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Abstract The aim of this study was to fabricate three-

dimensional (3D) porous chitosan/poly(e-caprolactone)

(PCL) hydrogels with improved mechanical properties

for tissue engineering applications. A modified emulsion

lyophilisation technique was developed to produce 3D

chitosan/PCL hydrogels. The addition of 25 and 50 wt% of

PCL into chitosan substantially enhanced the compressive

strength of composite hydrogel 160 and 290%, respec-

tively, compared to pure chitosan hydrogel. The result of

ATR–FTIR imaging corroborated that PCL and chitosan

were well mixed and physically co-existed in the com-

posite structures. The composite hydrogels were con-

structed of homogenous structure with average pore size

of 59.7 ± 14 lm and finer pores with average size of

4.4 ± 2 lm on the wall of these larger pores. The SEM

and confocal laser scanning microscopy images confirmed

that fibroblast cells were attached and proliferated on the

3D structure of these composite hydrogels. The composite

hydrogels acquired in this study possessed homogeneous

porous structure with improved mechanical strength and

integrity. They may have a high potential for the produc-

tion of 3D hydrogels for tissue engineering applications.

1 Introduction

The fabrication of a three-dimensional (3D) hydrogel plays

a significant role in tissue engineering. Hydrogel provides a

template for cell adhesion and proliferation, and subse-

quently extracellular matrix (ECM) formation [1, 2].

However, few biomaterials possess all the desirable prop-

erties such as mechanical strength and cell affinity for

tissue engineering applications. Blending hydrophilic and

hydrophobic polymers has been demonstrated to be an

efficient strategy to develop new biomaterials exhibiting

combinations of properties that could not be acquired by

individual materials [3, 4]. Usually synthetic hydrophobic

polymers have superior mechanical strength but lack of

cell-recognition signals and their hydrophobic surface

properties hamper the cell adhesion, which can be com-

plemented by mixing with natural polymers having excel-

lent biocompatibility [3]. Cell adhesion and proliferation of

poly(lactide-co-glycolide) (PLGA) were promoted by

blending it with collagen, and the resulting composite

hydrogel exhibited higher mechanical strength than pure

collagen sample [5].

Chitosan, a partially deacetylated derivative of chitin,

has been used in tissue engineering applications because of

its hydrophilicity, biocompatibility, biodegradability, non-

toxicity, affinity to proteins and anti-microbial properties

[6]. However, chitosan exhibits relatively low mechanical

strength; in wet state the extensibility (maximum strain) of

non-porous chitosan membrane is only 30%, which

impedes its broad applications [6, 7]. Poly(e-caprolactone)

(PCL) is biodegradable and biocompatible polyester with
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excellent mechanical strength. The elongation of PCL

membranes is up to 1000% before break [3, 8]. Never-

theless, the usage of PCL in tissue engineering is restricted

due to the poor bioregulatory activity and slow degradation

rate [9, 10]. The PCL/chitosan composites may address the

individual problem associated with each of these polymers.

It is a major problem to find a common solvent to dis-

solve both PCL and chitosan for the preparation of

homogenous composite, because chitosan is only soluble in

acidic solution and PCL dissolves in organic solvents such

as dichloromethane and chloroform that are not miscible

with water. It is also not feasible to melt chitosan and blend

it with PCL [3, 7, 11]. Recently, hexafluoro-2-propanol

(HFIP) and also concentrated acetic acid (over 77%) were

used to dissolve both PCL and chitosan; a thin membrane

that had low porosity was produced by solvent evaporation

[4, 12]. This 2D structure is not desirable for most tissue

engineering applications due to lack of pore interconnec-

tivity. Porous hydrogels were fabricated with different

techniques such as salt leaching and freeze drying based on

these single phase solutions [3, 4, 11–15]. Sarasam et al.

[14] mixed chitosan and PCL in 77% acetic acid, and

attempted to fabricate 3D composite hydrogels by freeze

drying technique. However, PCL/chitosan composite

acquired poor structural integrity, which was resulted from

the phase behavior of concentrated acetic acid [3].

Emulsion freeze drying has been used to prepare the 3D

porous composites from PCL and hydrophilic polyvinyl

alcohol (PVA) [16]. High speed mechanical stirring was

used to generate the emulsion from PVA aqueous solution

and PCL dichloromethane solution. Porous composite

hydrogels were produced with pore size between 30 and

300 lm and compressive modulus above 1.5 MPa [16].

In this study emulsion freeze drying technique was

selected to fabricate chitosan/PCL composite hydrogels.

Sonication technique was applied to prepare homogeneous

emulsion. The effect of PCL concentration on the charac-

teristics of composite hydrogels such as mechanical

strength, swelling property, and uniformity was deter-

mined. In vitro tests were conducted to investigate the

biocompatibility of composite hydrogels and assess cell

infiltration in 3D structure.

2 Materials and methods

2.1 Materials

Chitosan (medium molecular weight), poly(e-caprolactone)

(PCL), fluorescein diacetate (FDA), propidium iodide (PI),

Dulbecco’s modified eagle medium (DMEM), fetal bovine

serum (FBS), pen-strep and sorbitan monooleate (Span-80)

were purchased from Sigma. Dichloromethane (DCM)

(99.4% purity), ethanol (99.7% purity) and sodium

hydroxide (NaOH) were purchased from Merck. A 0.2 M

acetic acid solution was prepared using glacial acetic acid

(Ajax Fine Chem) in MilliQ water.

2.2 Fabrication of chitosan/PCL composite hydrogels

Solution of chitosan (1.5 w/v%) in 0.2 M acetic acid and

PCL (5 w/v%) in DCM were prepared. Different volume

ratios of chitosan/PCL solutions were mixed by using span-

80 (5 v/v% of the total solution volume) as an emulsifier,

followed by sonication (Hielschar UP400S) at 20 mV for

2 min to achieve homogenous emulsion. The ultrasound

power and time were optimised to generate stable,

homogenous emulsion, and prevent undesirable effect on

chemical integrity of chemicals. The emulsion mixture was

then immediately poured into custom-made glass mould

(1 cm diameter), and frozen at -20�C overnight, followed

by lyophilisation for at least 2 days. The lyophilized

hydrogels were immersed into 0.2 M NaOH for 2 h to

neutralize the acid residues and then washed three times

with MilliQ water. The hydrogels were lyophilized again

overnight prior to further characterization. The control in

this study was prepared by lyophilisation of chitosan

(1.5 w/v%) in 0.2 M acetic acid aqueous solution.

2.3 Characterisations

2.3.1 Scanning electron microscopy (SEM)

The microstructure of the composite hydrogels was

examined by SEM (Philips XL30). Prior to SEM analysis

(15 kV), dried sample was sputter-coated with 10 nm gold.

Equivalent circle diameter (ECD) of the pores was calcu-

lated by using Image J software. In brief, the pores were

manually picked by built-in drawing functions, and the area

(A) of each pore was subsequently measured by using

‘Measure’ function. The pore diameter was then calculated

according to following formula: d ¼
ffiffiffiffiffiffiffiffiffiffiffi

4A=p
p

To validate this measurement statistically, at least five

images (300 pores) with same magnification representing

different areas of the hydrogel were analysed at each

condition.

2.3.2 Equilibrium swelling ratio

The equilibrium swelling ratio (Sw) of the composite

hydrogels was determined at physiological environment. In

brief, the dried hydrogel was cut into similar size

(*1 9 1 9 1 cm3) and weighted (W0). At each condition

three samples were immersed into pre-warmed PBS at

37�C overnight (at least 12 h). The swollen samples were
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weighted (Wt) after excessive buffer was removed. The

equilibrium swelling ratio was calculated using the equa-

tion Sw = (Wt-W0)/W0.

2.3.3 Fourier transform infrared (FTIR) spectroscopy

The existence of each component in the composites and

potential molecular interactions were determined with

Attenuated Total Reflectance-Fourier Transform Infrared

spectroscopy (ATR–FTIR) (Varian 660-IR) at 4 cm-1

resolution over the range 600–4000 cm-1 wavenumber.

FTIR images were collected with the system that comprises

of continuous scan FTIR spectrometer, a large sample

compartment, and a 128 9 128 focal plane array (FPA)

detector. The diamond ATR-IR accessory was positioned

in the sample compartment and carefully aligned prior to

the measurements [17–21]. Only 6,400 (80 9 80) of the

FPA detector pixels were used in this measurement. The

sample area measured by this macro-ATR imaging

approach was ca. 0.7 9 1.0 mm2. A spectral resolution of

8 cm-1 was used in this study. Thirty-two scans were

collected in each imaging measurement.

2.3.4 Mechanical test

Uniaxial compression tests of hydrated specimens were

performed by using a Bose ELF 3400 mechanical tester.

Prior to mechanical test, the composite hydrogels were

immersed into PBS for 2 h. The thickness (*3 mm) and

diameter (*8 mm) of each sample were measured using a

digital calliper (J.B.S). A cell load with 50 N, cross head

speed of 30 lm/s and 50% strain level were applied. The

compressive modulus was obtained as the tangent slope of

the stress–strain curve. The tensile property of the com-

posite hydrogel was examined by using dynamic mechan-

ical analyser (DMA, TA Instrument, 2980). The samples

were cut into dumbbell shape (*7 9 5 9 1, length 9

width 9 thickness in mm) (n = 3). A constant strain rate

(0.5%) was applied on the sample. The stress (MPa) was

recorded by built-in software and the tensile modulus was

calculated as the tangent slope of the linear region of the

stress–strain curve.

2.3.5 In vitro cell culturing test

In vitro cell culturing test was carried out to assess the

biocompatibility of the composite hydrogel for tissue

engineering applications. The composites were transferred

into a 24-well plate and sterilized, and then immersed in

culture media (DMEM, 10% FBS, 1% pen-strep) at 37�C

overnight. The cells (human skin fibroblast cells GM3348)

were then seeded onto the hydrogels at 3 9 105 cells/well

by using pipette tips and cultured in an incubator at 37�C in

the presence of 5% CO2 and 95% humidity for 7 days. The

media was refreshed every 3 days. Hydrogels with cell

cultured for 3 and 7 days were stained with FDA and PI,

respectively, and assessed by confocal laser scanning

microscopy (CLSM, Nikon Limo). Live cells were stained

fluorescent green due to intracellular esterase activity that

de-acetylated FDA to a green fluorescent product. Dead

cells were stained fluorescent red as their compromised

membranes were permeable to nucleic acid stain PI.

3 Results and discussion

3.1 Fabrication of chitosan/PCL hydrogels

Homogeneous stable emulsions of chitosan and PCL

solutions were prepared, rapidly, using sonication-assisted

emulsification. This method was more efficient than

mechanical agitation in creating the micron size droplet of

a lean phase in the continuous polymer rich phase at a

shorter processing time [22]. It can be seen that homoge-

neous milky emulsion formed after only two minutes

sonication (Fig. 1a, b) using 5 v/v% Span-80 as an emul-

sifier. Without the addition of emulsifier, as shown in

Fig. 1c, phase separation occurred in the solution after

Fig. 1 Chitosan/PCL emulsion with different PCL composition (25,

50, 75 wt%): a solutions before sonication (The upper layer is

chitosan solution and the lower one is PCL solution); b emulsion

solution after sonication with surfactant; c emulsion solution after

sonication without surfactant
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15 min, which was undesirable for the fabrication of

composite hydrogels.

PCL/chitosan scaffolds with homogenous and rigid 3D

structure were fabricated containing less than 50 wt% PCL

by lyophilisation of emulsion solution prepared by soni-

cation. As shown in Fig. 2, when using 75 wt% PCL an

irregular shape and fragile scaffolds was formed. When the

PCL composition was not more than 50 wt%, the emulsion

system of PCL DCM solution and chitosan acetic acid

solution was stable during the freezing and lyophilisation

process. Namely, the PCL solution droplets dispersed

uniformly in the chitosan acetic acid solution phase. After

the emulsion was frozen at -20�C, the chitosan acetic acid

solution turned into ice phase, however, due to the low

melting point of DCM (-96�C), the PCL solution

remained as liquid phase. During the lyophilisation, the ice

sublimated under vacuum conditions resulting in the for-

mation of macro pores, meanwhile, the DCM was evaporated

which generated the micro pores as shown in Fig. 3c–f. When

the PCL composition was increased up to 75 wt%, the

volume ratio of continuous phase, which was chitosan

acetic acid solution and dispersed phase, which was PCL

solution in this case was close to or even above the

emulsion system phase inversion point. By definition, the

phase inversion point is the holdup of the dispersed phase

for a system at which the transition occurs, that is, when the

dispersed phase becomes the continuous phase after an

infinitesimal change is made to the system’s properties,

phase ratio or energy input [23, 24]. Therefore, the PCL

solution droplets began coalescing and entrapped chitosan

acetic acid solution into droplets to further form PCL/DCM

continuous phase. After drying, the powdery structure

of composite containing 75 wt% PCL was formed. As

shown in Fig. 3g, h, the composite presented regular micro

pores which was generated from the lyophilisation of the

inversed chitosan acetic acid solution droplets, however,

macro pores was not present and PCL existed as bulk

pieces which resulted in the loss of mechanical strength

and structural integrity. Therefore, the composites with 25

and 50 wt% PCL that possessed firm structure were

selected for further characterizations.

3.2 Structural morphology of composite hydrogels

Composite hydrogels with homogeneous porous structures

were formed using the method developed in this study

(Fig. 3). The average pore size was decreased from 137 lm

for neat chitosan to 60 lm for both 25 and 50 wt% PCL as

depicted in Table 1. The pore size of pure chitosan

hydrogel fabricated in this study was consistent with the

data reported in the literature [25]. However, the addition

of DCM phase in the emulsion system may create different

thermal gradients compared to pure chitosan aqueous

solution and resulted in generation of smaller pore size.
Fig. 2 The structure of chitosan/PCL composites at various

compositions

Fig. 3 SEM images of a, b pure chitosan, composite hydrogels c, d 25 wt% PCL e, f 50 wt% PCL and g, h 75 wt% PCL
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The effect of freezing temperature prior to lyophilisation

on the pore size was examined. Freezing the emulsion

solution with liquid nitrogen at -196�C resulted in fabri-

cating smaller size pores in composite hydrogel with average

diameters less than 20 lm, which may not be desirable for

tissue engineering; when -20�C was used for sample

freezing, larger pores could be achieved (Fig. 4). The results

of previous study also demonstrated that decreasing the

freezing temperature from -20 to -80�C reduce the pore

size of hydrogels from 121 to 15 lm [7, 26, 27]. It is believed

that during the freezing process, ice crystals nucleate from

solution and grow along the lines of thermal gradients, which

leads to the various pore sizes from different freezing tem-

peratures. Therefore, pore size can be controlled by the ice

crystal size via varying the freezing rate [6]. In this study, to

achieve the desired pore size for further cell culture, -20�C

was selected as the freezing temperature.

The major feature in these composite hydrogels was the

formation of fine pores (less than 10 lm) on the macro

pore walls (Fig. 3c–f). These pores may be generated from

the evaporation of organic solvents during freeze drying

process (lyophilisation). The droplet of organic phase

containing PCL was dispersed into the continuous phase of

frozen aqueous chitosan solution, because the freezing

point of DCM (-96�C) was below the freezing tempera-

ture (-20�C) used prior to freeze drying. Considering the

possible effect of sample thickness on DCM evaporation,

the dimension of all the samples prepared in this study was

kept consistent (1 cm diameter and 0.8 cm height). SEM

examination demonstrated that there was no observable

difference of pore morphology with the top surface, cross

section and bottom section.

As shown in Table 1, the average diameter of pores on

the walls were 4.4 and 7.1 lm for 25 wt% PCL and 50 wt%

PCL, respectively. This effect may be resulted from the

difference in viscosity of the solutions; increasing the PCL

concentration, enhanced the viscosity of solution, subse-

quently larger droplets of the lean phase were created dur-

ing the emulsion process. Larger pores may also be formed

as a result of increasing the density of droplets and their

coalescences at higher concentration. The organic solvent

droplet formed from sonication process was covered with

the surfactant monolayer and the morphology of the droplet

was affected by the hydrophobicity of the system.

Increasing the hydrophobicity dilates the dimensions of the

hydrophobic droplets to optimise the particle free energy

and surface tension [28]. Increasing the PCL concentration

from 25 to 50 wt% increased the hydrophobicity of the

emulsion and enlarged the size of hydrophobic droplets

twofold. The presence of these pores may increase oxygen,

nutrient and waste transfer for cell growth in these com-

posite hydrogels compared with pure chitosan hydrogels.

3.3 ATR–FTIR spectroscopic analysis

Fourier Transform Infrared (FTIR) spectroscopy (Varian

660-IR) was used to determine the presence of each com-

ponent in the composites and their potential molecular

interactions. The FTIR spectra of the typical absorption

peaks of the functional groups present in chitosan and PCL

are shown in Fig. 5. Pure chitosan has a peak absorbance at

1,560 cm-1, which corresponds to the N–H band for either

primary amines or amide II, and another peak was detected

at 1,659 cm-1, corresponding to the C=O stretch for amide

I, which indicated that chitosan was not completely

deacetylated [29]. The prominent characteristic peak of

PCL locates at about 1,724 cm-1, attributed to the carbonyl

group stretching absorption [30]. As expected, all the

characteristic peaks of chitosan and PCL were observed in

FTIR spectra of chitosan/PCL composite, which corrobo-

rates the existence of both components in the composite

structures (Fig. 5). Characteristic peaks of chitosan were

more distinguishable in the spectrum containing 25 wt%

Table 1 Pore sizes and swelling ratio of the composite hydrogels

Chitosan/PCL

(wt%)

Macropore

diameter (lm)

Micropore

diameter (lm)

100/0 136.9 ± 39.4 N/A

75/25 57.9 ± 12.5 4.4 ± 1.5

50/50 65.5 ± 13.2 7.1 ± 3.5

Fig. 4 SEM images of

composite hydrogel containing

25 wt% PCL frozen at a liquid

nitrogen (-196�C)

and b -20�C
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PCL, whereas the absorption peak of PCL was better

expressed in the 50 wt% PCL blends.

The potential molecular interaction of two components is

the formation of amide bond (C–N) between the ester group

of PCL and the amine group of chitosan. In such a case, the

absorption peak of carbonyl stretch would shift from 1,724

to 1,630–1,680 cm-1, meanwhile the two peaks corre-

sponding to amine group of chitosan would convert to one

weak band as the primary amine changes to secondary form

[31]. However, in our study, these changes were not

observed in the FTIR spectra. The peak absorption of the

C–N bond stretch in the possible formed amide bond could

not be differentiated from the existing C–N bonds in

chitosan at 1,000–1,350 cm-1 [31]. All the results indicated

that there was no chemical bonding between chitosan and

PCL in the fabricated composite and they only physically

coexisted. Interestingly, the peak absorption of carbonyl

stretch of PCL in the composite containing 25 and 50 wt%

PCL was at 1,731 and 1,727 cm-1, respectively, while for

pure PCL was at 1,724 cm-1. The peak shift might be

caused by the existence of the surfactant span-80 since it has

strong carbonyl band absorbance at 1,740 cm-1. However,

the absorbance peak of carbonyl band from span-80 was

possibly overlapped with the one of PCL and difficult to be

detected with ATR–FTIR single scan. According to the shift

number, it can be deduced that the presence of the surfactant

in the measurement area of the composite with 25 wt% PCL

was higher than that with 50 wt% PCL.

3.4 FTIR spectroscopic imaging

The homogeneity and uniformity of composite hydrogels

were determined using ATR–FTIR images with an FPA

detector. The integrated absorbance of characteristic band

for each compound was plotted to demonstrate its distribu-

tion in a composite. It is critical to identify characteristic

spectral bands for each component that can be used for

constructing images for the distribution of a specific poly-

mer. The amide II band at 1,560 cm-1 (range used for gen-

erating the image was 1,617–1,490 cm-1) and the carbonyl

band at 1,727 cm-1 (1,740–1,710 cm-1) were used to

characterise chitosan and PCL, respectively. The surfactant

span-80 (5 v/v%) which was used as the emulsifier in this

study was also detected within wavenumbers ranging from

1,750 to 1,735 cm-1. As shown in Fig. 6, the distribution of

chitosan and PCL in both 25 and 50 wt% PCL composites

was uniform at both surface and cross sections. Comparing

the images generated for the specimen containing 25 wt%

PCL to the one with 50 wt% PCL, the reduction in amide II

group absorbance was observed, which was attributed to the

decrease of the content of chitosan in the blends. Meanwhile

the absorbance of the corresponding band of PCL was

apparently enhanced from 25 wt% specimen to 50 wt% one

as a result of the increasing PCL concentration. The absor-

bance of the corresponding band of surfactant in the com-

posite with 25 wt% PCL was significantly higher than the

one with 50 wt% PCL, which was consistent with the car-

bonyl peak shift shown in Fig. 5. This effect may be attrib-

uted to the emulsion process; creation of micropores with

smaller size on the walls of the pores at 25 wt% PCL con-

centration depicted in Fig. 3 enhances the surface area,

subsequently increases the amount of surfactant on the pore

surfaces per volume of the sample used for characterisation

by ATR–FTIR imaging as observed in Fig. 6. The surfactant

span-80 used in this system is non-toxic and has been widely

used in food industry. Moreover, it has been applied into the

preparation of superporous hydrogel composite and micro-

emulsions for drug delivery [32–34]. The residue of small

amount of this surfactant in the composites had negligible

effect on cell viability.

3.5 Swelling of composite hydrogels

In vitro nutrients supply and waste exchange relies on the

swelling property of hydrogels. Pure chitosan hydrogel

exhibited a swelling ratio of 17.2 ± 1.4 in PBS at 37�C that is

comparable with the values reported in the previous studies

[35–37]. The swelling ratio of the chitosan/PCL hydrogels

was decreased due to the introduction of hydrophobic PCL

segment. As shown in Fig. 7 the swelling ratio was decreased

by 11 and 32% for 25 and 50 wt% PCL, respectively.

3.6 Mechanical properties

Adequate mechanical strength is critical for hydrogels in

tissue engineering applications. Compressive test was used

Fig. 5 ATR–FTIR spectra of a pure PCL b chitosan/PCL (50/

50 wt%) c chitosan/PCL (75/25 wt%) and d pure chitosan
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for wet composite hydrogels, and tensile test was per-

formed for the dried specimens. Increasing the concentra-

tion of PCL enhanced the compressive properties of

chitosan composites. As shown in Table 2, compared with

pure chitosan, the compressive modulus of composite

hydrogels were increased 160 and 290%, for 25 and

50 wt% PCL, respectively. Similar trend was observed for

PVA/PCL composites in the previous reported study;

increasing PCL concentration, promoted the mechanical

performance of composite hydrogels. However, when the

PCL content was increased to 75 wt%, the compressive

modulus of PCL/PVA was reduced dramatically because of

phase inversion and formation of PCL as a continuous

phase [16]. The result of this study was in agreement with

the PCL/PVA system. As shown in Fig. 2, with 75 wt%

PCL, the specimen was soft and fragile. The addition of

PCL remarkably enhanced the tensile properties and

mechanical strength of chitosan hydrogels (Table 2). The

tensile modulus of porous chitosan hydrogel was 0.55 MPa

for samples with random pore distribution and average

pore size of 137 lm. The results of previous studies

demonstrated that the mechanical property of porous

chitosan hydrogels relies on pore size and orientation [6].

The elastic modulus of porous chitosan membrane was

reduced to 0.1–0.5 MPa compared to non-porous chitosan

membranes, which were 5–7 MPa and the highest exten-

sibility (maximum strain) was achieved with a random pore

orientation structure and 120 lm pore size [6]. The com-

posite hydrogels produced in this study can potentially be

Fig. 6 FTIR imaging of

chitosan/PCL composite

hydrogels with a 25 wt% PCL

and b 50 wt% PCL. Scale bar
showing a length of 350 lm

Fig. 7 Swelling ratio of the composite hydrogels with various

compositions

Table 2 Mechanical properties of chitosan/PCL composites com-

pared to the pure chitosan hydrogel

Chitosan/PCL

(wt%)

Compressive

modulus (KPa)

Tensile

modulus (MPa)

100/0 8.6 ± 1.2 0.55 ± 0.06

75/25 21.9 ± 1.7 1.23 ± 0.14

50/50 32.9 ± 2.2 1.44 ± 0.08
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used for engineering tissues such as skin and cartilage

repair because of improved mechanical properties.

3.7 In vitro cell culture test

In vitro cell culture test was performed to assess the bio-

compatibility of the chitosan/PCL composites processed by

method developed in this study. The SEM images (Fig. 8a–d)

of samples after 24 h cell seeding show that the fibroblast

cells started to adhere on the surface of hydrogels. The

cells on the composite hydrogels presented similar mor-

phology compared to the one attached on the surface of

pure chitosan hydrogel. Interestingly the micropores of

composite hydrogels seemed to favour the cell attachment

as shown in Fig. 8b, c. CLSM images in Fig. 9a, c and e

show that after cell culturing for 3 days, cells uniformly

distributed on the hydrogels surface and almost all the cells

were alive. However, the cells proliferation in the hydro-

gels containing 50 wt% PCL was slower than others. After

7 days, fibroblast cells stretched and formed confluent

monolayers on the surfaces of the composite and pure

chitosan hydrogels (Fig. 9b, d, f). The cell proliferation on

the 25 wt% PCL was more efficient than the others. Cell

attachment is the function of both chemical and physical

properties of the 3D hydrogel. Cell migration and sub-

sequent proliferation is determined by substrate mechanical

strength, pore size and surface topography [38]. Berry et al.

reported that fibroblast cell attachment was improved by

the existence of small sized pits (7 lm) on the scaffold

surface which provided footholds for cells to gain

mechanical adhesion [39]. Therefore, the abundant micron

sized pores (4.4–7.1 lm) on the composite hydrogels might

boost the cells attachment as observed in Fig. 8c, hence

improving the cells proliferation. However, the cells pro-

liferation in 50 wt% PCL composite was lower and the

amount of dead cells was noticeably higher compared to

pure chitosan and composite with 25 wt% PCL. This effect

might be resulted from the hydrophobic properties of PCL,

which decreased the media capture capability and cell

recognition signals. The promising cell viability results

demonstrated that the composites fabricated by sonication

emulsion followed by lyophilisation were biocompatible. A

small quantity of cells penetrated into the pores and grew

along the pore walls, indicating either pore architecture or

material surface properties needs further optimisation to

promote cell infiltration.

4 Conclusions

The emulsion followed by lyophilisation process was an

efficient technique to fabricate chitosan/PCL composite

hydrogels. Sonication was an efficient technique for the

preparation of stable emulsion. The mechanical properties

Fig. 8 SEM image of fibroblast cells grown on a–c chitosan/PCL (75/25 wt%) composite and d pure chitosan hydrogel for one day
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was enhanced by increasing the concentration of PCL to

50%, however, further increase of PCL concentration

resulted in production of soft and fragile composite that was

not suitable for hydrogel fabrication. The method used in

this study allows fabricating homogenous mixtures of

composites with micro-sized pores on the walls of larger

pores. The high cell viability and proliferation confirmed

the superior biocompatibility of the composite hydrogels. In

conclusion, the chitosan/PCL composite hydrogels with

maximum 50 wt% PCL exhibited great potential for tissue

engineering applications. Future study will be conducted to

increase the size of the pores and improve cell proliferation.
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