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ABSTRACT: The aim of this work was to develop chitosan/gelatin composite films embedded with various amounts of wool nanopar-

ticles, which were produced by an environmental friendly process. Films loaded with wool nanoparticles were subjected to physio-

chemical, biological, and mechanical characterization. The obtained results showed that incorporation of wool nanoparticles into

chitosan/gelatin composite led to a reduction in swelling, moisture content and dissolution degree of the films. In vitro degradation

test revealed that the nanoparticles-embedded composites had a lower degradation rate than that of chitosan/gelatin composite.

Besides, composite films containing wool nanoparticles showed an improvement in the stability in phosphate buffered saline. On the

other hand, tensile strength and elongation at break decreased upon loading the films with wool nanoparticles. The biocompatibility

of the produced composites was also confirmed by MTT test. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40294.

KEYWORDS: biopolymers and renewable polymers; properties and characterization; biomaterials; biodegradable; biocompatibility

Received 14 August 2013; accepted 12 December 2013
DOI: 10.1002/app.40294

INTRODUCTION

The new requirements for reducing petroleum-based plastic

materials have promoted the use of environmental friendly and

biodegradable polymers from renewable resources, as a conse-

quence of the environmental and ecological problems associated

with the disposal of these synthetic polymers.1 Biodegradable

films, which have attracted much attention in recent years, are

generally made from biopolymers such as proteins, polysaccha-

rides, lipids, or their blends.2 On the other hand, protein wastes

such as by-products from agricultural sources, wool textile

industry, poor quality raw wool not fit for spinning, and hair

and feathers from butchery constitute an important renewable

source of biopolymers.3 With increasing demand for sustainable

materials, these protein by-products also started to be regarded

as renewable resources worthy of a better exploitation.4

Chitosan is a partially deacetylated derivative of chitin, a natural

abundant substance found in the exoskeletons of insects, shells

of crustaceans, and fungal cell walls.5 Chitosan is a copolymer

composed of D-glucosamine and N-acetyl-D-glucosamine linked

through b-(1-4) glycosidic linkages, forming a long linear poly-

mer chain. This polycationic polysaccharide has one amino

group and two hydroxyl groups in the repeating glucosidic

residue.6 The molecular weight and the ratio of glucosamine to

N-acetyl glucosamine, i.e., degree of N-deacetylation (DD), are

thought to be the two most important determinants of chitosan

characteristics.7 Chemical and biochemical reactivity of chitosan

is strongly related to the free primary amine groups distributed

regularly through its molecular chain. This promising biopolymer

has been extensively used over a wide range of applications due

to its high biocompatibility, biodegradability, antimicrobial activ-

ity, adsorption, film-forming properties, and low antigenicity.8,9

Gelatin is a soluble protein, which can be obtained by hydrolysis

of the fibrous insoluble collagen present in the bones and skin

generated as waste during animal slaughtering and processing.10

The characteristic triple-helical structure of collagen is lost dur-

ing gelatin extraction, but can be recovered below the helix–coil

transition temperature.11 Gelatin can be visualized as a copoly-

mer build-up from triads of a-amino acids with glycine at every

third position (soft blocks) and triads of hydroxyproline, proline,

and glycine (rigid blocks), with a narrow molar mass distribu-

tion.12 The three-dimensional gel network of gelatin is composed

of micro-crystallites interconnected with amorphous regions of

randomly coiled segments. This protein is unique among hydro-

colloids in forming thermo-reversible with a melting point close

to the body temperature, which is particularly significant in edi-

ble and pharmaceutical applications.13 Attractive properties of
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gelatin such as low cost, good biocompatibility, biodegradability,

low immunogenicity, adhesiveness, and bio-absorptivity make it

suitable for biomedical development.7,14

Although chitosan and gelatin have recognized properties to be

applied in different fields, they have also some drawbacks that

restrict their end use due to their inherent hydrophilic character.

A promising strategy to overcome such limitations is through

blending.12,15 The backbone of gelatin contains free negatively

charged carboxyl groups, enabling it to blend with the cationic

ammonium groups of chitosan to form a network.16 Composite

films of chitosan and gelatin have been reported to have

improved mechanical, transport, physical, and biological prop-

erties as compared with those of single components.17–20 This

was attributed to the formation of polyelectrolyte complexes

(PECs) through electrostatic interactions between them at suita-

ble pH.18,21 Besides, the presence of arginine-glycine-aspartic

acid (RGD) sequence in gelatin promotes cell adhesion, migra-

tion, differentiation, and proliferation.22

Wool, a biopolymer obtained from the fleece of sheep, is basi-

cally composed of the fibrous protein, keratin, which is regarded

as three-dimensional polymer interlinked by intermolecular

bonding of disulfide cystine amino acid and inter- and intramo-

lecular bonding of polar and nonpolar amino acids leading to

its high stability and distinctive physical characteristics.3,4,23

Like many naturally-derived biomolecules, keratin has intrinsic

biological activity and biocompatibility. Even though keratins

have high potential for a number of applications, their usage is

rather limited because of their poor mechanical properties. An

alternative solution is blending with other natural biopolymers

to improve their properties.24–26 However, in most of these

studies, keratin was extracted chemically, and the obtained kera-

tin solution was then used for film/scaffold fabrication. Solution

routes have inherent bottlenecks in the preparation process,

such as long time of dialysis, high production costs, safety, and

environmental constraints.27 Since, the protein powder could

keep the original properties of the material without destroying

the microstructure, it has been widely applied in modern indus-

tries. However, production of particles from protein fibers was

mostly performed by harsh chemical or mechanical processes.28

As a consequence, in this study, to integrate the advantages of

chitosan, gelatine, and wool nanoparticles, preparation of com-

posite films was investigated. In other words, chitosan/gelatin

composite films were embedded with wool nanoparticles, which

were produced by enzymatic hydrolysis, an environmental

friendly technique, followed by ultrasonic treatment, and their

physiochemical and mechanical properties, stability, biodegrad-

ability, and biocompatibility were evaluated.

EXPERIMENTAL

Materials

Gelatin (for microbiology) and glycerol (98% reagent grade) were

supplied by Merck Co. (Germany). Chitosan (medium molecular

weight) and hen egg white lysozyme (50,000 U/mg) were pro-

vided by Sigma-Aldrich (USA). All other chemicals used such as

acetic acid, tris base, sodium acetate, and sodium hydroxide were

of analytical grade. Waste wool fibers, collected from spinning

process, was originated from New Zealand Merino wool with a

mean diameter of 21 mm. Wool nanoparticles were produced

from these fibers by enzymatic hydrolysis followed by ultrasonic

treatment, as it was reported previously.29 The number-based par-

ticle size distribution gave an average particle size of 137 nm with

90% of the particles being less than 150 nm in size.

Films Preparation

All films were obtained by casting from their film forming solu-

tions. Two percent (w/v) of chitosan and gelatin solution was pre-

pared separately by dissolving in 1% acetic acid aqueous solvent

and deionized water, respectively, at 50�C until homogenization.

Glycerol was added to each solution as a hydrophilic plasticizer at

a concentration of 25 wt % (based on polymers dry weight).

Incorporation of glycerol into natural polymer films eliminates

their fragility and improves their flexibility. Plasticizers by reducing

the intermolecular forces soften the rigidity of the film structure

and increase the mobility of the biopolymer chains, thus improv-

ing the mechanical properties.2,12,30,31 The prepared solutions were

filtered and 25 mL of each solutions were poured separately into

polystyrene Petri dish, allowed to dry at room temperature, peeled

off from the plates, washed with 80% ethanol until the films were

neutral and finally dried in a vacuum oven for 20 min.

For composite films, gelatin solution with or without wool

nanoparticles (0.1, 0.3, and 0.5% w/v) was added drop-wise to

the chitosan solution at 1 : 1 ratio (w/w), the acidity of the

resulting mixture was adjusted to pH 5 5.5 with 1M NaOH,

then stirred for 2 h at 50�C, followed by casting and evapora-

tion as described above. According to the literature, it was

shown that the polyelectrolyte complex between chitosan and

gelatin can only occur at the pH above the isoelectric point of

gelatin (pHiso 5 4.7), where gelatin chains are negatively

charged, and below pH 6.2, to prevent chitosan precipitation

out of solution.18 The resulting composite films were labeled

CHG, CHGNW0.1, CHGNW0.3, and CHGNW0.5 as chitosan/

gelatin composite films without and with wool nanoparticles;

the numbers after CHGNW designating the percentage of the

nanoparticles in the chitosan/gelatin composites.

FILM CHARACTERIZATION

Analyses

Microstructure was examined by SEM on Philips (XL30) with

an operating voltage of 20 kV after gold coating. The surface

and cross section (cryofractured in liquid nitrogen) of the films

were observed under the microscope. FTIR spectra of the films

were carried out on a Nicolet Nexus 670 using KBr pellets. The

characteristic spectra were scanned in the wave number range of

4000 to 400 cm21 at a resolution of 4 cm21. The crystalline

behavior of the membranes was also investigated using XRD

Equinox 3000 (INEL, France) equipped with Cu-Ka radiation

source (k 5 0.154 nm). The samples were scanned from 2h 5 5�

to 40�. Moreover, DSC analysis was performed with DSC 2010

(TA Instruments, USA) at a heating rate of 10�C/min within

the range of 0 to 300�C in flowing nitrogen atmosphere.

Mechanical Test

To evaluate the mechanical properties of the films, experiments

were carried out on an Instron 5566 at a crosshead speed of 25
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mm/min according to ASTM D882-02. Film probes of 10 cm

length and 2.5 cm width were used. Before analysis, the films

were stored at 23 6 2�C and 60 6 5% relative humidity (RH)

for at least 48 h. The thickness of the membrane was measured

using a manual micrometer with an accuracy of 0.01 mm and

cross-sectional area was calculated. Tensile strength (TS) was

determined by dividing the required force for film rupture by

the area of the transverse section, elongation at break was also

calculated from the ratio of increase in length to original length,

expressed in percentage and the results were given as the arith-

metic means of three different samples.15

Swelling

The swelling characteristics of the films were determined by

swelling films with known weights in acetate buffer (pH 5 4),

PBS (pH 5 7), and Tris-HCl (pH 5 9) for 24 h to achieve com-

plete saturation. The films were then withdrawn and their wet

weights were determined after removing surface water by blot-

ting with a filter paper. The swelling ratio of the films was cal-

culated by the following equation:

SW5
ws2wd

wd

3100 (1)

where Wd and Ws are, respectively, the weights of the films in

the dry and swollen states.

Moisture Content and Total Soluble Matter

The specimens of each film were weighed (m0) and subse-

quently dried in an oven at 100�C for 24 h. Films were then

reweighed (md), to determine their moisture content (MC):

MC %ð Þ5 mo2md

mo

3100 (2)

Total soluble matter (TSM) was measured by immersing the dried

samples in 10 mL of distilled water at room temperature for 24 h.

After this time, specimens were dried again at 100–105�C for 24 h

to determine the weight of dry matter not dissolved in water.

TSM was determined as the weight difference between the initial

dry matter (W1) and the undissolved dry matter after immersion

(W2), and expressed as a percentage of the initial dry matter.2

%TSM5
w12w2

w1

3100 (3)

Stability

Air-dried films were first weighed accurately and then immersed

in PBS (pH 5 7) at 37�C for intervals from 1 day up to 10

days. Films were then removed and a second weighing was con-

ducted to determine the stabilities of the films by determining

their weight loss after blotting them with a filter paper to

remove the adsorbed water. Stability of the films in the aqueous

solution is expressed by the following equation:

ST5
w2

w1

3100 (4)

where W1 and W2 are the weights of films before and after the

test, respectively.14

In Vitro Biodegradation

The biodegradation study was carried out in vitro by incubating

films in PBS (pH 5 7) containing 104 U/mL lysozyme at 37�C.

Films were removed from the medium at regular intervals from

1 day up to 10 days and dried. The degree of degradation is

expressed as percentage of weight loss (D) as follows:

D5
wo2wt

wo

3100 (5)

where W0 denotes the original weight and Wt is the weight at

time t.22 All above experiments were repeated three times and

the average values were reported.

Cell Proliferation

Cytotoxicity testing of the films was evaluated according to ISO

10993-5 using dimethylthiazol diphenyl tetrazolium bromide

(MTT) assay. This test is based on the fact that active cells convert

the yellowish MTT to an insoluble purple formazan crystal. The

formazan crystals formed are solubilized and the resulting colored

solution is quantified using a spectrophotometer.32 Films were

firstly sterilized by immersing in excess 70% ethanol solution for

30 min and kept under UV for 1 h. The samples then dried in

vacuum oven and washed with sterile PBS at least five times prior

to use. To prepare the extracts for each film, the samples were

incubated in 1 mL of RPMI 1640 culture medium (Sigma) sup-

plemented with 10% (w/w) fetal bovine serum (FBS, GIBCO,

Scotland) under shaking conditions for 5 and 10 days. Pure cul-

ture medium (RPMI and FBS) kept under similar conditions was

used as a control sample.

Following extraction, L929 fibroblast cells were harvested into

96-well tissue culture plates at density of 1 3 104 cells/well and

incubated at 37�C for 24 h. In the next step, the culture medium

in each well was replaced with 90 lL of extraction media

together with 10 lL FBS and was incubated for another 24 h.

Then, the extraction fluids were changed with MTT (Sigma)

solution (0.5 mg/mL) and the plates were incubated for 4 h at

37�C. The purple formazan crystals were detected and were dis-

solved by the addition of 100 lL of isopropanol (Sigma, USA)

per well. After 15 min slow shaking, the optical density was

measured at the wavelength of 545 nm by using a multiwell

microplate ELISA reader (ICN, Switzerland). The results were

normalized with respect to the control sample.

Statistical Analysis

Data values obtained in the experiments were statistically ana-

lyzed by one-way analysis of variance (ANOVA) employing SPSS

15 software. Differences in the properties of the films were deter-

mined by Fisher’s least significant difference (LSD) mean dis-

crimination test, using P< 0.05 as level of significance.

RESULTS AND DISCUSSION

SEM

The surface micrographs of chitosan, gelatin, and composite films

in Figure 1 reveal clean and smooth matrix without any pores. The

cross-sections also show homogeneous surfaces with excellent

structural integrity. Composite film of gelatin and chitosan is also

characterized by a compact, uniform, dense, and homogenous

appearance. It is worth noting that no interfaces are observed in the

blend indicating a high compatibility between components due to

associative interactions to form polyelectrolyte complex (PEC).33

SEM images of wool nanoparticles-embedded chitosan/gelatin

composite in Figure 2 depict that wool nanoparticles are rather
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uniformly distributed in the composite. However, some aggre-

gates of the nanoparticles are observed as the amount of par-

ticles increase. In addition, incorporation of wool nanoparticles

leads to a more compact, aggregated and irregular structure

than the composite film in Figure 1(c).

FTIR

The FTIR spectra of the films are shown in Figure 3. The spec-

trum of pure chitosan exhibits a broad absorption band in the

3500–3400 cm21 with a maximum at 3410 cm21 results from

overlapping of the OAH and NAH stretching vibrations of

Figure 1. (I) Surface morphology and (II) cross-sections of (a) chitosan, (b) gelatin, and (c) chitosan/gelatin composite films.

Figure 2. SEM images of chitosan/gelatin composite films containing (a) 0.1%, (b) 0.3%, and (c) 0.5% wool nanoparticles. Top images (I) show surface

morphology and the bottom ones (II) show the cross-sections.
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functional groups engaged in hydrogen bonds. The peaks

around 2925 and 2860 cm21 are assigned to ACH2 and ACH3

groups (aliphatic group) of carbohydrate ring. The sharp peak

at 1410 cm21 is assigned to the CH3 symmetrical deformation

mode and OH vibration, 1154, 1087, and 1029 cm21 corre-

spond to the bridge oxygen (CAOAC) stretching bands, char-

acteristics of chitosan saccharide structure.34,35 The spectrum

also exhibits the distinctive absorption bands at 1637 and 1564

cm21, which are the characteristic peaks of the amide I and

amide II (ACH3AC@O group, denoting the presence of the

acetyl group), respectively. The shoulder at 1637 cm21 suggests

that chitosan comes from a high deacetylation process. Residues

of chitin, attributed to NAH bond of N-acetyl group (amide II)

were evidenced by the peak at 1564 cm21.12,36

The spectra of gelatin film display relevant peaks arisen from

C@O stretching at 1647 cm21 (amide I), NAH bending at 1541

cm21 (amide II) and CAN stretching and NAH in plane bend-

ing at 1240 cm21 (amide III).18,33 The peak situated around

1082 cm21 might be related to the interactions arising between

plasticizer (OH group of glycerol) and gelatin by hydrogen

bonding.37 Besides, the broad absorption band in the region of

3500–3200 cm21 is attributed to the NAH stretching of the

amino groups (amide A), which must be masked by the absorp-

tion peak due to OAH groups.12

The spectrum of the composite exhibits the characteristic peaks

of both chitosan and gelatin with slight differences in some

regions. Incorporation of gelatin into chitosan shifts the car-

bonyl and amino bands of chitosan, i.e., from 1637 to 1652

cm21 and from 1564 to 1553 cm21, respectively, which implies

hydrogen bonding networks between polymer molecules in the

polyelectrolyte complex formation.19 The spectrum of chitosan/

gelatin film shows that C@O groups of the gelatin interacted

Figure 3. FTIR spectra of (a) chitosan, gelatin, and chitosan/gelatin films, and (b) composite films with or without wool nanoparticles. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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with NAH groups of chitosan, results in the increased carbonyl

stretching at 1650 cm21 and the decreased CAOAC bridge

stretching vibration of chitosan at 1080 and 1154 cm21. In fact,

OAH groups of chitosan interacted with COOH groups of gela-

tin, reducing CAO stretching bands of chitosan saccharine

structure.14 Besides, the composite film has a slight shift to the

lower wavenumber of amide A (from 3389 cm21 in gelatin and

3410 cm21 in chitosan to 3376 cm21 in composite), possibly

due to some alterations in hydrogen bonding.33 These small

modifications suggest specific chemical interactions between

chitosan and gelatin molecular chains and may be related to the

formation of an interpenetrating polymeric network without

any significant changes in their chemical properties.

Composite films containing wool nanoparticles (CHGNW)

depict nearly similar characteristic peaks to chitosan/gelatin

composite. However, there are some slight changes in the inten-

sity of amides and saccharine regions because of the presence of

the nanoparticles in the blends. Addition of nanoparticles to

PEC composite leads to an increase in CAO stretching vibra-

tion at 1080 and 1154 cm21. Besides, the CAN stretching vibra-

tion at 1457 cm21 arising from interactions of chitosan with

gelatin is reduced indicating that the functional groups of chito-

san in the nanoparticles-embedded composite interacted with

carboxyl groups of gelatin less than those of chitosan in the chi-

tosan/gelatin composite film. However, the existence of wool

nanoparticles in the composite does not prevent the interactions

between chitosan and gelatin to form PEC. The obtained results

indicate that no chemical reaction has occurred between wool

nanoparticles and chitosan/gelatin complex; only physical mix-

ture of the constituents happened.

XRD

Chitosan film is characterized by crystalline peaks at 2h 5 18.9�,
16.6�, 12.0�, and 8.9� in Figure 4, while the broad peak centered

at 2h 5 23� indicates the existence of an amorphous struc-

ture.12,38 Peaks at 12� and 23� are the typical fingerprints for

chitosan and are attributed to the 020 diffraction plane of anhy-

drous chitosan crystal and to the 110 diffraction plane, respec-

tively.39,40 The new peaks in plasticized-chitosan are assigned to

the 020 diffraction plane of hydrated chitosan crystals and

related to the films preparation procedure, i.e., dissolution of

chitosan in an acetic acid solution.41,42

The diffractogram of gelatin film shows two diffraction peaks at

�8.5� and 20.4�. According to Bigi et al., the peak at 2h around

8.5� is related to the diameter of the triple helix, and its inten-

sity is associated with the triple-helix content of the gelatin

films.43 Besides, the large broad band centered at about 20� cor-

responds to the amorphous phase.7,12 Bergo et al. suggested that

the amorphous character of the gelatin films containing glycerol

was due to the lack of recrystallization and semicrystalline

regions during film production.37

If chitosan and gelatin have low compatibility, each polymer

would have its own crystal region in the blend. However, in XRD

pattern of the composite film, the diffraction peaks of chitosan

almost disappear and the intensity of the diffraction peaks at

about 9� as well as 19� decreases greatly and becomes broad,

illustrating that the presence of gelatin reduces the crystallinity of

chitosan and therefore the composite tend to become amorphous.

This phenomenon is due to the strong interaction between chito-

san and gelatin, in line with FTIR results.21,44,45 The decreased

crystallinity of the composite film is mainly attributed to the bro-

ken hydrogen bonding in the chitosan molecules, which destroys

its intrinsic crystalline structure. When a polyelectrolyte complex

forms, amino groups in chitosan form hydrogen bonding with

carboxyl groups in gelatin, which results in an amorphous struc-

ture of the composite implying their good compatibility.19,20

Wool nanoparticles show the typical diffraction pattern of a-

keratins with a prominent 2h peak at 20.2� and a minor peak at

about 10�.46 The XRD pattern of the composite film with 0.3%

wool nanoparticles shows almost similar pattern to composite

film indicating almost no significant changes in the crystalline

structure of the chitosan/gelatin film.

DSC

DSC plots of different films are presented in Figure 5. The first

transition for chitosan film started at 63.3�C with a peak at

90.8�C, associated with dehydration of water molecules, fol-

lowed by the crystalline melting endothermic peak around

170�C, and the exothermic peak at 279.4�C, ascribed to the

polymer decomposition including dehydration of the saccharide

rings, depolymerization, and decomposition of the acetylated

and deacetylated units of chitosan.35,47 In gelatin film, water

evaporation and helix–coil transition (Tm) are observed as

endothermic peaks around 90.1 and 204.3�C, respectively.43,48

The enthalpy for the first endothermic peak represents the

energy required to vaporize the water present in the films. The

higher evaporation enthalpy (357.1 J/g) in gelatin indicates that

water molecules are strongly bound as compared with chitosan

(304.6 J/g). Several authors attribute this endothermic peak to

the overlapping of different process such as water evaporation,

melting, and recrystallization of small and/or imperfect gelatin

crystallites, and association of the glass transition of a-amino

acid blocks in the polypeptide chain, which are strongly related

to film drying conditions.49–52

The PEC film prepared in the present study exhibits two endo-

thermic peaks and an exothermic one as well. The first transition

in composite film, related to the volatilization of absorbed water,

Figure 4. X-ray diffraction curves of different films as well as wool nano-

particles. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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shifts towards lower temperature with respect to those of each

individual components, which is an evidence of intermolecular

hydrogen bonding in the polyelectrolyte complex formation. The

second endothermic peak is probably associated with the cleavage

of the electrostatic interactions between the oppositely charged

polymers53 and the onset temperature is situated about 175�C
with a weak peak at 197�C. It is worth noting that the tempera-

ture of the second endothermic peak (thermal denaturation of tri-

ple-helix) in gelatin almost disappeared upon blending with

chitosan, which suggests that the presence of chitosan alters the

formation of the characteristic helical structure of gelatin probably

by disrupting the hydrogen bonds between gelatin chains.54 Fur-

thermore, chitosan/gelatin membrane has higher thermal stability

than chitosan film. The composite shows thermal degradation at

293.5�C, while the chitosan membrane shows at 279.4�C. It is due

to the formation of strong interactions between gelatin and chito-

san leading to their good miscibility.5 In contrast, the gelatin film

is thermally less stable than the composite. The amorphous gelatin

degrades faster (230�C) than the chitosan/gelatin membrane.

The endothermic peaks in chitosan/gelatin film shift slightly

towards lower temperature upon blending with 0.3% wool nano-

particles, which might be due to the reduction in the interactions

between chitosan and gelatin with addition of nanoparticles.

Tensile Properties

Mechanical properties of films are largely associated with distri-

bution and density of inter- and intramolecular interactions in

the composite network. Table I summarizes the mechanical

parameters obtained from stress–strain curves. Gelatin film

exhibits an average TS of 16.55 MPa, which increases signifi-

cantly (P< 0.05) upon blending with chitosan up to 26.67 MPa.

The obtained results suggest interactions between gelatin and

chitosan via hydrogen bonds and the formation of complex

with oppositely charged ionic polymers, giving rise to film

strengthening.33,41

In the composite film, the statistically significant reduction in

TS and increase in strain of chitosan might be attributed to the

presence of gelatin that reduces the crystallization capacity of

chitosan in the film, as confirmed by XRD patterns. These

results show that mechanical properties of chitosan can be

improved by blending with gelatin. In fact, a soft and elastic

complex can be formed, which would be suitable for various

applications.

It is also observed that with the addition of nanoparticles, ten-

sile strength, and elongation of the blended films decrease, par-

ticularly at high nanoparticle content (0.5%), which is probably

due to the irregular microstructure of the embedded composites

and the aggregation of the nanoparticles. However, elongation

values of composite films containing 0.3% and 0.5% wool

nanoparticles did not differ significantly (P> 0.05).

Swelling

The swelling ratios of the membranes in acetate buffer

(pH 5 4), PBS (pH 5 7), and Tris-HCl (pH 5 9) after 24 h

immersion are shown in Figure 6. It should be mentioned that

chitosan films almost dissolve at pH 5 4. In addition, gelatin is

soluble in aqueous solution and a few hours of storage in buffer

solutions induce noticeable swelling, which makes it too weak

to take out from the swelling buffer to measure its weight. The

chitosan/gelatin composite film shows significantly (P< 0.05)

lower swelling percentage than the individual films, which

might be due to the strong hydrogen bonds between gelatin and

chitosan in the polyelectrolyte complex. Thus, this composite

Figure 5. DSC curves of chitosan, gelatin, and chitosan/gelatin composite

films with and without wool nanoparticles. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Table I. Mechanical Properties of Different Films

Sample
Tensile Strength
(MPa)

Elongation at
Break (%)

Gelatin 16.55 6 1.06a 26.04 6 1.84a

Chitosan 32.58 6 3.32b 11.25 6 2.83b

CHG 26.67 6 0.90c 42.71 6 1.11c

CHGNW0.1 24.91 6 0.51d 38.54 6 2.06d

CHGNW0.3 23.37 6 0.23e 31.04 6 0.45e

CHGNW0.5 19.92 6 0.30f 31.25 6 0.67e

Any two means in the same column followed by the same superscript
letter are not significantly (P>0.05) different.

Figure 6. Swelling ratio of different films in different pH solutions after

24 h at room temperature. Error bars correspond to standard deviation.
*P< 0.05 relative to chitosan/gelatin composite film.
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film possesses improved waterproof characteristics as compared

to the original gelatin and chitosan film.

It is worth noting that almost all films swell more at lower

pH because of chitosan high swelling. In fact, the degree of

swelling is dependent on pH values in the aqueous solution.

This pH-dependent characteristic is promising for biomedical

applications such as controlled drug delivery, skin substitute,

and biomedical separation systems.14,22 Chitosan is a basic car-

bohydrate carrying amino groups whose pKa is 6.5–7.55 There-

fore, chitosan is positively charged at pH 5 4, leading to the

extensive swelling because of the repulsion between carbohy-

drate chains. On the contrary, at pH 5 9, uncharged chitosan

results in suppression of swelling.25

The incorporation of wool nanoparticles in the chitosan/gelatin

composite film leads to a significant decrease (P< 0.05) in swel-

ling. It is hypothesized that hydrogen interactions between the

components reduce water uptake, since polar-side-chain groups

become less exposed to bind water. It can be also envisaged that

minimum swelling ratio has occurred in composite film con-

taining 0.3% wool nanoparticles among the produced films.

The compact structure of this nanoparticles-embedded compos-

ite suppresses the water absorption and this is considered

advantageous for biomedical applications, since the biomaterials

are mostly surrounded by body fluids.

Moisture Content and Solubility

Moisture content is a parameter related to the total void volume

occupied by water molecules in the network microstructure of

the film, while solubility is related to the hydrophilicity of the

material.12,56 On the basis of the results given in Table II, gelatin

film exhibits the highest moisture content, while the lowest

value is observed for composite film containing 0.3% wool

nanoparticles. TSM value is a measure of the resistance of films

against water.57 Gelatin films are completely soluble in water in

accordance with the data given in Refs. 10 and 58. Composite

films are significantly less soluble than gelatin, which could

result from interactions such as electrostatic forces between pos-

itively charged chitosan and negatively charged gelatin at the

operating pH (5.5). It is interesting to note that the films con-

taining wool nanoparticles show significantly (P< 0.05) lower

solubility comparing to the native membrane. In other words,

the hydrophilicity of these films is reduced by addition of the

nanoparticles.

Stability and Biodegradation Properties

Figure 7(a) shows the degree of stability obtained from different

films in PBS (pH 5 7) for a 10-day period. Within a few hours,

gelatin film almost dissolves; therefore this film is not tested

later on. Maximum reduction in stability is observed in the first

4 days for all films, and then it slows down. Chitosan/gelatin

composite is much more stable than gelatin film due to the for-

mation of polyelectrolyte complex, but shows lower stability

comparing to chitosan film. The films containing wool nano-

particles show higher stability than the native films and the

highest stability is also observed for 0.3% wool nanoparticles-

embedded chitosan/gelatin composite.

To evaluate the degradation behavior in vitro, films were incu-

bated in PBS containing lysozyme for 10 days. Incubated films

show maximum weight reduction after 4 days with less signifi-

cant changes in later time periods. As shown in Figure 7(b),

degradation of chitosan-gelatin complex is greater than that of

chitosan membrane probably because of the loss of gelatin in

the former. As a hydrophilic polymer, gelatin macromolecular

chains hydrolyze quickly with the existence of water.20

Table II. Moisture Content and Total Soluble Matter of Different Films

Sample
Moisture
Content (%)

Total Soluble
Matter (%)

Gelatin 12.67 6 0.8a 100 6 0.0a

Chitosan 10.17 6 0.5b 8.36 6 2.3b

CHG 11.13 6 0.6c 17.32 6 0.4c

CHGNW0.1 9.38 6 0.4b 16.02 6 0.6d

CHGNW0.3 8.36 6 0.6d 13.59 6 0.5e

CHGNW0.5 8.74 6 0.5d 14.81 6 0.7f

Any two means in the same column followed by the same superscript
letter are not significantly (P>0.05) different.

Figure 7. (a) The stabilities of films in PBS and (b) biodegradation of films in the presence of lysozyme for 10 days. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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Degradation of chitosan by lysozyme, which exists in various

human body fluids and tissue, involves protonation of amino

groups and mechanical relaxation of coiled chitosan chains. The

N-acetyl-glucosamine groups of chitosan chains can be hydro-

lyzed by lysozyme. Owing to the hydrophilic nature of chitosan,

the diffusion of water into chitosan matrix is faster than degra-

dation, and the matrix begins to swell prior to degradation.17,59

As for the films containing wool nanoparticles, lower degrada-

tion can be seen comparing to the composite film, particularly

for the one with 0.3% wool nanoparticles. In fact, the loaded

nanoparticles can play as a hindrance for enzymatic hydrolysis

of the film and as a result restrict its biodegradation.

Cell Proliferation Assay

Reduction of MTT reagent is assessed as an assay of mitochon-

drial redox activity of cultured cells. MTT reagent is a pale yel-

low substance that is reduced to a dark blue formazan product

when incubating with viable cells by mitochondrial succinate

dehydrogenase. Therefore, the production of formazan can

reflect the level of cell viability on the material.20 Figure 8 repre-

sents the results of the percentage cell viability for different

films. As can be seen, the cell viability on gelatin film is similar

to the control plate. Gelatin is composed of a series of amino

acids, such as arginine, glycin, aspartic acid (RGD sequence),

that promotes cell adhesion and migration. A nonspecific cell

interaction also exists between chitosan positively charged

ammonium sites at physiological pH and negatively charged cell

membrane surfaces. As a result, the composite film of chitosan

and gelatin seems to be favorable for cell adhesion and the bio-

logical activity of chitosan improves upon blending with

gelatin.60

No statistical difference in cells viability is observed between

chitosan/gelatin film and the individual components, but the

number of cells reduces significantly (P< 0.05) in composite

film containing wool nanoparticles in comparison with chito-

san/gelatin composite, which might be due to the decrease in

the hydrophilicity. However, the slightly higher number of cells

on the films surface at the end of the culture period (after 10

days) suggests their good affinity and biocompatibility for cells.

CONCLUSIONS

Wool nanoparticles, which were produced by enzymatic hydro-

lysis followed by ultrasonic treatment, were incorporated in chi-

tosan/gelatin composite to investigate their impact on the

properties of the composite films. On the basis of the obtained

results of FTIR, XRD, and DSC, the existence of specific interac-

tions between amino groups of chitosan and carboxyl groups of

gelatin and as a result formation of a polyelectrolyte complex

even in the presence of the wool nanoparticles was confirmed.

SEM images showed that the nanoparticles-embedded compo-

sites had irregular, rough, and compact microstructure. Tensile

strength as well as elongation at break decreased in the compo-

sites containing wool nanoparticles due to the destruction of

structural regularity and molecular integrity. It was found that

this reduction intensified with increasing nanoparticles percent-

age in the composites. Moreover, the obtained results revealed

that minimum swelling, moisture content, solubility, and biode-

gradation rate occurred in composite with 0.3% wool nanopar-

ticles in comparison with the other ones. Biocompatibility of

the composite films in the absence or presence of the nanopar-

ticles was also approved by MTT assay. In conclusion, the wool

nanoparticles-embedded chitosan/gelatin composites can be

used in a wide range of applications such as food packaging

and biomedical industries.
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