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A B S T R A C T   

The research deals with the development of antimicrobial edible films based on cassava starch/glycerol, added 
with oregano essential oil and prepared by casting. The effect of citric acid and chitosan content on the filḿs 
physical properties was studied using a response surface methodology. It was generally found that citric acid 
acted as a plasticizer while chitosan reinforced the film matrix, depending on the amount involved. One film 
formulation was selected for its high stress at break (σb, 15±1 MPa) and low solubility in water (SW, 12.8±0.3 
%). In the second step, the influence of citric acid or oregano oil presence on the properties of the biopolymer 
matrix was investigated. The thermal stability, chemical interactions, water vapor permeability (WVP), micro
structure and antimicrobial activity of the optimized film were compared with control systems formulated with 
starch/glycerol/chitosan, starch/glycerol/chitosan/citric acid or starch/glycerol/chitosan/oregano oil. The citric 
acid addition increased σb, WVP and thermal resistance while oregano oil improved the WVP but produced ir
regularities in the microstructure of the starch/glycerol/chitosan matrix. Moreover, the presence of oregano oil 
generated a very efficient antimicrobial film against external contamination by Zygosaccharomyces bailii. This 
research confirms that developed films are a relevant alternative for the production of biodegradable active 
packaging.   

1. Introduction 

The production of petroleum-based stuff has been increasing 
continuously reaching 390 Million tons in 2021 (Plastics Europe Report, 
2022), while primary plastic waste accumulation in the environment, 
including soils, water ending and coasts, is expected to grow to 25 
Million tons by 2025. In this context, there is growing concern about 
environmental contamination caused by plastic packaging that pro
motes a shift towards more sustainable and biodegradable materials 
production (Meereboer et al., 2020). 

A promising alternative to reduce the pollution caused by synthetic 
polymers is the research and development of edible and biodegradable 
matrices based on renewable sources that are abundant in nature, have 
low production costs and can be useful for multiple proposes including 

hydrogels for drug delivery (Nasalapure et al., 2021), 
micro-nanoparticles for encapsulation of active compounds (Alzate 
et al., 2020) and food packaging (Atta et al., 2021). Mentioned materials 
include natural biopolymers such as polysaccharides (cellulose and de
rivatives, starch, pectin, galactomannans, carrageenans, chitosan, pul
lulan, alginate, etc.), proteins (soy protein, collagen, casein, whey, etc.) 
and their blends. Among them, starch, the major energy reservoir in 
plants, is one the most studied biopolymers being an auspicious alter
native because of it is fully biodegradable, low cost, and widely available 
(García et al., 2022). However, the use of starch materials for food 
packaging has been restricted due to its hydrophilic characteristic, poor 
moisture barrier and its high water sensitivity. Several strategies have 
been proposed to overcome these drawbacks: hydrophobic substance 
addition, a mixture of starch with other hydrocolloids, composite 
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networks, chemical modification, etc. (Azeredo & Waldron, 2016; Li 
et al., 2019; Wu et al., 2019). Particularly, blends of starch with other 
bio-based polymers have been produced to form mixed materials with 
improved physical properties (Herniou et al., 2019; Shahbazi et al., 
2018). In previous work, starch edible films were improved in relation to 
mechanical resistance when hydroxypropyl methylcellulose or xanthan 
gum were incorporated into film formulation elaborated by casting 
method (Basch, et al., 2013; Arismendi et al., 2013). However, other 
characteristics such as solubility in water or water vapour permeability 
(WVP) still required to be improved. 

Another interesting combination is the mixture of starch and chito
san. Chitosan is a polysaccharide that is mainly obtained by the value 
addition of wastes from crustacean shells. Chitosan has an excellent film- 
forming capacity, selective permeability (CO2 and O2), good mechanical 
properties, as well as proven antimicrobial activity (Florez et al., 2022; 
Sun et al., 2017). Vásconez et al. (2009) observed an important 
improvement in solubility and WVP when chitosan was incorporated 
into starch films. On the contrary, Zheng et al. (2019) studied the 
physicochemical performance of casted chitosan-acorn starch films and 
reported that tensile strength increased but WVP decreased with the 
amount of added starch until a maximum was reached. Such diverse 
results clearly evidence the dependency of film properties on several 
factors such as the proportion of biopolymers, additives presence, the 
filmmaking process, etc. Moreover, it is known that the performance of 
chitosan is dependent on its molecular weight and its degree of deace
tylation, while starch filmmaking effectiveness depends on botanic 
origin, amylose/amylopectin ratio, molecular weight, chain length dis
tribution, etc. Therefore, it is not possible to predict the properties of 
starch/chitosan-based films from the previous reports. Consequently, 
systematic research is needed to complete the information related to this 
kind of film. 

On the other hand, edible films offer the possibility to incorporate 
functional agents such as antimicrobials, antioxidants, etc. in their 
structure to control their release and, in turn, act as a barrier to external 
factors of deterioration (Bhargava et al., 2020). In this regard, active and 
ecological packaging systems can be created to attend to the increasing 
demand of consumers for healthier, fresh and innocuous foods (Chawla 
et al., 2021). The use of edible films and coatings containing antimi
crobials is a useful tool to protect food against pathogens and spoilage 
flora to extend the shelf-life. The most common natural antimicrobials 
used are organic acids, chitosan, plant extracts and their essential oils 
(Campos et al., 2011; Valencia et al., 2018). 

Oregano essential oil is a natural food additive, considered as GRAS 
(generally recognized as safe) according to FDA, has a hydrophobic 
nature and has important antioxidant and antimicrobial properties. 
Moreover, the use of oregano oil for the constitution of active edible 
films could promote improvements in mechanical, barrier and solubility 
film properties. Moreover, carvacrol, one of the main compounds of 
oregano oil, was proposed in previous work (Alzate et al., 2017) to 
develop effective antimicrobial active edible films to protect foods. 

It is important to remark that focused research on the combined 
addition of natural antimicrobials in edible film formulation and the 
impact on its properties are limited. We hypothesize that the incorpo
ration of citric acid, chitosan and oregano essential oil improves the 
physical properties and the antimicrobial action of cassava starch-based 
edible films. In addition, the magnitude of such effects depends on the 
levels and characteristics of the components involved. To the best of our 
knowledge, there are no reports that study at the same time the com
bined effect of chitosan, citric acid and oregano essential oil on the 
physicochemical and antimicrobial properties of starch edible films. 
Thus, it is relevant to study the unique advantages that this king of 
packaging material could offer. Therefore, this research aimed to 
develop antimicrobial edible films by studying the effect of the addition 
of citric acid and chitosan on the physical and mechanical properties of 
cassava starch/glycerol films added with oregano essential oil, using a 
Response Surface Methodology. Moreover, the optimization of the film 

formulation, requiring maximum tensile stress and minimum solubility 
in water, and a further analysis of the influence of citric acid or oregano 
oil on microstructure, physical properties and antimicrobial action were 
also aimed. 

2. Materials and methods 

2.1. Materials 

Food grade cassava starch (Bernesa S.A., Argentina. Purity: 92–98 g/ 
100 g. Amylose content, 19 g/100 g with molecular weights of 68 × 106 

g/mol (amylopectin) and 0.8 × 106 g/mol (amylose) (Alzate et al., 
2017), chitosan (Parafarm, Argentina. Purity: 90.8 g/100 g, deacetyla
tion degree 95 %, Mw 334 kD), glycerol (BioPack, Argentina. Purity ≥
99.5 g/100 g), citric acid (Cicarelli, Argentina. Purity: 99.5 g/100 g), 
oregano essential oil (Euma S.A.I.C.I.yF., Argentina. Used as was pro
vided, without further processing). Other reagents were analytical grade 
and were used without further purification. 

2.2. Preparation of edible films 

In the first study, the films were formulated by modifying the per
centages of citric acid and chitosan according to a Composite Central 
Design experimental scheme (Table 1). Nine formulations were tested, 
including two replicates of the central point (levels of citric acid and 
chitosan coded as 0 in Table 1). All formulations are described in 
Table 2. The steps followed for film production, shown in SM1, were 
those previously suggested by Alzate et al. (2017) with modifications. 

Briefly, chitosan solutions were prepared in 0.5 % v/v glacial acetic 
acid (Anedra, Argentina), based on Composite Central Design re
quirements (Table 2). Cassava starch aqueous suspensions (2 g/50 g 
slurry) were also prepared, stirred (600 rpm) and heated (2.0 ± 0.2 ◦C 
min− 1) on a heating magnetic stirrer (ARE Velp Scientifica, Italy) until 
85 ± 5 ◦C to reach starch gelatinization. Afterward, the corresponding 
chitosan solution was incorporated into the cassava starch slurry and 
stirred until a homogeneous mixture was observed. Then, glycerol was 
added under stirring (600 rpm). Later, citric acid was added according to 
Composite Central Design (Table 2), continuing with stirring (600 rpm) 
at 40 ± 2 ◦C for 30 min. Finally, oregano essential oil was added and an 
emulsion was generated using a homogenizer device (T25 digital, Ultra 
Turrax®, IKA, Germany) at 13,500 rpm for 3 minutes. The final starch, 
glycerol and oregano oil concentrations were 2 g/100 g slurry, 0.41 g/ 
100 g slurry and 1 mL/100 g slurry respectively for all formulations. The 
mixtures were cast in silicone molds (Silikomart, Italy) and dried in a hot 
air oven (Lab-Line Instruments Inc., USA) at 1.0 ± 0.5 m s− 1 and 40 ±
5 ◦C for 16 h. Once constituted, all films were separated from the molds 
and stabilized at 25 ± 1 ◦C in an atmosphere of 57 ± 2 % RH generated 
inside a vacuum desiccator (Nalgene, USA) containing a saturated so
lution of NaBr (BioPack, Argentina) for 7 days previous testing. 

The film composition was optimized by analysis of the Composite 
Central Design (see 2.5 section) and the recommended system included 
0.13 g citric acid/100 g slurry and 0.38 g chitosan/100 g slurry. 

In the second study, three control systems were prepared to analyze 
the effect of individual citric acid or oregano oil incorporation on film 

Table 1 
Independent variables (citric acid, chitosan) and their coded and decoded levels 
for the Composite Central Design.  

Coded Levels Decoded Levels 
citric acid 
(g/100 g slurry) 

chitosan 
(g/100 g slurry) 

-1.41 0.07 0.19 
-1 0.13 0.22 
0 0.27 0.30 
1 0.41 0.38 
1.41 0.47 0.41  
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properties: C1 (2.0/0.41/0.0/0.38/1.0); C2 (2.0/0.41/0.13/0.38/0.0) 
and C3 (2.0/0.41/0.0/0.38/0.0) where numbers in brackets indicate the 
cassava starch/glycerol/citric acid/chitosan/oregano oil content 
expressed as g/100 g slurry or mL/g slurry for oregano oil. The prepa
ration of the control systems was carried out according to the procedure 
described above. The properties of control films were compared with 
those corresponding to the optimized film. 

2.3. Physical properties of edible films 

The determination of the mechanical properties of the films was 
conducted according to Arismendi et al. (2013). Force (N) curves were 
obtained as a function of the clamp displacement (mm). The maximum 
stress at break (σb), the deformation at break (εb) and Young’s modulus 
were calculated individually for each specimen. 

The solubility in water and the water vapor permeability (WVP) were 
determined following the technique used by Alzate et al. (2017). 

The color evaluation was performed using a CM-700d/600d photo
colorimeter (Minolta, Japan) according to the procedure reported by 
Alzate et al. (2017) with minor changes. The CIE Lab L* (luminosity), a* 
(green-red), b* (blue-yellow) and Yellow Index (YI) parameters were 
reported. 

The thermogravimetric Analysis (TGA) was carried out with a TA 
Instruments TGA HI-ResTM500. Samples were heated at a constant rate 
of 10 ∘C/min from room temperature to 600 ∘C under nitrogen atmo
sphere. Derivative thermogravimetric analysis (DTGA) was performed 
to identify the temperatures for the maximum thermal degradation rates 
of the components. 

The chemical structure and interactions were studied using Fourier 
Transform Infrared Spectroscopy (FTIR). Samples were analyzed on a 
Nicolet 8700 FTIR spectrophotometer equipped with an Attenuated 
Total Reflectance accessory in the spectral range from 4000 to 575 
cm− 1. 

The structural characteristics were determined by Environmental 
Scanning Electron Microscopy (ESEM) (XL-30 ESEM, Philips, The 
Netherlands). The surface of the dried samples was coated with gold and 
examined. To observe the cross-section, films were frozen in liquid N2 
and cryo-fractured. All images were obtained with an acceleration 
voltage of 20 kV and magnifications up to 200X. 

2.4. Effectiveness of edible films as barriers to yeast contamination 

The antimicrobial action of films was evaluated using the yeast 
Zygosaccharomyces bailii (ATCC MYA4549), spoilage microorganism 
resistant to acidic media and antimicrobials (Osimani et al., 2022), ac
cording to Alzate et al. (2017). The inoculum was prepared in Sabouraud 
broth (Biokar Diagnostics, France) at 25 ◦C for 24 h. To study the pro
tective behavior of the films when applied to high water activity (aw) 
and acidic products, Sabouraud agar (Biokar Diagnostics, France) of aw 
0.980 and pH 4.5 was formulated. Film disks of 1 cm diameter were 
placed on the surface of the formulated agar. Then, a 10 μL culture of 
Z. bailii with 6 × 105 CFU/mL was seeded on the surface of the film disks. 
The samples were incubated at 25 ◦C. Sampling was carried out at 
selected times by taking two disks of each formulation and suspending 
each one in 1 mL of peptone water (Biokar Diagnostics, France). Serial 
dilutions were then prepared in peptone water to cell enumeration (log 
CFU/g film) by surface agar plate count and incubation at 25 ◦C for 5 
days. All tests were performed at least in duplicate for each formulation. 

2.5. Experimental design and statistical analysis 

The RSM has been extensively used to design, improve and optimize 
processes and formulations. It is possible to model and analyze how the 
responses of interest are influenced by several quantitative factors. 
Despite the analysis and conclusions being constrained to the selected 
intervals of the independent variables and it is not possible the extrap
olation beyond that range, the SRM made it possible to optimize the 
responses and determine the values of the optimal factors (Ashrit et al., 
2022). In the present research, the Statgraphics Centurion XV software 
version 6.0 (StatSoft Inc., USA) was used for the experimental design 
and regression analysis of the data obtained (Arismendi et al., 2013). To 
define the formulations of the films a Composite Central Design with two 
factors, five levels and three central points was used. The two selected 
independent variables were citric acid and chitosan (Table 1). 

Dependent variables were fitted to the following second-degree 
polynomial function: 

ψ = B0 + B1χ1 + B2χ2 + B11χ2
2 + B22χ2

2 + B12χ1χ2 (1) 

Table 2 
Measured responses for Composite Central Design.  

Run citric acid (g/100 g 
slurry) 

Chitosan (g/100 g 
slurry) 

εb (%) σb (MPa) YM (MPa) SW (%) YI CIE Lab 
L* a* b* 

R1 0.27 0.19 64 ± 5b 4.8 ± 0.5a, b 139 ± 12a, 

b 
40.4 ±
0.7g 

20 ± 1a 86.6 ±
0.3e,f 

-1.21 ±
0.04b 

9.8 ± 0.6a 

R2 0.41 0.38 7.4 ±
0.6a 

10.2 ± 0.9c, 

d 
327 ± 38c 35.8 ±

0.8f 
29 ± 2d,e 85.1 ±

0.5ª,b 
-1.0 ± 0.1e 14.9 ±

0.9e,f 

R3 0.41 0.22 111 ±
13c 

6.3 ± 0.6b 107 ± 11a 33 ± 1e,f 19.4 ± 0.9a 86.4 ±
0.2d,e 

-1.21 ±
0.03b 

9.8 ± 0.4a 

R4 0.27 0.30 4.3 ±
0.2a 

10 ± 1 c, d 456 ± 53e 32 ± 4d,e 27.4 ± 0.9c 85.3 ±
0.2b,c 

-1.07 ±
0.07c 

13.9 ±
0.4c,d 

R5 0.27 0.41 14 ± 1a 11 ± 1d 373± 25c, 

d 
29.1 ±
0.3d 

31 ± 2e 85.5 ±
0.4b,c 

-0.97 ±
0.09d,e 

15.3 ± 0.6f 

R6 0.47 0.30 67 ± 9b 6.2 ± 0.9b 193 ± 8b 41 ± 4g 29 ± 1d,e 84.6 ± 0.3a -1.06 ±
0.05c,d 

14.8 ±
0.5e,f 

R7 0.13 0.38 6.7 ±
0.8a 

15 ± 1e 569 ± 24f 12.8 ±
0.3a 

33 ± 2f 86.2 ± 0.4d -1.1 ± 0.1c,d, 

e 
17 ± 1g 

R8 0.27 0.30 7.6 ±
0.4a 

10 ± 1 c, d 461 ± 23e 35 ± 3e,f 28.3 ±
0.9c,d 

85.5 ± 0.3c -1.06 ±
0.04c,d 

14.4 ±
0.4d,e 

R9 0.07 0.30 3.1 ±
0.2a 

10 ± 1c, d 675 ± 63g 17 ± 2b 28 ± 2c 87.0 ± 0.4f -1.39 ±
0.06a 

14 ± 1d,e 

R10 0.13 0.22 1.1 ±
0.1a 

4.4 ± 0.5a 295 ± 33c 24.7 ±
0.5c 

23 ± 1b 86.9 ± 0.4f -1.25 ±
0.04b 

11.8 ± 0.7b 

R11 0.27 0.30 2.1 ±
0.1a 

8.5 ± 0.5c 410 ± 20d, 

e 
36 ± 3e,f 26 ± 2c,d 85.4 ±

0.2b,c 
-1.1 ± 0.1c 13.2 ±

0.9c,d 

εb: Strain at break. σb: Stress at break. YM: Young Modulus. SW: Solubility in Water. YI: Yellowness Index. L*, a*, b*: CIE Lab parameters. 
Values followed by the same letter do not differ significantly (α: 0.05).  
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where ψ is the generic dependent variable; B0 is the value of fitted 
response at the central point of the design, i.e. (χ1 = 0 and χ2 = 0); B1 
and B2 are the linear regression coefficients; B11 and B22 are the 
quadratic regression coefficients; and B12 is the cross-product regression 
coefficient; χ1 and χ2 are the independent variables. 

The analysis of variance (ANOVA) was performed and the effect and 
regression coefficients of individual linear, quadratic and interaction 
terms were determined. The quality of the fitted equation was expressed 
by the coefficient of determination (R2), lack of fit and F-test values. The 
three-dimensional response surfaces were plotted based on Eq. 1, and 
the optimal levels of chitosan and citric acid were selected using the 
desirability function procedure (Barros Neto et al., 2003). 

In addition, one-way ANOVA (Statgraphics Centurion XV) with a 
significance level (α) of 0.05, followed by Fisher’s least significant dif
ference (LSD) post-test, was performed to identify significant differences 
among samples. 

3. Results and discussion 

3.1. Composite central design analysis 

The evaluated responses were fitted to a second-order polynomial 
(Eq. 1) which reasonably represents the influence of citric acid and 
chitosan on film properties, in the region where the levels of the factors 
were selected. In such a quadratic model, the citric acid and chitosan 

Fig. 1. Response surfaces for: (a) Strain at break; (b) Stress at break (MPa), (c) Young Modulus (MPa), (d) Solubility in Water (%), (e) Yellowness Index, (f) L*, (g) a*, 
(h) b*. 
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variables are expressed in the common units of concentration and the 
corresponding coefficients acquired the convenient units to allow the 
calculation of response. 

The measured responses obtained for mechanical properties strain at 
break (εb, %), stress at break (σb, MPa), Young Modulus (MPa), solubility 
in water (%), Yellowness Index and color parameters (L*, a*, b*) are 
summarized in Table 2. Additionally, graphical presentation of curves 
from tensile assays and videos of the characteristics of mechanical 
testing can be seen in SM2, SM3 and SM4. The corresponding response 
surfaces are shown in Fig. 1. The coefficients of the prediction equation 
and the adequacy of the regression are reported in Table 3. All the re
sponses were satisfactorily fitted with the proposed polynomial equation 
with R2 values between 0.8783 - 0.9837, adequate Freg values and a non- 
significant lack of fit (p>0.0604), which indicated that the model suit
ably predicted the responses obtained. 

3.1.1. Mechanical properties 
According to the second-degree polynomial selected model that de

scribes the strain at break (εb) response (Table 3), the linear coefficients 
for chitosan (negative) and citric acid (positive), as well as both square 
coefficients (positives) were highly significant (p<0.01), suggesting 
there is a combination of chitosan and citric acid that minimizes the 
strain value. It was also observed that chitosan coefficients were higher 
than ones for citric acid, indicating the biopolymer exerted a dominant 
effect on εb. As the interaction coefficient, В12, resulted negative and 
significant (p<0.01), an antagonistic interaction could be stated. Fig. 1a 
shows that increasing εb (%) values were obtained as the amount of 
chitosan was reduced below 0.30 % w/w and the level of citric acid 
increased from 0.27 % w/w. For such levels of chitosan, the positive 
influence of citric acid on the strain was very significant. Accordingly, a 
higher εb value was observed for R3 (0.41 citric acid/0.22 chitosan) than 
R10 (0.13 citric acid and 0.22 chitosan), tending Run 10 to the lowest εb 
value (Table 2). Contrarily, for high levels of chitosan, the effect of citric 
acid on strain was reduced. Following the quadratic model, the inferior 
strains were registered for higher contents of chitosan. However, for 
systems with high chitosan and low citric acid (< 0.27 % w/w) contents, 
the strain showed a slight increase (R7, 0.13 citric acid/0.38 chitosan, in 
comparison with R10, 0.13 citric acid and 0.22 chitosan). 

Regarding stress at break (σb), Table 3 shows that the main signifi
cant (p<0.05) coefficient was the linear and positive one for chitosan, 
exhibiting a main linear dependence of the stress with the amount of 
chitosan used in film formulation. However, it is observed in Fig. 1b that 
when citric acid content was low (<0.27 % w/w) the positive effect of 
chitosan on σb was more evident. Interestingly, the stress was slightly 
increased as citric acid rose for formulations with inferior levels of 

chitosan (R10 vs R3, Table 2). Wu et al. (2009) reported that cross
linking bonds between citric acid and biopolymers could create, 
increasing the film resistance to tensile forces. 

Analysis of the Young Modulus response (Table 3), revealed that the 
linear coefficients (positive) for chitosan and (negative) for citric acid 
were highly significant (p<0.01), being the magnitude of the chitosan 
coefficient higher than citric acid one. The negative quadratic coefficient 
for chitosan was also significant (p<0.05), predicting a maximum Young 
Modulus value, which was observed for intermedia level of chitosan and 
low levels of citric acid (Run 9, 0.07 citric acid/0.30 chitosan, Table 2). 
Fig. 1c also denotes that as citric acid decreased, the Young Modulus 
increased, for any chitosan level. 

According to statistical analysis, the effects of citric acid and chitosan 
on mechanical properties depend on the levels used each. In general, 
citric acid exerted a plasticizing effect on mechanical properties, prob
ably by interrupting interactions between biopolymer chains, while 
chitosan reinforced the whole polysaccharide matrix. Probably, a more 
resistant network could be generated due to chitosan and starch chain 
interactions through hydrogen bonds or electrostatic forces. The low 
deformability could be related to the impossibility of polymeric chains 
to slide for maintaining ductile behavior (Chillo et al., 2008; Sun et al., 
2017; Wu et al., 2019). However, those dependencies are not linear 
since significant curvatures or interactions were detected. It is important 
to highlight that this analysis allows us to understand the impact of film 
formulation, in terms of citric acid and chitosan levels, on the me
chanical resistance to decide which could be the most convenient 
combination of additives to obtain a starch/glycerol based film with 
high resistance to act as an active packaging material with antimicrobial 
functionalities, in agreement with the objectives of the present research. 

3.1.2. Solubility in water 
The linear positive coefficient for citric acid was highly significant 

(p<0.01) while quadratic and interaction terms were less influential, 
showing that solubility increased as citric acid increased, with a slight 
curvature. Fig. 1d shows that solubility increased for high citric acid 
amounts. Especially, at high chitosan levels, the effect of citric acid was 
more relevant in determining a broader variation of solubility in com
parison with results for films with low chitosan content. It can be seen in 
Table 2 that R6 (0.47 citric acid/0.30 chitosan) and R1 (0.27 citric acid/ 
0.19 chitosan), showed the highest values. As was previously 
mentioned, citric acid mainly acted as a plasticizer at high chitosan 
levels, which could also increase the solubility because more hydrophilic 
groups were exposed to water as a solvent (Ghanbarzadeh et al., 2011; 
Wu et al., 2019). 

Table 3 
Coefficients of second-degree polynomial function for different variables and ANOVA analysis.  

Coefficient εb (%) σb (MPa) YM (MPa) SW (%) YI L* a* b* 
B0 120.79 -22.66 -1258.54 29.62 -4.18 93.87 -1.78 -2.86 

Linear 
B1 

B2  

-1172.13*** 
549.96***  

138.47** 
52.45*  

11346.30*** 
-369.71***  

-36.76* 
60.39***  

174.38*** 
-17.19  

-40.41*** 
-7.43***  

1.09*** 
2.16***  

96.55*** 
-11.51 

Square 
B11 

B22  

2653.60*** 
690.15***  

-98.44 
-22.59  

-16289.20** 
-463.39  

-157.57 
-188.09*  

-201.43 
20.23  

64.61** 
13.56  

0.01 
-3.31**  

-113.81 
15.73 

Interaction 
B12  -2504.81***  -160.23*  -1236.63  331.69*  7.02  -14.52  0.44  0.23 

Lack of fit (P) 
Freg 

R2 

0.1017 
60.2301 
0.9837 

0.1849 
8.5488 
0.8968 

0.1683 
22.1100 
0.9567 

0.1961 
10.2941 
0.9115 

0.2166 
10.4488 
0.9127 

0.0878 
11.9736 
0.9229 

0.0604 
7.2188 
0.8783 

0.2537 
10.8104 
0.9153 

1: chitosan, 2: citric acid 
* Significant at p<0.1 
** Significant at p<0.05 
*** Significant at p<0.01 

εb: Strain at break. σb: Stress at break. YM: Young Modulus. SW: Solubility in Water. YI: Yellowness Index. L*, a*, b*: CIE Lab parameter  

M.S. Hernández et al.                                                                                                                                                                                                                          



Carbohydrate Polymer Technologies and Applications 5 (2023) 100307

6

3.1.3. Color evaluation 
The quadratic prediction model of L* indicated very significant 

linear negative coefficients for chitosan and citric acid (p<0.01, 
Table 3). Therefore, an increase of these components trended to 
decrease L*, denoting a less luminous film was obtained. Besides, a 
square positive coefficient was also significant for chitosan (p<0.05), 
suggesting a slight curvature of the response. Accordingly, there was a 
chitosan level that minimized the L* value (around 0.47 citric acid/0.30 
chitosan (R6), Table 2). In addition, Fig. 1f denotes that parameter L* 
acquired the highest values with citric acid and chitosan decrements. As 
was previously mentioned, chitosan addition increased the film dark
ening and, as a consequence the L* reduction. 

Regression analysis showed that only the linear and positive coeffi
cient for chitosan was vastly significant (p<0.01, Table 3), specifying 
that Yellowness Index and b* values increased as a function of chitosan 
content being the model curvature not significant (Figs. 1e and 1h). This 
trend was attributed to the light brown original color of chitosan 
whereby its addition to formulation promoted a yellow component in
crease in the film color (Chillo et al., 2008). Contrarily, the different 
citric acid levels did not affect the Yellowness and b* significantly. 
Accordingly, R7 (0.13 citric acid/0.38 chitosan, Table 2) and R5 (0.27 
citric acid/0.41 chitosan, Table 2) tended to maximize Yellowness and 
b* results. 

Regarding a* parameter, films showed negative values (greenness) 
from -0.97 to -1.25, Table 2). A linear (positive) coefficient was highly 
significant for chitosan and citric acid (p<0.01), and a square (negative) 
coefficient was significant for citric acid (p<0.05). Fig. 1g illustrates that 
a* was increased (less negative) as chitosan content was higher. In 
addition, the lowest greenness (highest a*) trended to be reached for 
intermedia citric acid levels and high chitosan amount (R5, Table 2). 

3.1.4. Optimization of film formulation 
To select a film formulation with high mechanical resistance and low 

SW, which are convenient characteristics of active food packaging, an 
optimization technique was performed where the σb and the SW were 
required to be maximum and minimum, respectively. According to 
Desirability Function Procedure applied, R7 (0.13 citric acid/0.38 chi
tosan) meets the announced criteria simultaneously (σb: 15±1 MPa and 
solubility in water: 12.8±0.3 %) with a very appropriate Desirability 
value of 0.9136. The stress results are in agreement with those reported 
by Chillo et al. (2008) for edible films based on cassava starch/glycer
ol/chitosan (1-20 MPa) but without antimicrobial agents. Moreover, the 
optimized σb represents an improvement in comparison with typical 
strength values of plane starch films plasticized with glycerol and con
taining essential oil (2.6-5.2 MPa) (Li et al., 2018) which is known to 
reduce the mechanical resistance of films. Regarding SW, the present 
research found a lower value than those reported by Vázcones et al. 
(2009), 25 %, and Li et al. (2018), 18 %, being more convenient for films 
destined to act as a packaging material. Moreover, the recommended 
film was further studied to analyze the influence of the citric acid and/or 
oregano essential oil addition on the thermal and mechanical properties, 
chemical structure (FTIR), solubility in water, WVP, color parameters, 
microstructure and antimicrobial activity, as discussed in the following 
section. 

3.2. Analysis of citric acid and oregano essential oil addition on properties 
of films 

3.2.1. Thermal analysis 
The thermal stability of films was studied through thermogravi

metric analysis (Fig. 2). The first weight loss, from the initial 

Fig. 2. TGA and DTG curves of films: (a) citric acid 0.13/ chitosan 0.38/ oregano oil 1.0; (b) citric acid 0.0 / chitosan 0.38 / oregano oil 1.0; (c) citric acid 0.13/ 
chitosan 0.38 / oregano oil 0.0; (d) citric acid 0.0 / chitosan 0.38 /oregano oil 0.0. 
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temperature to approximately 88-98 ◦C, could be mainly attributed to 
the removal of moisture. In addition, it was reported that the loss of 
minor volatile compounds present in oregano oil could occur continu
ously from room temperature until the boiling point of other compo
nents (~ 232-237 ◦C for carvacrol and thymol) was reached (Pelissari 
et al., 2009). A second weight loss, ~254 ◦C, was observed for C1 (citric 
acid 0.0/chitosan 0.38/oregano oil 1.0) films (Fig. 2b) and it is probably 
associated with the oregano oil components linked to the biopolymer 
matrix. The main weight loss occurs between 255 ◦C and above 400 ◦C 
for all samples. It was related to the decomposition of the –CH2OH group 
and the plasticization of starch, as well as, the decomposition of glycerol 
(~290 ◦C). Finally, the total degradation of the chitosan and cassava 
starch cyclic structures arises at 600 ◦C (Wu et al., 2019; Lozano et al., 
2018). It is interesting to remark that C2 (citric acid 0.13/ chitosan 0.38 
/ oregano oil 0) films showed the main weight loss at the highest tem
perature (302.7 ◦C), showing a slight improvement in resistance to 
thermal degradation. 

3.2.2. Fourier transform infrared spectroscopy (FTIR) 
FTIR spectra of the tested samples are presented in Fig. 3. For com

parison reasons, two extra films based on individual biopolymers (cas
sava starch/glycerol and chitosan/glycerol), oregano oil and citric acid 
spectra were incorporated. 

In general, it was observed that the FTIR spectra profile of analyzed 
films (R7 and controls, Fig. 3 a), b), c) and d)) are similar showing 
typical vibrations bands of biopolymers based on starch and chitosan. 
This indicates that new covalent bonds were not formed or detected 
(González et al., 2021) by the addition of citric acid or oregano oil. 
However, shifts in several bands were identified which are representa
tive of physical interactions among film components. The FTIR spectra 
of all films and oregano oil present a broad band located in the region of 
3600-3100 cm− 1 which is mainly due to the superposition of the 
stretching vibrations of O-H and N-H groups participating in intra and 
intermolecular H bonds (O-H 3500-3250 cm− 1 and N-H 3400-3250 
cm− 1, respectively). In addition, it was previously reported (Mathew 

Fig. 3. . FTIR spectra of films based on starch/glycerol and added as follows: (a) film R7, citric acid 0.13/chitosan 0.38/oregano oil 1.0; (b) film C1, citric acid 0.0/ 
chitosan 0.38/oregano oil 1.0; (c) film C2, citric acid 0.13/chitosan 0.38/oregano oil 0.0; (d) film C3, citric acid 0.0/chitosan 0.38/oregano oil 0.0. Films based on 
individual biopolymers (e) cassava starch/glycerol, (f) chitosan/glycerol, and individual components (g) oregano oil and (h) citric acid spectra were incorporated for 
comparison reasons. 
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et al., 2006) that -NH3
+ in chitosan (dissolved in acidic media) can 

establish numerous H bonds with electronegative atoms of starch (-OH, 
C-O-C), helping to improve the compatibility between biopolymers. This 
band showed a minimum at 3283.9, 3281 and 3284.1 cm− 1 in C3 (citric 
acid 0.0/chitosan 0.38 oregano oil 0.0), C2 (citric acid 0.13/ chitosan 
0.38 / oregano oil 0.0) and C1 (citric acid 0.0/ chitosan 0.38 / oregano 
oil 1.0) films, respectively, while it was shifted to 3267.7 cm− 1 in R7 
(citric acid 0.13/ chitosan 0.38/ oregano oil 1.0) system. Such red 
shifting in frequency is a measure of the increase in strength of the H 
bond (Silverstein et al., 1991) after the simultaneous addition of citric 
acid and oregano oil in the film matrix (R7). According to Wu et al. 
(2019), these intermolecular interactions could be due to the formation 
of hydrogen bonds between -OH groups of cassava starch and chitosan. 
In addition, other proton donor groups (-COOH, -OH, -NH2, -CONH2) 
and proton acceptor atoms (O and N) in water, glycerol, citric acid and 
oregano oil could be participated promoting the shifting of the O-H 
stretching band in R7. The magnitude of the shifting was 2.9, -0.2 and 
16.2 cm− 1 for C2, C1 and R7 respectively, in comparison with O-H 
stretching band in C3 (starch, chitosan and glycerol but without citric 
acid and oregano oil). To estimate the percentage of hydrogen bonding 
in films, it was considered that the broad band around 3279 cm− 1 is the 
result of the contribution of several absorption events, including free 
(~3500 cm− 1), intra (~3450 cm− 1) and intermolecular (~3180 cm− 1) 
H-O stretching (Janardhnan & Sain, 2011; Zagar & Grdadolnik, 2003). 
Regarding the absorbance intensity at those frequencies, the calculated 
percentages of free, intra e inter OH were 22%, 35.5% and 42.5% 
respectively for R7 while average values for C1, C2 and C3 were 20.7%, 
35.6% and 43.7% (Guo et al., 2010; Liu et al., 2020) (SM5). It is possible 
to observe that intra and inter O-H stretching prevailed in all films. 
However, these interactions were more strength in R7 (lower wave
number of the O-H band) than in C1, C2 and C3. 

Another common band observed was the symmetric and asymmetric 
C-H bond stretching. Furthermore, a band at 1645 cm− 1 assignable to 
the H-O-H bending of the water in films (water bound to the structure) 
was observed for all the films but it shifted at a lower wavenumber, 
1631–1635 cm− 1, and showed lower intensity, in R7 (cassava starch/ 
glycerol/chitosan with citric acid and oregano oil) and C2 (cassava 
starch/glycerol/chitosan with citric acid) films, probably due to a high 
number of the molecular interactions among film-forming components 
instead water-cassava starch/chitosan interactions. According to Kumar 
et al. (2018), when water molecules are strongly interacting through H 
bonding, their bending vibration requires relatively higher energy to 
undergo excitation. Therefore, a red shifting of this band suggested that 
the extent of such interaction between acceptor groups with the bound 
water present in R7 and C2 systems decreased. 

The band observed at 1652 cm− 1 in chitosan/glycerol film, can be 
associated with C=O stretching (Amide I) due to the chitin residues 
present in the films. This mode was superimposed to those of O-H 
bending of water (~1645 cm− 1). Another evident characteristic peak in 
chitosan/glycerol sample is the N-H bending (Amide II) at 1557 cm− 1 

and, similarly, it was observed in C3 (citric acid 0.0/ chitosan 0.38/ 
oregano oil 0.0) (1557 cm− 1). However, this bending was shifted to 
1575, 1564 and 1573 cm− 1 in C1 (citric acid 0.0 /chitosan 0.38/oregano 
oil 1.0), C2 (citric acid 0.13/chitosan 0.38/oregano oil 0.0) and R7 
(citric acid 0.13/chitosan 0.38/oregano oil 1.0), respectively. This result 
indicates the interaction of the hydroxyl groups of cassava starch, citric 
acid or oregano oil with the amide groups of chitosan (Pelissari et al., 
2009). 

Finally, several authors Berti et al. (2021), indicated that in the FTIR 
spectroscopy of polysaccharides, the peaks located in the region be
tween 1300 - 900 cm− 1 are mainly owing to the C-C and C-O stretching 
in the pyranose ring (centered at 1015 cm− 1) and to the C-O-C stretching 
of the glycosidic bond located at 1151 cm− 1. It is interesting to note that 
the peaks at 1013 cm− 1 and 994 cm− 1 in C3 (citric acid 0/ chitosan 
0.38/oregano oil 0.0), C2 (citric acid 0.13/chitosan 0.38/oregano oil 
0.0) and C1(citric acid 0/chitosan 0.38/oregano oil 1.0) were displaced 

to 1017 cm− 1 and 997 cm− 1 in R7 (citric acid 0.13/ chitosan 
0.38/oregano oil 1.0) suggesting a diminishing physical interaction 
between -OH from starch or chitosan and C-O-C group of anhy
droglucose ring due to a new biopolymer-citric acid or 
biopolymer-oregano oil interactions (Ma et al., 2008). 

3.2.3. Mechanical properties 
The curves from tensile assays are shown in SM2. It can be seen in 

Table 4 that C3 (citric acid 0.0/chitosan 0.38/ oregano oil 0.0) films 
presented σb and YM values of 14.6±0.5 MPa and 763±65 MPa, 
respectively. As was established in FTIR analysis, chitosan and cassava 
starch are compatible biopolymers for films constitution, since inter- 
chain H bonds could be established between –NH2 and –OH groups, 
promoting a continuous and resistant matrix (Vásconez et al., 2009) 

On the other hand, the oregano oil addition (C1, citric acid 0.0/ 
chitosan 0.38/oregano oil 1.0) showed a non-significant (p>0.05) ten
dency to reduce such parameters. The amount of oregano oil added (1 g/ 
100 g slurry) seemed to be not enough to affect the mechanical resis
tance developed in C3 (citric acid 0.0/chitosan 0.38/oregano oil 0.0). 
Therefore, films C1 (citric acid 0.0/chitosan 0.38/ oregano oil 1.0) and 
C3 (citric acid 0.0/chitosan 0.38/oregano oil 0.0) exhibited the lowest 
σb values, in comparison with R7 (citric acid 0.13/ chitosan 0.38/ 
oregano oil 1.0) and C2 (citric acid 0.13/chitosan 0.38/oregano oil 0.0). 
On the contrary, citric acid incorporation (C2, citric acid 0.13/chitosan 
0.38/oregano oil 0.0 films) rendered the most resistant to tensile forces 
and stiffest films. It could be postulated that more physical and/or 
chemical intermolecular junction points among biopolymers were pro
moted, which reinforced mechanical response in citric acid 0.13/chi
tosan 0.38/oregano oil 0.0 films. Such results could be associated with a 
decrease in pH level that induces hydrolysis of cassava starch or chitosan 
glycosidic bonds during slurry preparation, rendering shorter and linear 
fragments of biopolymers and, as a consequence, a stiffer film matrix 
(Shi et al., 2007). In addition, several authors have previously reported a 
cross-linker action of citric acid under controlled conditions (citric acid 
level, temperature and reaction time, polysaccharide matrix, solvent 
used, etc.) by forming di-ester bindings (Ma et al., 2008; Wu et al., 
2019). However, after adding citric acid into cassava starch/glycer
ol/chitosan films, the esterification between citric acid and either starch 
or chitosan, could not be corroborated by FTIR analysis due to the 
absence of a new peak around 1720 cm− 1 (C3, citric acid 0.0/chitosan 
0.38/oregano oil 0.0 vs C2, citric acid 0.13/chitosan 0.38/oregano oil 
0.0 films). The σb value for R7 (citric acid 0.13/chitosan 0.38/ oregano 
oil 1.0) film, showed an intermediate behavior between C2 (citric acid 
0.13/chitosan 0.38 /oregano oil 0.0) and C1 (citric acid 0/chitosan 
0.38/oregano oil 1.0) films, because both components (citric acid and 
oregano oil) counteract their individual effects (Pelissari et al., 2009). 
However, YM showed the lowest value for R7 (citric acid 0.13/chitosan 
0.38/ oregano oil 1.0), suggesting that material with a reduced solid 
character was obtained after the combined addition of citric acid and 
oregano oil. 

Regarding the extensibility of films, C1 (citric acid 0.0/chitosan 
0.38/oregano oil 1.0) exposed the highest εb, showing the important 
plasticizer action of oregano oil (Pelissari et al., 2009). In agreement 
with the reinforced effect observed for citric acid addition, the εb was 
lower for C2 (citric acid 0.13/ chitosan 0.38/oregano oil 0.0) and R7 
(citric acid 0.13/chitosan 0.38/oregano oil 1.0) films in comparison 
with C1 (citric acid 0.0/chitosan 0.38 /oregano oil 1.0) and C3 (citric 
acid 0.0/chitosan 0.38/oregano oil 0.0). It is interesting to mention that 
C1 (citric acid 0.0/chitosan 0.38/oregano oil 1.0), R7 (citric acid 
0.13/chitosan 0.38/oregano oil 1.0) and Run 2 (citric acid 0.41/chito
san 0.38/ oregano oil 1.0, Table 2) films, had similar formulation except 
for citric acid content. As was previously discussed, the incorporation of 
citric acid at a level of 0.13 g/100 g slurry, increased σb (C1, citric acid 
0.0/chitosan 0.38/oregano oil 1.0) vs R7 (citric acid 0.13/ chitosan 
0.38/ oregano oil 1.0). On the contrary, the addition of 0.41 g/100 g 
slurry citric acid (Run 2), rendered films with lower σb and YM but 
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higher εb (R7, citric acid 0.13/chitosan 0.38/oregano oil 1.0 vs. Run 2, 
citric acid 0.41/chitosan 0.38/ oregano oil 1.0,), suggesting that there 
was a critical citric acid amount that could reinforce the film matrix, and 
that exceeding this level, the citric acid may act as a plasticizer agent 
(Wu et al., 2019). 

It must be highlighted that the materials herein developed (Table 4) 
showed high mechanical resistance, comparable with those of tradi
tional commodities used to obtain films or trays for food packaging. It 
was reported that low density polyethylene trays presented σb around 6- 
17 MPa and YM around 300-500 MPa, while high density polyethylene 
or polypropylene had strengths of 21-40 MPa and YM ranging from 600 
to 1500 MPa (Eriksen et al., 2019; Yam, 2009). In addition, the obtained 
cassava starch/chitosan films introduce the advantage of incorporating 
antimicrobial compounds, converting films into active packaging 
materials. 

3.2.4. Solubility in water and water vapor permeability (WVP) 
The solubility in water (Table 4) was significantly (p<0.05) reduced, 

around 31.6%, by addition of citric acid and/or oregano oil (C1, citric 
acid 0.0/chitosan 0.38/oregano oil 1.0; C2, citric acid 0.13/chitosan 
0.38 /oregano oil 0.0 and R7, citric acid 0.13/chitosan 0.38/oregano oil 
1.0 vs. C3, citric acid 0.0/chitosan 0.38/oregano oil 0.0). This result 
could denote that citric acid reduces the solubility of the film because 
promote a stiffer film matrix as was previously mentioned. Therefore, it 
was observed that better conditions for biopolymer interactions or 
increased hydrophobic character were obtained after citric acid and 
oregano oil incorporation, either in a single or combined way. Regarding 
R7 (citric acid 0.13/chitosan 0.38/oregano oil 1.0), it was not observed 
an additive effect due to the simultaneous presence of oregano oil and 
citric acid in the reduction of solubility in water. 

On the other hand, the WVP of the films increased significantly 
(p<0.05) with the incorporation of citric acid and oregano oil (Table 4). 
The highest value of WVP was obtained for R7 (citric acid 0.13/chitosan 
0.38/oregano oil 1.0) film probably due to the increment of interaction 
with water vapor and advocating the permeability. On the contrary, C1 
films were the ones with the better barrier to water vapor. The oregano 
oil addition could reduce the matrix hydrophilic character, avoiding the 
mobility of water vapor molecules through the material. However, 
adding citric acid only (C2 films, citric acid 0.13/chitosan 0.38 /oregano 
oil 0.0) did not modify this parameter in comparison with C3 system 
(citric acid 0.0/chitosan 0.38/oregano oil 0.0). Lower values of WVP in 
C1 (citric acid 0.0/chitosan 0.38/oregano oil 1.0), C2 (citric acid 0.13/ 
chitosan 0.38 /oregano oil 0.0) and C3 (citric acid 0.0/chitosan 0.38/ 
oregano oil 0.0) films could be associated to raised interactions attrib
utable to H bonding among chitosan, cassava starch, and individual 
citric acid or oregano oil. The WVP values agree with those reported by 
Pelissari et al. (2009) in cassava starch/chitosan films adding oregano 
oil. 

Additionally, the contact angle of films was determined (SM6). It was 
observed that all films have hydrophilic surfaces (angle < 65◦). The 

lowest angle was for C2, citric acid 0.13/chitosan 0.38 /oregano oil 0.0, 
(4.7◦±0.3◦), suggesting that more polar (hydrophilic) sites could appear 
on surface of this film. Such phenomenon could explain, in part, the high 
WVP value observed since water vapor molecules may be faster absor
bed on surface. On the contrary, higher angle values were obtained for 
other films (15.8◦-25◦). 

3.2.5. Color evaluation 
Films C2 (citric acid 0.13/chitosan 0.38 /oregano oil 0.0) and C3 

(citric acid 0.0/chitosan 0.38/oregano oil 0.0) showed higher values of 
L* (Table 4) but lower values of a*, b* and Yellowness Index. The 
addition of citric acid and oregano oil in base-film formulation (Film R7: 
citric acid 0.13/chitosan 0.38/oregano oil 1.0) reduced significantly L* 
(85.3) and increased a*, b* and Yellowness Index. Similar behavior was 
exhibited by parameters of Film C1(citric acid 0.0/chitosan 0.38 
/oregano oil 1.0): the lowest L* value and the highest values of b* and 
Yellowness Index. The own color of the oregano oil, produced more 
browned matrices and, accordingly, less luminous (L*) and greenness 
(a*) materials (Suput et al., 2016). 

3.2.6. ESEM 
ESEM images of surfaces and cross-sections of all films can be seen in 

Fig. 4. The microstructure of C3 (citric acid 0.0/chitosan 0.38/oregano 
oil 0.0) shows the compatibility of cassava starch and chitosan bio
polymers, plasticized with glycerol: uniform surface with the presence of 
particles (Fig. 4g), while the cross-section displays the level of integra
tion of both macromolecules resulting in a compact material (Mathew 
et al., 2006) (Fig. 4h). 

In the case of C2 (citric acid 0.13/chitosan 0.38/oregano oil 0.0), it 
was also homogeneous and continuous on the surface (Fig. 4e and the 
cross-section displays a denser and more compact matrix (Fig. 4f) than 
C3 (citric acid 0.0/chitosan 0.38/oregano oil 0.0) films. The citric acid 
addition improved the compatibility between cassava starch and chi
tosan (C3 film: citric acid 0.0/chitosan 0.38/oregano oil 0.0) and this 
result could explain, in part, the high stiffness and resistance to disso
lution in water material, as was previously described. On the contrary, 
the oregano oil addition (C1 film: citric acid 0.0/chitosan 0.38/oregano 
oil 1.0), introduced a new phase that was evenly distributed through the 
film matrix, without evident flocculation but, at the same time, 
rendering a more irregular microstructure. Roughness in C1 (citric acid 
0.0/chitosan 0.38/oregano oil 1.0), surface (Fig. 4c) may be related to 
the distribution of a hydrophobic compound like oregano oil (Cao & 
Song, 2019). In addition, the cross-section of C1 (citric acid 0.0/chitosan 
0.38/oregano oil 1.0) (Fig. 4d) was less compact and showed the pres
ence of pores (Shi et al., 2007). When both the citric acid and oregano oil 
were added (R7 film: citric acid 0.13/chitosan 0.38/oregano oil 1.0), it 
can be observed that the surface remained uneven but with a different 
structure (Fig. 4a) showing folds and absence of pores. A previous report 
(Dhumal et al., 2019) stated that the addition of carvacrol into sago 
starch/guar gum matrix produced roughness in the film surface. The 

Table 4 
Measured responses for optimized edible film and controls.  

Film εb (%) σb (MPa) YM (MPa) SW (%) WVP(g/m s Pa) x 10− 9 YI CIE Lab 
L* a* b* 

R7: Citric Acid 0.13/ Chitosan 0.38/Oregano Oil 1.0  
6.1 ± 0.2a 18 ± 3b 610 ± 59a 17 ± 2a 1.39 ± 0.09b 32.1 ± 1.3b 85.3 ± 0.4b -0.63 ± 0.06c 16.4 ± 0.7b 

C1: Citric Acid 0.0/Chitosan 0.38 /Oregano Oil 1.0  
10.6 ± 0.6d 13.3 ± 0.9a 704 ± 61b 18 ± 1a 0.81 ± 0.04a 45.1 ± 0.9c 81.8 ± 0.5a -1.01 ± 0.08b 23.2 ± 1.4c 

C2: Citric Acid 0.13 /Chitosan 0.38 /Oregano Oil 0.0  
7.2 ± 0.8b 29 ± 2c 1024 ± 121c 18.3 ± 0.8a 1.1 ± 0.2a,b 23.5 ± 2.2a 87.4 ± 0.7c -1.6 ± 0.1a 12 ± 1a 

C3: Citric Acid 0.0/Chitosan 0.38 /Oregano Oil 0.0  
8.7 ± 0.8c 14.6 ± 0.5a 763 ± 65b 26 ± 2b 1.1 ± 0.1a,b 23 ± 1a 85.7 ± 0.6b -1.70 ± 0.07a 12.1 ± 0.7a 

εb: Strain at break. σb: Stress at break. YM: Young Modulus. SW: Solubility in Water. WVP: Water Vapor Permeability. YI: Yellowness Index. L*, a*, b*: CIE Lab pa
rameters. Values followed by the same letter do not differ significantly (α: 0.05).  
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porosity observed in the cross-section (Fig. 4b) due to oregano oil, might 
contribute to the lowest values of εb and Young Modulus (Section 3.2.3), 
suggesting that the elongation capacity is considerably affected by the 
structure and that a less elastic film was obtained (Wang et al., 2011). 
The following factors have a critical role in the final size, shape and 
distribution of the oil phase in films made from an emulsion: mechanical 

shear (intensity and time), the interaction between the film components, 
the rate of solvent evaporation and the corresponding increase of the 
viscosity of films dispersion, chemical composition and the interfacial 
tension between the different phases (Agarwal et al., 2020). 

Fig. 4. ESEM micrographs of films. Surfaces: (a) R7, citric acid 0.13/chitosan 0.38/oregano oil 1.0; (c) C1, citric acid 0.0/chitosan 0.38/oregano oil 1.0; (d) C2, citric 
acid 0.13/chitosan 0.38/oregano oil 0.0; (e) C3, citric acid 0.0/ chitosan 0.38/oregano oil 0.0. Cross-sections: (b) R7, citric acid 0.13/chitosan 0.38/oregano oil 1.0; 
(e) C1, citric acid 0.0/chitosan 0.38/oregano oil 1.0; (g) C2, citric acid 0.13/chitosan 0.38/oregano oil 0.0; (h) C3, citric acid 0.0/ chitosan 0.38/oregano oil 0.0. 
Magnification: 200x. 

M.S. Hernández et al.                                                                                                                                                                                                                          



Carbohydrate Polymer Technologies and Applications 5 (2023) 100307

11

3.2.7. Antimicrobial activity 
The objective of the antimicrobial barrier test was to verify that the 

preservatives would be able to act to protect food. Particularly, yeast is a 
microorganism that can grow at low pH (Osimani et al., 2022), such as 
the food model proposed (pH 4.5 and aw 0.98). Therefore, yeasts should 
not survive on the film surface. Fig. 5 shows the antimicrobial perfor
mance of studied films as a barrier against Z. bailii external contami
nation. It can be seen that R7 (citric acid 0.13/chitosan 0.38/oregano oil 
1.0) and C1 (citric acid 0.0/chitosan 0.38/oregano oil 1.0) films had the 
highest efficiency to control the yeast growth, diminishing the Z. bailii 
count at least 2 Log cycles (none colony counted in a suspension of a film 
disk, ~0.022 g, in 1 mL peptone water) along 96 h storage at 25 ◦C, 
revealing the availability of the oregano oil to exert its important anti
microbial action. On the contrary, C2 (citric acid 0.13/chitosan 0.38 
/oregano oil 0) and C3 (citric acid 0.0/chitosan 0.38 /oregano oil 0.0) 
films without oregano oil, showed 2 log cycles increase of yeast popu
lation from 48 h of storage. These results indicate that the antimicrobial 
active packaging based on cassava starch/chitosan containing oregano 
oil, could successfully control yeast external contamination on the sur
face of an acidic and high aw semisolid food (Alzate et al., 2017). In 
addition, the presence of citric acid (R7: citric acid 0.13/chitosan 
0.38/oregano oil 1.0 vs. C1: citric acid 0.0/chitosan 0.38/oregano oil 
1.0 films), seems not to introduce an improvement from the antimi
crobial protection point of view. 

These results demonstrate that oregano essential oil added to film 
formulation was able to be in contact with yeast to kill it. Several 
mechanisms can be involved in the effective action of preservatives: the 
diffusion of antimicrobial from the film surface to the cell wall of yeast in 
enough amounts to reach the minimal inhibitory concentration (Alzate 
et al., 2017) and the proper adhesion of yeast onto the film surface. It 
was reported that yeast cells are characterized by a negative charge due 
to the presence of carboxyl, phosphoryl and hydroxyl groups. However, 
the overall cell wall charge could not be the unique determinant of cell 
adhesion (Kregiel et al., 2012). According to contact angle results 
(SM6), assayed films have a surface with hydrophilic character (polar or 
charged groups such as –OH, -COOH, -COO− and -NH3

+). The final 
charge density on the film surface can modulate the ability of yeast to 
interact with the surface to be immobilized for enough time; allowing 
oregano oil to reach the microorganism surface by diffusion. In a pre
vious research (Alzate et al., 2017), it was verified the mobility from 
biopolymer matrix and effectiveness of carvacrol, one of the major 
antimicrobial component of oregano oil, using the standardized diffu
sion in agar method which is commonly used for screening the potential 

antimicrobial and antifungal action of traditional and new active 
compounds. 

4. Conclusions 

In the present study, edible films based on cassava starch and glyc
erol were developed by the casting method, to which the natural anti
microbial agents citric acid, chitosan and oregano essential oil were 
combined in the same formulation for the first time. The effect of the 
addition of citric acid and chitosan on the physical properties of the 
starch/glycerol films added with oregano oil was investigated using a 
RSM. The results revealed that the effects of citric acid and chitosan on 
the mechanical properties depended on the amounts used in each case. 
In general, increasing the citric acid content increased the flexibility and 
water solubility of the films, while high chitosan content increased the 
tensile test resistance and yellowness. An optimization procedure was 
used to recommend a film formulation with high mechanical resistance 
and low solubility. 

For a more detailed investigation of the influence of citric acid and 
oregano oil on the starch/glycerol/chitosan film properties, additional 
systems with or without citric acid or oregano oil were prepared and 
compared with the optimized film. The FTIR analysis showed that citric 
acid and oregano oil increased the strength of hydrogen bond in
teractions. Incorporation of citric acid into the film of plane cassava 
starch improved thermal resistance, fracture strength, and water solu
bility while promoting a high level of hydrophilic groups that increased 
the WVP and hydrophilicity of the film surface. On the other hand, the 
addition of oregano oil reduced the WVP but browned films and led to 
inhomogeneities in the microstructure. The presence of oregano oil was 
important to obtain a very effective antimicrobial active film against 
external yeast contamination, showing that the preservative was able to 
protect an acidic food model. In addition, the developed material 
showed mechanical properties comparable to those of conventional 
plastic products for packaging applications. Although further charac
terization tests are still pending (efficacy in real foods such as cheese or 
sausage, the antimicrobial barrier against foodborne pathogens and 
biodegradability), the obtained results are a relevant contribution to 
understanding the effect of the film formulation on the physicochemical 
and antimicrobial performance of films with potential application in 
active packaging for food protection. 

Fig. 5. Antimicrobial barrier against a Z. bailii external contamination during storage at 25 ◦C. *: none colony counted for R7 (citric acid 0.13/chitosan 0.38/oregano 
oil 1.0) and C1 (citric acid 0.0/chitosan 0.38/oregano oil 1.0) systems. C2 (citric acid 0.13/chitosan 0.38 /oregano oil 0) and C3 (citric acid 0.0/chitosan 0.38 
/oregano oil 0.0). Bars with the same letter do not differ significantly (α: 0.05). 
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