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ABSTRACT
Objective(s): Fabrication of scaffolds with improved mechanical properties and favorable cellular 
compatibility is crucial for many tissue engineering applications. This study was aimed to improve mechanical 
and biological properties of polycaprolactone (PCL), which is a common biocompatible and biodegradable 
synthetic polymer in tissue engineering.  Nanofibrillated chitosan (NC) was used as a natural nanofiller 
to produced PCL nanobiocomposite scaffold with both enhanced mechanical properties and appropriate 
biological properties. 
Materials and Methods: Surface morphology and orientation of chitosan nanofibrils was investigated via 
atomic force microscopy (AFM). PCL/NC suspension solutions with various content of NC were prepared 
using dimethylformamide as a dipolar solvent to obtain homogenous solutions. The scaffolds were produced 
through a solvent casting procedure at room temperature. The prepared scaffolds was characterized using 
scanning electron microscopy (SEM), attenuated total reflection- fourier transform infrared (ATR-IR) 
spectroscopy, X-Ray diffraction (XRD), uniaxial mechanical testing, contact angle (CA) measurements and 
swelling and weight loss analysis. In vitro studies were also exceeded to evaluate the cellular compatibility of 
the prepared scaffolds. 
Results: The average diameter of chitosan nanofibrils was measured 88±10 nm. The existence of NC in 
nanocomposite was proven by ATR-FTIR and XRD results. Interestingly, incorporation of 10% of NC into 
PCL, improved the tensile strength of scaffolds from 2.7 to 6.5 MPa while reduced the elasticity. What is 
more, water contact angel of the membranes was decreased from 133° to 88˚ which imply more surface 
wettability of nanocomposite scaffolds in comparison to PCL. Furthermore, the swelling ratio and weight 
loss rate of bionanocomposites were increased 30% and 2.5%, respectively. MTT biocompatibility assay and 
cell adhesion test demonstrated superior cellular behavior of the fibroblasts on nanocomposite scaffolds in 
comparison to pure PCL scaffold.
Conclusion: The acquired results expressed that the PCL/NC bionanocomposite can be a reliable candidate 
for tissue engineering applications.
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INTRODUCTION
Tissue engineering is a newly emerged 

interdisciplinary field aims at representing 
novel strategies to facilitates regeneration of 
injured tissues as well as organs. Engineering of 
scaffolds with improved mechanical properties 
and favorable cellular compatibility is considered 
as an integral part of this strategy to fulfil tissue 
regeneration purposes [1]. Many synthetic and 

natural polymers have been used for fabricating 
scaffolds for different tissue engineering 
applications [2-4]. Among them, polycaprolactone 
(PCL), a semi-crystalline linear FDA approved 
biodegradable synthetic polyester, is frequently 
utilized to manufacture scaffolds for many tissue 
engineering applications such as neural, bone, 
cartilage, nerve, abdominal wall, and vascular 
tissue engineering [5, 6]. The characteristics 
of PCL scaffolds should be tuned for intended 
tissue engineering application. PCL scaffolds with 
enhanced mechanical properties and appropriate 
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cellular compatibility is needed for many tissue 
engineering applications.

Chitosan is a biocompatible and biodegradable 
polymer fulfills a number of requirements for 
tissue engineering applications. This polymer is the 
most prominent derivate of chitin which obtained 
by partial N-deacetylation of the chitin [7]. Due 
to abundancy of chitin polymer in the nature, 
chitosan possesses good availability in addition 
to suitable reproducibility [8, 9]. Moreover, there 
are a number of cost-effective methods with scale 
up capability to supply chitosan polymer from the 
natural resources [10, 11]. Chitosan backbone 
is comprised of β-(1,4)-2-amino-2-deoxy-D-
glucopyranose repeating units. The presence of 
hydroxyl and amino groups in chitosan structure 
accelerates some unique properties including 
biocompatibility, biodegradability, antibacterial 
activity, stimulation of haemostasis, and 
acceleration of tissue regeneration which have 
been investigated in a number of studies [12, 13]. 

The traditional microcomposite materials 
have been rapidly replaced by a new generation 
of nanostructured composites over the last two 
decades [14].

In definition, polymer nanocomposites 
are the polymeric matrices containing filler 
components with nanometric size (<100 nm) at 
least in one dimension [15]. It has been proven 
that, the incorporation of nano-dimension fillers 
into a polymeric matrix may cause dramatic 
improvements in physical and structural traits 
[16]. The enhanced physical properties of 
nanocomposites turn them into an appropriate 
choice for a wide range of biomedical [17, 18], 
environmental [19, 20], and industrial applications 
[21, 22]. Physical features of nanocomposites 
are not only determined by size, assembly 
and interfacial interactions of nanofillers but 
also the intrinsic properties of components. 
Synthetic nanomaterials like carbon nanotubes 
have expressed a reputable thermomechanical 
quality as a filler phase in a number of tissue 
engineering studies [23]. Nonetheless, utilization 
of biodegradable materials with renewable 
resources has been widely increased owing to 
growing demands emerged in research and 
industrial fields [17, 24]. Particularly, fabrication of 
green nanocomposites composed of degradable 
biomaterials has attracted a huge attention in the 
field of regenerative medicine in recent years [25, 
26]. 

In this regard, natural nanofibrils show high 
aspect ratio in addition to modifiable surface-
chemistry. Hence, even small proportions of 
natural nanofibrils derived from cellulose or 
chitin can develop an efficient reinforcement 
effect on synthetic polymers [27, 28]. Moreover, 
highly organized structure of these nanofibrils 
may influence the electrical, optical and magnetic 
behaviour as well as conductivity of materials [29]. 
There are a number of studies on reinforcing effects 
of embedded chitin and cellulose nanofibrils as 
bioactive nanofillers within PCL [30], polyurethane 
[31], and olylactic acid [32]. Nonetheless, inclusion 
of natural fillers into a hydrophobic polymer 
matrix can be a potentially challenging issue due 
to the obvious incongruity in their hydrophilicity. 
Surface-modification of natural nanofibrils make a 
better possibility for dispersion of these hydrophilic 
structures in more organic phases. However, it 
is worth mentioning that, surface chemistry of 
natural fillers may be altered unfavorably as a 
consequence of modification process [33]. In 
more precise word, surface functional groups such 
as OH, NH, and COOH which play a pivotal role in 
biocompatibility of materials would be hindered 
through the surface modification proceedings. An 
alternative strategy to overcome this challenge, 
can be employing a bipolar solvent. Fujisawa et al 
fabricated reinforced composites by incorporation 
of cellulose nanofibrils into a polystyrene matrix 
[34]. Using dimethylformamide (DMF) solvent 
in this study, resulted in homogenous dispersion 
of nanofillers within the polymer. Significant 
enhancement in mechanical behavior of the 
resultant nanocomposites was also the ultimate 
outcome.

In this study, various concentrations of 
chitosan nanofibril (NC) incorporated within 
PCL matrix in presence of DMF solvent to obtain 
reinforced green nanocomposites with superior 
bioactivity properties. The homogeneous 
dispersion of nanofillers in the polymeric matrix 
can seriously improve the interfacial interactions 
between two components of composite which 
in turn, lead to a significant enhancement in the 
mechanical properties of resultant composite [16]. 
Therefore, it is crucial to hamper the formation 
of NC aggregates in composite matrix as much 
as possible. Making a stable PCL/NC suspension 
was not possible without using DMF as a bipolar 
solvent. Solvent casting method was utilized in 
order to preparation of nanocomposite films. The 
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physicochemical properties and cellular behaviour 
of nanocomposites were subsequently evaluated 
by characterization as well as biological tests.

MATERIALS AND METHODS
Materials

The aqueous gel of chitosan nanofibrils (NC, 
~2.5% w/w) was prepared by the procedure 
presented by (Liu, Wu, Chang, & Gao, 2011) 
through a top-down approach (grinding and 
high-pressure homogenizing) from a chitosan 
slurry. PCL in granular form (MW~80000 Da), 
phosphate buffered saline (powder) and 
glutaraldehyde (electron microscopy grade, 70%) 
were purchased from Sigma Aldrich (Germany). 
Dimethylformamide (DMF, 99.9%) and ethanol 
(100%) were also obtained from Merck Co. 

Normal Human Dermal Fibroblast (NHDF) 
cells were acquired from Pasteur cell bank 
(Tehran, Iran). MTT ((3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) reagent 
and DMSO (cell culture grade) were purchased 
from Sigma Aldrich (Germany). DMEM Ham’s F12 
medium, Fetal Bovine Serum (FBS), penicillin and 
streptomycin were obtained from Gibco Invitrogen 
(USA). 

Characterization of nanofibrils
As PCL is a thermoplastic polymer, the 

chitosan nanofibrils aqueous medium should 
be substituted by an organic phase prior to 
fabrication of the nanocomposite structures. 
Hence, a solvent-exchange step was proceeded in 
order to replacing the water by DMF as an organic 
polar solvent. After this step, purity of the solvent-
exchanged chitosan nanofibrils was also measured 
by a weighting before and after drying. 

Morphology, mean diameter size, and the 
orientation of solvent-exchanged chitosan 
nanofibrils were assessed using a Nano wizard II 
atomic force microscope (JPK, Germany). Prior 
to the microscopy, a dilute suspension of solvent 
exchanged NC in DMF was prepared. Then, a 
droplet from the suspension was deposited, 
smeared, and dried on a glass slide at room 
temperature. All scans were performed in the air 
and tapping mode.
Preparation of nanocomposites

Polymeric nanocomposites were prepared by 
solvent casting method. First, the PCL granules 
were dissolved in DMF at a concentration of 5% 
(w/w) and stirred for 2 hours at 50ºC. Afterwards, 

chitosan nanofibrils were added to the solution in 
the ratio of 2.5%, 5%, and 10% (w/w) and stirred 
overnight at room temperature.  The samples 
were abbreviated as NC2.5, NC5, and NC10 
correspondingly. Likewise, a pure PCL sample 
was provided to make a better comparison. As 
prepared suspensions were subsequently poured 
into a glass, flat-bottom, rectangular casting 
plates. The suspensions were casted into relatively 
thick films at room temperature. The casting 
plates were largely preserved from the dust 
contamination by proper covering throughout the 
procedure. In addition, delayed evaporation of 
the solvent prevented from the formation of air 
bubbles which may contribute to some surface 
defects. In the last stage, the cast films were taken 
out from the glass plates and stored for further 
investigations.

Characterization of nanocomposites
scanning electron microscopy (SEM)

Scanning electron micrographs of the samples 
were obtained using a XL-30 scanning electron 
microscope (Philips, Germany). Prior to the 
study, samples were sputtered by an 8 nm gold-
palladium layer and the surface as well as the 
cross-sectional morphology were investigated up 
to 10000x magnification. 

Attenuated total reflection infrared (ATR-IR) 
spectroscopy

ATR-IR data of pure PCL film and a 
nanocomposite sample (NC10), were achieved 
using a Tensor 27 instrument (Bruker, USA). 
The acquired results were represented in the 
absorbance mode and in the range of 600–4,000 
cm-1.

Uniaxial mechanical testing
Uniaxial tensile strength of the samples was 

evaluated using a universal testing machine (Zwick 
& Roell, Germany). The sample were cut into 30×10 
mm pieces and the average thickness of each strip 
was measured by a micrometer. The terminus part 
of the strips was supported with an adhesive tape 
and firmed to the grips The test was performed 
at room temperature and at the crosshead rate of 
5 mm/min. The ultimate tensile strength (MPa), 
percentage of strain the elastic module (MPa) 
were acquired from the stress–strain curves. At 
least 5 replicate specimens were tested for each 
sample and the average data were graphed.

https://en.wikipedia.org/wiki/Infrared_spectroscopy
https://en.wikipedia.org/wiki/Infrared_spectroscopy
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Swelling/weight loss measurement
Water absorption capacity of as prepared 

nanocomposites were evaluated through 
immersion of 20×20 mm specimens into PBS for 
5, 10, 15, 20, 30, 40, 60, 90, 120 and 180 min 
time points. After each time points, specimens 
were brought out from the liquid and the surface-
absorbed water was erased using a filter paper. 
Weight of swollen membranes was measured 
thereupon in order to calculating the swelling 
ratio:

   The swelling percentage values for each time point 
was acquired by averaging of five examinations. 

Weight loss percentage of the samples was 
also evaluated in PBS environment at 25ºC. 
Sample were cut into 30×30 mm pieces, weighted 
and submerged in PBS for 1, 2, 3, 5, 7, and 14 days. 
The specimens then expelled from the PBS and 
dried out in the open air. Following this, specimens 
weighted precisely and the weight loss ratio 
acquired from the following equation:

Each calculated weight loss result was the average 
value of five repeated test.

X-Ray diffraction (XRD)
XRD patterns were collected using a PW 

1710 diffractometer (Philips, The Netherlands) 
for chosen samples (PCL and NC10). The pattern 
recording was carried out by the Cu/Kα irradiations 
(λ= 0.1541 nm), scan speed of 2° min-1 and 2-theta 
range of 5-70°.

Contact angle (CA) measurement
Static contact angle measurements were 

carried out by using an OCA 15 plus contact 
angle meter (Dataphysics, Germany) at ambient 
temperature. Water droplets with determined 
volume were utilized for the experiments and the 
data were recorded using a high speed framing 
camera within 20 seconds after water-scaffold 
contact in the precision of ±0.1°. At least 5 separate 
recordings were averaged and reported for each 
type of sample.

In-vitro studies
NHDF cells were cultured in DMEM-F12 

enriched with 10% FBS and 1% antibiotics 
(penicillin-streptomycin) and passaged 

approximately every 2 days (80% confluency). 
Circular discs of the scaffolds were prepared in 
diameter of ~5 mm prior to the in-vitro tests. The 
specimens were pasted at the bottom of a 96-well 
cell culture plate by means of dilute agarose gel 
(n=4). After this, the membranes were disinfected 
by immersion in ethanol (70% v/v) for 15min and 
rinsing by PBS three times for 5 min. following that 
dried scaffolds were sterilized under UV-irradiation 
for 30 min. NHDF cells were subsequently seeded 
on the surface of scaffolds at a cell density of 
1×104 cells and flooded with supplemented 
culture medium in total volume of 400μl. The 
cell-scaffolds were incubated at standard culture 
conditions (37°C and 5% CO2) for defined time 
intervals. 

MTT proliferation assay
Evaluation of cell viability through the MTT 

assay is based on the mechanism of reducing 
tetrazolium salt to formazan via mitochondrial 
activity of the viable cells. Hereupon, the level 
of tetrazolium reduction may quantitatively 
indicate the rate of metabolically-active cells. 
Cell proliferation of cultured cells on the scaffolds 
were performed by MTT assay at 24h, 48h, and 
72h time points. After each time interval, cell 
supernatants were extracted and the scaffolds 
washed by PBS three times. Thereafter, 100μl of 
MTT solution (2.5% w/v in fresh media) was added 
to each well and four hours incubated at 37 ºC in 
humidified atmosphere. Next, the solution was 
removed, 100μl of DMSO was added to in order 
to solubilizing the formed formazan crystals. The 
optical density (OD) of each well at wavelength 
of 570 nm was measured by a Polar star omega 
microplate reader (BMG LABTECH, Germany). 
Finally, the viability percentage of each group was 
calculated using the following equation: 

Cell attachment study
Attachment of the cultured cells on scaffold was 

studied 12h post cell-seeding. Briefly, supernatant 
of the scaffolds was removed after 12h and the 
cell-scaffolds were gently rinsed by PBS three 
times. Afterwards the cultured NHDFs were fixed 
with glutaraldehyde (electron microscopy grade, 
2.5% v/v) for 1h at room temperature. Next, 
fixing solution was removed and any trace of 
glutaraldehyde was wiped out from cell-seeded 
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membranes through slight rinsing by PBS. The 
fixation process was followed by sequential 
dehydration in 10%, 30%, 50%, 70%, 90%, and 
100% ethanol and air-dried overnight. The cell-
containing scaffolds were coated with a thin gold/
palladium layer and analyzed by a TESCAN-Vega 3 
SEM (Czech Republic).

Statistical Analysis
The acquired data in this study achieved 

from at least five independent examinations and 
expressed in mean ± SD and. The obtained values 
statistically analyzed using a one-way ANOVA test 
and then Tukey Post Hoc analysis was performed 
to make comparisons between various groups. 
Prism7 program was employed for the statistical 
analyses and the difference between groups 
considered significant if p < 0.05.

Fig 1. AFM image of (a) chitosan nanofibrils (b) an individual 
chitosan nanofibril

RESULTS AND DISCUSSION
Morphology of Nanofibrils

Fig 1. shows atomic force micrographs of 
solvent-exchanged chitosan nanofibrils. As can 
be seen, the fibrillar morphology of solvent-
exchanged nanofibrils was preserved to a large 
extent. However, there was some distinguishable 
aggregations which presumed to be in association 
with the sample preparation step. It was 
interestingly realized that, chitosan nanofibrils 
have a strong tendency to be adhered together 
and form nanofibrillar aggregates while drying. 
This can be in correlation with Abdul Khalil et al 
finding about the adverse morphological effects of 
drying process on unique properties of cellulose 
nanofibrils [24]. Hereupon, solvent-exchange 
was considered as the preferred method in our 
study. In addition, mean diameter of the chitosan 
nanofibrils was evaluated by measuring merely 
individual fibrils without inclusion of aggregations 
(n=50). The calculated average fibrils diameter 
was 88±10 nm which was an indicative of their 
nanoscale feature. 

Fig 2. (A) As prepared (a) PCL, (b) NC5, (c) NC10 suspensions 
(B) Macroscopic (gross) projection of (a) PCL, (b) NC5, (c) NC10 

solvent cast nanocomposite films

Morphological Properties of Nanocomposites
As can be seen in Fig 2A, a stable and 

homogeneous suspension of PCL/NC was obtained 
even in the highest concentration of embedded 
nanofillers. Moreover, in a gross observation, 
nanocomposite films largely resembled to the 
pure PCL film (Fig 2B). 

Fig 3. is representative for scanning electron 
micrographs of solvent cast films. As can be 
observed, neat PCL films indicated a fractured 
surface morphology with relatively large pores 
in dimension of 10-30μm (Fig 3A). Increasing 
concentration of chitosan nanofibrils incorporated 
in PCL matrix, led to a moderate decrement 
in proportion of fractures as well as pore size. 
However, no sign of fillers aggregation or formation 
of PCL globules could be distinguished on the 
surface of nanocomposite films (Fig 3B-D). It was 
not only attributed to homogeneous distribution 
of nanofillers within the polymeric matrix, but also 
appropriate interfacial interactions between the 
two phases [18, 35]. 
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In addition, solids content of suspensions 
remained constant throughout the study in order to 
investigating the morphological effects of including 
nanofillers specifically. Superior uniformity of 
nanocomposite surfaces and decreased number 
of pores can improve the mechanical properties 
of scaffolds. Although a slight hindrance in 
surface roughness of nanocomposites may 
diminish wettability of the scaffolds, inclusion of 
a hydrophilic nanofillers can be a rectifying factor 
to this drawback. The obtained cross-sectional 
micrographs of NC5 sample (Fig 3E) clearly 
confirmed the presence of an interconnected 
network of pores in nanocomposite structure. It is 

expected that, the interconnectivity of pores cell 
infiltration into the depth of scaffolds [18]. 

ATR-FTIR analysis
ATR-FTIR spectrum of PCL and PCL/NC 

composite is presented in Fig 4. Pure PCL film 
exhibits an intense peak at 1721 cm-1 which is 
the characteristic peak of PCL and assigned to 
the carbonyl stretching [36]. This peak weakened 
in nanocomposite spectrum suggesting reduced 
content of PCL. However, 1578, 1647, and 
3371 cm-1 bands are also distinguishable in 
nanocomposite which ascribed to NH bending of 
amide II, carbonyl stretching of amide I, and NH 

 
 

 

 

 

 

 

 

 

 

 

 

 

Fig 3. Scanning electron micrographs of pure PCL (A-C), and PCL nanofibrilliated chitosan nanocomposits, NC2.5 
(D-F), NC5 (G-I), NC10 (J-L), in different magnifications. M and N are representative for cross-sectional micrographs 

of NC5 sample
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stretching of the free amino groups in chitosan 
correspondingly [37]. Nonetheless, the intensity of 
these peaks was not considerable due to the small 
proportion of embedded NC. The interpretation 
of ATR-FTIR results confirmed the successful 
incorporation of chitosan nanofibrils into the PCL 
matrix. As well as this, presence of NH groups 
on the surface of nanocomposite structures was 
affirmable through the ATR-FTIR analysis which 
could be advantageous for a number of tissue 
engineering applications.

Mechanical properties
Analyzing of stress-strain curves gives us 

beneficial information about the mechanical 
properties of scaffolds. As illustrated in Fig 5, 
ultimate tensile strength of nanocomposites 
experiences an increasing trend by augmenting in 
amount of the nanofiller.

Fig 4. ATR-FTIR spectrum of (a) PCL and (b) NC10 sample. The 
arrows indicate the wavenumber of characteristic peaks for 

PCL (1721 cm-1) and NC (1578, 1647, and 3371 cm-1)

Fig 5. Stress-strain curves of PCL and NC composite samples

Stress-strain curves show a 260% increase 
in tensile strength of NC10 sample (6.5MPa) 
compared to pure PCL (2.7 MPa). Rigidity and 
uniform distribution of embedded nanofillers as 
well as PCL/NC strong interfacial interactions can 
be the contributing factors to this increment [38, 
39]. In addition, incorporating the higher amount 
of chitosan nanofibrils into the PCL matrix resulted 
in fabrication of less porous nanocomposites as 
discussed in SEM section. Hindrance of porosity in 
architecture of scaffolds can make a considerable 
reinforcing effect on the mechanical behaviour 
as well [40, 41]. It is worth noting that, balancing 
of porosity is a critical factor due to its vital role 
in cellular compatibility of scaffolds [42]. The 
mechanical parameters of membranes have 
been also categorized in Table 1. From the table, 
the elastic module of PCL sample increased 
over 18-folded through introducing of 10% NC. 
However, elongation of nanocomposite films 
reduced dramatically in the same time. It can be 
due to the fact that, small amount of chitosan 
nanofibrils can intensify the scaffold stiffness and 
brittleness simultaneously. From this, inclusion 
of NC within PCL polymer enhances the tensile 
and elastic module in expense of decreased 
elongation. These results are largely in agreement 
with the literature [43, 44].

XRD study
Fig 6 represents the XRD analyses of neat PCL 

and NC10 sample. As is illustrated, PCL showed 
two sharp peaks at 2θ =21.5° and 23.85° which are 
assigned to (1 1 0) and (2 0 0) diffraction planes 
respectively [45]. Moreover, there is a relatively 
weak peak positioned at 2θ=15.7°. These peaks 
are characteristic of PCL polymer and indicative 
for its semi-crystalline nature[46, 47]. In terms of 
NC10 diffractogram, typical peaks of PCL showed a 
moderate reduction. 

Table 1. Summerized mechanical parameters obtained from 
tensile strength analysis of the samples

*UTS: Ultimate Tensile Strength

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Stain (%) UTS 

(MPa) 
Elastic module 

(MPa) 
Sample 

125 2.7 10 PCL 

78 3.72 22 NC2.5 

26.1 4.76 31 NC5 

6.3 6.5 184 NC10 
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Fig 6. XRD patterns of PCL and NC10 samples. The signs show 
the characteristic peaks concerning each sample

It can be owing to decreased crystallinity 
of nanocomposite as a result of introducing 
chitosan nanofibrils. Lower amount of PCL in 
nanocomposite structure can be another potential 
reason for this phenomenon. Additionally, a slight 
shift (~0.2°) in the position of intense peaks could 
be detected in nanocomposite XRD pattern. 
Nonetheless, there was no distinguishable sign 
of chitosan peaks in nanocomposite sample due 
to the small proportion of incorporated chitosan 
polymer [48]. It is expected that, reduced 
crystallinity of the nanocomposite scaffolds leads 
accelerated degradation structures [49].

Surface wettability
Water contact angle measurement was 

carried out in order to assessing the hydrophilicity 
alterations in nanocomposite scaffolds. As 
presented in Fig 7, pure PCL film exhibits poor 
hydrophilicity with an average contact angle 
of 131.4° which is in line with hydrophobic 
nature of the polymer [50]. The contact angle 
value of PCL reduced to 98.9°, 91°, and 88.5° 
through the addition of 2.5%, 5%, and 10% of NC 
correspondingly. 

Incorporation of chitosan within the PCL matrix 
may present a number of hydrophilic groups such 
as NH and OH on the surface nanocomposite 
membranes [51]. These functional groups possess 
a considerable capability to absorb great amount 
of water molecules.

Therefore, wettability of PCL scaffold can 
be seriously modified by addition of chitosan 
nanofibrils indeed. As well as this, decreased 
surface roughness of nanocomposite films plays 
a crucial role in reduction of wettability [52]. 
High interfacial surface between the scaffold and 
water droplet can cause a significant decrement 
in contact angle. More precisely, scaffolds with 
less fractured surfaces demonstrate improved 
hydrophilicity. 

From this, superior wettability of PCL/NC 
nanocomposite scaffolds can be also explained by 
their smoother morphology in comparison with 
pure PCL.

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

  

 

 

Fig 7. Contact angle measurement for PCL (A), NC2.5 (B), NC5 (C), and NC10 (D) 
samples
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Swelling ratio
Fig 8A represents swelling behaviour of pure 

PCL and NC10 nanocomposite samples in PBS 
environment in a six-hour incubation period. In 
general, PCL polymer scaffolds exhibit inferior 
water uptake capacity due to their hydrophobic 
nature [53]. 

However, porosity of structures can be another 
key factor in acceleration of water permeation 
into the depth of structure [54]. As illustrated in 
the graph, capability of PCL film to absorb water 
was about 10% of its initial weight. Interestingly, 
incorporating 10% of chitosan nanofibrils led to a 
significant increase in amount of uptaken water up 
to 42%. 

There are couple of explanation for improving 
in swelling ratio of nanocomposite scaffold. It 
may be attributed to modification of PCL surface 
hydrophobicity which accelerates surface 
absorption of water molecules. As well as this, 
embedded chitosan nanofibrils not only are able 
to create a hydrophilic pathway within the PCL 
matrix but also increase amorphous characteristic 
of structure in order to enhancing penetration 
of water into the depth of scaffolds. It is worth 
mentioning that, interconnected network of pores 
presented in the architecture of samples can 
be an intensifying factor in swelling of scaffolds 
[43]. These finding are largely in accordance with 
previous similar studies [55].

Weight loss rate
The extent of weight loss for PCL and NC10 

samples has been evaluated over 12 weeks and 
graphed in Fig 8B. 

As a general trend, PCL sample lost 
approximately 2% of the initial weight over 12 
weeks, however, the weight loss for NC10 sample 
was about 4.5% in the same period. Molecular 
weight of PCL seriously affects its degradation 
kinetic [56]. PCL with high molecular weight 
possess longer polymer chains with numerous 
ester linkages to be cleaved which makes the 
degradation rate slower [57]. Additionally, 
diminishing in PCL crystallinity may have 
diminishing effect on degradability of polymer 
[58]. Although molecular weight of PCL did not 
alter in the scaffolds, nanocomposite samples 
showed lower crystallinity compared to pure PCL. 
Degradation process of PCL polymer is mostly 
based on enzymatic degradation and/or non-
enzymatic hydrolysis [59]. Sterilized PBS was used 
in the weight loss experiment so as to reducing the 
enzymatic degradation of PCL as much as possible. 
However, it is presumed that; pure PCL films are 
commonly undertaken superficial erosion due to 
the inferior penetration of water molecules into 
the scaffold [6]. On the contrary, nanocomposite 
samples show superior water absorption which 
is contributing factor to acceleration of non-
enzymatic hydrolysis. From the acquired results, 
blending of PCL polymer with chitosan nanofibrils 
can merely enhance the non-enzymatic hydrolysis 
process. Relative hindrance of PCL enzymatic 
degradation through combining with chitosan 
has been also proven in previous studies [60]. As 
PCL/NC structures are less susceptible to bacterial 
degradation, these structures can be potentially 
utilized in a number of biomedical applications 
specifically for medical implants and tissue 
engineering scaffolds.

 
 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 8. Swelling degree (A) and weight loss ratio (B) graphs related to PCL and NC10 sample
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Fig 9. MTT proliferation assay results at 24, 48, and 72 hours 
time-points. * sign exhibits statically significant difference of 

the NC5 and NC10 groups with PCL (P˂0.05)

Cellular behaviour
Fig 9 depicts the quantified viability of NHDF 

cells cultured on the PCL and PCL/NC scaffolds in 
24, 48, and 72h time intervals. 

Although, viability of PCL sample was inferior 
to nanocomposite values, there was not a 
statistically significant difference between the 
viability of groups in the first 24 hours. 

However, NC5 and NC10 cell-containing 
samples were more metabolically-active at day 
2 and 3 comparing with pure PCL membrane 
(P˂0.05). The highest cell proliferation belonged 
to the nanocomposite scaffolds with 10% of NC. 

These viability results can be explained by 
higher hydrophobicity of PCL scaffold as well 
as increased number of reactive sites on the 
surface of nanocomposites [43]. Even though 
synthetic polymers represent superior mechanical 
properties, cellular compatibility of these 
structures is not desirable in the most cases. The 
cytocompatibility of materials is largely hinges 
on three major factors including composition, 
surface chemistry and the morphological traits 
[61]. Hydrophobic nature of PCL hinders the 
cellular interactions [62] which not only limits 
primary adhesion of the cultured cells but also cell 
spreading, cell infiltration, and cell proliferation. 
PCL/NC scaffolds exhibited a considerable 
improvement in surface wettability as mentioned 
in previous section. In addition, NC composites 
possess a modified and more bioactive surface 
chemistry in comparison with bare PCL structure 
due to the cationic properties of chitosan 
nanofibrils.  

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 
 

 
Fig 10. SEM projections of adhered cells on the scaffolds: (A) PCL, (B) NC5, (C) NC10 after 
12h of incubation. D and E respectively show NC5 and NC10 cell-containing scaffolds in 

lower magnifications which Cell-mass regions are clearly distinguishable
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Accordingly, cellular compatibility of the 
nanocomposite samples can be enhanced in 
presence of positively-charged amino groups on 
the surface [63]. 

More precisely, negative net charge of cell 
membrane proteins facilitates the potential 
interactions between seeded cells and NC 
containing scaffolds. 

Cell adhesion of PCL membrane and NC-
embedded nanocomposites was evaluated by SEM 
observation. Fig 10 demonstrates scanning electron 
micrographs of the attached cells on different 
samples after 12h of incubation. According to SEM 
images with higher magnifications (Fig 10A-C), the 
cultured cells on NC5 and NC10 sample showed 
spreading morphology with remarkable elongation 
in x-y axis. In contrast, fibroblast cultured on neat 
PCL scaffold have a relatively round morphology 
without any significant extension. Higher 
roughness of the surface can be a critical factor in 
improving the attachment as well as spreading of 
the cultured cells [64]. Although pure PCL scaffold 
shows higher surface roughness, the adhesion 
cell on this sample was considerably hindered. 
Therefore, modified surface hydrophilicity of the 
nanocomposites can be the underlying reason 
for enhanced cell-adhering and cell-spreading 
on these samples [65, 66]. Some integrated cell 
mases are also distinguishable in Fig 10 D, E spread 
throughout the surface of the nanocomposite 
scaffolds. it is thought that these structures were 
formed owing to fast duplication rate of NHDFs in 
addition to presence of good substrate to promote 
cell growth. 

CONCLUSION
Neat PCL, and PCL nanobiocomposite scaffolds 

with various amount of nanofibrillated chitosan 
were successfully fabricated through solvent 
cast method. The purpose of the research was 
to produce PCL nanocomposite scaffolds with 
improved mechanical properties and proper 
cellular compatibility. This results demonstrates 
that incorporation of chitosan nanofibrils within 
PCL can make a considerable reinforcing effect on 
mechanical integrity of the structures in addition to 
serious morphological alterations. As well as this, 
presence of chitosan on the surface and into the 
matrix of PCL was confirmed via ATR-FTIR and XRD 
analysis. The embedding of chitosan nanofibrils 
favorably influences the surface wettability, 
swelling ratio and weight loss percentage of PCL 

membranes. Regarding cytocompatibility, inclusion 
of NC improves the cell viability, adhesion, and 
spreading to a large extent. As-prepared PCL/NC 
nanocomposites can be considered as potentially 
biocompatible scaffolds for utilization in various 
tissue engineering applications.
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