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Abstract
The increase in consumer requirements for safe and high-quality food has promoted the development of active and edible 
packaging materials based on biopolymers. In this study, composite tapioca starch films by addition of processed rice 
bran (PRB) microparticles, containing or not the natural antimicrobials natamycin and nisin, were studied in relation to 
their physicochemical properties and antimicrobial activity. It was observed that the presence of PRB addition (0.1–0.3% 
w/w) increased yellowness proportionally to fiber content in films with or without antimicrobials but did not influence on 
thickness and water vapor permeability. Films with 0.2% PRB allowed the highest increase of tensile strength and strain at 
break and reduced the solubility in water, showing the optimal compatibility between PRB and starch matrix containing 
or not antimicrobials. Analysis by FTIR also suggested a good compatibility between filler and matrix through hydrophilic 
groups. Additionally, the analyzed composite films allowed the diffusion of the natural preservatives verified through zones 
of inhibition formed in the halo test against Saccharomyces cerevisiae and Listeria innocua. Consequently, the developed 
biocomposites can be used as an active packaging for food preservation.

Keywords Rice bran · Starch-based edible film · Physicochemical characterization · Natamycin and nisin · Antimicrobial 
performance

Introduction

Traditional packaging materials include synthetic polymers 
derived from petroleum whose residues are not easily assim-
ilated into the environment. This fact, as well as the increase 

in consumer requirements for safe and high-quality food, has 
promoted the development of new improved systems, includ-
ing biodegradable, active, intelligent, and edible packaging. 
The use of edible, natural, and renewable polysaccharides 
from plants and animals (cellulose, starch, chitosan, pec-
tins, etc.) in food-packaging applications has emerged as an 
alternative due to their film-forming properties and environ-
mentally friendly behavior (Daybelis et al., 2015; Gilfillan 
et al., 2012).

In this context, starch is used to obtain films due to its 
high availability and great ability to form an odorless, 
colorless, and transparent polymer matrix (Vásconez et al., 
2009) with low oxygen permeability, which is very inter-
esting for food preservation (Jiménez et al., 2012). It is 
also especially attractive because of its biodegradability 
and low cost (Lafargue et al., 2007).

Nevertheless, starch films present some drawbacks: unsta-
ble mechanical properties due to the retrogradation phenom-
enon and a relatively high water vapor permeability (Wan 
et al., 2015). Plasticizers are usually added to improve pro-
cessing by softening the polymer so that it can be ductile at 
room temperatures (Avérous & Halley, 2009). Additionally, 
starch is hygroscopic because hydroxyl groups presence. 
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However, this nature can be counteracted by adding natural 
fillers like cellulose microfibers or nanofibers, which have 
been shown to improve water resistance, tensile strength, 
and Young’s modulus (Cerqueira et al., 2009).

In order to improve the barrier and mechanical properties of 
starch films, different authors formulated starch-based matrix 
with protein such as zein (Pérez et al., 2021) or nanopacked 
Jamaica flower extract (Toro-Márquez et al., 2018) or with 
natural fibers from vegetable. In this sense, Chen et al. (2009) 
reported that film transparency, tensile strength, elongation at 
break, and water barrier properties were improved when pea 
shell fiber nanoparticles were incorporated in pea starch films. 
In addition, other authors also formulated composite films, 
incorporating natural fibers such as passion fruit peel (Moro 
et al., 2017), kenaf (Zainuddin et al., 2013), luffa (Kaewtatip 
& Thongmee, 2012), and jute (Prachayawarakorn et al., 2013). 
Similarly, Ollé Resa et al. (2021) analyzed edible tapioca starch 
films reinforced with pumpkin bran and oatmeal fillings. Such 
biocomposites develop strong bonds between the fiber and the 
starch matrix improving mechanical properties. When the fib-
ers have a good dispersion in the matrix, avoiding agglomera-
tion, optimal resistance is achieved (Gilfillan et al., 2012).

A novel and interesting natural fiber source can be found 
in rice bran, one of by-products of commercial rice after the 
milling process. It is known that rice bran represents about 
10% of the grain weight and contains good-quality biologi-
cal proteins, fats, and starch. Depending on the variety of 
rice and the type of processing, rice bran contains about 
15–20% fat, 12–16% protein, 23–28% fiber, and 7–10% 
ash. In order to take advantage of this by-product, differ-
ent applications have been proposed that include addition 
of filler in biopolymer-based films, being of great inter-
est at present. Cano et al. (2014) evaluated the effect of 
the amylose:amylopectin ratio and rice bran addition on 
mechanical properties of starch films. They observed more 
resistance to fracture and less extensible films and an 
improvement of the elastic modulus when rice bran with 
lower particle size (<57 μm) was used.

A relevant functionality of active packaging films is their 
ability to modulate the content of additives (antioxidants, 
antimicrobials, etc.) in food interfaces or surfaces (Basch 
et al., 2013). They allow additives to release slowly, increas-
ing their action for a longer time, and maintaining their 
concentration on the surface. In turn, it contributes to the 
protection of these additives by reducing interactions with 
the components of the food matrix. In particular, nisin, an 
antibacterial peptide produced by strains of Lactococcus lac-
tis subspecies Lactis, showed antimicrobial activity towards 
a wide range of gram-positive bacteria, including L. mono-
cytogenes and is considered GRAS (Generally Recognize 
As Safe). In this respect, Ge et al. (2017) demonstrated an 
antimicrobial activity against Staphylococcus aureus owning 

to the addition of nisin in biodegradable gelatin-based edible 
films reinforced with amino-functionalized montmorillonite. 
Likewise, natamycin, an antifungal produced by Streptomy-
ces natalensis, showed activity against molds in several foods 
and has been approved as a food additive in more than 40 
countries. Costa et al. (2018) mentioned that the incorpora-
tion of antimicrobials as natamycin in the starch-based coat-
ing resulted in a reduction of the yeast and mold spoilage. 
Recently, Berti et al. (2020) demonstrated that the starch-
based films added with rice bran and containing natamy-
cin and nisin reduced the surface contamination of Listeria 
innocua and Saccharomyces cerevisiae, improving the micro-
biological quality of Argentinian Port Salut cheese.

To the best of our knowledge, the present research 
proposes for the first time the combined use of a natural 
by-product from rice industrialization and natamycin and 
nisin as natural antimicrobial to produce a biocomposite 
and active packaging material based on starch with the aim 
to find a formulation that optimizes its physical properties 
and, at the same time, maintains an effective protective 
action against spoilage microorganisms to guarantee a safe 
product.

The objective of the present work was to study the effect 
of rice bran addition on the physical properties of biocom-
posite edible films based on tapioca starch and added or not 
with natamycin (antifungal) and nisin (antibacterial). Moreo-
ver, the diffusion of antimicrobials incorporated into films 
to a model system was evaluated.

Materials and Methods

Materials

Tapioca starch was provided by Bernesa S.A. (Argentina) 
and glycerol by Mallinckrodt (Argentina). Commercial 
natamycin (Delvocid® Salt) and commercial nisin (Nisin®) 
were provided by DSM (The Netherlands). Rice (Oryza 
sativa) bran was provided by Cooperativa Arroceros Villa 
Elisa (Entre Ríos, Argentina). Chemicals were of analyti-
cal grade.

Rice Bran Processing

Crude rice bran was processed according Berti et  al. 
(2020) in order to obtain a safe product categorized by 
size. Briefly, a rice bran aqueous suspension (1:10) was 
sterilized, cooled, and washed twice with distilled water. 
Then, solids were separated by centrifugation and freeze-
dried. The powder was ground and classified by sieves. The 
processed rice bran (PRB) with a size smaller than 105 μm 
was characterized.
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Physicochemical Characterization of Processed Rice 
Bran

The proximate analysis of PRB was determined as follow 
and the results were expressed as g/100 g sample:

• Moisture. Samples were dried in a vacuum oven at 100 
ºC for 24 h (AOAC 934.01, 2005).

• Ashes. Calcination was carried out at 500 ºC in a muffle 
(O.R., Apollo, Argentina) (AOAC 942.05, 2005).

• Protein. Samples were treated by Lowry method (Lowry 
et al., 1951).

• Fiber. The neutral detergent method (AOAC 
991.42, 1998) was applied to determine the insoluble 
dietary fiber content.

• Lipids: Samples were extracted with petroleum ether in 
a Soxhlet device (AOAC 960.39, 2005).

• Carbohydrates: it was calculated by subtracting the per-
cent values of other components from 100.

The particle size distribution of processed rice bran

Was determined at room temperature by static light scatter-
ing using a Mastersizer 2000 (Malvern Instruments, Eng-
land) provided with a He–Ne laser (λ 633 nm). The size 
distribution was described using the diameters (μm) d(0.1), 
d(0.5), and d(0.9). These values indicate that 10%, 50%, 
and 90% of the cumulative population corresponds to parti-
cles with a diameter smaller than d(0.1), d(0.5), and d(0.9) 
respectively; the D[3,2] surface–weighted mean diameter 
(Sauter diameter, μm); and the D[4,3] volume–weighted 
mean diameter (De Brouckere diameter, μm).

Scanning electron microscopy

Was performed to observe the PRB morphology, using a 
Zeiss Supra 40 (Carl Zeiss, Germany) microscope. Briefly, 
samples were dried on  CaCl2 and then mounted on a bronze 
stub and sputter coated (Cressington Scientific Instruments 
Sputter Coater, UK) with a layer of gold prior to imaging 
(Alzate et al., 2017).

Film Preparation

Different mixtures of film-forming solutions were prepared 
according to Table 1. Slurries were heated, and starch 
gelatinization was performed at ~1.5 °C  min−1 till 82–85 
°C (Ollé Resa et al., 2014). Briefly, water was stirred with 
glycerol in a beaker; after 10 min, the starch and PRB were 
added and stirring was continued with controlled heating. 
The natamycin and nisin (NANI) solution was added to 
antimicrobial films when the temperature was ~65 °C. The 

film-forming solutions were dispensed in silicon plates (15 
g) and dried during 20 h at 40 °C. Finally, the constituted 
films were conditioned at 25 °C and 57% relative humidity 
before carrying out the different tests.

Physicochemical Characterization of Films

• Color evaluation was carried out using a Minolta color-
imeter (Minolta CM-508d, Japan). The CieLab param-
eters, L*, a*, and b* and yellowness index (YI) were 
measured in at least five positions randomly selected. 
The YI was calculated according to ASTM D1925 
(1988) following Eq. (1):

where X, Y, and Z are tristimulus values with illuminant 
C and observer 2°.

The difference of total color (ΔE) was calculated fol-
lowing Eq. (2):

where Lo*, ao*, and bo* are the corresponding to control 
systems (C or CNANI) parameters and L*, a*, and b* are 
the parameters of the different systems evaluated.

• Water vapor permeability (WVP) was determined 
gravimetrically at 25 ºC according to ASTM E96-00 
(2000) procedure (Ollé Resa et al., 2014).

• Moisture content was determined as described in “Phys-
icochemical Characterization of Processed Rice Bran.”

• Solubility in water (SW) was determined according to 
Flores et al. (2007).

(1)YI =
100

Y
(1,2769 X − 1,0592 Z)

(2)ΔE = (ΔL∗ + Δa∗ + Δb∗)
1∕2

ΔL∗ = L∗ − Lo∗;Δa∗ = a∗ − ao∗;Δb∗ = b∗ − bo∗

Table 1  Composition of different films based on tapioca starch

Values expressed as g 100  g−1 slurry. In all film formulations, 100 g 
of slurry was completed with distillated water

Film Starch Glycerol Processed 
rice bran

Nisin Natamycin

C 5 2 -- -- --
S1 5 2 0.1 -- --
S2 5 2 0.2 -- --
S3 5 2 0.3 -- --
CNANI 5 2 -- 0.027 0.0068
SNANI1 5 2 0.1 0.027 0.0068
SNANI2 5 2 0.2 0.027 0.0068
SNANI3 5 2 0.3 0.027 0.0068
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• Mechanical testing was performed using an Instron Uni-
versal Testing Machine model 3345 (Instron Ltd., USA) 
working in a tensile mode. Previously, sample thickness 
was measured using a digital micrometer (Mitutoyo, 
Japan), at three different positions. Tested filmstrips (60 
mm × 6 mm) were mounted between pneumatic grips 
with an initial separation of 20 mm. The crosshead speed 
applied was 0.8 mm  s−1. Tensile force (N) versus dis-
placement (mm) curves was registered with the Blue Hill 
2.0 software (Instron Ltd., USA). The strength and the 
strain at break, as well as the Young’s modulus, were cal-
culated according to Ollé Resa et al. (2014). Additionally, 
the following parameters for composite materials were 
obtained according to Shia and Hui (1998): 

(

l

h

)

c
=

�fu

2τy
 

that relates the length (l) and the thickness (h) ratio of 
platelet fiber with the interfacial strength (τy, MPa) and 
the fiber ultimate tensile strength (σfu, MPa). A critical 
ratio, 

(

l

h

)

c
 , corresponds to its maximum value for which 

the maximum allowable stress can be achieved for a given 
load. This parameter is determined by the composite 
properties (filler and matrix) and the interactions in the 
fiber–matrix interface. From literature data, the σfu was 
obtained (Chen et al., 2018) while τy was estimated as the 
σm/2 (σm, ultimate tensile strength of matrix).

• Fourier transform infrared spectroscopy (FTIR). A spec-
trometer (V5.3.1 Spectrum, Perkin Elmer Inc., USA) pro-
vided with an Attenuated Total Reflection accessory was 
used. The FTIR spectra were obtained between 400 and 
4000  cm−1 (resolution of 2  cm−1).

• Microscopic observation: Optical microscopy (Olympus 
BX43, Japan) and scanning electron microscopy (SEM) 
was carried out in order to study the morphology of film 
surface and the cross-section (Ollé Resa et al., 2014).

Diffusion Test

The antimicrobials diffusion to a semi-solid medium was 
evaluated. Previously, a mixed culture was prepared with 
yeast Saccharomyces cerevisiae (CBS 1171) and bacteria 
gram-positive Listeria innocua (CIP 80.11) at 28 ºC (Berti 
et al., 2020). The yeast reduces the shelf-life, causes an 
undesirable flavor, and affects visual appearance. While 
the bacteria is used as a surrogate of Listeria monocy-
togenes (Pinto et al., 2011), a pathogenic bacteria that it is 
a public health problem since it produces listeriosis. Both 
microorganisms are representative of common spoilage 
and pathogenic microorganisms present in food. An inocu-
lum of 1 mL was dispensed onto Plate Count Agar (Biokar 
Diagnostics) plates and distributed on the entire surface. 
Subsequently, 0.7-cm-diameter disks of antimicrobial 
films were placed in contact with the inoculated agar. 
Additionally, a film without antimicrobials was analyzed 

as a control system. The plates were stored at 4 °C for 48 
h and then incubated at 28 °C for 24–48 h. The antimicro-
bial effectiveness was determined by the presence of clear 
zones (halos) due to growth inhibition around the disks.

Statistical Analysis of Data

Data were analyzed for differences through one-way 
ANOVA. Significance level (p < 0.05) and the Tukey post 
hoc test were applied. Results are reported based on their 
mean and standard deviation. The software InfoStat version 
2020 (Centro de Transferencia InfoStat, FCA, Universidad 
Nacional de Córdoba, Argentina) was used for data analysis.

Results and Discussion

Physicochemical Characterization of Processed Rice 
Bran

Proximate Analysis

According to the proximate analysis of the PRB (Table 2), 
the insoluble dietary fiber was the main component 
observed. From rice composition data reported in bibli-
ography, the insoluble fiber content in the bran is around 
22-30% w/w (Kalpanadevi et al., 2018). Because of the bran 
preparation in the present work, soluble components (sugars, 
proteins, and gelatinized starch) could be lost, obtaining a 
product with increased fiber content.

Size Particle Distribution and Morphology

The PRB size particle distribution after sieving is shown in 
Fig. 1a. It was observed an asymmetrical distribution where 
d(0.1), d(0.5) and d(0.9) diameters were 26 μm, 77 μm, and 151 
μm, respectively. The different values obtained for D[3,2] (46 
μm) and D[4,3] (84 μm) indicated heterogeneity in sizes and 
shapes of particles. According to the mesh size used to bran 
separation, particles should be lower than 105 μm. Probably, 

Table 2  Proximate analysis of 
processed rice bran

Shown values are an average 
(n = 3) and the corresponding 
standard deviation

Component g 100  g−1 
sample (wet 
base)

Moisture 6.50 ± 0.05
Ash 8.1 ± 0.2
Protein 7.7 ± 0.5
Fiber 34.0 ± 0.6
Lipids 17.2 ± 0.3
Carbohydrates 26.5 ± 2.0
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aggregation or swelling of bran particles in aqueous media 
could be happen and therefore a little fraction of particles 
showed higher sizes values by static light scattering. Addition-
ally, the frequency of different size particles was determined. 
Results indicated that small particles (<10 μm) were 89% by 
number whereas only 11% ranged between 10 and 180 μm.

The morphology of PRB can be seen in Fig. 1b. Irregu-
lar shapes with high proportion of plate-like and jagged 
particles were detected. Most of the particles had a length 
lower 20 μm correlating well with static light scattering 
results. Image analysis (ImageJ 1.53a Wayne Rasband, 
USA) of micrographs allowed estimating an aspect ratio 
(length/thickness) of bran particles around 7.2.

Physicochemical Characterization of Films

Color Evaluation

The color parameters of films are shown in Table 3. It could 
be observed that the control system (C) had the highest L* 

and a* but the lowest b* and YI, in comparison with S1, S2, 
and S3. Moreover, films showed an important increase of 
b* and YI and a moderate but significant reduction of L* 
and a*, as PRB concentration was higher determining that 
the addition of the filler darkened the plain film matrix. It is 
important to remark that the acceptability of the consumer 
will depend on the changes produced in the food natural 
coloration due to the application of the film.

When NANI was added to starch matrix (CNANI), a sig-
nificant increase in yellow color (b* and YI) was observed in 
relation to C. Furthermore, systems with bran and antimicro-
bials (SNANI1, SNANI2, and SNANI3) had higher values 
of b*, YI, and a* than CNANI and PRB-free films. Appar-
ently, the own color of PRB and NANI significantly browned 
the films, being such effect proportionally to fiber concen-
trations. Accordingly, a significant increase in ΔE value for 
higher amounts of PRB was observed, mainly due to the 
increase of b*. Robles-Flores et al. (2018) observed L* val-
ues close to 55 in films and edible coatings obtained from 
the Cajanus cajan seed (protein isolate and gum) applied 

Fig. 1  a Size particle distribution of processed rice bran obtaining by static light scattering and b micrograph of rice bran by scanning electron 
microscopy (bar 100 µm)

Table 3  Color parameters 
of films containing different 
processed rice bran 
concentrations (S1, S2, and 
S3), containing antimicrobials 
and different rice bran 
concentrations (SNANI1, 
SNANI2, and SNANI3) and 
control films (C, CNANI)

Mean and standard deviation are reported (n = 4). Different lowercase letters in the same column indi-
cate significant differences (p < 0.05) among systems without antimicrobials. Different capital letters in the 
same column indicate significant differences (p < 0.05) among systems with antimicrobials.
L*, a* and b* are defined in Physicochemical Characterization of Films

L* a* b* YI ΔE

C 88 ± 1 b −1.18 ± 0.06 a 3.7 ± 0.3 a 6.7 ± 0.5 a −
S1 86.8 ± 0.4 a −1.39 ± 0.05 b 5.5 ± 0.5 b 10.4 ± 0.8 b 2.2 ± 0.2 a
S2 87.1 ± 0.7 a −1.60 ± 0.02 c 6.9 ± 0.2 c 12.8 ± 0.7 c 3.4 ± 0.4 b
S3 86.5 ± 0.6 a −1.62 ± 0.03 c 8.2 ± 0.6 d 15 ± 1 d 4.8 ± 0.2 c
CNANI 87.7 ± 0.5 B −1.23 ± 0.09 A 9.74 ± 0.04 A 18.4 ± 0.5 A −
SNANI1 86.3 ± 0.2 AB −1.2 ± 0.2 AB 13.0 ± 0.6 B 23 ± 1 B 3.5 ± 0.4 A
SNANI2 86.1 ± 0.7 AB −1.17 ± 0.06 B 12.9 ± 0.8 B 25 ± 2 B 3.5 ± 0.4 A
SNANI3 85.0 ± 0.2 A −0.7 ± 0.1 B 15.1 ± 0.8 B 29 ± 2 B 6.0 ± 0.4 B
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to fresh strawberry fruit, reporting that the application of 
edible coating did not affect the strawberries appearance. 
Somboonsub and Thawornchinsombut (2015) also observed 
an L* decrease (91.52 to 86.68) but higher a* and b* values 
(0.41 to 1.78 and 9.11 to 12.42, respectively), when rice 
bran protein was incorporated from 0 to 30 g  g−1 starch to 
cassava starch films.

Water Vapor Permeability

Water vapor permeability results are shown in Table 4. It 
was observed that films with different concentrations of PRB 
added or not with antimicrobials did not show significant 
differences in WVP being the mean value (1.6 ± 0.2) ×10−9 
g  m−1  s−1  Pa−1. Considering the starch-base matrix, the bar-
rier property of studied films agree with those reported by 
Flores et al. (2007) for tapioca starch:glycerol edible films, 
(1.4 ± 0.2) ×  10−9 g  m−1  s−1  Pa−1, and by Famá et al. (2009), 
(5.5 ± 0.1) ×  10−10 g  m−1  s−1  Pa−1, for starch-based films 
plasticized with glycerol and added with 0.15% w/w of 
wheat bran. Other authors (Bernhardt et al., 2017), study-
ing the effect of a filler in the matrix, observed a decrease 
in WVP when corn husk fiber was added to pectin-based 
films, reporting values around 9 ×  10−10 g  m−1  s−1  Pa−1 
for systems with 3–8% w/w fiber in comparison with the 
control without filler (1 ×  10−9 g  m−1  s−1  Pa−1). Moreover, 
Ollé Resa et al. (2014) reported that NANI incorporation 
in a starch matrix did not modify the WVP. The authors 
registered a WVP of (1.89 ± 0.07) ×  10−9 g  m−1  s−1  Pa−1 
and (1.03 ± 0.07) ×  10−9 g  m−1  s−1  Pa−1 for films without 
or with NANI, respectively. Even though the filler addition 
to film matrix supposes a reduction of the vapor transmis-
sion rate, because of the higher tortuosity of the pathway, 
other factors must be considered. It was established that the 
influence of fillers on biobased films permeability depends 

on biopolymer structure, filler concentration, type, and their 
compatibility with the network (Versino & Garcia, 2014). 
Probably, in the present research, the PRB incorporated to 
films formulation was not enough to modify the water bar-
rier property significantly.

Solubility in Water

It is observed in Table 4 that the addition of PRB in S1 and 
S2 decreased the films SW around ≈26% with respect to C. 
A more water-resistant film structure could be the result of 
a strong adhesion between filler and starch matrix. How-
ever, SW of S3 was similar to control C. In this case, such 
PRB level could have disrupted the starch network which 
becomes more susceptible to water as a solvent. Edhirej et al. 
(2017) observed similar effects in relation to cassava/sugar 
palm fiber addition to cassava starch–based composites.

The antimicrobials’ presence increased, in general, the 
SW of films. In a previous report, Ollé Resa et al. (2014) 
observed a plasticizer action of preservatives (NANI) which 
reduced the interactions of biopolymer chains in the matrix 
producing a more soluble film. However, a significant lower 
solubility of SNANI2 was observed, indicating an improve-
ment in water resistance, maybe due to a better interaction 
and compatibility among film components.

Mechanical Properties

The developed films were flexible, were easy to handle, and 
had an average thickness of 0.27 ± 0.04 mm (n = 12). The 
results of tensile strength, Young’s modulus, and strain at 
break of studied films are shown in Fig. 2.

An increase in tensile strength was observed for S2 (1.9 
± 0.2 MPa) in comparison with C, S1, and S3. In addition, 
Young’s modulus was minimal for S1 but non-significant 
differences (p > 0.05) were observed for C, S2, and S3. 
Regarding strain at break, the highest value was obtained 
for S2 (1.35 ± 0.08). It could be established that the major 
factors that modulate the properties of fiber–starch com-
posites are related to fiber volume fraction, dispersion, size, 
shape, orientation, and fiber–matrix adhesion (Gutiérrez 
& Alvarez, 2017). As was previously determined, the par-
ticle size distribution of PRB showed a major proportion 
of small particles (<10 µm). Such fraction was probably 
better covered by the matrix and well separated from each 
other in all samples; therefore, the stress could be trans-
ferred more effectively to the whole composite. Contra-
rily, large particles (10–180 µm) might be hardly lodged 
as bran concentration was increased. According to tensile 
strength results, the higher efficiency of the filler was 
obtained for S2, indicating a more effective adhesion and 
evenly distribution of the stress. Below 0.2%, the amount 
of fiber incorporated was not enough to modify the tensile 

Table 4  WVP and water solubility of films with different concentra-
tions of processed rice bran (S1, S2, and S3), control film (C), and 
films with natamycin, nisin, and different concentrations of processed 
rice bran (CNANI, SNANI1, SNANI2, SNANI3)

Mean and standard deviation are reported (n = 2). Different letters 
indicate significant differences (p < 0.05) in the same column

WVP ×  109 (g  m−1  s−1 
 Pa−1)

Solubility in water (%)

C 1.6 ± 0.3 a 34.6 ± 0.9 a
S1 1.4 ± 0.2 a 26 ± 2 b
S2 1.5 ± 0.2 a 25 ± 2 b
S3 1.7 ± 0.3 a 35 ± 2 a
CNANI 1.9 ± 0.8 A 40.0 ± 0.7 B
SNANI1 1.7 ± 0.1 A 41.6 ± 0.5 B
SNANI2 2.0 ± 0.2 A 37.8 ± 0.7 A
SNANI3 1.3 ± 0.3 A 42.3 ± 0.1 B
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strength significantly. On the other hand, the matrix could 
not be able to properly support the bran particles in S3 
films, especially the big ones, promoting poor distribution 
and flocculation that reduced the reinforcing capacity of 
PRB. It was reported that a plain reinforcement effect of 
fiber is commonly observed until a maximum, which is 
determined by the filler tendency to agglomerate or break 
through the matrix, triggers the weakening of the film 
structure (Kaewtatip & Thongmee, 2012). Kargarzadeh 
et al. (2017) observed similar effects when incorporating 
different amounts of cellulose nanocrystals from rice husk 
fiber to starch matrix. The starch biocomposites with 6% 
d.b. of cellulose nanocrystals showed the highest tensile 
strength with an improvement of 52%, while the addition of 
a higher percent, 8 and 10%, presented lower values. In the 
same way, they observed that the deformation and Young’s 
modulus were maximum with the addition of 6% and then 
decreased with 8 and 10%.

Besides, 
(

l

h

)

c
 was expected in the range of 14–97 and 

compared with the aspect ratio of PRB used herein (≈7.2), 
showing that the maximum filler stress was not reached 
for the studied systems and, consequently, the plain rein-
forcement capacity of the bran was not fully exploited. 
Probably, in S2 film the higher amount of filler could have 
compensated, in part, the low aspect ratio obtained for 
PRB.

Otherwise, when NANI was added to film formulation, 
tensile strength, and Young’s modulus were diminished in all 
systems, which could be attributed to the plasticizer effect of 
antimicrobials on starch matrix, as was previously reported 
(Ollé Resa et al., 2014). Additionally, Shiroodi et al. (2016) 
showed significant reductions in mechanical properties of 
polylactic acid–based films containing nisin compared to 
control films without antimicrobial.

In the present research, besides the NANI presence, the 
reinforcing trend of PRB incorporation was also observed 
(Fig. 2a, b). Accordingly, SNANI2 showed the highest 
tensile strength parameter. In general, tensile strength and 
Young’s modulus decreases (55% and 85% respectively) 
were observed for all systems with NANI in comparison 
with films without antimicrobials. In contrast, the com-
bined presence of NANI and PRB produced a signifi-
cant increase of strain at break (Fig. 2c). Contrarily, Ge 
et al. (2017) reported an increase in tensile strength and 
Young’s modulus but a decrease in strain at break with 
increase in the concentration of amino-functionalized 
montmorillonite (filler) in gelatin-based edible films 
containing nisin.

In order to further characterize the developed films, S2 
and SNANI2 were selected regarding their better mechanical 
properties and SW. In addition, C and CNANI or S1 and S3 
systems were analyzed for comparison reasons.

Fig. 2  Mechanical properties of films: tensile strength at break (a), 
Young’s modulus (b), and strain at break (c). Numbers 1, 2, and 3 
indicate 0.1, 0.2, and 0.3 g processed rice bran 100  g−1 slurry, respec-
tively. Gray and black bars represent films without or with natamycin 
and nisin, respectively. Different letters indicate significant differ-
ences among films (p < 0.05)
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Fourier Transform Infrared Spectroscopy

The FTIR spectra of C, S2, CNANI, and SNANI2 films are 
shown in Fig. 3 where the typical bands of starch matrix, 
as main component of film formulation, were observed: 
a broad band around 3300  cm−1 related to the stretching 
of the O–H groups free or linked by means of intra- and 
intermolecular hydrogen bonds, a peak around 2930  cm−1 
assigned to the C–H bond stretch, a signal at 1650  cm−1 
linked to the O–H flexing of the water in the starch (water 
bound to the structure), and the bands in the range from 1300 
to 900  cm−1 associated to C–O and C–C stretching bonds of 
the anhydroglucose ring, with this zone being more sensi-
tive to molecular conformation (Vicentini et al., 2005). It 
is possible to appreciate that the 1650-cm−1 band (bound 
water) had a different intensity depending on the film sam-
ple. Therefore, the absorbance ratio 1650  cm−1/1455  cm−1 
 (CH2 bending in plane) was calculated to predict the level of 
water present in film matrix, showing that CNANI (0.899) 
> SNANI2 (0.655) > C (0.362) >> S2 (0.019). Apparently, 
films containing S2 excluded some water molecules from the 
film network, possibly in the interphase zone, due to a good 
compatibility between PRB and starch through hydrophilic 
groups. Contrarily, CNANI seemed to develop the major 
water–starch interactions while SNANI2 trended to replace 
some of these with PRB–starch matrix bonds. Edhirej et al. 
(2017) reported that cassava starch film showed an intense 
signal at 1658  cm−1, but this band decreased gradually and 
proportionally as the amount of sugar palm fiber increased. 
The observed trends in the intensity of 1650  cm−1 band in 
the present research can be related with the moisture content 
of films: 30.3 ± 0.1, 34.39 ± 0.05, 15.7 ± 0.2, and 13.5 ± 0.3 

g/100 g w.b. for CNANI, SNANI2, C, and S2, respectively. 
Effectively, S2 film showed the lowest moisture value (p < 
0.05) while NANI presence could promote the establish-
ment of more layers of absorbed water, possibly due to its 
plasticizer effect that imparts a higher hydrophilic charac-
ter of such films as was previously explained in SW results 
(“Solubility in water”). The determined moisture levels and 
the known water plasticizer effect could partially explain 
the strain at break increase of SNANI2 in relation to S2 and 
CNANI and C films (Fig. 2c).

Several authors (Monroy et al., 2018; Wang et al., 2015) 
have reported the 1047  cm−1/1022  cm−1 and 1022  cm−1/995 
 cm−1 absorbance ratios as indicators of ordered-to-amorphous 
and amorphous-to-hydrated starch structures, respectively. On 
increase of starch structure organization, the first mentioned 
ratio increases while the second one decreases (Ambigaipalan 
et al., 2013; Monroy et al., 2018). The calculated 1047  cm−1/1022 
 cm−1 ratios were S2 (1.098) > C (0.627) > SNANI2 (0.595) > 
CNANI (0.444) while 1022  cm−1/995  cm−1 ratios were CNANI 
(1.936) > SNANI2 (1.068) > C (1.007) > S2 (0.675), suggest-
ing that S2 films presented the more organized matrix structure 
while antimicrobial presence, contrarily, increased the amor-
phous character. The plasticizer action of natural preservatives 
was the main reason for SNANI2 and CNANI 1022  cm−1/995 
 cm−1 ratios. It was reported that an increase in the crystalline 
phase of a semi-crystalline material is highly linked with the 
decrease in its moisture content (Famá et al., 2009). Such trend 
could have contributed to the observed reduction in the moisture 
content of S2 and C films in comparison with antimicrobial films. 
In addition, the increase of organized structures in a plasticized 
starch matrix when a cellulosic fiber is added has been linked to a 
facilitated ability of amylopectin chains to crystallize in the filler-
starch interphase zone (Angle`s & Dufresne, 2000). Probably, 
such a condition could have collaborated in the development of 
a higher tensile strength response of S2 films in comparison with 
C, CNANI, and SNANI2 films (Fig. 2a).

Microstructure: Optical Microscopy and SEM

Images observed under the optical microscope showed a 
homogeneous and continuous matrix for C films (Fig. 4a) 
while variable shapes and a uniform PRB distribution in 
a clear matrix could be observed for S1 and S2 (Fig. 4b, 
c). When a higher amount of PRB was used (S3, Fig. 4d), 
particle density increased, darkening the matrix in agree-
ment with color results (Table 3). According to Ludueña 
et al. (2012), the increase of filler density into matrix could 
promote the aggregate constitution. The presence of these 
clusters does not allow correct matrix–filler interaction, 
and therefore a weaker polymer-filler interfacial adhesion 
than expected is obtained. Regarding such phenomenon, 
SW and mechanical results observed for S3 could be 
explained.

Fig. 3  Fourier transform infrared spectroscopy (FTIR) spectra of 
starch-based films: control (C), with 0.2 g of processed rice bran (S2), 
with natamycin and nisin (CNANI), and with 0.2 g of processed rice 
bran, natamycin, and nisin (SNANI2)
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SEM was used to qualitatively examine the microstruc-
ture and the interfacial adhesion of starch matrix and PRB. 
The C films showed a homogeneous surface (Fig. 4e) while 
CNANI exhibited a lattice-like and continuous structure 
(Fig. 4g). Both films had a compact assembly (Fig. 4i-k), and 
some natamycin fragments evenly incorporated into matrix 
were observed in CNANI.

The addition of the filler in S2 and SNANI2 (Fig. 4f-h) 
led to the formation of a more heterogeneous surface with 

some filler particles exposed on the surface (pointed out 
with arrows in Fig. 4f-h).

The micrographs of the fracture surface of S2 and SNANI2 
(Fig. 4j-l) revealed that the PRB was tightly covered with a 
dense starch matrix, being structurally incorporated in the 
network. In addition, no holes or empty spaces were observed 
around the PRB–matrix interface, suggesting strong interaction 
between both components. It was reported that natural fillers 
and starch networks could have high chemical compatibility 

Fig. 4  Optical microscopy of C 
(control film) (a) and films with 
0.1 g (b), 0.2 g (c), and 0.3 g 
(d) of processed rice bran 100 
 g−1 slurry. Scanning electron 
microscopy micrographs (SEM) 
of surfaces of C (e), S2 (f), 
CNANI (g), and SNANI2 (h) 
films. SEM images of fractured 
surfaces C (i), S2 (j), CNANI 
(k), and SNANI2 (l) films. The 
arrows indicate processed rice 
bran particles into the matrix
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and good adhesion in the interfacial zone due to their hydro-
philic character (Kuciel & Liber-Knec, 2009). Similar observa-
tions have been reported by other authors for starch-based com-
posites (Edhirej et al., 2017; Fu et al., 2017; Kargarzadeh et al., 
2017). Moreover, a more integrated network structure in film 
SNANI2 than S2 was observed, suggesting an improvement in 
the compatibility of film components when NANI was present.

Diffusion Test

The results of the diffusion test performed in semi-solid 
medium for S2, CNANI, and SNANI2 are shown in Fig. 5a-c 
respectively. The film with rice bran and without antimicrobial 
(S2) did not allow the formation of halos, showing that this 
film did not present antimicrobial properties (Fig. 5a). On the 
other hand, an internal inhibition halo is observed in Fig. 5b, c 
which corresponds to the L. innocua inhibition zone by action 
of nisin, and an external halo that corresponds to the S. cerevi-
siae inhibition zone by action of natamycin. The diameters of 
the halos were CNANI: 2.5 ± 0.1 cm and SNANI2: 2.1 ± 0.1 
cm for natamycin, and CNANI: 2.1 ± 0.1 cm and SNANI2: 
1.7 ± 0.1 cm for nisin. Although a significantly (p < 0.05) 
lower halo was observed for L. innocua in SNANI2 than in 
CNANI, it was verified that the PRB incorporated (Fig. 5c) 
did not prevent the diffusion of NANI, allowing the formation 
of inhibition halos for yeast and bacteria effectively.

Pintado et al. (2010) observed the formation of halos with 
a similar size in whey protein films containing malic acid, 
nisin, and natamycin, against spoilage (Yarrowia lipolytica 
and Penicillium roqueforti) and pathogenic microorganism (L. 
monocytogenes and Pseudomonas aeruginosa) isolated from 
cheese surface. Additionally, Resa et al. (2014) observed simi-
lar double halos in starch-based film with natamycin and nisin 
and verified that the smallest corresponded to the inhibition of 
growth of L. innocua and the biggest to the one of S. cerevisiae.

Conclusions

It was possible to develop and characterize an edible film 
based on tapioca starch supporting the natural antimicrobials 
natamycin and nisin (NANI) and reinforced with processed 
rice bran (PRB). The influence of PRB presence on film 

properties such as color, solubility in water (SW), mechani-
cal response and the composite structure was established.

This research showed that the incorporation of 0.2% of 
PRB to films without antimicrobials (S2) increased the yel-
lowness, maximized tensile strength, and strain at break 
and reduced the SW, compared with control film (C). The 
addition of NANI reduced the tensile strength and Young 
modulus and increased SW in all formulations. In addition, 
in the antimicrobial film (SNANI2), NANI was available 
to diffuse in a semi-solid medium and showed an effective 
action against S. cerevisiae and L. innocua.

It was proven that agro-waste-based filler addition to 
starch-based films containing NANI enhanced mechanical 
and SW properties and maintained the antimicrobial protec-
tion. Therefore, these results present an ecological approach 
to develop biocomposite films that can be used as active 
packaging material for food preservation.
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