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Abstract In the present study, we have fabricated a ter-

nary composite nanofibrous scaffold from PCL/gelatin/

chitosan, by electrospinning technique, using a solvent

system—chloroform/methanol for polycaprolactone (PCL)

and acetic acid for gelatin and chitosan, for tissue engi-

neering applications. Field emission scanning electron

microscopy (FE-SEM) was used to investigate the fiber

morphology of the scaffold and it was found that the fiber

morphology was influenced by the concentrations of PCL,

gelatin, and chitosan in polymer solution during electros-

pinning. X-ray diffraction, Fourier transform infrared, and

thermogravimetric (TG) analysis results showed some

interactions among the molecules of PCL, gelatin, and

chitosan within the scaffold. In-vitro cell culture studies

were done by seeding L929 mouse fibroblasts on fabricated

composite scaffold, which confirmed the cell viability, high

cell proliferation rate, and cell adhesion on composite

scaffold as indicated by MTT assay, DNA quantification,

and FE-SEM analysis of cell-scaffold construct. Thus, the

ternary composite scaffold made from the combination of

PCL (synthetic polymer), gelatin, and chitosan (natural

polymer) may find potential application in tissue

engineering.

Introduction

Tissue engineering, an application of biological science

and engineering to regenerate biological substitutes for

repairing/replacing damage organ or tissue [1–4] involves

three important components: cells, scaffold (3D polymeric

matrix), and growth factors. Among these three compo-

nents, scaffold is one of the most important factors which

interact with the cells and growth factors to regenerate a

specific tissue [5, 6]. For successful application, the scaf-

fold should have some desired characteristics, e.g., it

should be biocompatible, biodegradable, and the degrada-

tion rate of scaffold should be closely similar to the rate of

native tissue regeneration to promote proper tissue growth

[7]. Further, it should mimic the morphological structure

and chemical composition of extra cellular matrix (ECM),

so that cells can adhere to the scaffold surface, proliferate,

and differentiate into new tissue [4]. A scaffold, if prepared

from a single polymer, cannot impart all these desired

properties, but by taking two or more polymers in combi-

nation, it is possible to tailor a scaffold with the desired

characteristics [8, 9]. Various polymers have been

employed for scaffold fabrication [8, 10–21]. Among these,

Polycaprolactone (PCL), a linear, hydrophobic, synthetic

polymer, has been widely used in tissue engineering for its

good mechanical properties [8, 22]. Though PCL has good

mechanical strength it, however, shows poor cell adhesion

[22–24] and slow biodegradation rate [24, 25]. Another

widely used polymer is gelatin, which is a biocompatible,

biodegradable, natural polymer derived from collagen by

hydrolysis, and it has almost identical composition
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of collagen, [26, 27] a major component of native ECM.

Gelatin has excellent cell adhesion, proliferation, and dif-

ferentiation properties [28], but it shows low mechanical

strength [29–31] and high degradation rate [32], which is

not suitable for tissue engineering application. Chitosan,

another polymer, is a biocompatible and biodegradable

natural polysaccharide derived from chitin which contains

glucosamine and N-acetylglucosamine that is structurally

similar to glycosaminoglycans—a major component of

native ECM [33–35]. Chitosan shows good cell adhesion,

proliferation, and antimicrobial properties [12], but, similar

to gelatin, it also shows low mechanical strength [29, 30]

and high degradation rate [12].

To combine the beneficial properties of PCL and gelatin,

PCL/gelatin composite scaffold had been fabricated by

several scientists [8, 36–38], which showed good mechani-

cal properties as well as good cell adhesion and proliferation.

Similarly, to combine the advantageous properties of PCL

and chitosan, PCL/chitosan composite scaffold had been

fabricated by Cooper et al. [39] and Prabhakaran and

coworkers [36] which also showed high mechanical strength

and good cell adhesion properties. Though PCL/gelatin and

PCL/chitosan composite scaffold had been fabricated,

however, to the best of our knowledge, there is no work on

fabrication of ternary PCL/gelatin/chitosan electrospun

composite scaffold, which might give good cell adhesion

and proliferation properties along with high mechanical

strength and controllable degradation rate: in addition, this

scaffold, due to the synergetic effect of these three polymers,

might give various chemical cues which may trigger the cells

to regenerate in various kind of tissues.

Tissue engineering scaffold can be fabricated by various

methods, e.g., ‘‘foaming’’ [22, 40, 41], ‘‘solvent casting and

particulate leaching’’ [42], ‘‘phase separation’’ [43], ‘‘solid

free form fabrication technique’’ [44], and ‘‘electrospin-

ning’’ [45]. Electrospinning is one of the simplest tech-

nique which produces nanofibers continuously [46, 47].

Native ECM in our body is mainly composed of polymeric

nanofibers: thus nanofibrous scaffold fabricated by elec-

trospinning would mimic morphological structure of ECM

[48].

In this study, we aim to fabricate a ternary PCL/gelatin/

chitosan nanofibrous composite scaffold by electrospin-

ning, which might be used as one of the ideal scaffold for

tissue engineering applications.

Materials and methods

Materials

PCL pellets (Mw = 80000), gelatin (type B, from bovine

skin), and Chitosan (degree of deacetylation C75 %)

powder were purchased from Sigma-Aldrich (St. Louis,

MO). Chloroform and methanol were procured from Fisher

Scientific, Mumbai, India. Glacial acetic acid was pur-

chased from Qualigens Fine Chemical, Mumbai, India.

3-(4,5-dimethylthiazol-2-yl-2, 5-diphenyltetrazolium bro-

mide) (MTT), phosphate buffer saline (PBS) and Dul-

becco’s modified eagle medium (DMEM) were procured

from Hi-media (Mumbai, India). Fetal bovine serum was

obtained from Hyclone, USA L929 mouse fibroblast cell

line was procured from NCCS, Pune, India.

Preparation of PCL/gelatin/chitosan solutions

PCL (20 wt%) solution was prepared in chloroform/meth-

anol (3:1, v/v) solvent mixture by agitating at 600 rpm for

2 h, and gelatin (8 wt%) was dissolved in acetic acid (80 %

v/v) by stirring the mixture at 500 rpm for 3 h. Similarly,

chitosan solution (1 wt%) was prepared in acetic acid (2 %

v/v) at 500 rpm for 2 h. All the polymeric solutions have

been prepared at room temperature (26 ± 1 �C). After the

preparation of all polymeric solutions, PCL, gelatin, and

chitosan were mixed in volume ratio of (PCL/gelatin/

chitosan) 0:50:50, 20:40:40, 40:30:30, 60:20:20, 80:10:10,

and 100:0:0, respectively and incubated for 72 h. After 72 h

of incubation, gelatin and chitosan solutions were uniformly

dispersed in PCL solution whereby an immiscible polymer

blend of PCL/gelatin/chitosan was obtained, which was used

for electrospinning.

Electrospinning of PCL/gelatin/chitosan composite

scaffold

Nanofibrous scaffold from PCL/gelatin/chitosan were fab-

ricated by using electrospinning technique, the technical

details of which are discussed in the previous literature [49].

For electrospinning process, polymer blend of PCL/gelatin/

chitosan solution was filled in a 3 mL plastic syringe which

is fitted with a needle with tip diameter of 0.56 mm. The flow

rate of polymer solution was controlled at 0.1 mL/h by a

syringe pump (Model 11 Plus, Harvard Apparatus). A high

voltage of 22 kV was applied at the tip of the needle, and a

distance of 10 cm between needle and collector was main-

tained throughout the electrospinning process. Nanofibers

were collected on a flat aluminum plate with the dimension

of 1.5 cm 9 1.5 cm 9 1 mm. The electrospinning process

was carried out at 25 ± 1 �C (room temperature), and

humidity was maintained at 45 % throughout the process.

Characterization of PCL/gelatin/chitosan composite

scaffold

The morphology of PCL/gelatin/chitosan composite scaf-

fold was determined by FE-SEM (Quanta 200F Model,
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FEI, Netherland) which is equipped with field-gun at an

accelerating voltage of 15 kV. Before imaging, PCL/gela-

tin/chitosan scaffolds were coated with gold for 30 min

using a sputter coater (Biotech SC005, Switzerland). Fiber

diameters of ternary composite scaffold were studied on

the basis of FE-SEM images at 50009 magnification. Five

images were used for each sample and form each image,

*10 different fibers at 100 different locations were ran-

domly selected, and then average fiber diameter was cal-

culated by following the protocol of Yang et al. [50] using

image analysis software (Image J, NIH, USA). The pore

size of fabricated ternary composite scaffold was deter-

mined by Image J, and furthermore, the cell morphology of

L929 mouse fibroblasts on ternary composite scaffold was

also quantified by Image J.

XRD, TGA, derivative TG (DTG), and FT-IR analysis

were performed for characterization of ternary composite

scaffold. The experiments were also performed simulta-

neously by taking components of scaffold i.e., PCL pellets,

gelatin, and chitosan powder to observe any possible

interaction among the molecules of PCL, gelatin, and

chitosan in fabricated composite scaffold. XRD patterns

were determined by X-ray diffractometer (Bucker, AXS

D8 Advance diffractometer), using Cu at 40 kV anode and

30 mA with 2h values ranging from 5 to 40�. Thermo-

gravimetric (TG) analysis was recorded by TGA (EX-

STAR, TG/DTA 6300) to determine the thermal

degradation of composite scaffold and its components. For

TGA, each sample (4.0 mg) was run at the temperature

ranging from 22 to 700 �C at a scanning rate of 30 �C/min

under a nitrogen atmosphere. Chemical analysis of all

components were performed by using thermo nicolet FT-IR

(Nexus, USA) spectroscopy over a range between 4000 and

500 cm-1.

In-vitro degradation of composite scaffold

Nanofibrous PCL/gelatin/chitosan composite scaffolds

were cut into 1 cm 9 1 cm 9 1 mm pieces and then

weighed for degradation study. Each scaffold (25 mg) was

incubated with 2 ml PBS (pH 7.4) containing 0.2 %

sodium azide as a bacteriostatic agent in 12-well tissue

culture plate at 37 �C for 8 weeks. The scaffolds have been

taken in triplicates for study. At different time intervals,

scaffolds were removed from culture plate and then rinsed

three times with distilled water and dried at room tem-

perature for 24 h. The PBS was changed every week, and

weight loss (%) of each scaffold was determined as follow:

Weight loss %ð Þ ¼ W0 �Wt=W0½ � � 100

where W0 denotes the initial weight of scaffold in its dry

state before immerse in PBS and Wt denotes the weight of

the degraded scaffold at different time intervals.

In-vitro cell culture studies of L929 mouse fibroblasts

on PCL/gelatin/chitosan composite scaffold

Cell viability assay

MTT was performed to study the cell viability of L929

mouse fibroblast cells on PCL, PCL/gelatin, and PCL/

gelatin/chitosan composite scaffold for 1, 3, and 5 days of

cell culture. MTT assay determines the ability of mito-

chondrial dehydrogenases enzymes of living cells to oxi-

dize a tetrazolium salt (3-[4,5-dimethylthiazolyl-2-y]-2,5-

diphenyltetrazolium bromide) into an insoluble purple

formazan product. The concentration of the purple forma-

zan product is directly proportional to the number of

metabolically active cells [38]. L929 mouse fibroblast cell

line was maintained in DMEM with 10 % FBS, penicillin

(100 U/mL) and streptomycin (100 lg/mL) at 37 �C in a

5 % CO2 incubator (BINDER, Germany). All scaffolds

were cut into 5 9 5 9 1 mm3 dimension and then steril-

ized with UV light for 30 min both side each. Sterilized

scaffolds were placed in the 96-well plate in triplicate and

incubated with DMEM overnight to make scaffold surface

more efficient for cell adhesion. The next day, L929 cell

suspension (in DMEM media) at a density of 5 9 103 cells/

well (200-lL volume) was added in each well and incu-

bated for 1, 3, and 5 days time period along with control

i.e., cells (L929) were incubated in DMEM media without

scaffold. After incubation period, the media was removed

from the wells and then freshly prepared 90 lL of com-

plete DMEM media was added in each well. Then 10 lL of

MTT solution (5 mg/mL stock in 1 9 PBS) was added in

each well to make final volume 100 lL. The plate was

placed in 5 % CO2 incubator at 37 �C for 4 h until purple

color formazan crystals were formed in the culture media

due to reduction of MTT salt by viable cells. The media

was discarded and 200 lL of dimethyl sulphoxide (DMSO)

was added to each well, and mixed properly to dissolve the

formazan crystals. After removing the scaffolds from each

well, the absorbance was taken using Microplate Reader

Model Sunrise (TECAN, India) at 490 nm with the sub-

traction for plate absorbance at 650 nm.

Cell proliferation study on composite scaffold

DNA quantification was performed to study the cell pro-

liferation on PCL, PCL/gelatin, and PCL/gelatin/chitosan

composite scaffold. After sterilization, the composite

scaffolds (5 9 5 9 1 mm3) were placed in 96-wells plate

and soaked with 100 lL DMEM media overnight at 37 �C

to make scaffolds surface more efficient for cell attachment

before cell seeding. The next day, scaffolds were incubated

with L929 mouse fibroblast cells (5 9 103 cells/well) in
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DMEM for 1, 3, and 5 days at 37 �C in 5 % CO2 incubator.

After the incubation period, all scaffolds were rinsed with

PBS, and then the total DNA from the cells was isolated by

alkaline lysis method [51]. NanoDrop 1000, spectropho-

tometer (Thermofisher, USA) was used to calculate the

total DNA amount at the absorbance 260 nm.

Cell morphology studies on composite nanofibrous

scaffolds

Morphological characteristics and cell adhesion of L929

mouse fibroblasts on PCL/gelatin/chitosan ternary com-

posite scaffolds were determined by FE-SEM analysis.

Sterilized PCL/gelatin/chitosan composite scaffolds

(5 9 5 9 1 mm3) were placed in 96-wells plate and

soaked with 100 lL DMEM media overnight at 37 �C in

CO2 incubator. The next day, after PBS washing, ternary

composite scaffolds were incubated with L929 mouse

fibroblasts at a density of 5 9 103 cells/well for 1, 3, and

5 days. Following incubation period, PCL/gelatin/chitosan

scaffolds were rinsed three times with PBS and fixed with

2.5 % glutaraldehyde for 6 h at 4 �C. Next, scaffolds were

dehydrated with gradient concentration of ethanol (50, 70,

95, and 100 %) for 30 min each at 4 �C. Finally, the PCL/

gelatin/chitosan scaffolds were air-dried overnight and

analyzed by FE-SEM to study the morphology of attached

cell on PCL/gelatin/chitosan composite scaffold.

Statistical analysis

The experimental results were represented as mean values

with ±standard deviations. The two-way analysis of varia-

tion was also employed to determine the difference between

the various scaffolds in cell proliferation assay. A p value of

\0.05 (p \ 0.05) was considered to be of significant dif-

ference and a p value of[0.05 (p [ 0.05) is considered for

insignificant difference between the scaffolds.

Results and discussion

Morphology of PCL/gelatin/chitosan composite

nanofibrous scaffold

Composite PCL/gelatin/chitosan nanofibrous scaffold was

fabricated by electrospinning method. To produce bead-

free smooth fibers, it was varied different parameters such

as applied voltage, distance between needle (spinneret) and

collector, flow rate of polymer solution, and PCL/gelatin/

chitosan ratio in the solution. It has been observed that the

morphology of the electrospun nanofiber depends on the

above-mentioned parameters. These parameters were

optimized to get bead-free smooth fibers, and the optimized

values of these parameters were used to fabricate the

nanofibrous scaffold that had been characterized for cell

viability, degradation, etc. Here, we will discuss only the

influence of the weight ratio of PCL/gelatin/chitosan on

fiber morphology, as it has provided the interesting results.

Different fiber morphology and fiber diameter obtained at

different ratio of PCL, gelatin, and chitosan, have been

described in Table 1. FE-SEM images (Fig. 1) showed

different fiber morphology of PCL/gelatin/chitosan com-

posite scaffold at different ratio of PCL, gelatin, and

chitosan. It has been observed (from FE-SEM images) that

fiber morphology changed gradually from beaded structure

to smooth fiber on increasing the concentration of PCL in

solution and on decreasing the concentrations of gelatin

and chitosan. For PCL/gelatin/chitosan ratio 0:50:50 (v/v)

in solution [PCL (20 wt% solution)/gelatin (8 wt% solu-

tion)/chitosan (1 wt% solution)], only beads were formed

without any fiber structure (Fig. 1a); whereas bead-free

smooth nanofibers were formed at 80:10:10 ratio of PCL/

gelatin/chitosan (in solution) (Fig. 1e).

Smooth nanofibers were also formed when gelatin and

chitosan were totally removed from the solution, and only

PCL (20 wt%) solution (PCL/gelatin/chitosan in 100:0:0

ratio) was used for electrospinning, but in this condition,

Table 1 Different ratios (v/v) of PCL (20 wt%), gelatin (8 wt%), and chitosan (1 wt%) used for scaffold fabrication with obtained fiber

morphology and average fiber diameter

Ratio (v/v) of PCL (20 wt%), gelatin (8 wt%)

and chitosan (1 wt%) in solution

wt% of PCL, gelatin and

chitosan in solution

Obtained fiber morphology Average

diameter

(nm)
PCL Gelatin Chitosan PCL Gelatin Chitosan

0 50 50 0 4 0.5 Only beads No fiber

20 40 40 4 3.2 0.4 Mostly polymer beads with rare fiber formation 230 ± 171

40 30 30 8 2.4 0.3 Highly beaded fiber 355 ± 126

60 20 20 12 1.6 0.2 Fibrous structure with a lesser amount of beads 526 ± 198

80 10 10 16 0.8 0.1 Bead-free smooth fiber 663 ± 151

100 0 0 20 0 0 Bead-free fiber with larger diameter 1403 ± 660
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larger fiber diameter was obtained. Thus, the concentration

of PCL, gelatin, and chitosan, is one of the factors to

control the fiber morphology and fiber diameter (Fig. 1).

In this study, fiber morphology was gradually converted

from beaded structure to the smooth fiber morphology by

decreasing the concentrations of ionic polymers (gelatin

and chitosan). The reason for changes in fiber morphology

is discussed in the following. PCL is a nonionic synthetic

polymer and it does not produce any ions in the solution

when it is dissolved in chloroform/methanol (3:1 v/v)

solvent mixture, but gelatin and chitosan are ionic poly-

mers having different ionizable groups [23]. Gelatin pos-

sesses amino and carboxylic (–NH2 and –COOH) groups,

and chitosan possesses amino and hydroxyl (–NH2 and

–OH) groups. Ionic groups are generally ionized under

acidic condition or at neutral pH [8]. So when these

polymers are dissolved in acetic acid, they are ionized and

produces charge in the solution. Initially, PCL/gelatin/

chitosan was used in ratio 0:50:50 for electrospinning. In

this condition, only ionic polymers, gelatin, and chitosan

were present at high concentrations [4 % gelatin and 0.5 %

chitosan (w/v)] in the electrospinning solution, and on

application of high electric field, a high charge density is

produced on the surface of the polymer-jet ejected from the

tip of the syringe-needle during electrospinning [23, 52].

High charge density generates a very high repulsive force

between the ionic groups within the polymer backbone and

it is expected that this high repulsive force favor to explode

the polymer jet into small droplets on the collection target

(Fig. 1a). On decreasing the concentrations of gelatin and

chitosan in PCL/gelatin/chitosan solution, the repulsive

force will also be decreased, which subsequently will

prevent the drop formation and will favor fiber formation.

And, when the concentrations of PCL/gelatin/chitosan

(ratio 80:10:10) fixed at 16, 0.8, and 0.1 % in solution,

respectively, there is no bead formation, but smooth fiber

was formed (Fig. 1e). Therefore, this scaffold has been

used for further characterization (Fig. 1e). Besides fiber

morphology, fiber diameter is also influenced by the con-

centrations of PCL, gelatin and chitosan in the solution.

The fiber diameter increased gradually from 230 ± 171 to

1403 ± 660 nm by decreasing the concentrations of gela-

tin and chitosan or increasing the concentration of PCL in

the solution as shown in Fig. 1 and Table 1. In earlier

studies also, it has been reported that the addition of ionic

polymers would increase the conductivity of polymer

solution which favors the formation of lower diameter fiber

[23, 53]. Here, gelatin and chitosan are ionic polymers, and

the presence of high concentrations of gelatin and chitosan

would increase charge density inside the solution which

consecutively will increase the charge–charge repulsion:

this charge–charge repulsion will act in the direction

opposite to the surface tension force and thereby influence

the formation of low diameter fibers.

Fig. 1 Fiber morphology of electrospun PCL/gelatin/chitosan com-

posite nanofibrous scaffold with different PCL (20 wt%)/gelatin

(8 wt%)/chitosan (1 wt%) ratio (v/v): a 0:50:50, b 20:40:40,

c 40:30:30, d 60:20:20, e 80:10:10, f 100:0:0. Beaded structure was

converted into fiber morphology by increasing the concentration of

PCL in electrospinning solution
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The fiber diameter and pore size of the composite

scaffold [PCL (20 wt%)/gelatin (8 wt%)/chitosan (1 wt%)

mixed at 80:10:10 (v/v) ratio] were found to be

663 ± 151 nm and 6.6 ± 1.9 lm, respectively (Fig. 1e).

Fiber diameter [54] and pore size [55] both are important

factors for the growth of fibroblast cells over the scaffold.

In 2008, Kumbar et al. [54] observed that the proliferation

of human skin fibroblasts was influenced by the fiber

diameter, and found well spread morphology of fibroblasts

on the nanofibrous scaffold within the fiber diameter range

of 250–1,200 nm. Pore size is another important factor for

cell proliferation as it influences cell migration inside the

scaffold and also aids in efficient exchange of nutrients and

metabolic waste between the scaffold and its environment

[50]. PCL/gelatin/chitosan showed an average pore size of

6.6 ± 1.9 lm (ranging from 3.6 to 10.6 lm), which is

larger than the lower cutoff limit (\5 lm) described for

fibroblast penetration and migration [56–58]. Thus our

fabricated scaffold is suitable for fibroblast growth and

proliferation.

X-ray diffraction

Figure 2 represents X-ray diffraction of PCL, gelatin,

chitosan, and PCL/gelatin/chitosan composite scaffolds.

PCL demonstrated two sharp peaks at 2h = 21.3� and

23.6� position which confirmed the crystalline nature of

PCL [59]. Gelatin demonstrated a broader peak at

2h = 20� which indicated amorphous nature of gelatin

[60]. Chitosan exhibited two diffraction peaks at

2h = 10.1� and 20.1� with low intensity—suggesting the

semi-crystalline nature of chitosan [61]. PCL/gelatin/

chitosan composite scaffold shows only the characteristic

peaks of PCL with low intensity (Fig. 2) that proposed the

crystalline nature of the composite scaffold. The decreased

intensity of PCL peaks indicated reduction in the degree of

crystallinity of the composite scaffold due to the incorpo-

ration of amorphous gelatin and semi-crystalline chitosan

in PCL solution, which implies some interactions among

the molecules of PCL, gelatin, and chitosan. These results

indicated that there might be some interactions among the

molecules of PCL, gelatin, and chitosan in PCL/gelatin/

chitosan scaffold.

Thermogravimetric (TG) analysis

TG analysis (Fig. 3) was performed to analyze the thermal

degradation of PCL, gelatin, chitosan, and PCL/gelatin/

chitosan composite scaffold. PCL showed a single stage

thermal degradation which started at 376 �C and completed

at around 460 �C which is comparable to other studies [62].

The weight loss of PCL was found to be around 88 %

between 376 and 480 �C. Gelatin decomposition was

recorded in two stages. The first stage has been found in

between 50 and 220 �C, which is related to the loss of

Fig. 2 XRD patterns of a PCL, b gelatin, c chitosan, and d PCL/

gelatin/chitosan composite scaffold [PCL (20 wt% in chloroform/

methanol; 3:1 v/v)/gelatin (8 wt% in 80 % acetic acid)/chitosan

(1 wt% in 2 % acetic acid) mixed at 80:10:10 (v/v) ratio]. PCL/

gelatin/chitosan composite scaffold showed crystalline nature due to

the presence of high proportion of crystalline PCL

Fig. 3 a TG analysis and

b derivative curves of weight

loss of (a) PCL, (b) gelatin,

(c) chitosan, and (d) PCL/

gelatin/chitosan composite

scaffold [PCL (20 wt% in

chloroform/methanol; 3:1 v/v)/

gelatin (8 wt% in 80 % acetic

acid)/chitosan (1 wt% in 2 %

acetic acid) mixed at 80:10:10

(v/v) ratio]
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absorbed and bound water. The second stage was found in

between 250 and 680 �C, which is associated with protein

chain breakage and peptide bond rupture, [63–65].

Approximately 77 % of gelatin was degraded between

these two stages. Similarly, chitosan also showed thermal

degradation in two stages. The first stage was found in

between 30 and 110 �C, which is related with initial weight

loss due to moisture vapourization. The second stage of

thermal degradation of chitosan found in the range of

280–650 �C is the main thermal degradation region which

comprises dehydration of the saccharide rings of chito-

san—leading to decomposition of chitosan backbone [66].

Chitosan was decomposed at around 98 % between these

two stages. PCL/gelatin/chitosan composite scaffold

showed a single stage thermal degradation (Fig. 3a),

started at 350 �C and almost completed at 500 �C—

showing 92 % degradation.

The derivatives of weight loss for PCL, gelatin, chito-

san, and PCL/gelatin/chitosan composite scaffold are

shown in Fig. 3(b). Each peak in Fig. 3(b) represents the

Tmax which corresponds to the maximum degradation rate

at that particular temperature. In derivative thermo-gravi-

metric (DTG) analysis, gelatin and chitosan both exhibit

two peaks: gelatin shows the maximum degradation rate at

194 and 331 �C, while chitosan at 69 �C and 300 �C. PCL

and PCL/gelatin/chitosan composite scaffold reveal only

single peak of fast thermal degradation at 432 �C in PCL,

whereas this peak is found at 413 �C at PCL/gelatin/

chitosan composite scaffold. Tmax and maximum degrada-

tion rate of PCL, gelatin, chitosan, and PCL/gelatin/chito-

san composite scaffold have been shown in Table 2.

The PCL/gelatin/chitosan composite scaffold showed

higher Tmax compared with gelatin and chitosan. According

to Lewandowska [67], if the measured lower Tmax of one

component shifts toward the higher Tmax of another com-

ponent then it shows various interactions between these

two components. In PCL/gelatin/chitosan composite scaf-

fold, lower Tmax values of gelatin and chitosan have shifted

toward the higher Tmax of PCL that indicates some inter-

actions among the molecules of PCL, gelatin, and chitosan.

Thus, TGA and DTG supported the results of XRD which

Table 2 Temperature for maximum degradation rate of PCL, gelatin,

chitosan, and PCL/gelatin/chitosan composite scaffold

Samples Tmax1

(�C)

Tmax2

(�C)

Maximum degradation

rate (mg/min)

PCL 432 – 3.26

Gelatin 194 331 0.93

Chitosan 69 300 0.97

PCL/gelatin/chitosan

composite scaffold

413 – 2.23

Fig. 4 FT-IR analysis of

a PCL, b gelatin, c chitosan and

d PCL/gelatin/chitosan

composite scaffold [PCL

(20 wt% in chloroform/

methanol; 3:1 v/v)/gelatin

(8 wt% in 80 % acetic acid)/

chitosan (1 wt% in 2 % acetic

acid) mixed at 80:10:10 (v/v)

ratio
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indicated the interactions among PCL, gelatin, and chitosan

in PCL/gelatin/chitosan composite scaffold.

Fourier transform infrared (FT-IR) analysis

FT-IR spectroscopy was performed to characterize the func-

tional groups of PCL, gelatin, chitosan, and PCL/gelatin/

chitosan composite scaffold (Fig. 4). Several characteristic

bands of PCL were found at 2949 cm-1 (asymmetric –CH2

stretching), 2865 cm-1 (symmetric –CH2 stretching),

1726 cm-1 (carbonyl stretching), 1293 cm-1 (C–O and C–C

stretching), 1240 cm-1 (asymmetric C–O–C stretching), and

1170 cm-1 (symmetric C–O–C stretching): similar results

were obtained by other researchers also [37, 68]. The IR

spectrum of gelatin exhibited the characteristic bands at

3443 cm-1 due to N–H stretching of amide bond, C=O

stretching at 1640 cm-1 (amide I), N–H bending at

1543 cm-1 (amide II), and N–H out-of-plane wagging at

670 cm-1. Lim et al. [37] and Meskinfam et al. [69] also

found the similar results in IR spectrum of gelatin. The IR

spectrum of chitosan confirms the presence of –OH and –NH

stretching vibration at 3442 cm-1, in which the –OH

stretching vibration is overlapped by –NH stretching. The

absorption of C–H stretching of methylene group of chitosan

is at 2921 cm-1. The peak at 1641 cm-1 corresponds to C=O

stretching of primary amide. The C–O–C, C–O, and C–OH

bending were visible at 1156 cm-1. The C–H bending was

seen at 1378 cm-1: similar results were obtained in our earlier

study [5]. In PCL/gelatin/chitosan composite scaffold, all the

characteristic bands of PCL, gelatin, and chitosan are

observed, but shifted toward the lower wave numbers. IR

spectrum of PCL/gelatin/chitosan composite scaffold showed

two absorption bands at 1723 and 1245 cm-1 corresponding

to the characteristic peak of PCL originally situated at 1727

and 1291 cm-1: thus there is a measurable shift of the peaks

toward relatively lower wave numbers. Besides this, the C=O

stretching of primary amide in gelatin at 1640 cm-1 and in

chitosan at 1641 cm-1 also shifted toward the lower wave

number in PCL/gelatin/chitosan scaffold and became visible

at 1632 cm-1. A characteristic band of –OH stretching is seen

at 3439 cm-1 in the IR spectrum of PCL/gelatin/chitosan

scaffold. Thus, shifting of original absorption bands toward

Fig. 5 Schematic presentation

of possible reaction among

PCL, chitosan, and gelatin in

PCL/gelatin/chitosan composite

scaffold
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the lower wave numbers and the appearance of –OH band in

composite scaffold indicates that there are some interactions

among the amino, carbonyl, and hydroxyl groups of these

components. These interactions may arise from hydrogen

bonding which possibly formed among amino groups of

gelatin, hydroxyl groups of chitosan, and carbonyl groups of

PCL in PCL/gelatin/chitosan composite scaffold: it was not

found any new bond formation in the IR spectrum of com-

posite scaffold. The possible chemical reaction among PCL,

chitosan, and gelatin [23, 70] in composite scaffold has been

shown in Fig. 5.

In-vitro degradation of composite scaffold

The fiber morphologies of degraded PCL/gelatin/chitosan

composite scaffold at different time intervals have been

shown in Fig. 6. After 1 week of incubation in PBS, most of

the fibers of PCL/gelatin/chitosan composite scaffold were

swollen (Fig. 6a) compared with the original fiber morphol-

ogy shown in Fig. 1e. This might be owing to chain relaxation

of polymer matrix after incubation in PBS solution [71]. After

2 weeks of incubation period, fibers of PCL/gelatin/chitosan

scaffold started to degrade and collapse to each other which

increased by increasing the incubation period. After 8 weeks

of incubation period, almost all the fibers of composite scaf-

fold were found to be collapsed with each other compared

with original PCL/gelatin/chitosan composite scaffold

(Fig. 6h).

Gravimetric analysis of weight loss of degraded PCL/

gelatin/chitosan composite scaffold along with PCL/gelatin

and PCL scaffold is depicted in Fig. 7. After 1 week of

incubation period, all the scaffolds showed negligible

weight loss. After 2 weeks of incubation, PCL/gelatin/

chitosan and PCL/gelatin scaffold exhibited slightly fast

degradation compared with PCL scaffold, and the same

pattern is continued up to 5 weeks. The weight losses were

found to be 3.1, 4.8, and 2.2 % for PCL/gelatin/chitosan,

Fig. 6 Morphology of degraded PCL/gelatin/chitosan composite

scaffold at different time intervals; a after 1 week, b after 2 weeks,

c after 3 weeks, d after 4 weeks, e after 5 weeks, f after 6 weeks,

g after 7 weeks, h after 8 weeks at 200009 magnification. Gelatin

and chitosan (fast degrading as compare to PCL) were released from

the fibrous structure after incubation in PBS, which developed

collapse morphology

Fig. 7 In-vitro degradation of PCL scaffold, PCL/gelatin scaffold,

and PCL/gelatin/chitosan composite scaffold [PCL (20 wt% in

chloroform/methanol; 3:1 v/v)/gelatin (8 wt% in 80 % acetic acid)/

chitosan (1 wt% in 2 % acetic acid) mixed at 80:10:10 (v/v) ratio] in

PBS solution for 8 weeks
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PCL/gelatin, and PCL scaffold, respectively, after 5 weeks

of incubation. The fast degradation of PCL/gelatin/chitosan

and PCL/gelatin scaffold compared with the PCL scaffold

might be owing to the presence of hydrophilic gelatin and

chitosan in PCL/gelatin/chitosan scaffold, and gelatin in

PCL/gelatin scaffold. After 5 weeks of incubation period,

PCL/gelatin/chitosan scaffold revealed a slightly decrease

in weight degradation compared with the PCL/gelatin

scaffold which showed a continuous decrease in weight

loss up to 8 weeks. After 8 weeks, the weight losses of

PCL/gelatin/chitosan scaffold, PCL/gelatin, and PCL

scaffold were found to be 4, 5.7, and 3.4 %, respectively.

The higher degradation rate of PCL/gelatin scaffold com-

pared with PCL/gelatin/chitosan composite scaffold may

be explained as follows. In PCL/gelatin scaffold, PCL is a

crystalline polymer and gelatin is an amorphous polymer,

but in PCL/gelatin/chitosan composite scaffold, chitosan is

also present, which has semicrystalline nature. It is well

known that during hydrolytic degradation of a scaffold,

amorphous region degrades more rapidly than the crystal-

line region [72, 73]. Thus, because of this semicrystalline

nature of chitosan, PCL/gelatin/chitosan composite scaf-

fold exhibits slow degradation rate compared with PCL/

gelatin scaffold.

The presence of hydrophilic gelatin and chitosan will

increase the adhesion of cells [28] and fast degradation [74,

75] of these polymers will provide the more space for cell

migration which ultimately initiates the cell proliferation,

and the presence of PCL which show slow degradation rate

[25], will provide an intact and rigid shape to the scaffold

for cell growth.

In-vitro culture studies of L929 fibroblast on PCL/

gelatin/chitosan composite scaffold

Cell viability and proliferation studies

MTT assay was performed to evaluate the viability of L929

mouse fibroblast cells on PCL/gelatin/chitosan composite

scaffold for 1, 3, and 5 days as shown in Fig. 8a. MTT assay

showed that cells were not only viable on PCL/gelatin/

chitosan composite scaffold but also proliferated during cell

culturing period. Although, PCL/gelatin scaffold also showed

the cell viability and increased cell proliferation rate of L929

mouse fibroblasts during the cell culture period, but PCL/

gelatin/chitosan composite scaffold showed the higher cell

viability and proliferation rate compared with other substrates

(Tissue culture plate, PCL scaffold, and PCL/gelatin scaf-

fold). The high cell viability and proliferation rate of L929

mouse fibroblasts on PCL/gelatin/chitosan composite scaf-

fold might be due to the synergistic effects of the properties of

all the three polymers, and this effect may be generated during

the scaffold fabrication and through the interactions among

the carboxyl group of PCL, amino group of gelatin and

hydroxyl group of chitosan. Total DNA content in cell-scaf-

fold construct was estimated by DNA quantification assay

after 1, 3 and 5 days and was shown in Fig. 8b. DNA content

was increased on PCL/gelatin/chitosan composite scaffold

compared with control (Tissue culture plate), PCL, and PCL/

gelatin scaffold throughout the culture period. Thus, DNA

quantification results confirmed the highest proliferation rate

of L929 mouse fibroblast cells on ternary composite scaffold

compared with other scaffolds in this experiment: this indi-

cated the suitability of this scaffold for tissue engineering

applications.

Cell adhesion and cell morphology on composite scaffold

Cell morphology of L929 mouse fibroblasts on PCL/gela-

tin/chitosan composite scaffold, after 1, 3, and 5 days, was

Fig. 8 a MTT assay; b DNA quantification assay of L929 mouse

fibroblast cells on tissue culture plate (control), PCL, PCL/gelatin,

and PCL/gelatin/chitosan composite scaffold [PCL (20 wt% in

chloroform/methanol; 3:1 v/v)/gelatin (8 wt% in 80 % acetic acid)/

chitosan (1 wt% in 2 % acetic acid) mixed at 80:10:10 (v/v) ratio]

after 1, 3 and 5 days of cell seeding. Here, absorbance is directly

proportional to the viability of L929 mouse fibroblasts. Cell

proliferation was found the highest on PCL/gelatin/chitosan compos-

ite scaffold after 5 days of cell culture. Significant difference between

different scaffolds were denoted as * (p \ 0.05). (*) unmarked bars

show insignificant difference between the scaffolds (p [ 0.05)
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studied by FE-SEM analysis as shown in Fig. 9. After

1 day of cell seeding (Fig. 9a–c), cells were found in round

morphology mostly, but some cells started stretching and

spreading over the scaffold. After 3 days of cell seeding

(Fig. 9d–f), cell density on the composite scaffold had been

increased and the cells had taken its characteristics spindle

Fig. 9 Morphology of L929 mouse fibroblast cells on PCL/gelatin/

chitosan composite scaffold [PCL (20 wt% in chloroform/methanol;

3:1 v/v)/gelatin (8 wt% in 80 % acetic acid)/chitosan (1 wt% in 2 %

acetic acid) mixed at 80:10:10 (v/v) ratio]: a, b, and c after 1 day, d,

e, and f after 3 days; g, h, and i after 5 days of cell seeding at 5009,

10009, and 20009 magnification. L929 mouse fibroblasts covered

maximum surface of PCL/gelatin/chitosan composite scaffold after

5 days of incubation

Fig. 10 Effect of culturing time

period on L929 mouse fibroblast

morphology quantified by

a aspect ratio and b circularity.

FE-SEM images (Fig. 9a, d and

g) at 100-lm scale bar are used

to quantify the morphology of

L929 mouse fibroblasts at 1, 3,

and 5 days respectively.

(Initially, when the cell is

circular, magnitude of aspect

ratio and circularity is 1)
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shape morphology. A similar type of morphology of L929

cells on naofibrous composite scaffold was reported in

previous study [23, 76]. After 5 days of cell culturing

(Fig. 9g–i), maximum surface of the scaffold was covered

by cells which confirmed good cell adhesion and prolifer-

ation over the ternary composite scaffold.

Quantitative analysis, after 1, 3, and 5 days of cell

culturing of L929 mouse fibroblasts on ternary composite

scaffold, was determined with different parameters such as

aspect ratio, circularity, cell area, cell size, and area frac-

tion. Initially, when the cell is circular, magnitude of aspect

ratio and circularity is 1, and increase in aspect ratio and

decrease in circularity from value 1 represents the elon-

gation of cells [77, 78]. Aspect ratio and circularity have

been shown in Fig. 10. After 1 day of cell culturing, aspect

ratio had been increased, while circularity had been

decreased. After 3 days of cell culturing, further increase in

aspect ratio and decrease in circularity have been observed:

this exhibited the elongation of fibroblasts, and conversion

of these cells into spindle shape morphology from round

(circular) shape during this time period. After 5 days of cell

culturing, there is only a small change in aspect ratio as

well as in circularity: this indicates that L929 mouse

fibroblast cells, mostly, gained their characteristic spindle-

shaped morphology after 3 days of cell culturing on ternary

PCL/gelatin/chitosan composite scaffold and that is why

there is almost no variation in aspect ratio and in circu-

larity. Cell area, cell size, and area fraction have been

shown in Fig. 11. Cell size (cell length) of L929 mouse

fibroblasts was measured as the length of a direct line

between two points at the maximal distance on a cell

outline [79]. Cell area and cell size both were increased,

whereas area fraction was decreased during the cell culture

period, which confirmed the proliferation of L929 mouse

fibroblast on ternary composite scaffold.

Thus, MTT assay, DNA quantification, and FE-SEM

analysis of cell-scaffold construct revealed high cell pro-

liferation, efficient cell adhesion, and well-maintained

characteristic cell morphology of L929 on PCL/gelatin/

chitosan ternary composite scaffold that confirmed the

applicability of this scaffold toward tissue engineering

applications.

Conclusions

A ternary composite tissue engineering scaffold has been

successfully fabricated by electrospinning method using a

new polymer combination of PCL, gelatin, and chitosan.

Here, PCL in chloroform/methanol, gelatin, and chitosan in

acetic acid, was found to be an excellent and economic

polymer–solvent system for tissue engineering applica-

tions. PCL, gelatin, and chitosan concentrations in the

polymer solution influenced the fiber morphology of the

composite scaffold, and bead-free fiber morphology was

obtained only when nonionic polymer concentration (PCL)

was increased up to 16 %. Chemical interaction among the

molecules of PCL, gelatin and chitosan in composite

scaffold was indicated by XRD, FT-IR, and TGA. High

proliferation rate, excellent cell adhesion, and characteris-

tic fibroblast cell morphology over the scaffold confirmed

that the ternary PCL/gelatin/chitosan composite scaffold

might be a potential candidate for skin and other tissue

engineering applications. The synergistic effects of all the

characteristics of the three polymers combined may be the

reason to enhance the cell adhesion and proliferation.
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cı́a-Casillas PE, Olivas-Armendariz I (2010) Carbohydr Polym

81:775

62. Mohamed A, Finkenstadt VL, Gordon SH, Biresaw G, PD E,

Rayas-Duarte P (2008) J Appl Polym Sci 110:3256

63. Barreto PLM, Pires ATN, Soldi V (2003) Polym Degrade Stab

79:147

64. Peña C, Kdl Caba, Eceiz A, Ruseckait R, Mondragon I (2010)

Bioresour Technol 101:6836

65. Mano V, Silva MESRe (2007) Mater Res 10:165

66. Wan Y, Lu X, Dalai S, Zhang J (2009) Thermochim Acta 487:33

67. Lewandowska K (2009) Thermochim Acta 493:42

68. Ghasemi-Mobarakeh L, Prabhakaran MP, Morshed M, Nasr-Es-

fahani MH, Ramakrishna S (2010) Mater Sci Eng, C 30:1129

69. Meskinfam M, Sadjadi MS, Jazdarreh H (2011) World Acad Sci,

Eng Technol 52:395

70. Cruz DMG, Coutinho DF, Mano JF, Ribelles JLG, Sánchez MS

(2009) Polymer 50:2058

1088 J Mater Sci (2014) 49:1076–1089

123

http://www.intechopen.com/books/polymerization/polymer-biocompatibility
http://www.intechopen.com/books/polymerization/polymer-biocompatibility


71. Peng H, Zhou S, Guo T, Li Y, Li X, JianxinWang JieWeng

(2008) Colloids Surf B 66:206

72. Zong X, Ran S, Kim K-S, Fang D, Hsiao BS, Chu B (2003)

Biomacromolecules 4:416

73. Cho K, Lee J, Kwo K (2001) J Appl Poly Sci 79:1025

74. Tan H, Wu J, Lao L, Gao C (2009) Acta Biomater 5:328

75. Huang Y, Onyeri S, Siewe M, Moshfeghian A, Madihally SV

(2005) Biomaterials 26:7616

76. Jia J, Liu G, Guo Z-X, Yu J, Duan Y (2012) J Nanomater 2012:1

77. Crouch AS, Miller D, Luebke KJ, Hu W (2009) Biomaterials

30:1560

78. Liu X, Zhang X, Lee I (2010) Acta Bioch Biophy Sin 42:195

79. Levina EM, Kharitonova MA, Rovensky YA, Vasiliev JM (2001)

J Cell Sci 114:4335

J Mater Sci (2014) 49:1076–1089 1089

123


	Fabrication and characterization of PCL/gelatin/chitosan ternary nanofibrous composite scaffold for tissue engineering applications
	Abstract
	Introduction
	Materials and methods
	Materials
	Preparation of PCL/gelatin/chitosan solutions
	Electrospinning of PCL/gelatin/chitosan composite scaffold
	Characterization of PCL/gelatin/chitosan composite scaffold
	In-vitro degradation of composite scaffold
	In-vitro cell culture studies of L929 mouse fibroblasts on PCL/gelatin/chitosan composite scaffold
	Cell viability assay
	Cell proliferation study on composite scaffold
	Cell morphology studies on composite nanofibrous scaffolds

	Statistical analysis

	Results and discussion
	Morphology of PCL/gelatin/chitosan composite nanofibrous scaffold
	X-ray diffraction
	Thermogravimetric (TG) analysis
	Fourier transform infrared (FT-IR) analysis
	In-vitro degradation of composite scaffold
	In-vitro culture studies of L929 fibroblast on PCL/gelatin/chitosan composite scaffold
	Cell viability and proliferation studies
	Cell adhesion and cell morphology on composite scaffold


	Conclusions
	Acknowledgements
	References


