology of a diabetic
rat sperm compared to the controls. Diabetes induction decreased the percentage of normal sperm
morphology significantly (p < 0.05) from 33.74% ± 3.58%, as shown by normal control to 5.05% ± 1.43%
as resembled by the negative control. After receiving the FC treatment, the percentage of normal sperm
morphology increased significantly (p < 0.05) which was 38.04% ± 3.65% compared to negative control,
and was observed to surpass the metformin group (21.36% ± 5.18%) and normal control.

 

Figure 5. Normal sperm morphology (%) of rats from normal (normal group with distilled water),
negative (diabetic group with distilled water), positive (diabetic group with 300 mg/kg metformin),
and FC (diabetic group with 400 mg/kg Ficus carica aqueous extract). Symbol “*” represents significant
difference (p < 0.05).

3.3. Sperm Proteomics Analysis

3.3.1. Concentration of Sperm Protein

Table 1 shows the concentration of sperm protein (mg/mL) for each group determined by the
Bradford assay [23]. The FC treatment group recorded the highest concentration of protein which
was 1.15 mg/mL, followed by normal control 1.13 mg/mL, positive control 1.05 mg/mL, and negative
control with the lowest concentration of 0.8 mg/mL.

Table 1. Concentration of sperm protein (mg/mL).

Group Concentration of Protein (mg/mL)

Normal 1.13
Negative (Diabetic without treatment) 0.8
Positive (Diabetic treated with metformin) 1.05
FC (Diabetic treated with F. carica extract) 1.15

3.3.2. Sperm Protein Profile via SDS-PAGE

Based on Figure 6, the negative control group showed a thin protein band similar to positive
control, whereas the FC group showed thicker protein band compared to negative control, especially
at molecular weight of 9–19 kDa (yellow box) and 38–46 kDa (red box). In addition, the FC treatment
group also showed thick protein band similar to normal control, indicating that the treatment might
improve the fertility of diabetic male rats.
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Figure 6. Sperm protein bands from four groups using SDS-PAGE electrophoresis. Column M is a
molecular weight marker; normal: Sperm protein from normal group; positive: Diabetic treated with
metformin; negative: Diabetic without treatment, and FC: Diabetic treated with F. carica.

3.3.3. LC-MS/MS Analysis

LC-MS/MS analysis recorded the total number of proteins present in each group (Tables S1–S4).
According to Table 2, the sperms of negative control rat showed lower protein expression which
was 55 proteins compared to normal control that showed high protein expression with 149 proteins.
The metformin group recorded 90 sperm protein expressions, which was higher than negative control.
Meanwhile, the FC group recorded almost a similar number of proteins as normal control which was
155 proteins.

Table 2. The total number of proteins in the sperm sample of FC group and the controls as determined
by LC-MS/MS analysis.

Group Total Number of Protein

Normal 149
Negative (Diabetic without treatment) 55
Positive (Diabetic treated with metformin) 90
FC (Diabetic treated with F. carica extract) 155

3.3.4. Gene Ontology Analysis via Blast2GO and WEGO

Based on gene ontology analysis via Blast2GO and WEGO, sperm proteomic analysis was focused
on the reproductive process in order to evaluate the protein activity and function involved in diabetic
rat fertility, as shown in Figure 7 and Figure S1. Expression of reproductive protein in normal control
was 24 proteins, negative control was 11 proteins, positive control was 15 proteins, and FC group with
the highest number of 34 proteins.

3.3.5. Sperm Unique Protein upon FC Treatment

Based on the Uniprot database, approximately 32.3% of total sperm proteins in the FC treated
group have been identified on fertility-related function and activity. Table 3 shows a total of 14 unique
fertility proteins in FC group (negative control did not have these proteins) were identified along
with their fertility-related function and molecular weight. The proteins were then classified into two
groups according to their functions in the fertility of diabetic rat. The two groups of proteins were
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protective unique protein (manganese superoxide dismutase, peroxiredoxin-5, endoplasmic reticulum
stress regulator ATPase, pyruvate kinase, ATP synthase subunit O and pyruvate dehydrogenase E1
component subunit alpha) and reproductive unique protein (myosin-9, prostaglandin-H2 D-isomerase,
histone H2B, dynein light chain 1, ropporin-1, T-complex protein 1 subunit beta, dihydrolipoyl
dehydrogenase, and Izumo sperm-egg fusion protein 1). The classification of reproductive unique
protein was based on the functions of spermatogenesis and fertilization, as shown in Table 3. The
unique protein molecular weight data was then matched back to the FC group protein bands in
SDS-PAGE gel to show the distribution of this fertility protein according to molecular weight (Figure 8).

 

 

Figure 7. The number of sperm protein involved in reproductive process from normal (normal group
with distilled water), negative (diabetic group with distilled water), positive (diabetic group with 300
mg/kg metformin), and FC (diabetic group with 400 mg/kg Ficus carica aqueous extract).

Table 3. Classification of 14 unique sperm proteins of the FC treatment group compared to negative
controls according to function based on Uniprot database.

Protein ID (Uniprot) Name Location Molecular Weight (kDa)

1. Protective unique protein
P07895 Manganese superoxide dismutase mitochondria 24.66
Q9R063 Peroxiredoxin-5, mitochondrial mitochondria 22.17

P46462 Transitional endoplasmic reticulum
ATPase nucleus 89.29

P11980 Pyruvate kinase PKM cytoplasm 57.78
Q06647 ATP synthase subunit O mitochondria 23.38

Q06437 Pyruvate dehydrogenase E1 component
subunit alpha mitochondria 43.37

2. Reproductive unique protein
i. Spermatogenesis
Q62812 Myosin-9 cytoplasm 226.2
P22057 Prostaglandin-H2 D-isomerase nucleus 21.29
Q00729 Histone H2B type 1-A nucleosome 14.22
P63170 Dynein light chain 1 nucleus 10.36
ii. Fertilization
Q4KLL5 Ropporin-1 cytoplasm 23.95
Q5XIM9 T-complex protein 1 subunit beta cytoplasm 57.42
Q6P6R2 Dihydrolipoyl dehydrogenase mitochondria 54.0
Q6AY06 Izumo sperm-egg fusion protein 1 acrosome 43.55
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Figure 8. The distribution of unique fertility-related protein of FC treated sperm group based on
molecular weight in SDS-PAGE.

4. Discussion

4.1. Antihyperglycemic Activity of FC Extract

STZ [2-deoxy-2-(3-(methyl)-3-nitrosoureido)-D-glucopyranose] is an antimicrobial and alkylated
chemotrapeutic agent synthesized by Streptomycetes achromogenes [25]. Rakieten et al. [26] reported
that STZ was diabetogenic when it caused diabetes via the specific necrosis of β-cells located at islet of
Langerhans in the pancreas. King [25] describes the mechanism of diabetic induction by STZ, in which
it enters β-cells through Glut-2 carrier protein (SLC2A2), and causes the alkylation of DNA. DNA
alkylation activates poly (ADP-ribose) polymerase (PARP) that results in depletion of nicotinamide
adenine dinucleotide (NAD+) and adenosine triphosphate (ATP), in which both NAD+ and ATP are
needed for insulin secretion [27]. Therefore, the depletion of NAD+ and ATP leads to inhibition of
insulin production. Pancreatic β-cells produce insulin in order to maintain normal blood glucose levels.
Insulin activates glycogen synthase that converts glucose to glycogen, and also activates carrier protein
GLUT4 which carries glucose from the blood stream into cells [28]. Thus, when there are problems
related to insulin production, the conversion of glucose to glycogen and glucose uptake by the cell will
be affected, resulting in the increase of blood glucose level.

Duca et al. [29] reported that the mechanism of blood glucose level reduction by metformin is
by decreasing hepatic glucose production via inhibition of mitochondrial complex I, which results in
the increase of adenosine monophosphate-activated protein (AMP) and the activation of adenosine
monophosphate-activated protein kinase (AMPK). AMPK deactivates the transcription of peroxisome
proliferator-activated receptor gamma (PPAR-γ) and sterol regulatory element binding protein
1c (SREBP-1c), in which both of them are regulators in the expression of enzymes involved in
gluconeogenesis, glucose transportation, and fatty acid synthesis in the liver [30]. The inhibition of
these enzyme expressions eventually causes reduction of blood glucose level.

Meanwhile, FC reduces blood glucose level by facilitating the glucose uptake by the muscle cell,
which is the similar action such as insulin in reducing blood glucose level [18]. Nearly 40% of total
body weight is represented by the skeletal muscle, in which it is also an important tissue that has
been targeted for insulin action and glucose uptake [31]. In vitro experiment done by Perez et al. [18]
found that there was a low glucose uptake by skeletal muscle of untreated diabetic rats due to the
insufficient amount of insulin, but on the contrary, diabetic rats treated by FC showed a significant
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increase of glucose uptake by skeletal muscle. Irudayaraj et al. [16] suggest that FC is able to improve
the sensitivity of insulin, possibly due to the improvement of defects in insulin function that has
been realized after a significant reduction of blood glucose and normalization of plasma insulin levels
were found. Mopuri et al. [32] reported that FC also inhibits the activity of digesting enzymes of
carbohydrates such as α-amylase and α-glucosidase. The inhibition of these enzymes may slow down
the digestion of carbohydrates, thus leading to low glucose levels in the blood stream. Previous
studies of some antihyperglycemic plants such as Gynura procumbens [14] and Moringa olifeira [33] also
demonstrated similar mechanism as FC, via the increase of peripheral glucose uptake and inhibition
of α-amylase and α-glucosidase. Meanwhile, there were other plants such as Aloe vera [34] and
Camillia sinensis [35] that showed different antihyperglycemic mechanism compared to FC which were
an improvement of insulin secretion and pancreatic β-cell function.

Therefore, all studies stated above indicate that there are phytochemicals in FC responsible for
its antihyperglycemic property. Zhang et al. [36] conclude that the antihyperglycemic activity of
FC may be due to the antioxidant effect of its phytochemicals. Certain antioxidants in FC that may
contribute to its antihyperglycemic effect are quercetin [2,37,38], kaempferol [37,39], ficusin [40], ferulic
acid [2], and caffeoylmalic acid [39]. It is found that quercetin delays oxidant injury and cell death
due to the oxidation by free radicals [37], improves insulin signaling and sensitivity [41], as well
as increases glucose uptake by cell [42]. Kaempferol inhibits the breakdown of polysaccharides to
glucose by α-glucosidase, as it is a carbohydrate digesting enzyme [43], and activates AMPK to mediate
an antidiabetic effect by inhibiting hepatic glucose production [30]. Ficusin restores insulin level in
diabetic rats due to regularized β-cell, and improves glucose utilization by increasing the expression
level of glucose transporter protein (GLUT) [40]. Next, ferulic acid inhibits gluconeogenesis via the
decrease of enzyme of gluconeogenesis, which are phosphoenolpyruvate carboxinase (PEPCK) and
glucose-6-phosphatase [44]. Meanwhile, Takahashi et al. [39] found that caffeoylmalic acid is among
the abundant polyphenol present in FC that has high antioxidant activity similar to vitamin C.

4.2. Sperm Quality Analysis

Conventional sperm quality analysis such as sperm count, motility, viability, and morphology
using haemocytometer is still a relevant, effective, and fundamental investigation method that is able
to detect the sign of male infertility as recommended by World Health Organization [45,46]. The sperm
count from ejaculation is an early indicator towards the ability of the testis to produce sperm, as normal
ejaculation is correlated with testicular volume [21]. A high percentage of progressive motility is
important in determining the success of sperms to find and penetrate oocyte during the fertilization
process, because the life span of a sperm is short, which is only 6–12 h after ejaculation [47]. Sperm
viability is considered as an early indicator for male fertility, as it indicates either the sperms live or
die [48]. While normal sperm morphology is crucial to determine the success of fertilization [49],
because defects related to head, midpiece, and tail commonly result in nonprogressive motility and
immotility [48].

The results showed that STZ-induced diabetic rats were infertile because the number of sperms,
the percentage of sperm viability, and normal sperm morphology percentage were at the lowest, and
the percentage of immotile sperm recorded was the highest. STZ causes the necrosis of β-cell in the
islet of Langerhans in the pancreas which causes insulin production failure [26]. Based on a study
by Kim and Moley [50], insulin deficiency causes failure of transcription and activation of GLUT
glucose transport proteins. GLUT plays an important role in transporting glucose into sertoli cells to
carry out the glycolysis process, which later produces lactate [51]. Lactate is a source of energy that is
important in the growth of germ cell and sperm maturation [52]. When lactate fails to be supplied
for germ cell nutrition, the spermatogenesis process is affected, and results in the decrease of sperm
quality. According to Pavlinkova [4], diabetes decreases sperm concentration, viability, and increases
sperm apoptosis due to the changes in protamine 1/protamine 2 ratio, small proteins that bind sperm
DNA which are important for DNA stability and sperm maturation. Furthermore, the decrease in
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sperm quality is closely related to oxidative stress due to hyperglycemia, which causes the excessive
production of free radical in the blood such as reactive oxygen species (ROS) [53]. Ding et al. [6] found
that high concentration of free radicals induced sperm apoptosis, sperm DNA fragmentation, and
changed the expression of fertility proteins, in which they act as antioxidants to protect cells from
structural modification by advanced glycation end (AGE) products.

In this study, metformin was found to increase sperm quality parameters, but it was not significant
when compared to the negative control. According to Owen et al. [12], metformin increases sperm
quality parameters by blocking complex I in the mitochondrial respiratory chain, resulting in the
decrease of mitochondrial function and cell respiration, and it also causes the increase of AMPK which
eventually leads to anaerobic respiration and the increase of lactate production. Lactate is the main
source of energy for germ cells in order to be developed into mature sperms. Bertoldo et al. [11] state
that metformin increases the level of mRNA for glucose carrier Glut 1 and lactate dehydrogenase which
catalyzes the conversion of pyruvate into lactate. However, some studies have found that metformin
lowers male fertility parameters. Research done by Naglaa et al. [15] using alloxan-induced diabetic
rats shows a decrease in testicular weight, sperm count, sperm motility, and increase in the number of
abnormal sperm when treated with metformin. Furthermore, the study by Hurtado de Llara et al. [13]
shows that metformin inhibits sperm mitochondrial membrane potential and motility of boar sperms.

Based on the results of the study, the FC extract was able to improve the quality of sperms in
diabetic rats. Since there is no study that had been done for male infertility due to diabetes using FC
leaves extract as treatment, we considered choosing the concentration of FC from an antidiabetic study
such as Irudayaraj et al. [16], Jayakumar et al. [54], and Mopuri et al. [32] (that used concentration
between 400–500 mg/kg) because we believe that the problem is due to diabetes. We also considered
the concentration of FC from studying the profertility of FC by Naghdi et al. [17] and Shimaa et al. [55]
(that used concentration of FC extract between 200–300 mg/kg), where the concentration was below
than what antidiabetic studies used. So based on these studies, we chose 400 mg/kg FC as it was the
concentration used in antidiabetic studies and we estimated that the concentration can as well give
a good result for profertility. The ability of FC extract to treat diabetes, as well as fertility is closely
related to its phytochemical content that acts as an antioxidant in reducing reactive oxygen species
production (ROS) [55,56]. Takahashi et al. [39] reported that caffeoylmalic acid is among the most
abundant polyphenol found in FC which has the same level of antioxidant activity as vitamin C. The
increase in sperm quality parameters is also likely to be due to the positive effect of FC on the hormone
involved in male fertility. FC contains saponin which is found to resemble testosterone action, increase
testosterone production, and has good effects on follicle stimulating hormone (FSH) [55]. These positive
effects accelerate sperm maturation and sperm count. Furthermore, Irudayaraj et al. [16] reported that
FC normalizes the plasma insulin levels of diabetic rats. Kim and Moley [50] reported that insulin
plays an important role in male reproductive system when the diabetic mice treated with insulin show
a significant increase of sperm count and motility compared to diabetic mice without treatment. Mice
treated with insulin also show increase of glucose transporter (GLUT) protein expression in leydig and
sperm cells. The GLUT protein functions to carry glucose into testicular cells for the continuation of
spermatogenesis. Active spermatogenesis activity increases sperm quality parameters such as sperm
count, motility, normal morphology, and viability [57].

4.3. Sperm Proteomics Analysis

4.3.1. Sperm Protein Concentration, Protein Expression via SDS-PAGE, LC-MS/MS, and Gene
Ontology Analysis

It was consistent that the negative control showed lowest reading for all proteomic parameters;
protein concentration, protein band thickness, and total number of proteins. The decrease of the
parameters by negative control may be due to the effect of diabetes on endoplasmic reticulum in the
sperms. The endoplasmic reticulum is a site of synthesis, folding, and maturation of proteins, which
is present in any cell including the sperm [58]. Diabetes and hyperglycemia result in the increase
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of endoplasmic reticulum stress [59], which causes changes in the homeostasis of the endoplasmic
reticulum, and subsequently reduces protein synthesis [60]. Previous studies also supported our
findings [61,62]. An et al. [10] reported that no expression of the spermatogenesis regulator protein was
recorded in the sperm of diabetic patients compared to normal. Decreased expression of other proteins
in the sperm of diabetic patients was also reported by Kim and Moley [50] and Kriegel et al. [61]. Based
on gene ontology analysis, diabetes also causes a decrease in the expression of reproductive protein.
Gene ontology analysis is a recent development in the molecular biology study that enables genes
or proteins to be classified based on their function and involvement in any biological process, hence
facilitates scientists to understand the mechanism behind the phenotype [63]. Our study focused on
reproductive proteins out of all biological processes since reproduction is an important process that
determines fertility. In correlation with sperm quality analysis in our study, it can be speculated at this
point that diabetes may reduce sperm quality by depleting the production of reproductive protein.

Interestingly, FC treatment improved all proteomic parameters of diabetic rats. Furthermore, gene
ontology analysis revealed that FC treatment increased the number of sperm reproduction protein
despite being in a diabetic condition. The increase of the sperm reproduction protein number was in
correlation with the increase of sperm quality parameters, as shown in Figures 2–5. It can be inferred
that sperm fertility proteins influenced by FC protect male fertility from diabetes complication. The
study using another herb by Ghosh et al. [64] found that treatment with E. jambolana increases the
expression of the protein Apoptosis regulator (BCL2) in the testicular tissue of diabetic mice. BCL2
is a protein that inhibits the process of apoptosis and inflammation of cells [65]. With increased
expression of BCL2 protein, damage to testicular cells can be avoided, thus protecting male fertility
from diabetes complication.

4.3.2. Sperm Unique Protein upon FC Treatment

Proteomic analysis later was focused on the unique sperm fertility protein of the FC treated group
in comparison with the negative controls. This investigation aimed to evaluate how the unique fertility
proteins escape diabetes complication and thus maintain male fertility. The heaviest unique protein
was myosin-9 with a molecular weight of 226.2 kDa, followed by a transitional endoplasmic reticulum
ATPase with a molecular weight of 89.29 kDa. The protein bands between 38 and 62 kDa contained
pyruvate kinase protein, T-complex protein 1 subunit beta, dihydrolipoyl dehydrogenase, Izumo
sperm-egg fusion protein 1, and pyruvate dehydrogenase E1 alpha subunit. Furthermore, the protein
bands between 19 and 26 kDa contained manganese superoxide dismutase, ropporin-1, ATP synthase
subunit O, peroxiredoxin-5, and prostaglandin-H2 D-isomerase, while the lowest molecular weight
proteins were histone H2B and dynein light chain, both of them in the protein bands between 9 and
14 kDa.

Based on protein molecular weight, many previous studies have concluded that low-molecular
weight proteins have high antioxidant activity [66–68]. An in vitro study by Pierro et al. [67] found that
the process of hydrolysis of cow’s casein by latex FC produced low molecular weight proteins with high
antioxidant activity. The LC-MS/MS analysis performed in this study also support the statement, in
which we actually found that the rat sperm of FC contained manganese superoxide dismutase (MnSOD)
and peroxiredoxin-5 proteins, and both have high antioxidant activity and also low molecular weight
proteins (<25 kDa). MnSOD and peroxiredoxin-5 may act to prevent ROS increase in sperm cells, and
protect cell organelles, especially mitochondria, which play a key role in ensuring progressive sperm
motility as it functions to produce energy in the cell. Manganese superoxide dismutase (MnSOD) is a
major antioxidant defense in mitochondria [69]. MnSOD is an enzyme that converts superoxide anion
radicals to hydrogen peroxide, thereby reducing the probability of superoxide anions interacting with
nitric oxide to form reactive nitrite peroxides [70]. The study by Li et al. [71] found that infants with
MnSOD deficiency are genetically exposed to mitochondrial damage in several organs including the
heart, causing death within 10 days after birth. This indicates that MnSOD has an important role in
the mitochondrial defense system. MnSOD expression in diabetic rats has been shown to suppress
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the increase of ROS, and inhibit the effect of hyperglycaemia [72–74]. Additionally, Cocchia et al. [75]
reported that MnSOD protects spermatozoa from damage by lipid peroxidation, and subsequently
increases sperm motility and viability compared to the negative control. Meanwhile, peroxiredocin-5
is also an effective antioxidant enzyme in the inhibition of peroxide in mitochondria. The uniqueness
of the peroxiredoxin family compared to other peroxidases is due to the hydrogen peroxide catalysis
initiated by the peroxidatic cysteine located at the N-terminus of the protein [76]. Peroxidatic cysteines
break down the O-O bond of the hydrogen peroxide which then temporarily produce cysteine sulfenic
acid, before returning to its original form of peroxidatic cysteine in order to catalyze other hydrogen
peroxide [77]. Kubo et al. [78] reported that the expression of peroxiredoxin-5 protein is found to be
responsible for the suppression of apoptosis in pig pericyte cells when the protein is able to reduce
oxidative stress induced by diabetes. In addition, O’Flaherty [79] states that peroxiredoxin plays a key
role in the protection of spermatozoa function from ROS when it is found that peroxiredoxin deficiency
in infertile men is consistent with a decrease in sperm quality.

Another protein, the transitional endoplasmic reticulum ATPase protein or known as the
valocin-containing protein (VCP) had the function in regulating endoplasmic reticulum stress induced
by diabetes. Excessive endoplasmic reticulum stress induced by diabetes causes alterations in the
homeostasis of the endoplasmic reticulum and subsequently reduces protein synthesis [59,60]. In
addition, excessive endoplasmic reticulum stress is linked with male infertility [80]. Guzel et al. [81]
state that spermatogenesis requires intensive protein synthesis to continue the developmental process
from spermatogonia to spermatozoa, however, uncontrolled endoplasmic reticulum stress inhibits
spermatogenesis. VCP is a family of ATPases that generally functions in protein folding or unfolding [82].
Additionally, the specific function of VCP is to regulate the degradation of unfolded proteins in response
to endoplasmic reticulum stress [83]. Wojcik et al. [84] reported that disruption of VCP RNA results in
the reduction of VCP protein expression in cells, thus inducing the changes on over 30 RNA transcripts
for other proteins involved in endoplasmic reticulum stress, amino acid starvation, and apoptosis.
Hence, the VCP protein presence in FC diabetic rats retains the normal functioning of the endoplasmic
reticulum, and thus ensures the continual production of proteins required for sperm development
despite being in a diabetic condition.

There are three unique proteins in the sperm of FC group involved in glycolysis and the
production of ATP or Nicotinamide adenine dinucleotide (NADH), which are pyruvate kinase,
pyruvate dehydrogenase E1 component subunit alpha, and ATP synthase subunit O. Previous studies
reported that diabetes disrupts the expression of the proteins in the early pathogenesis and later
causes severe complications [85–87]. Disruption of ATP synthase by diabetes stimulate mitochondrial
ROS generation and thus promote severe complications on the tissue and organ [85]. The failure of
diabetes to disrupt the proteins at the beginning of pathogenesis will terminate the complication of
diabetes [86,87]. Qi et al. [86] reported that the activation of pyruvate kinase may protect against
diabetes by improving glucose metabolism, inhibiting the production of toxic glucose metabolites
and inducing the biogenesis of mitochondria. Another study done by Rahimi et al. [87] concluded
that activation of pyruvate dehydrogenase during a diabetic condition reduces available substrate
for production of glucose, resulting in low blood glucose level and improved glucose tolerance. It
is inferred that treatment with FC expressed these unique proteins thus protecting the sperm from
toxicity of diabetes.

The following unique proteins are fertility proteins involved directly in the reproduction process;
spermatogenesis (myosin-9, prostaglandin-H2 D-isomerase, histone H2B, and dynein light chain 1)
and fertilization (ropporin-1, T-complex protein 1 subunit beta, dihydrolipoyl dehydrogenase, and
Izumo sperm-egg fusion protein 1), where the expression of these reproductive unique proteins may
be due to the protective effect of the unique proteins discussed before (MnSOD, peroxiredoxin-5, VCP,
ATP synthase, pyruvate kinase, and pyruvate dehydrogenase) against diabetes complication.

Myosin-9 functions as a component in the activation of FSH hormone synthesis. The study by
Lin et al. [88] reported that myosin-9 is involved in the activation of FSH hormone synthesis by the
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guanosine triphosphate (Gαh) protein. It was found that myosin-9 inhibition using Blebbistatin, a
type of ATPase, inhibited the activation of FSH hormone synthesis by Gαh protein in Sertoli cells.
FSH hormone secretion by myosin-9 induces FSH activity in the development of spermatogonia
to spermatocytes. The next protein, prostaglandin-H2 D-isomerase was involved in Sertoli cell
differentiation. Prostaglandin-H2 D-isomerase or known as prostaglandin D2 synthase (PGDS) is
an enzyme that converts the cyclooxygenase product of prostaglandin H2 (PGH2) to prostaglandin
D2 (PGD2) [89]. PGD2 is a protein that enhances the differentiation of Sertoli cells, and controls the
proliferation of germ cells [90]. The study by Moniot et al. [91] states that expression of the Sox9 gene,
which is a transcriptional factor of differentiation of Sertoli cells, is regulated by the PGDS protein.
Whereas, Samy et al. [92] reported that increased expression of PGDS was consistent with the increase
in germ cell tight junction, indicating that there is a correlation between PGDS expression and junction.
The interplay between germ cells, which is part of the blood-testis structure, is important in regulating
the molecular entry and development of germ cells [51]. There are two other unique FC proteins
identified that help in spermatid development and maturation of spermatozoa which are histone H2B
and dynein light chain 1. Histone H2B (HH2B), which is a variant of histone protein, together with
DNA binding to nucleosomes in chromatin [93], was known to be involved in spermatid development.
Lu et al. [94] reported that the highest HH2B expression was recorded in spermatogonia, followed by
spermatocytes and finally spermatids. This implies that HH2B plays a role in every stage of sperm cell in
spermatocytogenesis. Dynein light chain 1 (DLC1) is a protein involved in the spermatozoa maturation
process. Dynein generally acts to regulate chromosome movement, assembly, and orientation of mitotic
spindles, as well as nucleus migration [95]. The study by Wang et al. [96] in rat sperm suggests that
DLC1 plays a role in chromatin condensation in the early stages of spermatids, disposal of excess
cytoplasm for spermatozoa formation, and release of spermatozoa from the apical compartment into
the lumen of the seminal tuberculosis (sperm) when there is intensive DLC1 expression in the spermatid
nucleus length and cytoplasm of spermatozoa.

In this proteomic study, a unique sperm protein from FC group was identified to be responsible
for fibrous sheath signaling that subsequently influenced sperm motility. The protein is ropporin-1
(ROPN1) which is found only in fibrous sheath of the sperm flagella, and is specifically located at the
center and tip of the flagella [97]. ROPN1 binds to the primary components of fibrous sheath, the
A-kinase anchoring proteins (AKAP) 3 and 4 to initiate the signaling pathway for sperm motility [98].
Fiedler et al. [98] found that a rat sperm lacked the ROPN1, and ropporin-1 like protein (ROPN1L)
had problems with flagella and became immotile. This indicates that ROPN1 is a vital protein in
sperm motility and capacity. The discovery of this protein in the sperm of FC group is in line with
the results of sperm motility analysis which has shown that treatment with FC helps increase sperm
motility in diabetic rats. There is a unique sperm protein in the FC treated group that is known to
have activity that helps the binding of the sperm to ZP which is T-complex protein 1 subunit beta.
The T-complex protein 1 subunit beta (CCT) is a chaperone-type protein that is commonly known to
fold other proteins from its original or nonfoldable state to a folded and functional form [99]. While in
fertility, CCTs are the first isolation in mice testes protein that are specifically involved in sperm motility,
sperm capacitation, and the ability to bind and penetrate ZP [100]. A proteomic study of CCT by
Dun et al. [101] using blue native polyacrylamide gel electrophoresis (BN-PAGE) on spermatozoa found
high CCT expression on the surface of the spermatozoa through the capacitation process, while the far
Western Blot method found that CCT showed adherence to intact ZP. This clearly indicates that CCT
plays an intermediate role in the binding between sperm and ZP. Next, dihydrolipoyl dehydrogenase
is a protein identified in the sperm of the FC group which is involved in the acrosome reaction
process. Dihydrolipoyl dehydrogenase (DLD) is a post-metabolism pyruvate enzyme, a pyruvate
dehydrogenase complex subunit E3 that is involved in the regulation of lactate in spermatozoa [102].
DLD has been reported to play a role during hyperactivation, acrosome reactions [103] and it is also
involved in fetal development [104]. A study by Mitra and Shivaji [105] found that the downregulation
of DLD activity by inhibitors, specifically 5-methoxyindole-2-carboxylic acid, prevented acrosome
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reaction and decreased spermatozoa hyperactivation. During adhesion between the sperm membrane
and the egg membrane, there are various protein interactions that occur. Sperm proteomic studies have
identified that the unique protein of the FC group, Izumo sperm-egg fusion protein 1 is involved in
sperm-egg fusion. Izumo sperm-egg fusion protein 1 (IZUMO1) is a protein that is specifically involved
in sperm-egg binding and fusion. The protein is identified by Inoue et al. [106] using monoclonal
antibodies that inhibit sperm-egg fusion and gene cloning. It is not detectable on the surface of newly
released spermatozoa (after ejaculation or in the epididymis), however, the protein can only be detected
after acrosome reaction. This is probably because IZUMO1 is hidden inside the plasma membrane
and only present on the surface as a result of the acrosome reaction. Inoue et al. [103] also found
that mice that lack the IZUMO1 gene have normal sperm morphology and are capable of binding
and penetrating ZP, however, they are unable to proceed fusion with the egg. A further study by
Bianchi et al. [107] found that IZUMO1 binds to its receptor, namely JUNO protein, located on the
surface of the egg, and then these two proteins interact with each other, which subsequently activates
sperm-egg fusion.

Therefore, we proposed that FC treatment induces the expression of protective unique proteins
that prevent the complication of diabetes on the reproductive unique protein, and thus resulted in the
amelioration of male fertility despite being in a diabetic condition.

5. Conclusions

Overall, leaf extract of Ficus carica (FC) shows antihyperglycemic and profertility effects on
streptozotocin-induced diabetic male rats. Treatment with FC extract shows a significant decrease in
blood glucose level closer to normal. These antihyperglycemic effects have been found to prevent
the complications of diabetes on male rat fertility in accordance with the recovery of sperm quality
parameters after treatment with FC extract. This recovery and protection may be due to the bioactive
compounds responsible for the antioxidant activity present in FC extracts such as quercetin, kaempferol,
ferulic acid, and caffeoylmalic acid. In addition to acting in order to balance oxidative stress caused by
diabetes, these bioactive compounds may also be involved in the secretion of insulin, proteins, and
other molecules leading to fertility improvement.

Proteomic studies on the sperm of the FC group show an increase in overall protein expression
compared to controls. Furthermore, the comparison between FC group proteins and negative control
reveals that the sperm of FC group contains unique proteins that have fertility-related functions. These
unique FC group proteins are made up of protective and reproductive unique proteins. The synergy
interaction between these unique proteins may prevent the complications of diabetes on the function
of testes and sperm cells, and thus restore the fertility of diabetic male rats.
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Abstract: Production of highly soluble date sugar powder from the nutritive date fruits will be a
suitable and superior alternative to commercial refined sugar, providing sustainability in date palm
cultivation. A good understanding of the nutritional and phytochemical composition of date fruits
is imperative for this purpose. In this work, 11 different date fruit species commonly cultivated in
the United Arab Emirates were studied for their chemical composition, physical properties, amino
acids, minerals, and anti-nutritional contents. The results revealed that the date fruits contain
moisture, protein, lipid, and ash content in the ranges of 14.8%–20.5%, 2.19%–3.12%, 0.25%–0.51%,
and 1.37%–1.97%, respectively. Potassium was identified as the major microelement in all the date
varieties. Amino acid assay depicted that the date fruits mainly contained glutamine and aspartic
acids, along with other essential acids. Monosaccharides (glucose and fructose) were more prevalent
in the date fruits than polysaccharides (sucrose), exhibiting the potential of date fruit for non-diabetic
sugar production. Phytoconstituents present in date samples, such as flavonoids, oxalates, tannins,
saponins, alkaloids, and cyanides, were also evaluated and reported. Results showed that although
all date fruit varieties were nutritious, they contain significant variation in their nutritional, physical,
elemental, and phytochemical properties.

Keywords: date fruits; proximate analysis; physico-chemical characteristics; date sugar;
phytoconstituents; amino acids; biomaterials

1. Introduction

The date palm (Phoenix dactylifera) fruit is the major staple food and the primary source of
agricultural wealth in the United Arab Emirates (UAE) [1]. Although the exact origin of the fruit is
still unknown, it is believed that date palm cultivation originated in the southern parts of modern
Iraq about 6000 years ago [2]. The good adaptability, storage durability, and high food value of the
date fruit has led to the spread of date palm cultivation in other parts of the world, especially in arid
and semi-arid conditions. Today, the tree is cultivated as one of the major crops in south central Asia,
northern parts of Africa, parts of Europe, and in California and Arizona states in the United States of
America [3]. The total production of date fruit around the world was more than 7.5 million tons in
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2017 [4], with an equivalent utilization rate. Egypt (1.08 million tons), Iran (0.95 million tons), Saudi
Arabia (1.08 million tons), Iraq (1.08 million tons), and the United Arab Emirates (1.08 million tons) are
the five major growing countries in the world, which contribute 54% of the total production of date
fruit globally [5]. Date palm cultivation in the UAE has experienced tremendous growth in last two
decades, with over 250 varieties of crop being farmed in various part of the nation, especially in Al Ain
and Abu Dhabi emirates. The total growth rate of date fruit is paralleled by a high consumption rate in
the UAE, with a per capita daily intake of 10 to 200 g in Abu Dhabi emirate alone [6].

Research on date fruit has shown that the fruit has a wide range of uses and applications. Primarily,
the fruit is seen as a rich source of energy, minerals, and vitamins for human health [7]. Additionally,
the fruit is also administrated as a medicinal cure for cancer and various other infectious diseases [8].
The high anti-oxidant and antimutagenic contents present in date fruit makes it an ideal source for the
production of a wide range of confectionary, medicinal, and cosmetic products [9]. In recent times,
date fruits have been critically analyzed for the production of fruit sugar, which is seen as a very
healthy and nutritious substitute for commercial refined sugar [10]. The date seeds obtained from the
date fruit have also been widely studied for the production of a variety of potential useful products,
such as activated carbon, bio-oil production, cellulose separation, biohydrogen synthesis, and water
treatment [11–15].

Although several works have been carried out on date fruit, research studies concerned with the
nutritional and physico-chemical characteristics of the fruit are very limited. Especially, key information
on various minerals, amino acids, and the anti-nutritional content present in date fruits is not available
for various date varieties found in the UAE. This presents a considerable research gap, especially
regarding the cultivars, industries, and consumers of the dates, in understanding the complete potential
of the fruit. Additionally, a comparative study of the nutritional assay of date varieties for sugar, mineral,
and amino acid contents, along with their physical properties, would provide pivotal information for
production of soluble fruit sugar and other related food products for the industry. Thus, this paper
attempts to report the nutritional and physico-chemical properties of the 11 abundantly grown date
fruit varieties in the UAE. Various critical characterizations, such as proximate analysis, total sugar
estimation, mineral composition, amino acid quantification, and anti-nutritional assessment, were
performed on the fruits. The physical properties of the date varieties, including the fruit weight, were
also studied.

2. Materials and Methods

2.1. Sample Collection and Preparation

Eleven date palm fruit varieties, namely Barhe, Bumaan, Dabbas, Fard, Jabri, Khalas, Lulu,
Maktoomi, Raziz, Shiakt, and Shishi, were directly procured from the cultivation sites of Abu Dhabi
and Al Ain farmlands of the UAE. All the samples were at the “Tamr stage”, which is the final phase of
the fruit growth. The as-received samples were thoroughly rinsed with distilled water, followed by air
drying at ambient temperature. The dried palm fruits were then pitted, segmented, crushed into paste,
and stored in air-tight containers for subsequent analysis.

2.2. Physico-Chemical and Proximate Analysis

Physical characteristics, such as mass, volume, density, and fruit content, of the date palm samples
were analyzed by randomly selecting fifteen fruits from each variety. The mass (g) of the individual
samples was analyzed using digital mass balance, the volume (mL) of each sample was determined by
water displacement method, and density (g/mL) was calculated as mass by volume ratio. For fruit
content analysis, the mass of thirty date fruits (with and without seeds) from each variety were
measured. The fruit content (%) was measured by the following Equation (1).

Wt. o f Fruit content (%) =
Wt. o f date f ruit with seeds – Wt. o f date f ruit with seeds)

Wt. o f date f ruit with seeds
(1)
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Proximate analysis (moisture content, protein, lipid, and ash contents) of date fruits were carried
out in accordance to the standard analytical procedure for food analysis, as reported by Shaba et al. [16].
Generally, for moisture content analysis, a pre-weighed crucible was filled with 2 grams of the sample
and kept in an oven at 105 ◦C overnight. The dried samples were weighed again and the difference
in sample weight was expressed as percentage moisture content. However, for ash content analysis,
the same procedure was repeated by keeping the moisture-free samples in a muffle furnace at 600 ◦C
for 3 h. Additionally, the lipid content of date fruits was determined by extracting the samples in
petroleum ether at 60–80 ◦C for 5 h using a soxhlet extractor. The Kjeldahl method was implied to
determine the total protein content in date palm samples. For this purpose, 0.5 g of the sample was
digested in a concentrated H2SO4 solution, followed by distillation and titration with 40% NaOH and
0.01 M HCl solutions, respectively.

2.3. Total Sugar Content

The total and reducing sugar content in different varieties of date fruits were analyzed according
to the standard procedure reported by Ismail et al. [7]. Generally, 20 g of the fruit sample was
homogenized in boiling water for 90 s. The resultant suspension was then diluted by deionized water
followed by filtration. The sample was then examined and compared with the calibration curves of
the two standard solutions (fructose and glucose) by utilizing a Waters High Performance Liquid
Chromatography (HPLC) system (Waters 717 Plus Autosampler, Milford, NH, USA). The same method
was repeated for all the date varieties examined in this research work.

2.4. Determination of Mineral Contents

The mineral contents, namely potassium (K), phosphorus (P), magnesium (Mg), calcium (Ca),
sodium (Na), and iron (Fe), in the date samples were determined as reported by Heckman et al. [17].
A known amount of date fruit sample was heated in a furnace at 550 ◦C for 4 h. The cooled sample was
then boiled with 3N HCl solution for 10 min, followed by cooling and filtration. The mineral contents
in the resultant solution were then tested by using inductively coupled plasma mass spectrometry
(ICP-MS 7900, Agilent Technologies, Waldbron, Germany).

2.5. Amino Acid Analysis

The relative distribution of essential amino acids present in the date fruits was measured by
oxidation followed by hydrolysis using hydrogen peroxide/formic acid/phenol and 6 M hydrogen
peroxide solution, respectively, as described by Al-Barnawi [18]. The amino acids were then separated
and analyzed by ion-exchange chromatography and photometric detection (440 and 570 nm) using
ninhydrin reagent, respectively [18].

2.6. Quantitative Determination of Phytoconstituents

To ascertain the composition of anti-nutritional constituents, an aqueous solution containing
20 wt % date fruit sample was boiled at 95 ◦C for 30 min. After filtering the resultant suspension,
the solution was treated with different solvents, such as isoamyl-alcohol, H2SO4, FeCl3, HCl + NaOH,
and hydrogen cyanic acid, to measure the various phytoconstituents, namely flavonoids, oxalates,
tannins, saponins, and cyanides, respectively. After titration (color development), the resultant
solutions were tested by spectrophotometer at 490 nm wavelength. Moreover, the alkaline precipitation
gravimetric method was employed to quantitatively analyze the alkaloid content in the date fruits.
Shaba et al. [16] and Selmani et al. [19] have presented the detailed analytical procedure for determining
the phytoconstituents in the Phoenix dactylifera L. pollen and fruits, respectively.
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2.7. Statistical Analysis

Experimental results were statistically analyzed through Tukey’s multiple test and analysis
of variance (ANOVA) modes using Minitab software (Minitab Inc., State College, PA, USA).
The significance level was set to p < 0.05 for the analysis.

3. Results

3.1. Physico-Chemical and Proximate Analysis of Date Fruits

The physical properties, such as mass (g), volume (mL), density (g/mL), and fruit content (%),
of the date fruits are significant factors in describing their diet suitability and storage. Figure 1A depicts
the physical properties of various date fruit varieties cultivated in the UAE. Jabri (10.49 g) and Buman
(9.78 g) recorded the highest and lowest masses for the studied date selections in the “Tamr” stage.
Maximum and minimum fruit volumes were measured as 11.43 mL and 4.35 mL for Maktoomi and
Dabbas breeds, respectively. The results also revealed that the density of date fruits varied in the range
of 0.8 g/mL (Lulu) to 1.43 g/mL (Raziz). Moreover, the percentage of fruit content was also analyzed
for the studied Phoenix Dactylifera species. Their variation is illustrated in Figure 1B. It can be observed
that the percentages of fruit content differed between 88.51% (Raziz) and 92.13% (Fard). The differences
in physical properties for various date species depend on the geographical and cultivation conditions,
seed nature, chemical fertilization, and pre- and post-harvesting treatment techniques.

Figure 1. Physical properties of date fruit varieties of the UAE: (A) mass, volume, and density of the
fruit; (B) fruit content of the dates.

The results for proximate analysis of the 11 different varieties of date fruits cultivated in the UAE
are presented in Table 1. The results revealed that among various date fruit samples, Maktoomi and
Khalas exhibited the lowest (13.6%) and highest (20.5%) moisture content, respectively. Moreover,
the protein and lipid contents for the fruit varieties ranged from 2.19% (Jabri) to 3.12% (Khalas) and
from 0.25% (Raziz) to 0.51% (Shiakt), respectively. Shishi and Fard reported the minimum (1.37%)
and maximum (1.97%) ash content, respectively. No noticeable variation was observed in ash or lipid
contents for Barhe, Bumaan, Fard, Khalas, Maktoomi, and Raziz dates. In summary, for all the studied
date varieties, slight deviations in the protein, lipid, and ash contents were observed compared to
moisture content. The variation in the proximate analysis of various date fruit samples might be
because of differences in geographic locations and agro-climatic and environmental conditions.
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Table 1. Proximate analysis for the date fruit varieties of the UAE.

Date Variety Moisture * Protein * Lipid * Ash *

Barhe 16.4 ± 0.1 a 2.73 ± 0.04 a 0.29 ± 0.005 a 1.96 ± 0.02 a

Bumaan 17.7 ± 0.2 b 2.36 ± 0.02 b 0.38 ± 0.002 b 1.77 ± 0.01 b

Dabbas 19.5±0.3 c 2.54±0.01 c,d 0.41±0.004 c 1.64 ± 0.02 c

Fard 18.1 ± 0.2 b 2.89 ± 0.03 e 0.33 ± 0.001 d 1.97 ± 0.03 a

Jabri 15.4 ± 0.4 d 2.19 ± 0.02 f 0.48 ± 0.002 e 1.53 ± 0.02 d

Khalas 20.5 ± 0.3 e 3.12 ± 0.05 g 0.31 ± 0.003 f 1.72 ± 0.01 b,e

Lulu 16.9 ± 0.1 a 2.63 ± 0.02 h,i 0.44 ± 0.005 g 1.68 ± 0.05 c,e

Maktoomi 13.6 ± 0.2 f 2.58 ± 0.03 c,i 0.37 ± 0.003 h 1.85 ± 0.03 f

Raziz 15.3 ± 0.2 d 2.67 ± 0.02 a,h 0.25 ± 0.001 i 1.87 ± 0.04 f

Shikat 13.8 ± 0.1 f 2.46 ± 0.01d 0.51 ± 0.000 j 1.64 ± 0.01 c

Shishi 14.8 ± 0.3 d 2.53 ± 0.04 c,d 0.35 ± 0.002 k 1.37 ± 0.02 g

* Results are presented as g/100 g of fruit flesh’s weight; mean values superscripted with different alphabets within
the same column are significantly different (p < 0.05), as established by Tukey’s test.

3.2. Sugar Content in Date Fruits

Sugar is the main component of date fruits and is present mainly in the form of monosaccharides
(glucose and fructose) and polysaccharides (sucrose). Figure 2 illustrates the amount of total and
reducing sugars analyzed in 11 different date varieties of the UAE. It can be inferred that a maximum
of 90.5% total sugar content was present in Maktoomi dates, while Fard dates contained the minimum
sugar content of 71.8%, as compared to other varieties. The compositions of sucrose, glucose,
and fructose, along with the glucose to fructose ratio (G/F), are summarized in Table 2. It can be
observed that the major components of date sugar were glucose and fructose, whereas a relatively small
amount of sucrose was also found in all of the examined dates. Interestingly, Barhe had the lowest
sucrose content and higher fructose content than glucose, as evident from its low G/F ratio of 0.88.
In contrast, some dates, such as Dabbas, Khalas, Lulu, and Maktoomi, showed a higher concentration
of glucose than fructose, with G/F values > 1. Overall, the G/F ratios of all analyzed date types varied
in the range of 0.88 (Barhe) to 1.33 (Maktoomi).

 

Figure 2. Sugar content of date fruit varieties of the United Arab Emirates (UAE).
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Table 2. Sucrose, glucose, and fructose contents for the date fruit varieties of the UAE.

Date Variety Sucrose * Glucose(G) * Fructose (F) * G/F Ratio

Barhe 4.2 ± 0.1 a 34.6 ± 0.1 a,b 39.3 ± 0.2 a 0.88
Bumaan 4.4 ± 0.3 a 32.3 ± 0.1 c 34.8 ± 0.1 b,c 0.93
Dabbas 6.4 ± 0.7 b,c,d 36.3 ± 0.5 d 35 ± 0.2 b,d 1.04

Fard 5.2 ± 0.2 a,e,f,g 31.3 ± 0.2 c 32.1 ± 0.2 e 0.98
Jabri 5.8 ± 0.1 c,d,e,f 35.2 ± 0.2 a 35.6 ± 0.3 f 0.99

Khalas 6.1 ± 0.5 b,c,d,e 33.4 ± 0.3 e 33.2 ± 0.1 g 1.01
Lulu 6.7 ± 0.3 b,c 40.2 ± 0.5 f 35.5 ± 0.1 d,f 1.13

Maktoomi 6.9 ± 0.1 b 47.4 ± 0.4 f 35.7 ± 0.2 f 1.33
Raziz 4.5 ± 0.1 a,g 31.8 ± 0.7 c 33.9 ± 0.1 h 0.94
Shikat 4.9 ± 0.2 a,f,g 35.1 ± 0.4 a 36.6 ± 0.3 i 0.96
Shishi 5.5 ± 0.6 d,e,f,g 33.7 ± 0.2b e 34.3 ± 0.2 c 0.98

* Results are presented as g/100 g of fruit flesh weight; mean values superscripted with different alphabets within
the same column are significantly different (p < 0.05), as established by Tukey’s test.

It is worth mentioning the fact that the diverse variety of dates or the same variety cultivated
in different regions of the world may have different G/F ratios based on their geographical and
environmental aspects in addition to cultivation conditions. Convincingly, Barhe dates of UAE
contained significantly higher levels of total sugar (81.4%) with maximum fructose (39.3%) and
minimum G/F ratio of among other stated varieties. Hence, this date variety is one of the ideal date
fruit breed for solid date sugar production.

3.3. Mineral Composition of Date Flesh

Commonly, date fruits possess substantial amount of essential micronutrients necessary for human
health. Concentration of various essential micronutrients such as K, P, Mg, Ca, Na and Fe in the
examined date variants are displayed in Table 3. Results showed that potassium was the major mineral
element present in all date varieties. The date selections contained potassium, phosphorus, magnesium,
calcium and sodium in the range of 281.74 (Bumaan)–478.29 (Lulu), 48.36 (Dabbas)–77.94 (Raziz),
42.17 (Dabbas)–70.38 (Barhe), 15.46 (Bumaan)–42.39 (Barhe) and 6.25 (Bumaan)–17.52 (Maktoomi)
mg/100 g of fruit flesh (FF), respectively. Iron, an essential trace element, was present in good levels
in all date breeds with a maximum (1.51 mg/100 g of FF) in Raziz and minimum (0.78 mg/100 g
of FF) in Dabbas. Interestingly, Barhe dates comprised noticeably virtuous amount of all the vital
minerals such as K (444.69 mg/100 g of DF), P (65.84 mg/100 g of DF), Mg (70.38 mg/100 g of DF) and
Ca (42.39 mg/100 g of DF) compared to other date species. In general, potassium and phosphorous
elements impart strength for human cells regeneration, while magnesium and calcium are vital for
healthy bones development [8,20]. Iron is very critical for blood production and tissue respiration [6].
Hence, due to the presence of these essential elements, date fruits are considered to be healthy diet
containing a rich source of minerals and play a pivotal role in development of the immune system
for humans.

3.4. Amino Acid Composition of Date Flesh

Date fruit comprises various amino acids essential for human metabolism, especially for cell
growth and regeneration [16]. In the present study, the date varieties of UAE were assessed for the
composition of essential amino acids (glutamine, aspartic acid, glycine, proline, histidine, and valine)
present in them. Figure 3 presents the results of the amino acids assessment for different varieties
of UAE dates on a relative percentage scale for comparative quantification. The results revealed
that glutamine was the major amino acid found in all date varieties, except for Bumaan and Shikat.
Additionally, it was observed that all date selections contained high levels of glutamine and aspartic
acid (>50% composition) as compared to other essential amino acids. Histidine was present at the
lowest concentration in all date varieties. These essential amino acids present in the date fruits are vital
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in muscle building and generation of red and white blood cells in humans [21]. The consumption of
date fruits overcomes the problems caused by malnutrition, and serves as a building block for protein
and energy regulation in humans [22,23].

Table 3. Composition of various mineral content in the date fruits of UAE.

Date Variety Ca * P * Na * K * Mg * Fe *

Barhe 42.39 ± 0.84 a 65.84 ± 0.14 a 14.73 ± 0.09 a 444.69 ± 3.63 a 70.38 ± 0.59 a 1.37 ± 0.05 a

Bumaan 15.46 ± 0.57 b 59.21 ± 0.65 b 6.25 ± 0.14 b 281.74 ± 2.18 b 55.92 ± 0.31 b 1.05 ± 0.03 b

Dabbas 35.71 ± 1.27 c 48.36 ± 0.65 c 14.38 ± 0.32 a,c 419.05 ± 6.11 c 42.17 ± 1.44 c 0.78 ± 0.02 c

Fard 34.23 ± 0.79 c,d 55.04 ± 1.27 d 11.56 ± 0.17 d 466.28 ± 4.50 d,e 61.56 ± 0.62 d 0.84 ± 0.01 c,d

Jabri 29.48 ± 1.44 e 71.45 ± 0.38 e 12.12 ± 0.58 d 398.51 ± 7.29 f 50.97 ± 0.47 e 0.93 ± 0.03 d,e,f

Khalas 40.25 ± 0.39 a 52.19 ± 0.47 f 8.41 ± 0.07 e 431.17 ± 1.63 c 46.28 ± 0.83 f 1.42 ± 0.04 a,g

Lulu 36.19 ± 0.65 c 66.82 ± 0.77 a 13.78 ± 0.26 c 478.29 ± 5.34 d 50.56 ± 0.36 e 1.26 ± 0.02 h

Maktoomi 30.14 ± 1.08 e 74.17 ± 1.36 g 17.52 ± 0.43 f 424.81 ± 4.93 c 67.53 ± 0.19 g 0.89 ± 0.01 d,f

Raziz 53.82 ± 0.36 f 77.94 ± 0.82 h 9.26 ± 0.11 g 462.42 ± 2.72 e,g 42.35 ± 0.85 c 1.51 ± 0.06 g

Shikat 32.67 ± 0.51 d 65.56 ± 0.96 a 11.41 ± 0.05 d 450.96 ± 3.26 a,g 62.41 ± 0.09 d,h 1.00 ± 0.04 b,e

Shishi 30.11 ± 0.86 e 67.28 ± 0.30 a 14.87 ± 0.37 a 375.33 ± 0.98 h 64.01 ± 0.24 h 0.97 ± 0.03 b,e,f

* Results are presented as mg/100 g of fruit flesh’s weight; Mean values superscripted with different alphabets
within the same column are significantly different (p < 0.05) as established by Tukey’s test.

3.5. Anti-Oxidant and Anti-Nutritional Assessment of Date Fruits

The nutritional aspects of date fruits could also be expressed in terms of phytoconstituents [24].
Measurement of flavonoids indicates the anti-oxidant capacity, while concentrations of oxalates,
tannins, saponins, alkaloids, and cyanides highlight the anti-nutritional nature of the fruit. The results
for the anti-oxidant and anti-nutritional contents of various varieties of Phoenix dactylifera fruits
cultivated in UAE are presented in Table 4. The oxalate content in the date samples ranged from
0.26% to 1.18% for Maktoomi and Raziz, respectively. Among the different fruit varieties examined,
Barhe, Fard, Lulu, Shikat, and Shishi had imperceptible oxalate content, while the remaining samples
had negligible oxalate content, indicating that even the excessive utilization of these date samples
has no deleterious impact on the human body. The flavonoid and alkaloid contents in the dates
ranged between 24.33% (Shikat) and 54.26% (Barhe), and between 0.09% (Dabbas) and 1.28% (Lulu),
respectively. The high levels of flavonoids in Barhe variety exhibited their better anti-oxidant capacity
as compared to other date varieties. The cyanide, saponin, and tannin contents in the date samples were
in the ranges of 0.0%1–0.04%, 0.02%–1.06%, and 0.19%–0.92%, respectively. Overall, the composition
of the anti-nutrients was very low in all fruit types, ensuring their safety and health benefits for
consumption. Remarkably, the Barhe fruit possessed high levels of flavonoids and extremely low
levels of anti-nutrients, which makes it the best date sample amongst all other studied varieties.

Table 4. Anti-nutritional assessment of date fruit varieties of the UAE.

Date Variety Flavanoid * Oxalate * Tannin * Saponin * Alkaloid * Cyanide *

Barhe 54.26 ± 2.17 a - - 0.05 ± 0.00 a,b 0.93 ± 0.03 a -
Bumaan 36.37 ± 1.63 b 1.09 ± 0.03 a,b - 0.22 ± 0.04 a,c 0.64 ± 0.05 b 0.02 ± 0.00 a,b

Dabbas 46.35 ± 0.99 c 0.87 ± 0.19 b,c 0.52 ± 0.03 a - 0.09 ± 0.01 c -
Fard 29.56 ± 0.87 d,e - 0.78 ± 0.12 b,c 0.39 ± 0.06 c,d 0.57 ± 0.04 b -
Jabri 37.21 ± 0.32 b,f 0.43 ± 0.06 d,e 0.19 ± 0.02 d 1.06 ± 0.14 e - 0.04 ± 0.01 c

Khalas 45.18 ± 0.72 c 0.59 ± 0.05 c,d - 0.16 ± 0.01 a,b - 0.04 ± 0.01 c

Lulu 32.49 ± 0.55 d,g - 0.64 ± 0.05 a,c - 1.28 ± 0.14 d 0.01 ± 0.00 b

Maktoomi 29.14 ± 0.61 e 0.26 ± 0.02 e 0.92 ± 0.04 b,c 0.02 ± 0.00 b 0.72 ± 0.09 b -
Raziz 39.72 ± 0.82 f 1.18 ± 0.14 a 0.23 ± 0.02 d - 0.11 ± 0.02 c 0.01 ± 0.00 b

Shikat 24.33 ± 0.63 h - 0.63 ± 0.01 a,c 0.41 ± 0.05 d - 0.03 ± 0.01 a,c

Shishi 34.28 ± 1.01 b - - 0.77 ± 0.09 f 0.26 ± 0.04 c -

* Results are presented as % concentration; mean values superscripted with different alphabets within the same
column are significantly different (p < 0.05), as established by Tukey’s test.
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4. Discussions

Date fruits have been predominately utilized as an integral component of the UAE food system
to provide a wide range of nutrients and supplements for human health. Very recently, the scope
of the date fruit has been extensively researched in UAE for production of numerous products
that are expected to have versatile applications. These applications includes medicinal products,
cosmetics, functional foods and beverages, specialty chemicals, biofuels, bioplastics, water treatment,
animal fodder, and as mechanical sealants. Thus, a complete understanding of the nutritional and
physico-chemical properties of the popular date palm fruits in the UAE is very essential for the
intensified growth of the UAE industries producing date-fruit-related products. The presented
study, which caters exactly to the above-specified requirement, provides vital information to these
industries to help them effectively process the date fruits to achieve these products in an efficient
manner. The reported physical properties for the date samples would serve both agricultural and
industrial sectors in choosing the appropriate date type for cultivation and end-product application for
a given purpose.

Details on the proximate analysis of the local date fruit variants provides the key information
for processing, preservation, storage, and grading of the fruits [10]. The sugar assay for the specified
varieties of UAE date fruits would aid the pharmaceutical and food and beverages industries for
effective synthesis of commercial functional foods and medicinal items. The quantitative determination
of the sugar components in date fruits is highly crucial for production of novel, soluble, solid date fruit
sugar (fructose and glucose), which is foreseen to be a suitable and superior alternative to commercial
refined sugar (sucrose). Additionally, the sugar analysis in conjunction with the phytochemical analysis
of the date fruits provides the preliminary and pivotal data for synthesis of new types of healthy and
non-alcoholic beverages through fermentation and thermo-chemical methods.

The abundant amount of minerals and salts present in the UAE date fruits at their respective
computed levels are reported in this work. These nutrients would serve the pharmaceutical and
cosmetics industries in identifying the right candidate for the production of versatile products,
specifically in anti-cancer and anti-hyperlipidemic drugs, supplement capsules, skin creams,
and lotions [18]. As date fruits are generally prescribed as natural supplements for minerals,
the presented statistics would help the consumers in the UAE to opt for the suitable fruit breed
for a particular mineral deficiency. The presented work is also an initial attempt to assess the amino
acids in the eleven date palm fruit types cultivated in the UAE. High levels of amino acids, especially
glutamine and aspartic acid, are detected in UAE-grown date fruits as compared to other topographical
date fruit types. The amino acid assay for the UAE date breeds reported through this work could
plausibly open a new field of bioengineering research. Studies on the selective extraction of amino
acids from the date fruits using an efficient methodology is a promising research field with good
commercialization potential. Additionally, novel efforts to bioengineer the native date palm to enhance
the levels of existing amino acids (as well as to introduce new types of amino acids) in the fruit could
be attempted. Additionally, since the local date fruit variants are rich in glutamine, an extended
study on the influence of the ratio of glutamic acid (the precursor of glutamine) to glutamine on
different stages of the date fruit growth and the shelf life of the final fruit could also be carried
out [25]. The amino acids data would also help the pharmaceutical and food industries to pick the right
candidates for synthesized drugs and potions rich in protein, especially for human blood, immune,
and reproductive systems.

The anti-oxidant and anti-nutritional evaluation indicated the presence of significant levels of
flavonoids in the abundantly cultivated local date fruit breeds, while the anti-nutritional components
were almost negligible and non-detectable in most cases. This highlights the rich phytochemical nature
of the fruit, which paves the way for research towards isolation, identification, and characterization
of the various classes of flavonoids present in the fruits, with an emphasis on their functionality.
Additionally, the preliminary results regarding the phytochemical nature of the fruit assures promising
research potential in the development of active packaging biopolymer films and anti-oxidant bioplastic
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sealants from the date fruit waste, which is abundant in the UAE. Additionally, the overall data
presented in the work would benefit the industries, consumers, and regulatory bodies of the UAE
and related agencies towards effective and efficient utilization of the UAE date fruit variants for
new functionalities.

Although the presented work covers a range of characteristic features of the locally grown UAE
date fruits types, there are still certain properties of the fruits (mostly secondary in nature) that are yet
to be analyzed. For instance, the mechanical properties and the thermal responses of the fruits are
important to understand the complete nature of these fruits for their intensified industrial processing.
Additionally, the results presented for anti-oxidants and anti-nutritional assessment are elementary,
and a detailed analysis for the same properties could be carried out as a possible extension of this work.

5. Conclusions

In summary, a detailed and comprehensive analysis of 11 popular varieties of Phoenix dactylifera
in the UAE was presented to assess their nutritional and anti-nutritional aspects. The amounts of
nutrients present in the fruits showed considerable variation based on the type of date fruit grown,
either in the same region or elsewhere. Proximate analysis showed that the date fruits possessed good
levels of proteins. Glucose and fructose were identified as major sugar constituents in all of the date
types. All of the samples contained a reasonably significant amount of micronutrients (K, Mg, Ca,
and P). Amino acid quantification and anti-nutritional assessment for the UAE date fruit varieties
were reported for the first time. Studies showed that all date types predominately contained glutamine
and aspartic amino acids. Other essential amino acids, such as glycine, proline, and valine, were also
present to significant levels, with histidine showing the lowest concentration in all examined date
breeds. Anti-nutritional assay of the date fruits confirmed their food safety and health benefits. Hence,
these fruits could be effectively used as a nutritional source in food industries and as a precursor
to the synthesis of a wide range of functional products. A close analysis of the results showed that
among the examined date types, the Barhe variety possessed better nutritional and physio-chemical
characteristics, such as high fructose level, substantial amounts of microelements, better anti-oxidants
potential, and very low anti-nutrient contents. These features make the Barhe type an ideal candidate
for soluble solid date sugar production through suitable processing technology.
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Abstract: Persiscaria tenulla, commonly known as Polygonum, is a plant belonging to the family
Polygonaceae, which originated from and is widely found in Southeast Asia countries, such as
Indonesia, Malaysia, Thailand, and Vietnam. The leaf of the plant is believed to have active ingredients
that are responsible for therapeutic effects. In order to take full advantage of a natural medicinal plant
for the application in the pharmaceutical and food industries, extraction and separation techniques
are essential. In this study, an emerging and rapid extraction approach known as liquid biphasic
flotation (LBF) is proposed for the extraction of protein from Persiscaria tenulla leaves. The scope of
this study is to establish an efficient, environmentally friendly, and cost-effective technology for the
extraction of protein from therapeutic leaves. Based on the ideal conditions of the small LBF system,
a 98.36% protein recovery yield and a 79.12% separation efficiency were achieved. The upscaling
study of this system exhibited the reliability of this technology for large-scale applications with a
protein recovery yield of 99.44% and a separation efficiency of 93.28%. This technology demonstrated
a simple approach with an effective protein recovery yield and separation that can be applied for the
extraction of bioactive compounds from various medicinal-value plants.

Keywords: extraction; leaf; liquid biphasic flotation; polygonum; protein
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1. Introduction

The usage of traditional herbs for preventive health care is widespread, and plants are the source of
numerous natural antioxidants that could be utilized for the development of novel medicines. Natural
antioxidants and bioactive compounds that originate from traditional herbal medicines have received
escalating attention for their ability in treating specific human diseases. For example, traditional
herbal medicine has been used widely in treating cancer patients [1] and to treat neurodegenerative
disorders [2]. Plants comprising high medicinal value are currently screened for a variety of
pharmacological properties.

Persiscaria tenulla (formerly known as Polygonum (P. minus)) or frequently recognized as “kesum”
in Malaysia, have been used as a flavoring ingredient and food additive in Malaysia. Polygonum
plant has been reported to contain a wide range of pharmacological properties and many studies
have been conducted to evaluate the phytochemical and pharmacological aspects of the plant, which
include anti-inflammatory activity [3], antiproliferative effects [4], anti-microbial activity [5], cytotoxic
activity [6], gastric cytoprotective activity [7], and antiviral activity [8]. It has been proven that P. minus
comprises many high-value components that include protein, flavonoids, and antioxidant vitamins,
such as carotenes, retinol equivalents, and vitamin C. However, there are limited studies concerning
the effective extraction techniques of the biomolecules from the plant extract.

The major challenge in the extraction of the high-value components from herbal plants is the
downstream processing. Up to date, there is a lack of effective and efficient techniques for high yield
and cost-effective biomolecule extraction. In this study, a novel method known as liquid biphasic
flotation (LBF) system is introduced to extract protein from P. tenulla leaves. The LBF process comprises
the incorporation of two processes, which are an aqueous two-phase system (ATPS) and a solvent
sublation (SS). The conventional flotation system that is commonly known as SS was first introduced
by Sebba [3,9]. The SS process is a type of non-foaming adsorptive bubble separation technique in
which the surface-active or hydrophobic compounds in aqueous phase are adsorbed on the bubble
surfaces of an ascending gas stream and then collected in an immiscible apolar organic solution
layer placed on top of the aqueous phase. The mass transfer of SS involves the air bubbles that are
produced from the sublation column. The air bubbles drag a sheath of water into the top organic
solvent, which eventually drains as water droplets, depleted of solute, and descend back into the
bottom aqueous phase via the gravitational force [5,10]. As for the LBF process, the mass transfer
comprises the integration of ATPS and SS, which are the utilization of aqueous two-phase systems
as a liquid medium for facilitating the mass transfer of biomolecules and the involvement of mass
transport from SS. The LBF system is known to be a newly developing separation process that has
many benefits over conventional processes. LBF has several advantages, such as a high separation
efficiency, high yield, simple separation, and is an economical technique [11]. Recently, the LBF process
has gained much attention and many studies have been conducted using this technique for various
biomolecules extraction, which include lipase from bacteria, penicillin G, puerarin, a-lactalbumin,
lincomycin, C-phycocyanin, polyphenols, betacyanins, and protein from microalgae [12].

In this current study, the LBF method is utilized to extract protein from P. tenulla and the
optimization of the technique is performed to obtain optimal operating conditions for protein recovery.
Parameters that were evaluated in this research were the effect of types of alcohol, types of salt,
the concentration of alcohol and salt, amount of kesum biomass, pH, flotation time, and scale-up
capability. This study aimed to assess the feasibility of LBF in protein extraction from kesum leaf and
to demonstrate that the LBF system is an effective method that has a high possibility to be employed in
large scale productions.
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2. Materials and Methods

2.1. Materials

Ammonium sulphate, dipotassium hydrogen phosphate, magnesium sulphate, disodium
hydrogen phosphate, sodium hydroxide, hydrochloric acid, and Bradford reagent were purchased
from R&M Chemicals, (Selangor, Malaysia). Food grade 99.8% ethanol and 2-propanol were acquired
from R&M Chemicals,(Selangor, Malaysia). Fresh Kesum leaves were obtained from Aeon supermarket
(Selangor, Malaysia, distributed by Edsam Trading Sdn. Bhd.).

2.2. Equipment

The LBF equipment was made up of a glass column, where the small LBF column had an internal
diameter of 2.4 cm, height of 15 cm, and could accommodate a solution with a maximum volume
of 50 mL. For the large-scale LBF system, the internal diameter was 7 cm, 15 cm in height, and the
capacity of the system was 500 mL. The base of the column was built using a G4 sintered disk with
a pore size of 10 μm manufactured by DONEWELL RESOURCES SDN. BHD, (Selangor Malaysia)
and the base was connected to an air pump for air bubble generation. A Dwyer flowmeter (model
RMA-26-SSV) with the range of 25–250 cc/min was used to measure the flow rate of air supplied to the
column. Figure 1 displays the experimental framework of the LBF method that was used in this study.

Figure 1. Schematic diagram illustrating the apparatus set-up of liquid biphasic flotation (LBF) system
for protein extraction. 1: Air pump; 2: flowmeter; 3: sintered disk; 4: LBF column; 5: top alcohol phase;
6: bottom salt phase.

2.3. Methodology

2.3.1. Preparation of Kesum Leaf Powder

Fresh Persiscaris tenulla obtained from a supermarket were used in this study. The leaves with
petiole attached were removed from the stem and were cleaned. The leaves were cut into smaller
pieces and were desiccated in a silica gel box overnight. The dried leaves were then ground with a
mortar and pestle into powder form.

2.3.2. LBF Extraction

This study was performed in batches and was repeated thrice. A one variable at a time (OVAT)
method was used in this study to assess the effect of different parameters on the protein recovery.
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The initial condition of 250 g/L of ammonium sulphate was dissolved in 15 mL of distilled water.
Fifteen milliliters of salt solution, which served as the bottom phase, was pipetted into the flotation
system. Fifteen milliliters of 100% ethanol was added to 300 mg of ground leaves and vortexed. The top
phase was then poured into the LBF tube gently from the edge. The system was capped with a lid
and then immediately timed using a stopwatch. The amount of bubbles that formed was maintained
by adjusting the pressure of the flotation system. Adjustment of the pH was made via the addition
of hydrochloric acid (1 M) or sodium hydroxide (1 M). After the system had settled for 10 min, the
top phase was pipetted into a tube and the remaining bottom phase was poured into another tube.
The volumes of the top and bottom phases were measured.

2.3.3. Protein Assay

The protein concentration was obtained by applying the Bradford method. An extracted protein
sample with a volume of 0.25 mL was mixed with 2.5 mL of Bradford reagent in a cuvette. After 10 min
of reaction time, the absorbance was measured using a UV-Vis spectrophotometer at the wavelength
of 595 nm. The absorbance reading obtained was converted to a protein concentration by using a
standard calibration curve that was established using a standard protein, namely BSA. The results
were expressed as a mean of triplicate readings.

2.3.4. Calculation of the Separation Efficiency (E) and Recovery Yield (R)

The separation efficiency (E) describes the concentration of protein being extracted in the alcohol
phase (top phase). The efficiency is obtained by calculating the concentration of protein present in the
bottom phase before and after the flotation process and it was evaluated by employing Equation (1):

E =

(
1− CB

CBi

)
× 100%, (1)

where cB represents protein concentration in bottom phase after flotation, while cBi signifies protein
concentration in bottom phase before flotation. The E value determines the concentration of protein
being successfully recovered in the alcohol-rich top phase.

The total recovery yield (R) of protein was assessed by applying Equation (2). The CT describes
the protein concentration that is recovered in the top phase, while VT defines the volume of the top
phase. Based on the protein concentration obtained from the top phase, the amount is compared with
the theoretical protein content in mg to obtain the recovery yield. The amount of protein present in the
leaf is based on theoretical value obtained from Revathy Sankaran et al. [11].

R (%) = (CT × VT)/(Amount of protein content based on theory) × 100% (2)

3. Results and Discussion

3.1. Effect of Alcohol Types on the Protein Recovery and Separation Efficiency

In this study, water-miscible pure alcohols (100%), namely ethanol and 2-propanol, demonstrated
the ability to form LBF with 250 g/L of ammonium sulphate (NH4)2SO4. Based on the results,
LBF formed using (NH4)2SO4/ethanol showed a 74.93% separation efficiency and a 32.35% protein
recovery. In contrast, the separation efficiency and recovery yield achieved using LBF containing
(NH4)2SO4/2-propanol were 57.95% and 28.2%, respectively. The results clearly show that LBF
formed using (NH4)2SO4/ethanol was more efficient in recovering protein from kesum leaves than
LBF containing (NH4)2SO4/2-propanol. Ethanol exhibited a better performance possibly due to its
property of high solute solubility that can assist in the desorption of the solute from the substrate [12].
Additionally, by comparing both solvents, ethanol is more environmentally friendly compared to
propanol [12]. From the industrial point of view, ethanol is a better selection for large-scale production
as it can be easily reused [13]. The findings suggest that the efficiency of LBF in protein separation
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is dependent on the type of alcohol used in the system. In this case, LBF formed using 250 g/L of
(NH4)2SO4 and 100% of ethanol was chosen for the subsequent studies.

3.2. Effect of Types of Salt on Protein Recovery and Separation Efficiency

Selecting a proper phase-separation salt with a high salting-out ability is a key step in developing
an efficient LBF system for maximum protein recovery from kesum leaves. The type of salt selected
is considered to be an important variable to take into account when designing an LBF for protein
separation owing to their strong effects on the salting-out effect and the partition coefficient of
protein [14]. While keeping the other variables constant, such as alcohol type, alcohol concentration,
salt concentration, flotation time, and the amount of starting material constant, the relative salting-out
effectiveness of salt types was investigated in this study. The salts used were ammonium sulphate,
di-potassium hydrogen phosphate, magnesium sulphate, and disodium hydrogen phosphate.

In this study, the protein separation efficiency was found to be varied with the types of salts used.
There was no value for the separation efficiency in the LBF formed using magnesium sulphate/ethanol
and disodium hydrogen phosphate/ethanol due to the precipitation that occurred in these two systems
(Figure 2b). A similar conclusion was also reached by Phong et al. [14], who reported that the
protein separation efficiency as a result of the salting-out effect is greatly influenced by the types and
complexation of the cations and anions of salt in the LBF system.

Figure 2. Effect of different conditions on the protein recovery and separation efficiency: (a) Effect of
the alcohol type, (b) Effect of the types of salt, (c) Effect of the ethanol concentration, and (d) Effect of
the ammonium salt concentration.

Among all the salts, LBF formed using ammonium sulphate achieved the highest separation
efficiency and recovery yield, with the values of 74.93% and 32.35%, respectively, as shown in Figure 2b.
This trend supports previous findings in the literature. The relative effectiveness of salt types was found
to follow the well-known Hofmeister series [14], in which ammonium sulphate forms two ions at the
ends of their respective Hofmeister series [15]. Apart from this, ammonium sulphate has been reported
as the most commonly used salt for salting out of proteins due to its effectiveness, high solubility,
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cheapness, availability of pure material, lack of toxicity, and their ions possess the stabilizing effect
on protein structure and bioactivity [15]. All these characteristics have made ammonium sulphate a
popular choice for use in protein precipitation [16]. As such, LBF formed using 250 g/L of (NH4)2SO4

and 100% ethanol was selected for the next experiment.

3.3. Effect of Concentration of Alcohol on Protein Recovery and Separation Efficiency

While keeping the other variables constant, the relative effectiveness of salting-out at different
concentrations of ethanol was investigated in this study. It is stated that a high extraction yield can
be obtained by using ethanol-water compared to pure ethanol [17]. In this research, the influence of
ethanol-water with several different concentrations and pure ethanol on the protein extraction was
examined. The result obtained is similar to the study done by the Machado group in which they
discovered greater extraction yields of blackberry residues attained by applying pressurized liquid
extraction when ethanol-water was utilized compared to pure ethanol [18].

Based on Figure 2c, the results show that the protein separation efficiency increased from 80% to
90% of ethanol concentration and reached an optimum level of 82.33% at 90% ethanol concentration.
However, the separation efficiency started to show a decreasing trend with ethanol concentration
higher than 90%. In the case of the recovery yield, the highest yield obtained was 43.19% in LBF
containing 80% ethanol, followed by a 40.2% recovery yield at 90% ethanol. The findings indicate
that there was no correlation relationship between the two variables of separation efficiency and
recovery yield in the same system. The addition of water to the organic solvent in this case ethanol
possibly created a relatively polar medium that facilitated the extraction of protein [18]. In this study,
LBF formed using 250 g/L of (NH4)2SO4 and 90% ethanol was identified as being the most proficient at
protein separation and was thus chosen for further optimization.

3.4. Effect of Salt Concentration on Protein Recovery and Separation Efficiency

The concentration of salt in the liquid biphasic system is another important factor to consider
because different salts interact differently with the protein, water, and other chemicals. The effects of
the concentration of salt on protein recovery and separation are well documented. The presence of
salt in the solution will impact the surface tension of water, which will then increase the hydrophobic
interaction between the protein and water [19]. Following this change, the targeted protein will shift to
or from the aqueous phase depending on the nature of the protein [20]. For this work, the ammonium
sulphate salt concentration was varied from 150 g/L to 350 g/L with 50 g/L increments. The alcohol
content was set at 90%, while the mass of leaves used was 300 mg. The flotation time for this experiment
was set at 10 min.

One important observation for this experiment is that the volume of top and bottom phases
changed as the concentration of salt increased. The volume of the two phases reached a plateau when
the concentration of salt reached 300 g/L and above. Another important observation to note is that at a
low salt concentration (150 g/L), the two phases did not form. This suggests that the lower boundary
for salt concentration that allows for two-phase formation is higher than 150 g/L. This is because an
increase in salt or alcohol concentration in an alcohol/salt system could increase the tie-line-length
(TLL), which could facilitate phase separation [21].

A plot of the effect of salt concentration on the recovery yield and separation efficiency is shown
in Figure 2d. From Figure 2d, it is seen that the recovery yield and separation efficiency decreased in
tandem with the increase in salt concentration. At a concentration of 200 g/L, the highest recovery yield
of 40.69% and separation efficiency of 87.81% was recorded. As the concentration of salt increased,
however, the recovery yield and separation efficiency gradually decreased. As the concentration of
salt increased, the solubility of protein decreased. This is commonly known as the salting-out effect.
Since different proteins salt-out at different salt concentrations, the effect can help us to determine
the upper boundary of salt concentration for the LBF system. A higher salt concentration results in a
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higher salting-out effect. This could then lead to a higher protein partition coefficient Ke [21]. A high
Ke would result in a low yield.

At concentrations of 300 g/L and 350 g/L, however, there was a slight increase in separation
efficiency compared to a decrease in recovery yield. There was a sharp decrease in both separation
efficiency and recovery yield at a concentration of 300 g/L. This could be the concentration at which
the salting-out effect occurred. As the concentration of salt increased, it caused more water to enter
the bottom phase. This way, the protein was then impelled to the top phase [21], which caused the
slight increase in the recovery yield at a concentration of 350 g/L. Therefore, we can conclude that
the optimum salt concentration for the extraction of protein from kesum leaf was between 150 g/L
and 300 g/L. The concentration of 200 g/L was then used in the experiments with other parameters in
this work.

3.5. Effect of the Kesum Leaf Biomass Amount on the Protein Recovery and Separation Efficiency

The influence of kesum leaf biomass, or the mass of protein source, is another important factor
to consider. Generally, increasing the concentration of protein sources can have a profound effect on
the performance of phase separation due to the specific partition behavior of the target protein [22].
For this work, the concentration of salt was set to 200 g/L, ethanol concentration was set to 90%, and
the flotation time was set to 10 min. The mass of kesum leaves was varied between 100 mg and 400 mg
with 100 mg increments.

From Figure 3, it is seen that as the mass of leaves increased, the yield decreased. There was a
significant drop in yield (over 40%) when the mass of leaves increased from 100 mg to 200 mg, and the
drop continued gradually as the amount of leaves continued to increase. For the separation efficiency,
the highest efficiency occurred at 300 mg, which then dropped to its lowest point at 400 mg. It was
interesting to see that the yield decreased as the mass of leaves increased. In general, increasing the
biomass concentration of the LBF also increases the number of contaminants and impurities in the
system, thereby reducing the performance of the LBF separation [23]. In addition, a higher biomass
content also increases the precipitation at the interface of the two phases, which could adversely affect
the yield [23].

Figure 3. Effect of the kesum biomass amount on the protein recovery yield and separation efficiency.

Based on the definition highlighted in the materials section, separation efficiency is highly
dependent on the protein activity in the bottom phase after the LBF process. It determines the
concentration of protein extracted and this represents the efficiency of the system in extracting the
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protein. As for the recovery yield, it represents the total amount of protein being recovered in the
top phase. At 300 mg, the high separation efficiency was obtained with 87.81%; however, the protein
recovery yield was low with only 40.69%. The low recovery yield was possibly due to high impurities
present in the top phase. Several possibilities contributed to the low recovery yield: (1) protein retrieved
in the upper phase was low (CT), or (2) the low phase volume of the top phase (VT) at 300 mg. These
could be caused by the decreasing LBF performance as the level of impurities increased due to the
increase in kesum leaf mass. Due to the high recovery yield value (89.58%) and separation efficiency of
80.68%, a 100 mg kesum leaves mass was used for the next step of this experiment.

3.6. Influence of pH on the Recovery Yield and Separation Efficiency

The pH value of an LBF system affects the separation outcome by altering the surface properties of
the target protein, including the surface net charge, molecular shape, surface hydrophobicity, and the
presence of specific binding sites [24]. A simple example is the case of a biomolecule with both polar
and non-polar groups that experiences changes in its net charge and surface properties with changing
pH values [25]. For this work, the pH of the system was varied from pH 4 to pH 8.

From Figure 4, it is seen that despite the high absorbance at pH 5, the highest recovery yield and
separation efficiency occurred at pH 6. The lowest yield and E, on the other hand, occurred at pH 7.
This suggests that for the extraction of biomolecules from kesum leaves, the LBF system should be kept
in an acidic condition. Both the recovery yield and separation efficiency did not fluctuate much as the
pH of the system increased. An interesting observation is that there was no formation of two-phases at
pH 8. This experiment shows that as the pH approached basic pH, the hydrophobicity of the system
was impacted to the point where it induced a salt-out. In order to prevent a salt-out, the pH of the
system should be kept below the neutral level. The optimized pH condition that gave the maximum
separation efficiency and recovery yield was at pH 6 with 87.19% and 96.37%, respectively.

Figure 4. Effect of pH on the protein recovery yield and separation efficiency.

3.7. The Influence of the Flotation Time on the Recovery Yield and Separation Efficiency

The effect of flotation time is one of the most important factors that could affect the LBF recovery
yield and separation efficiency. The flotation time affects the outcome of the process by influencing
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the area of the air–water interface per unit volume of aqueous solution over time [26]. For this
part, the concentration of salt was set to 200 g/L, the pH of the system was maintained at pH 5.0,
the ethanol concentration was maintained at 90%, and the mass of kesum leaves consumed was
100 mg. The flotation time was varied from 5 min to 15 min with 2.5 min increments. The results of the
experiment are provided in Figure 5.

Figure 5. Effect of the the flotation time on the protein recovery yield and separation efficiency.

The resulting yield and separation efficiency, as shown in Figure 5, shows that the flotation time of
7.5 min gave the highest recovery yield with 98.36%, while the flotation time of 5 min gave the lowest
recovery yield of 91.42%. For the separation efficiency, the highest occurred at a 10 min flotation time
with 87.19% but at 7.5 min, 79.12% was recorded. One possible explanation for this phenomenon is that
longer flotation time allowed for the accumulation and build-up of biomolecules in the LBF phases
with the movement of gas bubbles [25]. As the flotation time increased, the concentration of targeted
biomolecules in the top and bottom phases changed based on the kinetic processes. This explains
the general trend of the separation efficiency, which showed a positive gradient, i.e., increasing with
increasing flotation time. However, as the flotation time continued to increase, the level of impurity
carried upward by the gas bubbles also increased, which then affected the separation performance of
the LBF system.

According to Iqbal et al., the flotation force is highly dependent on the flow properties of the
phases [27]. As the flotation time increases, the concentration of targeted biomolecules in the top
and bottom phases changes based on the kinetic processes [25]. Based on Figure 5, as the flotation
time increased, the yield was reduced. From this study, although 10 min gave the highest separation
efficiency, 7.5 min was selected as an optimized condition because the focus of this study was to obtain
a high protein recovery yield. Additionally, a long flotation time requires high energy consumption,
which is costly, non-environmentally friendly, and it is not suitable for large-scale processes.

3.8. Large-Scale Protein Extraction Using the LBF System

In this section, a scale-up study of the protein extraction using the optimized conditions were
assessed. By using the operating conditions that were optimized previously, a large-scale study was
conducted. This assessment was performed to corroborate the consistency and efficiency of the LBF
technique on a large scale. In the large-scale study, it was discovered that the amounts of both top
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organic phase and bottom phases increased ten-fold compared with the small-scale experiment. A total
of 300 mL of working volume with 150 mL of bottom phase and 150 mL of top phase were employed.
Following the results achieved from Table 1, it can be seen that a comparatively higher recovery yield
and separation efficiency of 99.44% and 93.28%, respectively, were obtained. Many reported studies
have shown that the separation efficiencies of LBF for the recovery of different kind of biomolecules in
the comparative study were between 85%–98.5%, which were much higher than SS, which achieved
separation efficiencies of 48%–70%. LBF is preferable compared for this case as the separation efficiency
achieved was more than 90%.

Table 1. Comparison between small- and large-scale LBF systems for the protein extraction of
P. tenulla leaf.

LBF System Recovery Yield (%) Separation Efficiency (%)

Small scale 98.36 79.12
Large scale 99.44 93.28

Based on the results achieved, the large-scale version of the LBF system was validated for its
reliability, which is beneficial for the extraction of other biomolecules on an industrial scale. Other
studies that demonstrated that LBF can be an alternative technology that can be utilized in industries
for the extraction of various medicinal components include ortho-phenylphenol [28], puerarin [29],
antioxidant peptides from trypsin hydrolysates of whey protein [30], baicalin [31], lipase enzyme [32],
C-phycocyanin [33], and betacyanins [34]. All these studies have proven that the separation efficiency
and recovery of the biocomponents were enhanced with the utilization of LBF system as their
extraction method.

4. Conclusions

The findings from this study revealed that a high protein recovery and separation efficiency can be
obtained using this LBF approach. Based on the experiment conducted, the optimized conditions for
highest protein recovery and separation efficiency were 90% ethanol, 200g/L of ammonium sulphate,
100 mg of kesum leaf biomass, pH 6, and a flotation time of 7.5 min. The highest protein recovery
yield achieved was 98.36% and the separation efficiency was 79.12% for the small-scale system.
The study on the large-scale LBF system demonstrated the reliability and consistency of the system in
which a recovery yield and separation efficiency of 99.44% and 93.28%, respectively, were attained.
The application of the LBF system for protein extraction from herbal leaves involves a simple procedure,
short processing time, and cost-effective process with a high recovery yield. This study shows the
significance of LBF in downstream processing, especially for the extraction of value-added biomolecules.
LBF can be an alternative technology that can be utilized in industries for the extraction of various
medicinal leaf extracts. This LBF system is beneficial in the pharmaceutical and nutraceutical industries
for the improvement of overall production and biotechnology fields.
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Abstract: Fluctuation in fossil fuel prices and the increasing awareness of environmental degradation
have prompted the search for alternatives from renewable energy sources. Biodiesel is the most
efficient alternative to fossil fuel substitution because it can be properly modified for current diesel
engines. It is a vegetable oil-based fuel with similar properties to petroleum diesel. Generally,
biodiesel is a non-toxic, biodegradable, and highly efficient alternative for fossil fuel substitution.
In Malaysia, oil palm is considered as the most valuable commodity crop and gives a high economic
return to the country. However, the ethical challenge of food or fuel makes palm oil not an ideal
feedstock for biodiesel production. Therefore, attention is shifted to non-edible feedstock like
Jatropha curcas Linnaeus (Jatropha curcas L.). It is an inedible oil-bearing crop that can be processed into
biodiesel. It has a high-seed yield that could be continually produced for up to 50 years. Furthermore,
its utilization will have zero impact on food sources since the oil is poisonous for human and animal
consumption. However, Jatropha biodiesel is still in its preliminary phase compared to palm oil-based
biodiesel in Malaysia due to a lack of research and development. Therefore, this paper emphasizes
the potential of Jatropha curcas as an eco-friendly biodiesel feedstock to promote socio-economic
development and meet significantly growing energy demands even though the challenges for its
implementation as a national biodiesel program might be longer.

Keywords: non-edible; oil; biodiesel production; fuel

1. Introduction

The depletion of crude oil reserves coupled with the awareness of environmental issues and
escalating petroleum prices have stimulated the search for alternatives to reduce overdependence
on conventional fossil fuels [1,2]. Historically, researchers have substituted conventional fuels with
renewable energy resources (e.g., biofuels) since the invention of diesel engines [3]. These technologies
have since advanced to this day. Typically, conventional diesel and petroleum fuels release harmful
gases into the atmosphere, thereby causing global warming and climate change. Furthermore, fossil
fuels contribute to pollution through the emission of major greenhouse gases (GHG). In principle,
a biofuel is cleaner than any fossil fuel, since it can reduce carbon dioxide (CO2) emissions by 78% and
carbon monoxide (CO) emissions by 50% [4].

The global human population is predicted to increase by 34% by 2050 [5]. This increase in human
population has become a contributing factor to the high demand for energy consumption. Moreover,
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the continuous exploitation and rapid depletion of the Earth’s natural and mineral resources will
significantly increase the energy demand for transportation, industrial, and other purposes. According
to the International Energy Agency (IEA), it is estimated that global energy consumption will soar
by 53% by the year 2030 [6]. Another study also reported that global petroleum resources will be
completely depleted within 40 years [7]. This situation could result in annual oil price escalation in the
near future. Therefore, renewable energy resources such as biofuels urgently need to be adopted as
substitutes for conventional fuels.

Biodiesel derived from Jatropha curcas, which is suitably planted in tropical or subtropical countries
such as Malaysia and Indonesia, could potentially reduce the use of conventional fuels. However,
there are many challenges faced during the cultivation, harvesting, and processing of the crop yield.
Hence, finding the root cause is important for resolving the issues and ensuring a higher quality of
harvested Jatropha seeds. Consequently, Jatropha’s enormous potential in the financial, agricultural,
environmental, sustainable energy production, and industrial fronts could attract the attention of
researchers and policymakers.

2. Distribution and Physicochemical Properties of Biodiesel Feedstock

Bioethanol, biodiesel, and biogas are the main biofuel components of various agricultural
biomasses produced from the different biochemical routes [8]. The first generation feedstock was
produced from edible oils such as corn, sugarcane, sugar-beet, and others. Unlike the first generation of
biofuels, second-generation biofuels targeted non-food biomass and agricultural residues [9]. Biodiesel
originated from the first and second-generation of biofuels, as it is processed from agricultural crops
and residues. Typically, the sources of biodiesel differ in many regions or countries. European nations
use rapeseed due to the surpluses from edible oil production. On the other hand, soybean is commonly
utilized for biodiesel production in the United States, which is becoming the main biodiesel-producing
country [10]. Singh, V. et al., had summarized all classification of biofuels production starting from the
first until the fourth generation as shown in Figure 1.

Figure 1. Classification of biofuels (adapted from [11]).

On the contrary, the excess palm oil and coconut oil in Malaysia, Indonesia, and Thailand could be
utilized for the synthesis of biodiesel. However, the food versus fuel competition could be overcome
by exploring non-edible seed oils such as Jatropha curcas and Karanja (Pongamia second-generation)
as raw materials for biodiesel production [12]. Other than vegetable-based biodiesel, waste cooking
oil (WCO) is becoming more popular for biodiesel production in Malaysia due to the low cost and
the high volume of waste generation in each household. Kabir et al. reported that the average WCO
generated in Malaysia per household is 2.34 kg/month [13].

Biodiesel processed from animal fats and vegetable oils is defined as fatty acid alkyl esters or
fatty acid methyl esters (FAME) [14]. It is typically synthesized from the reaction of triglycerides with
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alcohol and a catalyst in a process known as transesterification (Figure 2). The transesterification
will produce FAME and simultaneously cause saponficiation or soap formation to occur. Common
catalysts usually employed during the reaction are homogeneous alkaline catalysts—for instance,
potassium hydroxide (KOH), sodium hydroxide (NaOH), potassium methoxide (CH3OK), and sodium
methoxide (CH3ONa). However, it is necessary to control the amount of alkali catalyst, because excess
alkali enhances the saponification reaction which reduces the yield of product [15]. Nevertheless,
the saponification value is important as an indicator of the oil as normal triglycerides, making the oil
useful in the soap and shampoo industries [16]. It is reported that the nature of the catalyst employed
is crucial to converting triglycerides into biodiesel. For instance, using a homogeneous catalyst will
produce glycerol or soap as a by-product, which could risk consuming or even deactivating the catalyst.
As a result, the biodiesel purification process would be hampered by the loss of catalytic process [17].
As for heterogeneous catalysts, a higher quality of FAME can be generated after transesterification.

Figure 2. Transesterification of triglycerides with alcohol and catalyst [18].

The physicochemical properties of biodiesel depend on numerous factors—for example,
the composition of the fatty acid in the raw feedstock, the chain length of the fatty acid, the saturation
degree, and branching. Other factors include the production technique and operating conditions
for the biodiesel synthesis [19]. The quality of biodiesel may also differ due to the impurities from
unreacted feedstock glycerides, the fraction of non-fatty acids, or runaway reactions during the
process of transesterification [20]. Typically, a longer fatty acid chain will enhance the synthesis of
biodiesel products with a higher cetane number, which results in lower emissions of toxic NOx [21].
The composition of the fatty acid determines the level of saturation with higher compositions, resulting
in a higher degree of saturation and viscosity [10].

3. Potential of Jatropha curcas as Biodiesel Feedstock

Energy crops are specifically grown for fuel and energy production. Currently, these crops only
contribute to a comparably small percentage of the total biomass energy produced each year. However,
this percentage is expected to increase over the next few decades. Nevertheless, energy crops compete
for land earmarked for food production, environmental protection, and forestry or nature conservation.
Generally, the characteristics of ideal energy crops are high yield (maximum dry matter per hectare
production), low cost, low energy input, low nutrient or fertilizer requirements, pest resistance, and the
composition with the least contaminants generated [22].

In Malaysia, palm oil is considered the most valuable energy crop due to its abundance and
productivity. The Malaysian Palm Oil Board (MPOB) reports that the total area of oil palm planted in
2019 was 5.9 million ha [23]. Recently, the Ministry of Primary Industries and the MPOB launched the
B20 Biodiesel program (20% palm methyl esters blended with 80% petroleum diesel) to offset the palm
vegetable oil demand and stabilize the market price of these products [24]. However, this crop is still
perceived as a major source of vegetable oil all over the world rather than as a fuel, and the demand
for it as a food ingredient is increasing. Therefore, the idea of utilizing inedible food crops such as
Jatropha curcas could help overcome the major problems faced by the first generation of biodiesel
feedstock.—for example, the food vs. fuel dilemma, the issues of scaling, and the inability to grow
on peripheral areas of land, etc. Its average productive life span is also longer than that of oil palm
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(50 years and 30 years, respectively). Besides, its oil content is reportedly between 63.16% and 66.4%,
which is higher than that of soybean (18.35%), linseed (33.33%), and palm kernel (44.6%) [25].

The tree is a drought-resistant perennial and grows well in marginal land that has little or no
agricultural or industrial value due to poor soil and other undesirable characteristics. Correspondingly,
unlike some other conventional edible feedstock, the planting of this crop is no threat to existing arable
land land and the food chain. In 2012, it was reported that Forest Research Institute Malaysia (FRIM)
has successfully planted 6000 Jatropha curcas plants in Terengganu, since the state has about 71,000 ha
of problematic land along the coast that is left without commercialized agricultural activities [26].

Besides FRIM, other government agencies such as the Malaysian Rubber Board (MRB) estimate
that approximately 50 hectares (ha) of Jatropha curcas were planted in Sungai Buloh, Selangor, and Kota
Tinggi as of June 2012. In the early phase, about 1712 ha of land in total was earmarked for the principal
cultivation of this crop in the country. Likewise, a small number of local private companies have
indicated their willingness to cultivate Jatropha curcas on the scale of 400 ha to 1000 ha. Some stakeholders
are planning to expand the cultivation to 57,601 ha in total by the year 2015. The Plantation, Industries,
and Commodities Ministry (MPIC) has also initiated an experimental project on Jatropha, for which
300 ha has been allocated [4].

Biodiesel fuel has been widely adopted in most countries because it is biodegradable, non-toxic,
and environmentally friendly with lower greenhouse gas (GHG) emissions. Furthermore, biodiesel
adoption is considered an excellent method for reducing noise and potentially scaling down air
pollutants such as carbon monoxide (CO), sulfur, polycyclic aromatic hydrocarbon (PAH), smoke,
and particulate matter (PM) [27]. The most significant fuel characteristics considered for biodiesel
application in diesel engines are density, viscosity, cetane number, and flash point [28].

The Cetane number is the principal indicator of fuel quality, particularly ignition and combustion
in diesel engines. Typically, a high Cetane number indicates a lower ignition delay time—i.e., the time
interval from the injection of the fuel to initialization of ignition in the combustion chamber. Typically,
the parameter ensures a good quality fuel combustion, cold start, and engine performance, along with
low white smoke formation and emissions [29]. The Cetane number of Jatropha is reported to be as
high as 55, which is similar to that of diesel (Table 1). Hence, any biodiesel to be effectively substituted
for diesel should retain a higher cetane number.

Table 1. Comparison of vegetable oil with biodiesel specification [30–33].

Properties Diesel Palm Biodiesel Jatropha Biodiesel ASTM D6751 EN 14214

Cetane number 45–55 52 57 Min. 47 Min. 51
Flash point, ◦C 50–98 181 135 Min. 130 Min. 120

Viscosity, mm2/s 2.5–5.7 4.9 4.8 1.9–6.0 3.5–5.0
Density, kg/m3 816–840 879.3 862 860–900 860–900

In practice, the blend of any vegetable-based biodiesel with petroleum diesel need to comply with
the two most referred biodiesel standards, namely, the American Standard Specifications for Biodiesel
Fuel (B100) Blend Stock for Distillate Fuels (ASTM 6751) and European Standard for Biodiesel (EN 14214).
According to the both standards, biodiesel must meet the minimum flash point—i.e., above 120 ◦C.
The flashpoint is the temperature at which a fuel begins to burn after interaction with fire. Typically,
any fuel with a high flash point could result in the deposition of carbon in the combustion compartment.
Since Jatropha oil has a lower flash point compared to palm oil (162 ◦C and 181 ◦C, respectively), it has
a higher potential compared to palm oil as a biodiesel.

Based on Table 1, Jatropha oil has a medium viscosity between palm oil and diesel, which is good
for biodiesel utilization. Typically, most vegetable oils have higher viscosities due to their high fatty
acid compositions relative to petroleum diesel. The higher viscosity indicates a better lubrication of the
fuel, which reduces wear on the moving mechanical parts of the engine. Ultimately, the reduced wear
prevents leakage and reduces issues related to power losses and the durability of engines. Viscosity
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plays an important roles in the atomization efficiency of fuel injection inside the combustion chamber,
fuel droplet size distribution, and the mixture uniformity. If viscosity is too high it may lead to pump
damage, filter clogging, poor combustion, and increased emissions. A higher viscosity will also lead
to greater surface tension and will influence the dissolution of a liquid jet into smaller fuel droplets,
which will impose a bad effect on the spray characteristic of the fuel spray injector in a diesel engine.
As a result, larger size fuel droplets are injected from an injector nozzle instead of a spray of fine
droplets, leading to inadequate air–fuel mixing [34,35].

Furthermore, the price of biodiesel feedstock derived from Jatropha curcas is considered to be the
most affordable compared to other biodiesel feedstock as shown in Table 2. Its low end price will
attract consumers to be using biodiesel on the road. Eventually, it would increase the market demand
for biodiesel used in the transportation vehicles and will enhance the economy from people living in
rural areas. The data on the price of B100 biodiesel for different feedstock in Table 2 was reported by
Lim, S. and Teong, L.K. [36].

Table 2. A comparison of biodiesel prices from different feedstock (adapted from [36]).

Feedstock Price of B100 Biodiesel (USD/Tonne)

Jatropha 400–500
Palm oil 720–750
Soybean 800–805

Rapeseed 940–965

4. Biodiesel Processing from Jatropha curcas

The general processing of biodiesel from Jatropha curcas oil involves three major steps, namely
seed drying, oil extraction, and transesterification (the processing of pure vegetable oil into biodiesel),
as shown in Figure 3. There are also other minor steps that are considered significant, such as the
cleaning of the seeds, dehulling, and post-harvest storage. The conventional technique for recovering
oils from Jatropha seeds is through the use of a mechanical screw press machine. However, a large
proportion of the oil is retained in the kernel, which requires more effective ways to extract the residual
oil. The most notable extraction techniques include ultrasound-assisted systems, enzyme extraction,
and the utilization of catalytic materials [37]. The catalyst materials are chemicals that enhance the
process of transesterification. The extraction method is closely related to the cost of mass biodiesel
production in a biorefinery plant.

Figure 3. Biodiesel processing of Jatropha curcas [38–41].
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The extracted oil subsequently undergoes a purification and transesterification process for the
production of crude biodiesel. However, the crude biodiesel cannot be directly used as a transportation
fuel due to limitations such as the standard requirements for biodiesel in the industry. Therefore,
the crude biodiesel is usually blended with pure diesel in certain percentages before utilization in
diesel engines. Before blending, the crude biodiesel is purified to remove unwanted moisture and
the chemical waste produced during the transesterification process. The most popular method of
purification is water washing since it is cheap and easy, although this time-consuming [42] process
needs to be run several times until no more glycerol is produced.

The composition of the fatty acid significantly affects the fuel properties of the biodiesel [18].
Typically, inedible oils such as Jatropha comprise high compositions of detrimental free fatty acids
(FFA) (>1% w/w), which reduces the biodiesel yields. Likewise, the high amount of fatty acid hampers
the direct conversion of the oil into biodiesel since the high FFAs promote soap formation, which can
hamper the separation of products during or after transesterification. Jatropha oil comprises nearly
14% FFA, which exceeds by far the standard limit of 1% FFA. Therefore, the pretreatment stage is
required to lower the feedstock FFAs for an enhanced yield of biodiesel [30]. The typical unwanted
saponification reaction that forms soap and water when NaOH catalyst is utilized is presented in
Equation (1).

R1 -COOH (FFA) + NaOH (sodium hydroxide)→ R1COONa (soap) + H2O (water). (1)

Therefore, the two-step transesterification process is an efficient method used extensively to
process crude oil from Jatropha curcas that contains significant FFAs. Furthermore, the pretreatment
or esterification process using the acid- base catalyst is performed to reduce the FFA content of
Jatropha curcas oil. Hence, transesterification subsequently results in an optimal yield of 90% methyl
ester after two hours [43]. In addition, the acid catalyst reduces the FFA content to <1% through
conversion into esters by esterification. The second step involves the transesterification of the
triglycerides in J. curcas oil into biodiesel in the presence of an alkaline catalyst. The unsaturation of
fatty acids in oil is an important factor that determines the biodiesel quality. In this aspect, Malaysia,
however, sits on the favourable side, as polyunsaturated fatty acids are lower in Malaysia-grown Jatropha
oil than in the varities found in neighbouring countries [44]. Interestingly though, the Triacylglycerol
(TAG) profile among these different varities of Jatropha oil from Malaysia and neighbouring countries
did not show significant differences [45]. The kinematic viscosity of Jatropha oil is higher than that of
regular diesel fuel, which indeed imparts a problem for all use in a diesel engine without blending.
On the other side, it is much safer to handle and for storage than regular diesel fuel at higher
temperatures [39]. Considering all these promising factors, its a highly promising seed oil to be taken
seriously when it comes to boosting the socio-economic conditions in Malaysia.

5. Jatropha curcas Planting Challenges in Malaysia

Jatropha curcas is a highly promising crop for biodiesel production, although supportive innovative
technologies are required for planting, harvesting, and oil extraction. Furthermore, mechanized
crop operations are limited, and hence Malaysia needs to import the knowledge and machines from
other countries such as India. Other notable challenges of Jatropha production are the poor seed
yield, low impute crop, and pest and disease vulnerability. Although it is a promising crop for
biodiesel production, the unavailability of a high-yielding cultivar is a major failure factor [46]. Besides
this, high-yield fluctuation among trees and the lack of disease resistance could also hamper the
commercialization of Jatropha biodiesel. In addition, it also needs appropriate nutrients and irrigation
for growth and maturity, although it could flourish under limited conditions. Recent studies have
reported that Jatropha curcas is susceptible to virus-related contaminations such as the Cucumber mosaic
virus, powdery mildew, leaf spots, and soil fungous diseases. Other notable challenges are insect and
rodent attacks, which result in the extensive defoliation of the plant [47,48].
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In some environs, Jatropha creates complications such as weeds, which could require higher
labour costs during cultivation [49]. Lastly, technologies for harvesting and post-harvesting, such as
oil extraction, are still lacking. Furthermore, biodiesel is vulnerable to oxidation when exposed to air,
selected storage conditions, and high levels of unsaturated fatty acids [50]. As a result, the oil content
deteriorates due to inappropriate handling and storage. In addition, the main ester components of
biodiesel could rapidly undergo hydrolysis to form carboxylic acids in the presence of water. Hence,
both materials along with the chemical structure of biodiesel affect the swelling characteristics of the
elastomer, which in turn depends on its composition and the preparation of the compound [51].

6. Approaches to Enhance the Jatropha Seed Oil

One of the most critical solutions is the cultivation of high oil yield Jatropha curcas, although such
commercial varieties are lacking. The existing Jatropha breeding scheme is restricted to the traditional
approach, which involves the collection of wild plant germplasm capital of Jatropha [52]. Furthermore,
the review of modern applications of biotechnology for improving Jatropha is minimal [53]. In particular,
research is largely absent on the expression, cloning, and annotation of biotic roles for Jatropha genes,
which are responsible for its economic characteristics [46]. The main purpose of cultivation should
be to advance the unit seed yield of Jatropha for commercial uses. Therefore, Jatropha cultivation
techniques must require the application of numerous field practices such as planting, site planning,
tree density, irrigation management, and cropping treatments.

Other notable practices involve fertilization and canopy protection, along with the control of
pests and diseases. However, there is limited research that precisely and systematically validates the
effect of field activity on the seed yield of Jatropha curcas. Selected methodological studies on planting
base and management restrict the commercial cultivation of J. curcas [54]. Furthermore, there are
limited comprehensive field or empirical reports on seed yield under different agronomic or treatment
methods. For instance, data on the cultivated Jatropha tree density, the strength and interval of pruning
its canopies, the insecticide impact, fertilization, and irrigation efficiency are mostly lacking in the
literature [46].

7. Economic and Business Perspectives of Biodiesel from Jatropha Oil

Malaysia is amongst the world’s premier biodiesel manufacturers. The immense profit of biodiesel
in terms of rising fossil fuel values and the intention of decreasing the emission of greenhouse gasses
(GHG) are factors that contribute to the development of the biodiesel market in Malaysia. Additionally,
the community also is personally involved in production in order to improve income and eliminate
poverty. In Malaysia, the growth of the biodiesel industry has been maintained at the top of its agenda
by granting a significant amount of subsidies and farmer support programs. In fact, the government is
encouraging private companies to launch more treating plants and improve biodiesel for vehicles and
electricity generation. This is parallel with the post estimation of diesel vehicles, which accounts for
approximately 5% of the motor vehicle population in Malaysia. The number of vehicles used is as
indicated by the registered vehicles from 1996 to 2009. Based on the post estimation, diesel vehicles
may possibly provide a larger share of the total in the forthcoming prior to the commencement of B5
and the campaign of the government incentives.

To date, the majority of countries have declared the standards and policies of their biodiesel.
All countries have regulated their mandate or aim for biodiesel consumption success and proclaimed
the exploitation of biodiesel energy fusion in their policies. As recapped in Figure 4, the national
biodiesel policy of Malaysia stated on 21 March 2006 [24] objectives are as follows:

a) The employment of environmentally friendly, sustainable, and viable sources of energy to reduce
the dependency on depleting fossil fuels;

b) The enhanced prosperity and well being of all the stakeholders in the agriculture and
commodity-based industries through stable and remunerative prices;
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c) Reducing the country’s dependence on depleting reserves of fossil fuels, promoting the demand
for palm oil, and stabilizing its prices.

 

Figure 4. Strategic five thrusts of Malaysia’s national biofuel policy and implementation (Adapted
from [24]).

8. Conclusions

In conclusion, Jatropha curcas has a bright future as the next important biodiesel feedstock,
considering the problems currently faced by the oil palm industry in Malaysia. It is necessary to create
a higher value of its by-products in order to make Jatropha a viable biofuel in the market. Therefore,
other parts of this crop, such as wood, fruit shells, seed husks and kernels, could be used to produce
renewable energy [55]. The waste generated after the oil extraction process, such as the pressed cake,
could also be utilized as organic fertilizer. Thus, this crop has the same characteristics as the oil palm
crop, which can be used as a whole package. However, more research and development needs to be
undertaken by researchers to find solutions to the existing challenges outlined in this review.

Biodiesel from Jatropha curcas has great potential to be implemented because it has lower carbon
and emissions of GHG. It also has a lower cost compared to palm biodiesel. However, our dependency
on the foreign workers in the plantation is unavoidable. The mechanization and automation specifically
for maintaining the good health of Jatropha curcas must be improved and tested in the field beforehand.
The workers must be careful while harvesting because the oil yield is dependent on the right timing
of harvesting. As we know, this fruit’s ripening is uneven, making harvesting a strenuous and
time-consuming process. Until 2015, it has been stated that Malaysia has a total of 259,906 hectares
of Jatropha crops plantation, and the current planted crops are capable of producing 4.27 tons of dry
seeds every year [56,57].

As the world has been affected by global warming and the alarming threat of food security for
the growing human population, much attention should be focused on non-edible oil bearing crops
as biodiesel feedstock. This renewable green energy will protect the environment from the emission
of harmful gases due to the combustion of fossil fuels and become an effective substitution for the
depletion of the mineral resources of Earth. While many challenges await as this crop is introduced as
a new biodiesel feedstock, it will never be impossible to cope with them when there is ample research
and development undertaken and more expertise involved in joint ventures for the research project on
Jatropha curcas.

Author Contributions: Investigation, N.H.C.H.; writing—original draft preparation, N.H.C.H.; Funding
acquisition, N.K.; Supervision, N.K.; M.A.H., and B.M.S.; writing—review and editing, N.K., M.A.H. and
B.M.S. All authors have read and agreed to the published version of the manuscript.

220



Processes 2020, 8, 786

Funding: This research was funded by Geran Putra—Inisiatif Putra Berkumpulan grant number (9671301) to
support the research and development activities in Universiti Putra Malaysia Bintulu Sarawak Campus, Malaysia.

Acknowledgments: The authors acknowledge the funding received from the Geran Putra—Inisiatif Putra
Berkumpulan by Universiti Putra Malaysia, Malaysia.

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

References

1. Sharma, B.; Ingalls, R.G.; Jones, C.L.; Khanchi, A. Biomass supply chain design and analysis: Basis, overview,
modelling, challenges, and future. Renew. Sustain. Energy Rev. 2013, 24, 608–627. [CrossRef]

2. Tobib, H.M.; Rostam, H.; Mossa, M.A.; Aziz Hairuddin, A.; Noor, M.M. The performance of an HCCI-DI
engine fuelled with palm oil-based biodiesel. IOP Conf. Ser. Mater. Sci. Eng. 2019, 469, 012079. [CrossRef]

3. Demirbas, A. Biodiesel fuels from vegetable oils via catalytic and non-catalytic supercritical alcohol
transesterifications and other methods: A survey. Energy Convers. Manag. 2003, 44, 093–109. [CrossRef]

4. Sulaiman, Z.; Ramlan, M.F. Research and development on Jatropha (Jatropha curcas) by Malaysian Rubber
Board. Presented at the Malaysia-Indonesia Scientific Meeting on Jatropha Royal Chulan, Kuala Lumpur,
Malaysia, 6 February 2013. [CrossRef]

5. Sadhukhan, J.; Martinez-Hernandez, E.; Murphy, R.J.; Ng, D.K.S.; Hassim, H.; Siew, K.; Kin, W.Y.; Jaye, M.F.I.;
Hang, P.L.; Andiappan, V. Role of bioenergy, biorefinery and bioeconomy in sustainable development:
Strategic pathways for Malaysia. Renew. Sustain. Energy Rev. 2018, 81, 1966–1987. [CrossRef]

6. Ong, H.C.; Mahlia, T.M.I.; Masjuki, H.H. A review of energy scenario and sustainable energy in Malaysia.
Renew. Sustain. Energy Rev. 2011, 15, 639–647. [CrossRef]

7. Peng, D. The effect on diesel injector wear, and exhaust emissions by using ultralow sulphur diesel blending
with biofuels. Mater. Trans. 2015, 56, 642–647. [CrossRef]

8. Paudel, S.R.; Banjara, S.P.; Choi, O.K.; Park, K.Y.; Kim, Y.M.; Lee, J.W. Pretreatment of agricultural biomass
for anaerobic digestion: Current state and challenges. Bioresour. Technol. 2017. [CrossRef]

9. Food and Agriculture Organization of the United Nations (FAO). Tackling Climate Change through Livestock;
Food and Agriculture Organization of the United Nations: Rome, Italy, 2013. Available online: http:
//www.fao.org/3/i3437e.pdf (accessed on 27 April 2020).

10. Ayetor, G.K.; Sunnu, A.; Parbey, J. Effect of biodiesel production parameters on viscosity and yield of methyl
esters: Jatropha curcas, Elaeis guineensis and Cocos nucifera. Alex. Eng. J. 2015, 54, 1285–1290. [CrossRef]

11. Singh, V.; Zhao, M.; Fennell, P.S.; Shah, N.; Anthony, E.J. Progress in biofuel production from gasification.
Prog. Energy Combust. Sci. 2017, 61, 189–248. [CrossRef]

12. Silitonga, A.S.; Masjuki, H.H.; Mahlia, T.M.I.; Ong, H.C.; Atabani, A.E.; Chong, W.T. A global comparative
review of biodiesel production from jatropha curcas using different homogeneous acid and alkaline catalysts:
Study of physical and chemical properties. Renew. Sustain. Energy Rev. 2013, 24, 514–533. [CrossRef]

13. Kabir, I.; Yacob, M.; Radam, A. Households’ awareness, attitudes and practices regarding waste cooking oil
recycling in Petaling, Malaysia. IOSR-JESTFT 2014, 8, 45–51. [CrossRef]

14. Muanruksa, P.; Kaewkannetra, P. Combination of fatty acids extraction and enzymatic esterification for
biodiesel production using sludge palm oil as a low-cost substrate. Renew. Energy 2020, 146, 901–906.
[CrossRef]

15. Babajide, O.; Petrik, L.; Amigun, B.; Ameer, F. Low-cost feedstock conversion to biodiesel via ultrasound
technology. Energies 2010, 3, 1691–1703. [CrossRef]

16. Akbar, E.; Yaakob, Z.; Kamarudin, S.K.; Ismail, M.; Salimon, J. Characteristic and composition of Jatropha
Curcas oil seed from Malaysia and its potential as biodiesel feedstock feedstock. Eur. J. Sci. Res. 2009, 29,
396–403.

17. Ismail, S.A.A.; Ali, R.F.M. Physico-chemical properties of biodiesel manufactured from waste frying oil using
domestic adsorbents. Sci. Technol. Adv. Mater. 2015. [CrossRef]

18. Saraf, S.; Thomas, B. Influence of feedstock and process chemistry on biodiesel quality. Process. Saf.
Environ. Prot. 2007, 85, 360–364. [CrossRef]

19. Reddy, A.N.R.; Saleh, A.A.; Islam, M.S.; Hamdan, S.; Rahman, M.R.; Masjuki, H.H. Experimental evaluation
of fatty acid composition influence on Jatropha biodiesel physicochemical properties. J. Renew. Sustain. Energy
2018, 10, 013103. [CrossRef]

221



Processes 2020, 8, 786

20. Knothe, G.; Steidley, K.S. Kinematic viscosity of biodiesel fuel component and related compounds: Influence
of compound structure and comparison to petrodiesel fuel components. Fuel 2005, 1059–1065. [CrossRef]

21. Knothe, G.; Matheaus, A.C.; Ryan, T.W., III. Cetane numbers of branched and straight-chain fatty esters
determined in an ignition quality tester. Fuel 2003, 82, 971–975. [CrossRef]

22. Sims, R.E.H.; Hastings, A.; Schlamadinger, B.; Taylor, G.; Smith, P. Energy crops: Current status and future
prospects. Glob. Chang. Biol. 2006, 12, 2054–2076. [CrossRef]

23. Malaysian Palm Oil Board Homepage. Available online: http://bepi.mpob.gov.my (accessed on 15 April 2020).
24. The Malaymail. B20 Biodiesel Programme to Be Expanded Nationwide in June 2021, Says Teresa Kok.

Available online: https://www.malaymail.com (accessed on 27 March 2020).
25. Mofijur, M.; Masjuki, H.H.; Kalam, M.A.; Hazrat, M.A.; Liaquat, A.M.; Shahabuddin, M.; Varman, M.

Prospects of biodiesel from Jatropha in Malaysia. Renew. Sustain. Energy Rev. 2012, 16, 5007–5020. [CrossRef]
26. The Star. FRIM Ready to Produce Biodiesel. Available online: https://www.thestar.com.my (accessed on

27 March 2020).
27. Ong, H.C.; Mahlia, T.M.I.; Masjuki, H.H.; Norhasyima, R.S. Comparison of palm oil, Jatropha curcas and

Calophyllum inophyllum for biodiesel: A review. Renew. Sustain. Energy Rev. 2011, 15, 3501–3515. [CrossRef]
28. Patel, C.; Chandra, K.; Hwang, J.; Agarwal, R.A.; Gupta, N. Comparative compression ignition engine

performance, combustion, and emission characteristics, and trace metals in particulates from Waste cooking
oil, Jatropha and Karanja oil derived biodiesels. Fuel 2019, 1366–1376. [CrossRef]

29. Ramos, M.J.; Fernández, C.M.; Casas, A.; Rodríguez, L.; Pérez, Á. Influence of fatty acid composition of raw
materials on biodiesel properties. Bioresour. Technol. 2009, 100, 261–268. [CrossRef] [PubMed]

30. Atadashi, I.M.; Aroua, M.K.; Aziz, A.A. High-quality biodiesel and its diesel engine application: A review.
Renew. Sustain. Energy Rev. 2010, 14, 1999–2008. [CrossRef]

31. Chongkhong, S.; Tongurai, C.; Chetpattananondh, P.; Bunyakan, C. Biodiesel production by esterification of
palm fatty acid distillate. Biomass Bioenergy 2007, 31, 563–568. [CrossRef]

32. Sahoo, P.K.; Das, L.M. Process optimization for biodiesel production from Jatropha Karanja and Polanga oils.
Fuel 2009, 88, 1588–1594. [CrossRef]

33. Tiwari, A.K.; Kumar, A.; Raheman, H. Biodiesel production from Jatropha (Jatropha curcas) with high free
fatty acids: An optimized process. Biomass Bioenergy 2007, 31, 569–575. [CrossRef]

34. Ejim, C.E.; Fleck, B.A.; Amirfazli, A. Analytical study for atomization of biodiesels and their blends in a
typical injector: Surface tension and viscosity effects. Fuel 2007, 86, 1534–1544. [CrossRef]

35. Abedin, M.J.; Masjuki, H.H.; Kalam, M.A.; Sanjid, A.; Rahman, S.M.A.; Fattah, I.M.R. Performance, emissions,
and heat losses of palm and jatropha biodiesel blends in a diesel engine. Ind. Crops Prod. 2014, 59, 96–104.
[CrossRef]

36. Lim, S.; Teong, L.K. Recent trends, opportunities and challenges of biodiesel in Malaysia: An overview.
Renew. Sustain. Energy Rev. 2010, 14, 938–954. [CrossRef]

37. Koh, M.Y.; Idaty, T.; Ghazi, M. A review of biodiesel production from Jatropha curcas L. oil. Renew. Sustain.
Energy Rev. 2011, 15, 2240–2251. [CrossRef]

38. Jongh, J.A.; van der Putten, E. Contributors. In The Jatropha Handbook. From Cultivation to Application; FACT
Foundation: Omaha, NE, USA, 2010; ISBN1 9081521918, ISBN2 9789081521918.

39. Kalam, M.A.; Ahamed, J.U.; Masjuki, H.H. Land availability of Jatropha production in Malaysia.
Renew. Sustain. Energy Rev. 2012, 16, 3999–4007. [CrossRef]

40. Mehla, S.K. Biodiesel Production Technologies; Joshi, D.C., Sutar, R.F., Parmar, M.R., Singh, S.N., Eds.; Pointer
Publishers: Jaipur, India, 2007; Chapter 11, ISBN1 10: 8171325173, ISBN2 13: 9788171325177.

41. Vairavan, K.; Thukkaiyannan, P.; Paramathma, M.; Venkatachalam, P.; Sampathrajan, A. Biofuel Crops
Cultivation and Management: Jatropha, Sweet Sorghum and Sugarbeet; Agrobios: Jodhpur, India, 2007;
ISBN1 8177543164, ISBN2 9788177543162.

42. Ali, R.M.; Farag, H.A.; Amin, N.A.; Farag, I.H. Abu-Tartour phosphate rock catalyst for biodiesel production
from waste frying oil. JOKULL 2015, 65, 233–244.

43. Berchmans, H.J.; Hirata, S. Biodiesel production from crude Jatropha curcas L. seed oil with a high content of
free fatty acids. Bioresour. Technol. 2008, 99, 1716–1721. [CrossRef]

44. Augustus, G.D.P.S.; Jayabalan, M.; Seiler, G.J. Evaluation and bioinduction of energy components of Jatropha
curcas. Biomass Bioenergy 2002, 23, 161–164. [CrossRef]

222



Processes 2020, 8, 786

45. Emil, A.; Yaakob, Z.; Kumar, M.N.S.; Jahim, J.M.; Salimon, J. Comparative evaluation of physicochemical
properties of jatropha seed oil from Malaysia, Indonesia and Thailand. JAOCS J. Am. Oil Chem. Soc. 2010, 87,
689–695. [CrossRef]

46. Moniruzzaman, M.; Yaakob, Z.; Shanizuzzaman, M.; Khatun, R.; Islam, A.K.M.A. Jatropha Biofuel Industry:
The Challenges; INTECH OPEN: London, UK, 2017. [CrossRef]

47. Singh, B.; Singh, K.; Rao, G.R.; Chikara, J.; Kumar, D.; Mishra, D.K.; Saikia, S.P.; Pathre, U.V.; Raghuvanshi, N.;
Rahi, T.S.; et al. Agrotechnology of Jatropha curcas for diverse environmental conditions in India.
Biomass Bioenergy 2013, 48, 191–202. [CrossRef]

48. Everson, C.S.; Mengistu, M.G.; Gush, M.B. A field assessment of the agronomic performance and water use
of Jatropha curcas in South Africa. Biomass Bioenergy 2013, 59, 59–69. [CrossRef]

49. Goswami, K.; Choudhury, H.K. Economic benefits and costs of Jatropha plantation in North-East India.
Agric. Econ. Res. Rev. 2011, 24, 99–108.

50. Haseeb, A.S.M.A.; Fazal, M.A.; Jahirul, M.I.; Masjuki, H.H. Compatibility of automotive materials in biodiesel:
A review. Fuel 2011, 90, 922–931. [CrossRef]

51. Thomas, E.W.; Fuller, R.E.; Terauchi, K. Fluoroelastomer compatibility with biodiesel. Fuels 2007. [CrossRef]
52. Zhang, G.W. Existing problems and countermeasures for Jatropha curcas industrialization in China. J. Anhui

Agric. Sci. 2009, 8, 182.
53. Moniruzzaman, M.; Yaakob, Z.; Khatun, R. Biotechnology for Jatropha improvement: A worthy exploration.

Renew. Sustain. Energy Rev. 2016, 54, 1262–1277. [CrossRef]
54. Yu, B.; Tang, X.Z.; Zhu, Z.Z.; Yang, J.Y.; Zou, X.; Pang, D.B. The current situation and countermeasures of

Jatropha curcas L. in Sichuan Province. Sichuan For. Explor. Des. 2007, 3, 16–18.
55. Singh, R.; Singh, R.N.; Vyas, D.K.; Srivastava, N.S.L.; Narra, M. SPRERI experience on holistic approach to

utilize all parts ofJatropha curcasfruit for energy. Renew. Energy 2008, 33, 1868–1873. [CrossRef]
56. Then, K. The Potential of Jatropha Carcus planting as renewable energy crop under Malaysia weather condition.

In Proceedings of the 16th TSAE National Conference & the 8th TSAE International Conference, Bangkok,
Thailand, 17–19 March 2015.

57. Ministry of Plantation Industries & Commodities (MPIC) Homepage. Available online: https://www.mpic.
gov.my/mpi (accessed on 24 April 2020).

© 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/).

223





processes

Article

Enzymatic Saccharification with Sequential-Substrate Feeding
and Sequential-Enzymes Loading to Enhance Fermentable
Sugar Production from Sago Hampas

Nurul Haziqah Alias, Suraini Abd-Aziz, Lai Yee Phang and Mohamad Faizal Ibrahim *

��������	�
�������

Citation: Alias, N.H.; Abd-Aziz, S.;

Phang, L.Y.; Ibrahim, M.F. Enzymatic

Saccharification with

Sequential-Substrate Feeding and

Sequential-Enzymes Loading to

Enhance Fermentable Sugar

Production from Sago Hampas.

Processes 2021, 9, 535. https://

doi.org/10.3390/pr9030535

Academic Editor: Pietro Bartocci

Received: 31 December 2020

Accepted: 27 January 2021

Published: 18 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 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 (https://

creativecommons.org/licenses/by/

4.0/).

Department of Bioprocess Technology, Faculty of Biotechnology and Biomolecular Sciences,
Universiti Putra Malaysia, Serdang 43400, Selangor, Malaysia; nhaziqahalias95@gmail.com (N.H.A.);
suraini@upm.edu.my (S.A.-A.); phanglaiyee@upm.edu.my (Y.L.P.)
* Correspondence: faizal_ibrahim@upm.edu.my; Tel.: +603-9769-1936

Abstract: Sago hampas composed of a high percentage of polysaccharides (starch, cellulose and
hemicellulose) that make it a suitable substrate for fermentation. However, the saccharification of
sago hampas through the batch process is always hampered by its low sugar concentration due to the
limitation of the substrate that can be loaded into the system. Increased substrate concentration in the
system reduces the ability of enzyme action toward the substrate due to substrate saturation, which
increases viscosity and causes inefficient mixing. Therefore, sequential-substrate feeding has been
attempted in this study to increase the amount of substrate in the system by feeding the substrate
at the selected intervals. At the same time, sequential-enzymes loading has been also evaluated to
maximize the amount of enzymes loaded into the system. Results showed that this saccharification
with sequential-substrate feeding and sequential-enzymes loading has elevated the solid loading
up to 20% (w/v) and reduced the amount of enzymes used per substrate input by 20% for amylase
and 50% for cellulase. The strategies implemented have enhanced the fermentable sugar production
from 80.33 g/L in the batch system to 119.90 g/L in this current process. It can be concluded that
sequential-substrate feeding and sequential-enzymes loading are capable of increasing the total
amount of substrate, the amount of fermentable sugar produced, and at the same time maximize
the amount of enzymes used in the system. Hence, it would be a promising solution for both the
economic and waste management of the sago hampas industry to produce value-added products via
biotechnological means.

Keywords: sago hampas; amylase; cellulase; substrate feeding; saccharification; biomass

1. Introduction

Sago palm, scientifically known as Metroxylon sagu, can be found in tropical Southeast
Asia. This plant grows healthily in the environment with an average temperature of
25 ◦C and an approximate humidity of 70% [1]. Its ability to thrive in a swampy area
and grow naturally without the need for pesticide or herbicide has made sago palm
cultivation increase in recent decades [2]. Approximately 90% of commercially grown
sago palm in Malaysia is in Sarawak, a state located in the east of Malaysia. Sago palm
became an important economic species and resource for this region as the production of
sago starch was reported to be approximately 15–25 tons/ha. The starch composition in
sago palm is the highest (25 tons/ha) as compared with other types of the plant such as
rice (6 tons/ha), corn (5.5 tons/ha), wheat (5 tons/ha) and potato (2.5 tons/ha) [3]. The
commercial production of sago starch was established in Malaysia in the 1970s and became
one of the most important industries in terms of its contribution to the export revenue [4].
Due to the upward trend in sago starch production, the amount of waste generated from
this industry has significantly increased due to the numerous of sago processing mills. The
industry of sago palm has generated an extensive amount of waste including sago bark,
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sago hampas and sago wastewater [5]. The polluting effects caused by these agro-wastes
have become the main concern and started to generate attention among the researchers
attempting to find a solution with a sustainable approach.

In Malaysia, the mass production of sago starch from 600 logs of sago palm per day
was 15.6 tons of woody bark, 237.6 tons of wastewater and 7.1 tons of starch fibrous sago
pith residue [6]. Starch fibrous sago pith residue or commonly known as sago hampas
composed of starchy and lignocellulosic components, which are 54.6% of starch, 31.7% of
cellulose and hemicellulose, and 3.3% of lignin [7]. The high polysaccharide content and low
lignin composition in sago hampas make this agricultural residue a promising feedstock
for fermentation operation. More importantly, there is no pretreatment required before the
saccharification process due to the low lignin content in sago hampas [8]. The pretreatment
process is one of the crucial and costly processes in the bioconversion of agricultural residue
into fermentable sugar before fermentation [9]. This process is important to reduce and/or
alter the lignin component, expose the internal structure of cellulose to be accessible by the
cellulase [10]. Eliminating this step from the whole process could save huge operational cost.
In addition, a high percentage of remaining starch in sago hampas can be easily hydrolysed
by amylase to produce fermentable sugar. Therefore, the utilization of sago hampas as
a raw material for fermentation operation could be cost-effective for the downstream
processing of sugar production and eventually for the production of fermentation-based
products, and at the same time, prevent the environmental pollution that is caused by the
underutilization of sago waste.

In the production of fermentable sugars from sago hampas, this material must be
gelatinized before saccharification. Gelatinization needs to be carried out to break down
the hydrogen bond in the sago starch, thus, allowing the amylase to attack the α-glycosidic
bond of the polysaccharides into glucose monomer [11]. Gelatinization is a simple process
that applies the heat to the starch in the presence of water. As a result, the water is gradually
absorbed and caused the starch granules to swell [12]. The addition of glucoamylase
(EC 3.2.1.3) with a debranching enzyme such as pullulanase (EC 3.2.1.41) is practically
useful as they can hydrolyse the α-1,6-glycosidic bond that links the polysaccharides chain
into branches [13]. The hydrolysis process of starch by amylase takes less than 24 h [14].
Meanwhile, to fully degrade the sago hampas into fermentable sugar, the cellulase is
also being used to degrade the cellulosic component. Cellulase is a mixture of enzymes
composed of endoglucanase (EC 3.2.1.4), exoglucanase (EC 3.2.1.91) and β-glucosidase
(EC 3.2.1.21) that act synergistically on the degradation of the β-glycosidic bond of cellulosic
component into glucose monomers [15].

The low sugar concentration always obtained from enzymatic saccharification is
usually not enough to initiate the fermentation process. This problem can be overcome
by increasing the insoluble solid load that will enhance the fermentable sugar production,
and thus, improve the efficiency of the downstream processing. However, increasing the
substrate concentration can reduce the hydrolysis yield due to the high viscosity, which
subsequently causes poor mixing and mass transfer [16,17]. In addition, the current process
also suffers from a high cost of enzymes used in the saccharification process, especially
cellulase. Therefore, the improvement of the enzymatic saccharification step is required
from an economic perspective and for process feasibility. The mixture of amylase and
cellulase used in the saccharification of sago hampas has been previously reported by
Husin et al. [7] for the production of biobutanol. It was found that the mixture of amylase
and cellulase produced higher fermentable sugar as compared to a single enzyme, either
amylase or cellulase alone. However, the process has been done in batch for simultaneous
saccharification and fermentation (SSF) to produce biobutanol. Although a high biobutanol
production yield was obtained, the low sugar concentration produced by this operation
can be improved.

Therefore, in this present study, saccharification with sequential-substrate feeding
and sequential-enzymes loading has been introduced with the aim of enhancing the
fermentable sugar production, and at the same time, maximize the usage of enzymes in
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the saccharification process. Sequential-substrate feeding is expected to provide sufficient
time for enzymes to digest solid material into soluble sugar components, thus improving
the capacity of the system to be loaded with a higher amount of substrate. Meanwhile,
sequential-enzymes loading is expected to maximize the amount of enzymes used in the
system, and technically reduce the cost of enzymes and make the process more feasible.

2. Materials and Methods

The experimental design of this study is shown in Figure 1. The sequential-substrate
feeding and sequential-enzymes loading were conducted in comparison with the batch
process. The process began when the gelatinized, dried and ground sago hampas mixed
with acetate buffer were added with the enzymes (amylase and cellulase). Sago hampas
in a total of 20 g/L was fed sequentially based on the feeding interval followed with the
study on the sequential-enzymes loading by loading amylase and cellulase at a different
amount. Saccharification was conducted at 60 ◦C, 150 rpm for 6 days or until a stationary
production of fermentable sugars was obtained. Then, to optimize the mixing process, the
effect of agitation speed was also conducted.

Figure 1. Schematic diagram of experimental work for enzymatic saccharification of sago hampas.

2.1. Substrate Preparation

Sago hampas supplied from River Link Sago Resources Sdn. Bhd. in Mukah, Sarawak
was sun-dried for 1–2 days to drain off the excess water naturally. Then, sago hampas
was gelatinised by boiling in 0.1 M of acetate buffer for 15 min. Then, the gelatinised sago
hampas was oven-dried at 60 ◦C for 24 h and subsequently ground to pass a 1 mm screen.
The moisture content of the dried samples was analysed to quantify the buffer to be added
prior to the enzymatic saccharification process.

2.2. Batch Saccharification

Batch saccharification was conducted following the methods by Husin et al. [7]. An
amount of 7% (w/v) of sago hampas was gelatinized in 100 mL of 0.1 M acetate buffer solu-
tion at pH 5.5 in comparison with 7% (w/v) of gelatinised, dried and ground sago hampas.
The saccharification was conducted by adding Dextrozyme 71.4 U/gsubstrate of amylase
(Novozymes, Bagsvaerd, Denmark) and 20 FPU/gsubstrate of Acremonium cellulase (Meiji
Seika Co, Japan) into the mixture. The saccharification process was performed at 60 ◦C and
150 rpm up to 144 h of incubation time. All the saccharification process was performed in
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shaker incubator (Labwit, ZHWY-1102C) and samples were drawn out for every 24 h for
the analyses.

2.3. Sacchatification with Sequential-Substrate Feeding and Sequential-Enzyme Loading

The strategies applied in this study were developed for optimising the feeding interval
of the gelatinised, dried and ground sago hampas as well as the amount of enzymes
loading. For this study, two sets of experiment were conducted, which are the enzymes
only initially loaded and the enzymes sequentially loaded according to the amount of
substrate feeding. Batch saccharification with the total substrate concentration of 20% (w/v)
with 71.4 U/gsubstrate and 20 FPU/gsubstrate of amylase and cellulase, respectively, was
performed as a control.

2.3.1. Feeding Interval

Table 1 illustrates the strategies behind how the feeding interval was applied. The
saccharification process consists of five variables for the feeding interval, which are 0 (con-
trol), 6, 12, 24 and 36 h of interval time. The substrate was fed sequentially based on
the feeding interval that makes it the total substrate loading at 20% (w/v) with the 2%
(w/v) of the initial substrate for each variable except for the control. The substrate was fed
only up to 72 h and prolonged the incubation for another 3 days or until the stationary
production of fermentable sugar was obtained. The saccharification was performed with
two sets of experiments in order to make the comparison study where the first set was the
enzymes that only initially loaded while the second set was the enzymes that were loaded
sequentially to per g of substrate feeding.

Table 1. Feeding strategies for the feeding interval of sago hampas on the saccharification process.

Time Interval for
Substrate Feeding (h)

Initial Substrate (%)
Sequential-Substrate

Feeding (%)
Total Amount of Substrate

Feeding (%)

0 (control) 20 No substrate added

20
6 2 1.5
12 2 3
24 2 6
36 2 9

2.3.2. Enzymes Loading

The effect of enzymes loading were tested on the saccharification with the sequential-
substrate feeding for both amylase and cellulase, with five variables as illustrated in Table 2.
The optimal sequential-substrate feeding was 6% (w/v) fed sequentially at every 24 h of
interval time. The study was also performed with two sets of experiments: the first set was
the initially added enzymes only while the second set was the enzymes added sequentially
according to the substrate feeding.

Table 2. Variables for the enzyme loading of amylase and cellulase on the sequential-substrate feeding saccharification.

Time Interval for
Substrate Feeding and
Enzymes Loading (h)

Sequential-Substrate
Feeding (%)

Total Substrate
Loading (%)

Sequential-Enzymes Loading

Amylase (U/g) Cellulase (FPU/g)

24 6 20

7.1 5
14.3 10
71.4 15
142.9 20
285.7 25
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2.3.3. Agitation Speed

The effect of agitation speed was performed after the optimal conditions for sequential-
substrate feeding and sequential-enzymes loading were obtained. The agitation speeds
were set at 60, 90, 120, 150 and 180 rpm, and saccharification with no agitation was also
conducted as a control.

2.4. Analytical Procedures

The starch content was determined using iodine starch colorimetric methods by
Nakamura [18]. The lignocellulosic biomass of sago hampas were determined by its
three major components which are cellulose, hemicellulose and lignin using the standard
procedure of acid hydrolysis method and high performance liquid chromatography (HPLC)
from the National Renewable Energy Laboratory method, NREL/TP-510-42623 [19]. Total
extractives content were determined following the method by the National Renewable
Energy Laboratory method, NREL/TP-510-42619 [20]. The sugar monomers obtained by
saccharification were analysed by high performance liquid chromatography (HPLC) (Jasco,
Tokyo, Japan) equipped with a refractive index (RI) detector and a column (Shodex KS-801,
Tokyo, Japan) for ligand exchange chromatography. A 100% ultrapure water was used
as a mobile phase with a flow rate of 0.6 mL/min and the temperature of the column
was fixed at 80 ◦C using oven column [7]. A statistical analysis was conducted in order
to analyse the significant effect from each variable on saccharification process using an
analysis of variance (ANOVA) by Statistical Analysis Software (SAS) version 9.4 and
verified considering p < 0.05.

3. Results and Discussion

3.1. Characteristics of Sago Hampas

The composition of raw sago hampas was determined as shown in Table 3. The
characterization of sago hampas in this study has been evaluated in order to ensure the
quality of the substrate. All the values shown in the table are comparable to those reported
previously. Starch content in sago hampas was 56.0%, while the cellulose, hemicellulose
and lignin contents were of 20.7%, 11.2% and 3.1%, respectively. The value of starch content
in sago hampas depends on the quality of the extraction process conducted by the sago
mills [21]. Besides, both water and solvent extractives in sago hampas have a low value of
2.33% and 0.67%, respectively.

Starch, cellulose, hemicellulose and lignin are the major components of the sago
hampas while extractives are the minor components. Extractives in biomass are usually the
non-structural components, which can be extracted by water or other solvents. The solvents
can be ethanol, acetone, benzene, hexane, dichloromethane and toluene. The compounds
that are commonly extracted out from biomass are fats, waxes, phenolics, resin acids and
inorganic compounds. These non-structural components of biomass could potentially
interfere with the downstream analysis of the biomass sample. This may result in an
error on the structural sugar values where the hydrophobic extractives could inhibit the
penetration of the sample that directly caused incomplete hydrolysis [20]. Extractives could
also falsely result in high values of lignin when the unhydrolyzed carbohydrates condense
with the acid-insoluble lignin. Some studies reported that by removing these extractives,
it showed an improvement on the enzymatic digestibility and glucose yield, respectively.
Sago hampas has lower total extractives content (3.0%) as compared to other types of
biomass such as corn stover (13.5%) and Artemisia ordosica (7.78%) [22,23]. Therefore,
no pretreatment is required to remove the extractive, as this amount is not significantly
affecting the saccharification process. Based on this condition of sago hampas (a high
carbohydrate composition with low lignin and extractives content), this substrate has a
high beneficial advantage to be used as material for the fermentation feedstock.
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Table 3. Comparison of the composition of raw sago hampas with a different collection of sago hampas.

Sago
Hampas
Collec-

tion

Composition (%)

References
Starch Cellulose Hemicellulose Lignin Moisture

Extractives
Others

Water Solvent

Pusa,
Sarawak

49.5 26.0 14.5 7.5 n.d n.d n.d 2.5 [8]

Pusa,
Sarawak

58.0 23.5 8.2 6.3 n.d n.d n.d 2.3 [24]

Mukah,
Sarawak

58.0 21.0 13.4 5.4 4.7 n.d n.d 3.13 [25]

Mukah,
Sarawak

56.0 20.7 11.2 3.1 6.35 2.33 0.67 6.1 This
study

n.d indicates not determined.

3.2. Saccharification of Sago Hampas

To enhance the fermentable sugar production from sago hampas, several saccharifi-
cation strategies were carried out by identifying the effects of feeding interval, enzymes
loading and agitation speed. The saccharification process was performed by determin-
ing the effect of preparing a substrate under wet and dried conditions followed by the
sequential feeding of the dried substrate. Then, the effects of initially loaded enzymes and
sequentially loaded enzymes throughout the saccharification process were also evaluated.
The whole strategies were performed to determine the optimum conditions of the sacchari-
fication that can produce the highest fermentable sugar production with a low amount of
enzymes loading.

3.2.1. Effect of Wet and Dried Sago Hampas

Initially, this particular experiment was carried out to determine the substrate condi-
tion used throughout the saccharification process, either in wet or dried condition. This is
because in the early study of the saccharification of sago hampas, the sago hampas was
gelatinised before the saccharification process, and the gelatinised sago hampas was in the
wet condition. However, saccharification of sago hampas with sequential-substrate feeding
must be in the dried form to ensure the consistency of the substrate feeding throughout the
experiment. The gelatinization process was conducted before the saccharification process
due to a high starch content in sago hampas and due to the crystalline structure of the
starch. The crystallized structure of starch must be destroyed and change into the amor-
phous structure in order to make it susceptible to the enzyme action [21]. It works when
the substrate suspension is heated in the presence of water and swelling starch granules
break down the hydrogen and hydrophobic bonds [24].

In this study, the saccharification profiles of the wet and dried substrates (Figure 2)
show that there is no significant difference in the sugar produced from wet and dried
substrates, which produced 43.29 g/L (±2.54) and 46.23 g/L (±0.76) of sugar, respectively.
However, it can be seen from the graph that the saccharification rate of the wet substrate
is slightly faster as compared to the dried substrate with a slightly lower concentration
of sugar being produced. It was suggested that drying the temperature also plays an
important role in the characterization of sago starch in terms of drying kinetics and the
equilibrium of moisture content [26]. The wet substrate might be easily degraded by
amylase since the starch structure has been exposed with water, while dried substrates
sometimes need the structure to be accessible by the amylase.
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Figure 2. Effects of the wet and dried substrates used in the saccharification process of sago hampas
by the mixture of amylase and cellulase.

3.2.2. Effect of Feeding Interval

In this study, 20% (w/v) of the total substrate was saccharified with the added mixture
of Dextrozyme amylase (71.4 U/g) and Acremonium cellulase (20 FPU/g). However,
the high substrate concentration applied in the saccharification process might lead to
the high viscosity and subsequently reduced the reaction rate [27]. To saccharify a high
amount of substrate, sago hampas must be loaded sequentially throughout the process to
maintain the low level of viscosity and increase the accessibility of the enzymes towards
the substrate [28]. To examine the effect of feeding interval and the enzymes used, several
feeding intervals were conducted in two separate experiments, namely that of the only
initially loaded enzymes and enzymes sequentially loaded according to the substrate
feeding. All presented data are the means of triplicates ± S.D and stated using the Tukey’s
test with p < 0.05.

Figure 3a illustrates the effect of the feeding interval of the substrate with the initially
loaded enzymes. This experiment was also compared with the control (without substrate
feeding), where 20% (w/v) of the total substrate was added at the beginning of the sac-
charification. From this study, it can be observed that the control produced more sugars
(80.33 g/L ± 0.02) as compared with the sequentially added substrate. The sequentially
loaded substrate did not show an impressive increment in sugar production, as the enzyme
activity might be alleviated throughout the process due to the lower substrate concentration
at the beginning [17]. This is because sequential substrate feeding was added with only 2%
(w/v) of substrate loading, whereby, a high amount of enzyme was initially added. Thus,
throughout the time, most of the enzyme activity reduced and could not provide sufficient
degradation capacity when the substrate was added over time. The extent of the inhibition
depends on the ratio of total enzyme to the total substrate. This could be explained by
the enzymes’ active sites not binding with sufficient substrate at the beginning. Then, the
produced sugars might occupy the empty enzyme active site and become an inhibitor
to the newly added substrate. In addition, it can be seen that the pattern for the control
showed that the saccharification can only be achieved until 48 h of incubation time. In com-
parison with the sequential-substrate feeding saccharification, the degree of hydrolysis was
observed until 96 h of incubation time. Even though the sugar production from the control
saccharification was higher than that of the sequential-substrate feeding saccharification,
the high substrates used became significant waste, as these cannot be further hydrolysed
by the enzymes. It seems that the enzyme–substrate complex has reached its maximum
saturation point which is most likely due to the jamming effect phenomenon caused by the
overcrowding of the substrate, with the enzyme and substrate obstructing one another [29].
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Figure 3. Effect of the feeding interval of the substrate in the saccharification process: (a) initially loaded enzymes only; and
(b) sequentially loaded enzymes according to substrate feeding.

Figure 3b shows the effect of the feeding interval with sequentially loaded enzymes
according to the substrate feeding. From the graph, it can be observed that the effect of
feeding interval on saccharification with the sequentially loaded enzymes produced more
fermentable sugars as compared with the control. From the graph, the degree of hydrolysis
for sequential-substrate feeding saccharification showed that it increases gradually up
to 120 h of incubation time with the addition of substrate compared with the control
that reached its maximum saturation point at 48 h of incubation time. The periodical
addition of substrate prolonged the process to produce more fermentable sugars [30]. In
the comparison with Figure 3a, there is about 34.51% of increment for sugar production. It
can also be observed that the viscosity is reduced and more runny solution can be observed.
Thus, a greater fermentable sugars yield was produced. This might be due to the rate of
reaction which is affected by the total number of enzymes as well as the concentration of
substrate loaded accordingly [31]. The result showed that the rate of saccharification did
not decrease with the increase in substrate concentration when the enzyme-to-substrate
ratio was kept constant. It can be concluded that the optimal interval feeding time for
sequential-substrate feeding with the sequential-enzyme loading was every 24 h, which
produced the highest sugar concentration of (95.37 g/L ± 0.93) with p < 0.05.

There are several studies reported about the crucial parameters that affect the enzy-
matic saccharification, and one of the parameters is substrate-related. In this present study,
the substrate concentration and feeding style have been discussed in terms of how they
affect the saccharification process. The substrate features such as the substrate size, lignin
structure and substrate pore surface area also play an important role in the accessibility
of the substrate to enzyme [32]. This is because the lignocellulosic biomass has a complex
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structural arrangement, thus, it is more difficult to hydrolyse as compared to starch-based
biomass. Most of the lignocellulosic biomass such as corn stover, switch grasses and forest
residue need to undergo a pretreatment process prior to saccharification. This is to ensure
that the lignin component was removed or reduced and/or altered to allow the interaction
of substrate to enzymes.

3.2.3. Effect of Enzymes Loading

To establish an economically feasible saccharification process, an appropriate amount
of enzyme used must be determined as an enzyme used in sugar production generally
contributes a significantly high cost in terms of the total operational cost of converting
biomass into value-added products [33]. In the previous experiment, the loaded enzyme
was 71.4 U/g of amylase and 20 FPU/g of cellulase with the interval feeding time at every
24 h. In this experiment on the effect of enzymes loading, there were five variables for
each enzyme range from 7.1 U/g to 285.7 U/g for amylase and 5 FPU/g to 25 FPU/g of
cellulase were examined. All presented data are the means of triplicates ± S.D and stated
using the Tukey’s test with p < 0.05.

Figure 4a shows the effect of initially loading the enzyme while Figure 4b shows the
effect of the sequential-enzyme loading on the saccharification with the sequential-substrate
feeding. Based on Figure 4a, it can be observed that sugar production declined after 96 h
of incubation time. In addition, when the enzyme was initially loaded, the inhibitors
might have formed from the formation of the product, which subsequently caused the
competitive inhibition [34] whereby the substrate and inhibitors compete for the same
enzyme’s active site [35]. Competitive inhibition occurs in one of the enzymes, in this
case cellulase since it is considered the principle bottleneck for practical production from
lignocellulosic materials. This situation usually occurs with high substrate concentration
as the inhibitors limit the enzyme velocity in their biochemical reaction [36]. Thus, high
substrate concentration might escalate the possibility of enzyme inhibition caused by
product inhibitors. In addition, the availability of the enzyme’s active site is limited at high
substrate concentration due to the accumulation of excess substrate. Other factors that may
contribute to the low degree of polysaccharide conversion at high substrate concentration,
mainly because of the decrease within the reactivity of cellulosic material in the course
of hydrolysis, different kinds of enzyme inactivation, and the non-specific adsorption of
cellulolytic enzymes onto lignin [37]. From this study, the sugar production significantly
showed the difference between the various amounts of loaded enzymes.

Meanwhile, based on Figure 4b, it showed that the performance of hydrolysis was
increased with the sequentially added enzyme, as the ratio of enzyme to the substrate
used is one factor that affects the saccharification [38]. When comparing these two studies,
the effect of sequential-enzymes loading might reduce the inhibition of the product. In
addition, the saccharification process has been prolonged up to 120 h of incubation time.
However, after 120 h of incubation time, the efficiency of enzyme catalytic reaction has
deprived due to the prolonged incubation time, which probably because of the enzyme has
achieved its maximum enzyme thermal deactivation process after being exposed at high
temperature for a long time [39]. The enzymes’ reactivity is mostly associated with the
enzyme-related parameters. The maximum utilisation of enzymes during saccharification
is important because the enzymes represent the major contribution to the total cost of
the bioconversion of biomass to value-added products. The amount of enzyme loading
depends on the composition and structural arrangement of the substrate [40]. The effect
of sequential-enzyme loading has resulted in approximately a 43% increment in sugar
production as compared with the initially loaded enzymes. This study also showed that
sequential-enzyme loading with 10 to 20 FPU/g cellulase and 14.3 to 142.9 U/g amylase
did not significantly affect sugar production (p < 0.05). Hence, the presence of excess
enzymes was a waste, since it was usually underutilized and consequently leads to the
unnecessarily high cost in the saccharification process. Therefore, a low amount of enzyme
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loading (14.3 U/g of amylase with 10 FPU/g of cellulase) can be optimally used to produce
a high concentration of (112.48 g/L ± 1.26) with p < 0.05.

Figure 4. Effect of loading enzymes on the saccharification process: (a) initially loaded enzymes only; and (b) sequentially
loaded enzymes according to substrate feeding.

3.2.4. Effect of Agitation Speed

The effect of agitation speed has been evaluated in the range of 60–180 rpm together
with no agitation at the constant temperature of 60 ◦C for the saccharification of sequential-
substrate feeding and sequential-enzyme loading. The effect of agitation speed is important
to determine the relationship between the saccharification efficiency and liquid viscosity
of saccharification. This is because the liquid viscosity from the saccharification process
increases with the increase in the saccharification time since the substrate was added
sequentially throughout the process.

The trend of fermentable sugar production with different agitation speed for 6 days of
incubation is presented in Figure 5 As expected, saccharification with no agitation produced
the lowest sugar concentration of (88.38 g/L ± 1.52). Increasing the agitation speed from
60 to 150 rpm had significantly increased the sugar production to (119.9 g/L ± 0.32) with
p-value < 0.5. Agitation enhances the mass transfer rate during saccharification, thus
improving the hydrolysis process and increasing the conversion rate of the substrate into
fermentable sugars by the enzymes. It can also be observed that the agitation speed has a
moderate effect on saccharification. At a 180 rpm agitation speed, the fermentable sugar
production showed a slight reduction probably due to the shear stress or shear forces. It is
also reported that vigorous agitation speed could have aggravated cell damage, which in
turn led to the mechanical inactivation of the enzymes and contributed to the reduction
in enzyme stability. Thus, sugar production was suppressed. In typical saccharification,
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the agitation speed of 120–150 rpm was found to be optimum. Therefore, as for this study,
the agitation of 150 rpm can be considered most suitable for the saccharification of sago
hampas to produce fermentable sugars. Even though the agitation speed has a moderate
effect on saccharification, it still plays an important role in the cost-effective downstream
processing as it can reduce energy consumption.

Figure 5. Effect of agitation speed on the saccharification process. All data are the means of 3 replicates
± S.D. The different alphabet indicates significant difference at p < 0.05. The data were stated using
LSD test.

3.3. Comparison Study

This study demonstrated the enhancement of sugar production by conducting sacchar-
ification with sequential-substrate feeding and sequential-enzyme loading. The comparison
of different saccharification strategies in Table 4 shows that this saccharification strategy
significantly improved sugar production compared to other studies. It was 13.53% of sugar
increment which could be observed when comparing the normal saccharification with
sequential-substrate feeding. However, throughout the process, the normal saccharification
produced more suspended solution because of the high solid–liquid ratio at the beginning
of the saccharification. This highly viscous solution was caused by an ineffective heat and
mass transfer due to the solution not being mixed properly, and hence, the reduction in the
diffusion of the enzyme and end product [27].

In order to further enhance the fermentable sugar production, the rate of sacchari-
fication process needs to be increased. However, due to the high prices of commercial
cellulase, the addition of more enzymes is not the best option. Alternatively, the rate of
saccharification and fermentable sugar production can be accelerated by implementing a
new strategy of feeding for both substrate and enzymes. Therefore, the sequential-substrate
feeding and sequential-enzymes loading was implemented in this study. Surprisingly, the
small difference in the feeding strategies had significantly improved the sugar production
by 20.87% as compared to the process without sequential-enzyme loading. This approach
has also reduced the amount of enzyme used for both amylase and cellulase by 20% and
50%, respectively.
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The effectiveness of the enzymatic hydrolysis for starch and lignocellulosic compo-
nents not only depends on the substrate concentration as a whole, but it also requires the
optimum synergistic action of the amylase and cellulase components towards the substrate.
Sago hampas mainly compose of starch residue (56.0%) and the starch itself is composed
of linear amylose and branched amylopectin. Therefore, glucoamylase (EC 3.2.1.3) with a
debranching enzyme, pullulanase (EC 3.2.1.41), was used for this study as it is an exo-acting
enzyme that mainly hydrolyses an α-1,4 and α-1,6 glycosidic bond from the non-reducing
ends of starch chains, which leads to the production of glucose. There are some studies
which reported that glucoamylase was able to enhance the efficiency of hydrolysis and
increase the substrate concentration at the active site of the enzyme catalytic centre by
binding to the raw starch granules and disrupt the surface structure of starch [41,42]. Mean-
while, the lignocellulosic components in this study were hydrolysed by cellulase, which
is composed of endoglucanase (EC 3.2.1.4), exoglucanase (EC 3.2.1.91) and β-glucosidase
(EC 3.2.1.21) that act synergistically on the degradation of a cellulosic component into
glucose monomers. During the saccharification, it is noted that the substrate level should
be high enough to provide a sufficient reaction between the enzymes and substrate. Thus,
in order to enhance the higher sugar production, it is must proportionally increase the rate
of reaction by adding more substrate. However, by relatively adding more substrate, it con-
tributes to the jamming effect due to enzymes needing to act on more portions of the starch
and lignocellulosic components [43]. Therefore, the feeding style of substrate and enzymes
must be studied in order to achieve the optimal reaction of saccharification. Hence, in this
study, the efficiency of saccharification has been improved when the sequential-substrate
and enzymes feeding was applied. The enzymes are able to work at their optimal level
when they are supplemented according to the amount of fed substrate, instead of being
added once at the beginning only.

The correlation between the analysed variables (substrate feeding, enzyme loading
and agitation speed) with the sugar production are conducted. From the correlation
screening, it can be seen that only enzymes loading was significantly affecting the sugar
concentration with p < 0.05. The strength of enzymes loading and sugar concentration
were associated with the R2 value of 0.92. This is explained that by the increasing enzymes
loading, which produces a higher sugar concentration. However, it should be noted that
a further increase in enzymes loading is not economically practical. Both the feeding
interval and agitation speed resulted in p > 0.05, where it does not give a significant
effect on the sugar concentration. The feeding interval showed an insignificant effect in
enhancing the sugar concentration, which might be due to the enzymes that engage with
the substrate and were not sufficient when the interval time of the substrate feeding was
too long. This will cause the alleviation of enzyme activity and result in the slowing down
of the reactions [44]. Agitation speed plays an important role for an effective mixing of
the substrate and enzymes. However, by increasing the agitation speed too much, there is
no significant effect on the sugar concentration, where the shear forces might occur and
lead to cell damage [45]. On top of that, the interaction of enzymes loading towards the
feeding interval was conducted and it showed that the coefficient of determination (R2)
was 0.96. The R2 value indicates that 96% of the variation in enzyme loading is explained
by the feeding interval. Thus, the digestibility of the enzymes toward the substrate was
improved as the enzymes were loaded based on the amount of substrate feeding.

In comparison with other studies, as shown in Table 5, a high substrate feeding
of 20 g/L can be fed in sequential-substrate feeding and fed-batch saccharification as
compared to batch saccharification, which is capable of the maximum load substrate
feeding at 5–9 g/L. Previous studies have reported the decreased efficiency of hydrolysis
when more than 9 g/L of solid substrate were used and this was due to product inhibition,
enzyme inactivation and the decrease in substrate reactivity [46]. In addition to that, in the
fed-batch saccharification [17], a similar situation was observed whereby a high increment
in sugar production was obtained as compared to batch saccharification. However, no
feeding strategy for enzyme loading was conducted. In comparison with the sequential-
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substrate-feeding and sequential-enzymes loading, fermentable sugar production from
sago hampas was significantly improved even at the low amount of loaded enzymes. It
shows that sugar production was affected by how the substrate and enzymes were fed. In
order to increase sugar production, the rate of reaction needs to be increased by increasing
the amount of substrate and enzymes in the system. However, a high solid–liquid ratio
could hinder the effective heat and mass transfer and thus limit the diffusion of enzymes
and the formation of end products. Therefore, the efficient saccharification process was
dependent on the synergistic feeding of the substrate and enzymes.

Table 5. Comparison of sugar production by various substrates, the amount of enzyme used and different saccharifi-
cation operations.

Saccharification Operations
Substrate

Concentration (g/L)
Enzyme Used per g of

Substrate
Sugar

Concentration (g/L)
References

Batch saccharification 5 g/L oil palm empty
fruit bunch

0.1 g/mL crude
cellulase cocktail 12 g/L glucose [47]

Batch saccharification 5 g/L oil palm empty
fruit bunch 15 FPU/mL celluclast 31 g/L reducing sugars [48]

Batch saccharification 9 g/L sago
hampas

71.4 U/g Dextrozyme
amylase + 20 FPU/g

Acremonium cellulase

66.9 g/L
reducing sugars [7]

Fed-batch saccharification 20 g/L Jerusalem
artichoke stalks 20 FPU/g cellulase 83.7 g/L glucose [17]

Saccharification with
sequential-substrate feeding and

sequential-enzymes loading

20 g/L sago
hampas

14.3 U/g Dextrozyme
amylase + 10 FPU/g

Acremonium cellulase

119.90 g/L
glucose ± 0.32 This study

The properties of the biomass usually affected by their structure that make the hy-
drolysis difficult to be carried out with a higher substrate feeding. Some of the biomass
with high lignin content usually needs to undergo pretreatment and this increases the
total cost of bioconversion. The downstream processing usually occurs with a high cost
of production. However, this cost can be reduced by minimizing the enzyme usage and
maximizing the amount of substrate used. Enzymatic saccharification with a sequential-
substrate feeding and sequential-enzymes loading was proven to be a promising strategy
for efficient and economical saccharification. This present study is possible to implement
on a large-scale processing production. It is suggested to study the proper technology that
can be integrated with the present study in order to ensure the feasibility of the process.

4. Conclusions

Sago hampas has been notably known as a promising substrate for the production of
fermentation-based products due to its high content of polysaccharides and the low lignin
composition. In this study, the saccharification of sago hampas into fermentable sugar has
been enhanced by implementing the feeding strategies of the substrate and the enzymes
together with the effect of agitation speed. It can be concluded that the sequential-substrate
feeding at 6 g/L for every 24 h increased the sugar production by 16% as compared to
the batch process. Meanwhile, saccharification with sequential-substrate feeding and
sequential-enzymes loading produced a high sugar concentration of 119.90 g/L, and at the
same time reduced the amount of amylase from 71.4 U/gsubstrate to 14.4 U/gsubstrate and
cellulase from 20 FPU/gsubstrate to 10 FPU/gsubstrate used in the process. Findings from this
research suggest that the potential of sequential-substrate feeding and sequential-enzyme
loading can be used as an alternative in improving the saccharification process of other
types of substrates in order to obtain a significantly higher amount of fermentable sugar
derived from biomass.
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