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The incorporation of gallic acid (GA) in a direct way or into nanoparticles included in chitosan edible films ap-
pears as a suitable approach to increase its preservation upon adverse conditions.
The addition of nanoparticles to chitosan-based matrices resulted in improvements in their solubility, swelling,
and mechanical properties. It is worth noting that by means of the nanoencapsulation, the release process can
be modulated in relation to the delivery of GA included directly in the matrix, releasing the agent at a lower
rate for a longer time. Films containing functionalized nanoparticles are promising as a means to develop tai-
lor-made support matrices for improving the shelf stability of the included active compound. From the point of
view of the antimicrobial activity, all studied films showed bacteriostatic activity against Staphylococcus aureus
ATCC 25923, Escherichia coli ATCC 25922, Salmonella spp. and Candida vinaria. The results suggest that active
films with nanoparticles could be a potential candidate for the support and controlled release of active com-
pounds such as gallic acid.
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1. Introduction

Chitosan (Ch), a cationic biodegradable polysaccharide, contains β
[1-4]-linked 2-acetamido-2-deoxy-D-glucopyranose and 2-amino-2-
deoxy-D-glucopyranose units [1]. This biopolymer has amine groups
highly reactive in its structure, which allow modifying its functionality
by means of the incorporation of active compounds or by obtaining
micro- and nanoparticles [2–5].

Gallic acid (3,4,5-trihydroxybenzoic acid) is a phenolic acid that can
be extracted fromgallnuts, tea leaves, oak bark, and other plants [6]. Nu-
merous biological properties have been ascribed to the gallic acid such
as anti-inflammatory, anti-mutagenic, and antioxidant [7]. In addition,
GA possesses antimicrobial activity [8] and has been identified as a nat-
ural crosslinker that can modify the mechanical performance of natural
polymers, promoting its use as a food-packaging material [9] and also
enhances elasticity, thus acting as a plasticizer [10].

The development of different strategies to guarantee an adequate
preservation of phenolic compounds in the final product is currently
the focus of attention of food and pharmaceutical industries.
and Development in Food
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).
Encapsulation of these compounds and extracts is an efficient method
to include the phenolic compounds into products [11,12], making the
handling easier and improving the stability [9]. Specifically, through
the use of the nanotechnology, new forms of polymeric supports with
loaded nanoparticles can be developed to tailor their properties and
modulate the active compound release [13]. According to Bodnar et al.
[2] and Merino et al. [14], the combination of loaded nanoparticles
with polymericmatrixes could overcome the limitations and drawbacks
associated with the use of nanoparticles as delivery systems. This strat-
egy represents an effective technique to protect the active compound
during storage and processing.

As reported by Sugita et al. [15], themain advantages of using nano-
structures as release systems are related to the fact that the nanoparti-
cles can be tuned in accordance with their application, the inclusion of
additives into nanoparticles without chemical reactions and the control
and extension of the active compound release.

In this context, the method's influence of incorporation of gallic acid
on the properties of chitosan matrixes was analyzed by means of scan-
ning electron microscope (SEM) and X-ray diffraction (XRD). Fourier
transform infrared spectroscopy (FTIR)was also employed to character-
ize the chemical interactions among the compounds. Mathematical
models were used to evaluate the transport mechanisms of the active
compound and the potential antimicrobial properties were tested by
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the disc diffusion method against yeasts as well as Gram-positive and
Gram-negative pathogenic bacteria.

2. Materials and methods

Chitosan (Ch), from crab shells with a molecular weight of 3.2 × 105

Da and a deacetylation degree of 85%,was supplied by Polymar Ciência e
Nutrição (Fortaleza, Brazil). GA was provided by Sigma-Aldrich Chemi-
cal Company (St. Louis, MO, USA). Sodium tripolyphosphate (TPP) and
acetic acid were purchased from Anedra (Buenos Aires, Argentina).

2.1. Preparation of nanoparticles

Chitosan 0.75% (w/w)was solubilized in 0.75% (v/v) acetic acid solu-
tion at 20 °C under continuous agitation. Afterward, 50 mgGA/gCh were
added to the Ch solutions. Sodium tripolyphosphate, used as a
crosslinking agent, was prepared at the concentration of 2% (w/v) [16].

Nanoparticleswere synthetized by the ionotropic gelation technique
based on a modified method described by Calvo et al. [17]. TPP solution
was added dropwise under continuous stirring into the solution con-
taining Ch and GA until reaching Ch:TPP ratios of 5 and 3. After comple-
tion this process, the obtained suspensions were homogenized for
10 min at 13500 rpm by means of an Ultraturrax T-25 Janke & Kunkel
(IKA-Labortechnik, Germany).

Nanoparticles without GAwere prepared following the same proce-
dure previously using a Ch solution without the addition of the active
compound.

For suspensions of chitosan nanoparticles with Ch:TPP ratios of 5
and 3, the nomenclature used will be NA and NB, respectively. In the
case of empty nanoparticles, the label used will be NAE and NBE for
Ch:TPP ratios of 5 and 3, respectively.

2.2. Suspension analysis

The zeta potential (ZP) and particle hydrodynamic size of the nano-
particles were determined by a Zetasizer Nano-ZS Malvern Instruments
(Worcestershire, England) equipped with a digital correlator Model
ZEN3600. The ZP and particle diameter were informed as the average
of five determinations per sample. The assays were performed in
triplicate.

The global stability of the suspensions of either empty (NAE and NBE)
or GA loaded nanoparticles (NA and NB)was carried out by light scatter-
ing with a vertical scan analyzer (QuickScan, Beckman Coulter, Fuller-
ton, USA) at room temperature. The suspensions were scanned with a
monochromatic light source (λ = 850 nm) as a function of the height
of the sample tube (ca. 65mm) in quiescent conditions, acquiring trans-
mittance and BS (1620 acquisitions in each scan) [16]. Measurements
were performed independently and in triplicate.

The study of the contribution of each component (TPP or TPP and
GA) to the interactions was carried out bymeans of ATR-FTIR technique
on either NAE and NBE or NA and NB samples, respectively. Spectra were
recorded by a Nicolet, iS10 Thermo Scientific (Madison, USA) in the
wavenumber range 4000–400 cm−1 by the accumulation of 64 scans
at 4 cm−1 resolution. Samples were placed onto the diamond ATR crys-
tal (Smart iTX accessory) for the Nicolet™ iS™10 (Thermo Scientific™,
Madison, USA). Data were analyzed by using the software Omnic 8
(Thermo Scientific, Madison, USA).

2.3. Film preparation

A chitosan solution 1.5 % (w/w) was prepared by solubilization in
1.5 % (v/v) acetic acid solution as described previously [18]. Ch solutions
were separated in four batches of 100 mL each one, the first one being
used as a control and the other three being functionalized with GA. On
the second batch, 12.5 mg of gallic acid was directly solubilized in the
chitosanfilmogenic solution (ChGA) and, 50mL suspensions of particles
loaded with GA, prepared as described in Section 2.1 Preparation of
nanoparticles, were incorporated to the other two batches (ChNA and
ChNB). Chitosan-based films were prepared by casting of filmogenic
suspensions and drying in an oven at 37 °C until reaching a constant
weight. The obtained films were conditioned in a controlled room at
20 °C and 65 % relative humidity (RH).

Fromhere onwards, nomenclature usedwill be: Ch for control chito-
sanfilms, ChGA for films of chitosanwith thedirect addition of GA to the
filmogenic solution, ChNA and ChNB for films with the addition of NA or
NB particles prepared with Ch 0.75 %, 50mGA/gCh, and Ch:TPP ratios of 5
and 3, respectively [16].

A coating thickness gauge Check LineDCN-900 (NewYork, USA)was
used to determine thefilm thickness. The reported values correspond to
the average of at least fourteen measurements at different positions for
each sample.

2.4. Film physical properties

The moisture content of the film was quantified measuring its
weight loss, upon drying in an oven at 105 °C until reaching a constant
weight; results were expressed in grams of water per 100 g of sample.
Samples were analyzed in triplicate.

Film solubility was determined according to Rivero et al. [18].
Samples of 3 × 3 cm were weighed and placed into test beakers
with 100 mL of deionized water under constant stirring for 1 h at 20 °C.
The remaining pieces after soaking were dried in an oven at 105 ± 1 °C
until reaching a constant weight. The informed results corresponded to
the mean of three replicate assays.

The swelling capacity of filmswasmeasured by immersion of previ-
ously weighed film pieces in 100 mL of distilled water during 60 min
[18]. After that, the sampleswere recovered and dried to remove the ex-
cess of surface water and re-weighed. The swelling was calculated as
described by Rivero et al. [18]. Samples were analyzed at least in
triplicate.

Water vapor permeability (WVP) assayswere carried out based on a
modified ASTM [19] method E96 by using a home-made permeation
cell which was maintained at 20 °C as described in previous work
[16]. After steady-state condition was reached, the permeation cells
were weight over 9 h. Each reported value corresponded at least to
four determinations.

For the evaluation of the UVbarrier properties, opacity and transpar-
ency, rectangular film samples were placed in a quartz spectrophotom-
eter cell. A UV–visible Spectrophotometer DU 650 (Beckman, USA) was
used to record the absorbance.

The reported values correspond to the arithmetic mean of three in-
dividual determinations.

The area under the recorded curve, defined as film opacity, was de-
termined by an integration procedure between 400 and 700 nm [20].
Opacity was reported as absorbance units per nanometers (AUxnm).

Meanwhile, film transparency was calculated following the method
described by Zhang and Han [21] using the ratio between the
absorbance at 600 nm and film thickness. The informed results,
expressed as A600 mm−1, correspond to the average value of three rep-
licate tests.

2.5. Mechanical properties

For quasi-static trial in uniaxial condition, a constant force ramp rate
of 0.3 N min−1 was programmed to register the stress-strain curves up
to 18 N or until rupture from film strips, using a dynamic-mechanical
thermal equipment Q800 (TA Instruments, New Castle, USA) [22]. In
order to calculate the elastic modulus (EC), stress–strain curves were
fitted with the following equation:

σV ¼ ECεVe−εV K ð1Þ
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where, EC is the elastic modulus, εv and σv are the true strain and the
true stress respectively, and K is a constant regarded as a fitting param-
eter. Samples were analyzed at least in triplicate.

Percentage elongation at break (E) and maximum tensile strength
(TS) of each sample were assessed by using a texturometer
TA.XT2i—Stable Micro Systems (England). Film probes were stretched
with a tension grip system A/TG at a constant rate of 0.5 mm s−1.
Texture Expert Exceed software was used to record the curves of force
(N) as a function of deformation (mm). As stated by Siracusa et al.
[23] the area under this curve, expressed in J, represents thematerial te-
nacity. The informed values correspond to the arithmeticmean of six in-
dividual determinations.
2.6. Structural studies

The examination of thefilmmorphologywas performed through the
use of FEImodel Quanta 200 scanning electronmicroscope (TheNether-
lands). Before analyzing Ch, ChGA films, and nanocomposites (ChNA

and ChNB) with low vacuum, they were cryogenically frozen in liquid
nitrogen, fractured and mounted on bronze stubs through a double-
sided adhesive carbon tape. In addition, the failures of the samples sub-
mitted to stretch by means of the texturometer were studied by direct
observation of the structures of the fractured cross-sections.

Specimens were examined without any metal or carbon coating at
an acceleration voltage of 15 kV.

The structure of the chitosan-based films was also evaluated
by means of X-ray diffraction in a Philips PW 3710, X'Pert Pro P Analyt-
ical ModelPW3040/60 (Almelo, The Netherlands). The CuK radiation
(1.542 Å) operated at room temperature was generated at 30 mA and
40 kV, recording the relative intensity in the scattering range of (2θ)
3–60° with a step size 2θ 0.02°.
2.7. Diffusion experiments

GAwas quantified by using a UV–visible Spectrophotometer DU 650
(Beckman, USA). The diffusion of gallic acid was carried out in water at
room temperature.

Film pieces of 6 × 6 cm were placed on a plastic holder and im-
mersed in 100 mL of the solvent, which was kept under agitation. Sam-
ples of 0.85 mL were periodically taken from the solution, and the
concentrations of GA released from the matrix into the medium were
quantified by measuring the absorbance at 269 nm.

The diffusion mechanism for an infinite plane can be expressed in
term of the microscopic mass balance:

dC
dt

¼ Dm
d2C

dx2
ð2Þ

where: C is the GA concentration in the matrix as a whole expressed as
the weight of solute per volume unit; Dm, the effective diffusion coeffi-
cient (m2 s−1) and t time (s).

For a non-steady state, the analytical solution for Eq. (2) has the form
of a trigonometric series:
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being, Mt the total quantity of the substance that releases in time t and
M∞ the corresponding quantity at an infinite time. This is an approxima-
tion which holds for the release of the first 60% of cumulative release.
At very short times, it is possible to consider the solution for a semi-
infinite medium as follows:
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2.8. Antimicrobial capacity

Batch cultures of typical food pathogens such as Gram-positive bac-
teria Staphylococcus aureus ATCC 25923 and Gram-negative bacteria
(Escherichia coli ATCC 25922 and Salmonella spp.) were obtained from
Microbiology Chair (National University of La Plata, Argentina). Candida
vinaria was obtained from yeast collection of Microbiology Laboratory
of the Center for Research and Technical Assistance to Agri-food Indus-
try (CIATI). The procedure of isolation and identification of Salmonella
spp. was performed according to AOAC 46-115 [24]. Positive colonies
were confirmed by the API 20E kit (Biomerieux, France).

Candida vinaria was growth in broth malt containing malt extract
(1%, Biokar, France), yeast extract (2%, Biokar, France) and glucose
(1%, Merck, Germany). S. aureus, E. coli, and Salmonella spp. were
grown in Mueller-Hinton broth (Merck, Germany).

All microorganisms tested were incubated at 37 °C overnight until
providing concentrations of 108 CFUmL−1 determined by optical densi-
ty (OD) of the suspension. Then, dilutions 1:10 were prepared from
these inocula with sterile 0.1 % of peptone water (Oxoid) to obtain con-
centrations of 107 CFU mL−1. Inoculation was performed by incorpora-
tion of 100 μL suspension onto the surface and carefully spreading the
liquid over the media using the spread plate technique. The isolates
were tested for susceptibility to the films by the disc diffusion method.

In order to analyze the antimicrobial capacity of Ch, ChGA and nano-
composite matrices (ChNA, ChNB), the film samples were cut into discs
of 1.5 cm diameter and three discs placed on the surface of inoculated
agar plate by using sterile tweezers. Afterward, the plates were incubat-
ed at 37 °C and inhibition zonesweremeasured. The diameters of inhib-
itory zone adjacent to the film discs as well as the contact area of these
with the media were measured. The zone of inhibition assay on solid
media was used for determining the antimicrobial effects of the films
against E. coli, Salmonella spp., S. aureus, and Candida vinaria.

The tests were performed in triplicate to ensure reproducibility of
the results. Visual observations were conducted in all cases, photo-
graphs were taken, and inhibitory zones of the films were observed
after 24, 48, and 72 h of incubation at 37 °C. Photo analysis was per-
formed using the Image J package.

2.9. Statistical analysis

For the statistical analysis of the results, the SYSTAT software
(SYSTAT Inc., Evanston, IL, USA) was applied. Analysis of variance was
carried out by means of ANOVA procedures. Fisher LSD test was per-
formed for simultaneous pairwise comparisons. F-tests and differences
in means were considered statistically significant when p b 0.05.

The principal component analysis (PCA) was conducted on mean
values using Infostat v2009 software (Córdoba, Argentina).

3. Results and discussion

3.1. Characterization of nanoparticles

Chitosan's ability to gel on contact with TPP relies on the formation
of inter- and intramolecular crosslinking mediated by these counter-
ions. Specifically, Ch nanoparticles were obtained as a result of molecu-
lar linkages formedbetween chitosan amino group and TPP phosphates.
The concentration of Ch, active compound (mgGA/gCh), and Ch:TPP ratio
used to obtain the nanoparticle suspensions, as well as zeta potential



Table 1
Zeta potential (ZP, mV) and nanoparticle diameters (nm) from NA and NB suspensions.
Variables were: chitosan concentration (w/w), chitosan:tripolyphosphate ratio (Ch:TPP)
and gallic acid concentration expressed as mgGA/gCh.

Suspension Ch (%) Ch:TPP GA(mg/gCh) ZP (mV)⁎ Diameter (nm)

NA 0.75 5 50 46.6(3.2)b 453.1(30.0)b

NB 0.75 3 50 27.7(1.2)a 140.3(7.1)a

⁎Different letters in the same column indicate significant differences (p b 0.05) between
samples.
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Fig. 2. Transmittance profiles of nanoparticle suspensions without (NAE, NBE) and with
gallic acid (NA, NB) obtained by the QuickScan method. Table insert shows the
composition of the suspensions.
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and size values of the formed nanoparticles are shown in Table 1. As can
be seen, the lower the Ch:TPP ratio, the smaller the particle diameter
and the lower the ZP were [16].

The ability of the ionic gelation process to form chitosan nanoparti-
cles loaded with gallic acid was assessed by ATR-FTIR. Measurements
were carried out to identify the possible biomolecules responsible for
Ch nanoparticle formation. The spectral analysis of chitosan nanoparti-
cles NA, NAE, NB, and NBE are depicted in Fig. 1. All the spectra exhibited
the absorption bands at 1637 cm−1 (C_O stretching in amide group,
amide I vibration), 1538 cm−1 (−NH2 bending in non-acetylated 2-
aminoglucose primary amine) and 1377 cm−1 (C\\O stretching of
primary alcohol groups) (Fig. 1). The absorption peak at 1150 cm−1

(antisymmetric stretching of the C\\O\\C-glycosidic linkage between
chitosan monomers) and 1018 cm−1 (skeletal vibrations involving the
C\\O stretching) characteristic of the chitosan saccharide structure
were observed [18].

On the other hand, the loaded suspension spectra (NA and NB)
exhibited interactions among Ch, GA and the crosslinking agent TPP
(Fig. 1). The decrease of the band observed in the region of amide II is
explained by the interactions with TPP, responsible for the Ch separa-
tion from the solution in the form of nanoparticles and the reduction
of Ch solubility. The crosslinked chitosan also showed a reduced peak
at 1150 cm−1 attributed to the bend P_O [25].

Other bands attributed to the presence of TPP were located at
1096 cm−1 (symmetric and antisymmetric stretching vibrations in the
PO3 group) and 892 cm−1 (antisymmetric stretching of the P-O-P
bridge) [26]. The higher the concentration of TPP the greater the differ-
ences observed between NB and NA, or NBE and NAE nanoparticles.
Fig. 1. ATR-FTIR spectra of nanoparticle suspensions without (NAE, NBE) and loadedwith gallic a
3600–2600 cm−1.
The spectral region 2800–3500 cm−1 also showed difference among
empty and GA loaded nanoparticles (Insert in Fig. 1). This region
becomes more attenuated, indicating that H-bond interactions with
Ch-GA were increased in the presence of GA.

The suspensions of nanoparticleswere also studied from the stability
point of view by means of the QuickScan methodology, which exposed
the role played by theGA in strengthening the stability of the system. As
can be seen in Fig. 2, samples prepared without GA produced more
transparent suspensions displaying higher transmittance value than
those containing active compounds. According to Alonso et al. [27],
the GA may behave like a notable non-ionic surfactant since its
cid (NA, NB) in the wavenumber region 1800–800 cm−1. Insert shows the enlarged region
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surfactant effectiveness is in the range of other relevant commercial
non-ionic surfactants by further increasing the dispersibility and ac-
cordingly the surface area of nanoparticles. This explanation was corre-
lated with the lower transmittance value obtained (Fig. 2). Although
both suspensions NA and NB demonstrated to be stable, it is worth not-
ing that the higher the ratio Ch:TPP of the suspension and the greater
the nanoparticle size, the higher the transmittance value was (Fig. 2).
Similar results were obtained by Kim et al. [28]. The authors found
that the transmittance of the dispersion of carbon nanotubes with sur-
factants was very low and remained almost constant. On the other
hand, the transmittance of the dispersionwithout a surfactant increased
dramatically indicating that aggregation occurred. In addition, the aque-
ous dispersions with surfactants were more stable than that without a
surfactant.

Additionally, Hong et al. [29], studied the stability of the encapsulat-
ed carbon nanotubes by poly(4-vinylpyridine) which was improved in
alcoholic medium due to the chemical affinity of P4VP with alcohol.
3.2. Water-resistive properties

Considering single (Ch), active matrix (ChGA) and nanocomposite
active films (ChNA and ChNB), all of them were uniform and homoge-
neous with thicknesses of about 70 μm on average. Table 2 shows
water-resistive and optical properties of the films.

As can be seen in Table 2, moisture content presented the lowest
value for Ch films. Meanwhile, ChNA and ChNB showed the highest
values but the difference between them was no significant (p N 0.05).
The increase of moisture content in the presence of GA could be attrib-
uted to higher sites available for water sorption in the polymeric matrix
due to an increase in the number of hydrophilic molecules.

Taking the water vapor permeability into account, chitosan films
exhibited a value of 1.3 × 10−10 g m−1 s−1 Pa−1, which was not
significantly different than those obtained for ChGA and nanocompos-
ites (p N 0.05). This fact could be explained probably owing to the
small amount of both GA and nanoparticles added to the Ch matrix.

The swelling of Ch films in water was 880% and underwent a de-
crease after the direct addition of GA which interacted with Ch. In this
way, other authors also found that the inclusion of active compounds
such as tannic and ferulic acids induce crosslinking reactions, reducing
the swelling capacity and the solubility of the matrix [30,31]. With the
addition of nanoparticles, the swelling ability of the samples was re-
duced owing to an additional crosslinking process. Although ionic inter-
actions between the negative charges of the crosslinker (TPP) and
positively charged groups of Ch were the main interactions occurring
within the network, the simultaneous presence of TPP and GA contrib-
uted to closer interactions. The network had a lower hydrodynamic
free volume to accommodate the solvent molecules, thereby inducing
a slight swelling of chitosan–TPP matrices obtaining a reduction by
29% compared to control film (p b 0.05) (Table 2). These findings are
in agreement with those found by Parize et al. [32]. These authors sug-
gested that the crosslinking process decreases the degree of matrix
swelling.
Table 2
Water-resistive and optical properties of formulated Ch-based films.

Film properties⁎ Ch ChGA ChNA ChNB

Moisture content (%) 14.3 (0.01)a 19.7 (0.2)a,b 21.7 (1.7)a,b 23.7 (3.5)b

Swelling capacity (%) 920.7 (39.9)c 717.8 (2.4)b 372.8 (15.3)a 348.4 (30.9)a

Solubility (%) 57.1 (2.4)c 14.9 (1.3)a 16.7 (0.02)a 17.4 (0.3)a

WVP (×1010) 1.3 (0.1)a 1.1 (0.1)a 1.3 (0.004)a 1.2 (0.1)a

Transparency 18.6 (0.3)a 26.7 (0.8)c 16.0 (0.3)a 21.0 (0.6)b

Opacity 24.3(0.08)a 37.1 (3.7)c 32.4 (3.7)b 32.0 (0.7)b

UV barrier 77.2 (2.7)a 159.9 (8.4)d 129.5 (1.6)c 113.5 (8.8)b

⁎Different letters in the same row indicate significant differences (p b 0.05) between
samples.
Mi et al. [33] found that the ionic-crosslinked chain of chitosan-TPP
does not dissociate at neutral pH, and hence the swelling of the nano-
composites would be mainly attributed to the hydration or ionization
of unbound -NH2 groups but not to the scission of the ionic-crosslinked
chain.

Although the incorporation of nanoparticles implied the addition
of TPP and hence a lower amount of Ch free, the solubility did not signif-
icantly differ from that obtained by means of the direct inclusion of GA
(p N 0.05) (Table 2).

3.3. Optical properties

The study of the UV light absorption capacity of the biodegradable
films is relevant to determine their possible applications for food pack-
aging [34].

The UV–vis absorption spectra of gallic acid and film-forming solu-
tions with and without nanoparticle suspensions were recorded (data
not shown). The absorption peak of the active compound in solution ei-
ther incorporated directly or encapsulated into Ch solutions was ob-
served at 269 nm. Comparing the spectra of solutions containing
nanoparticles, NA andNB,with sizes of 453.1 and 140.3 nm, respectively,
it can be inferred that the size influenced on the absorbance. The higher
the diameter of the particles, the higher the absorbance values were.

On the other hand, all films exhibited barrier UV properties since a
characteristic peak in the range 265–340 nmwas observed (Fig. 3). Al-
though Ch films depicted a barely noticeable peak at 265 nm [35] they
had a lower capacity to absorb UV light than matrices containing GA.
Thereby, the presence of GA enhanced the light barrier properties of
Ch films.

Considering the spectra of both, the chitosan solution (film forming
solution) and solid state (chitosan-based films), the displacement of the
absorption peak from 265 to 278 nm, respectively, in the presence of GA
or nanoparticles functionalized with this compound, was observed. The
most plausible explanation was the crosslinking interaction of the gallic
acid and Ch molecules induced by the drying process [36].

Analyzing other optical properties, Ch films exhibited the highest
transparency (that is, the lowest value). The addition of GA decreased
the transparency in relation to Ch matrix and showed a significant
effect on the opacity, which increased by 26% concerning the Ch value
(Table 2). Similar results were reported by Siripatrawan and Harte
[37] for Ch films functionalized with an aqueous green tea extract. Fur-
thermore, nanocomposites were less opaque (and more transparent)
than ChGA matrices. Taking particle size into account, nanocomposite
film opacity was higher for ChNA than ChNB. According to Niroomand
Fig. 3.UV–vis light absorption spectra of Ch, ChGA, and nanocomposites (ChNA and ChNB).



Fig. 5. Tensile stress-strain behavior of Ch, ChGA, and nanocomposites (ChNA and ChNB)
determined by a) quasi-static method and b) texture analyzer. Continuous lines indicate
data fitted by means of Eq. (1).
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et al. [38], when light passes through the film, a considerably lower
amount of light is transmitted through the matrix containing nanopar-
ticles, which results in a higher opacity value.

3.4. Analysis by PCA

Fig. 4 shows PCA biplots used to visualize and summarize the rela-
tionships between the samples and the attributes associated with opti-
cal and water-resistive properties. Inspecting the contributions, biplot
revealed that the variability explained by the first component PC1 was
64.9% and the second PC2 30.1%, respectively.

The PCA correlation plot shows the clustering of the nanocomposites
in relation to Ch and ChGA films. Nanocomposites were separated from
Ch and ChGA matrices and the separation was carried out along PC2.
Samples formulated with nanoparticles presented the most negative
values of PC2, ChGA was located on the right-side of the chart whereas
Ch control had negative values. The control Chwas better interpreted in
terms of solubility and swelling, ChGA was associated principally with
transparency, opacity and UV barrier. Although ChNA and ChNB showed
the highest values of moisture they were far away from swelling and
solubility.

3.5. Mechanical properties

The mechanical responses of the studied films carried out by a
DMA under uniaxial tension were evaluated through stress-strain
tests. Fig. 5a also depicts the non-linearmodel (Eq. (1)) used to estimate
the elasticmodulus Ec, which fitted the all experimental data satisfacto-
rily with r2 N 0.980. As can be observed in Table insert in Fig. 5a, ChGA
films exhibited the highest Ec and stress values.

Analyzing the film behavior, the tensile test results suggested
that the mechanical properties of the ChGA films were superior to
those of neat chitosan due to the reinforcement provided by the
crosslinker throughout the biopolymeric matrix. The addition of GA
led to an increase by 52 % of the stress and a reduction by 17 % of the
strain (p b 0.05) in relation to Ch films, as a consequence of the forma-
tion of intermolecular hydrogen bonding between Ch backbone and
the OH– of gallic acid [39], that restricts the matrix motion. A similar
trend was reported by Orliac et al. [40] working on thermo-moulded
films produced from sunflower protein.

In the case of ChNA, maximum values reached were 30 MPa and
2.8 %, whereas for ChNB films, the strain maintained values practically
unaltered and stress had a non-significant increase (p N 0.05) in relation
to Ch films.
Fig. 4. PCA biplots summarizing the relationships between the samples (Ch, ChGA, ChNA,
and ChNB) and the attributes associated with optical and water-resistive properties.
At this point, it would be worth bearing in mind that the particles
crosslinked with TPP represented only a moiety of the total system
since the majority of the support matrix was formed by Ch non-
crosslinked. That is, although TPP played a role as a crosslinker, especial-
ly concerning ChNA with a Ch:TPP ratio equal to 5 (bTPP), the effect on
the structure were less than expected and they resulted in a higher
elongation. The decrease of stress and the increase of the strain would
prove that nanoparticles have a plasticizing effect for the film. This indi-
cates that incorporating nanoparticles into the films resulted in strong
interactions between the filler and the matrix.

As claimed by deMoura et al. [13], nanoparticles induce the collapse
of the pores occupying the empty spaces of the active matrix and there-
by improving the mechanical properties.

On the other hand, Fig. 5b shows the mechanical patterns of assays
carried out on a texture analyzer. The obtained findings were similar
to those evaluated by uniaxial tension tests.

Force-deformation curves obtained for Ch films followed a pattern
characteristic of a ductile material. When nanoparticles were incorpo-
rated, the Ch matrix became a much more ductile material, as depicted
in Fig.5b. Both, the increase in elongation and stress values of themate-
rials functionalized with nanoparticles evidenced improvements in the
tenacity of the films demonstrating the reinforcing effects of the parti-
cles, as can be seen in Table insert in Fig. 5b. According to Bhattacharya
[41], the nanoparticle dispersion and the bonding between thefiller and
the polymer are essential to allow transferring the external stress



Fig. 7. X-ray diffractograms of Ch, ChGA, and nanocomposites (ChNA and ChNB).
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applied to the composite to the nanofillers. Hence, nanoparticles are
often functionalized enhancing their dispersibility and allowing their
interactions with polymers.

SEMmicrographs of matrixes submitted to traction assays show the
cross-section of the strained Ch sample which was soft and smooth as
can be seen in Fig. 6a. The examination of the micrograph provides an
insight into the highly stressed regions where tiny flaws grew causing
the failed of the material under the application of a tension. The matrix
appears aligned in the direction of the applied force.

Taking into account ChGA films, the cross-section was rough, tear in
a longitudinal direction to the stress. This observationwas in accordance
with the higher stiffness and low stretching of the material (Fig. 6b).

The ductility nature of the Ch matrix was improved by the addition
of active nanoparticles. The micrographs give reliable insights on the
homogeneous dispersion of the nanoparticles in the chitosan matrix
(Fig. 6c). The fractured nanocomposites showed a high fracture strength
and toughness were a result of good filler-to-matrix adhesion and dis-
persion of nanoparticles in a continuous phase of chitosan which acts
as a binder. This result could be attributed to the structural affinity be-
tween the phases.

3.6. X-ray studies

It is known that chitosan is a semicrystalline polymer due to its
strong intramolecular hydrogen bonds on the backbone, and it also
has a rigid amorphous phase because of its heterocyclic units [42]. As
can be seen in Fig. 7, Ch films exhibited peaks at 2θ = 8.2, 11.2, 18.1,
and 23.0°. The morphological studies reflected the looseness in chain
packing after introducing GA into the chitosan chains and a different
pattern was developed. The reflection located at 2θ = 23° became
stronger because of the presence of a sharp peak in the GA diffraction
XRD spectrum, the peak at 11.2° underwent a shift toward 11.6°, and
the one at 8.2° practically disappeared. This is because the addition of
Fig. 6. Cross-section SEMmicrographs of samples after being submitted to tensile frac
GAwould interrupt the intermolecular hydrogen bonding in Ch crystals,
allowing Ch molecules to form more interaction with the active com-
pound [43].

On the other hand, the inclusion of functionalized particles led
to that the intensity of the reflections located at 8.7 and 11.7° to
be comparable (Fig. 7). Although the patterns of both nanocomposites
were similar, the peaks of ChNB appeared less sharp. These findings
suggest that the inclusion of nanoparticles did not change the structure
of the matrix. According to Azizi et al. [44], the fact of there was
neither new peaks nor peak shifts compared with Ch pattern would
be consistent with the coexistence of two phases (polymer and
nanoparticles).
ture test: (a) Ch, (b) ChGA, and (c) ChNA. Scale bars are indicated in the images.



855J. Lamarra et al. / Materials Science and Engineering C 79 (2017) 848–859
The average crystallite size was calculated from XRD peak located at
18° based on the Debye–Scherrer equation [45,46]:

D ¼ Kλ
β cosθ

ð5Þ

where β is the integral half width, K is the Scherrer constant (0.90),
λ is thewavelength of the incidentX-ray (λ=0.1540nm),D is the crys-
tallite size, θ is the Bragg diffraction angle in degrees, and β is the full
width at half maximum intensity in radians.

The diffraction peak corresponding to the lattice plane (311) at
2θ = 18° was used for calculation because this peak is well resolved
and does not show any interferences (Table insert in Fig. 7).

The average crystallite size calculated for Ch was about 20 nm. The
crystallite size is assumed to be the size of a coherently diffracting do-
main and it is not necessarily the same as particle size.

The decrease in crystallite size suggests that strong interactions oc-
curred among Ch, TPP and GA which resulted in a more amorphous
structure. This result was mainly due to the strong intermolecular hy-
drogen bonding interaction occurred among these three components
[47].

According to Sujima-Anbu et al. [48], chitosan nanoparticles consist
of a network structure of interpenetrating chains crosslinked to each
other by TPP. Additionally, they explained that XRD spectra exhibited a
disorder in chain alignment in the nanoparticles loadedwith active com-
pound after crosslinking due to the change in the chitosan structure.

3.7. SEM analysis

From the microscopic point of view, Ch films showed smooth
and homogeneous surfaces and with good structural integrity
(Fig. 8a). While the addition of GA did not substantially modify the
Fig. 8. Cross-section SEM micrographs of: (a) Ch, (b) ChGA, (c) ChNA, and
microstructure of neat chitosan matrix (Fig. 8b), the cross-section of
nanocomposites showed clearly the nanoparticles distributed homoge-
neously without aggregation suggesting compatibility with the Ch
matrix (Fig. 8c). Undoubtedly, the incorporation of nanoparticles pro-
duced changes in the microstructure of the films leading to form a con-
tinuous network where the nanoparticles act as filler (Fig. 8c and d).
These results are consistent with the findings of Teodoro et al. [49]
and Bhattacharya [41], who reported that fillers dispersed more
homogenously improve the interactions with the matrix, and thus
caused major adhesion between the nanoparticles and the continuous
Ch phase. This fact would be related to the obtained mechanical
properties.
3.8. Diffusion experiments

As described, the release of GA from Ch-based matrices was investi-
gated by the total immersion method in the release medium.

In order to determine themechanism controlling the GA release and
compare the relative delivery velocity among the different matrices,
profile data were fitted with the semiempirical equation proposed by
Korsmeyer-Peppas [50]

Mt

M∞
¼ FT ¼ k� tn ð6Þ

whereMt./M∞ is the fraction released of active compound at time t, k is a
constant and n is a parameter representative of themechanismof trans-
ference of the active agent.

Gompertz [51] and Gallagher-Corrigan models [52] were also used,
fitting the data by means of Sigma Plot Software 10.0.
(d) enlarged region of ChNA. Scale bars are indicated in the images.
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The release can be described by a simple exponential model known
as the Gompertz model expressed as follows:

Mt

M∞
¼ exp −a� exp b� logtð Þ½ � ð7Þ

where, Mt/M∞ is the percent of compound release at time t, a parameter
determines the undissolved proportion at t = 1 described as a location
or scale parameter, b dissolution rate per unit of time describes a shape
parameter. This model has a positive upward slope and then reaches a
plateau [51].

Themodel of Gallagher-Corrigan estimates the total fraction of addi-
tive released at time t (FT), which is given by the sum of active com-
pound transferred by surface diffusion and released caused by the
degradation of the polymer matrix as follows:

FT ¼ FB � 1− exp −KB � tð Þð Þ þ 1−FBð Þ
� exp k� t−k� tMAXð Þ
1þ exp k� t−k� tMAXð Þ ð8Þ

where, KB is the burst rate constant, FB the fraction of the active com-
pound released in the burst phase, tMAX the time for maximum rate
and k the rate constant of the polymer degradation phase.

In Table 3 can be seen the parameters of both Gompertz and
Gallagher-Corrigan models as well as the n values from the
Korsmeyer-Peppas model.

The latter model fitted the experimental data (r2 N 0.958) and ade-
quately predicted the mechanism of active compound released from
the CHGA film (Eq. (6), Table 3). Since the diffusion exponent obtained
was n= 0.6, the release of the active compound would be governed by
two parallel mechanisms, one type Fickian, and another corresponding
to the high degree of the matrix swelling [53].

Fig. 9 shows the kinetic of release inwater of GA directly included in
Ch matrix. As is evident from Table 3, Gallagher-Corrigan model
achieved better fitting in relation to Gompertz model (r2 N 0.965). The
parameters of the first (KB = 0.16 h−1) and the second release stage
(k = 0.81 h−1) for a tMAX of 24 h, were estimated from the Eq. (8).
Given that k N KB, the obtained release profile suggested that the poly-
mer swelling was the main mechanism of the agent delivery.

According to Piron et al. [54], the change from a Fickian toward a
non-Fickian behavior is gradual considering intermediate situations,
which is consistent with a matrix that quickly swells much more than
the original size.

The evaluation of the GA release from the nanocomposites gave n
values closer to 0.4, inferring that the release mechanism during the
first step was type-Fickian (Table 3). Given that KB N k, the release pro-
cess was driven by diffusion at the initial phase release called burst
stage with a slower second phase of swelling (Table 3), operating both
in a cooperativeway. The relation betweenKB and k in ChNAwas almost
three times as much as the corresponding to ChNB. Although swelling
did not differ significantly (p N 0.05) between both nanocomposites,
ChNA may have a second stage faster because of the minor content of
TPP and the bigger diameter of the nanoparticles. Meanwhile, ChNB,
with the minor size of nanoparticles could retain the active compound
more strongly due to closer interactions. According to Sugita et al.
[15], the release of GA through the mechanism of diffusion in nanopar-
ticles may occur because of swelling of both reservoir and diffusion
Table 3
Model parameters obtained from the Gallegher-Corrigan, Gompertz and Korsmeyer-Peppas m

Formulation Gallagher-Corrigan model

FB k KB tMAX (h) r2

ChGA 0.72 0.81 0.16 24 0.990
ChNA 0.17 0.09 0.74 26 0.965
ChNB 0.34 0.12 0.39 42 0.968
matrix. The nanoparticles absorb solvent, which causes the hydrogel
to expand (swelling) enlarging its size and allowing the active com-
pound to be delivered to the environment [15].

In both nanocomposites, the time required to reach the second stage
(tMAX = 26 and 42 h, respectively) as well as that necessary to achieve
the complete release (Fig. 9) was longer than those obtained when GA
was directly included in Ch matrix (tMAX = 24 h). From these results,
it can be inferred that a more controlled and continuous release was
achieved with nanocomposite systems, this effect being more retarded
in the case of ChNBfilms. Since itwas oneof the aims sought, thisfinding
represents an advance from a technological perspective. Robert et al.
[55] informed the presence of two steps in the release profile, obtaining
a release time ranging from 60 to 480min for GA microencapsulated in
structures based on starch and inulin.

Using the computer programMathcad 7 Professional (Math Soft En-
gineering & Education, Inc., Cambridge, USA), the experimental diffu-
sion coefficients of GA were determined from Eqs. (3) and (4); the
obtained results are shown in Table inserted in Fig. 9.

Depending on the gallic acid inclusion strategy, the diffusion coeffi-
cients varied from 1.65 × 10−14 m2 s−1 to 2.1 × 10−14 m2 s−1 (Table
inserted in Fig. 9). In the case of nanocomposites, the slowest process
was most likely due to the reduced mobility of active compound mole-
cules in the chitosan network. Moreover, the diffusion coefficient de-
creased with an increase in the crosslink density, which corresponded
to nanoparticles formulated with the highest TPP content (the lowest
Ch:TPP ratio) modulating the diffusion of GA from the Ch matrix.

Rivero [56] informed values of the diffusion coefficients of chitosan
films with the addition of propionic, ferulic and tannic acids of 1.33,
1.95 and 0.83 × 10−10 m2 s−1, respectively. A diffusivity value of
about 0.8 × 10−15 m2 s−1 was obtained by Lopez de Dicastillo et al.
[57] working on active packaging films based on ethylene vinyl alcohol
copolymer (EVOH) and green tea extract.

To determine the experimental values of the dimensionless Mt./M∞,
the mass that released from the matrix at a given time and the maxi-
mum amount of active compound that would be released at an infinite
time were considered. In the numerical simulation, considering the
semi-thickness of each sample, diffusivity values were proposed and
predicted values of Mt./M∞ were attained by means of the Eq. (3).
Using an iterative procedure, diffusion coefficients were obtained mini-
mizing the sum of both the residues and the square residues.

3.9. Antimicrobial analysis

The antimicrobial activities of Ch films and matrices containing GA
(ChGA, ChNA, and ChNB) are depicted in Fig. S1 (Supporting File). The
diameter of the highlight regions surrounding the films indicates the
antimicrobial capacity. The percentage and diameter of inhibition area
against Staphylococcus aureus ATCC 25923, Salmonella spp., Escherichia
coli ATCC 25922 and Candida vinaria are shown in Table 4.

All the strains exhibited a bacteriostatic effect on the studied films,
especially Candida vinaria which maintained the halos until 72 h after
the beginning of the tests. For all films assayed, the lowest values of in-
hibition capacity against S. aureus were achieved (Table 4). Further-
more, the film showed a higher effectiveness against Salmonella spp.
and E. coli compared to S. aureus, which could be rationalized by the
structural difference of the outer membrane of Gram-positive bacteria
and Gram-negative bacteria (Fig. S1 of Supporting file) [58]. The
odels for controlled release of gallic acid in water from ChGA, ChNA and ChNB films.

Gompertz model Korsmeyer-Peppas model

A K y r2 n r2

0.99 0.15 6.07 0.988 0.60 0.987
0.86 0.07 9.88 0.945 0.40 0.980
1.00 0.04 18.52 0.901 0.46 0.959



Fig. 9. Release profile of gallic acid from chitosan-based matrices (ChGA, ChNA, and ChNB). Experimental data were fitted using the Gallagher-Corrigan model (Eq. (8)). Table inserted
shows the diffusion coefficients obtained by means Eq. (3) and Eq. (4).
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inclusion of GA and its combination with chitosan showed an improved
antimicrobial effect due to the synergistic interaction. Similar results
were informed by Sun et al. [10]. According to Maria Magdalane et al.
[59,60], the electrostatic attraction between the negatively charged bac-
terial cell and the positively charged of the biopolymer contributes to
the improvement of the efficiency antimicrobial of materials generating
a lysis of these structures, causing the loss of intracellular compounds.

The type of microorganisms and its cell membrane structure and
composition take an important role in the susceptibility to active com-
pounds. In this way, Borges et al. [61] reported the damage induced by
phenolic acids such as GA on surface properties of bacterial cells. Addi-
tionally, Perumal Samy and Gopalakrishnakone [62] attributed the anti-
microbial activity of GA (3,4,5-hydroxybenzoic) against E. coli and
Table 4
Antimicrobial properties of active films functionalizated with GA against inoculation of
Salmonella spp., Escherichia coli ATCC 25922, Staphylococcus aureus ATCC 25923, and
Candida vinaria.

Microorganisms Observations at 24 h

Formulation Inhibitory zone⁎

(cm)
Contact⁎⁎ Inhibition %

Salmonella spp. Ch 3.0 (0.3)b + 35.9
ChGA 3.9 (0.4)c + 57.7
ChNA 2.5 (0.2)a + 24.8
ChNB 2.6 (0.2)a + 25.5

Escherichia coli
ATCC 25922

Ch 3.3 (0.4)b + 25.6
ChGA 2.8 (0.3)a + 18.0
ChNA 3.2 (0.4)b + 24.4
ChNB 2.7 (0.2)a + 16.7

Candida vinaria Ch 3.6 (0.3)b + 50.2
ChGA 3.9 (0.3)c + 59.7
ChNA 2.9 (0.3)a + 33.9
ChNB 3.5 (0.28)b + 48.9

Staphylococcus aureus
ATCC 25923

Ch 2.1 (0.1)b + 14.4
ChGA 2.5 (0.1)c + 23.8
ChNA 2.7 (0.2)d + 27.2
ChNB 1.9 (0.1)a + 14.1

+: represents an inhibitory effect; -: represent no inhibitory effect.
⁎Values are measurements of diameter of inhibitory zone, expressed in cm. The values in
parentheses correspond to the standard deviation.
⁎⁎Contact area is the part of agar on Petri dish directly underneath film pieces.
S. aureus to the position and numbers of hydroxyl groups that can inter-
act strongly with the bacteria. The site and the number of hydroxyl
groups on the phenol group are thought to be related to their relative
toxicity to microorganisms and are the principal structural features
influencing the antioxidant capacity of phenolics, with evidence that in-
creasing hydroxylation results in toxicity increase [61]. Romainor et al.
[63] found that the antimicrobial activity against E. coli can be ascribed
to the electrostatic interaction between positive charges of chitosan
and negative charges from the lipopolysaccharide layer of E. coli that
led to the break of the microbial cell wall disturbing their metabolism.

Sánchez-Maldonado et al. [64] found that the Gram-positive bacteria
were generally more resistant than the E. coli strain and that the in-
crease in the number of hydroxyl groups increased the growth inhibito-
ry activity of the hydroxybenzoic acid [61].

According to Lattanzio [65], gallic acid inhibits the germination and
sporulation of saprobe fungi. In fungi, after the cell lysis, the chitosan
can attach and denaturalize the enzymes or disables the DNA and the
synthesis of mRNA which does not allow the sporulation [66]. In a
study by Lima [67], Candida albicanswas the strain that had the greatest
growth inhibition in the presence of gallic acid.

As was previously described in Section 4.1Water-resistive properties,
the swelling of ChGAwas higher than that of thenanocomposites (Table
4). Consequently, the controlled release was principally a product of a
first step of burn and the bacteriostatic effect occurred at this stage. Con-
sidering the nanocomposites, the mechanisms of control were mainly
due to a swelling process which was less marked that in the case of
ChGA. Consequently, the active compound was released slower main-
taining the bacteriostatic effect for a relatively long period of time. In-
side this latter group of nanocomposites, ChNA allowed the liberation
of GA even more slowly, extending its action against the microorgan-
isms. By virtue of this fact, 48 h after the beginning of the assays, ChNA

conserved its antimicrobial properties to a greater degree than ChGA.
These results could be attributed to encapsulation of active compound
and therefore the release of GA was delayed.

4. Conclusions

It isworth noting that the addition of nanoparticles turned the chito-
san-basedmatricesmore hydrophobic because of a crosslinking process
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in which TPP and gallic acid were key compounds. In the latter case, GA
played a triple role, not only as a crosslinking agent but also as a
filmogenic suspension stabilizer and an active compound. In contact
with an aqueous medium, the nanocomposites experienced a minor
swelling than those matrixes with direct incorporation of GA. Conse-
quently, films containing functionalized nanoparticles are promising
as a means to develop tailor-made supports for improving the shelf sta-
bility of the active compound. The more controlled the release process
the more efficient the nanocomposites as antimicrobials were.

The results suggest that these nanocomposites could be potential
candidates to be used as active packages. In this sense, further studies
are needed to provide an insight into potential food applications.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.msec.2017.05.104.
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