Bull. Mater. Sci.
(2020) 43:135
https://doi.org/10.1007/s12034-020-02111-9

© Indian Academy of Sciences

Mechanical and biological properties of polycaprolactone/fibrin
nanocomposite adhesive produced by electrospinning method
BAHARE HUSHMAND SHAHRIFI1 , MAJID MOHAMMADI1,∗ , MEHDI MANOOCHEHRI2
and AMIR ATASHI2
1 Faculty
2 Stem

of Chemical and Materials Engineering, Shahrood University of Technology, Shahrood 3619995161, Iran
Cell and Tissue Engineering Research Center, Shahrood University of Medical Sciences, Shahrood 3619995161,

Iran
∗ Author for correspondence (majid.mohammadi@shahroodut.ac.ir)
MS received 11 June 2019; accepted 22 January 2020
Abstract. Biopolymer nanocomposites exhibit an important role in regulating cell function in tissue engineering applications. Rapid degradation and good biological activities of these nanocomposites make them suitable for use in orthopaedic
and medical applications. In this study, a polycaprolactone (PCL) scaffold and fibrin glue were used as a matrix and reinforcement, respectively. PCL/fibrin nanocomposites with different aspect ratios were synthesized and used as a bioactive adhesive.
The tensile strength of PCL/fibrin was measured using a tensile machine-equipped polymer load cell. Microstructural analysis of PCL and PCL/fibrin nanocomposites was investigated by field emission scanning electron microscopy. Microstructure
results showed suitable porosity with proper distribution and size in the PCL–fibrin nanocomposites with a 1/10 aspect ratio.
The results of wettability showed that fibrin as reinforcement in PCL decreased the contact angle and improved hydrophilic
properties. The adhesion properties of PCL and PCL/fibrin scaffolds were determined by the 4 , 6-diamidino-2-phenylindole
test. Mesenchymal stem cells were cultured on the PCL and PCL/fibrin scaffolds. The results showed more and better adhesion of cells on the PCL/fibrin adhesive. A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide test was performed
on the scaffolds to determine cell viability and biocompatibility. The statistical results confirmed that the cell growth is higher
on the PCL/fibrin after 4 days.
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Introduction

Biodegradable polymers are used as biomaterials in the
field of surgery adhesive, haemostatic agents and tissue
sealants. Various types of synthetic and natural polymers
were used as a part of bioadhesive. Synthetic polymers are
more favourable and applicable in tissue engineering because
of good processability, suitable mechanical properties, low
price and proper biocompatibility [1,2]. Some of the synthetic polymer compounds in this field are polylactic acid,
cyanoacrylates, polycaprolactone (PCL), polyglycolic acid,
polyethylene glycol, polylactic glycolic acid, polyvinyl alcohol and polyurethane [3–6]. However, some disadvantages
such as low bioabsorption, the release of degradation products and low hydrophilicity that led to poor viability and cell
proliferation, limit the application of these synthetic polymers [7,8]. Natural biopolymers (e.g., fibrin, gelatin and
collagen-based adhesives) have good biological properties,
however, their complicated processability, low mechanical
strength, limited availability, viral infection transmission and
fast degradation restrict their application in these bioadhesive
polymers [9].
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The enhancement of the performance of adhesive in tissue
engineering has been carried out for many years. The blending
of natural and synthetic polymers as nanocomposite biopolymers can improve the mechanical and biological properties of
bioadhesive and are used widely in medical applications and
tissue engineering [10–13]. In this area, modified synthetic
biopolymers such as surface-modified polymers by oxygen
plasma treatment [14], PCL/gelatin nanofibrous composite scaffolds for wound healing [7,15], PCL–hydroxyapatite
(HA) scaffolds [16,17] and PCL/nanofibrillated chitosan
scaffolds [18] are used in medical and tissue engineering
applications due to their biocompatibility, good degradability
and proper mechanical properties.
Jiang et al [19] studied the biological properties of the
electrospun PCL/collagen fibril scaffold with two different microstructures; the results showed that both of the
scaffolds improved cell viability and proliferation. Furthermore, better biocompatibility and cellular responses were
achieved because of the porous surface of the composite
scaffold. Shahrezaee et al [10] prepared and examined the
in vitro and in vivo properties of the electrospun PLA/PCL
scaffolds. The results showed that the PLA/PCL scaffold
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Materials used in this research.

Material name
PCL
Fibrin
Ethanol
Formaldehyde
Glutaraldehyde
PBS
MSCs
Triton X-100

Chemical formula
C6 H10 O2
Fibrinogen–thrombin
C2 H5 OH
CH2 O
C5 H8 O2
NaCl + KCl + KH2 PO4
—

Company

Purity (%)

Merck
Aventis
Merck
Merck
Merck
—
Sabz Biomedical
Sigma

containing metformin revealed proper cytocompatibility and
osteoinductivity. Torres et al [20] modified the mechanical
strength, Young’s modulus, thermal and biological properties of PCL by adding HA and halloysite nanotubes (HNTs)
in the second phase. The formation of hydrogen bondings
between the hydroxyl group of HNTs and carboxyl groups
of the PCL molecular chains was reported as the main reason for the high mechanical properties of PCL/HA and
PCL/HNTs. The effects of adding two bioactive fillers, HA
and HNTs, on the morphology, rheology and mechanical
properties of the PCL scaffold were investigated by Jing et al
[21]. The results confirmed better mechanical strength, more
cell viability and flourishing living state on the composite
scaffolds. The cell differentiation was significantly higher for
5% HA and 1% HNT scaffolds compared with other scaffolds.
Among synthetic biopolymers, PCL has attracted a lot of
attention for biomedical applications due to better inflammatory responses and biodegradability [12,22,23]. Although
proper hydrophilicity, mechanical properties and biodegradability of PCL were reported in many studies, the challenge
for improving the properties of these biopolymer scaffolds
is underway. Fibrin glue presents relatively weak tensile and
adhesion strengths in bioapplication.
In this study, different concentrations of fibrin glue were
injected into the electrospun PCL scaffold to produce
nanocomposite PCL/fibrin scaffolds to use as a biological
adhesive. The main goal was to investigate the effect of
injected fibrin glue on the surface morphology, porosity distribution, mechanical properties, cell adhesion, cell viability
and cell growth of the PCL/fibrin nanocomposite scaffold.

2. Materials and methods
2.1 Materials
Biological grade PCL and fibrin were obtained from Merck
and Aventis Company, respectively. Formaldehyde and other
raw materials used in this research are listed in table 1.

—
—
—
25
25
—
—

Physical appearance
With powder
Two phase liquid
Colourless liquid
Toxic liquid
Colourless toxic liquid
Liquid
—
Colourless sticky liquid

2.2 Fabrication of PCL scaffold
The PCL scaffold was used as a matrix for bioadhesive
nanocomposites in this study. The PCL scaffold was obtained
by the electrospinning process as follows: the PCL solution
was prepared by dissolving PCL in chloroform. The mixture was stirred for 10 h to obtain a stable and homogeneous
solution. A high-voltage power source (25 kV) with one plastic syringe and stainless steel syringe needle with a 0.5 mm
internal diameter were used to produce a PCL scaffold. A
rotational aluminium collector was used to collect PCL fibres
at a constant speed of 1500 rpm. A voltage of 20 kV was
used between the needle syringe and the aluminium collector
separated by a distance of 20 cm. The electric field between
the needle tip and the collector causes the polymer solution
to drop and leads to deformation due to electrostatic forces.
2.3 Characterization
Scaffold morphology, microstructure, porosity, fibre size and
fibre orientation were investigated using scanning electron
microscopy (SEM; model AIS2100, Korea). The fibre diameter was averaged from 10 measurements. Each measurement
was performed perpendicular to the fibre axis. A cell profiler
image analyzer was used to determine the porosity of the scaffold between fibres.
2.4

Preparation of PCL/fibrin nanocomposite

The PCL scaffolds were cut into 1 × 1 cm2 dimensions; fibrin was diluted with distilled water in a ratio of 1:5 (high
concentration), 1:10 (medium concentration) and 1:20 (low
concentration). A total of 50 µl of fibrinogen and thrombin were applied homogeneously on the PCL scaffolds. The
dewatering steps of PCL/fibrin nanocomposite scaffolds were
performed in three steps as follows: at first, the samples were
immersed in gelatinous glutaraldehyde and distilled water for
2 h. In the second step, the samples were immersed in the distilled water for 20 min and finally, they were placed in several
concentrations of ethanol for 10 min, and the samples were
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Dewatering condition of nanocomposite PCL/fibrin adhesive.

Step

Ambient

Initial stabilization
Washing
Dewatering

Drying
Gold coating

Temperature

2.5% glutaraldehyde in distilled water
Distilled water
25% ethanol–distilled water
50% ethanol–distilled water
75% ethanol–distilled water
100% ethanol
—
—

dried in ambient temperature. All of the dewatering processes
are summarized in table 2.
2.5

Mechanical properties of PCL/fibrin

After microstructure investigation of the PCL/fibrin scaffold,
a polymeric tensile machine (Santam; equipped with 500 N
load cell) was used to determine the tensile strength of the
selected PCL/fibrin nanocomposites according to the ASTM
D638 standard. The samples with dimensions of 10×20 mm2
and a thickness of 33 µm2 were cut and clamped to the jaw
by using an adhesive. The tensile rate was 10 mm min−1 and
the test was performed on three samples to ensure the output
data.
2.6

Determination of wettability properties

The contact angle of PCL and PCL/fibrin specimens was
determined to calculate the wettability by a drop-shape analysis method. Distilled water was placed on the specimen
through the syringe nozzle with a diameter of 1.771 mm. The
contact angle was measured by taking the images of water
droplet and determination of height (h) and diameter (D) of
the water droplet and using the following equation:
θ = 2arctan
2.7
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D
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Cell viability and attachment studies

Adhesion of the cells on the PCL and PCL/fibrin nanocomposite was determined by the 4 , 6-diamidino-2-phenylindole
(DAPI) staining adhesion method. At first, PCL and PCL/
fibrin scaffolds were washed with phosphate salt solution.
Then, paraformaldehyde (4%) was added to the scaffold at
4◦ C for 20 min and was maintained for 5 min at room temperature. After injecting the cultured mesenchymal stem cells
(MSCs) to the scaffold, the samples were covered by the 4%
Triton X-100 (C14 H22 O (C2 H4 O)n (n = 9–10) for 10–30 min
and washed in distilled water. For the detection of core cells,
colouration was performed by incubation with API colour

Room temperature
Room temperature
Room temperature

Room temperature and dark ambient
—

Time
2h
20 min
10 min
10 min
10 min
10 min
24 h
—

(1 µg ml−1 in distilled water) for 1 min. To quantify the total
cell counts, the samples were analysed with a fluorescent
microscope (Olympus IX) using a purple filter. The number
of cells was determined in 10 randomized microscopic points
per sample.
2.8

In vitro examination (MTT assay)

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was performed on the PCL and PCL/fibrin
nanocomposite to assess cell viability. The MTT method
measures the activity of vial cells through mitochondrial
dehydrogenase. The MTT solution was used in this test. MTT
solution is yellow at first; the mitochondrial dehydrogenase of
vial cells would break the tetrazolium ring, and produces purplish formazan crystals that are soluble in acidic isopropanol
and can be measured by light spectrophotometry at a wavelength of 570 nm.
The PCL and PCL/fibrin scaffolds were punched into 3 mm
diameter and transferred to clean culture plates. The plates
were sterilized in ethanol (70%) solution at a temperature of
4◦ C overnight. After washing the scaffolds with the culture
medium, MSCs were seeded at a density of 3000 cells per well
into well culture plates and MTT assay was used at the interval
times of 1–4 days. The MTT solution with the concentration
of 5 mg ml−1 was dissolved in the Roswell Park Memorial
Institute medium and was sterilized by using a 0.22 µm filter. The prepared MTT solution was added to the cell culture
medium at the 1:10 ratio and incubated for 3 h. After that,
culture plates were washed with phosphate-buffered saline
(PBS), and the resulting crystals were dissolved by dimethyl
sulphoxide. Finally, the optical absorption of cells was measured by using an ELISA reader at a wavelength of 570 nm.
3.
3.1

Results and discussion
Microstructural investigation

The morphological microstructure of electrospun PCL fibres
in two different magnifications is shown in figure 1. The
continuous and random fibre orientation with a smooth
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Figure 1. FE-SEM micrographs and fibre size distribution graphs of PCL fibres: (a) low magnification and (b) high
magnification.

Table 3.

Fibre average diameter, average porosity size and porosity percent of electrospun PCL.

PCL scaffold
PCL/fibrin nanocomposite (high concentration)
PCL/fibrin nanocomposite (medium concentration)
PCL/fibrin nanocomposite (low concentration)

Fibre average diameter (nm)

Average porosity size (µm)

Porosity (%)

630 ± 50
710 ± 60
700 ± 60
730 ± 60

22
2.5
10
12

56
16
35
46

surface and free of structural defects is achieved by using the
electrospinning procedure. The disordered network of PCL
fibre is similar to the natural protein structure. The porous
structure of the scaffold makes it suitable for cell culture and
cell proliferation.
The average fibre diameter, the mean porosity amount
and mean pore size measured by using ImageJ software are
listed in table 3. The average fibre diameter in the PCL scaffold was 630 ± 60 nm which makes it suitable for use as a
biomaterial scaffold [2]. The average pore size of the PCL
scaffold is in the range of 2–50 nm, which according to the
IUPAC classification, are classified as mesosized cavities.
According to the investigation of Katsogiannis et al [22], the
average fibre diameter of the PCL scaffold produced by electrospinning phase separation was reported to be from 1470 to
2270 nm. The porosity size of PCL/gelatin composite electrospun scaffolds for tissue engineering was studied by Hwang
et al [7], and was found to be about 60%.
The SEM surface morphologies of the PCL/fibrin composite with the fibrin/distilled water ratio of 1/20 (low fibrin
concentration) are shown in figure 2a and b. The average diameter of the nanofibres, the mean porosity size and the mean
porosity percent were about 710 ± 65 nm, 12 µm and 46%,
respectively. The results showed that the porosity percent is

close to that of the original PCL and a thin layer of the fibrin
adhesive covers some region around the PCL fibres. Therefore, a reduction in the average porosity can be observed in
the composite PCL/fibrin scaffold.
Figure 2c and d shows morphological SEM images of the
PCL/fibrin composite scaffold with the fibrin to distilled water
ratio of 1/10. A good adhesive between PCL fibre and fibrin
was obtained and more porosities were covered with the fibrin
adhesive and the size of the pores and porosity percent were
decreased, however, in this ratio of PCL/fibrin, the porous
structure of the scaffold can be easily observed. The average diameter of PCL fibres was 710 ± 65 nm and the mean
porosity size and porosity percent were measured as 10 µm
and 35%, respectively.
The morphological surface field emission (FE)-SEM images
of the PCL/fibrin composite with the fibrin to distilled water
ratio of 1/5 (high concentration of fibrin) are presented in
figure 2e and f. As can be seen in figure 2e, a uniform layer of
fibrin adhesive was formed on the PCL scaffold and a large
percent of porosity was filled. The average porosity size was
2.5 µm, and the porosity percent was about 16% in this type
of composite scaffold. The results of the porosity size, fibre
diameter and porosity amount of the four types of scaffolds
are presented in table 3.
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Figure 2. FE-SEM micrographs and fibre size distribution graphs of the composite PCL/fibrin scaffold: (a, b) low
concentration fibrin, (c, d) medium concentration fibrin and (e, f) high concentration fibrin.

Porosity is a known key parameter in scaffolds which are
used in tissue engineering. Cell culture and cell proliferation can be improved by using suitable porous media as
the tissue. Furthermore, the porous structure of the scaffold
should be able to aid haemostasis as well as exchanging
sufficient gas and nutrient for wound healing. As reported

by researchers [15], the preferred amount of porosity in the
scaffold was in the range of 40–90% to satisfy the desired role.
In the case of the high concentration ratio of PCL/fibrin, all of
the porosities were covered with the fibrin. The small size of
porosities in the PCL/fibrin scaffolds disrupts the proper cell
seeding and tissue growth. In the case of low concentration
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Figure 3. Stress–strain curve of the PCL/fibrin (medium concentration fibrin) scaffold.

fibrin scaffolds, a small portion of porosity was covered by the
adhesive and it is also found to cover a part of the large portion of porosity with fibrin glue by making them more suitable
for wound healing application. Therefore, the medium concentration ratio of PCL/fibrin was selected as an appropriate
composite sample for investigation.
3.2

Mechanical properties

The stress–strain curves of the composite PCL/fibrin scaffold
(fibrin to water ratio, 1:10) for three samples are shown in
figure 3; the diagram consists of three distinct regions. In the
first region (up to a strain of approximately 0.1), the strain values increase linearly with the increasing stress due to atomic
bonding elongation. In the second region, a parabolic curve
can describe the relationship between stress and strain, the
elongation of the polymer chains in the fibre can lead to the
slip of interlocked fibres, which in turn may lead to a rise in
flow stress. In the third region, stress drops with the increasing strain, the distance between the maximum stress and the
failure stress is due to the fibre structure of the scaffold, in the
fibrous structure, failure starts from one fibre and propagates
to other fibre.
The average values of mechanical properties including
elastic modulus, maximum stress and strain, maximum
energy, failure strain and failure energy which were determined from three sample measurements are summarized in
table 4. The tensile strength of bulk PCL in the literature is

Table 4.
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Figure 4. Contact angle measurements of (a) PCL and (b)
PCL/fibrin scaffolds showing the water contact angle of 125◦ for
PCL and 81◦ for PCL/fibrin.

3.8 ± 0.8 MPa [2]. The mechanical properties of electrospun
PCL depend on fibre diameter, fibre orientation and solution
parameters. Some results for the PCL scaffold reported by
Croisier et al [2] and Thomas et al [24] are reported in table 4.
As fibrin was added to the PCL scaffold, the amount of failure
strain and maximum strain decreases but there was an evident
rise in maximum stress and elastic modulus due to the reinforcement of fibre because of pullout and fibre entanglement
and interlocking effect of fibrin and scaffold. PCL/fibrin scaffolds showed a notable improvement in both tensile strength
and elastic modulus in comparison with the PCL scaffold,
which makes them suitable to be used in wound-dressing
applications. As reported by Ehterami et al [11], the tensile
strength of the PCL/collagen wound dressing was about 2
MPa.
3.3 Water contact angle
The assessment of fibrin addition to the PCL scaffold wettability was performed by static contact angle measurement.
Figure 4 shows the value of the contact angle of PCL and
PCL/fibrin scaffold. In the PCL scaffold, the water contact
angle was about 125◦ and it decreased to 81◦ for the PCL/fibrin
composite scaffold. In both scaffolds, the water droplet stayed
on the surface until it completely evaporated.
As referred by many researchers, electrospun PCL is
hydrophobic in nature which exhibits some limitations in
bioapplications due to poor wettability and cell attachment

Tensile mechanical properties of composite PCL/fibrin scaffolds.

System
PCL/fibrin
Croisier et al [2]
Thomas et al [24]

Fibre diameter
(nm)

Maximum stress
(MPa)

Maximum strain
(%)

870
250–700
350–550

6.6 ± 0.5
3.6 ± 0.8
4.21 ± 0.35

60 ± 5
170 ± 10
90

Elastic modulus
(MPa)
13.03 ± 1
3.8 ± 0.8
11.93 ± 1.22

Failure strain
(%)
85 ± 5
170 ± 10
90

Failure energy (J)
23.58
—
—
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Figure 5. Fluorescent microscopy images of MSCs in the (a, b) PCL and (c, d) PCL/fibrin scaffold after 48 h postseeding in vitro. Nucleus stained by DAPI (blue).

[12,14,16,25]. The contact angle of the PCL/fibrin scaffold
was <90◦ and its surface can be considered as comparatively
hydrophilic due to the high wettability nature of fibrin. Proper
hydrophilicity of the PCL/fibrin scaffold leads to better adhesion and cell culture when it is used in tissue engineering and
wound-healing adhesive.
3.4

Cell viability, count and attachment studies

The DAPI-staining results of MSCs on the PCL and PCL/fibrin
nanocomposite scaffolds after 2 days of cell culture are shown
in figure 5. Since the same number of cells were seeded on
scaffolds, fluorescence images showed higher distribution and
attachment of MSCs on the PCL/fibrin scaffold due to its high
wettability. The same results were reported by Bagher et al
[26] who investigated the cell viability and attachment on the
PCL and PCL/fibrin scaffold. It was reported that the presence
of functional groups in PCL/collagen was the main reason

for high hydrophilicity and promoting cell attachment on the
PCL/collagen scaffold.
Figure 6 shows the results of the comparison of viability and
the rate of MSC proliferation in the PCL and PCL/fibrin scaffold during the interval time of culture with MTT assay (each
value was averaged from three biological samples). After
1 day, the results showed that the average cell viability of
cell growth on the PCL and PCL/fibrin is approximately the
same, but after passing each day the difference of cell viability
on the PCL and PCL/fibrin increases.
Analysis of variance test was performed for the cell viability and cell counting results by using Minitab statistical
software. Similar to other researchers [15,27,28], the level
of significance of 0.05 was selected for the test results. The
results of the P-value obtained by the T -test are shown in
figure 6. The P-value of the cell culture obtained for 1 day
using MTT assay was 0.15, which is not significant; bypassing
each day of culture the P-value decreases and the results were
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Figure 6. MTT assay results and the amount of P-value of MSC
proliferation and viability on PCL and PCL/fibrin scaffolds after 1,
2, 3 and 4 days of cell seeding. p1 = 0.15; p2 = 0.04, p3 = 0.008 and
p4 = 0.003.

significant and after 4 days it was 0.003 and the probability
of error approached zero.
The biodegradable properties of PCL nanofibre scaffolds
seeded with nestin-positive hair follicle stem cells (HFSCs)
were investigated by Yari et al [29]. The results revealed
that HFSCs were well attached to nanofibre PCL scaffolds as
well as suitable for seeding and proliferation because of the
hydrophilic promotion effect of seeded HFSCs on PCL. Other
research studies showed excellent cell viability, cell proliferation and acceptable biocompatibility, biodegradability and
proper mechanical properties on the modified PCL scaffolds
[7,10,30]. The cell viability results reveal that the addition of
fibrin on the micro-porous PCL scaffold could significantly
increase the MSCs to proliferate in in vitro cultures.
4. Conclusion
Micro-porous PCL/fibrin scaffolds with different fibrin concentrations were fabricated by an electrospinning and injection process. The distribution and porosity size of the scaffolds
showed that the medium concentration of fibrin on PCL
obtains proper porosity with an interconnected pore structure and can act as a wound-healing agent. The mechanical
properties of the PCL/fibrin composite scaffold were in the
range of the reported values for trabecular bone. The presence of fibrin on the PCL scaffold resulted in the increase
of hydrophilicity and improvement of cell attachment, viability, growth and proliferation. The results of the MTT cell
viability and cytotoxicity assay showed better performance of
PCL/fibrin compared with the PCL scaffold.

[1] Basiri Z, Rezayan A H, Akbari B, Aghdam R M and Tafti H A
2018 React. Funct. Polym. 127 85
[2] Croisier F, Duwez A S, Jérôme C, Léonard A F, van der Werf
K O, Dijkstra P J et al 2012 Acta Biomater. 8 218
[3] Zhu W, Chuah Y J and Wang D A 2018 Acta Biomater. 74 1
[4] Sarasam A and Madihally S V 2005 Biomaterials 26 5500
[5] Burks S and Spotnitz W 2014 AORN J. 100 160
[6] Roque L, Castro P, Molpeceres J, Viana A S, Roberto A, Reis
C et al 2018 Eur. Polym. J. 104 19
[7] Hwang P T, Murdock K, Alexander G C, Salaam A D, Ng J I,
Lim D J et al 2016 J. Biomed. Mater. Res. A 104 1017
[8] Ryou M and Thompson C C 2006 Tech. Gastrointest. Endosc.
8 33
[9] Duarte A P, Coelho J F, Bordado J C, Cidade M T and Gil
M H 2012 Prog. Polym. Sci. 37 1031
[10] Shahrezaee M, Salehi M, Keshtkari S, Oryan A, Kamali A and
Shekarchi B 2018 Nanomed. Nanotechnol. Biol. Med. 14 2061
[11] Ehterami A, Salehi M, Farzamfar S, Vaez A, Samadian H,
Sahrapeyma H et al 2018 Int. J. Biol. Macromol. 117 601
[12] Eshraghi S and Das S 2010 Acta Biomater. 6 2467
[13] Suchaoin W, Bonengel S, Grießinger J A, Pereira de Sousa I,
Hussain S, Huck C W et al 2016 Eur. J. Pharm. Biopharm. 101
25
[14] Sharma S, Gupta D, Mohanty S, Jassal M, Agrawal A K and
Tandon R 2014 Invest. Ophthalmol. Vis. Sci. 55 899
[15] Chong E J, Phan T T, Lim I J, Zhang Y Z, Bay B H, Ramakrishna S et al 2007 Acta Biomater. 3 321
[16] Eosoly S, Vrana N E, Lohfeld S, Hindie M and Looney L 2012
Mater. Sci. Eng. C 32 2250
[17] Li H, Huang C, Jin X and Ke Q 2018 RSC Adv. 8 25228
[18] Fadaie M, Mirzaei E, Geramizadeh B and Asvar Z 2018 Carbohydr. Polym. 199 628
[19] Jiang L, Wang L, Wang N, Gong S, Wang L, Li Q et al 2018
Appl. Surf. Sci. 427 311
[20] Torres E, Fombuena V, Vallés-Lluch A and Ellingham T 2017
Mater. Sci. Eng. C 75 418
[21] Jing X, Mi H-Y and Turng L-S 2017 Mater. Sci. Eng. C 72 53
[22] Katsogiannis K A G, Vladisavljević G T and Georgiadou S
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