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Abstract

One way of improving mechanical and water barrrepprties of chitosan films is through
cross-linking reactions. Cross-linking agents ugualsed for this purpose include
glutaraldehyde, glyoxal, and formaldehyde, whichyn@use some undesirable side
effects and are consider health hazards. Hencaljeetive of this work was to optimize
the formulation of chitosan (CH) films with vaniilias a natural antioxidant cross-linking
agent, to simultaneously improve their physicaliribg antioxidant and mechanical
properties. Three parameters were studied at thweds: vanillin content (0, 25 and 50%

w/w chitosan), glycerol content (30, 45 and 60% wefwtosan) and drying temperature
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(35, 50 and 65°C). Response surface methodologMjR&d desirability function (D)
were used to find the levels of each factor thaiuianeously optimize different properties
of the films: opacity value, total soluble matt€SM), Young modulus (YM), Jand Tnax
parameters (obtained from thermogravimetric ang)ysvater vapor permeability (WVP),
total phenolic content (TPC) and antioxidant cagyaddy DPPH method. Fifteen
formulations combining the studied factors wereppred according to a Box-Behnken
design. An optimal chitosan film formulation wasufal, with vanillin content of 37.5%
(w/w of CH), glycerol content of 45% (w/w of CH) é@rdrying temperature of 57.5°C.
RSM approach using the desirability function wasinid to be an effective tool to
investigate changes in films properties and tocteéor the optimal active chitosan film

formulation with a natural cross-linking agent, lsas vanillin.

Keywords Chitosan films; Response surface methodology; Wanéntioxidant film.

1. INTRODUCTION

Recently, with the increasing concern on enviroralerssues, different authors have
focused their attention on the development of @tnnovative and active materials for
food packaging applications [1], such as biopolydmemulations based on agricultural
wastes [2] and active packaging as carrier of datohial and antioxidant compounds [3—
7]. Among polysaccharides, chitosan (CH) has beglelw studied due to its excellent
film-forming nature [8], antimicrobial propertiebjocompatibility and biodegradability

[6,9]. However, comparing biodegradable materiaispprties (such as CH) with non-
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biodegradable petrochemical-based plastics, biopelg have relatively poor mechanical
and barrier properties, which limits their useha food packaging industry [10,11].

One promising way to overcome the poor mechaniod water barrier properties of
hydrocolloid films is to modify their physical pregies through chemical, enzymatic, or
physical treatments that induce both inter- andaintolecular chemical bonding [12].
These treatments basically modify the polymer nétwibirough cross-linking of the
polymer chains, i.e. improving the film functiortgli Different cross-linking methods and
agents are used depending on the biopolymer anldeoaxtent of improvement in desired
properties. Particularly, chemical cross-linkingatves the use of chemical agents (such
as glutaraldehyde [13], glyoxal [14], formaldehyd&], and polyaspartic acid and its
sodium salt [16]). Nevertheless, these agents rhayw some undesirable side effects and
could be considered as health hazards. Thus, reglétem with natural non-toxic cross-
linking agents is being encouraged.

Therefore, in recent years more attention has lpaghon more green and natural cross-
linking agents, such as protein, starch and plattaets (polyphenols and aldehyde
compounds) [17]. Among these, vanillin, which exist sugar beet and in vanilla pods, is
one of the most popular flavoring agents and wvidely used in several fields such as
food, beverages, perfumery and pharmaceutical tndas[18,19]. Due to its aldehyde
group, vanillin has been identified as a bio-basexs-linking agent. It is an attractive
bio-based monomer, and it has been successfulbypocated into novel polymers with a
wide variety of practical applications [20]. Untibw, few studies have been found were
vanillin is applied for enhancement of chitosamfiproperties [21].

On the other hand, incorporation of antioxidant poomds in the biomaterial is an

interesting approach to improve the antioxidantpproes of the polymers [22]. Natural
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antioxidants (mainly vitamins and polyphenols estied from plants and fruits) such as
vanillin, are being preferred over synthetic onas tb the possible harmful health effects
of the latter ones [23]. For example, rosemarycxidant extracts have been incorporated
into cassava starch films [24], propolis incorpedainto chitosan films [25], different
essential oils incorporated into polysaccharide pratein films [26,27], and some fruit
extracts [28,29] have also been studied to devatbjoxidant active food packaging.
Together with microbiological growth, the oxidatigeocesses are one of the main causes
of food quality deterioration [30,31]; i.e. oxida#i processes are responsible for texture
modifications, loss of nutritional value, developthef undesirable compounds such as
off-flavors, colored and even toxic substancesuméns, among others [32]. Therefore,
antioxidant active packaging [33] as carrier ofunalt antioxidant compounds, such as
vanillin, is being highlighted as a new mechanismprevent food oxidation [22,34—-36].
Most polysaccharide-based films (e.g. chitosan) maturally brittle, and usually a
plasticizer needs to be incorporated to solveghiblem [37]. Plasticizers are compounds
with low molecular weight that are incorporateditie film forming solution to increase
the flexibility and extensibility of the materiaHowever, its permeability also increases
with higher plasticizer content. Therefore, the acmtration of plasticizer in the film
forming solution is a parameter that needs to b@miped. The most commonly used
plasticizer for improving edible films propertiesglycerol [38].

Besides its formulation, some process parameters alao significantly affect the
properties of the films. For example, drying tengbere can affect the physical and
mechanical properties [38]. When preparing filmghwhigher drying temperature, the
resistance and stiffness of the material can barmedd [39]. However, especially for the

development of antioxidant films, higher drying fenature can reduce the antioxidant



96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

properties of the final material. Mayachiew and Bteastin [40] when studying chitosan-
based edible films incorporated with Indian goossbextract stated that high drying
temperatures induced degradation of phenolic comg®ueading to a lower residual
phenolic content on the films.

Hence, this work aimed at optimizing the formulatiof edible chitosan-based films
obtained by casting containing vanillin as a ndtartioxidant cross-linking agent. The
studied factors were: vanillin content, plasticizeontent (glycerol) and drying

temperature. Physical, antioxidant, barrier andhmasical properties were simultaneously

improved by response surface methodology (RSM)dasitability function.

2. MATERIALSAND METHODS

2.1. Materials

Chitosan (CH) (deacetylation degree 90%, Mv = 1610 g/mol) was supplied by

PARAFARM, Mar del Plata, Argentina. Glycerol (Glyyas used as plasticizer and
purchased from Biopack (Argentina). Vanillin (V) svancorporated as a natural
antioxidant cross-linking agent purchased from Sightdrich (> 97%; St. Louis, MO,

USA).

2.2. Experimental design

Three parameters or explanatory factors were chdsesed on previous screening
experiments: vanillin content {x% w/w of CH), glycerol content §x% w/w of CH) and
drying temperature gx°C). In order to analyze the effects of thesédiacon the physical,

barrier, mechanical and antioxidant propertiesha thitosan films, Response Surface
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Methodology (RSM) with a Box—Behnken (BB) desigi][#vas used. RSM is a statistical

tool that allows to evaluate the effects of mamgtdes and their interactions on response

variables. This method has the advantage of redutia number of experimental runs

needed to evaluate multiple variables and thetghdiidentify interactions between them

[42].

For a 3-level-3-factor BB experimental design wviliree replicates at the central point, a

total of 15 experimental runs were needed [43lnich each variable was tested at three

different coded levels: low (-1), middle (0) anglini(+1). Table 1 shows the experimental

design in the coded (Xand actual (% levels of the independent variables.

Table 1. Box-Behnken experimental design matrix.

Independent variables

Coded variables

Exp. Run X1 (V) X2 (Gly) X3 (Tq) X1 X Xz
(%ow/w CH)  (%w/w CH)  (°C)

1 0 30 50 -1 -1 0
2 0 60 50 -1 1 0
3 50 30 50 1 -1 0
4 50 60 50 1 1 0
5 25 30 35 0 101
6 25 30 65 0 1001
7 25 60 35 0 1 -1
8 25 60 65 0 1 1
9 0 45 35 -1 0 -1
10 50 45 35 1 0 -1
11 0 45 65 -1 0 1
12 50 45 65 1 0 1
13 25 45 50 0 0 0
14 25 45 50 0 0 0
15 25 45 50 0 0 0

V: vanillin contentGly: glycerol contentT 4: drying temperature.
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The chosen response variables were opacity, tolable matter (TSM), Young modulus
(YM), To and Tnhax parameters (obtained from thermogravimetric anslysvater vapor

permeability (WVP), total polyphenol content (TP&)d antioxidant capacity of the films
evaluated by DPPH method. A second-degree polyriofaga 1) was used to fit the

measured responses to the coded variables.

3 2 3 3

Yn:ﬂ0+2ﬂixi+z Zlgijxixj"'zlgiixiz (1)

i=1 i=1 j=2,j>i i=1
where,

Y, is the predicted response,
B, is the model constant,
B, is the linear coefficient,

B, is the quadratic coefficient,
B, is the coefficient for the interaction effect, and

X, is a dimensionless coded value of the independsmtdble x .

2.3. Film preparation

Chitosan film-forming solutions (2%, w/v) were paepd by dissolving chitosan powder
in acetic acid solution (1% v/v) at room temperat(#3 + 2°C), according to Pereda et al.
[44]. Appropriate amounts of glycerol (Gly) weredad to each sample according to the
BB design. Once the solutions were homogeneoud|limafV) was incorporated as a
natural antioxidant cross-linking agent in the esponding proportions (Table 1) and
dissolved using a magnetic stirrer. Films were greg by the casting technique, that is, 15
g of the film-forming solutions were poured intackal eflon Petri dish (diameter = 9 cm)

and dried at the different drying temperatures stinog to the BB design, for
7
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approximately 24 h in a convection oven (30% RHage). After the excess of water was
evaporated, the obtained films were peeled off friim@ plates and kept in a closed
reservoir at constant relative humidity (50% RHY daemperature (23 = 2°C) for 3 days.

The films were further characterized and tested.

2.4. Fourier transform infrared spectroscopy (FTIR)

A Thermo Scientific Nicolet 6700 spectrometer (VWissin, EEUU) was used to record
Spectra. 32 scans with resolution of 4 tmere performed between 400 and 4000’ com
every run, using an attenuated total reflection RATaccessory with a diamond ATR

crystal.

2.5. Film thickness
Film thickness was measured with a 3400-25 InsizZ250mm manual micrometer
(Germany) with an accuracy of + 0.01 mm. Four randiacations were measured for each

film.

2.6. Response variables
The effects of vanillin content, glycerol contendadrying temperature on chitosan-based
films were simultaneously evaluated through sevpaahmeters associated with physical,

barrier, mechanical and antioxidant properties.

2.6.1. Film opacity
Film opacity was determined according to the mettiescribed by Irissin-Mangata et al.

[45] on rectangular strips directly placed in a Wisible spectrophotometer test cell. A
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UV-Visible spectrophotometer Shimadzu 1601 PC (Doklapan) was used to obtain the
absorption spectrum of the sample from 400 to 800 Rlm opacity was defined as the
area under the curve divided by film thickness amgressed as Absorbance Units x

nm/mm (AU nm/mm). Three measures were performeedch sample.

2.6.2. Total soluble matter (TSM)

Total soluble matter (TSM) was expressed as the dity mass percentage dissolved after
24 h immersion in distilled water. TSM measurememése carried out according to the
“wet” method [46], using 30 mL of distilled waterittv 0.02% of sodium azide to prevent
any possible microbial growth.

Three specimens of each film were weighed and tlrerctly immersed in distilled water
under the previously described conditions. AftehZdmersion, samples were oven dried
(105°C, 24 h), to determine the dried remnant wisiel mass (g). Initial dry mass values
(mo) needed for the TSM calculations were obtainethfdifferent specimens cut out from
the same film and oven dried at 105°C for 24 h. T@&4 then calculated with eq. 2:

mo—

TSM =

2 100% 2)

mo

2.6.3. Mechanical properties: Young modulus (YM)

Prior to running mechanical tests, films were ctinded for 48 h at constant humidity and
temperature (50 £ 5% RH, 25°C). An Instron Univergasting Machine model 8501
(USA) was used to perform tensile tests at roonptature (23 £ 2°C). Specimens were
cut according to the ASTM D1708-13 [47]. Five speens from each film were tested
from a minimum of three films per sample. Crosshspeled was set at 10 mm per min.

Young modulus (YM) was calculated as thoroughlycdégd in ASTM D638-14 [48].
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2.6.4. Thermal properties: thermogravimetric analysis (TGA)

TGA measurements were carried out on a Shimadzu-5Gthermogravimetric analyzer.

Thermal degradation was performed under a nitrogfemosphere up to 600°C with a
heating ramp of 10°C per min. Samples of 4-10 mgewsed. For the determination of
weight loss of the films, initial weight values \eetaken after moisture evaporation (i.e.
the sample weight at 105°C); hence, comparing timymal degradation of the films,

independently of their moisture contents.

2.6.5. Barrier properties. Water vapor permeability (WVP)

Water vapor transfer rate (WVTR, ¢sn?) through films was determined
gravimetrically using the ASTM Method E96M-16 [48efore testing, films were placed
for 3 days in a chamber at room temperature (23&)2and humidity of 63 + 2% RH, to
guarantee equilibrium conditions. Then, film speen® were sealed on acrylic permeation
cups (diameter = 5 cm) containing distilled wate9Q% RH). The cups were weighed
every hour over a 6 h period. Inside the chambé&inavas used to move the internal air,
hence, ensuring uniform conditions at the entist k@cation. Linear regression was used
to fit the data, weight vs. time, and to calculdte slope of the resulting straight line in
g.s*. WVP of the films, expressed as g.m/(Pa%.mas calculated according to equations

3 and 4. Four specimens were tested for each yih@. t

WVP =WVTRy (p; —p)™" 3

WVTR = AW (A At)~? 4)

10
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where,
WVTRIs the water vapor transmission rate,
y is the film thickness,
(p2 — py) is the vapor pressure difference across the fdaic(lated based on the
chamber temperature and RH inside and outsideughe c
AW s the weight of water absorbed in the cup,
Ais the exposed area of the film, and

At is the time for weight change.

2.6.6. Antioxidant properties

Polyphenol and antioxidant extraction was perforrbgda shaker holding 0.5 g of each
film in flasks filled with 20 mL of methanol at roo temperature for 24 h in dark
conditions. Afterwards, these flasks were sonicatedn ultrasound chamber (PS-30A,
RoHSs, China) during 20 min at room temperature.[30k final extract was stored at -20
°C to be used in the determination of total phenotintent (TPC) and antioxidant activity

by DPPH method.

2.6.6.1.Total phenolic content (TPC)

Total phenolic content (TPC) was determined usimg Folin-Ciocalteu reagent (FCR)
according to the methodology proposed by Viacava.d61] with modifications. Extract
samples (0.2 mL) were added to 1 mL of 1:10 FCRerA8 min of incubation at room
temperature, 0.8 mL of sodium carbonate solutios@s;, 7.5% w/v) was added and the
reaction mixture was stirred and incubated foré2 the same temperature. The absorbance

was measured at 765 nm using a UV 1601 PC UV-esspectrophotometer (Shimadzu

11
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Corporation, Japan). TPC was calculated using adatd curve of gallic acid and

expressed as mg gallic acid equivalents (GAE) pamgpf film.

2.6.6.2. Antioxidant capacity: DPPH radical scavemggmethod

Antioxidant activity was measured using the DPPH2-Qiphenyl-1-picrylhydrazyl)
radical, with the methodology previously descrili®dViacava et al. [51]. Briefly, 0.25
mL of sample extract or ethanol (blank) was mixethwl mL of an ethanolic DPPH
solution (100umol L™). The mixtures were immediately shaken and alloweestand for
60 min at refrigeration temperature (2 °C) in tharkd After that, the decrease in
absorbance at 517 nm was measured in a spectropéiatio (FLUOstar Omega). DPPH
radical scavenging activity was expressed as ptxgenof radical scavenging capacity

(%In) calculated according to the following formula:

%in="2"A 1100 (5)
A,

where,

%In is the percentage of DPPH radical inhibition;
Aois the absorbance of the blank sample; and
Asis the absorbance of the sample.

Measurements were performed in triplicate for dastment.

2.7. Simultaneous optimization
During optimization, several response variablexdeisg the quality characteristics are

usually to be optimized. Some of these variableseve be maximized while some were

12
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to be minimized. In many cases, these responses w@npeting (i.e. improving one
response may have an opposite effect on another wieh further complicates the
situation). In this work, the responses predictedne models were optimized by means of
the “desirability optimization methodology” [52] h€ desirability function (D) approach is
one of the most widely used methods for the opttion of several responses
simultaneously.

The general approach is to first convert each mespdy,) into an individual desirability
function (d). The desirability scale ranges from 0 to 1, wheétre O for an unacceptable
response value, and d = 1 for a completely desiraiple. The individual desirability
functions from the considered responses are thenbiced to obtain the overall
desirability (D), defined as the geometric averaf¢he individual desirability functions,
also ranging from 0 to 1. An algorithm is then agghlto this function to determine the set

of values that maximizes D [53].

2.8. Validation

In order to test the reliability of the simultansooptimization, a new set of experiments
using optimal operating conditions obtained with Desirability function was performed.
The experimental and predicted values of the resporariables were compared to

determine the validity of the model.

2.9. Statistical analysis
SAS software (version 9.0, North Carolina, USA) was for data analysis. Fit quality of
the model was evaluated by Rarameter and analysis of variance (ANOVA) using t

Response Surface Regression (RSREG) proceduréstiSettesting of the model was

13
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done by Fisher's statistical test. The robustnéiseamodel was assessed by determination
coefficient (R), correlation coefficient (R), or F-test.
Statistica software (version 7.0, Stat Soft Inculsd, USA) was used to perform

simultaneous optimization, desirability functioaalalysis and 3D plots of the responses.

3. RESULTS AND DISCUSSION

3.1. FT-IR analysis

Chemical structure of the films often has a closkationship with their behavior at a
macro scale. Hence, FT-IR analysis could explaineiffiects of the studied parameters on
the physicochemical and mechanical properties efctbmposite films. Table 2 portrays
the FTIR spectral details. The FTIR spectra oflallsamples are shown in supplementary

material (Fig. S1).

Table 2. FT-IR spectral details.

Wavelength Responsible functional group

(em™)

3216.7 Intermolecular hydrogen bonded OH stretchitddH stretching in
secondary amides

2925.5 Asymmetrical C-H stretching in €taliphatic)

2879.2 symmetrical C-H stretching

1637.3 C=0 stretching in secondary amides, andatidr of imine band (Schiff
base)

1544.7 -NH bending in secondary amides

1151.3 Symmetrical CH bending in @fvagging)

1056.8, 1022.1 C-O stretching

In order to further discuss the interactions betwekitosan and glycerol and between

chitosan and vanillin, FT-IR spectra of samples#2land #3 were compared (Fig. 1.a).
14
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Fig. 1: FT-IR spectra: (a) samples #1, #2 and #3; (b) s&®p9 and #11.

Samples #1 (0% V, 50°C and 30% Gly) and #2 (0% ®C5and 60% Gly) were
compared in order to analyze the effect of glycearitent on the chemical structure of the
films. The absorption peaks at 1022.1 trand 1056.8 chit are associated with C-O
stretching. When glycerol content is increased feample #1 to sample #2, these peaks
are joined to become a single peak, suggestingations between hydroxyl groups of
chitosan and glycerol by hydrogen bonding, as wasipusly described by Leceta et al.
[54].

With regards to chitosan-vanillin interaction, @cbe seen when comparing samples #1
and #2 (CH films without vanillin) with sample #3HK film with 50% of vanillin) that the
band at 1544.7 crh (corresponding to deformation vibration of amimopiure chitosan
films) decreases its intensity in the composite fiMoreover, the vibration of imine band

has appeared at 1637.3 ¢rin the composite film (sample #3), in accordandi wesults

15
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presented by Zhang et al. [21]. These findings stpthat there were interactions of
vanillin with amino groups in chitosan matrix.

Regarding the effect of the drying temperaturefenahemical structure of chitosan films,
analysis was performed by comparing the spectsawiples #9 and #11 (Fig. 1.b), which
formulations corresponded to 0% V, and 45% Gly, dngdng temperatures of 35°C and
65°C, respectively. Each peak was noted in the saawelength position for both drying
conditions, but with different intensities. The sanmesult-result was found by Jahit et al.
[55] when studying the properties of gelatin/CMGloban films as affected by drying
temperature. It was found that the peaks at 32b6a7 (which correspond to the
intermolecular hydrogen bonded) were slightly skarin samples dried at 65 °C
compared to those dried at 35 °C (Fig. 1.b). Hehagher drying temperature may induce
higher intermolecular interactions. These resuksenin accordance with those found by
Mayachiew & Devahastin [40], who studied differeinging methods, and different drying

conditions on the characteristics of chitosan fisnsiched with Indian Gooseberry extract.

3.2. Mode fitting

Table 3 shows the mean values of the responseblesidound for each of the fifteen
formulations of chitosan films. Second order polymal equations coefficients were
calculated with experimental data to obtain theificance of the model. Table 4 shows
the regression coefficients for the second orddynoonial equations together with the

linear, quadratic and interaction terms, and alke torrelation coefficients @R

16
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Table 3. Mean values of all responses of chitosan edilesfwith different formulations

Experimental responses

Exo. Run Opacity TSM YM T, Tmax WVP TPC DPPH
P- (AUnm/mm) (%) (MPa) (°C) (°C) (g.m/Pa.s.rh10") (mg GAE/Q) (inhibition %)
1 1215.2 27.41 355.6 128.9 153.8 4.01 1.65 7.12
2 1113.6 11.39 86.6 127.3397.1 4.33 1.13 5.22
3 4618.3 27.25 19254 1394 163.2 3.87 7.03 38.1
4 4449.7 30.91 1453.2 132.3 155.2 3.59 7.67 45.02
5 2962.6 26.41 413.0 126.0 161.1 4.07 3.25 25.09
6 3554.7 20.51 19457 142.1 171.6 2.96 2.94 10.23
7 24441 19.57 77.2 1249 174.8 3.74 2.29 15.52
8 2671.0 20.98 1030.5 143.6 180.7 3.26 2.59 10.02
9 902.0 24.52 67.0 119.6 182.7 3.82 1.44 6.12
10 2970.9 2756 1265.2 1315 176.0 3.61 4.66 30.45
11 1357.1 23.56 361.1 134.7 198.8 3.00 1.45 1.03
12 3353.7 36.37 2188.7 145.7 178.3 3.44 5.95 20.55
13 2739.3 25.83 5104 128.8 175.0 2.77 3.25 25.88
14 2460.8 21.86 855.8 134.4 197.0 2.92 3.32 22.10
15 2870.0 19.65 651.6 133.8 184.6 2.86 2.53 17.52
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Table 4. Regression coefficients (from coded data) ahdffhe response surface models

Responsevariables

Coefficients Opacity TSM YM T T mas WVP ThC DPPH
(UAnm/mm) (%)  (MPa) (°C) (°C)  (g.m/Pa.s.fid?) G(Arg‘fg) (inhibition %)
Bo (intercept) 2690.1" 22.44" 672,67 1323 1855 2.84" 3.03" 21.33
B (V) 1350.6" 440" 7453" 48" 15 -0.082 2.45”7 14.25”
B, (Gly) -209.1 234 2491 11 7.3 0.000 -0.15 -0.62
Bs (Ty) 207.1 041 4629 81" 4.3 -0.327 0.16 -4.37
B2 (V x Gly) -16.8 4.92 -50.8 -1.4 0 -128 -0.150 0.29 2.25
Bis (V x Ty) -18.1 2.44 157.4 -0.2 -3.4 0.160 0.32 -1.25
B2s (Gly X Ty) -91.3 1.83 -144.8 0.6 1.1 0.157 0.15 2.50
Bu1 (V X V) -301.5 3.96" 193.2 -0.8 3.1 0.530 0.97* 0.83
B.2(Gly x Gly) 460.7 -2.17 89.3 0.5 -15.1 0.567 0.36 1.58
Bas (Tax Tg) -242.6 1.59 104.6 1.5 1.6 0.087 -0.63 -7.92
R? 0.936 0.9045 0959  0.948  0.907 0.939 0.948 0.928

V: vanillin contentGly: glycerol contentT 4: drying temperature.

Khk

Level of significancep < 0.05;70.01: 0.001
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Predicted models were found to be significgn& (0.01) with high regression coefficients

(0.90 < R < 0.96) and not significant lack of fip(> 0.1). ANOVA results (Table 5)

indicated that all the independent variables exéiba significant effect on the different

film properties. Vanillin concentration was a siggant factor p < 0.05) on every

response, either by the linear term (opacity, YM, Thax DPPH), the quadratic term

(TSM, WVP) or both (TPC). Glycerol linear term siigantly affected YM and Fax and

had a quadratic effect on TSMy & and WVP. Drying temperature also significangy<(

0.05) affected TSM, E, gTand WVP in linear terms, and in quadratic termty &@PPH.

The only significant interaction effect found € 0.05) was between glycerol and vanillin,

which affected both TSM and,lx values.

Table 5. Results of the ANOVA for regression equation f@oity, TSM, E, & Thax WVP, TPC

and DPPH.
Responses Sour ce DF Fvalue Pr>F

Opacity Linear 3 22.33 0.0025
Quadratic 3 2.11 0.2173
Cross-product 3 0.05 0.9825

Total model 9 8.16 0.0162

Lack of fit 3 1.36 0.4505

TSM Linear 3 7.47 0.0270
Quadratic 3 3.31 0.1152
Cross-product 3 7.23 0.0356

Total model 9 8.26 0.0344

Lack of fit 3 0.85 0.5792

YM Linear 3 37.60 0.0007
Quadratic 3 1.05 0.4486
Cross-product 3 1.09 0.4330

Total model 9 13.25 0.0055

Lack of fit 3 2.59 0.2906

To Linear 3 29.52 0.0013
Quadratic 3 0.44 0.7343
Cross-product 3 0.40 0.7588

Total model 9 10.12 0.0101

Lack of fit 3 0.74 0.6188

Tmas Linear 3 6.36 0.0369
Quadratic 3 5.51 0.0483
Cross-product 3 4.44 0.0711

Total model 9 5.44 0.0284
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Lack of fit 3 0.06 0.9738
WVP Linear 3 6.98 0.0309
Quadratic 3 16.28 0.0052
Cross-product 3 2.30 0.1946
Total model 9 8.52 0.0148
Lack of fit 3 7.74 0.2364
TPC Linear 3 26.50 0.0017
Quadratic 3 3.15 0.1243
Cross-product 3 0.46 0.7218
Total model 9 10.04 0.0103
Lack of fit 3 4.70 0.1803
DPPH Linear 3 18.33 0.0040
Quadratic 3 2.63 0.1621
Cross-product 3 0.53 0.6810
Total model 9 7.16 0.0215
Lack of fit 3 2.64 0.2868

DF: degrees of freedom

3.2.1. Influence of formulation on physical properties (opacity, TSM)

Optical properties such as the opacity and tramesggr of the material are essential to
define its potential as films and coatings to belied over a food surface, since these
affect the appearance of the coated product, whachn important quality factor. In
general, transparent films are preferred, therethee opacity of films should be quite low
[56,57].

Results show that opacity of the film was only #igantly affected p < 0.001) by
vanillin concentration. The linear and positiventeof vanillin concentration resulted
significant in the model. The resulting responsdasie equation described the opacity of
the film perfectly (R = 0.936). Lack of fit was not significanp € 0.4505) showing that
the response surface equation adequately deschbathta (Table 5).

Canonical analysis shows that stationary point wasaddle point, suggesting that
movement away from this point would cause an irsgdaor decreased response,

depending upon movement direction. Fig. 2.a prest@ response surface showing the
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combined effects of vanillin and glycerol concetitnas on the opacity values of the
chitosan films (with F kept constant at middle level). As it can be séle®,0pacity of the

films increased with increasing vanillin contenthieh could be explained by the cross-
linking reaction. The aldehyde group of vanillin lexule with chitosan amine group can
lead to a secondary aldimine, better known as affSzdse, which is a well-described

reaction [58], as previously seen in the FT-IR gsial

4000
3500
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12500
12000
1500
1000

b)

- t
AEEEM

Fig. 2. Response surface curves for physical propertieshitbsan-based films. Variation ¢d)
opacity and(b) TSM with vanillin and glycerol concentrations. Dny temperature was kept

constant at middle level (50°C).

21



406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

In accordance with our findings, Zhang et al. [&hestigated chitosan films properties
modified with vanillin. These authors found thanilin concentration had a significar (

< 0.05) effect on film color and transmittance. Sphenomenon is due to the cross-linking
reaction of vanillin with chitosan to form a netwostructure [21]. Higueras et al. [59]
studied chitosan films with cinnamaldehyde and tbarsignificant change in the optical
properties of the films due to the presence of fugated double bond after Schiff base
formation.

A simple way to confirm the development of interaics between the main constituents of
our films is to determine their water-soluble frant The effect of both vanillin and

glycerol concentrations on the total soluble mgfi&M) of the films is shown on Fig. 2.b.
Both, linear and quadratic terms of vanillin weilgn#icant (p < 0.05) in the model,

showing an increment in TSM of the films with highanillin concentration. Glycerol
linear term was also significant; however, the b@&raof TSM with Gly was more
complex with a significant interaction between Wamiand glycerol. Canonical analysis
show that stationary point was a saddle point. Eig.represents TSM as a function of
glycerol and vanillin content, holding drying temaieire at a middle level (50°C), since
this variable presented the least influence onrsponse. At lower vanillin concentration,
an increment in glycerol content resulted in a dase on the film solubility, as it can be
seen in Fig. 2.b. This result could be relatedh® dbservations previously made at the
FTIR section. In the absence of cross-linker, theight be interactions between the
hydroxyl groups of chitosan and glycerol by hydmodgeonding, hence, reducing the
solubility of the film in water [60,61]. On the cwary, as vanillin concentration increases,

the plasticizer has an opposite effect on the 8btubility: with higher glycerol content,
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the TSM increases as well. With vanillin cross-limk chitosan, glycerol-water

interactions may occur, increasing the solubilityhe film.

Souza et al. [36] studied physical properties afoslan films incorporated with natural
antioxidants. These authors also reported high@emnsolubility and moisture in films

incorporated with natural extracts in comparisorthwpure chitosan films due to the
interaction of water, chitosan and polyphenols @né®n the studied extracts [36]. Even
though higher water solubility may have positivéeefs, such as enhancing the film
biodegradability, it would also limit the use dfis in food matrices. The bioplastic tends
to solubilize in the food (especially in productghahigh water content) making it difficult

to separate the plastic from the food being pa¢8ép

3.2.2. Influence of formulation on mechanical properties (YM)

Young modulus (YM) is a measure of the stiffnesshef film. The regression analysis of
the data showed that YM was significantly affeddgdhe drying temperature, and vanillin
and glycerol concentration-the-concentration—ofiltarand-glycerol. The three studied
variables significantly affected the mechanicalpganties in a linear way.

Canonical and stationary point analysis indicateat the stationary point was a point of
minimum response predicting that the estimated itiond were inside the experimental
design region. The relationship between YM and pedelent variables is depicted in Fig.

3 (aand b).
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Fig. 3: Response surface curves for mechanical properfiehitosan-based films. Variation of
Young modulus witfa) vanillin and glycerol concentrations, arfd) vanillin concentration and

drying temperature. The remaining variables wengtk®nstant at middle level.

Mechanical properties of films are mainly assodatéth distribution and density of inter-
and intra-molecular interactions in the chitosarnrm§54].

Results showed that the addition of vanillin cauaedncrement in the young modulus of
the chitosan films (Fig. 3.a). Zhang et al. [213aafound similar results when studying
mechanical properties of chitosan films with vanillThese results indicate that adding
vanillin, which acts as a cross-linking agent, exes the structure of chitosan films by

forming a relatively dense network.
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With regards to the plasticizer, YM decreased wiilterol content (Fig. 3.a), which could
be induced by the interactions between chitosartlamglasticizer, as it was shown by the
FT-IR study. Mechanical properties of the films da@ mainly linked to the physico-
chemical characteristic of the chitosan/glycerdogiiaction. These results were also found
by Lavorgna et al. [62], who showed a decreasdenetastic modulus when glycerol was
incorporated into chitosan-based films.

With regards to ¢, higher YM were achieved with higher drying tengtares (Fig. 3.b).

In accordance with our findings, Jomlapeeratikulakt[38] also studied the effect of
drying temperature and glycerol content in Konjaaurf films, and found that higher

elastic modulus values (stiffer films) were obtairad higher drying temperatures.

3.2.3. Influence of formulation on thermal properties (TGA: To, Tmax)

The thermal gravimetric analysis (TGA) was usedniasure the thermal stability of the
chitosan films. From the curves, two parameters diid T,a) were determined. ¢Tis
defined as the initial decomposition temperatui2T(lalso called onset decomposition
temperature). Jdiffered among samples and ranged between 11346R€C (Table 3).

TGA showed that the different chitosan films had twell-defined degradation stages (see
Fig S.2 as an example in supplementary data). Relgie related to the loss of water
bounded and absorbed on the polymer structure.pBla& temperature (temperature of
maximum rate of weight loss) in this region,{) was detected for each sample from the
first derivative of the weight loss curves (DTGhdaranged between 153 and 199°C
(Table 3). Region Il is related to the polymer daposition. The decomposition peak
temperatures in this region showed little fluctoa among the different samples (271-

282°C).
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The estimated values of the model coefficients rilgisg the parameters effects opahd
Tmax together with theip-values are presented in Table 4.

The variance analysis revealed thgtwas significantly § < 0.001) affected by vanillin
concentration and drying temperature. For bothpedédent variables, linear and positive
effects were observed, while glycerol exerted rgnificant effect. Therefore, Fig. 4.a
represents d'as a function of vanillin content and drying temgtere, holding glycerol
content at middle level (45% w/w of CH). It can &een that with increasing vanillin
content, p increases. This result shows that the incorporatibwanillin significantly
increases thermal stability of chitosan matrixeliciv could be explained by the reaction
between vanillin and chitosan. In accordance witin findings, Kavianinia et al. [63]
studied the effects of different cross-linking atgemn thermal properties of chitosan-based
films. These authors also found that the crosssmlof the chitosan matrix increases its

thermal stability.
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Fig. 4: Response surface curves for thermal propertiehibdbsan-based filmga): Variation of T
with vanillin concentration and drying temperaturgh): Variation of T.,.x with vanillin and

glycerol concentrations. The remaining variableseveept constant at middle level.

With regards to Fax the variance analysis in Table 5 revealed thatai$ significantly
affected p < 0.01) by both vanillin and glycerol concentragomo significant effect of
drying temperature was observed. Fig. 4.b. shoestfects of both vanillin and glycerol
content on Tax Of the chitosan films. Both linear and quadrafieas of glycerol were
observed on Jax and only linear effect was observed for vanidioncentration. The

interaction between vanillin and glycerol signifitiy affected p < 0.01) Thax in a

negative manner.
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As it can be seen in Fig. 4.b, at low glycerol ateations the peak temperature slightly
increases with increasing vanillin concentratiom @e contrary, at higher glycerol
content, the effect of vanillin onyIx was the opposite, with a drastic negative slofs T
result indicates that the vanillin-chitosan matexds to retain less water, which in turn
volatilizes more easily than it does in chitosammbeanes, suggesting that the cross-linked
chitosan films have lower affinity to water. Thiadicates the higher hydrophobic
character of chitosan after crosslinking agent @¢ontrease the binding of water in the
chitosan matrix. These results are in accordante twose found by Beppu et al. [13] who

studied the effect of glutaraldehyde as a crodgAmagent in chitosan membranes.

3.2.4.Influence of formulation on barrier properties (WVP)

WVP is considered a crucial property for films puially used as food films and coatings,
because most natural biopolymers are very promadsorbing water [64]. One of the main
functions of films is to separate the product freapor in the surrounding atmosphere to
prevent or retard food deterioration. Hence, topkie®ds fresh, the WVP value should be
maintained as low as possible [64].

The regression analysis of the data showed that We® significantly affected by all
three tested parameters. None of the interactioaese vgignificant in the model. The
relationship between WVP and independent varialdeshown in Fig. 5 (a and b). A
strong curvature of the surface is observed ddmgio significance of pure quadratic terms

as shown through the variance analysis.
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Fig. 5: Response surface curves for barrier propertieshitosan-based films. Variation of water
vapor permeability with(@) vanillin and glycerol concentrations, ar{d) vanillin concentration

and drying temperature. The remaining variablesenegpt constant at middle level.

Vanillin concentration significantlyp(< 0.01) affected WVP in a quadratic manner. WVP
tends to decrease with increasing vanillin conegiain presenting a minimum at 30%
vanillin, from which point WVP started to increaseth increasing vanillin content.
Polyphenols such as vanillin, may establish theradtions with chitosan molecules
through the potential hydrogen bonding, which mayitl the interactions between

hydrophilic groups of chitosan and water moleculae to the competitive binding effect

[65]; therefore, resulting in the lower WVP.
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Glycerol concentration also affected WVP in a gaidrmanner. At glycerol content less
than 45%, WVP decreased with increasing glycernteatration, while an increase in this
index was observed with further increase in glyceomtent. The results found in previous
studies with respect to the effect of plasticizersshe WVP of films have also been
opposed. The inclusion of glycerol molecules in ttfetosan polymer network has
demonstrated to increase the interchain spacingetiycing intermolecular interactions.
The added plasticizer disrupts hydrogen bonding/éen the polymer chains, reducing the
interchain bonds and thus facilitating the diffusif water molecules through the film. In
addition, because of the hydrophilic nature of ghpt, this compound acts as a humectant,
enhancing the water-holding capacity of the polymmtrix and also contributing to
higher WVP values of the films [44]. On the othendhasome authors have observed a
reduction in WVP with increasing glycerol concetitm, like Xu et al. [66] while working
with corn starch and chitosan blend films. Thisrdase could be attributed to the
formation of intermolecular hydrogen bonding betwdéH;™ groups of the chitosan and
hydroxyl groups of the glycerol [67].

Finally, drying temperature significantly affect&VP in a linear way: higher drying
temperatures resulted in lower WVP of chitosan gilin accordance with these results,
Jahit et al. [55] stated that higher temperatueelstd increase cohesive strength between
polymer chains, thus, creating a more compact strecwith less free volume, which

consequently achieved lower permeability.

3.2.5. Influence of formulation on antioxidant properties (DPPH, TPC)
Chitosan antioxidant properties have been thorqugkplained in the past and most food

products could benefit from them when chitosansisduto form films [68]. Furthermore,

30



571

572

573

574

575

576

577

578

579

580

581

to enhance these inherent characteristics, a pessipategy is to add antioxidant
compounds such as vanillin into the chitosan films.

The effects of the independent variables on tat@&nplic content (TPC) and antioxidant
capacity (DPPH) are shown in Fig. 6 (a and b, retspey). For both responses, the
canonical and stationary point analysis indicateat the stationary point was a saddle
point.

Total phenolic content was only significantly atied by vanillin concentration, in both

linear (p < 0.01) and quadrati@ 0.05) terms. Results confirmed that increasiagilin

content significantly increased TPC of the films,itacan be portrayed in Fig. 6.a.
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Fig. 6: Response surface curves for antioxidant propedfeshitosan-based film¢a): Variation
of TPC with vanillin and glycerol concentrationgb): Variation of DPPH with vanillin

concentration and drying temperature. The remainiagables were kept constant at middle level.

With regards to DPPH, the variance analysis redetilat the antioxidant capacity was
significantly affected by vanillin contenp € 0.001) and drying temperatui@ < 0.05). A
curvature of the surface is observed due to thaifgignce of the pure quadratic term for
the drying temperature of the films as shown thhodg variance analysis. However, the
most significant parameter on the antioxidant capaof the films was vanillin
concentration. A linear and positive effect wasested for vanillin content. As it can be
seen in Fig. 6.b, a similar trend to that found T®?C was obtained for DPPH: the
incorporation of vanillin in the formulation sigraéntly increased the antioxidant capacity
of the films. Therefore, vanillin as a natural disking agent could significantly
enhance antioxidant properties of chitosan filmisiclv could implicate important benefits

for the food industry.

3.3. Simultaneous optimization and validation

Simultaneous optimization by desirability approaehs carried out on the independent
variables to get the optimum levels within the ekpental conditions, using the
significant coefficients of the predicted models. this work, opacity, TSM and water
vapor permeability (WVP) of the films were minimiewhile YM, To and Thax
parameters, TPC and inhibition of DPPH radical waeximized. In these conditions, it
was found an optimal chitosan film formulation withanillin content of 37.5% w/w of CH
(X1 =0.5), Gly content of 45% w/w of CH £ 0) and drying temperature of 57.5°G; (X

= 0.5).
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In order to test the reliability of the models ine@icting optimal responses, validation

experiments were carried out at the optimal levetedicted by the simultaneous

accuracy of the model generated from the analysis.

Comparison of predicted and experimental resporedaes at the optimal level are

depicted in Table 6, confirming the accuracy ofiidel generated from the analysis.

Table 6. Predicted and experimental response values foofiinal chitosan film formulation.

Response variables Predicted Experimental
Opacity (AU nm/mm) 3328.3 3136.9 +£10.2
TSM (%) 26.85 20.6 £ 3.9
YM (Mpa) 1390.5 1225.0 £ 134.7
To (°C) 138.8 147.0 £1.0
Tma» (°C) 182.7 196.4 +1.0
WVP (g.m/Pa.s.rh10") 2.84 2.95+0.12
TPC (mg GA/g) 451 4.95+0.43
DPPH (%In) 24.19 25+1.2

4. CONCLUSIONS

RSM approach using Box-Behnken design and theat®kiy function was found to be an
effective tool to investigate changes in films pdpes and to search for the optimal active

chitosan film formulation with a natural antioxidasross-linking agent, such as vanillin.
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An optimal chitosan film formulation was found witkanillin content of 37.5% w/w of

CH, glycerol content of 45% w/w of CH, and a dryitegnperature of 57.5°C. Results

concluded that chitosan-based films with vanilliancbe successfully developed with

desirable mechanical, antioxidant and barrier pitoggeto be potentially used in the food

packaging industry.

Acknowledgments

This work was supported by Consejo Nacional de diigaciones Cientificas y Técnicas

(CONICET), Agencia Nacional de Promocion Cientifica ecnologica (ANPCyT) and

Universidad Nacional de Mar del Plata (UNMDP).

References

[1]

[2]

[3]

M.C. Cruz-Romero, T. Murphy, M. Morris, E. Cunms, J.P. Kerry, Antimicrobial
activity of chitosan, organic acids and nano-sigedbilisates for potential use in
smart antimicrobially-active packaging for potehtaod applications, Food

Control. 34 (2013) 393-397. d0i:10.1016/J.FOODCMOTI3.04.042.

A. Valdés, A.C. Mellinas, M. Ramos, M.C. Gaibgy A. Jiménez, Natural additives
and agricultural wastes in biopolymer formulatiémsfood packaging , Front.
Chem. . 2 (2014) 6. https://www.frontiersin.orgize/10.3389/fchem.2014.00006.
C. Lépez-de-Dicastillo, D. Pezo, C. Nerin, Gpez-Carballo, R. Catala, R. Gavara,
P. Herndndez-Mufioz, Reducing Oxidation of Food®iigh Antioxidant Active
Packaging Based on Ethyl Vinyl Alcohol and Natufvonoids, Packag. Technol.

Sci. 25 (2012) 457-466. doi:10.1002/pts.992.

34



651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

[4]

[5]

[6]

[7]

[8]

[9]

[10]

M. Mujtaba, B. Koc, A.M. Salaberria, S. Ik, @ansaran-Duman, L. Akyuz, Y.S.
Cakmak, M. Kaya, K.M. Khawar, J. Labidi, S. Bolroduction of novel chia-
mucilage nanocomposite films with starch nanoctgs#n inclusive biological and
physicochemical perspective, Int. J. Biol. Macroni@3 (2019) 663—-673.
doi:10.1016/j.ijbiomac.2019.04.146.

L. Akyuz, M. Kaya, B. Koc, M. Mujtaba, S. llid. Labidi, A.M. Salaberria, Y.S.
Cakmak, A. Yildiz, Diatomite as a novel compositigriedient for chitosan film
with enhanced physicochemical properties, Int.idl. Blacromol. 105 (2017)
1401-1411. doi:10.1016/j.ijbiomac.2017.08.161.

M. Mujtaba, R.E. Morsi, G. Kerch, M.Z. Elsabé¢, Kaya, J. Labidi, K.M.
Khawar, Current advancements in chitosan-basedgiibbduction for food
technology; A review, Int. J. Biol. Macromol. 1220(9) 889-904.
doi:10.1016/j.ijbiomac.2018.10.109.

M. Kaya, L. Akyuz, I. Sargin, M. Mujtaba, A.Msalaberria, J. Labidi, Y.S.
Cakmak, B. Koc, T. Baran, T. Ceter, Incorporatiésmoropollenin enhances acid—
base durability, hydrophobicity, and mechanicatifangal and antioxidant
properties of chitosan films, J. Ind. Eng. Chem(2T17) 236—245.
doi:https://doi.org/10.1016/j.jiec.2016.11.038.

L. Balau, G. Lisa, M.I. Popa, V. Tura, V. MetniPhysico-chemical properties of
Chitosan films, Cent. Eur. J. Chem. 2 (2004) 633-614i:10.2478/BF02482727.
M.A. Khokhlova, M.O. Gallyamov, A.R. Khokhlo;hitosan nanostructures
deposited from solutions in carbonic acid on a rhedbstrate as resolved by AFM,
Colloid Polym. Sci. 290 (2012) 1471-1480. doi:1071/300396-012-2673-3.

J.-W. Rhim, P.K.W. Ng, Natural Biopolymer-Basdanocomposite Films for

35



675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Packaging Applications, Crit. Rev. Food Sci. Ndé{.(2007) 411-433.
doi:10.1080/10408390600846366.

X.Z. Tang, P. Kumar, S. Alavi, K.P. SandeepcBnt Advances in Biopolymers and
Biopolymer-Based Nanocomposites for Food Packabfiatgrials, Crit. Rev. Food
Sci. Nutr. 52 (2012) 426-442. doi:10.1080/104083080.500508.

S.F. Sabato, N. Nakamurakare, P.J.A. Sobrakinical and thermal properties of
irradiated films based on Tilapia (Oreochromis tiglas) proteins, Radiat. Phys.
Chem. 76 (2007) 1862-1865. doi:10.1016/J.RADPHYSNIEAD07.02.096.

M.M. Beppu, R.S. Vieira, C.G. Aimoli, C.C. Sana, Crosslinking of chitosan
membranes using glutaraldehyde: Effect on ion pahitiey and water absorption,
J. Memb. Sci. 301 (2007) 126-130. doi:10.1016/j.5&r@007.06.015.

Q. Yang, F. Dou, B. Liang, Q. Shen, Investigas of the effects of glyoxal cross-
linking on the structure and properties of chitosbar, Carbohydr. Polym. 61
(2005) 393-398. doi:10.1016/j.carbpol.2005.04.017.

J.Q. Xue, J.X. Li, M. Wu, W. Wang, D.N. Ma,dparation and Characterization of
Formaldehyde Crosslinked Chitosan, Adv. Mater. R89-242 (2011) 279-282.
doi:10.4028/www.scientific.net/AMR.239-242.279.

Y. Zheng, W. Yang, C. Wang, J. Hu, S. Fu, long, L. Wu, X. Shen, Nanoparticles
based on the complex of chitosan and polyaspariitsodium salt: preparation,
characterization and the use for 5-fluorouracihagy., Eur. J. Pharm. Biopharm.
67 (2007) 621-631. doi:10.1016/j.ejpb.2007.04.007.

D. Kowalczyk, M. Kordowska-Wiater, J. Nowak, Baraniak, Characterization of
films based on chitosan lactate and its blends wsitized starch and gelatin, Int. J.

Biol. Macromol. 77 (2015) 350-359. doi:10.1016BI0MAC.2015.03.032.

36



699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

G.M. Duran, A.M. Contento, A. Rios, beta-Cydéxtrin coated CdSe/ZnS quantum
dots for vanillin sensoring in food samples., Té#ari31 (2015) 286—291.
doi:10.1016/j.talanta.2014.07.100.

H.-B. Zhu, Y.-C. Fan, Y.-L. Qian, H.-F. Tang, Ruan, D.-H. Liu, H. Wang,
Determination of spices in food samples by iorgeill aqueous solution extraction
and ion chromatography, Chinese Chem. Lett. 254P065—-468.
doi:10.1016/J.CCLET.2013.12.001.

J.F. Stanzione IlIl, J.M. Sadler, J.J. La ScKl&l. Reno, R.P. Wool, Vanillin-based
resin for use in composite applications, Green CHeh(2012) 2346—-2352.
doi:10.1039/C2GC35672D.

Z.H. Zhang, Z. Han, X.A. Zeng, X.Y. Xiong, Y.lUiu, Enhancing mechanical
properties of chitosan films via modification witanillin, Int. J. Biol. Macromol.

81 (2015) 638-643. doi:10.1016/j.ijbiomac.2015.28.0

F. Tian, E.A. Decker, J.M. Goddard, Contrajilipid oxidation of food by active
packaging technologies, Food Funct. 4 (2013) 669-68i:10.1039/C3FO30360H.
M.C.C.B. Santana, B.A.S. Machado, T.N. Silvha, Nunes, J.I. Druzian,
Incorporacao de urucum como aditivo antioxidanteeembalagens biodegradaveis
a base de quitosana The incorporation of annattm@sxidant additive based
biodegradable packaging chitosan, Ciéncia Rura(2033) 544-550.

D. Pifieros-Hernandez, C. Medina-JaramilloL8pez-Cordoba, S. Goyanes, Edible
cassava starch films carrying rosemary antioxiéatracts for potential use as
active food packaging, Food Hydrocoll. 63 (20178-4495.
doi:10.1016/J.FOODHYD.2016.09.034.

U. Siripatrawan, W. Vitchayakitti, Improvingifictional properties of chitosan films

37



723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

[26]

[27]

[28]

[29]

[30]

[31]

[32]

as active food packaging by incorporating with miagp Food Hydrocoll. 61 (2016)
695-702. doi:10.1016/J.FOODHYD.2016.06.001.

A. Acevedo-Fani, L. Salvia-Trujillo, M.A. RogaGrau, O. Martin-Belloso, Edible
films from essential-oil-loaded nanoemulsions: Rtyshemical characterization
and antimicrobial properties, Food Hydrocoll. 4013) 168-177.
doi:10.1016/J.FOODHYD.2015.01.032.

Z. Shen, D.P. Kamdem, Antimicrobial activitiysugar beet lignocellulose films
containing tung oil and cedarwood essential oil|uwse. 22 (2015) 2703-2715.
doi:10.1007/s10570-015-0679-y.

Z.A. Maryam Adilah, B. Jamilah, Z.A. Nur HanaRunctional and antioxidant
properties of protein-based films incorporated withngo kernel extract for active
packaging, Food Hydrocoll. 74 (2018) 207-218.
doi:10.1016/J.FOODHYD.2017.08.017.

C. Lépez de Dicastillo, F. Bustos, A. Guarlia). Galotto, Cross-linked methyl
cellulose films with murta fruit extract for antiolant and antimicrobial active food
packaging, Food Hydrocoll. 60 (2016) 335-344.
doi:10.1016/J.FOODHYD.2016.03.020.

M. Cushen, J. Kerry, M. Morris, M. Cruz-rome®. Cummins, Nanotechnologies
in the food industry e Recent developments , rasidregulation, Trends Food Sci.
Technol. 24 (2012) 30—46. doi:10.1016/j.tifs.20D10D6.

A. Kotakowska, G. Bartosz, Oxidation of Foodr@ponents: An Introduction, in:
G. Bartosz (Ed.), Food Oxid. Antioxidants Chem.|Bkunct. Prop., CRC Press,
2016: p. 568.

M. Pazos, I. Medina, Oxidants Occurring in Bdgystems, in: G. Bartosz (Ed.),

38



747 Food Oxid. Antioxidants Chem. Biol. Funct. PropRC Press, 2016: p. 568.
748 [33] C.E. Realini, B. Marcos, Active and intelliggrackaging systems for a modern
749 society, Meat Sci. 98 (2014) 404-419. doi:10.10MEATSCI.2014.06.031.

750 [34] L. Barbosa-Pereira, I. Angulo, J.M. LagarénPRseiro-Losada, J.M. Cruz,

751 Development of new active packaging films contagrianoactive nanocomposites,
752 Innov. Food Sci. Emerg. Technol. 26 (2014) 310-318.
753 doi:10.1016/J.IFSET.2014.06.002.

754 [35] C. Contini, R. Alvarez, M. O’Sullivan, D.P. Bding, S.O. Gargan, F.J. Monahan,

755 Effect of an active packaging with citrus extraotlipid oxidation and sensory
756 quality of cooked turkey meat, Meat Sci. 96 (201471-1176.
757 doi:10.1016/J.MEATSCI.2013.11.007.

758 [36] V.G.L. Souza, A.L. Fernando, J.R.A. Pires,.RRBdrigues, A.A.S. Lopes, F.M.B.

759 Fernandes, Physical properties of chitosan filnasniporated with natural
760 antioxidants, Ind. Crops Prod. 107 (2017) 565-572.
761 doi:10.1016/j.indcrop.2017.04.056.

762  [37] R. Sothornvit, J.M. Krochta, Plasticizers dhlgde films and coatings, Innov. Food
763 Packag. (2005) 403—-433. d0i:10.1016/B978-0123116830055-3.

764 [38] P.Jomlapeeratikul, N. Poomsa-Ad, L. WisetgEf of Drying Temperatures and
765 Plasticizers on the Properies of Konjac Flour Fiimf-ood Process Eng. 40 (2017).
766 doi:10.1111/jfpe.12443.

767 [39] M.M. Andrade-Mahecha, D.R. Tapia-Blacido, FMknegalli, Development and
768 optimization of biodegradable films based on actigar, Carbohydr. Polym. 88
769 (2012) 449-458. doi:10.1016/J.CARBPOL.2011.12.024.

770 [40] P. Mayachiew, S. Devahastin, Effects of drymgthods and conditions on release

39



771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

characteristics of edible chitosan films enrichethwndian gooseberry extract,
Food Chem. 118 (2010) 594—-601. doi:10.1016/J.FOOB@2009.05.027.
G.E.P. Box, D.W. Behnken, Some New Three Lé&xesigns for the Study of
Quantitative Variables, Technometrics. 2 (1960)-45%.
http://www.jstor.org/stable/1266454.

L. Vera Candioti, M.M. De Zan, M.S. Camara(HGoicoechea, Experimental
design and multiple response optimization. Usirgydesirability function in
analytical methods development, Talanta. 124 (2023)-138.
doi:10.1016/j.talanta.2014.01.034.

N. Aslan, Y. Cebeci, Application of Box—Behmkdesign and response surface
methodology for modeling of some Turkish coals,|F8é (2007) 90-97.
doi:10.1016/j.fuel.2006.06.010.

M. Pereda, M.1. Aranguren, N.E. Marcovich, \&tavapor absorption and
permeability of films based on chitosan and sodaaseinate, J. Appl. Polym. Sci.
111 (2009) 2777-2784. doi:10.1002/app.29347.

J. Irissin-Mangata, G. Bauduin, B. Boutevin,®bntard, New plasticizers for wheat
gluten films, Eur. Polym. J. 37 (2001) 1533—-1544i:10.1016/S0014-
3057(01)00039-8.

J.-W. Rhim, J.H. Lee, P.K.W. Ng, Mechanicatldrarrier properties of
biodegradable soy protein isolate-based films ebafiéh polylactic acid, LWT -
Food Sci. Technol. 40 (2007) 232—-238. doi:10.1018/J.2005.10.002.

ASTM, Standard Test Method for Tensile Projsrbf Plastics by Use of
Microtensile Specimens, (2013) ASTM D1708-13. d@ii520/D1708.

ASTM, Standard Test Method for Tensile Progsrof Plastics, (2014) ASTM

40



795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

D638-14. doi:10.1520/D0638-14.

ASTM, Standard Test Methods for Water Vapoarismission of Materials, (2016)
ASTM E96 / E96M-16. doi:10.1520/E0096_EO0096M-16.

M.R. Ansorena, F. Zubeldia, N.E. Marcovich tike wheat gluten films obtained
by thermoplastic processing, LWT - Food Sci. Te¢hé® (2016) 47-54.
doi:10.1016/J.LWT.2016.01.020.

G.E. Viacava, S.l. Roura, M.V. Aguero, Optimiion of critical parameters during
antioxidants extraction from butterhead lettucsitoultaneously enhance
polyphenols and antioxidant activity, Chemom. Intehb. Syst. 146 (2015) 47-54.
doi:10.1016/j.chemolab.2015.05.002.

G.C. Derringer, A Balancing ActOptimizing a Product’s Properties, Qual. Prog.
27 (1994) 51-58.

M.R. Ansorena, M.R. Moreira, S.l. Roura, Comdad effect of ultrasound, mild heat
shock and citric acid to retain greenness, nutrdi@nd microbiological quality of
minimally processed broccoli (Brassica oleraceaAn) optimization study,
Postharvest Biol. Technol. 94 (2014) 1-13.
doi:10.1016/J.POSTHARVBIO.2014.02.017.

I. Leceta, P. Guerrero, K. de la Caba, Fumaligroperties of chitosan-based films,
Carbohydr. Polym. 93 (2013) 339—346. doi:10.1005ARBPOL.2012.04.031.

[.S. Jahit, N.N.M. Nazmi, M.I.N. Isa, N.M. Sam, Preparation and physical
properties of gelatin / CMC / chitosan compositaéi as affected by drying
temperature, Int. Food Res. J. 23 (2016) 1068-1074.

Y.-H. Yun, C.-M. Lee, Y.-S. Kim, S.-D. Yoonf&paration of chitosan/polyvinyl

alcohol blended films containing sulfosuccinic aaglthe crosslinking agent using

41



819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

[57]

[58]

[59]

[60]

[61]

[62]

[63]

UV curing process, Food Res. Int. 100 (2017) 37%-38
doi:10.1016/J.FOODRES.2017.07.030.

S. Mali, M.V.E. Grossmann, M.A. Gde;IM.N. Martino, N.E. Zaritzky, Barrier,
mechanical and optical properties of plasticizeoh wdarch films, Carbohydr.
Polym. 56 (2004) 129-135. do0i:10.1016/J.CARBPOL400.004.

M. Fache, B. Boutevin, S. Calillol, Vanillin key-intermediate of biobased
polymers, Eur. Polym. J. 68 (2015) 488-502. doi:Q06/j.eurpolym;.2015.03.050.
L. Higueras, G. Lopez-carballo, R. GavaraHBrnandez-mufioz, Reversible
Covalent Immobilization of Cinnamaldehyde on Chato$-ilms via Schiff Base
Formation and Their Application in Active Food Pagkg, (2014).
doi:10.1007/s11947-014-1421-8.

A.S. Shekarabi, A.R. Oromiehie, A. Vaziril, Mrdjmand, Ali Akbar Safekordi,
Effect of Glycerol Concentration on Physical Pradigsrof Composite Edible Films
Prepared From, Indian J. Fundam. Appl. Life S¢R@14) 1241-1248.
www.cibtech.org/sp.ed/jls/2014/04/jls.htm 2014 Vd(S4), pp. 1241-
1248/Shekarabi et al.

S. Tung, O. Duman, Preparation and charaeteorz of biodegradable methyl
cellulose/montmorillonite nanocomposite films, Apglay Sci. 48 (2010) 414-424.
doi:10.1016/j.clay.2010.01.016.

M. Lavorgna, F. Piscitelli, P. Mangiacapra@sBuonocore, Study of the combined
effect of both clay and glycerol plasticizer on fireperties of chitosan films,
Carbohydr. Polym. 82 (2010) 291—298. doi:10.10T5ARBPOL.2010.04.054.

I. Kavianinia, P.G. Plieger, N.G. Kandile, D.Rarding, Preparation and

characterization of chitosan films, crosslinkedhwaymmetric aromatic

42



843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

[64]

[65]

[66]

[67]

[68]

dianhydrides to achieve enhanced thermal propeRigym. Int. 64 (2015) 556—
562. doi:10.1002/pi.4835.

L. Sun, J. Sun, L. Chen, P. Niu, X. Yang, Wud; Preparation and characterization
of chitosan film incorporated with thinned youngpbgpolyphenols as an active
packaging material, Carbohydr. Polym. 163 (201 A941
doi:10.1016/j.carbpol.2017.01.016.

U. Siripatrawan, W. Vitchayakitti, Improvingifictional properties of chitosan films
as active food packaging by incorporating with miaggp Food Hydrocoll. 61 (2016)
695-702. doi:10.1016/j.foodhyd.2016.06.001.

Y.X. Xu, K.M. Kim, M.A. Hanna, D. Nag, Chitosastarch composite film:
preparation and characterization, Ind. Crops P26q2005) 185-192.
doi:10.1016/J.INDCROP.2004.03.002.

T.P. Singh, M.K. Chatli, J. Sahoo, Developmehthitosan based edible films:
process optimization using response surface metbggol. Food Sci. Technol. 52
(2015) 2530-2543. d0i:10.1007/s13197-014-1318-6.

M. Moradi, H. Tajik, S.M. Razavi Rohani, A.Rromiehie, H. Malekinejad, J.
Aliakbarlu, M. Hadian, Characterization of antioaimd chitosan film incorporated
with Zataria multiflora Boiss essential oil and peaseed extract, LWT - Food Sci.

Technol. 46 (2012) 477-484. doi:10.1016/j.lwt.2011020.

43



Highlights

¢ Vanillin was used as a natural crosslinker in chitosan films

¢ Different properties of the films were simultaneously optimized with Desirability

function
e RSM and Desirability function are effective tools in the optimization of the films
formulation



