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Enhanced osteogenesis of mesenchymal stem cells
on electrospun cellulose nanocrystals/poly(e-
caprolactone) nanofibers on graphene oxide
substratest

Dinesh K. Patel,#? Yu-Ri Seo,° Sayan Deb Dutta® and Ki-Taek Lim @ *°

Cellulose nanocrystals (CNCs) have received a great amount of attention to the production of micro/nano-
platforms for tissue engineering applications. CNCs were extracted from rice husk biomass and
characterized by different spectroscopic techniques. The biocompatibility of the extracted CNCs was
revealed by the WST-1 assay technique in the presence of human mesenchymal stem cells (nMSCs) after
different time intervals. An improvement in the mechanical properties was observed in the fabricated
scaffolds (PCL/CNC) compared to PCL scaffolds. Graphene oxide (GO)-coated (PCL/CNC) electrospun
scaffolds (GPC) were prepared by the deposition of PCL/CNC composite nanofibers on the surface of
GO for tissue engineering. Notably, better cell proliferation and differentiation were observed in the
presence of the fabricated scaffolds. This enhancement of the properties of the fabricated scaffolds was
due to the presence of conductive GO moieties which facilitated the cellular response. Therefore, the
fabricated materials have the potential to be used as a biomaterial for enhanced cell proliferation and

rsc.li/rsc-advances osteogenic differentiation.

Introduction

Different materials have been extensively applied to produce
a suitable platform as an extracellular matrix (ECM) for tissue
engineering applications.” The scaffolds’ design and construc-
tion are essential for tissue engineering and regenerative
medicine areas. There are some specific criteria to act as an
ECM for tissue engineering, and these are: (i) it is designed as
a three-dimension porous structure to promote nutrients and
metabolism, (ii) it should be biodegradable and absorbed
similar to the rate of the tissue regeneration, (iii) it has the
appropriate mechanical properties required for the implant
site, and (iv) it has excellent biocompatibility in vivo.> The
electrospinning technique is commonly used for the fabrication
of high-quality scaffolds for various applications.’ The diameter
of produced fibers is between a few nanometers to microns (>1
pm).** Poly-e-caprolactone (PCL), a kind of biodegradable
polyester polymer is commonly utilized for the fabrication of
scaffolds due to its excellent physiochemical properties.”
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However, the hydrophobicity of PCL restricts its use as an ideal
material for scaffold fabrication for massive applications.® This
limitation can be minimized by using a suitable filler in the
polymer matrix. Different fillers such as nanocellulose, clay, and
layered double hydroxide (LDH) are frequently used for
improving the properties of the polymer.” Among them, nano-
cellulose has received an enormous amount of attention from
the research community due to its superior physiochemical
properties.*® Cellulose nanocrystal (CNC) is a possible approach
to improve the mechanical resilience of the scaffolds and to
overcome the disadvantages of PCL without compromising the
biological performances."** It has been noted that CNCs-based
polymer composites have wide potentials and can be employed
in different fields.™ In particular, a series of glycerol-plasticized
starch composites reinforced by rice-husk CNCs was proven
that CNCs exhibited a higher reinforcing efficiency in the
plasticized starch biocomposites than at any other filler
loading.* Polymer/CNCs composites have been studied from
the last several decades in tissue engineering applications.*>*
Besides, it has been found that the external stimuli including
the electrical field have wide effects on cell proliferation in the
presence of CNCs.* It was observed that CNCs have low elec-
troactive materials, and this property can be tuned by using
highly conductive materials such as graphene or carbon nano-
tube with CNCs.™ Recent studies have reported that current-
induced graphene substrates have enhanced cell viability and
osteogenesis.** The conducting materials facilitate cellular
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response and hydroxyapatite forming ability with physioelec-
trical signal transfer and consequently enhanced osteo-
genesis.””*® An enhancement in the bone tissues formation was
noted in the presence of electrically conductive borate-based
bioactive glass scaffolds by Turk et al*®* Graphene, a single
carbon atom sp® hybridized with honeycomb lattice structure
has obtained a significant amount of interest from the scientific
community to use as a filler material owing to their excellent
physiochemical properties.*

In this study, we extracted CNCs from rice husk biomass and
exploited as a filler for the fabrication of PCL/CNCs (PC) elec-
trospun scaffolds for tissue engineering. Significant enhance-
ment in the mechanical strength was observed in the composite
electrospun than the pure polymer scaffold. Notably, the better
cellular response was also noted in the composite scaffold
microenvironments. Additionally, the coating of graphene
oxide (GO) with electrospun scaffolds facilitated the cellular
response. The greater mineralization was examined in GO-
coated PC electrospun scaffolds (GPC) than PG scaffolds. The
electrospun approach for the fabrication of PC and GPC scaf-
folds is presented in Fig. 1. The GO-coated PCL electrospun
without CNCs is termed as PG scaffolds.

Materials and methods

CNCs extraction from rice husk

The laboratory cutting mill (IKA A10, IKA Labortechnik, Stau-
fen, Germany) was used to achieve the fine powder of rice husks.
Several steps were involved to obtain the CNCs from raw rice
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husks. Briefly, an alkaline treatment was completed to remove
the silica content from the raw rice husks. For this, rice husk
powder (10 g) was treated with 3% (w/v) potassium hydroxide
(KOH, Sigma-Aldrich) solution in a weight ratio of 1 : 12 at 85 °C
for 1 h followed by the filtration and washing with 10% (v/v)
hydrochloric acid (HCl, Wako Chemical) solution to achieve
the neutral solution. The obtained material was repeatedly
washed with distilled water and dried. After this, the obtained
material was poured in distilled water in a ratio of 1 : 60 (solid
to liquid) at 90 °C for 30 min followed by the addition of sodium
chlorite (NaClO,, Daejung Chemical) and acetic acid (Wako
Chemical) in the solution with continuous mechanical stirring
for 6 times after 1 h time interval to remove the lignin
byproduct.**** The obtained material was filtered and washed
with distilled water and freeze-dried in a freeze dryer (FDU-
2200, EYELA, Tokyo, Japan) for 48 h. The freeze-dried material
was treated with 17.5% (w/v) sodium hydroxide (NaOH, Sigma-
Aldrich) for 50 min followed by the addition of 10% (v/v) acetic
acid solution to remove the hemicellulose content from the
material. The hydrolysis of cellulose was performed by using the
64% (w/w) sulfuric acid (H,SO,4, Daejung Chemical) solution
45 °C for 1 h. The obtained material was washed by using the
dialysis tubing for 4 days. The photographs of the pure rice husk
and CNCs suspension are presented in ESI Fig. 1.t

Preparation of GO and GO-coated substrates

The GO was prepared by a modified Hummers' method.**** For
this, the required amounts of graphite, powders were treated
with NaNO; in H,SO, medium in an ice bath for 4 h followed by

GO-coated substrates
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High Voltagg =~——onouo

GO-coated scaffolds (GPC)

Fig. 1 Schematic representation of the formation of NPG scaffolds on graphene oxide-coated surface through electrospinning process.
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Fig. 2 Morphology of cellulose nanocrystals by TEM. (a) TEM images of CNCs, and (b) distribution histogram of length and width of acid

hydrolyzed CNCs.

the addition of the KMnO, powder and stirred this solution at
40 °C for 6 h. After this, the suspension was heated in a water
bath medium at 98 °C for 1 h followed by the addition of the
H,0, solution. The mixture was washed with 10% HCI and
deionized water several times followed by drying under the
vacuum. The coating of glass substrates with GO was done as
follows. First of all, glass substrates were cleaned by 70%
ethanol, and then an addition of GO solution (70 pL each) was
added onto the glass substrates and immediately spun on
a spin-coater as the conditions presented in ESI Table 1.1 After
coating, the GO-coated substrates were left to dry at room
temperature for 24 h.

Characterization of CNCs

Scanning electron microscopy (SEM) (Hitachi S-4800, Tokyo,
Japan) was used for surface morphology observation of the pure
rice husk and the chemically treated samples. The samples were
utilized before the acid hydrolysis termed as the chemically
treated sample. Atomic force microscopy (AFM) (Nanoscope 5,
Bruker, Billerica, MA, USA) was used to monitor the morphology
of rice husk derived CNCs. The thermal stability of rice husk-
derived materials was evaluated by the thermogravimetric
analyzer (TGA) in the range of 40-500 °C with a heating rate of
10 °C min~" (SDT Q600, TA Instruments, New Castle, USA). The
shape and size distribution of CNCs was measured by trans-
mission electron microscopy (TEM) (JEM 2100 F, Jeol, Tokyo,

36042 | RSC Adv., 2019, 9, 36040-36049

Japan). For TEM, the sample was dispersed in deionized water by
the ultra-sonication process. A drop of diluted CNCs suspension
was deposited on the micro-grid and air-dried it for 45 min. The
CNCs dimensions and images were further analyzed using
Image] software (version 1.8.0_112, Wayen Rasband, US National
Institutes of Health, Bethesda, MD, USA; website: http://
www.imagej.nih.gov/ij/). The interactions between PCL and
CNCs were monitored by Fourier-transform infrared spectros-
copy (FTIR, PerkinElmer, Buckinghamshire, UK) in the scanning

range of 500-4000 cm ™" at a resolution of 4 cm™ .

Preparation of GPC scaffolds

PCL (M,, ~ 80 000, Sigma-Aldrich) was taken for the preparation
of PC composites. For this, the required amount of PCL was
dissolved in dimethylformamide (DMF) (Daejung Chemicals,
Siheung, Republic of Korea) solvent to achieve the 15% (w/v)
solution. CNCs in different weight amounts (0.1, 0.5, 1, and
2%) were incorporated in a PCL solution with continuous
mechanical stirring for 6 h. A 10 cm? plastic syringe was used for
the electrospinning process to fabricate the fiber. The solution
was delivered at a constant flow rate (1 mL h™", 15 cm) to the
GO-coated substrates connected to a high voltage power supply.
On applying a high voltage (18.0 kV cm™"), a Taylor cone jet was
ejected from the graphene-coated substrates. Prior to the cell
seeding, the scaffolds were soaked in 70% ethanol solution for
24 h and washed thoroughly with deionized water.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) FTIR spectra of pure PCL and its indicated electrospun composite scaffolds, and (b) FE-SEM morphologies of pure PCL and its indicated

electrospun composite scaffolds.

Mechanical properties of PC scaffolds

The mechanical strength of the scaffolds was evaluated through
the tensile test. The tensile testing was carried out by using the
universal testing machine (MCT-1150, AND Inc., Tokyo, Japan)
(UTM). The analysis was performed at the elongation speed of
10 mm min~ " in triplicate manners.

Cell culture

The human mesenchymal stem cells (hMSCs) derived from the
bone (Korean Cell Line Bank, Republic of Korea) were cultured in
Dulbecco's Modified Eagle's Medium (DMEM) (Welgene, Seoul,

This journal is © The Royal Society of Chemistry 2019

Republic of Korea) with 10% fetal bovine serum (Welgene, Seoul,
Republic of Korea) and 1% antibiotics (Welgene, Seoul, Republic
of Korea). The cells were incubated at 37 °C in a humidified
atmosphere with 5% CO, (Steri-Cycle 370 Incubator, Thermo
Fischer Scientific, USA) environment. The old culture media were
replaced with fresh media every 3 days' time intervals during the
experiment. After ~80-90% of cell confluency, the cells were
detached with 1 mL trypsin-ethylene diamine tetra acetic acid
(EDTA, Gibco, Waltham, Massachusetts, USA) solution followed
by the rinsing with phosphate-buffered saline (PBS). The cells
were used between three and five passages.

RSC Adv., 2019, 9, 36040-36049 | 36043
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Fig. 4 The mechanical properties of the scaffolds; (a) the strain—stress
different scaffolds under uniaxial tensile test.

The fabricated scaffolds were placed in a 24-well plate and
were incubated at 37 °C in 5% CO, for different time periods.
Cytotoxicity of the fabricated PC and GPC scaffolds was evalu-
ated through WST-1 assay. For this, the cultured cells were
treated with 100 pL of WST-1 reagent to produce the formazan
dye which was quantified with the spectrometer (Infinite® M
Nano 200 Pro, TECAN, Switzerland) by taking the absorbance at
490 nm. The samples were taken in the triplicate fashion, and
data are given as mean ODs =+ standard deviations.

Mineralization potential of CNCs and GPC scaffolds

The mineralization potential of rice-husk derived CNCs and
GPC scaffolds was evaluated through alizarin red staining (ARS,
Sigma-Aldrich) technique in the presence of hMSCs after 7 and
14 days of treatment. For this, the cells were cultured in the
osteogenic medium and the old medium was replaced with
fresh medium after 2 days' time intervals. The passage 4 cells
were used for this experiment. After the required time periods (7
and 14 days), the cells were fixed with 4% formalin solution for
15 min and followed by air-dried for 30 min. The excess dye was
removed from the medium by repeated washing it with deion-
ized water. The residual dye was dissolved in 500 pL of de-
staining solution (10% cetyl pyridinium chloride and 10 mM
sodium phosphate). The absorbance was taken at 562 nm using
the spectrometer (Infinite® M Nano 200 Pro; TECAN,
Switzerland).

Reverse transcription-polymerase chain reaction (RT-PCR)
analysis

The expression of osteogenic differentiation-specific genes in the
presence of rice husk derived CNCs was evaluated through the
RT-PCR technique after 7 and 14 days of treatment. For this, the
cells were cultured in a 60 x 15 mm culture dish with osteogenic
induction media at 37 °C in 5% CO, condition for desired time
periods. The total RNA was extracted through TRIzol® reagent
(Thermo Fischer, USA) as per manufacture's protocols. The purity
and concentration of extracted RNA were determined by a spec-
trophotometer. The cDNA was produced from the extracted RNA
in the presence of reverse transcriptase (Superscript II RTase,

36044 | RSC Adv., 2019, 9, 36040-36049

curve, and (b) the bar diagram representation of peak stress values of

Invitrogen, Gaithersburg, MD, USA). The mRNA expression was
measured through RT-PCR using a Bio-Rad Real-Time PCR
(CFX96™, Bio-Rad, USA) with 43 cycles of denaturation for 15 s at
95 °C and 1 min amplification at 60 °C. All the reactions were
done in the triplicate fashion and normalized with housekeeping
gene hypoxanthine-guanine phosphoribosyl transferase (HPRT).
The cycle threshold values were calculated and equated for
checking the gene expression levels in the control and treated
groups. The specific primer sets osteopontin (OPN), alkaline
phosphatases (ALP), integrin binding sialoprotein (IBSP), and
runt-related transcription factor 2 (RUNX2) used in this experi-
ment are given in ESI Table 2.t

Statistical analysis

Statistical analysis was accomplished with SAS for Windows
v8.2 (SAS Institute, NC, USA). Statistical significance between
the treated groups and control was performed with ANOVA,
Duncan's multiple range test, and Mann-Whitney Rank Sum
tests. All the data are shown as mean =+ standard deviations.

Results and discussion
Characterization of chemically treated rice husk and GO

The AFM image of rice-husk derived CNCs is given in ESI
Fig. 2a.f AFM image clearly indicates that the formation of
nanostructured cellulose has occurred by acid hydrolysis. The
average length and diameter of the obtained material are
approximately 135 nm and 15 nm, respectively, which is closely
related to TEM data. Thermal stability is an essential parameter
of the material that reflects their stability for various applica-
tions. Differential thermal analysis (DTA) thermograms of the
pure rice husk and chemically treated sample are shown in ESI
Fig. 2b.t Both samples showed similar kinds of derivative peaks
in their degradation pattern, and it started from 250 °C and
370 °C. It has been observed that the decrease in thermal
stability was found in the chemically treated sample compared
to the pure rice husk.*® However, an enhancement in the
thermal stability was seen in the chemically treated sample
below 300 °C than pure rice husk. This was attributed to the

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Cytotoxicity evaluation of fabricated scaffolds; (a) cell viability data of pure PCL and its indicated electrospun composite scaffolds at
indicated time intervals (P* < 0.05), and (b) FE-SEM morphologies of hMSCs on the surface of pure PCL and its indicated electrospun composite

scaffolds after 5 days of treatment.

presence of a compact cellulose structure that hinders the
evaporation of volatile residues.** Furthermore, the chemically
treated sample (>300 °C) exhibited lower thermal stability than
the pure rice husk. This was due to the presence of some lignin
matrix in the pure rice husk that provides better thermal
stability.*® The surface morphologies of the pure rice husk and
the chemically treated samples are presented in ESI (Fig. 2c(i)
and (ii)t). The relatively smooth surface morphology was
observed in the pure rice husk compared to the chemically
treated due to the presence of cellulose layers in the form of
microfibrils. Here, the sample used prior to the acid hydrolysis
is termed as the chemically treated. The FTIR spectrum of the

This journal is © The Royal Society of Chemistry 2019

prepared GO is given in ESI Fig. 3.f The appearance of the
characteristic absorption peaks in the FTIR spectrum clearly
indicates the formation of GO has occurred.

Morphology of CNCs

The repeating units of the cellulose are linked by glycosidic
bonds and it can be easily dissociated by a strong acid. The
cleavage of glycosidic bonds is responsible for the formation of
nanostructured cellulose. A TEM image of rice husk derived
nanostructured cellulose after the acid hydrolysis is shown in
Fig. 2a. The average length and width of the rice husk derived
CNCs was 128.3 and 10.5 nm, respectively. TEM image

RSC Adv., 2019, 9, 36040-36049 | 36045
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Fig. 6 Evaluation of cellular response of hMSCs in the presence of the
fabricated scaffold after 24 h of treatment (P* < 0.05).

indicated the generation of a highly ordered and crystalline
structure had occurred through the acid hydrolysis by removing
the amorphous zones from cellulose. Fig. 2b shows the distri-
bution length and width of rice husk derived CNCs after the
acid hydrolysis. The average length and the width of rice husk
derived CNCs are similar to the earlier reported values.?
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Interactions and morphology of PCL/CNCs electrospun

The interactions between the polymer chains and CNCs were
revealed by FTIR spectroscopy and data are shown in Fig. 3a.
The appearance of the absorption peak at 3442 ecm ™' in FTIR
spectra indicated the presence of hydroxyl groups (-OH) in PCL
and its indicated composite scaffolds.?” It was interesting to see
that as the content of CNCs increased in the polymer matrix an
appearance of another hump was observed in the higher
frequency region (3460 cm ") suggested the presence of free
hydrogen-bonded hydroxyl groups. The appearance of the peak
at higher region indicated that the interaction in-between
polymer chains was decreased and interactions between poly-
mer chains with CNCs were increased. The FTIR spectra of the
pure PCL and its designated electrospun composite scaffolds in
lower regions are given in ESI Fig. 4.7 No significant changes
were noted in the lower regions of the FTIR spectra of pure
polymer and it's indicated composite scaffolds. This is due to
the low concentration and overlapping CNCs peaks with pure
polymer.*®

The FE-SEM micrographs of the pure PCL polymer and its
indicated composite scaffolds are given in Fig. 3b. The surface
morphologies of the fabricated are affected by several factors
such as nature of the solvent, concentration, and viscosity of the
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Fig. 7 Evaluation of the mineralization potential of GPC scaffolds at indicated time intervals; (a) quantitative analysis of the mineralization
potential of GPC scaffolds (P* < 0.05), and (b) alizarin staining of h(MSCs cultured for 7 and 14 days on scaffolds; (i) control (ii) PG (iii) 0.1 (iv) 0.5 (v) 1

and (vi) 2 GPC scaffolds.
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solution, distance, charge density and applied voltage.'*® The
fabricated scaffolds have smooth morphology without notice-
able beads and thinner diameter was observed in PC scaffolds
as compared to pure PCL scaffolds. A similar result was also
observed by Shi et al. in the presence of CNCs with the poly(-
lactic acid) polymer matrix.*® Since CNCs have negatively
charged sulfate groups in their structure which enhances the
electrical conductivity of the electrospinning solution and
consequently a decrease in viscosity has occurred. This decrease
in the viscosity of electrospinning solution causes the formation
of thinner diameter in PC scaffolds than pure polymer. There-
fore, at a higher concentration of CNCs, the viscosity of the
polymer solution gets decreases which leads to a decrease in the
diameter of the scaffolds.

Mechanical properties of PC scaffolds

The mechanical strength of the fabricated (PC) scaffolds was
evaluated by using the UTM, and results are given in Fig. 4a. The
pure PCL polymer scaffold is treated as the control. A significant
improvement in the elongation at break was observed in the
fabricated scaffolds compared to the control. This was due to
the filler-polymer interaction, stress transfer between polymer
and/or filler and nucleation effect of nanomaterials on the
crystallization of polymer.*® These reduced the crack propaga-
tion process during the experiment by the orientation of CNCs
towards the applied force. An enhancement in the mechanical
strength of PCL electrospun was also reported by Augustine
et al. and this improvement in the mechanical strength was
profoundly affected by the content of nanomaterial in the
polymer matrix. A decrease in mechanical strength was noted at
a higher content due to the agglomeration of nano-
material.>**>*** The elongation at break was 7.5, 11.5, 11.1,
13.6, and 20.6% for the control, 0.1%, 0.5%, 1% and 2%
incorporated CNCs, respectively indicating the more flexible
nature of the fabricated scaffolds than control. The tensile peak
stress of the fabricated scaffolds is given in Fig. 4b. The stress at
break of pure PCL scaffolds was found to be 0.0168 MPa. The
stress at break of PC scaffolds at the 0.1% CNCs contents
(0.0162 MPa) was similar to the polymer scaffolds. However, it is
interesting to note that enhancement in the stress at break of
the fabricated scaffolds has occurred by increasing the content
of the CNCs. The value of stress at break of PC scaffolds at 0.5, 1,
and 2% was 0.0194, 0.0244, 0.0288 MPa, respectively. This was
attributed to the effective stress transfer from polymer chains to
CNCs during the experiment. The higher aspect ratio of CNCs
enables a better platform for interactions and consequently
improved the overall mechanical properties. The improvement
in the thermal and mechanical strength was also reported in
maleic anhydride (MAH) grafted poly(lactic acid) (PLA)/CNCs
electrospun composite scaffolds.**

Cell viability and adhesion

Cytotoxicity of the fabricated electrospun scaffolds was evalu-
ated through MTT assay after different time intervals and given
in Fig. 5a. The well without any sample was treated as a control.
Notably better cell viability was observed in the presence of PC

This journal is © The Royal Society of Chemistry 2019
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electrospun scaffolds than the pure polymer scaffold. An
enhancement in the cell viability of PCL electrospun in the
presence of nanofiller has been reported earlier for tissue
engineering.'*>* The higher cell viability on composite scaffolds
compared to pure PCL scaffold demonstrates the more
biocompatible nature of PC scaffolds. Cell adhesion efficiency
indicates the possible application of the scaffolds as a trans-
plant material. It also suggests how the cells grow and adhered
onto a fabricated material.*” Cellular responses like cell adhe-
sion, proliferation, and differentiations are extremely influ-
enced by the surface modification and charge, size, structural
defect and surface wettability.** Cell adhesion potential of
hMSCs on the surface of pure PCL and its indicated composite
scaffolds after 5 days of treatment was demonstrated by SEM
images and morphologies are shown in Fig. 5b. These results
indicated that the cells were properly adhered on the surface of
the fabricated scaffolds by filopodia like structures. It was
interesting to note that the composite scaffolds have a higher
cell population than the pure polymer suggested their improve
biocompatibility.

Cytotoxicity of GPC scaffolds

For tissue engineering applications, the material should have
some specific properties like non-toxicity and biodegradability.
Cytotoxicity of the fabricated GPC scaffolds was monitored by
WST-1 assay in the presence of hMSCs after 24 h of treatment
and shown in Fig. 6. Notably, better cell viability was observed
on the surface of GO-coated (GPC) scaffolds compared to the
control (PG) and this finding was profoundly affected by the
content of CNCs. It was noted that the cell viability was
increased by increasing the content of CNCs in the scaffolds.
However, this enhancement was further decreased after
a certain concentration of CNCs (1%) indicated that 1% CNCs is
an optimum concentration for scaffold fabrication. This result
indicated that the fabricated scaffolds were biocompatible in
nature. The higher surface area and the porosity of the fabri-
cated scaffolds provide better conditions for enhanced cellular
activity.**

Mineralization efficiency of GPC scaffolds

The efficiency of mineral deposition indicates osteogenesis
and has been treated as a bone regeneration marker. The
mineralization nodule formation potential of CNCs after 7
and 14 days of treatment is given in ESI Fig. 5.1 The miner-
alized test was performed with the alizarin red solution (ARS).
This result clearly indicates that the 1% CNCs have higher
mineralization ability than others and the control. It is well-
known that the osteogenic process is highly affected by the
structure, as well as the physiochemical properties of the
fabricated scaffolds.*® Therefore, polymer nanofiber with
bioactive materials can further enhance the biomimetic
potentials of the scaffolds and facilitate cell attachment,
proliferation, and differentiation.*® The ARS was performed
to evaluate the effect of the GPC scaffolds on hMSCs differ-
entiation after 7 and 14 days of treatment. It was observed
that the scaffolds with 0.1% CNCs exhibited a higher ability
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of cell differentiation after 7 days of treatment. Moreover, an
enhancement in mineralization was observed with increasing
CNCs content after 14 days of treatment. This indicated that
0.1% CNC was effective for the mineralization during the
early stage of osteogenic differentiation and 1% CNC was
most effective at the later stage of differentiation. This is due
to the better cellular response from the scaffolds having 1%
CNC in the polymer matrix. This kind of trend is reported
earlier for alkaline phosphatase activity (ALP) an early oste-
ogenic differentiation marker in GO incorporated poly(lac-
tide-co-glycolide)/hydroxyapatite (GO-PLGA/HA)
microcarriers.”” The quantitative analysis for mineralization
potential of GPC scaffolds is presented in Fig. 7a. It was
interesting to see that this enhancement was also affected by
CNCs contents and after a certain (1%) concentration
decrease in the mineralization has occurred suggested that
1% CNC is the optimum concentration for mineralization.
The PCR analysis for the expression of osteogenic
differentiation-specific genes at 1% CNCs concentration is
given in ESI Fig. 6.f The expression of osteogenic gene
markers in the presence of CNCs clearly indicates their
osteogenic potential. The visual images of stained GPC scaf-
folds after 7 and 14 days of treatment are shown in Fig. 7b.
The more intense color was observed in 0.1% GPC scaffolds
compared to the control and other scaffolds after 7 days of
treatment. However, the more intense image was noted in 1%
GPC scaffolds after the 14 days of incubation further confirm
our observation. CNCs can be used as an implant material for
tissue engineering applications.*®*® These results indicate
that CNCs-based materials can promote cell proliferation,
spreading, and differentiation. Therefore, the developed
scaffolds have the potential to use as a biomaterial for tissue
engineering, especially bone tissues.

Conclusions

CNCs were successfully isolated from rice husks biomass
through the acid hydrolysis for tissue engineering. CNCs
were characterized through TEM and AFM. The PC scaffolds
were fabricated through the electrospinning technique by
varying CNCs content in the PCL matrix. An improvement in
the mechanical strength was noted in PC composite scaf-
folds compared to the pure polymer scaffolds due to the
better interfacial interactions. No significant cytotoxicity was
observed in the presence of PC scaffolds and cells were
properly adhered to the surface of PC scaffolds. Further-
more, an enhancement in the cellular response was noted in
GO-coated PC scaffolds indicated their improved biocom-
patibility. Additionally, higher mineralization was noted
with GO-coated PC (GPC) scaffolds vis-a-vis PG scaffolds
indicated their greater mineralization potential. Notably
better biocompatibility along with higher osteogenic
potential makes GPC scaffolds a suitable biomaterial for
tissue engineering applications. We anticipate that this
approach for the fabrication of PCL-based scaffolds will
provide a new pathway in the field of tissue engineering for
bone regeneration.
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