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Abstract: Functional films based on black chia (Salvia hispanica L.) seed mucilage (BCm) containing
Rhus microphylla (Rm) fruit phenolic extract were built and characterized. A hydro-alcohol extract
(HAE) of Rm was incorporated as the bioactive agent due to its noteworthy phenolic profile, and
good antioxidant and antifungal activities. The effects of the BCm concentration (0.2% and 0.4%,
w/v), HAE incorporation, and their interaction with glycerol (1.0%, w/v) and calcium chloride (0.05%,
w/v) on the films’ physicochemical properties were evaluated. The filmogenic solutions successfully
fitted to the Herschel–Bulkley model (R2 < 0.999), exhibiting a pseudoplastic and shear thinning
character, typical of polymer solutions. Interestingly, their rheological properties were not (p > 0.05)
changed by the HAE addition, but their surface tension was enhanced (p < 0.05), which could favor
their coating ability. The polyanionic nature of the systems (zeta potential-Zp values from −26.9 to
−33.3 mV) allowed them to interact with Ca2+ cations, thus forming stable and resistant films. All the
films showed low water solubility (15.0% to 22.3%) and high permeability (3.7 to 4.0 × 10−10 g m−1

s−1 Pa−1), as well as high biodegradability (moisture content from 66.0% to 80.9%); although the
moisture content was reduced (p < 0.05) with HAE addition. The combination of higher BCm ratio
and HAE addition (BCm0.4+Rm) led to a more resistant, thick, opaque, and dark film compared with
the others obtained. This study reveals the BCm-based films’ potential, highlighting those with HAE,
representing a novel alternative to improve the quality of food products.
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1. Introduction

The greatest losses in crops that occur in pre- and post-harvest stages are produced by
microorganisms, mostly phytopathogenic fungi (e.g., Fusarium oxysporum and Corynespora cassiicola) [1].
The conventional management in the pre-harvest stage is based on synthetic pesticides; however,
their indiscriminate use usually generates a microorganism’s resistance to most synthetic pesticides,
and negative effects on human health and the environment [2,3]. During the post-harvest stage,
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these practices are reduced to avoid residuality in the produce, increasing the risk of microbial
contamination [4]. Hence, it is imperative to develop products based on natural compounds, which are
effective in controlling phytopathogenic microorganisms, without generating residuality in the produce.
In this context, some plants of Rhus genus such as R. muelleri and R. coriaria L., are characterized for
their high phenolic, triterpenes, and other compounds’ contents, which contribute to their reported
antimicrobial activity [5,6]. In Mexico, the R. microphylla (Rm) shrub fruit (commonly known as
“agrito”) is used by the Kickappos indigenous people in folk medicine [7], although its chemical
composition and properties have not yet been studied. Considering Rhus species potential, Rm could
be a new natural source of compounds with a wide range of bioactivities, such as antimicrobial and
antioxidant actions.

Edible film packaging has proven effective as bioactive compounds carriers (e.g., antioxidants,
antimicrobials, nutraceuticals, and nutrients), acting as an active agent protector and prolonging its
action [8,9]. Moreover, films are able to create a shielding semi-permeable barrier to gases and water
vapor, thus increasing the shelf life of coated produce [10]. The bio-based films are produced using a
wide range of biopolymers, highlighting those based on polysaccharides due to their biodegradable
ability, good mechanical and barrier properties, and their appropriate adhesion to the produce’s
surface [11,12]. Owing to this, the search for alternative sources of polysaccharides arises as a necessity,
within which the chia (Salvia hispanica L.) mucilage (Cm) has received considerable attention. The Cm
presents outstanding properties that make it a potential material for edible packaging production,
such as water retention capacity and viscosity [13–15]. It consists of a branched matrix of xylose,
glucose, and glucuronic acid, although its composition varies according to the variety and region in
which it grows [16]. In this regard, white and black varieties of chia seeds have been studied by de
Falco et al. [17], which found that black chia seeds presented both higher antioxidant activity and
total phenolic compounds than the white variety. However, the study and application of black chia
seed mucilage (BCm)-based films as carriers of bioactive extracts from natural sources are still limited.
It could represent a novel option for crop management in the field with a prolonged effect during
the post-harvest stage. Thus, the goals of this research were to 1) characterize Rm fruit extracts in
terms of phenolic profile, antioxidant activity, and antifungal effect on pathogenic fungi of commercial
importance; and (2) evaluate the incorporation of bioactive Rm fruit extracts on BCm-based films’
physicochemical properties.

2. Materials and Methods

2.1. Materials

Absolute ethanol (99.9%) was obtained from Jalmek (Jalmek Científica S.A. de C.V., San Nicolás,
NL, Mexico). Potato dextrose agar (PDA) was purchased from TM MEDIA (Titan Biotech Ltd., Delhi,
India). Sodium carbonate (Na2CO3), gallic acid (GA), and 2,2-diphenyl-1- picrylhydrazyl (DPPH) were
supplied from Sigma (Sigma-Aldrich, Saint Louis, MO, USA). The Folin–Ciocalteu (FC) reagent was
obtained from Merck (Merck KGaA, Darmstadt, Germany). Milli-Q water (Millipore, Bedford, MA,
USA) was used to prepare all samples, standards, and eluents.

Fusarium oxysporum (National Center for Biotechnology Information, NCBI, accession no.
MF996561) and Corynespora cassiicola (NCBI accession no. MK530179) were supplied from CICY
(Yucatan Center for Scientific Research, Yucatan, Mexico).

Chia seeds (Salvia hispanica L.) of black variety from (Huaquechula, Puebla, Mexico) were used in
this work.

2.2. Plant Collection and Sample Preparation

The fruit from Rm shrubs were collected randomly in wild areas located in the semi-arid region of
Coahuila State, Mexico (25◦21´24¨N 101◦01´59¨W). After drying the fruit in an oven (Biobase Biodustry



Coatings 2020, 10, 326 3 of 15

Shandong Co., Ltd., Jinan, China) at 60 ◦C for 48 h [2], they were ground to a particle size equivalent to
mesh no. 20 and stored until further use.

Preparation of Rhus microphylla (Rm) Fruit Extracts

The Rm fruit extracts were obtained according to Jasso de Rodríguez et al. [18] with slight changes.
To an 11.5 g of dried fruit were poured 125 mL of distilled water or hydro-alcohol solution (50:50
v/v), and exhaustively extracted at 150 rpm for 22 h at room temperature (Innova 44 Incubator, New
Brunswick Scientific Co., Inc., Edison, NJ, USA). The obtained crude aqueous (AE) and hydro-alcohol
(HAE) extracts were transferred to a rotary evaporator (IKA RV 10 basic, IKA Werke GmbH & Co. KG,
Staufen, Germany) for concentration at 98 ◦C and 89 ◦C, respectively, then stored in the dark at 5 ◦C
until further analysis.

2.3. Characterization and Bioactivity of Rm Fruit Extracts

2.3.1. Total Phenolic Content (TPC)

The total phenolic content (TPC) estimation was conducted using FC reagent and a microplate-
adapted method as described by Jesus et al. [19] with some modifications. In brief, AE and HAE (0.01 g)
were homogenized in 5 mL of their respective extraction solvent (distilled water or hydro-alcohol
solution), and centrifuged at 12,000 g for 5 min. To a 100 µL of supernatant were added 0.5 mL of FC
reagent (1:10 diluted) and mixed during 2 min; subsequently, 1.5 mL of Na2CO3 solution (7.5%, w/v)
were incorporated. The reaction mixture was maintained at room temperature for 2 h. Lastly, the
absorbance (at 765 nm) was measured in a Synergy HT microplate lector (Biotek, Winooski, VT, USA).
The obtained values were compared to calibration curve (0.2, 0.4, 0.6, 0.8, 1.0 g L−1, R2 = 0.99) using GA
as standard. The TPC values were expressed as g GA equivalents per kg of extract. All experiments
were carried out in triplicate.

2.3.2. Phenolic Profile by Ultra High-Performance Liquid Chromatography (UHPLC)

Samples were evaluated by means of UHPLC employing a Shimatzu Nexpera X2 equipment
coupled with Diode Array Detector (Shimadzu, SPD-M20A, Tokyo, Japan). A reversed-phase Acquity
UPLC BEH C18 column of 2.1 mm × 100 mm, 1.7 µm (Waters) and a pre-column filled with the same
column material were used. The work temperature was 40 ◦C and the flow rate was 0.4 mL min−1.
Two HPLC grade solvents were used: solvent A water/formic acid (0.1%) and solvent B acetonitrile.
The elution gradient was according to Jesus et al. [19]. Samples’ phenolic compounds were identified
by comparing ultraviolet (UV) spectra and retention times with those of the corresponding standards.
All analyzes were conducted in triplicate.

2.3.3. Antioxidant Activity

The antioxidant activity determination was based on a microplate-adapted DPPH method with
minor modifications [9]. Each sample (25 µL) was dissolved in its respective extraction solvent (at 20 to
2500 mg L−1) and mixed with 200 µL of DPPH solution (150 µM in ethanol). Then, they were stirred
and preserved under dark conditions at room temperature for 30 min. The absorbance readings
were performed at 515 nm (Synergy HT, Biotek, Winooski, VT, USA) and the antioxidant activity
was reported as DPPH radical scavenging activity percentage (% RSA) related to the control (ethanol
without sample), calculated as follows:

RSA (%) =
Acontrol −Asample

Acontrol
× 100 (1)
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where Acontrol = control absorbance and Asample = sample absorbance. The antiradical activity expressed
as IC50 value (i.e., concentration required to obtain 50% of RSA inhibition) was determined for each
extract. All the experiments were replicated three times.

2.3.4. Antifungal Activity in vitro

The antifungal activity determination was performed at different concentrations (100, 500, 1000,
2500, and 3000 mg L−1) according to the agar dilution method [6]. Fungal plugs (3-mm diameter) from
C. cassicola and F. oxysporum were grown on PDA at 27 ± 2 ◦C for 7 d, and placed at the center of Petri
dishes plates containing PDA with each extract treatment and PDA without extract (absolute control).
Plates were incubated at 27 ± 2 ◦C for 7 d, and then the radial mycelial diameter was measured (mm).
The percentage of fungal growth inhibition (%) was determined using the following equation:

Inhibition (%) =
Dcontrol −Dtreatment

Dcontrol
× 100 (2)

where Dcontrol = mycelia diameter (mm) of the absolute control, and Dtreatmet = mycelia diameter
(mm) of each treatment. The test was conducted with five replicates.

2.4. Black Chia Seed Mucilage (BCm) Extraction

The BCm extraction was performed by hydration of whole black chia seeds in distilled water
(1:2, w/v), under stirring (500 rpm) for 60 min at room temperature, using the method described by
Dick et al. [14] with some modifications. The resulting mixture was liquefied for 10 s at low speed,
and subsequently, centrifuged (Beckman Coulter, Allegra X-I2R, Palo Alto, CA, USA) at 10,000 rpm
for 10 min at 10 ◦C. The resulting mucilage was frozen (−80 ◦C for 12 h) in order to be lyophilized
(Labconco Freezone 6.0, Expotech, Houston, TX, USA) at −55 ◦C and 0.133 mbar for 24 h and stored
until use.

2.5. Film Preparation

Film solutions were prepared using components concentrations based on preliminary tests (data
not shown), which were selected considering the good ability to form films (i.e., with good stability
and handling). Firstly, two formulations were obtained: formulation BCm0.2 (0.2% BCm + 0.05%
CaCl2 + 1.0% glycerol, w/v) and formulation BCm0.4 (0.4% BCm + 0.05% CaCl2 + 1.0% glycerol,
w/v). Films were prepared by dissolving lyophilized BCm in distilled water under stirring for
20 min at 20 ◦C. Then, CaCl2 (crosslinker) was added to the solution and when it was completely
dissolved, glycerol (plasticizer) was incorporated to obtain a homogenous solution. Additionally,
two functionalized formulations were obtained by adding Rm extract (AE or HAE) to the filmogenic
solutions: BCm0.2+Rm and BCm0.4+Rm. Rm extract type and concentration were selected based
on its bioactive properties results (i.e., phenolic profile, antioxidant, and antifungal, see Section 3.1).
Subsequently, the films were formed by the solvent casting technique by pouring 28 mL in Petri dishes
(9.6 cm) which were dried at 40 ◦C for 24 h. Then, the films were stored at 20 ◦C and 53% relative
humidity (RH) in a desiccator until further analysis.

2.6. Film Characterization

2.6.1. Surface Tension

Filmogenic solutions’ surface tension was determined by the Ring method as described by
Torres-León et al. [10], using a Krüss K6 tensiometer (Krüss GmbH, Hamburg, Germany) with a De
Noüby platinum ring of 1.9 cm. Five replicates measurements were obtained at room temperature, for
each formulation.
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2.6.2. Zeta Potential (Zp)

The surface charge (mV) of each filmogenic formulation was evaluated using a Zetasizer Nano ZS
(Malvern Instruments Ltd., Worcestershire, UK). The Zp measurements were conducted in triplicate
under room temperature conditions using a folded capillary cell (DTS 1060, Malvern Instruments Ltd.,
Worcestershire, UK).

2.6.3. Film Thickness

The film thickness (µm) of each sample film was obtained as the mean of five random measurements
using a digital micrometer (No. 293.561, Mitutoyo, Japan). The mean thickness values were used to
calculate water vapor permeability (WVP) and tensile strength.

2.6.4. Water Vapor Permeability (WVP)

The WVP of BCm-based films was measured gravimetrically according to the American Society
for Testing and Materials (ASTM) E96-92 method [11]. The film samples were sealed on the upper of a
permeation cell holding distilled water (50 mL) to guarantee specific work conditions (i.e., 100% RH at
20 ◦C, and 2337 Pa vapor pressure). Then, permeation cells were held in a desiccator under continuous
air circulation, and cells weight (g) was checked every 2 h until steady-state was attained. The WVP
(g m−1 s−1 Pa−1) of the BCm-based films was determined as follows:

WVP =
WVTR× L

∆P
(3)

where WVTR = water vapor transmission rate (g m−1 s−1 Pa−1); L = mean film thickness (m); and ∆P
= partial difference of vapor pressure (Pa) between the two sides of the film.

2.6.5. Moisture Content and Water Solubility

BCm-based films (2-cm diameter) initial weight (W0) was determined, then they were carried
at constant weight using a drying oven at 105 ◦C to register the film sample final weight (W1).
The percentage of moisture content (%) was measured according to the subsequent equation:

Moisture content (%) =
W0 −W1

W0
× 100 (4)

The water solubility was determined as the dry film matter percentage dissolved following
distilled water immersion during 24 h [14]. For this, previously dried films presenting an initial weight
(W1) were dipped in 50 mL distilled water under gentle shaking for 24 h at 20 ◦C. The samples were
filtered using polyester cloth meshes, and insoluble film fragments were dried to constant weight (W2)
at 105 ◦C in an oven. The percentage of water solubility (%) was calculated as follows:

Water solubility (%) =
W1 −W2

W1
× 100 (5)

where W1, and W2 represent the initial and insoluble dry matter, respectively. Three repetitions per
experiment were performed.

2.6.6. Optical Properties

A previously calibrated Minolta CR-400 colorimeter (Minolta Co. Ltd., Osaka, Japan) with a white
color plate as standard (Y = 93.5, x = 0.3114, y = 0.3190) was used to estimate the BCm-based films’
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color properties. Then, CIE L*a*b* scale was used to measure L* (lightness), a* (red–green), and b*
(yellow–blue) parameters. The total color difference (∆E) was determined as follows:

∆E =

√
(∆L∗)2 + (∆a∗)2 + (∆b∗)2 (6)

where ∆L∗, ∆a∗, and ∆b∗ are the differences between film sample color parameters L*, a*, and b* and
white color plate standard. The opacity (%) was determined according to the Hunter Lab method,
as the relationship between film sample opacity on the black color plate standard (Yb), and the film
sample opacity on the white color plate standard (Yw), as follows:

Opacity (%) =
Yb
Yw
× 100 (7)

Five measurements were taken of each film sample, and three samples of each film were tested for
optical properties.

2.6.7. Mechanical Properties

Mechanical properties, tensile strength (TS), and elongation-at-break (EB) were measured by
means of an Instron Universal Testing Machine (Model 4500, Instron Corporation, Canton, MA, USA),
according to the ASTM D882-91 method [20]. Preconditioned film strips (100 mm × 20 mm) at 20 ◦C,
53% RH were cut and positioned between tensile grips with an initial grip separation of 100-mm and
crosshead speed of 5 mm min−1. TS and EB were expressed in MPa and %, respectively. Tests were
replicated three times for each film sample.

2.6.8. Rheology Behavior

Rheological measurements were carried out by using a stress-controlled rheometer (TA Instruments,
New Castle, DE, USA), equipped with concentric cylinders (32 mm height, 13.83 mm internal diameter,
and 15 mm external diameter) and a cone-plate geometry (60 mm diameter, 2◦ angle, truncation
58 µm). Evaluations were conducted in triplicate at 25 ◦C with a shear rate range of 0 to 100 s−1.
The experimental results (shear stress-shear rate) were fitted to the Herschel–Bulkley model:

σ = σ0 + k
.
γ

n (8)

where σ is the shear stress (Pa), σ0 is the yield stress (Pa), k is the consistency index (Pa sn),
.
γ is the

shear rate (s−1), and n is the flow index.

2.7. Statistical Analyses

Data were analyzed using the program StatSoft, Inc. (2011) and Microsoft Excel (Office 365)
software. Tukey’s test was applied and differences between treatments at p < 0.05 were considered
significant. The Probit analysis (SAS Program Version 9.1) was used to estimate the minimum Rm fruit
extract inhibitory concentration that causes a 50% and 90% reduction in fungal growth (MIC50 and
MIC90, respectively) at p < 0.0001 significant level.

3. Results and Discussion

3.1. Characterization and Bioactivity of Rm Fruit Extracts

The effect of the solvent used in the recovery of phenolic compounds, and the direct relationship of
these with the plant extracts’ bioactivity, have been widely reported [2,21]. For example, Wu et al. [22]
found higher TPC for ethanol extracts from R. hirta L. fruit that those from water extracts (81.6 and
46.3 g GA kg−1 extract, respectively). In contrast, Bursal and Köksal [23] detected higher TPC for
R. coriaria L. fruit aqueous extracts when compared to those extracted with ethanol (63.0 and 15.0 g GA
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kg−1 extract, respectively). In this study, the influence of the solvent was not significant (p > 0.05) in
the TPC (Table 1). But it had a significant effect (p < 0.05) on the phenolic profile by UHPLC, and on
the antioxidant and antifungal activities.

Table 1. Characterization of R. microphylla (Rm) fruit extracts.

AE HAE

Total phenolic content, TPC (g GA kg−1 extract) 146.8 ± 0.1a 151.0 ± 3.9a

Antiradical activity, IC50 (mg L−1) 130.0 ± 10.0b 170.0 ± 10.0a

Phenolic compound (mg L−1)
Catechin n.d. 10.4 ± 0.4

Ferulic acid 5.7 ± 0.1a 6.1 ± 1.3a

Gallic acid 203.2 ± 0.7a 98.6 ± 4.4b

p-coumaric acid + epicatechin 7.4 ± 0.2b 78.2 ± 1.5a

Ellagic acid n.d. 2.9 ± 0.1
Apigenin n.d. 0.3 ± 0.0
Quercetin n.d. 2.1 ± 0.0

Resveratrol n.d. 2.9 ± 0.0

AE, aqueous; HAE, hydro-alcohol extracts; n.d.: not detected. The results were obtained using correction factors
from the initial concentration. Values in the same row followed by different letters (a-b) are significantly different (p
< 0.05).

The AE showed higher (p < 0.05) antioxidant potential that HAE (130.0 ± 10.0 and 170 ± 10.0 mg
L−1, respectively), as it is known that lower values of IC50 indicate a more potent antioxidant activity [9].
These results are in agreement with those reported for R. tripartitum fruit extracts (33.5 to 223.3 mg L−1).
Concerning the phenolic profile by UHPLC, the effect of the solvent used in the composition of each
extract was evident (Table 1). The HAE presented eight phenolic compounds of diverse nature, whilst
in the AE only three compounds were detected. The GA was the most abundant compound in both
extracts, being 2-fold higher (p < 0.05) for the AE (203.2 ± 0.7 mg L−1) than the HAE (98.6 ± 4.4 mg L−1).
The mixture of p-coumaric acid + epicatechin was the second in concentration order (78.2 ± 1.5 and
7.4 ± 0.2 mg L−1, for HAE and AE, respectively). These compounds are presented as a mixture, since
their retention time were the same as reported by Jesus et al. [19]. Moreover, flavonoids (catechin,
apigenin, and quercetin), phenolic acids (ellagic and ferulic acids), and a stilbene (resveratrol) were
found in minor quantities in HAE. These phenolic compounds can exhibit a wide range of bioactivities
individually, such as antioxidant, antibacterial, antifungal, anti-cancer, anti-inflammatory, apoptotic,
nutraceutical, and therapeutic effects, among others [2,21]. Therefore, it is indicative of the promising
potential of the Rm extracts, mainly of HAE. This is the first time that the phenolic profile of Rm fruit
extracts is reported.

Moreover, the results of antifungal activity on fungi of commercial importance were
concentration-dependent showing significant differences (p < 0.05) from concentrations higher than
1000 mg L−1 (Figure 1). The HAE presented the highest inhibitory effect on both fungi with a mean
inhibition around 60% at 2500 mg L−1 on F. oxysporum, and 100% of inhibition on C. cassiicola at
3000 mg L−1. These results were reflected on MICs values (Table 2), as the HAE showed an enhanced
effect on C. cassiicola with minor MIC50 and MIC90 values (1802.9 and 3086.3 mg L−1, respectively)
when compared to those obtained for F. oxysporum (2522.5 and 4251.1 mg L−1, respectively). Jasso de
Rodríguez et al. [6] reported lower antifungal effect of R. muelleri leaves ethanol extracts on F. oxysporum,
as they obtained higher MICs values (MIC50 and MIC90 values of 3363 and 11,793 mg L−1, respectively)
than those found for Rm fruit HAE. Such an effect can be attributed to the phenolic compounds
identified in the Rm fruit extracts, which can probably act in synergy (Table 1).



Coatings 2020, 10, 326 8 of 15

Coatings 2020, 10, x FOR PEER REVIEW 7 of 15 

 

anti-cancer, anti-inflammatory, apoptotic, nutraceutical, and therapeutic effects, among others 
[2,21]. Therefore, it is indicative of the promising potential of the Rm extracts, mainly of HAE. This is 
the first time that the phenolic profile of Rm fruit extracts is reported. 

Moreover, the results of antifungal activity on fungi of commercial importance were 
concentration-dependent showing significant differences (p < 0.05) from concentrations higher than 
1000 mg L−1 (Figure 1). The HAE presented the highest inhibitory effect on both fungi with a mean 
inhibition around 60% at 2500 mg L−1 on F. oxysporum, and 100% of inhibition on C. cassiicola at 3000 
mg L−1. These results were reflected on MICs values (Table 2), as the HAE showed an enhanced effect 
on C. cassiicola with minor MIC50 and MIC90 values (1802.9 and 3086.3 mg L−1, respectively) when 
compared to those obtained for F. oxysporum (2522.5 and 4251.1 mg L−1, respectively). Jasso de 
Rodríguez et al. [6] reported lower antifungal effect of R. muelleri leaves ethanol extracts on F. 
oxysporum, as they obtained higher MICs values (MIC50 and MIC90 values of 3363 and 11,793 mg L−1, 
respectively) than those found for Rm fruit HAE. Such an effect can be attributed to the phenolic 
compounds identified in the Rm fruit extracts, which can probably act in synergy (Table 1). 

Table 1. Characterization of R. microphylla (Rm) fruit extracts. 

 AE HAE 
Total phenolic content, TPC (g GA kg−1 extract) 146.8 ± 0.1a 151.0 ± 3.9a 

Antiradical activity, IC50 (mg L−1)  130.0 ± 10.0b  170.0 ± 10.0a 
Phenolic compound (mg L−1)   

Catechin n.d. 10.4 ± 0.4 
Ferulic acid   5.7 ± 0.1a   6.1 ± 1.3a  
Gallic acid 203.2 ± 0.7a  98.6 ± 4.4b  

p-coumaric acid + epicatechin   7.4 ± 0.2b  78.2 ± 1.5a  
Ellagic acid n.d.  2.9 ± 0.1 
Apigenin n.d.  0.3 ± 0.0 
Quercetin n.d.  2.1 ± 0.0 

Resveratrol n.d.  2.9 ± 0.0 
AE, aqueous; HAE, hydro-alcohol extracts; n.d.: not detected. The results were obtained using 
correction factors from the initial concentration. Values in the same row followed by different letters 
(a-b) are significantly different (p < 0.05). 

 
Figure 1. Mean antifungal activity (%) of R. microphylla (Rm) fruit extracts (AE, aqueous; and HAE, 
hydro-alcohol extracts) against C. cassiicola and F. oxysporum. Values at the same extract 
concentration with different letters (a-b) are significantly different (p < 0.05). 

  

Figure 1. Mean antifungal activity (%) of R. microphylla (Rm) fruit extracts (AE, aqueous; and HAE,
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Table 2. Minimum inhibitory concentrations (MICs) of R. microphylla (Rm) fruit extracts that causes a
50% and 90% reduction in the growth of F. oxysporum and C. cassiicola.

Extracts
95% Fiducial Limits 95% Fiducial Limits

MIC50 (mg L−1) Lower Upper MIC90 (mg L−1) Lower Upper

F. oxysporum
AE 5780.8 5387.8 6173.8 9314.5 8909.0 9719.9
HAE 2522.5 2093.2 3181.8 4251.1 3493.4 5874.3

C. cassiicola
AE 3116.7 2901.7 3331.7 5741.2 5524.9 5957.5
HAE 1802.9 978.4 2935.5 3086.3 2256.3 6268.0

AE, aqueous; and HAE, hydro-alcohol extracts.

It is noteworthy that even when AE showed higher GA concentrations, a compound with
proved antifungal effect [24], this extract exhibited the lowest effectiveness. This reveals that the
antifungal action is related not only to a compound but also to the structure and interaction between
the components of the plant extract matrix [25,26]. Therefore, the HAE can be a good alternative for
the management of F. oxysporum and C. cassiicola, very aggressive and devastating fungi in the field,
the damage caused by which usually extends to the fruit in the post-harvest stage [27,28].

Since the HAE presented an outstanding phenolic profile with good antioxidant activity, and
considering its higher antifungal effect, the HAE at 2500 mg L−1 was selected to be incorporated into
the BCm-based films for subsequent characterization studies.

3.2. Film Characterization

3.2.1. Surface Tension and Zeta Potential

In general, addition of the bioactive extract decreased (p < 0.05) the surface tension of the
filmogenic solutions (Table 3). Typically, surfactants such as Tween 80 are used to reduce surface
tension and, thus, the solutions’ wettability towards the surface to be coated is favored [29]. In this
work, such an effect was achieved with HAE incorporation. This may be due to phenolic compounds’
hydroxyl groups detected in the HAE that allowed a better interaction between the filmogenic solutions’
components, as an improved polar groups arrangement in the surface layer is achieved in comparison
with their non-functionalized counterparts [30]. Torres-León et al. [10] reported similar behavior, when
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antioxidant mango seed extract reduced the surface tension of mango by-products coating forming
solution from 57.8 to 52.2 mN m−1, improving its adhesion to the peach fruit.

Table 3. Surface tension, zeta potential (Zp), water vapor permeability (WVP), moisture content, and
solubility of black chia seed mucilage (BCm)-based films.

Film
Formulation

Surface
tension

(mN m−1)

Zp
(mV)

WVP × 10−10

(g m−1 s−1 Pa−1)
Moisture

(%)
Solubility

(%)

BCm0.2 51.6 ± 0.4a
−33.3 ± 2.8a 3.7 ± 0.2a 81.0 ± 1.7a 15.0 ± 3.3a

BCm0.4 50.6 ± 0.2a
−34.4 ± 3.0a 3.7 ± 0.1a 68.4 ± 1.3c 25.0 ± 2.4a

BCm0.2+Rm 43.0 ± 0.8b −32.8 ± 3.8a 3.8 ± 0.2a 79.0 ± 0.7b 23.3 ± 1.5a

BCm0.4+Rm 43.9 ± 1.6b −26.9 ± 3.4a 4.0 ± 0.2a 66.0 ± 0.9d 27.3 ± 4.3a

Rm: hydro-alcohol extract of R. microphylla fruit at 2500 mg L−1. Values in the same column followed by different
letters (a-d) are significantly different (p < 0.05). Values reported are the mean ± standard deviation.

The Zp is an important parameter to determine the surface charge of a filmogenic solution, in order
to evaluate its stability and predict its mode of interaction with the surface to be coated [8]. The Zp
results showed that the formulations had a negative charge, confirming the polyanionic nature of the
BCm-based solutions [15] (Table 3). The results were higher (in the range of −26.9 to −33.3 mV) than
those reported for formulations based on pectin (−17.8 mV), also an anionic polymer [31]. This feature
allowed BCm to form films as a result of interaction with Ca2+ cations, and when the solvent evaporated,
a film matrix was produced [32]. Interestingly, the formulations did not show significant changes in
the Zp values after functionalization nor were they influenced by the BCm concentration, maintaining
their suitable stability.

3.2.2. Water Vapor Permeability (WVP)

The main objective of food packaging is to prevent or reduce water loss due to its direct relation
with deteriorative reactions, therefore low WVP values are desirable [11]. Table 3 shows the WVP
results of semi-permeable BCm-based films, which are in the range of 3.7 − 4.0 × 10−10 g m−1 s−1

Pa−1. These results were consistent with those reported for blends of Cm, whey protein, and glycerol
(1.9 × 10−10 g m−1 s−1 Pa−1) [15]. They also agree with WVP values (1.2 × 10−10 g m−1 s−1 Pa−1)
found by Dick et al. [14], although they used higher Cm and glycerol concentrations (1% w/v and
75%, w/v, respectively). It is worth noting that WVP did not change (p > 0.05) with bioactive extract
incorporation. Similarly, Costa et al. [12] reported that wheat bran arabinoxylans incorporation in
chitosan-based films did not show significant influence on WVP, but they have a positive effect on
other parameters (e.g., mechanical properties’ improvement). The results obtained indicate that it is
feasible to incorporate HAE (at the concentration used) in BCm-based films without altering their WVP.
Moreover, the semi-permeable character of these films could make them optimal for application in
climacteric crops (e.g., avocado, papaya, mango), in which gas exchange (CO2/O2) is necessary, while
restricting the production of ethylene [1].

3.2.3. Moisture Content and Water Solubility

The moisture content and water solubility of BCm-based films are also shown in Table 3. All the
films presented higher moisture content (within the range of 66.0%−80.9%) than that obtained for films
using chia as matrix (36.6% to 41.9% on average) [14,15], which indicates their high biodegradability
capacity [13]. These results could be due to the high BCm absorption properties [33], which in
combination with calcium ions and glycerol, forms a network with greater ability to trap water in
its structure. HAE incorporation into films significantly decreased (p < 0.05) the moisture content
and more compact film surfaces were observed (data not shown), exhibiting that functionalization
influenced the film’s water affinity properties.
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On the other hand, films solubility was not changed (p > 0.05) with the bioactive extract addition,
all films being partially soluble (solubility around 15.0% to 22.3%). These results suggest the high
stability of the forming matrix. However, they do not agree to those previously reported for Cm-based
films, which usually have higher solubility values (in the range of 48%–80%) associated to the Cm
hydrophilic nature [13–15]. The high-water films’ resistance obtained in this work can be a result of a
better interaction of their components (mucilage-calcium-glycerol), making those interesting materials
to be applied in high-humidity foods (e.g., fresh-cut fruits) [34].

3.2.4. Optical Properties

The color and opacity are crucial edible film parameters, which influence product acceptability
and consumer perception [14]. Color results showed that bioactive extract incorporation produced
significantly darker (lower L* values) films, while films presented higher (p < 0.05) ∆E values (Table 4).
Also, their functionalization led to a significant increase (p < 0.05) in color variation between red-green
(a*) and yellow-blue (b*). These observations could be due to the pigments’ red-brownish coloration
present in Rm fruit. The results obtained agree with the findings of Fabra et al. [35], which indicated
that polyphenols present in green tea and grape seed natural extracts imparted color and provided
different light barrier properties to alginate edible films.

Table 4. Color parameters of BCm-based films.

Film Formulation L* a* b* Opacity (%) ∆E

BCm0.2 92.3 ± 0.3a 0.4 ± 0.1d 10.2 ± 0.6d 5.2 ± 0.3c 12.3 ± 0.4d

BCm0.4 85.4 ± 0.5b 1.8 ± 0.1c 17.8 ± 0.4c 6.3 ± 0.4b 17.3 ± 0.4c

BCm0.2+Rm 83.6 ± 0.6c 4.5 ± 0.3b 29.8 ± 1.0b 4.5 ± 0.2d 29.6 ± 1.0b

BCm0.4+Rm 79.8 ± 0.8d 5.6 ± 0.4a 32.1 ± 0.8a 6.8 ± 0.3a 32.4 ± 1.0a

Rm: hydro-alcohol extract of R. microphylla fruit at 2500 mg L−1. Values in the same column followed by different
letters (a-d) are significantly different (p < 0.05).

Regarding film opacity, this increased (p < 0.05) with BCm concentration growth. However,
the HAE addition significantly altered the opacity values of the films, when compared to their
non-functionalized counterparts. This shows that the interaction between phenol compounds and
BCm plays an essential role in the films’ optical properties obtained in this work [11,12].

3.2.5. Film Thickness and Mechanical Properties

The thickness directly affects edible films’ physical, optical, and mechanical properties [20,36].
The films average thickness (40–60 µm) was very similar to the values reported by Dick et al. [14],
which used Cm and different glycerol amounts, obtaining values ranging from 54 to 60 µm. The results
showed that film thickness was significantly affected (p < 0.05) by BCm concentration and HAE
incorporation (Table 5). This has also been confirmed by other researchers [11,13,30], in which there is
a relationship between film thickness and polymer concentration and the incorporation of bioactive
compounds into the filmogenic solution. This relationship also influenced the mechanical properties
of BCm-based films; although relatively low values of TS (0.5–1.6 MPa) and EB (5.5%–14.0%) were
obtained for all the films (Table 5). According to Arquelau et al. [20], this result can be related to their
low thickness and film composition. It is possible that filmogenic matrix components (e.g., sugars,
phenolic compounds) are able to act as plasticizer and in combination with glycerol and BCm fractions,
could cause intermolecular forces changes in the system reducing the films’ resistance.
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Table 5. Thickness and mechanical properties (tensile strength—TS and elongation at break—EB) of
BCm-based films.

Film Formulation Thickness (µm) TS (MPa) EB (%)

BCm0.2 40.0 ± 0.0c 0.5 ± 0.2c 14.0 ± 3.0a

BCm0.4 50.0 ± 0.0b 1.1 ± 0.1b 9.5 ± 1.0b

BCm0.2+Rm 50.0 ± 0.0b 0.6 ± 0.0c 5.5 ± 0.5c

BCm0.4+Rm 60.0 ± 0.0a 1.6 ± 0.4a 7.2 ± 1.4bc

Rm: hydro-alcohol extract of R. microphylla fruit at 2500 mg L−1.Values in the same column followed by different
letters (a-c) are significantly different (p < 0.05). Values reported are the mean ± standard deviation.

It is noteworthy that the films prepared with the highest BCm concentration were more resistant
than those with the lowest BCm ratio [15]; highlighting, the BCm0.4 + Rm film. As stated
by Costa et al. [12], this behavior can be explained by the combination of higher polymer (BCm)
concentration and the addition of bioactive extract (HAE) with a lower moisture content into this film,
resulting in higher TS values. Meanwhile, HAE addition produced a significant decrease (p < 0.05) of
EB values when compared with BCm-based films prepared without HAE (Table 5). These changes may
be related to the best surface tension results detected for the filmogenic solutions with HAE (Table 3).
Hence, homogeneous filmogenic solutions possibly with better adhesion ability associated to reduced
EB of BCm-based films functionalized with bioactive extract were formed [30].

3.2.6. Rheological Behavior

For application purposes, it is important to consider the rheological properties of the filmogenic
solutions, as this allows application methods, sensory qualities, and processing costs to be defined.
Table 6 shows the satisfactorily agreement of experimental data to the Herschel–Bulkley model, as
values of root square mean error (RSME) were very small and the correlation factor (R2) was higher
than 0.999. For all the systems, the viscosity declined as shear rate increases, which confirms their
pseudoplastic behavior (Figure 2a) [37]. This characteristic is typical of polymer solutions, and it is
the result of the random molecular arrangement within the structure of the biopolymer in response
to the flow, therefore, the viscosity tends to decrease [32,38]. Similar results have been reported for
dispersions of chia [32], flaxseed gum [37], and blends of poly(vinyl) alcohol with itaconic acid and
chitosan [38]. The pseudoplastic nature was also corroborated as all solutions showed values of flow
behavior index (n) lower than 1. The consistency index (k) parameter was significantly higher (p < 0.05)
for the solutions with higher concentration of BCm, showing a clear relationship with mucilage
concentration [32]. This implication can be derived from the Herschel–Bulkley model, as the k index is
associated with the viscous nature [39]. Apparently, higher k values indicate a better arrangement of the
systems (inter or intramolecularly) associated with their nature and structural conformation. Moreover,
an increase in the intensity of shear-thinning behavior was observed, since n values significantly
decreased as a consequence of the BCm concentration growth. However, it should be noted that the
addition of HAE did not influence (p > 0.05) the rheological properties (Figure 2b). This is interesting,
since it is possible to have the functionality derived from the bioactive extract without altering the
rheological behavior of the systems.
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Table 6. Rheological parameters of Herschel–Bulkley model for BCm-based filmogenic solutions.

Film Formulation n k (Pa sn) R2 RSME

BCm0.2 0.86 ± 0.00a 0.02 ± 0.00b 0.999 0.6 × 10−4

BCm0.4 0.70 ± 0.00b 0.09 ± 0.01a 0.999 1.3 × 10−4

BCm0.2+Rm 0.87 ± 0.04a 0.02 ± 0.01b 0.998 1.1 × 10−4

BCm0.4+Rm 0.70 ± 0.00b 0.08 ± 0.01a 0.999 1.4 × 10−4

Rm: hydro-alcohol extract of R. microphylla fruit at 2500 mg L−1; n: flow behavior index; k: consistency index; R2:
correlation factor; RSME: root square mean error. Values in the same column followed by different letters (a-b) are
significantly different (p < 0.05). Values reported are the mean ± standard deviation.
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Figure 2. Viscosity (a) and steady shear rate flow (b) at 25 ◦C for BCm-based filmogenic solutions
with and without (-Rm) hydro-alcohol extract (HAE) of R. microphylla fruit at 2500 mg L−1. Lines (·····)
correspond to the Herschel–Bulkley model.

The active BCm-based edible films functionalized with Rm fruit HAE presented attractive
properties; however, future work is required to evaluate their potential application. Besides, it is
necessary to study HAE bioactivity within the film and the release of bioactive compounds from the
film to the produce surface. This work is the first to show the potential Rm fruit HAE to be added to
biodegradable chia-based edible films.
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4. Conclusions

Functional BCm-based films were successfully produced with Rm fruit HAE as antifungal and
antioxidant agent. The HAE was selected as it showed interesting phenolic composition, good
antioxidant activity, and higher antifungal effect against phytopathogenic fungi of commercial
importance, i.e., F. oxysporum and C. cassiicola. The BCm-based solutions exhibited a pseudoplastic
and shear-thinning character, showing a good fit with the Herschel–Bulkley model. Besides, they
presented a polyanionic nature, which favored the formation of films by interaction with calcium ions,
thus obtaining semi-permeable and moderate water-solubility films. The filmogenic solutions’ surface
tension was improved by HAE addition, while their rheological properties were not (p > 0.05) altered,
and their moisture content was significantly reduced. However, all the films showed higher moisture
than those reported in some studies, revealing their high biodegradability capacity. Regarding optical
properties, the films containing HAE were significantly darker and red-brownish in color than films
without HAE. Meanwhile, the combination of higher BCm concentration and HAE incorporation
(BCm0.4 + Rm) led to more resistant, thicker, opaque and darker film, as well as with lower moisture
content, which could be attributed to a better intermolecular interaction between film components.

The use of these novel systems present advantages because they can provide an additional
protection for the produce (i.e., antifungal and antioxidant), while imparting interesting water-barrier,
optical, mechanical, and rheological properties. Additional investigations still have to be performed to
determine their potential application, for example, as a post-harvest technology for fruit and vegetables.
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