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Abstract

One of the significant challenges in the fabrication of scaffolds for tissue engineering lies in the direct interaction of bioactive
agents with cells in the scaffolds matrix, which curbs the effectiveness of bioactive agents resulting in diminished cell recogni-
tion and attachment ability of the scaffolds. Here, three-dimensional porous scaffolds were fabricated using polycaprolactone
(PCL) and chitosan, by two approaches, i.e., blending and surface coating to compare their overall effectiveness. Blended
scaffolds (Chi-PCL) were compared with the scaffolds fabricated using surface coating technique, where chitosan was coated
on the pore wall of PCL scaffolds (C-PCL). The C-PCL exhibited a collective improvement in bioactivities of the stem cell
on the scaffold, because of the cell compatible environment provided by the presence of chitosan over the scaffolds interface.
The C-PCL showed the enhanced cell attachment and proliferation behavior of the scaffolds along with two-fold increase
in hemolysis compatibility compared to Chi-PCL. Furthermore, the compression strength in C-PCL increased by 24.52%
and 8.62% increase in total percentage porosity compared to Chi-PCL was attained. Along with this, all the bone markers
showed significant upregulation in C-PCL scaffolds, which supported the surface coating technique over the conventional
methods, even though the pore size of C-PCL was compromised by 19.98% compared with Chi-PCL.

Keywords Bone tissue engineering - Comparison - PCL-chitosan scaffolds - Porogen leaching - Surface coating method -
3-D scaffolds

Introduction

Various polymers, ceramics, and their combinations have
been explored for desired properties and needs of vari-
ous biomedical application. The primary prerequisite is
to obtain the appropriate mechanical strength, tenable
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biodegradability, incorporation of growth factors, and
many more as an alternative for bone tissues in biomedical
application (Dhandayuthapani et al. 2011; Shkarina et al.
2018). In the recent past, researchers have shown keen
interest in using synthetic polymers like polycaprolactone
(PCL), polyvinyl alcohol (PVA), polylactic acid (PLA),
and poly lactic-co-glycolic acid (PLGA) for the fabrication
of porous scaffolds for tissue engineering application (Wu
et al. 2017; Baptista and Guedes 2021). These polymers
are FDA approved and are successfully used as ortho-
pedic implants where these polymers serve appropriate
mechanical strength, structural integrity, and controlled
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biodegradability (Wei et al. 2006; Kim and Kim 2014;
Saito et al. 2015). However, they lack the properties like
cell proliferation, osteo-conductivity, and biocompatibil-
ity, which restricts their use in tissue engineering (Poddar
et al. 2021).

Though the use of natural-based polymers, such as chi-
tosan, collagen, cellulose, and few bio-ceramic materials,
such as hydroxyapatite and bioactive glass, is considered
to be as bioactive agents and are proven to be preferred
solutions for the limitation as mentioned above, i.e., these
materials provide excellent biocompatibility, better cell rec-
ognition, controlled biodegradability, non-toxicity, and other
chemical properties which help in better cell growth due to
the presence of legends, such as amino and hydroxyl func-
tional groups, that are confessed by cell surface receptors
(Kane and Roeder 2012; Xia et al. 2017; Xing et al. 2019;
Farzinfar and Paydayesh 2019; Boido et al. 2019; Distler
et al. 2020; Abdel-Mohsen et al. 2020). Furthermore, natu-
ral polymers and ceramics tend to degrade into tiny frag-
ments of amino molecules that are non-toxic and are read-
ily absorbed in the human body after degradation (Zarrintaj
et al. 2018). However, a natural polymer shows insufficient
mechanical strength due to its brittle nature, limiting its clin-
ical utility in load-bearing applications (Depan et al. 2011).

Fabrication methods and scaffold architecture play a
significant role in material selection for their performance,
such as mechanical strength and cell attachment ability. Sev-
eral methods have been adopted to fabricate scaffolds, such
as dip coating method (Panas-Perez et al. 2013), nesting
(Guoping Chen et al. 2000), blending (Ghorbani et al. 2016),
templating of natural polymers (Gao et al. 2016), or ceramic
on synthetic polymers (Sari et al. 2021), which considerably
improves biocompatibility, cell recognition and attachment
of the scaffolds (Naahidi et al. 2017; Saroia et al. 2018).
Among these methods, blending is one of the most explored,
easy, and practical approach for the fabrication. The process
involves blending of above two classes of polymers with the
tailored properties to attain the required set of derived prop-
erties from both polymers, such as biocompatibility from the
side of natural polymers and mechanical strength, controlled
biodegradability and structural integrity from the group of
synthetic polymers (Rodrigues et al. 2021; Nahanmoghadam
et al. 2021). The compatibility between the polymers is one
of the main obstacles faced in the fabrication process (Zhao
et al. 2018). Additional limitations include compromising
the strength of synthetic polymer due to natural part and
limited exposure of the natural polymer on the surface of
the scaffolds. The blending of the bioactive agents leads to
its masking by a polymeric matrix, limiting the exposure
of the bioactive agents with the cells and diminishing the
osteo-conductivity properties of polymeric matrix and cell
growth ability (Li et al. 2012). Therefore, to improve the cell
recognition behavior, the direct interaction of the cell with
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the growth factor by surface coating methods is considered
a practical approach (Li et al. 2012).

Furthermore, the polymer selection was made based on
the previous study (Jain et al. 2015). PCL was selected as a
matrix for the scaffolds due to its slow, controlled degrada-
tion, suitable compressive strength (Miszuk et al. 2021; Sid-
diqui et al. 2021),modulus, common solubility with chitosan,
and enhanced bone growth and mineral deposition ability
(Nair and Laurencin 2007; Cipitria et al. 2011). Chitosan
was selected based on its ability to promote tissue growth,
high osteo-conductivity, wettability, and differentiation dur-
ing wound healing and cationic studies (Raftery et al. 2015).

In this study, one of the most commonly adopted methods
for the fabrication of the scaffolds, such as blending the two
sets of polymers (natural and synthetic polymers) to extract
the synergic properties, is compared with the unconventional
approach of fabrication in which chitosan was coated on
the surface of pore wall of PCL scaffolds. The presence of
chitosan as a bioactive coated on the surface of PCL will
help provide improved biocompatibility, cell interaction, cel-
lular uptake, and many more, as the presence of amino and
hydroxyl groups in the backbone of chitosan will augment
the wettability and compatibility to the system. The coating
method tends to surpass the limitation of blended scaffold
compatibility and provide control over surface exposure and
negotiate the compromise in properties of both polymers.
The comparison was made based on their mechanical, mor-
phological, and biological aspects for the three-dimensional
porous polymer scaffolds fabricated by blending and coating
methods.

Material, methods, and characterization
Materials

Polycaprolactone refined power (M, 50 kDa) was purchased
by Sigma Aldrich India, Chitosan (M,, 170 kDa), paraffin
wax (T,,=53-56 °C), 1% Triton X-100, dexamethasone,
f-glycerolphosphate, ascorbic acid 2 phosphate, 10% MTS
purchased from sigma. TriReagent, cDNA was purchased
form Thermo Scientific. Other solvents and chemicals have
been purchased from CDH Chemical and further used with-
out any purifications.

Methods
Fabrication of paraffin microsphere (PMS)

The paraffin microsphere was fabricated using the oil-water
suspension method. Gelatin 0.5% (w/v) was dissolved in dis-
tilled water (DI) at 80 °C till the clear solution was achieved,
followed by the addition of paraffin pellets 5% (w/v) in the
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above solution. The above suspension was stirred at 80 °C at
1250 rpm for homogenization, and subsequently, the suspen-
sion was quenched using ice-cold water. Further, the solu-
tion was filtered using the vacuum filtration assembly and
washed with water and acetone for the removal of gelatin.

Fabrication of surface-coated scaffolds

For the preparation of C-PCL scaffolds, a series of steps have
been performed, (step 1) PMS 10% (w/v) was suspended
into the 3% (w/v) chitosan solution (2% (v/v) acetic acid),
followed by the sponge preparation using modified mold
setup. Briefly, the above suspension was placed in a 10 mL
plastic syringe having a diameter of 7 cm, where the syringe
head was removed, and the open end was sealed with nylon
filter paper tightly. The solution was slowly pushed outside
the syringe using the piston until the chitosan solution stops
coming outside. The syringe was left with the solid cylinder
consisting of mostly PMS and chitosan solution to fill PMS
interspacing and hold PMS together. The obtained PMS-
chitosan sponge has been kept under a vacuum oven for 48 h
at 37 °C to dry it. After the PMS-chitosan sponge dried,
(step 2) it was immersed in the PCL 10% (w/v) solution in
1-4 dioxane. The 1-4 dioxane selection was based on the
solubility of PCL, but it does not affect PMS and chitosan.
The above PCL solution and PMS-chitosan sponge was kept
reserved at 700 mmHg of vacuum for 48 h at 37 °C to allow
the PCL chains to penetrate the interspacing of sponge cre-
ated by the dried chitosan. The scaffold was then removed
from the PCL solution and followed by the washing with 1-4
dioxane to remove PCL chains stuck on the outer surface of
the scaffold. The scaffolds were again dried at similar condi-
tions. In the final step (step 3), the scaffold was immersed in
50 mL of hexane and placed on a rotator shaker at 50 rpm
at 37 °C for 48 h, and hexane was kept changing at an inter-
val of 4 h to maintain the kinetics of the solubility of PMS
from the scaffold. The scaffold was then dried under similar
conditions and stored at 27 °C for the further use. The pure
scaffolds, i.e., chitosan and PCL was fabricated, by coating
the PMS with respective polymeric solution and leaching it
after drying of scaffolds.

Blend fabrication

Both types of scaffolds were fabricated using a similar
weight ratio of PCL and chitosan. Briefly, 10% (w/v) PCL
and 3% (w/v) chitosan were dissolved in glacial acetic
acid separately, and later both the solution was mixed in
equal volume ratios and stirred at 37 °C for 3 h. Further,
the solution was stored at 4 °C for the fabrication of blend
scaffolds (Chi-PCL). The exact process was opted for the
fabrication of the Chi-PCL scaffold. However, in the place
of chitosan used in step 1 in Sect. 2.2.2, we used a blend of

PCL-chitosan and eliminating the step 2 of PCL coating to
skip straight to step 3 for the leaching process. The sche-
matic illustration of scaffolds preparation is shown in Fig. 1.

Characterization.

Morphological analysis The scaffolds were analyzed with a
scanning electron microscope (Zeiss EVO 40) and a laser
scanning confocal microscope (LSM 880, Carl Zeiss). In
scaffold analysis, thin slices from each scaffold cross sec-
tion were taken by cutting them after dipping into the liquid
nitrogen. Samples were sputter-coated with gold for 120 s
and examined at the 10 kV for SEM analysis. The LSM
was performed at 10 X using multiple lasers, the rhodamine
B (red dye) chitosan, and PCL with malachite green (blue
dye). The SEM analysis was performed to observe the sur-
face morphology, nature of the surface coating, pore shape,
and size of the scaffolds. LSM was used to identify the pres-
ence of both the polymers using the optical method.

Physicochemical analysis X-ray diffraction (XRD) and
Fourier-transform infrared spectroscopy (FTIR) were per-
formed to determine the different spectra of C-PCL and Chi-
PCL and establish the supposed type of diverse interaction
of PCL-chitosan under apart conditions. XRD results also
played a role in determining the % crystallinity (% X,) of the
scaffolds. The scaffold XRD patterns were attained using a
Bruker, D8 Discover diffractometer (CuK radiation) instru-
ment, operated within the 20 range of 5°~60° by an angle
step of 1° min and at 30 kV and 15 mA. The FTIR spectra
were recorded in transmittance mode using Spectrum RXI
spectrometer in the range of 4000-400 cm™! with a resolu-
tion of 1 cm™".

Mechanical and porosity measurements The amount of
load that scaffolds can bear was tested using the cylindri-
cal scaffold sample (7x10 mm), pre-conditioned at 27
°C before testing. The test was performed using UTM
Instron-5967 at a set load of 5 kg and mechanical deforma-
tion of up to 80% at a speed of 0.5 mm min~!. Archimedes
principle was used to measure porosity, in which scaffolds
were immersed in a known volume of ethanol (V,), and the
raised volume was noted as (V,). Afterward, the samples
were removed; the left volume of ethanol was marked (V).
The below-given Eq. (1) was used to calculate the porosity
of the samples. The experiments were done in a set of three
samples to avoid error in results due to imperfect sample
preparation:

Porosity(%) = (L="3) x 100
orosity(%) = V.V X . D

2 1
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Fig. 1 Schematic illustration for
the fabrication of a C-PCL and
b Chi-PCL scaffolds
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(b) Fabrication of Chi-PCL scaffolds using porogen leaching method

Thermal analysis Thermal analysis was performed to estimate
the thermal stability and thermal transition points and helped
us to evaluate the purity and interaction of the scaffolds.
Thermogravimetric analysis (TGA) was carried out using a
Perkin Elmer instrument at a heating rate of 10 °C min~! in
a temperature range of 25-700 °C under a constant nitrogen
flow rate of 50 mL min~'. Differential scanning calorimetry
(DSC) analysis was carried out using the Mettler Toledo
DSC 1 instrument. The sample was first heated till 150 °C for
the removal of thermal history, and in the second cycle, the
analysis was done in a temperature range of 25-350 °C at 10
°C min~' under the flow of nitrogen gas at the rate of 80 mL
min~'. The degree of crystallinity was calculated by Eq. (2),
considering AH? 139.5] g ! for 100% crystalline PCL (Pires
et al. 2018):

ax, = ( 2n) 100
BN ‘ @

* @ Springer

Protein swelling and adsorption study The analysis has
been performed to relate the adsorption and swelling abil-
ity of the scaffolds with the surface chemistry. Scaffolds
(7% 10 mm) were washed with PBS before the experi-
ment, and then the scaffolds were soaked in PBS solution
containing bovine serum albumin (BSA) (1 mg mL™").
The scaffolds were kept at 37 °C for 24 h followed by cen-
trifugation (4000 rpm) for 5 min to extract non-attached
BSA molecules. For UV visible analysis, 100 uL of super-
natant was mixed with 500 mL of Bradford reagent. It
was diluted it with 1 mL of DI followed by monitoring
the absorbance at 595 nm to measure the protein mass in
unabsorbed media. Swelling behavior was examined under
similar conditions by immersing the scaffolds in PBS for
24 h. The wet scaffolds were extracted from the solution
and wiped with filter paper to remove excess liquid. The
calculation of swelling percentage was done based on
Eq. (3), where W, and Wjare the wet and dry weights of
scaffolds. The analysis was performed in a triplet to elimi-
nate any error in results.
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Biocompatibility analysis of as-synthesized scaffolds

a. Sterilization of scaffolds Briefly, the scaffolds
(7% 10 mm) were sterilized using ethylene oxide fol-
lowed by UV treatment for 30 min on each side. The
sterile scaffolds were immersed in a complete medium
(DMEM-Low glucose with 10% FBS) for 24 h at 37 °C,
5% CO, in a desired well plate.

b. Cell attachment and morphology assessment For observ-
ing cell attachment, cryopreserved human bone mar-
row-mesenchymal stem cells (hBM-MSCs) were used
[IC-SCR/79/18(0)]. hBM-MSCs were revived and char-
acterized as per the standardized lab protocol (Nandy
et al. 2014). Prior to cell seeding, scaffolds were soaked
in DMEM low glucose media for 24 h. Onto the as-
synthesized scaffolds, 25,000 hBM-MSCs were seeded
and were cultured for 48 h in the 37 °C incubators with
5% CO,. DMEM-Low glucose media with 10% FBS
was used for the culture. After 48 h incubation, scaffolds
were taken out from the medium and were washed with
PBS, followed by fixation using 2.5% glutaraldehyde.
Fixed samples were coated with gold for 120 s and then
observed under SEM to evaluate cell attachment and
morphology.

c. Cell cytotoxicity assay Briefly, 10,000 BM-MSCs were
seeded onto scaffolds in 48 healthy culture plates and
were incubated at 37 °C with 5% CO, for 24 h for cell
attachment. After 24 h incubation, 10% MTS solution
was added to every well, and the well plate was incu-
bated at 37 °C for 3 h. Afterward, media containing
MTS solution was collected in another well plate and
was read at 490 nm in an ELISA plate reader. After MTS
removal, all scaffolds were washed with PBS, and then
LG-DMEM media with 10% FBS was added in each
well, and the well plate was incubated at 37 °C with 5%
CO, The experiment was performed thrice in triplicates

d. Hemocompatibility analysis For the hemocompatibility
study, a fresh blood sample was taken from a healthy
rat. Heparin-coated tubes were used for blood collec-
tion, and collected blood was centrifuged at 3000 rpm
for 10 min for RBC separation. The RBC pellet was
diluted with normal saline in a 4:5 ratio for the esti-
mation of hemolysis percentage. The as-synthesized
scaffold was incubated with 500 uL of prepared sample
and was incubated at 37 °C for 2 h. Normal saline and
1% Triton X-100 were taken as negative and positive
controls, respectively. After incubation, RBC: normal
saline suspension was taken from each well and cen-
trifuged at 3000 rpm for 10 min. All the experiments

were performed in triplicates, and the final absorbance
was measured at 540 nm, which indicates the total
hemoglobin content in blood plasma. Furthermore, the
hemolysis percentage was calculated by following the
given Eq. (4).The experiment was performed thrice in
triplicates:

(Abssample - Abs(—)Conlrol)

Hemolysis% = .
(AbS( + )Control — Abs(—)Control)

“

e. Osteogenic differentiation of hBM-MSCs Prior to cell
seeding, scaffolds were soaked in DMEM-LG with 10%
FBS media for 24 h. The next day, media from each well
was removed, and all the scaffolds were dried inside the
laminar hood. When the scaffolds were dry, 7.5 X 10*
hBM-MSCs were re-suspended in 10 uL media and then
were seeded onto the scaffolds in 24 well plates. After
cell seeding, the well plate was kept in a CO, incubator
for 2 h for cell attachment. After incubation, DMEM-
LG media were added for cell proliferation. Once the
cells were 70-80% confluent, DMEM-LG media were
replaced with osteocyte induction medium containing
low glucose DMEM with 10% FBS, 10 nM dexameth-
asone, 10 nM B-glycerol phosphate, and 50 ug mL™!
ascorbic acid 2 phosphate (Jain et al. 2015). The osteo-
cyte induction medium was changed every 2 days. The
culture was continued for 14 days. The experiment was
performed thrice in triplicates

f.  Analysis of osteogenic markers After 14 days of incuba-
tion, culture was terminated, and cell-laden composites
were dipped in TriReagent for 8-10 h for RNA isola-
tion, and its concentration and purity were analyzed
using Nanophotometer, and cDNA was synthesized
using SYBR green master mix. GAPDH was used as
a house keeping gene, and the osteogenic marker col-
lagen type I (Col-I), alkaline phosphatase (ALP), bone
morphogenetic protein 4 (BMP-4), osteocalcin (OCN),
and RUNX?2 were used to assess the differentiation are
summarized in Table S1 (Midha et al. 2021). Data were
normalized to un-induced cell-laden composite cultures.
RT-PCR was performed for three individual samples
(n=3), and all reactions were carried out in multiplicate.

Results and discussion
Characterization of structure and morphology.

The morphology and the structure of the scaffold play a vital
role in mechanical strength, adhesion, and cell proliferation.
The fundamental concept of the study is to compare Chi-
PCL with the scaffold in which bioactivators are coated on
the surface of the scaffold pore wall, which may provide the
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support and hydrophilic site for the cell to adhere, distrib-
ute and proliferate on the homogeneous and interconnected
pores network of scaffolds (Maharjan et al. 2021; Vaidhy-
anathan et al. 2021). The SEM micrograph (Fig. 2) shows
the homogeneous and interconnected pore in all the four
types of scaffolds, i.e., pure PCL, chitosan, Chi-PCL, and
C-PCL. The chitosan is located in the interstitial spacing of
the PMS. At the same time, the formation of PMS-chitosan
sponge has taken the shape of a pore wall, and with the
addition of PCL into the system, the thickness of the pore
wall seems to be more regular and thickened (Li et al. 2010).
The interconnectivity of the pore has been drawn from the
spot where two or more PMS spheres were joined together.
Due to which the scaffolds resulted in being highly porous
with the interconnected network. The pore size range dif-
fered from 100 to 200 pum, consistent with PMS size as a
porogen. The achieved pore size and interconnectivity may
be adequate for passage of cell, nutrition, and cell growth
due to easy cell penetration into the scaffolds (Murphy and
O’Brien 2010).

Figure 3 shows the pore wall surface of all the scaffolds
(magnified image of Fig. 2) in which PCL seemed to be hav-
ing a folded and rugged surface with no signs of deposition
of any substance over it. Similar results have been observed

in the chitosan scaffold case, where the surfaces as slightly
rough and consist of few cracks without any deposition. In
the Chi-PCL scaffold, the scaffold surface appears to be
agglomerated, which may be attributed to the non-compat-
ibility of PCL and chitosan in solution blending (Ghosal
et al. 2017). After forming a blend, due to both the polymer
immiscible nature, chitosan tends to make a distinct phase,
which may be responsible for the twisted surface (Gu et al.
2013). In the case of C-PCL scaffold, the scaffold surface is
like PCL scaffolds, but in addition to that, few particle depo-
sitions were observed on the surface of the pore wall which
may be due to the presence of low quantity of the chitosan
available as large quantity may result in film formation over
the PCL scaffolds. The above hypothesis was justified using
LSM analysis.

In the case of of C-PCL scaffold, the scaffold surface is
similar like PCL surface, but in addition to that, few particles
depositions were observed on the surface of the pore wall
which may be due to low quantity of chitosan available as
large quantity may result in the film formation over the PCL
scaffolds. To further validate this observation, LSM analy-
sis was performed for the scaffolds. For this, chitosan was
marked with red dye. Chitosan was marked with red dye.
Blue dye was incorporated in the PCL solution, followed by

= AW
& . ,’.

Fig.2 SEM image of scaffolds a PCL, b chitosan, ¢ Chi-PCL and d C-PCL to analyzed the interconnectivity and regularity of the pore and its

diameters. Scale 50 pm
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Fig.3 SEM micrograph at high resolution for the investigation of pore wall surface of the scaffolds a PCL, b chitosan, ¢ Chi-PCL and d C-PCL.

Scale 5 pm

the scaffold's fabrication. The differential interference con-
trast (DIC) and colored images of the scaffolds were shown
in Fig. 4. The presence of both dyes in distinct places can be
seen, which indicated a small amount of chitosan deposition
over the PCL layer, marked by a circle. From the image, it can
be easily seen that the presence of chitosan is very little in the
form of particles lying over the surface of PCL, and the same
has been confirmed by the EDX data in (Figure S1 and S2).

Thermal analysis
Thermal gravimetric analysis (TGA)

Figure S3 shows thermal degradation of all the samples and
derivative thermo-gravimetric (DTG) analysis. PCL shows
99.62% degradation in the temperature range of 243.2-488.2
°C comprised of two-stage degradation at 300 °C and 404
°C, due to ester pyrolysis and unzipping depolymerization
reaction of PCL, respectively (Perumal et al. 2020). Chi-
tosan showed the mass loss in three stages, first at 49.4-110
°C caused by the removal of water bonds, the second peak
(T .« 2) appeared at 236 °C for the removal of an amine
group from the chitosan molecules, and the final (7, 3) 318
°C due to primary chain degradation (Habiba et al. 2018).
However, Chi-PCL and C-PCL show two stages of mass

loss. In Chi-PCL, T,,,, appeared at 348 °C, as compared
with chitosan Ch-PCL showing the shifted T;,,, toward the
higher values. Chi-PCL blend was thermally more stable
than chitosan but at the same time, 7,,,, of PCL has been
compromised from 404 to 348 °C as Chi-PCL was less sta-
ble than PCL (Gautam et al. 2014). The lowering in T,
may be responsible for intermolecular interaction between
the carbonyl group of PCL and polar groups of chitosan
(Martino et al. 2011). In the case of C-PCL, T,,,, was shifted
from 318 to 377 °C. This may be attributed to the presence
of primarily native PCL chains. The presence of chitosan
was significantly low, only in the form of particles lying over
its surface. Due to the physical interaction of both polymers,
crystallites of PCL were not impaired resulting in a tiny drop
in thermal stability of the PCL, suggesting coating technique

leads to better thermal stability over the blending technique.
Differential scanning calorimetry (DSC)

Chitosan thermal degradation temperature achieved before
its melting point leads to the absence of any transiting peek
inside the scan range and the elimination of chitosan DSC
thermogram in results. Figure 5 shows data for the remain-
ing three scaffolds. The melting temperature of pure PCL
was found to be 57.7 °C having of AH_=83.59J g7/,

* @ Springer
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Fig.4 CLSM image of the C-PCL scaffolds where red dye was incorporated in chitosan and blue dye in PCL. a DIC image of C-PCL, b com-
bine color image, ¢ blue dye (only PCL) and d red dye (chitosan). Scale 80 pm

15 - —=— Chi-PCL
——PCL

Heat Flow (mW)

-15 T T 1
40 60 80

Temperature (°C)

Fig.5 DSC thermogram of all the different scaffolds

* @ Springer

which suggests the %X, of the PCL was 59.2%. The scaf-
folds, C-PCL, and Chi-PCL samples show a slight increase
in melting point to 60.0 °C and 64.7 °C, respectively. The
increase in the melting point of Chi-PCL may be attributed
to chains of chitosan acting as nucleating agents and helping
in the PCL chain segmental motion to allow them to achieve
better crystallization (Sim@o et al. 2017). In other cases, the
polymer chains interaction was at a lesser degree of extent
in Chi-PCL. However, chitosan flacks between the PCL scaf-
fold may act as a reinforcing agent against heat but to a
meager extent, though the melting stability was improved by
litter considerably compared to pure PCL. The results also
reflect the change in %X_, to 32.99% in Chi-PCL and 29.9%
in C-PCL. The crystalline change was attributed to the pres-
ence and interaction of chitosan to PCL, and the XRD results
have supported the same.
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Fig.6 XRD spectrograph of all the scaffolds used in the study

Physicochemical analysis
X-ray diffraction analysis (XRD)

X-ray diffractogram shown in Fig. 6 in which PCL was esti-
mated sharp peak around 21.38° and 23.7° and broad chitosan
peak was appeared at around 8.9° and 20.4°. In contrast, PCL
peaks represent (1 1 0) and (2 0 0) planes of polyethylene-like
structure, respectively (Abdelrazek et al. 2016). The Chi-PCL
and C-PCL show PCL characteristics peak at similar angles.
The small chitosan peak was visible at 19.2° due to its low
concentration (Sarasam et al. 2006), which confirms the pres-
ence of chitosan in both the scaffolds. Nevertheless, in both
cases, an increase in crystallinity has been observed. The %X,
of C-PCL was enhanced compared to Chi-PCL due to the pres-
ence of chitosan in PCL scaffolds, which may act as a nucleat-
ing agent to improve the PCL chains to arrange them in a close
and comparative manner to achieve higher crystallinity.
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FTIR spectroscopy

Figure 7 shows the FTIR-spectrogram of both pure poly-
mers along with blend and coated samples. For the Chi-
PCL and C-PCL samples, the spectrograph clearly showed
all the characteristics peak of chitosan and PCL, indicat-
ing the presence of both polymers in the samples. C-PCL
shows the absence of any shifting or introduction of new
peaks, suggesting no covalent bond formation in the scaf-
folds. However, physical entanglement may be anticipated.
Although in Chi-PCL, all the characteristics peaks were
identified, few peaks were shifted toward different wave-
numbers. The IR spectrum of Chi-PCL shows peaks at
1754 cm™! and 1215 cm™ instead of the corresponding
peak of PCL 1735 cm™' and 1243 cm™, indicating the
shifting of peaks, which may be attributed to some interac-
tions among amino and carbonyl groups of these polymers
leading toward the formation of hydrogen bonding.
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Fig. 7 FTIR spectrograph of all the scaffolds used in the study
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The stress—strain curve of the compression strength is shown
in Fig. 8. The stress—strain curve can be divided into three
parts for better understanding the nature of scaffolds for dif-
ferent materials. The curve showed three regions, the first
elastic region at 5-7% of strain, which shows the scaffolds
elastic nature ascribed to skeleton structure of the scaf-
folds and deform slowly under applied stress. In the second
region (at 55-60%), scaffolds deteriorated more linearly than
applied stress, resulting in slow deformation of the skeleton
of the scaffolds because of the destruction of huge pores
present inside them. Still, polymeric scaffolds exhibited
the required stiffness to hold the structural integrity for the
smooth passage of cells. In the final stage, the porous struc-
ture of the scaffolds is crushed and comes closer to form a
tight and compacted structure, leading to higher stress for
minor deformations. However, due to their structural rigid-
ity, pure PCL and chitosan scaffolds showed the compressive
strength of 560 kPa and 400 kPa. Chitosan showed higher
and compact packing around the PMS, but due to the porous
and brittle nature of the chitosan, it leads to rapid deforma-
tion of the porous network and skeleton results in a collapsed
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solid bulk, due to which test was performed only by 50%
deformation and expected to result in highest compression
strength but with lowest structural stability (Madihally and
Matthew 1999). Chi-PCL exhibited higher compressive
strength (670 kPa) than all the study groups, and C-PCL
showed inferior strength (340 kPa) than PCL and Chi-
PCL. The enormous decrease in compression strength was
explained in terms of chitosan which was initially coated
on the PMS surface, leading to the formation of the basic
skeleton of the scaffolds. Due to the introduction of PCL,
the skeleton might be reinforced to the extent that it can be
referred to the structural integrity of the scaffolds. However,
due to week skeletons, scaffolds exhibited reduced strength
against applied stress. Although C-PCL mechanical strength
was lower than PCL and Chi-PCL, at a microscopic level,
due to the chitosan coating, scaffolds will easily interact with
cells and support the growth and enhance its suitability for
the applications.

Porosity measurement

Figure 9 shows the percentage porosity and pore size distribu-
tion in all the scaffolds. The porosity and pore size of the PCL,
chitosan, and Chi-PCL scaffolds appear to be comparable. It
is likely that the removal of PMS has left a slightly smaller
size of the void behind it to form the pores. The formation of
pores smaller than the used porogen size, may point toward
the shrinkage of the scaffolds after removal of the porogen. In
samples like PCL and Chi-PCL, due to the higher presence of
PCL, the shrinkage phenomenon was less encountered, but the
higher content of chitosan leads to the higher shrinkage in the
scaffolds (Reyna-Urrutia et al. 2019). Furthermore, the change
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Fig.9 Calculated porosity percentage and pore size of the all the
studied scaffolds
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groups used in study

in the scaffold fabrication technique leads to a slight reduction
in porosity 76.04 +2.53%.

Protein swelling and adsorption study

The scaffolds exhibited the same behavior in both studies. PCL
showed the least, and chitosan showed the most swelling and
adsorption in the media, and data are shown in Fig. 10. This
can be explained by the presence of functional groups in the
polymer molecular structure, as chitosan exhibits hydrophilic
groups, such as amine, carboxyl, and hydroxyl groups, which
favored the attachment. In contrast, PCL only has an ester
group, making this hydrophilic, leading to lower adsorption
and swelling behavior (Grigoriadou et al. 2014). However,
Chi-PCL showed the protein adsorption of 618 +51.73 pg
mL~" with a %S, of 78.59 +5.07%. This may be attributed to
the inhomogeneous distribution and exposer of PCL and chi-
tosan layers to the surface of scaffolds. The hydrophobic nature
of PCL limited the absorption process. However, C-PCL scaf-
folds showed more negligible adsorption than chitosan but
were superior to any other study groups and can be explained
by the presence of chitosan layer on the surface of scaffolds,
which supported the absorption process due to the presence of
hydrophilic groups, such as (-NH,, -OH, -COOH) (Rodrigues
et al. 2020; Esbah Tabaei et al. 2021).

Biological assessment
Cellular viability assay

For evaluation of the toxic potential of scaffolds on BM-
MSCs, an MTS assay was performed. Obtained viability
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Fig. 11 Cell viability assay for PCL, chitosan, C-PCL and Chi-PCL

percentage is shown in Fig. 11. As per the analysis, the
cells seeded on Chi-PCL had similar viability as that of the
C-PCL scaffolds, and not much difference was observed
between the two in terms of cell viability. The synthesized

scaffolds had viability greater than PCL, indicating the poor
biocompatibility of the pristine PCL scaffolds, and it could
be the result of the hydrophobicity of the PCL (Khorramn-
ezhad et al. 2021). The presence of chitosan has significantly
enhanced cell viability by looking at values. It can be seen
that the presence of chitosan over the surface has proven
to be the best among the study groups (Jiao et al. 2007,
Mathews et al. 2008).

Cell attachment and morphology

For cell attachment and morphology analysis, SEM studies
were performed. The presence of MSCs was observed on
the scaffolds, as depicted in Fig. 12. BM-MSCs formed a
confluent sheath of cellular matrix and were observed to be
spreading on the C-PCL scaffolds. Proper cell attachment
and sheet formation were observed in the Chi-PCL scaffold,
but a more spreading and equal distribution of cells was
observed on C-PCL. Despite cell attachment on other scaf-
folds, the presence of chitosan supported the cell adhesion
over the surface due to its hydrophilic nature. The presence

Fig. 12 SEM images for cell attachment and morphology: a PCL, b chitosan, ¢ C-PCL and d Chi-PCL. Images were taken at X 500 and scale

used is 20 pm
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of chitosan may facilitate the binding of protein and cell
through multiple cell surface receptors. This may provide a
favorable condition for the cell attachment to the pore wall
of scaffolds (Duceppe and Tabrizian 2010).

Hemocompatibility assay

For the determination of biocompatibility of the synthesized
scaffolds, a hemocompatibility study was performed with
RBCs as it is shown in Fig. 13. It was observed that chitosan
scaffolds had the highest percentage of hemolysis among
all samples, which was around 6%. All other scaffolds were
compatible and had a hemolysis percentage lesser than 5%
(Shelma and Sharma 2011; Balan and Verestiuc 2014).

Gene expression analysis

Osteocytic differentiation potential of the synthesized scaf-
folds was quantified through gene expression analysis of
major osteogenic makers (Col I, ALP, BMP4, OCN, and
RUNX2) (Dutta et al. 2021). Significant markers in bone for-
mation are BMP-4, Col 1. Bone mineralization was evaluated
using ALP marker expression, and OCN is secreted in osteo-
cytes. For evaluation of early-stage differentiation of MSCs
into osteocytes, a Col I marker was used. Col I expression
was significantly upregulated in chitosan scaffolds, fol-
lowed by C-PCL and then Chi-PCL scaffolds. Expression
of ALP was prominently high in chitosan, and in fact, chi-
tosan had more expression than the control (TCP). Though
lower expression was observed in all other scaffolds, a sig-
nificant difference between C-PCL and Chi-PCL scaffolds
was observed. BMP-4 expression was highest in chitosan,
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Fig. 13 Hemolysis percentage of as-synthesized scaffolds. Triton
X-100 was used a positive control and showed 100% hemolysis was
observed. Data are represented in triplicates

followed by TCP and C-PCL. Like ALP, the remarkable
expression of OCN was observed in chitosan scaffolds com-
pared to induced TCP, indicating its supportive osteogenic
differentiation. Relatively higher expression of OCN was
observed in C-PCL and PCL scaffolds, but the poor expres-
sion was observed in the Chi-PCL scaffold. Expression of
RUNX2 was highest in induced TCP, followed by chitosan
scaffolds. Expression of RUNX2 was very low in all other
as-synthesized scaffolds. The results in Fig. 14 indicate that
an equal amount of PCL in blend had some derogatory effect
because expression of all osteogenic markers was lesser in
Chi-PCL than C-PCL.

Conclusion

The present study compared the two different techniques
for the fabrication of three-dimensional porous polymeric
scaffolds where the scaffolds were prepared using surface
coating methods, using coating of chitosan over the porogen,
and transferring the coating to inner pore wall of scaffolds
to compare with the conventional method of scaffolds fab-
rication, i.e., polymer blending. The blending methods lead
to masking and limiting the exposure of the bioactive agent
on the scaffolds interface, which diminishes the scaffold
osteo-conductive properties and cell attachment behavior.
The results showed, the surface coating methods overcoming
the masking problem of the bioactive agent, and the pres-
ence of chitosan over the pore wall surface, which supported
the cell growth by providing appropriate conditions for cell
growth with similar observation in the cell attachment study.
The surface coating of chitosan is clearly shown in SEM
and CLSM results. Both fabrication methods have produced
excellent cell adhesion and proliferation, attributed to chi-
tosan effectiveness as a carrier of growth factors into the
scaffolds.

Furthermore, surface coating methods provided addi-
tional advantages, such as scaffolds exhibiting monodis-
persed (narrow pore size distribution), highly interconnected
pores (84.38 +7.55 um) with higher porosity (82.6 +1.66%)
and improved protein adsorption 739.53 +44.19, as com-
pared to Chi-PCL 618.2 +51.73 scaffolds which suggests,
the C-PCL had the edge over the Chi-PCL scaffolds due to
the ambident cell growth conditions due to the presence of
chitosan over the pore wall surface. The notable feature of
the C-PCL scaffolds showed a significant difference com-
pared to Chi-PCL when the expression of major osteogenic
markers has been analyzed. Expression of all significant
markers (Col-I, ALP, BMP-4 OCN, and RUNX-2) of osteo-
cytes was upregulated in C-PCL compared to the Chi-PCL.
The results indicated that surface coating methods using
porogen coating and leaching techniques showed enhanced
and promising results for osteocyte induction. Primary
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Fig. 14 gRT-PCR assessment of expression of Col-I, ALP, BMP-4, OCN and RUNX-2 for analysis of differentiation of BM-MSCs into osteo-
cytes. Data shown in triplicates and as mean + SD, ***p>0.001, **p > 0.05, *p>0.01
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