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Abstract

Recently, there is an increasing interest to prepare wound healing agents based on bio-polymers, due to their non-toxicity,
biocompatibility and biodegradability. Despite this interest, nanocomposite films were prepared based on chitosan and gelatin
reinforced with chitosan-sodium tripolyphosphate nanoparticles (CS-NPs). Nanoparticles were incorporated onto films at
different weight ratios (2, 4 and 6 wt%, dry base). Nanocomposite films enriched with nanoparticles were characterized by
a higher UV-barrier property, compared to the control film. Films were characterized in terms of physical, mechanical and
thermal properties, as well as their bioactivity. An increase in the tensile strength was observed with CS-NPs incorporation,
while the elongation at break was adversely affected by nanoparticles amount. Thermal analyses confirmed the compat-
ibility and miscibility between the different film components. Further, CS-NPs addition increased the surface wettability
(polar component and surface free energy) of nanocomposite films. The biological properties of films, as well as their wound
healing ability were explored. Results showed that nanoparticles incorporation improved significantly the antioxidant and
antibacterial efficacies of nanocomposite films. Moreover, in-vivo wound healing test showed that the rate of wound reduc-
tion was greatly elevated with a rapid re-epithelialization for treated group with nanocomposite films. Consequently, films
were suitable and promising alternatives biomaterials for wound healing and skin regeneration.

Keywords Chitosan - Nanoparticles - Nanocomposite films - Structural and thermal properties - Antioxidant and
antibacterial activities - Wound healing

Introduction

The survival and health of the human body depend mainly
upon the strength and effectiveness of the immune system,
the most important constituent of which is the skin. Acting
as the first defense line confronting the external environ-
ment, skin represents the main barrier against the invasions
of exogenous substances and/or organisms, thus any damage
to the skin results in unexpected flaw in the immune sys-
tem [1]. Various injuries that lead to second and third-grade
burns with high levels of problems can endanger the lives
of a large number of people. In these cases, often infections
and microbial accumulations in burn wounds lead to a lot
of problems and, even in some cases, it leads to death of
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the patient. Therefore, the production of a suitable coating
to repair skin lesions with high antimicrobial ability and
also to absorb pus and infection is very important. Indeed,
the wound repair is an extremely complex mechanism that
requires the coordination between many series of cellular
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responses. Therefore, many scientific reports focused on
the mechanisms of wound healing to develop biomaterials
and dressings that could be applied in order to keep a clean
wound, to protect wound against bacterial infections, and to
enhance the wound healing process [2, 3].

Recently, there is a major interest to develop biopolymer
matrices that can be used as wound dressings to enhance and
accelerate the healing process. Indeed, the wound dressings
act as a physical barrier, increase the permeability to oxygen
invasion and moisture, and could protect the wounds against
infection via microorganisms and viruses [4, 5]. In the last
decades, many synthetic, hybrid and natural materials were
used to prepare the wound dressings. In order to accelerate
and accomplish the healing process, rapid progress has been
made in the field of biomaterial applications in different
industries and various types of natural and synthetic poly-
mers have been used in different medical fields and espe-
cially as wound dressings. The bio-dressings were mostly
designed due to their interesting gas permeability, controlled
water vapor evaporation and wound exudates absorption, as
well as their non-toxicity and especially their biodegradabil-
ity. Among kinds of wound dressings, bio-based dressings
were prepared based on biocompatible and biodegradable
polymers, both natural and synthetic ones. Indeed, natural
polymers, such as chitosan [6], cellulose [7], alginate and
animal proteins, such as gelatin and collagen [8] were used
for the wound healing treatments and in wound dressing
preparation, due to their biocompatibility, non-cytotoxicity
and hydrophilicity. Baek et al. [9] developed wound heal-
ing dressings using gelatin and catechin, characterized by
an excellent biocompatibility and high antioxidant activity.
They showed that those dressings blocked harmful external
factors and was a good candidate for efficient wound treat-
ment. Other study showed the effectiveness of alginate films
enriched with Aloevera gel and cellulose nanocrystals as
wound dressings, based on the in vitro cell viability, in vitro
scratch wound and antibacterial studies [10].

Chitosan, a biopolymer of marine origin, has recently
attracted attention due to its significant antimicrobial prop-
erties and the advantages of being non-toxic, biodegrad-
able and biocompatible, as well as excellent film forming
properties and strong antioxidant, anti-tumor and antiviral
activities [11, 12]. Chitosan was extracted from shrimps,
lobsters, krill, and crab shells waste. Due to its non-toxicity,
biocompatibility and biodegradability, as well as the anti-
oxidant and antimicrobial efficiencies, chitosan was used in
various biomedical and pharmaceutical domains, especially
in tissue engineering and wound healing.

Gelatin, a non-toxic, biodegradable and non-immu-
nogenic bio-polymer was used in various biotechno-
logical applications, especially in foods additives, bio-
packaging and in various biomedical and pharmaceutical
domains. Being a derivative of collagen, gelatin exhibited
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a biocompatibility and thus attracts more attention as
promising biomedical materials [13, 14]. Consequently,
chitosan and gelatin combination gained much attention
in numerous fields, including cosmetics, biomedical and
pharmaceutical domains, as well as in foods industries.
Such biomaterials could be used as coatings, biofilms,
micro-capsules, biodegradable constructing materials and
as wound dressings [15, 16].

Chitosan (CS), as well as the CS-based nanoparticles
were widely used for biomedical materials including scaf-
folds, medical system development, drug diagnosis and
orthopedic biomaterials, showing good biocompatibility
through in vitro and in vivo tests. Many reports reported
that chitosan-based dressings were suitable as wound
dressings for dermal burns [17]. Thus, investigations of
new wound dressings based on chitosan-nanoparticles
promote and accelerate the wound healing process. Vari-
ous chitosan-based nanomaterials were prepared using
different method like ionic gelation, emulsion/reticula-
tion, precipitation/coacervation, and polyelectrolyte com-
plexation [18-20]. Among these techniques, ionic gela-
tion method has been thoroughly used in order to obtain
reproducible and nanometer size particles with narrow
size distributions, as well as a highly positive surface
charge. Chitosan nanoparticles could be used in different
biotechnological and biomedical domains thanks to their
functional and biological properties, higher specificity as
proteins vectors, wound healing agents, anti-cancer agents,
genes or antigens delivery [21]. Some studies focused on
the effectiveness of wound dressings based on chitosan
nanoparticles. Indeed, Shao et al. [22] showed that the
silver nanoparticles incorporation enhanced the antibacte-
rial efficacy of biomaterials and wound healing ability of
the chitosan-based dressings. Zhao et al. [23] developed
sericin blended chitosan nanofibers by electrospinning,
which have huge potential for wound healing applications.
Similarly, Yousefi et al. [24] developed chitosan nanofib-
ers mats based on Lawsonia inermis (Henna) plant extract
characterized by a high antibacterial and wound healing
efficiencies.

Among the biological dressings, chitosan based nano-
composite films could be successfully used as antimicro-
bial dressings for improving the wound healing process,
mainly due to their antimicrobial and antiviral efficiency,
as well as their non-toxicity, biodegradability and biocom-
patibility properties. The aim of the present work was to
prepare nanocomposite films based on crab chitosan and
fish gelatin and enriched with CS-NPs. In order to improve
the mechanical and biological properties of nanocompos-
ite films, the as-prepared CS-NPs were blended with CS-
gelatin mixture in different amounts. Films were tested for
their antioxidant and antimicrobial activities, as well as
wound healing efficiency.
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Material and Methods
Reagents and Materials

Chitosan was obtained by chemical deacetylation of chi-
tin extracted from crab (Carcinus mediterraneus) shells,
as described in our previous study [25]. The deacetylation
degree and molecular weight (MW) of chitosan were 80%
and 1620 g/mol, respectively. Fish gelatin was extracted
from golden grey mullet (Liza aurata) skin, as described by
Bkhairia et al. [26] using crude acidic proteases from viscera
of the same specie (L. aurata). Fish gelatin was characterized
by a gel strength of 122.15 g and a MW at about 50,000 g/
mol. Acetic acid, tripolyphosphate of sodium (TPP), diphe-
nyl-1-picrylhydrazyl (DPPH) and 2,2’-azinobis(3-ethylben-
zothiazoline-6-sulfonic acid) (ABTS) were purchased from
Sigma Aldrich Chemical Co. USA.

Animals and Ethics

Adult wistar rats (male, weight between 150 and 200 g)
used in this study were obtained from local Central Phar-
macy in Sfax, Tunisia. Wistar rats were kept in an envi-
ronmentally controlled breeding room at a room tempera-
ture of 22 +3 °C, a relative humidity level (RH) at about
55+5% and a 12 h light—dark cycle. The experimental
protocol was in accordance with the guidelines set Guide
for the Care and Use of Laboratory of Animals issued by
the University of Sfax in Tunisia and also approved by the
Committee of Animal Ethics. The rats were then kept in
individual cages in order to prevent the licking or the bit-
ing of wound areas by other wistar rats.

Chitosan Nanoparticles Preparation

CS-NPs were prepared by ionic gelation method. Firstly, chi-
tosan was dissolved in acetic acid solution (2%, v/v) at 0.5%
(w/v) and pH was adjusted to 4.5. Nanoparticles were spon-
taneously formed by adding 10 ml of TPP solution (0.7 mg/
ml) slowly drop wise into the CS solution under a gentle stir-
ring at room temperature (25 + 1 °C) for 30 min. After this
process, the prepared mixture was ultra-sonicated using an
ultrasonic probe with diameter of 20 mm and 300 W high-
intensity ultrasonic processor operating at 20 kHz for 5 min
in ice bath to reduce the possible nanoparticles agglomera-
tion. The resulted colloidal suspensions were then centri-
fuged at 10,000xg for 15 min at 4 °C, after that, the pellet
was re-suspended in ultrapure water. The precipitate was
washed twice to remove un-reacted substance, freeze-dried
and then stored at 4 °C for further uses.

Nanoparticles and Gelatin Characterization

The nanoparticles size of the prepared CS-NPs was deter-
mined by Dynamic Light Scattering (DLS) method using
Zeta-sizer-Nano-ZS (Malvern-Instrument, UK) at room tem-
perature (25 +2 °C) and a scattering angle of 90°. Pure water
was used as a reference for dispersing medium. Gelatin was
characterized by Nuclear Magnetic Resonance (NMR) solid-
state '°C and 'H-CP/MS spectroscopy by using a Briiker
W300 spectrometer with a frequency of 75.5 MHz, 50 ms
of acquisition time, 8 ms of contact time and a repetition
time of 5 s.

Nanocomposite Films Preparation

The CS-NPs were used for the nanocomposite films prepara-
tion based on chitosan and fish gelatin at different amounts.
Chitosan solution (2%, w/v) was prepared by dissolving chi-
tosan powder into acetic acid solution 2% (v/v). Chitosan
solution was mixed with fish gelatin (2%, w/v) solution with
1:1 ratio. Glycerol was added onto films as a plasticizer at
5% of dry weight. In parallel, CS-NPs were dispersed in
diluted acetic acid solution (1%, w/v) by magnetic stirrer
for 2 h, followed by sonication for 15 min using an ice bath.
Different concentrations of CS-NPs dispersion (2, 4 and 6
wt%, dry base) were added to chitosan—gelatin mixture and
stirred for 30 min at room temperature for the preparation of
CS-TPP NF2, CS-TPP NF4 and CS-TPP NF6 films, respec-
tively. Control film (CS-TPP NFO) was prepared with similar
procedure without CS-NPs incorporation.

All films were obtained by casting a volume of 25 ml of
film-forming solution in Petri dishes (13.5 cm diameter),
drying in a ventilated climatic chamber (KBF 240 Binder,
ODIL, France) at 25 °C and 50% of relative humidity (RH)
for 48 h. Then films were peeled off and conditioned at 50%
RH before the heating treatment and before all the analyses.
For Fourier Transform Infrared (FTIR) and X-ray Diffrac-
tion (DRX) spectroscopies, as well as Differential Scanning
Calorimetric (DSC), Dynamic Mechanical Analysis (DMA)
and Thermogravimetric Analysis (TGA) analyses, films
were conditioned at 0% RH prior experiments.

Characterization of Nanocomposite Films
Thickness, Swelling Degree and Water Solubility

Thickness of nanocomposite films was measured using a
hand-held micrometer (Alton M820-25, China) with a sensi-
tivity of 10 pm at six random positions for each film sample.
The swelling degree was performed in order to determine
water uptake ability of CS-TPP NFs. The dried films were
weighed and then immersed in 20 ml of distilled water for
12 h at 25+ 1 °C. After that, the excessive water on the
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surface of films was removed with filter paper and then
weighed immediately. The experiment measurement was
repeated at least five times until the weight was constant.
The swelling degree was calculated as follow:

. Ws B Wd
Swelling degree (%) = . x 100

d
where W, and W, were the dried and wet films weights,
respectively.

Water solubility was defined as the percentage of water-
soluble dry matter of films that was dissolved after their
immersion in the distilled water and was determined accord-
ing to Hafsa et al. [27] method. For that, the nanocomposite
films (2 cm X2 cm), dried previously to a constant weight
in a hot air oven at 105 °C, were weighed to determine the
initial dry weight (W,). The water solubility of films was
measured from immersion of each film sample in distilled
water (20 ml) for 24 h at 25 °C under a constant agitation.
The residual film pieces were removed from water and dried
at 105 °C to constant weight (W,). The water solubility of
nanocomposite films was calculated using the following
equation:

o W, - W,
Water solubility (%) = —w x 100

1

Ultraviolet-Visible (UV-Vis) Spectroscopy and Color
Parameters Determination

The barrier properties of nanocomposite films against ultra-
violet (UV) and visible lights were investigated using an
UV-Visible spectrophotometer (SAFAS-UVmc) in the
wavelength range of 200-800 nm. Films were cut into rec-
tangle (1 cm X3 cm) and directly placed in the spectropho-
tometer-test cell. Air was used as a reference.

Color of films was determined using a CIE colorimeter
(CR-400; Konica Minolta, Japan). A white standard color
plate (Ly=97.5, ay= —0.1, and b,=2.3) was used as back-
ground for the color measurements of the films. Color of the
films was expressed as L" (lightness/brightness), a" (redness/
greenness) and b" (yellowness/blueness) values. The differ-
ence in color (AE) of CS-TPP NFs as a function of CS-NPs
content was calculated referred to the CS-TPP NFO film, as
follow:

AE = \/ (AL)? + (Aa)? + (ADb)?

Mechanical Properties and Surface Morphology

The mechanical properties of films were determined using
a Microelectronics Universal Testing Instrument Model TA
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(HD plus model, Stable Micro-Systems, UK). In order to
determine tensile strength (TS, MPa), elastic modulus (EM,
MPa) and elongation at break (EAB, %), films were cut into
dumbbell-shaped pieces (2.5 cm X 8 cm) using a standard-
ized precision cutter (Thwing-Albert JDC Precision Sample
Cutter). All film samples were conditioned at 25 °C and
a RH of 50% for 2 weeks before testing. The initial grip
separation and cross-head speed were 50 mm and 50 mm/
min, respectively. Measurements were carried out at room
temperature (25+1 °C) using six samples for each film
formulation.

The surface morphology of nanocomposite films was
determined using Scanning Electron Microscope SEM
(Hitachi S800) at an angle of 90° to the surface, using dif-
ferent magnifications and operating at 25 kV.

Structural and Thermal Properties

The structural characterization of the prepared nanocom-
posite films was analyzed using two spectroscopy methods:
Attenuated Total Infrared Reflectance (AT-IR) and X-Ray
Diffraction (XRD). The IR measurements were performed
using Perkin Elmer spectrometer (Spectrum-65, France)
equipped with an Attenuated Total Reflectance accessory
with a Zn-Se crystal. 32 scans were collected with 4 cm™
resolution in the wavelength range of 4000-400 cm™".
Calibration was done using background spectrum recorded
from the clean and empty cell at room temperature. The
XRD analysis of CS-TPP NFs was conducted with X-Ray
diffractometer (D8-Advance Briiker XRD diffractometer,
Germany) operated at 50 kV, 100 mA and 1.54 A with Ni-
filtered Cu-Ka radiation. The films were scanned from 2
0 angles of 5-80° range and at a scan speed of 0.5°/min.
The crystallinity indices of nanocomposite films were deter-
mined according to method cited in our previous study [28].

Thermo-gravimetric Analysis (TGA) has been widely
used to determine the thermal stability and thermal decom-
position of films with increasing temperature. The thermal
stability of CS-TPP NFs was studied using thermogravimet-
ric analyzer (TGA-Q500 High-Resolution, TA. Instruments),
and operating under a nitrogen flow to prevent the possible
thermal oxidation. Temperature range was 25-600 °C at
a heating rate of 5 °C/min. The weight of nanocomposite
films, initially about 5 mg, was constantly measured with
an accuracy of 0.01 mg. Data analysis was performed using
TA Universal Analysis 2000 software (version 4.5 A, TA
instruments).

Thermal properties of nanocomposite films were also
studied using Differential Scanning Calorimeter (DSC
Q20, TA-Instruments) equipped with a liquid nitrogen cool-
ing system. The DSC method was also used to estimate the
melting temperature and crystallization points, as well as
the glass transition of nanocomposite films. Film samples
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were accurately weighed into sealed aluminum pans. An
empty capsule serves as an inert reference and the appara-
tus was calibrated using indium. The thermal profile of the
nanocomposite films was analyzed in a temperature range
of -50-150 °C at a heating rate of 10 °C/min and under a
nitrogen flow rate of 25 ml/min. The glass transition tem-
perature (7g) for each sample was then determined from the
mid-point of the second heating cycle using TA-Universal
Analysis 2000 software (version 4.5 A, TA-instruments).

Dynamic mechanical analysis (DMA) was carried out
using a Dynamic Mechanical Analyzer DMA PYRIS™
Diamond DMA (PerkinElmer, Waltham, MA, USA) with
standard bending head at a frequency of 1 Hz in the range
25-170 °C and heating rate of 5 °C/min. In the DMA instru-
ment, a film was longitudinally deformed by small sinusoi-
dal stress. The resulting strain, which lags behind the applied
force by phase angle 6, was measured. The values of the
storage modulus £ (inphase component), the loss modulus
E" (out-of-phase component), and the loss tangent (Tan
0=FE /E") were measured as function of temperature.

Surface Properties and Wettability

The surface properties and wettability of nanocomposite
films were carried out using the sessile drop method on goni-
ometer (Drop Shape Analyzer from KrussGmbH) equipped
with image analysis software (ADVANCE) and determined
by the contact angle, surface free energy (yg,,) and polar
(Ve ) and dispersive (yq;,,”) components.

The surface free energy (yg), polar (yg ) and dispersive
(y?) components of nanocomposite films were estimated
according to the Owens and Wendt [29] method using a
series of standard solvents, with a known surface free energy
and respective dispersive and polar components: water
(,=72.8 mN/m; y = 21.8 mN/m; y{ = 51 mN/m), ethylene
glycol (y =47.7 mN/m; y = 30.9 mN/m; y{ = 16.8 mN/m)
and diiodomethane (y; =50.8 mN/m; y’=50.8 mN/m; y{ =
0 mN/m). The surface free energy of films, as well as their
dispersive and polar components was determined using the
following equations:

Ys=y§+SD

)P (5 xt)”

where the subscripts S and L refers to the solid (the film
surface) and to the liquid (solvent), respectively.

The surface free energy, polar and dispersive components
of nanocomposite films were determined from the linear
regression of the Owens and Wendt plot with the three dif-
ferent solvents previously listed for 120 s.

y.(1 + cos§) = 2[(y§ x 7P

Contact angle measurements were determined according
to Karbowiak et al. [30] method using three different lig-
uids (water, ethylene glycol and diiodomethane), with well-
known polar yllj and dispersive y]LD contributions. A droplet of
each liquid (2 ul) was deposited on the film surfaces using a
precision syringe. Then the contact angle was measured at
t=0 (<2 s) and during 120 s. The both sides of drop were
considered for contact angle value and averaged. Five repli-
cates per film sample were carried out for each formulation.
All tests were conducted in an environmental chamber at
2542 °C and 50% of RH. Water contact angle and drop vol-
ume were determined using three solvents (water, ethylene
glycol and diiodomethane), with well-known polar yf and
dispersive yf contributions as a function of time (0-120 s).

Biological Properties

Biological properties of nanocomposite films were studied
by determining their antioxidant and antibacterial efficien-
cies. For the antioxidant activity, different tests, such as
DPPH free radical-scavenging power, ferric-reducing power
and p-carotene bleaching method, as described in a previous
study [12] were tested. For the ABTS-radical scavenging
activity, 10 mg of each film sample (cut into small pieces)
was immersed in 1 ml of diluted ABTS solution. The mix-
ture was left at room temperature in the dark for 1 h. After
that, the absorbance was measured at 734 nm against the
corresponding control using a spectrophotometer. The con-
trol was prepared in the same manner, except that distilled
water was used instead of the film sample. The ABTS scav-
enging activity of film samples was determined as follows:

control — Ammple

ABTS — scavenging activity (%) = x 100

control

where Ao and Ay, Were the absorbance control and
the film samples, respectively.

The antibacterial activity of nanocomposite films was
investigated against several infectious bacterial strains
using a disc agar diffusion method. The microorganisms
used were three Gram-positive bacteria (Bacillus cereus-
ATCC 11778, Staphylococcus aureus-ATCC 25923 and
Micrococcus luteus-ATCC 4698) and five Gram-negative
bacteria (Escherichia coli-ATCC 25922, Klebsiella pneu-
monia-ATCC 13883, Salmonella enteric-ATCC 43972, Sal-
monella typhimurium-ATCC 19430 and Enterobacter sp.)
strains. Culture suspension (100 pl) of the tested microor-
ganisms (about 10° colony forming units (CFU)) was spread
over the Luria Bertani (LB) agar. Films (1 cm X 1 cm) were
firstly sterilized by UV-light during 30 min and then placed
on the plate surfaces and incubated at 37 °C for 24 h. The
appearance of a clear area below or around the films was
seemed to be positive for antibacterial activity.
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Wound Healing Efficiency

The in vivo wound healing efficiency of CS-TPP NF4
(enriched with 4 wt% of CS-NPs) as compared to CS-
TPP NFO (without nanoparticles incorporation) on the
regeneration of the injured skin was performed on male
healthy young wistar rats (8—10 weeks old) and weighting
between 160 and 200 g. The animals were housed in sepa-
rated ventilated cages at room temperature (22 +3 °C)
with a 12 h of light cycle and fed with water and com-
mercial foods. The laser was applied on fractional pulsed
carbon dioxide (CO,) creating microscopic areas of ther-
mal necrosis in the epidermis and dermis of animals. The
rats were anesthetized with diethyl ether and exposed to
partial-thickness laser skin burn (wound area of 2.2 cm?),
using a CO, Fractional Laser System (DSE, Korea) with
the following parameters: Density level of 20 and line:
29x29, Dot: 0841; Energy level at about 25 MJ and a
Depth level of 4.

Four groups of rats were tested for their change in the
healing of the induced injury. The groups were as follow
(n=06):

Group 1: Control group wounds treated with physi-
ologic serum;
Group 2: wounds treated with standard drug Cyrol

basic cream (Positive control);
Group 3: wounds treated with CS-TPP NFO film;
Group 4: wounds treated with CS-TPP NF4 film.

Each sample of each group, as well as the control
group, was tested on six rats and the mean values were
recorded. All wounds treatments were carried out daily,
using sterilized compresses immediately after burning
until the wounds of one of the groups were completely
healed.

Wound Healing Contraction
The area contraction of wound, considered as percentage
of reduction of the original wound size, was determined

as follows:

Wounds area contraction =

Bo=Aa s 100

Ag
where A and A; were the wound areas at day O and at day
d, respectively.

The wound surface areas were measured using
Autodesk Auto CAD 2015 software application for the
designing and drafting. Results were presented as the
average values from six rats in the same treated group.
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Hydroxyproline Content

Hydroxyproline amount was consisted of the measurement
of collagen concentration in rat’s tissues. Further, collagen
was a constituent of growing cells. Indeed, higher hydroxy-
proline content indicated a faster rate of wound healing pro-
cess [31]. The hydroxyproline contents in the wound tissues
treated with CS-TPP NFO and CS-TPP NF4 films, as com-
pared to the control and Cytol basic—treated groups, were
determined according to Lee and Tong [32] method.

Histological Study

The wound skin samples from different groups were fixed
in a Bouin solution for 24 h, and then transported in 10%
of neutral-buffered formalin. The fixed tissues were embed-
ded in paraffin and then sectioned at about 4 um in thick-
ness. After that, sections were then stained with hema-
toxylin—eosin and examined under a light microscope
(Olympus-CX41).

Statistical Analysis

All experiments were carried out in triplicate, excepting
films mechanical properties, where analysis was repeated
at least six times, and average values with standard devia-
tion errors were reported. Mean separation and significance
were analyzed using the SPSS-software package ver. 13.0
professional edition (SPSS, Inc., Chicago, IL, USA) using
ANOVA analysis. With a p <0.05, the differences were con-
sidered as significant.

Results and Discussion
Nanoparticle Size Determination

CS-NPs were prepared through simple, convenient, con-
trollable process adding drop wise TPP solution to the
CS, the cationic phase, under a gentle magnetic stirring
at room temperature, as reported in Fig. 1. When the TPP
was added, CS amino groups (pKa=6.3) were ionically
crosslinked through TPP ions (pH of the final suspension
was around 5.5). Particles’ characteristics such as average
particle size and size distribution were conducted using the
DLS method. The prepared CS-NPs were characterized by
a narrow size of 201.20+0.15 nm. Csaba et al. [33] used
ionic gelation method and obtained smaller CS-TPP nano-
particles (at about 93 nm) using chitosan with low molecular
weight. Indeed, the difference in the nanoparticles size and
their distribution was also attributed to various parameters,
such as the MW and deacetylation degree of chitosan, the
needles diameter, as well as the concentrations of CS and
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Fig. 1 Schematic representation showing the mechanism of formation of chitosan-sodium tripolyphosphate nanoparticles

TPP used for CS-NPs preparation. Further, other study
prepared many batches to optimize CS and TPP concentra-
tions and CS/TPP weight ratios (4/1, 4/2, 4/3 and 4/4) and
improved that the size of nanoparticles increased with the
increase in the TPP amount from 197 to 393 nm, due to
the TPP crosslinking ability, that leads to the formation of
larger structures [34]. In addition, they reported that the 4/1
ratio gave the better stability over the time and was probably
characterized by a good interaction between the different
components. The optimized CS-TPP mass ratio was reported
as 5 [35] and 3.75 [36]. Further, Servat-Medina et al. [37]
reported that CS concentration of 1 mg/ml, with a CS-TPP
polymer ratio of 5 (w/w), a CS-TPP volume ratio of 10, and
using mechanical stirring at 7200 rpm, followed by sonica-
tion (5 min, 20% amplitude) resulted in the reproducible
formation of NPs with an average hydrodynamic diameter
of 150 nm. Indeed, the attractive electrostatic interactions
between the negatively charged TPP (-OH) and positively
charged CS led to the nanoparticles formation by yielding
an inter-polyelectrolyte complex [38].

Fish Gelatin Characterization

The structural characterization of fish gelatin was studied
using the CP/MAS-NMR spectroscopy. The 'H NMR spec-
tra showed a large peak at about 4.67 ppm (Fig. 2A). Tera-
moto et al. [39] reported that '"H NMR spectra of fish gelatin
presented characteristics peaks at the region of 0—8 ppm,
which were probably attributed to the benzene proton of
phenylalanine residues.

For the '>C NMR spectrum of fish gelatin, it was observed
six signals of the carbon atoms (Fig. 2B). The carbonyl

group was observed at around 174.90 ppm. At 43.52 ppm,
the band was also attributed to the glycine-a. Indeed, glycine
was the most abundant amino acid in collagen and represents
about one-third of all amino acid residues. As observed,
the peaks at near 25.22 and 29.01 ppm were assigned to
proline-y and proline-f. In fact, glycine and hydroxyproline
are the polar amino acids in gelatin. The peaks at 54.86 ppm
were attributed to alanine-a and proline-9. Peak assignments
of gelatin were carried out in accordance with earlier reports
[40]. In fact, the glycine could easily form hydrogen bonds
with the hydroxyl group of chitosan and TPP molecules.

Physicochemical, Structural and Thermal Properties
of Films

Film Thickness, Color and Microstructure

CS-NPs were incorporated onto the nanocomposite films
based on chitosan and gelatin at different amount (2, 4 and
6 wt%, dry base). Further, the effect of CS-NPs amounts on
the thickness of films was also studied and results showed
that there is no significant difference with the nanoparti-
cles incorporation, which proved that nanoparticles were
well entrapped in the continuous network of polymers
matrix (Table 1).

Color was an important index in terms of general appear-
ance and consumer acceptance. Visually, the nanocomposite
films were transparent. Table 1 showed the color coordinates
(L", a" and b") and the total color difference (AE) of nano-
composite films. As observed, with the increase in CS-NPs
amount (2, 4 and 6%) the redness (a*) of films decreased
slightly. Whereas, no significant changes has been observed
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Fig.2 '3C (A) and 'H (B) CP/
MAS NMR spectra of fish
gelatin
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in lightness (L"), while a slight decrease in the yellowness
(b") values were shown with increasing of the CS-NPs con-
centrations. Furthermore, for the color difference (AE) of
CS-TPP NFs, a significant change was observed between
the different films formulation which was dependent on the
nanoparticles contents.

To better understand the microscopic structure and homo-
geneity of films and to visualize their surface topography
without and with the CS-NPs incorporation, Scanning Elec-
tron Microscopy (SEM) was used. As observed in Fig. 3A,
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CS-TPP NFO show an homogeneous and smooth surface
without any roughness, air bubbles and cracks, which
indicated interaction between CS and gelatin components.
However, with the CS-NPs incorporation (CS-TPP NF4), the
SEM micrograph showed a heterogeneous surface with small
aggregates with a compact and tortuous structure. These
observations could be attributed to the reduction of inter-
layer forces between CS-gelatin matrix and nanoparticles.
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Table 1 Thickness, EAB, TS, CS-TPP NF0 CS-TPP NF2 CS-TPP NF4 CS-TPP NF6
water solubility, swelling degree
and color properties of the Thickness (mm) 0.06+0.01° 0.04+0.02* 0.04+0.01* 0.055+0.01%
nanocomposite films EAB (%) 4027+021¢ 75.63+0.32° 61.52+0.14" 27.90+0.25°
TS (MPa) 36.51+0.25 36.96+0.14° 40.98 +0.20 44.78 +0.03*
Water solubility (%) 45.51+0.15° 44.61+0.43° 41.58 +0.54¢ 34.05+0.149
Swelling degree (%) 88.20+0.20* 80.32+0.10° 62.30+0.15° 58.49+0.31¢
Color parameters
L* 92.82+0.29° 93.2+1.02° 93.31+£0.44% 93.14+0.12%
a* 1.43+0.20 1.32+0.09* 1.35+0.09* 1.33+0.21%
b* —1.03+0.13° —1.59+0.49° —1.49+0.35 -1.67+0.17
AE - 2.76+0.45° 2.67+0.35 2.73+0.19°

EAB elongation at break, TS tensile strength; Values were given as mean + standard deviation

Means with different superscripts (a—d) within a lines indicate significant difference (p <0.05)

Physicochemical properties were determined at 25 °C and 50% RH

Optical and Structural Characterization

The optical properties of nanocomposite films were stud-
ied using UV-Vis spectrophotometer in 200—800 nm range
(Fig. 3B). As observed, the CS-NPs incorporation onto
nanocomposite films reduced significantly the UV light
transmission. Further, the nanoparticles could improve the
light barrier property by scattering light and by blocking the
light transmission through the nanocomposite films, espe-
cially when CS-NPs were dispersed homogeneously in the
polymer-gelatin matrix [41].

In order to determine the effect of CS-NPs incorpora-
tion on the structural properties of nanocomposite films, two
spectroscopic methods, FTIR and XRD were used and the
spectra were reported in Fig. 3C and D, respectively. For the
FTIR spectra, the broad characteristic peak at 3317 cm™!
was also attributed to —OH and —NH stretching of chi-
tosan, as previously observed [42]. In addition, the amide-I
and amide-II bands observed at 1658 and 1536 cm™ for
CS shifted to 1642 and 1529 cm™! in CS-TPP NFO0 spec-
tra, which was also attributed to the possible interaction
between CS and gelatin polymers. The sharp peaks observed
at 1383 and 1424 cm™! were assigned to the -CH; sym-
metrical deformation mode. The amino groups and C=0
stretching vibration of CS observed at 1250 and 1091 cm™
wavelengths were shifted to 1243 and 1089 cm™! in CS-
TPP NFO spectrum, respectively. The observed shifts could
be attributed to the hydrogen bonding interactions between
gelatin and CS polymer in the composite films.

Jridi et al. [43] reported that the FTIR spectra of films
based on gelatin extracted from cuttlefish skin showed char-
acteristic bands at 3272, 3090, 1662, 1546 and 1243 cm™!,
which were assigned to the amide-A (—NH stretching),
amide-B (asymmetric stretching vibration of -CH and
NH3+), amide-I, amide-II and amide-III (vibrations in plane
of —CN and —NH groups of bound amide or vibrations of

CH, groups of glycine), respectively. Further, for the CS-
TPP NFO spectra, the amide-A and amide-III peaks did not
show any shifts, as compared to gelatin spectra. However,
the amide-I and amide-II shifted to lower wavelengths and
appeared at near 1642 and 1529 cm™!. The observed dif-
ferences may be attributed to the alteration of secondary
structure of gelatin polypeptide caused by the addition of
CS polymer [44].

For the films enriched with nanoparticles, it was observed
a remarkable shift of many peaks, as compared to control
film. Indeed, the amide-I shifted from 1642 to 1618 cm™!
for CS-TPP NF2, while it disappeared for the other nano-
composite films, implying the possible molecular interaction
between CS-gelatin matrix with CS-NPs. In addition, the
amide-II band shifted to 1512 and 1507 for CS-TPP NF2
and CS-TPP NF6, respectively, with a significant increase in
their intensity. At 1401 cm™!, the symmetrical deformation
mode of -CH; showed a slight shift (especially observed for
CS-TPP NF6) with the CS-NPs incorporation. The amide-III
(1240 cm™") band did not show any shift with the nanopar-
ticles addition, while a decrease in intensity of peak was
observed, revealing the possible interaction between CS-gel-
atin matrices with nanoparticles. Furthermore, the observed
shifts and the disappearance of the amide-A (3268 cm™)
in CS-TPP NFO spectrum indicated the possible decrease
of gelatin hydrophilicity, which could be attributed to the
hydrogen bond between the free —OH group of gelatin and
CS-NPs [45].

It can be concluded that the appearing of newly peaks and
a shift in various peaks may occur due to the formation of
hydrogen bonding between CS-NPs and CS-gelatin matrix
in nanocomposite films. These interactions lead to the good
compatibility between the different components, inducing
the enhancement of mechanical and physicochemical prop-
erties of nanocomposite films.
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Fig.3 High resolution Scanning Electron Microscopy micrographs
of CS-TPP NFO and CS-TPP NF4 (A), UV-Visible absorption (B),
FTIR (C) and XRD (D) spectra of nanocomposite films

The XRD spectroscopy was one of the most common
methods used to study the miscibility between the different
components of the composite films, as well as the crystalline
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level determination. For the CS powder, the XRD pattern
showed two diffraction peaks at 20 =10.05° and 19.86°
corresponding to the respective equatorial [0 2 0] and [1 1
0] of the microcrystalline reflections of chitosan [46]. The
XRD pattern of CS-TPP NFO exhibited three main peaks
at 2 0=12.49°, 18.06° and 29.18° corresponding to [1 0
1,[10 T] and [0 0 2] atomic planes of CS-gelatin matrix,
respectively (Fig. 3D). The CS-NPs incorporation in differ-
ent contents exhibited significant changes in the XRD pat-
terns of nanocomposite films. Furthermore, it was observed
a shift in the characteristic peaks at around 2 6=12.6°,
14.6°, 19.5° and 30.11°, which was also attributed to the
possible alteration of the film structure. These observations
were also attributed to changes in the crystalline structure
of films produced by chemical interactions between CS-NPs
and chitosan—gelatin matrix [47].

Changes in XRD patterns suggested the ionic interac-
tions between CS-NPs, CS-gelatin matrix, which leads to
the change in the crystallinity of nanocomposite films. After
the CS-NPs crosslinking, the crystalline peaks of the nano-
composite films showed change in the morphology which
proved the good miscibility of different components. With
nanoparticles incorporation onto films, the crystallinity indi-
ces showed an increase to 37.8% and 49.1% for CS-TPP NF0
and CS-TPP NF6, respectively. Results were in line with
Rubentheren et al. [48] study, which reported an increase in
intensity of the major peak in the XRD patterns of chitosan
nanocomposites reinforced with chitin whiskers and tannic
acid, used as a crosslinker. Indeed, the deformation of crystal
structure of nanocomposite films could be explained by the
breaking of hydrogen bonds between -NH, and —OH groups
of CS resulting from ionic crosslinking with TPP.

Water Solubility and Swelling Degree

Water solubility was an important property of films used as
protective layers in food packaging and in biomedical mate-
rials. Indeed, the target applications required a low water
solubility of materials to enhance the products integrity and
water resistance. As presented in Table 1, CS-TPP NFO film
showed moderate water solubility at about 45.51%, com-
parable to those reported by Jridi et al. [43] for composite
films based on skin cuttlefish (Sepia officinalis) gelatin and
shrimp chitosan (40.36%).

A pH between 5.5 and 6.0 promoted efficacy the forma-
tion of polyelectrolyte complex between CS and gelatin.
Indeed, a pH higher than the isoelectric point of the gelatin
(Ip=4.5-5.2) gives it a negative overall charge and below
the pKa of chitosan amine group (pKa=6.2-6.5). Further,
the positive charge of CS induced the possible interactions
between the two biopolymers. Indeed, the CS-TPP NFO film
was characterized by lower water solubility, as compared to
gelatin film (75%), but slightly more soluble than chitosan
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film (33.28%). Taravel and Domard [49] reported a similar
result and suggested a possible interaction by electrostatic
forces and hydrogen bonding between the amino groups of
CS and the carboxyl groups of gelatin.

The CS-NPs incorporation induced a significant decrease
in the water solubility, where CS-TPP NFO0 was the less
resistant film (45.51%), as compared to nanocomposite
films. Results were comparable to those reported by De
Moura et al. [50] study, which showed that CS-NPs addi-
tion reduced significantly the water solubility of the methyl
cellulose films. Indeed, the decrease in water solubility was
also attributed to the formation of polyelectrolyte complexes
in CS-gelatin matrix, through negatively charged side-chain
groups in gelatin (carboxylate groups) and the positive
charge of ammonium groups of CS polymer with nanopar-
ticles via electrostatic interactions [51].

Furthermore, as observed in Table 1, CS-NPs incor-
poration onto nanocomposite films induced a significant
(p <0.05) decrease in the swelling degree between CS-TPP
NFO (88.20%) to attain 58.49% for CS-TPP NF6. Further, the
crystalline property of CS-NPs could acts as a hydrophobic
barrier that prevents water molecules from getting into CS-
gelatin matrix. This improved the cohesiveness of nanocom-
posite films and a decrease in their water sensibility. Accord-
ing to Chang et al. [52], the addition of CS-NPs produced a
tortuous path that hinders the penetration of water molecules
through the film matrix. Based on the above results, it can be
inferred the strong interactions through hydrogen bonding
between the negatively charged side-chain groups (carboxy-
late groups) and the amino and hydroxyl groups of CS-NPs,
as demonstrated previously by FTIR study.

Mechanical Properties

The effects of CS-NPs incorporation at different amounts
on the mechanical properties of nanocomposite films were
also studied and results were given in Table 1. As observed,
the tensile strength (TS) of CS-TPP NFO was the lowest
(36.51 MPa) amongst the nanocomposite films, and the
incorporation of CS-NPs enhanced significantly the TS from
36.96 to 44.78 MPa (CS-TPP NF6). Nanoparticles could
serve as a junction that improved the tensile strength and
increased the flexibility of chitosan molecules. Therefore,
6 wt% of CS-NPs were the appropriate content to the TS
of the nanocomposite films. The nanoparticles acted as a
reinforcing agent in plasticized-chitosan matrices and this
behavior was explained by the electrostatic interactions
between nanoparticles with biopolymeric matrix. Results
were in line with Chang et al. [52] study which reported that
CS-TPP nanoparticles improved significantly the mechanical
and barrier properties of composite films.

With the nanoparticles incorporation, EAB of films
increased significantly from 40.27 to 75.63% for CS-TPP

NFO and CS-TPP NF2, respectively. However, increase of
nanoparticles amount up to 2% (wt. %) reduced significantly
(p<0.05) the EAB of nanocomposite films from 61.52 to
27.9% for CS-TPP NF4 and CS-TPP NF6, respectively.
Indeed, the EAB decreases could be attributed to the aggre-
gation of CS nanoparticles after a certain concentration was
reached, which could disturbed the structural integrity of
polymer-gelatin matrix and induce preferential breaking
zones. De Moura et al. [53] showed that CS-TPP nanopar-
ticles incorporation onto hydroxypropyl methylcellulose,
with a nanoparticle size of about 85 nm, induced the EAB
increases from 8.1 to 11.1% and the elastic modulus from
900 to 1264 MPa, as compared to control film. Further, they
observed an increase of the TS from 28.3 to 62.6 MPa of
films after nanoparticles incorporation.

Moreover, Martelli et al. [54] reported that the incorpora-
tion of chitosan nanoparticles (88.78 nm) at a concentration
of 0.2% of dry weight improved noticeably the mechani-
cal properties and elasticity of composite films. Indeed, the
mechanical properties improvement of films enriched with
CS-NPs could be attributed to different factors, such as the
homogeneously dispersed nanoparticles, the presence of
interactions between nanoparticles and CS-gelatin matrix
and an effective load transfer from polymer chains to the
nanoparticles.

Thermo-Dynamical Properties

To further explore the interactions between CS-NPs and
CS-gelatin matrix, the nanocomposite films were charac-
terized by TGA in temperature range of 25-600 °C. Thermal
stability, decomposition temperature and residual mass of
CS-TPP NFs were examined by TGA technique. The typi-
cal TGA curves of CS-TPP NFs were reported in Fig. 4A.
The thermal curves clearly exhibited the thermal decomposi-
tion patterns. Table 2 reports the maximum degradation rate
temperature (Td), the different weight loss steps (AW) and
the corresponding final residual mass of CS-TPP NFs. As
observed, CS-TPP NF0 showed four step weight losses of
9.0,5.9,43.5 and 11.1% in temperature range of 25-600 °C
with a final residual mass of 16.4%. In addition, CS-TPP
NF2 showed four mass-loss steps. Indeed, the initial ther-
mal decomposition in the temperature ranges of 25-170 °C
was mainly due to the evaporation of water (adsorbed and
bound water) retained in the films, whereas, the second ther-
mal event (from 170 to 250 °C) was also attributed to the
evaporation of glycerol, used as a plasticizer agent. The third
weight loss was observed between 250 and 400 °C, corre-
sponding to the degradation of saccharide rings, depolym-
erization, and decomposition (oxidative and thermal) of the
CS-TPP NFs matrix (7d: 314 °C). The last weight loss step
observed from 400 to 600 °C (13.7%) with a residual mass

@ Springer



Journal of Polymers and the Environment (2022) 30:833-854

—— CS-TPP NFO
—— CS-TPP NF2

CS-TPP NF4
— CS-TPP NF6

80

60 -

Weight (%)

40

20

T T T T T T T T T T
100 200 300 400 500 600

Temperature (°C)
CS-TPPNF2
o
2 05+
2 CS-TPPNF4
(o}
-1 ’0 -
] CS-TPPNFO
15 /W/—\i
’;\D 4
C,
& 20
53
o
el
2 25
3
T
3.0+ CS-TPPNF6
35 T T T T T T T
50 0 50 100 150

Temperature (°C)

Fig.4 Thermogravimetric analysis: curves showing TGA (A) and
thermal stability by DSC analysis (B) of nanocomposite films

of 29.0% corresponds to final degradation of both gelatin
and chitosan polymers. This mass reduction corresponds to
the degradation of CS-NPs (7d of CS cross-linked with TPP
or TPP) [55]. Further, The Td exhibited a lower increase

with the CS-NPs content from 2 to 6 wt%. It can be deduced
that CS-TPP NFs were decomposed at higher temperature
than those without nanoparticles, reflecting the thermal sta-
bility improvement of nanocomposite films.

The thermal properties of composite films were assessed
by the DSC analysis (Fig. 4B) in order to determine the
glass transition temperature (7g) from the second heating
cycle (Table 2). CS-TPP NFs were characterized by a Tg at
about 18-19 °C. Further, Tg values could be attributed to
the characteristics of gelatin and chitosan used for the nano-
composite films preparation, such as the molecular weight
and deacetylation degree of CS, as well as the amino-acids
composition and molecular weight of gelatin. Indeed, the
presence of one Tg value in the DSC thermograms can be
interpreted by the complete miscibility of the different com-
pounds in the nanocomposite films. Results were in line with
those of Hosseini et al. [56], which reported that CS and
gelatin were characterized by a good miscibility and could
form a wide range of blend films, in which new hydrogen
bonding networks appeared. Further, they showed a Tg value
of 56 °C for gelatin-chitosan (G60/CS40) composite films
with an EAB and TS of 25.30% and 16.60 MPa, respectively.

As can be seen, 7g did not show any difference with the
CS-NPs incorporation, as compared to the CS-TPP NF0 and
the appearance of one 7g revealed the compatibility between
the different components constituting the nanocomposite
films. This finding may be attributed to the intermolecular
hydrogen bonds between nanoparticles, the hydroxyl and
amine group’s presents in chitosan and gelatin bio-polymers.
This fact provided additional evidence that the CS-NPs
incorporated into nanocomposite films did not affect their
crystalline structure, which was deduced by the unmodified
Tg values.

DMA is a technique that is helpful for estimating the
increase in stiffness of the composite films induced by nan-
oparticles incorporation. As shown in Fig. 5A, the storage
modulus (E’) of nanocomposite films increased with the
CS-NPs incorporation. This improvement was likely due to
the interaction between the nanoparticles with CS-gelatin
matrix. Figure 5B and C showed the curves for the loss
modulus (E") and Tan d as a function of temperature for

Table 2 Determination of

. Samples AW1 (%)  AW2(%)  AW3 (%)  AW4 (%) Td(°C)  Residual Tg (°C)
weight loss percents (AW), mass (%)
decomposition temperature
(Td), residual mass ami %l;lssf CS-TPPNFO 9.0 5.9 435 11.1 315 16.4 18
transition temperature (7g) o
the CS-TPP NFs CS-TPP NF2 10.6 7.7 38.8 13.7 314 29.0 19

CS-TPP NF4 8.3 43 37.1 8.2 319 41.7 18
CS-TPP NF6 7.8 5.4 35.7 79 319 40.0 19

AW represents the weight losses, 7d the decomposition temperature, Residual mass the residual mass of
samples at 600 °C, Tg the glass transition temperature

The average relative error of DSC and TGA data was lower than 10%
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posite films

CS-TPP NFs. Tan d curves exhibits two broad relaxations at
around 45 °C and 100 °C. Indeed, the first and the second
peaks were also attributed to the Tg and decomposition of
CS-gelatin matrix, so the loss of the crystalline zone.

The loss factor was sensitive to the molecular motion
and peak represented the glass transition temperature (7).
In the DMA spectra of the nanocomposite films, the glass
transition shifted to a higher temperature, indicating that
CS-NPs improved the intermolecular interaction between CS
and gelatin and could acted as a functioning like a junction,
bringing adjacent chains of CS and reduced the free volume
in the matrix. Results were also confirmed by DSC analysis.
Further, Chang et al. [52] reported an improvement effect
on the tensile strength, storage modulus and Tg of CS-TPP
nanoparticles incorporated onto starch composites films.

Wettability and Surface Properties

The surface hydrophobicity of nanocomposite films was
evaluated via measuring the contact angle (0) of different
solvents (water, ethylene glycol and diiodomethane) upon
the film surface using the sessile drop method. Further,
contact angle measurement was one of the key properties
of foods packaging as well as the biomedical materials,
which was usually used as an important indicator for the
hydrophobic/hydrophilic properties of films surface. Prac-
tically, a contact angle higher than 90° (cos 0 < 1) repre-
sents a hydrophobic surface, whereas a contact angle lower
than 60° (cos 8> 0.5) implies a hydrophilic surface [30].

The water contact angle (WCA) values measured for
control CS-gelatin (CS-TPPNFO) film and films enriched
with nanoparticles at different time (0, 60 and 120 s) was
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Fig.6 Contact angle for the different films, as a function of time, by
using water (A), Ethylene glycol (B) and Diiodomethane (C) solvents

displayed in Fig. 6A. Control film exhibited an initial
WCA value of 86.9° at t=0 s. After CS-NPs incorpora-
tion, WCA decreased to 75.4° for CS-TPP NF6. Generally,
films having the highest WCA values exhibited a higher
surface hydrophobicity, thus having better potential to
overcome the limitation of hygroscopicity [57]. Further,
Rehman et al. [58] reported that chitosan—gelatin coatings
were characterized by a hydrophobic character with a high
contact angle of 120°.

Results were in agreement with previous study, which
showed that the gelatin incorporation onto chitosan matrix
increased the hydrophobicity, due to its hydrophilic charac-
ter [59]. Indeed, results could be attributed to the formation
of polyelectrolyte complex due to the possible interactions
between the positive charges of chitosan and gelatin mole-
cules. This polyelectrolyte complex may decrease the charge
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density on the surface, which decrease the polarity of the
chitosan complex and increased its hydrophobic character
[60].

CS-TPP NFO was characterized by an important increase
in the WCA from 86.9 to 144.87° in time range of 0—120 s,
which could be attributed to the increase in surface hydro-
phobicity of films. For CS-TPP NF2 and CS-TPP NF4, an
increase in the WCA values from 69.14° and 76.53° (t=0s)
t0 96.01° and 93.40° after 120 s, respectively, was observed.

Two other solvents (ethylene glycol and diiodomethane)
were also used for the surface and wettability parameters
determination. Figure 6B and C showed the change of the
contact angle with time for CS-TPP NFs without and with
nanoparticles incorporation. Further, CS-TPP NF2 did not
show any significant difference in CA at 0, 60 and 120 s (~
89 and 155°) for ethylene glycol and diiodomethane, respec-
tively. On the contrary, a significant decrease in the CA for
the other nanocomposite films, which was dependent on time
and film composition.

The film wettability was an important factor to consider
materials for biomedical applications. It was also investi-
gated by examining the behavior of water droplets depos-
ited on the film surface as a function of time. Variation of
droplets volume were also determined and results showed
that the volume of water droplets deposited on the surface
of CS-TPP NFO decreased slowly as a function of time
(0-120 s). However there are no differences between the
nanocomposite films with different nanoparticles amounts
(Fig. 7). As compared to the reference surface (aluminum
foil), it was observed a low slope variation, which was also
attributed to a slight absorption by the nanocomposite film.
Indeed, according to Karbowiak et al. [61] method, the water
absorption flux (F,,,) was determined. Results showed that
the Fy, of films without nanoparticles was 0.5 10~ L/m? s,
whereas, for the enriched films with NPs, it was ranged from
0.15 to 0.25 10 L/m? s. This behavior could be related to
the dispersive component of the surface free energy.
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Table 3 Surfa;ceﬁ;;roper tiefs of Time (s) Films Polar component (v§ )  Dispersive component Surface free
nanocomp0s1 c ms: surrace D N/
free energy, polar and dispersive (mN/m) (vs) (mN/m) (err:lf;\rﬁr};l)( vS)
components as a function of
time (0, 60 and 120 ) 0 CS-TPP FO 21.93+1.94¢ 0.05+0.02¢ 21.97+1.93¢
CS-TPP F2 27.34+0.30° 4.79+0.03* 32.13+0.34°
CS-TPP F4 42.33+0.81° 1.25+0.07° 43.25+1.40°
CS-TPP F6 32.63+0.30° 3.14+1.54° 35.77+1.45°
60 CS-TPP FO 32.38 +2.73¢ 1.91+0.69° 34.30+2.149
CS-TPP F2 44.69 +1.75¢ 0.10+0.01¢ 4470 +1.75¢
CS-TPP F4 65.69+1.28° 4.04+0.08* 69.74+1.21°
CS-TPP F6 56.30+0.62° 2.07+1.43° 58.37+2.02°
120 CS-TPP FO 0.74+0.86° 0.69+0.14° 1.43+0.88°
CS-TPP F2 19.93+0.06° 0.11+0.03¢ 20.04 +0.05°
CS-TPP F4 21.47+0.68° 0.48+0.51° 21.95+0.80°
CS-TPP F6 33.47 +3.20° 3.38+2.01° 36.85+0.77%

Values were given as mean + standard deviation. Means with different superscripts (a—d) within a column
at the same time (0, 60 or 120 s) indicated a significant difference (p <0.05)

In addition, based on the behavior of nanocomposite
films against the different solvents and by using the ses-
sile drop method, the surface energy was calculated as
shown in Table 3. For the control film (CS-TPP NFO0), the
values of the polar (yg) and dispersive components (y?)
were initially about 0.05 and 21.93 mN/m, respectively.
However, after the CS-NPs incorporation and especially
for CS-TPP NF2, both components increased significantly
to 4.79 and 27.34 mN/m, respectively.

These observations were also observed for the sur-
face free energy (yg). The highest polar component
(42.33 mN/m) and surface free energy (43.25 mN/m)
were recorded for CS-TPP NF4, which may be due to its
hydrophilic property. Further, CS-TPP NF2 showed the
highest dispersive component, as compared to the other
nanocomposite films.

The polar and dispersive components, as well as the
surface free energy showed initially an increase followed
by a decrease after 60 and 120 s, respectively (Table 3).
Results showed that the wetting tension was affected by
the nanoparticles incorporation onto the nanocomposite
films. In fact, the wettability of films could be affected
by the possible interactions between the different compo-
nents such as chitosan, gelatin and nanoparticles, which

were previously confirmed by FTIR spectra. Therefore,
CS-NPs addition increases the hydrophilicity of CS-gela-
tin composite films as proved by the contact angle values
variation and the surface free energy parameters.

Bioactive Potentials of Nanocomposite Films
In Vitro Antioxidant Assay

The antioxidant activity of the nanocomposite films was
assessed via different tests: DPPH radical-scavenging activ-
ity, ferric-reducing power, p-carotene bleaching assay and
ABTS-scavenging ability.

DPPH, a stable free radical, was widely used for the
determination of free radical-scavenging efficiencies of
different materials by determining the decrease of DPPH-
radical absorbance at 517 nm, caused by the scavenging of
the hydroxyl radical through hydrogen atom or an electron
donation. The DPPH scavenging ability of nanocomposite
films was carried out and results showed that the CS-TPP
NFs exhibited important antioxidant activity against DPPH,
which was dependent on nanoparticles amount (Table 4).
Also, composite films enriched with 6 wt% of nanoparticles
showed a noticeable effect by inhibiting radical formation

Table 4 Antioxidant activities
of CS-TPP nanocomposite films

Antioxidant activities CS-TPP NF0 CS-TPP NF2 CS-TPP NF4 CS-TPP NF6
DPPH-scavenging ability (%) 49204020  52.92+0.18°  61.67+£023°  69.41+0.90°
Ferric reducing power (OD74 ) 0.10+0.25° 0.11+0.25° 0.18 £0.05° 0.23+0.15%
B-carotene bleaching activity (%) 43.93 +0.30¢ 55.78 +£0.10° 70.68 +0.40° 72.86 +0.50%
ABTS-scavenging activity (%) 36.06+0.24¢ 36.75+0.25¢ 45.87+0.53 50.54+0.12°

Values were given as mean + standard deviation. Means with different superscripts (a—d) within a same line
indicate significant difference (p <0.05)
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(at about 69.41%), which was higher than CS-TPP NF2
(52.92%) and CS-TPP NF4 (61.67%). Zhan et al. [62]
reported that TPP films loaded with silver nanoparticles
showed a high DPPH radical scavenging activity (80%).

Likewise, p-carotene bleaching ability of nanocomposite
films was also studied. Results showed that nanocompos-
ite films prevent bleaching of p-carotene which increased
with CS-NPs amount, which acted as electron donors and
chelating agents. Further, CS-TPP NF6 showed the highest
[-carotene bleaching activity (72.86%), as compared to the
other nanocomposite films. Melo et al. [63] reported that the
use of coatings based on chitosan nanoparticles obtained by
ionic gelation was effective to delay the ripening process of
grapes at 25 °C for 12 days. Indeed, chitosan-nanoparticles
coatings blocked the pores present in the grape surface, thus
prevented the moisture loss and controlling the respiration
process. The nanocomposite films could acting as a semi
permeable barrier around the fruits and could modify the
internal atmosphere by decreasing the O, gas and increase in
the CO,, and could decrease the ethylene production.

The ABTS radical cation decolorization assay was a
widely used method for the assessment of the antioxidant
activity of various compounds and edible films. In the
present study, CS-TPP NF6 enriched with 6% of CS-NPs
showed the highest ABTS scavenging values (50.54%), as
compared to control film CS-TPP NFO (36.06%). Further,
nanocomposite films exhibited poor ferric reducing power
(OD5g0pm =0.1-0.23), which could be attributed to the lower
solubility of the films.

Interestingly, the CS-NPs incorporation onto the nano-
composite films matrices improved their antioxidant proper-
ties. All of these properties of produced composite films give
them the opportunity to be successfully used in food indus-
tries as bioactive packaging and as a wound healing agent.

Antibacterial Activity of Nanocomposite Films

The antimicrobial activity of CS-TPP NFs containing dif-
ferent content of CS-NPs was evaluated against B. cereus,
S. aureus, M. luteus, E. coli, K. pneumoniae, S. enterica, S.
typhimurium and Enterobacter sp. bacteria strains via the
agar disc diffusion assay (Table 5). The control film (CS-TPP
NFO0) showed an antibacterial effect against all tested bacte-
ria strains with an inhibition zone diameter in the range of
7-12 mm after 18 h of incubation at 37 °C. The antibacterial
activity of CS-TPP NFs was related to the composite films
composition and especially the CS-NPs amounts. Results
indicated that nanocomposite films have significantly higher
antimicrobial activity on all Gram-positive bacteria and
Gram-negative bacteria and especially against B. cereus,
S. aureus, Enterobacter sp. and K. pneumoniae than those
without nanoparticles (CS-TPP NFO).

In addition, nanocomposite film with the highest amount
of nanoparticles (CS-TPP NF6) showed the largest inhibi-
tion zone against Enterobacter sp., E. coli and M. luteus (15
and 14 mm). However, CS-NPs content (2-6 wt%) did not
show any significant effect on antimicrobial activity against
E. coli (7 mm). The bactericidal action of nanoparticles
incorporated onto the nanocomposite films might be exerted
through different mechanisms. Indeed, the main mechanism
induces the generation of reactive oxygen species and oxida-
tive stress. Another possible mechanism for the antimicro-
bial property was the smaller sizes of the CS-NPs that could
diffuse through the bacterial membrane by possible electro-
static interactions, which caused the bacterial growth inhibi-
tion as well as the cellular death. The antimicrobial activity
of CS-NPs could be attributed to their crystal structure, size
and shape, high surface area to volume ratio [64], as well
as the small and compact particle size of nanoparticles and
their high surface charge [65].

Table 5 Antimicrobial activity

N Indicator organisms
of the nanocomposite films

Inhibition zone diameter (mm)

against Gram positive and Gram CS-TPP NFO CS-TPP NF2 CS-TPP NF4 CS-TPP NF6
negative bacteria
Gram (+)
B. cereus 9.5+0.59 12.0+0.5° 13.5+0.5° 14.0+0.5
S. aureus 9.0+0.5 8.5+0.5° 11.5+0.6° 12.5+0.5°
M. luteus 10.5+0.5¢ 12.5+0.6° 13.0+0.5° 14.0+0.5*
Gram (—)
S. enterica 12.0+0.25° 12.0+0.5° 12.5+0.5% 13.0+0.5%
E. coli 7.0+0.5° 7.0+1.5 7.0+0.5° 7.0+0.5°
Enterobacter sp. 10.0+1.5¢ 13.0+0.5° 13.0+0.5° 15.0+0.5*
S. typhimurium 9.0+0.5¢ 9.0+0.5° 10.0+0.5° 10.0+1.2°
K. pneumoniae 7.5+0.5° 9.0+0.5¢ 13.0+0.7% 13.0+0.5"

Values were given as mean + standard deviation. Gram (+): Gram positive bacteria. Gram (—): Gram nega-
tive bacteria. Means with different superscripts (a—d) within a line indicate significant difference (p <0.05)
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In Vivo Wound Healing Study
Chromatic Study

The wound healing potency of CS-TPP NF0 and CS-TPP
NF4 was evaluated on male wistar rats subsequently by the
laser burn induction. The wound cicatrization process was
assessed based on chromatic study evaluating the regular
changes in wound aspect and color during the different heal-
ing phases. Wound photographs of a representative rat from
each group were taken after 1, 3, 5, 7 and 8 days of treatment
(Fig. 8). By the laser burn induction, dark red color reflect-
ing the burn zone was observed in all groups in the first day
of treatment. As observed, on the third day, the burns have a
brown color which was due to the scab formation. Neverthe-
less, on 5th day a dark red coloration was observed on the
following days in the CS-TPP NFO0 and especially CS-TPP
NF4 treated groups, which announce the initiation of wound
healing process. After 7th days, a healthy skin was observed
especially for the treated groups suggesting the wound site
reparation and the granulation tissue development. Nonethe-
less, the untreated (physiological serum) group and Cytol
basic-treated group showed, at the end of the experimenta-
tion, an open wound with red colored tissues. Shao et al.
[22] reported that silver nanoparticles incorporated onto chi-
tosan-based membranes promote the wound healing process

Control

healed in compared to control group, which might be due to
a synergistic effect of both chitosan and silver nanoparticles.

Wound Closure and Epithelialization Evaluation
As observed in photographs (Fig. 9), each group revealed

different rates of wound contraction. The treated groups with
CS-TPP NFO and CS-TPP NF4 displayed a significant wound

—a— Control
—a— CS-TPP NF0

—o— Cytol basic

120 1 ——CS-TPP NF4

100

(o]
(=]

Wound closure (%)
I o
[« [«

[
(=)

Days

Fig.9 Effects of nanocomposite films on wound’s evolution: Reduc-
tion of wound contraction diameter (0-8 days). Each data point repre-
sents the mean + SD of six rats

Day 5

Fig. 8 Representative photographs of excised wounds of rats treated with physiological serum, Cytol basic, CS-TPP NFO and CS-TPP NF4. The
photographs of the wound were observed on 1, 3, 5, 7 and 8 days. Each data point represents the mean + SD of six rats
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healing progression, compared to the others groups. Approx-
imately 50% of the wounds contraction was achieved on days
5, 6, 7 and 7 for CS-TPP NF4, CS-TPP NFO, “Cytol basic”
and control (untreated) groups, respectively. All wounds
showed a reduction in size over time, regardless of the group
to which they belonged. However, the group treated with the
CS-TPP NFO and CS-TPP NF4 films showed full wound clo-
sure in the animals (89.58 and 100%, respectively) at the 8th
day. Although for the untreated and “Cytol basic” groups,
it was 81.55% and 84.63%, respectively. This suggests that
treatment with the nanocomposite films enhanced the wound
healing, as compared to the other groups. Wang et al. [66]
reported that the rate of wound closure increased to 85.6%
within 7 days and 98.7% within 14 days of treatment with
hydrogels based on chitosan nanoparticles. Amputation of
limbs due to diabetes wounds is a major concern in patients.
Other studies interesting on the wound healing efficiency of
collagen/alginate scaffolds impregnated with CS- curcumin
NPs (196 nm) showed a higher rate of wound healing than
the control (sterile gauze) and placebo scaffolds [67]. Fur-
ther, a synergistic action of curcumin (anti-inflammatory
or antioxidant), chitosan (carrier, wound healing activity)
and collagen (stimulant for wound healing activity) was
persuaded.

The wound healing properties of nanocomposite films
was mainly due to their ability to enhance granulation tissue
formation, collagen deposition, tissue remodeling and the
wound contraction. Zhong et al. [68] reported that chitosan-
Ag/ZnO composite dressings enhances the wound healing
and promotes re-epithelialization and collagen deposition.
Hence, nanocomposite films could be considered as a biode-
gradable wound dressing, due to their antioxidant and anti-
bacterial properties and wound healing efficiency.

Hydroxyproline Content Determination

Collagen is considered as the most abundant structural pro-
tein in the body, contained a high concentration of amino
acid hydroxyproline [31]. The hydroxyproline is used his-
torically as a biochemical specific marker for collagen stabil-
ity and thus for the estimation of rates of collagen synthesis.
Data reported in Table 6 revealed an hydroxyproline level of
884.22 mg/g and 742.52 mg/g of tissue for CS-TPP NF4 and
CS-TPP NFO treated groups, respectively, which were sig-
nificantly (p <0.05) higher than “Cytol basic” (735.16 mg/g
of tissue) and control (642.88 mg/g of tissue) groups. Ran-
jbar and Yousefi [69] reported that hydroxyproline contents
increased for the groups treated topically with Aloe vera
and dressed with chitosan nanoparticle thin-film membranes
(88.54 mg/g) as compared to untreated one (48.77 mg/g).
This increase in hydroxyproline content for the treated
groups signaled a rise in collagen turnover, which acceler-
ated the wound healing process.
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Table 6 Hydroxyproline amounts (mg/g of tissue) in the wound site
from the different treated groups

Groups Hydroxyproline
amounts (mg/g of
tissue)

Control 642.88 +9.78*

Cytol basic 735.16 +14.25°

CS-TPP NF0 742.52+18.06°

CS-TPP NF4 884.22+19.81¢

Results are expressed as means of three experiments + SD. Different
superscripts (a—d) in the same column indicate significant differences
(p<0.05)

Consequently, CS-TPP NF4 implied more collagen
deposition and could stimulate the wound healing process
by modulating the proliferative and remodeling phases of
wound healing. Results strongly support the possibility of
using nanocomposite films as dressings for wound care
application and especially for the diabetic person due to their
biodegradability and non-toxicity.

Histological Study

The histological survey of wound tissues excised from the
sacrificed animals was performed at the last day (8th day)
of treatment. The microscopic photographs taken for the
four groups (Fig. 10) showed the tissue sections of wound
areas for treated groups using CS-TPP NFO and CS-TPP
NF4 with a normal histology sections. The layers of skin
(epidermis and dermis) were clearly identified. A complete
re-epithelialization and well formed granulation tissue of
epidermis with remarkable neo-vascularization and fewer
inflammatory cells were assessed for the treated groups with
nanocomposite films. However, in the histological sections
of the wound tissues of untreated and “Cytol basic” groups,
a poorly structured of the epidermal layers was observed. In
addition, the collagen fibers were not very organized. The
dermis displays a massive number of inflammatory cells and
a prominent hyperemia of capillary blood vessels. It was also
shown a markedly formation of collagen and epithelial layer
in the tissues, while, lower mature collagen was observed
for the control group tissues with the absence of fibrinoids
necroses. Li et al. [70] reported that the chitosan-reinforced
implants with collagen and nano-hydroxyapatite provided
perfect recovery (in 15 weeks) of wounds with appropriate
strength and high mineral density.

The natural origin and biocompatibility of CS promoted
its use for wound healing because CS fuels homeostasis
and expedites tissue renewal. Furthermore, the hydrophilic
character and homogenous structure of CS, relative to gly-
cosaminoglycans, serve as an attractive material for a tis-
sue engineering scaffold [71]. Singh et al. [72] showed that
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Fig. 10 Representative photo-
micrographs of wound tissues
of the control group, Cytol
basic, CS-TPP NF0 and CS-TPP
NF4 treated-groups revealing
the epidermal and dermal archi-

Control
tecture of wounds on the 8th
day and taken at 100 and x 400
magnifications. Ep epidermis,
D Dermis;
—
Blood vessels;
Fibroblasts;
Cytol basic
Collagen
CS-TPP NF0
CS-TPP NF4

the CS-NPs with an average diameter of 208 nm and posi-
tive zeta potential about 24.2 mV, prepared by ionic gela-
tion method and loaded with calcium alginate hydrogels,
exhibited a remarkable antibacterial and pro-inflammatory
activity, as indicated by the inhibition of generation of
reactive oxygen species. Subsequently, the process pro-
moted vascular endothelial cell invasion, metastasis and
neo-vascularization, resulting in a higher rate of wound
healing.

In our study, results clearly indicated the potential effects
of nanocomposite films in accelerating the wound healing
process, as compared to the untreated groups. This process
could be due to various effects. Generally, the natural wound
healing process was carried out in three phases: the inflam-
matory phase, the granulation phase (or proliferative stage)
and the maturation phase, giving the final appearance of
the scar. CS-TPP NFs enhanced the wound healing pro-
gression that may be due to the reduction of inflammatory
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phase and a rapid transition to the proliferative phase. Csaba
et al. [33] showed that CS-TPP nanoparticles were poorly
cytotoxic and caused less than 10% cells death and suggest
that there are non-toxic. In this context, the tissue scaffolds
based on CS-gelatin with the CS-NPs incorporation could
be used to protect the injury during the regeneration process
and to improve dermal and epidermal tissue regeneration.
Membranes were biodegradable, thus their removal was not
required at the end of treatment. Therefore, the implantation
of biodegradable membranes could be suited for animals,
since they completely covered the wound sites, avoiding the
bacterial infiltration.

Conclusion

The main purpose of the current study was to incorporate
chitosan nanoparticles onto composite films based on chi-
tosan and gelatin used as wound dressings. Control film
showed a homogeneous and smooth surface without any
roughness, air bubbles and cracks, which indicated interac-
tion between CS and gelatin components. However, with
the CS-NPs incorporation, the SEM micrograph showed a
heterogeneous surface with small aggregates with a com-
pact and tortuous structure. Indeed, the CS-NPs incorpora-
tion improved significantly the water-resistant ability and
mechanical properties, as well as the thermal stability of the
nanocomposite films. Furthermore, with CS-NPs incorpora-
tion, a significant variation in the contact angle and surface
free energy of nanocomposite films, dependent on time and
film composition, was found. Interestingly, the addition of
nanoparticles onto the films matrices improved their anti-
bacterial and antioxidant properties.

Moreover, it was observed that nanocomposite films
accelerated the wound healing process as compared to the
untreated groups. Further, nanocomposite films exhibited
not only the most enhanced effect on wounds healing but
also a good healing process quality as well. The developed
films enriched with chitosan nanoparticles could facilitate
the proliferation of cells and mitigate the bacterial infec-
tions. All these properties suggested that the nanocomposite
films could be consider as attractive biodegradable wound
dressings.
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