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1. Introduction

Nanofibrous electrospun scaffold doped with
hydroxyapatite derived from sand lobster shell
(Panulirus homarus) for bone tissue engineering

| Kadek Hariscandra Dinatha, 2 Arian H. Diputra,® Hevi Wihadmadyatami,®
Juliasih Partini® and Yusril Yusuf & *

Healing of significant segmental bone defects remains a challenge, and various studies attempt to make
materials that mimic bone structures and have biocompatibility, bioactivity, biodegradability, and
osteoconductivity to native bone tissues. In this work, a nanofiber scaffold membrane of polyvinyl
alcohol (PVA)/polyvinylpyrrolidone (PVP)/chitosan (CS) combined with hydroxyapatite (HAp) from sand
lobster (SL; Panulirus homarus) shells, as a calcium source, was successfully synthesized to mimic the
nanoscale extracellular matrix (ECM) in the native bone. The HAp from SL shells was synthesized by co-
precipitation method with Ca/P of 1.67 and incorporated into the nanofiber membrane PVA/PVP/CS
synthesized by the electrospinning method with varying concentrations, i.e. 0, 1, 3, and 5% (w/v). Based
on the morphological and physicochemical analysis, the addition of HAp into the nanofiber successfully
showed incorporation into the nanofiber with small agglomeration at HAp concentrations of 1, 3, and 5%
(w/v). This led to a smaller fiber diameter with higher concentration of Hap, and incorporating HAp into
the nanofiber could improve the mechanical properties of the nanofiber closer to the trabecula bone.
Moreover, in general, swelling due to water absorption increases due to higher hydrophilicity at higher
HAp concentrations and leads to the improvement of the degradation process and protein adsorption of
the nanofiber. Biomineralization in a simulated body fluid (SBF) solution confirms that the HAp in the
nanofiber increases bioactivity, and it can be seen that more apatite is formed during longer immersion
in the SBF solution. The nanofiber PVA/PVP/CS HAp 5% has the most potential for osteoblast (MC3T3E1)
cell viability after being incubated for 24 h, and it allowed the cell to attach and proliferate. Additionally,
the higher HAp concentration in the nanofiber scaffold membrane can significantly promote the
osteogenic differentiation of MC3T3E1 cells. Overall, the PVA/PVP/CS/HAp 5% nanofiber scaffold
membrane has the most potential for bone tissue engineering.

bioceramic and polymer components to facilitate the formation of
bone cells and tissues.> Hence, constructing and developing an
appropriate scaffold to promote bone formation is the main task in

The human body comprises bones, which are the hard tissues
forming the skeleton to support passive movement.* Similar to any
other tissues, bones can sustain harm from trauma, traffic acci-
dents, fracture nonunion, bone tumour resection, or degenerative
diseases such as osteoporosis.>® Despite the unique ability of bones
to heal and regenerate, the bone itself cannot repair large segmental
bone defects.>* Due to the scarcity of bone materials to cover the
defect and promote bone growth, segmental bone defects remain
challenging to heal.® Various studies have attempted to make
materials to mimic bone structures with biocompatibility, bioac-
tivity, biodegradability, and osteoconductivity to bone tissues. There
has long been interest in using material scaffolds that consist of
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bone tissue engineering.

At the nanoscale, the bone forms an extracellular matrix (ECM)
that consists of organic minerals (type I collagen) and is reinforced
by inorganic minerals (hydroxyapatite (HAp)).“® HAp (Cay(-
PO,)s(OH),) is one part of calcium phosphate, which is the main
mineral constituent of human bones and teeth.”™ Since HAp
comprises 60-70% of the inorganic mineral content in the human
bone,"” bioceramic HAp has biocompatibility, bioactivity, and
osteoconductivity to natural bone tissues."* HAp has two types of
crystal structures: monoclinic and hexagonal. The lattice param-
eters for the monoclinic form are ¢ = 9.421 A, b = 2q, and ¢ =
6.881 A, while those for the hexagonal structure are @ = b = 9.432
A and ¢ = 6.881 A, with a Ca/P molar ratio of 1.67 in both.****

However, the use of commercial HAp has disadvantages,
such as high cost. In the previous study, we successfully devel-
oped a new calcium source from biogenic resources to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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synthesize HAp. The HAp was synthesized by the co-
precipitation method and derived from sand lobster (SL; Pan-
ulirus homarus) shells, which the lobster molts waste periodi-
cally. Using SL shells as calcium sources to synthesize HAp has
advantages, namely reducing the SL shell waste and production
costs compared to commercial HAp. In addition, these biogenic
resources have good sustainability because lobsters have
a periodic molting cycle.'"” Our previous study described the
synthesis process through the co-precipitation method, result-
ing in a hexagonal crystal structure and a Ca/P molar ratio of
1.67.'® The synthesized HAp can be used as a filler in nanofiber
scaffold membranes that are expected to enhance the bioac-
tivity properties in the scaffold.*>**

The ECM structure at the nanoscale in the natural bone forms
nanofiber structures. The nanofiber scaffold membrane is one of
the bone tissue engineering methods used to mimic the ECM
structure at the nanoscale in the bone.* Nanofiber scaffold engi-
neering will create an environment for the cells similar to the host
to stimulate the osteoblast cells to bone growth. Various pro-
cessing techniques (e.g., phase separation, self-assembly, and
electrospinning) have been developed to fabricate nanofiber
membrane scaffolds for ECM substitutes.”® Among them, the
electrospinning method has advantages. It can process various
materials (organic polymers, colloidal particles, and compos-
ites),” is cost-effective, and can generate fibers similar to the
fibrous structures of native ECM. Electrospun membranes have
been extensively used for tissue engineering primarily because an
electrospinning process can easily regulate their microstruc-
ture.”* The ECM-like architecture on the nanofiber scaffold will
provide both mechanical support and biological stimulation for
cell proliferation, adhesion, and migration.

The blend solution of several polymerics is more commonly
used to prepare electrospun polymeric fibers than a single-
component polymer solution because it is more likely to have
good electospinnability and biological properties.” In the present
study, we have successfully developed a nanofiber scaffold
membrane by combining the polymer and ceramic HAp from SL
shells. The polymer solution, which consists of polyvinyl alcohol
(PVA)/polyvinylpyrrolidone (PVP)/chitosan (CS), was used as
a matrix nanofiber membrane. PVA is an environmentally friendly
polymer with advantages such as water solubility, biodegradability,
biocompatibility, chemical stability, processability, and excellent
spinnability.* PVP is a surfactant polymer because of its advan-
tages, such as being soluble in water and acids, non-toxic, and
stable. PVP has been applied in fields such as pharmacy and
biomedical.* Although nanofiber scaffold membranes should have
non-toxic properties, they should also have antibacterial activity. CS
is a biopolymer derived from the exoskeletons of crustaceans, crabs,
and shrimp shells.” In addition to the fact that CS is expected to
give antibacterial activity to the nanofiber scaffold, CS also has
a similar structure to the ECM glycosaminoglycans (GAGs) in the
bone.”?® However, CS has drawbacks, such as low solubility. PVP
increases the solubility of CS so that CS is more accessible for
solvation. Hap is incorporated into the nanofiber with varied
concentrations of 0, 1, 3, and 5%. The nanofiber scaffold
membrane was characterized using a scanning electron microscope
(SEM), X-ray diffraction (XRD), and Fourier transform infrared
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(FTIR) to identify their physicochemical properties. Then, the
mechanical properties were performed to analyze each sample's
tensile strength, Young's modulus, and elongation break. We also
conducted the in vitro assay, including biomineralization test,
swelling ratio, biodegradation, and protein adsorption. In order to
determine the biocompatibility of the nanofiber to osteoblast
(MC3T3E1) cells, the viability and osteogenic differentiation of
MC3T3E1 cells were evaluated in this work. All of the tests reveal
that incorporating HAp from SL shells into nanofiber PVA/PVP/CS
has the potential to be applied in bone tissue engineering.

2. Experiment methods

2.1. Materials

In this work, HAp derived calcium dihydroxide (Ca(OH),) from SL
shells (Panulirus homarus) as a calcium source from Buleleng, Bali,
Indonesia, and phosphate in the form of diamonium hydrogen
phosphate ((NH,),HPO,) purchased from Merck (USA). The
controlled pH uses a 3 M ammonium hydroxide (NH,OH) 25%
from Merck (USA). The nanofiber was fabricated using PVA (100%
hydrolyzed) with a molecular weight of 145.000 purchased from
Merck (Germany), CS with medium molecular weight and PVP
with a molecular weight of 10.000 purchased from Sigma-Aldrich
(USA). Acetic acid (100%) and dimethyl sulfoxide (DMSO) were
purchased from Merck (Germany). The paraformaldehyde
(Solarbio, China), fetal bovine serum (FBS) and phosphate-
buffered saline (PBS) were purchased from Sigma-Aldrich (USA)
and the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide) from Biobasic (USA). Penicillin-streptomycin, a fungi-
zone, and MEM-o. medium were purchased from Gibco (USA) and
an ALP kit from Beyotime (China).

2.2. Synthesis of HAp

The previous study described the synthesized process of HAp
from SL shells.*® Briefly, the SL shells were cleaned, milled, and
calcinated at 1000 °C for 6 h to decompose the calcium
carbonate (CaCOj3) SL shell powder to obtain Ca(OH), powder as
in eqn (1) and (2). A total of 6 M (NH,),HPO solution was titrated
at a 1 mL min ™' rate to 10 M Ca(OH), solution. This concen-
tration was selected to obtain HAp with a Ca/P molar ratio of
1.67, similar to HAp in natural human bone. The pH was
controlled at pH 10 by adding 25% 3 M NH,OH. Then, the
mixture was stirred constantly at 60 °C to obtain a homoge-
neous solution. The chemical reaction to form HAp is shown in
eqn (3)." The synthesized HAp was characterized by XRD, FTIR,
and SEM-energy dispersive X-ray (EDX).

CaCOj3) — CaOg) + COyy (1)
CaO(S) + HzO(l) i Ca(OH)Z(s) (Z)

lOCa(OH)z(S) + 6(NH4)2HPO4(;) -
Ca;o(PO4)s(OH)y) + 12NH4OH ) + 6H,0 3)

After aging the solution for 24 h at room temperature, the

filtration procedure was carried out. In order to improve the
crystallinity, the mixture was dried for 6 h at 100 °C in an oven

RSC Adv, 2024, 14, 8222-8239 | 8223
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and then the sintering process for 6 h at 1000 °C. Afterwards,
FTIR, XRD, and SEM-EDX were used to characterize HAp.
Fig. 1(A) illustrates the basic schematics used to synthesize
HAp.

2.3. Preparation of the electrospinning solution

PVA was dissolved in distilled water at a concentration of 10%
(w/v). A total of 1.4 grams of PVP and 0.1 grams of CS were
dissolved in 10 mL acetic acid 1% (v/v), obtaining a 15% (w/v)
PVP/CS solution. PVA 10% (w/v) solution was then mixed with
PVP/CS 15% (w/v) solution at a ratio of 8.5:1.5 (v/v). The
mixture was stirred until a homogeneous solution was ob-
tained. Then, HAp was added to the mix with concentrations
of 0, 1, 3, and 5% (w/v) with continued stirring until the
mixture was homogeneous. More details about the composi-
tion of HAp in the electrospinning solution are shown in
Table 1. Then, the solution was used for the electrospinning
process. The schematic of the electrospinning process is
shown in Fig. 1(B).

2.4. Synthesis of the nanofiber membrane

The prepared solution was put into a 10 mL syringe with a hole
diameter of 0.5 mm. A voltage of 10 kV was applied between the
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tip to the collector covered by aluminum foil with a distance of
12 cm, and the flow rate was automated at 0.1 mL h™*, as shown
in Fig. 1(B). The solution was maintained at room temperature.
The fiber will be formed at the collector as a nanofiber scaffold
membrane PVA/PVP/CS/HAp 0, 1, 3, and 5%. It will be charac-
terized using SEM, XRD, and FTIR.

2.5. Physicochemical characterization

2.5.1. Chemical composition. X-ray diffraction (XRD:
PANanalytical Type X'Pert Pro, Japan) was used to analyze the
samples’ crystal structures. Origin Pro 8 software was used to
process the data, which were then shown as a curve showing the
diffraction peaks. The full width at half maximum (FWHM) and
26 values were obtained by Gaussian fitting at the chosen peaks.
JCPDS matched the fitting diffraction peaks. The HAp and
nanofiber membranes' lattice characteristics, crystal size,
microstrain, and degree of crystallinity were determined using
these data. X-ray fluorescence (XRF; Rigaku NEX, QC+) was
employed to examine the amount of constituent elements in SL
shell powder before and after the calcination process.

FTIR (Thermo Nicolet iS10, Japan) was used to identify the
functional groups, bond types, chemical composition, and
vibration of molecular bonds in compounds. The analysis was
carried out using wavelengths of 4000 cm ™' to 600 cm ™. FTIR

PVP/Chs solution
15 % (wiv)

pd

fnsrme

N

PVA/PVPI/Chs solution + HAp
350 rpm, 60°C, 1 h
(electrospining solution)
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350 rpm, 60°C, 1 h
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Pump Needle @ N
0,1 ml/h
[
B
]
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Fig. 1 Schematics of the experimental procedure; (A) synthesis of HAp and (B) preparation of the electrospinning solution and experimental

setup of the electrospinning process.
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Table 1 Sample parameters of electrospinning solutions
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Samples parameter

No. Samples name PVA (g) PVP (g) CS (2) Solvent (mL) HAp (g)
1 PVA/PVP/CS/HAp 0% 1 1.4 0.1 10 0

2 PVA/PVP/CS/HAp 1% 1 1.4 0.1 10 0.1

3 PVA/PVP/CS/HAp 3% 1 1.4 0.1 10 0.3

4 PVA/PVP/CS/HAp 5% 1 1.4 0.1 10 0.5

was used to identify the functional groups in the SL shell
powder, HAp, and nanofiber membranes in this case. We also
used FTIR to analyze the apatite mineralization of nanofiber
scaffold membranes after soaking in the simulated body fluid
(SBF) solution.

2.5.2.
analyze the morphological structure of HAp and nanofiber
membranes, an SEM (Jeol JSM-6510LA, Japan) characterization
was performed. The Image] software can measure the nanofiber
membrane's diameter distribution and HAp particle size
according to the SEM image results of the nanofiber membrane
and HAp by taking several points on each sample image, and it
is possible to measure the mean diameter of HAp particles and
nanofiber. The Gaussian distribution can then determine the
mean HAp and nanofiber sizes. A graph of the frequency

Morphological structure. In order to investigate and

Gaussian distribution to the size diameter depicts the size
distributions of the HAp and nanofibers. The SEM was also used
to observe the bioactivity mineralization performance of each
nanofiber after being immersed in SBF solutions. This test can
also calculate the Ca/P value of HAp and nanofiber PVA/PVP/CS/
HAp 5% with the difference in soaking duration using EDX. A
TEM (Jeol JEM-1400, Japan) was also used to observe the
differences between nanofiber without HAp and with the
addition of HAp 5%.

2.5.3. Mechanical properties. The mechanical properties of
the nanofiber were measured using a universal testing machine
(UTM; RTI-1225, AND, Japan) to analyze the effect of HAp on the
tensile strength of each nanofiber. The samples were prepared
as per ISO 527 standards; the nanofiber samples were cut into
40 x 20 mm, and then the sample was withdrawn at a speed of 5
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Fig.2 Characteristics of the sand lobster shell powder before and after calcination treatment (A) Fourier transform infrared, (B) X-ray diffraction,

and (C) X-ray fluorescence.
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Table 2 Lattice parameter, crystallite size, and microstrain of HAp*®

Lattice parameter (A)

Crystallite
Samples a c Ratio of c/a size (nm) Microstrain
SL shells - CaCO;3 4.942 16.946 3.429 14.347 + 6.107 0.058 £ 0.050
SL shells - 1000 °C 3.591 4.957 1.380 13.752 + 4.695 0.062 £ 0.029
HAp 9.411 6.833 0.726 31.620 + 4.140 0.021 £ 0.013
mm min~ " to ensure the sample failed. Then, the data were . . Wo
. . Swelling ratio = x 100% (4)

recorded, and the outgoing data of load and elongation were o
transformed into the stress and strain, respectively. Based on
the stress and strain curves, we can analyze the elongation . - . - .

’ Yz & 2.5.5. Biodegradability. Biodegradability plays a crucial

break (%), tensile strength (MPa), and Young's modulus (MPa)
of all HAp variations in nanofiber scaffold membranes.

2.5.4. Swelling behavior. The swelling of the nanofiber
scaffold is important to evaluate the water absorption using the
previous method.” The nanofiber scaffolds were cut into rect-
angular shapes with a dimension of 10 x 10 mm. Then, each
sample's initial weight (W,) was measured and immersed in
distilled water for 24 h. The samples were rinsed and filtered
with filter paper to remove excess water on the scaffold surface,
and then the wet state (W) was weighed to calculate the swelling
ratio by following the equation.

role in bone tissue engineering, and this study was conducted
using a method adapted from Patriati et al.®® The nanofibers
scaffold membranes of 10 mg were placed in 750 puL of PBS with
pH 7.4 at 37 °C. The PBS supernatant was removed and changed
with fresh PBS after soaking for 1, 6, 12, and 24 h. The amount
of PVA/PVP/CS in each solution was measured from the super-
natant absorbance with a UV-vis spectrophotometer (UV-1800,
Shimadzu, Japan) at a wavelength of 280 nm.

2.5.6. Protein adsorption. Firstly, the nanofiber scaffold
was cut into rectangles with a sample mass of 1 g in each group.

H
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Fig. 3 Characteristics of HAp based on (A) FTIR, (B) XRD, (C) SEM and (D) EDX analysis and diameter of HAp particles.
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The samples were immersed in 70% ethanol for 1 h and then
washed with PBS 3 times. Consecutively, the samples were
incubated in 1 mL of PBS containing 10% FBS for 1 h at 36.5 °C.
After incubation, the samples were immersed in 1 mL of PBS for
15 min to remove the proteins not completely attached to the
nanofiber. This procedure was repeated 3 times, and then the
washing solution was added to the FBS solution from the
remaining incubation. The protein remaining in the solution
was measured by UV-vis spectrophotometer, and the amount of
protein adsorbed onto the nanofiber surface was measured by
substrating the protein concentration after incubation from the
protein concentration before incubation.

2.5.7. Bioactivity testing. Bioactivity testing was conducted
to evaluate the biocompatibility through the interaction between
nanofiber samples and SBF solution. SBF solution was prepared to
mimic the chemical composition of native body fluid based on the
previous research.* The nanofiber membrane was cut rectangular
with the size of 20 x 20 mm. Then, the nanofiber was immersed
in the SBF solution with an immersion time of 1, 3, and 5 days in
the incubator (Sakura, EM-200T, Japan) with a constant temper-
ature of 37 °C. Furthermore, the apatite on the nanofiber was
observed using SEM, EDX, and FTIR analyses. The effect of the
time duration of immersion of nanofiber PVA/PVP/CS/HAp in the
SBF solution on the mineralization of apatite can be interpreted
and analyzed by this testing.

2.6. Antibacterial activity

The antibacterial studies of nanofiber scaffold membranes
against E. coli, S. aureus, and P. aeroguosa were performed using
the agar well diffusion method with three repetitions. This
study evaluated the antibacterial effect of CS on the nanofiber.
The antibacterial test was conducted on the nanofiber PVA (as
control) and PVA/PVP/CS HAp 0 and 5%. The samples were cut

Characteristic (A) XRD and (B) FTIR of nanofiber PVA/PVP/CS/HAp O, 1, 3 and 5%.

into circular shapes (d = 6 mm) and placed on agar, then the
zone of inhibition diameter (ZOI) was measured to assess the
antibacterial activity after a 24 h incubation.

2.7. Invitro cell experiment

In this work, mouse osteoblast (MC3T3E1) cells were employed.
The MTT assay was applied in the cell viability test to determine
and evaluate the metabolic activity and cytotoxicity of the cells to
the nanofiber scaffold membrane after 24 h of incubation. In
order to evaluate the osteogenic differentiation of MC3T3E1 cells,
the ALP assay was performed after 7 days of incubation. Firstly,
the cells were cultured and seeded on the nanofibers, and then
MTT and ALP assays were conducted.

2.7.1. Cell culture and seeding. In this study, the cell
viability experiment was carried out using mouse osteoblast cells
(MC3T3E1). The cell cultures were cultured in culture media
comprising penicillin-streptomycin + MEM-a medium + 10% FBS
+ fungizone until they reached 80% confluency. The PVA/PVP/CS/
HAp 1, 3, and 5% nanofiber scaffolds were cut into a circular shape
(r = 5 mm) and sterilised at a low temperature using ethylene
oxide. Each scaffold was placed flat on the bottom of a well using
a sterile plastic ring to facilitate cell seeding. Subsequently, the
cells were seeded onto 24 well plates for incubation periods of 24 h
at 37 °C in 5% CO, with a density of 5 x 10* cells per well.

2.7.2. MITT assay. The cells were seeded into scaffold PVA/
PVP/CS/HAp 1, 3, and 5%, as well as a control (the well without
scaffold) for incubation periods of 24 h. The 24 well plates
were used for this experiment. In order to perform the MTT
assay, the media in each well was taken out, and 1 mL per well
of 0.5 mg per mL MTT solution was added. The well was then
incubated for 4 hours. The MTT solution was removed using
a pipette, and 100 mL of DMSO was added to each well.

Abs of scaffold — Abs of control media

Cell viability (%) =

x 100%

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Morphology of nanofiber membrane PVA/PVP/CS/HAp with HAp concentrations of (A1) O, (B1) 1, (C1) 3, (D1) 5%, and diameter of nanofiber
PVA/PVP/CS/HAp with HAp concentrations of (A2) 0, (B2) 1, (C2) 3, (D2) 5%.

Eqn (5) was used to calculate the percentage of cell viability
as reported in the MTT testing results. Tecan Spark (Tecan
Trading AG, Switzerland) recorded the absorbance (Abs) at
570 nm. The mean =+ standard deviation (SD) was calculated to
represent the cell viability data in three repeats. GraphPad
Prism 9 was used for one-way analysis of variance (ANOVA),
followed by Tukey's test. A statistically significant influence of
the sample concentration on the percentage of cell viability was
shown by a p-value of less than 0.05.

8228 | RSC Adv, 2024, 14, 8222-8239

2.7.3. ALP assay. The alkaline phosphate (ALP) assay was
performed on MC3T3E1 cells cultured in the nanofiber and
control (without nanofiber) for 7 days of incubation in 48 well
plates. The assay was conducted using an ALP kit (Beyotime,
China). The cells were detached from the nanofiber in a 500 pL
lysis buffer, provided in the kit, for 10 min. Lysates were centri-
fuged at 12000 rpm at 4 °C for 10 min. The supernatant was
collected for the ALP activity test by an ALP assay kit. For ALP
staining, the cells were fixed for 30 min at room temperature by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Mechanical properties of the nanofiber scaffold membrane
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Mechanical properties

Sample nanofiber Elongation break (%)

Tensile strength (MPa) Young's modulus (MPa)

PVA/PVP/CS/HAp 0% 42.20 =+ 13.19
PVA/PVP/CS/HAD 1% 27.62 = 5.10
PVA/PVP/CS/HAp 3% 18.11 £ 9.29
PVA/PVP/CS/HAD 5% 23.39 £ 7.36

4% paraformaldehyde and then subjected to staining using
a BCIP/NBT ALP Color Development Kit (Beyotime, China) as per
manufacturer's instructions at room temperature away from light
for 1 h. After washing the PBS three times, the cells were observed
and imaged by an optical microscope (S6D, Leica, Germany).

3. Result and discussion

3.1. Characterisation of SL shells

Prior to use as calcium (Ca) sources, the SL shells were subjected
to calcination. Eqn (1) illustrates the decomposition reaction of
CaCO; to CaO due to the calcination process. The FTIR results
(Fig. 2(A)) provide information about the characterization of the
SL shells for variations in calcination temperature, which
demonstrates that the intensity of carbonate ions at 1398.86,
867.23 and 706.55 cm™ ' (ref. 32 and 33) is smaller and even
disappear. These results can be interpreted as the calcination
process successfully decomposes the carbonate ion from CaCOs;.
However, the peak at 1047.86 cm ™' corresponding to the phos-
phate vibration tends to be constant.'® It will be confirmed by XRF
analysis that the phosphate element tends to be constant in the SL
shells before and after the calcination process.

The SL shells* XRD pattern (Fig. 2(B)) confirms the FTIR
results. The carbonate ions were completely broken down
during the 1000 °C calcination, fulfilling the chemical process
described in eqn (1). The XRD indicated that the peak of the
CaCO; phase appeared dominantly before the calcination
process (calcination at 0 °C) based on JCPDS 047-1743.3%%
Meanwhile, the JCPDS 044-1481 confirmed that the dominant
diffraction peak formed during the calcination at 1000 °C was
Ca(OH), with minor CaO peaks in the diffraction planes of (111)
and (220) at 31.54° and 54.26°, respectively, based on JCPDS
037-1497.*>*® The Ca(OH), peak was dominant because the
reaction in eqn (2) happened before the CaO was dissolved in
distilled water. After calcination, the SL shells become more
hygroscopic, which facilitates the samples' ability to absorb
water from the air.*® The crystallite size indicates the crystal-
linity degree of each sample, which is inversely proportional to
the microstrain. The SL shell had similar crystallite sizes before
and after calcination at 1000 °C, which were 14.347 + 6.107 nm
and 13.752 + 4.695 nm, respectively. There was no significant
change in the level of crystallinity because only the phase had
changed. The lattice parameters of uncalcined SL shells were
a = 4.942 A and ¢ = 16.946 A, corresponding to the lattice
parameter of CaCOj;, while the lattice parameters of SL shells
after calcination at 1000 °C changed to a = 3.591 A and ¢ = 4.957
A, corresponding to Ca(OH),.** The lattice parameter change

© 2024 The Author(s). Published by the Royal Society of Chemistry

1.99 £+ 0.41 15.09 £ 7.19
2.63 £ 0.23 22.68 £+ 6.20
3.38 £ 1.01 25.60 = 10.21
4.34 £ 0.67 44.89 + 7.73

emphasizes that the phase changed because of the calcination
treatment. These results are shown in Table 2.

According to the percentage of Ca in the XRF graphic in
Fig. 2(C), 1000 °C was the optimum calcination temperature to
increase the calcium content. Before calcination, the SL shell
has a calcium content percentage of 89.31%, which increases to
93.00% after the calcination process at 1000 °C. The percentage
of phosphate element tends to be constant and confirms the
FTIR spectra at a wavenumber of 1047.86 cm ™" that does not
change after calcination. Interestingly, the high-temperature
treatment reduced the total amount of inorganic trace
elements from 5.61% to 2.99%. The percentage of calcium
element in the calcined SL shell can be used as a calcium source
to synthesize HAp powder.

3.2. Hydroxyapatite (HAp) powder

The FTIR was used to describe and determine the functional
groups of HAp produced from SL shells in the wavenumber
range 4000-400 cm '. The FTIR spectrum results shown in
Fig. 3(A) reveal that the PO,>” bending mode, symmetric
stretching mode, and asymmetric stretching mode correspond
to 554.08, 604.13, and a sharp peak at 1054.54 cm™ ', respec-
tively.'®*? The small peak at 1420.65 and 875.43 cm™ " illustrated
the carbonate ion (CO5>7) stretching vibration,*>** while the
functional group of the OH™ stretching mode broadly appeared
at a wavenumber of 3576.58, 3434.35 and 1629.41 cm ™', corre-
sponding to the water absorption.”” The OH™ functional group
in HAp allows water and mineral absorption when the HAp is

o
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Fig. 6 Diameter of the nanofiber.
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incorporated into the nanofiber scaffold.*®*® It is beneficial
because the cells need water and mineral absorption in the
nanofiber for proliferation, and it can also enhance the bioac-
tivity of the nanofiber with HAp filler.

The standard diffraction pattern from JCPDS 09-0432
confirmed the HAp typical diffraction planes of (211), (112), and
(300) at angles of 31.18°, 31.72°, and 32.85°, respectively, in
addition to other diffraction planes observed in Fig. 3(B).***! In
addition to HAp, the B-tricalcium phosphate (B-TCP) results
demonstrated an insignificant peak. B-TCP can potentially
enhance bone tissue growth because it is a calcium phosphate
and highly biocompatible with native bone tissues.*>** Table 2
shows the crystal structure analysis of HAp. The HAp crystallite
size formed was 31.620 + 4.140 nm with lattice parameters at
a =9.411 A and ¢ = 6.833 A. These findings confirmed that the
predominant crystal phase formed was HAp and identical to the
HAp hexagonal structure.* The crystal defects are expressed in
microstrain. The microstrain of HAp is 0.021 + 0.013, which is
good because a small microstrain means the HAp has good
crystallinity for bone regeneration application. The high crys-
tallinity of HAp will support the mechanical properties of the
nanofiber scaffold.

Fig. 3(C) illustrates
morphology of the HAp powder, with relatively small agglom-
erations resulting from the high-temperature treatment. Using
Image] software, the size of the HAp particle can be determined.
In this study, the HAp size was 0.3577 + 0.0085 pum. Fig. 3(D)
shows the EDX evaluation, indicating a Ca and P mass of
31.51% and 14.58%, respectively, so the Ca/P molar ratio of
synthesized HAp was 1.67. This result is appropriate with Ca/P
in HAp human bone, which is 1.67,' and it confirms that the
chemical reaction to synthesize Hap, as in eqn (3), was
successfully achieved. The small trace element of Mg can be
neglected because it may come from the biogenic precursors.
However, Mg is one of the inorganic minerals found in trace
amounts in natural bone,>* which is good for bone
regeneration.

the uniform and homogenous

Fig. 7 TEM images of nanofiber PVA/PVP/CS/HAp (A) 0% and (B) 5%.
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3.3. Characterisation of the nanofiber membrane scaffold

Synthesized nanofibers were characterized to identify their
physicochemical properties using XRD, FTIR, and SEM. The
XRD results are shown in Fig. 4(A). The peak at 19.36° corre-
sponds to PVA/PVP/CS.>**”** The PVA/PVP/CS peak indicated
a decrease in crystallinity at a higher concentration of HAp. The
presence of HAp on the nanofiber could disrupt the macro-
molecular chains of the polymer, leading to a decrease in the
amount of crystalline polymer. In addition, the interaction
between the HAp and the polymer at their interface can also
cause the formation of an amorphous polymeric layer.** The
peak showed characteristics of HAp crystals at 25.92, 31.81,
32.92, and 34.68°,*>** which became sharper proportional to the
concentration of HAp. These confirm the presence of HAp in the
nanofiber membrane. HAp crystals were expected to enhance
the biocompatibility, bioactivity, and osteoconductivity of the
nanofiber to stimulate the cell osteoblast for bone growth.

The FTIR results of the nanofiber PVA/PVP/CS/HAp are
shown in Fig. 4(B). The broad peak at 3270 cm ™' is attributed to
the hydrogen bonding OH™ group and overlaps with the
stretching vibration of N-H.*” A shift in the absorption peak
occurred at a higher concentration of HAp towards a wave
number of 3338 cm™". These results show that the hydrogen
bonding became stronger due to HAp.”” The peaks at 2940 and
2909 cm ™" are related to the C-H symmetric and antisymmetric
stretching vibrations, respectively.?**”*5 The peak at 1656 cm *
indicates the C=0 stretching vibration of amide-type I from
CS.** The CH-OH bending was shown at a wave number of
1423 cm™".* The small peaks at 1291 and 916 cm™ " correspond
to the C-N stretching of the pyrrolidone ring in PVP,*” while the
sharp peak at 1092 and a small peak at 840 cm™ ' show C-O
stretching vibration, supporting the PVA configuration and C-C
bonds,*”** respectively.

The synthesized HAp was then incorporated into the PVA/
PVP/CS nanofiber membrane as a filler to mimic the structure
of ECM in the native bone at the nanoscale level. Nanofiber
membrane without adding HAp was seen as relatively smooth,

'JUU‘UJA
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Fig. 8 (A) The stress and strain curve and mechanical property analysis
of nanofiber PVA/PVP/CS/HAp: (B) elongation break, (C) tensile
strength, and (D) Young's modulus.

well-distributed, and bead-free (Fig. 5(A1 and A2)). In contrast,
the morphology of the nanofiber membrane PVA/PVP/CS/HAp
at a higher concentration of HAp shows that the agglomera-
tion occurred in the nanofiber with the HAp concentration of
1% to 5% (Fig. 5(B1-D1)). The agglomeration can be neglected
because they are still in the submicron scale.>” HAp particles are
successfully incorporated and well dispersed in the fiber, which

>
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leads to a lower diameter-size nanofiber but a larger-size
distribution of the nanofiber, as shown in Fig. 5(B2-D2). The
HAp at a concentration of 5% can be incorporated into the fiber
with a diameter of 0.351 £+ 0.052 pm (Fig. 5(D2)), which
decreases compared to lower HAp concentrations of 0, 1, and
3% at 0.431 £ 0.006 um, 0.429 £ 0.009 um, and 0.397 + 0.014
um, respectively. These results are within the fiber diameter
range that mimics the ECM native bone about 100-450 nm.*®
The size of nanofibers is inversely proportional to the HAp
concentration; the nanofiber size becomes smaller at higher
concentrations of HAp. The addition of HAp can lead to higher
solution conductivity due to HAp being more conducting than
polymer solution.*”** Hence, the electrical force generated by
the electrical field between the needle tip and collector becomes
stronger.*® It is beneficial because the smaller nanofiber diam-
eter will provide a larger pore size on the nanofiber surface. The
pores on the nanofiber surface are very important to enable the
delivery process of water and nutrients to cells,* and the results
of the water absorption ability will be obtained from the
swelling test. The presence of HAp in the fiber was also expected
to enhance bioactivity properties in the polymer fiber because
one of the drawbacks of polymeric scaffolds for biomedical
applications is the lack of bioactivity properties.® Therefore,
based on the physicochemical analysis, PVA/PVP/CS/HAp 5%
has the potential to mimic ECM structure in native bone.

HAp incorporation into the PVA/PVP/CS nanofiber can be
seen more clearly through the TEM image in Fig. 7. The red
arrow shows that the HAp particle was successfully attached to
the nanofiber. Conversely, the nanofiber without additional
HAp was seen as smooth. The morphology of the nanofiber
observed by TEM analysis emphasizes the SEM image. The
presence of HAp in the nanofiber will provide good bioactivity
properties to the nanofiber because nanofiber from polymer
lacks bioactivity.”® Meanwhile, the HAp as a calcium phosphate
has good bioactivity for bone tissues.’?**° Bioactivity is
a requirement for a material to be used in biomedical applica-
tions, especially in bone regeneration. The bioactivity will
indicate the material's ability to maintain and even form apatite
when interacting with the environment in the body.** Addi-
tionally, the good bioactivity from HAp particles will enhance
the cell's ability to attach and proliferate in the nanofiber. In
this study, the in vitro test, such as biomineralization on SBF

Y
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solution and cell viability assay, will be carried out to analyze
the nanofiber's bioactivity further based on the additional HAp.

3.4. Mechanical properties of the nanofiber

The tensile strength test was carried out to determine the
mechanical properties of the nanofiber. This characteristic is
important to analyze because the material used should
resemble the mechanical performance of natural human bone
in the ECM. The stress and strain graph in Fig. 8(A) can elab-
orate on the mechanical properties of the nanofiber samples
based on differences in HAp concentration. Based on this curve,
the elongation break, tensile strength, and Young's modulus of
the nanofiber sample can be analyzed. These results are shown
in Fig. 8(B-D), as well as in Table 3.

Young's modulus is the gradient or slope in the linear region of
the stress and strain curve. The higher Young's modulus indicates
that the samples are more ductile. In other words, the mechanical
properties are more inelastic. Conversely, the smaller Young's
modulus, the more elastic the material's properties will be. Based
on the Young's modulus of the samples in Fig. 8(D), it can be
interpreted that the addition of a higher concentration of HAp
particles makes the nanofiber properties more inelastic compared
to the nanofiber PVA/PVP/CS with a lower concentration of HAp.
The nanofiber with HAp 5% has the highest level of Young's

1 days

%4
P2 o worzmm ssa0 X100 10um

3 days
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modulus of 44.89 + 7.73 MPa. The result also indicates an
increase in Young's modulus for nanofiber HAp 3 and 1% at 25.60
+ 10.21 and 22.68 £ 6.20 MPa, respectively, compared to that of
the nanofiber without HAp, 15.09 &+ 7.19 MPa. This is because the
mechanical properties of HAp particles that fill the fiber
membrane are rigid, making the nanofiber have ductile proper-
ties. The tensile strengths of the samples are shown in Fig. 8(C).
Based on Fig. 8(C), the higher the concentration of HAp, the
higher the tensile strength will become.

The combination of the HAp's rigidity and the polymer's
elasticity causes higher tensile strength for the higher HAp
concentration. The decrease in fiber diameter may also enhance
the mechanical properties.®> On the other side, the elongation
break was analyzed to evaluate the brittleness of nanofiber
samples. In general, the more HAp incorporated into the nano-
fiber, the lower the elongation break, which means the higher the
brittleness of the nanofiber. However, the PVA/PVP/CS/HAp 5%
has a higher elongation break than 3%. It showed that HAp 5%
has excellent mechanical properties, as shown in Fig. 8(B and C),
and most closely approximates the mechanical properties of
trabecula bone, which has a tensile strength of 5-10 MPa and
Young's modulus of 50-100 MPa.”” These results confirm that the
incorporation of HAp into the nanofiber could reinforce
mechanical properties due to the interfacial hydrogen bonding

days

Fig. 10 The effect of HAp on the nanofiber PVA/PVP/CS bioactivity immersed for 1, 3, and 5 days in SBF solution.
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between HAp and polymer.**** Moreover, the HAp is an aniso-
tropic filler in the nanofiber, which is a desirable filler to improve
the mechanical properties and uniaxial stretching strength in
terms of stress distribution.**** The incorporation of HAp into the
nanofiber acts as stress dissipation, resulting in delayed network
rupturing, leading to the nanofiber's less fatigue behavior.*

3.5. Swelling ratio, degradability, and protein adsorption

The protein adsorption of the nanofiber substrate could influ-
ence the biological properties and improve the cellular
response.” In this study, protein adsorption was investigated to
determine the effect of HAp incorporation into nanofiber scaf-
fold membranes. Fig. 9(A) depicts the amount of protein
adsorbed onto the nanofiber, and the addition of HAp signifi-
cantly increases protein adsorption. As discussed by Januar-
iyasa et al.,”” the HAp incorporation as a calcium phosphate
ceramic into the nanofiber seems to add favorable binding sites
for proteins due to the electrostatic interaction of Ca®" and
PO,’” ions with charged sites on the proteins so that the HAp
particle may provide a larger surface area for protein binding.
Furthermore, as reported by Ghobani et al,*® the water
absorption expressed in the swelling ratio may also play a role in
increasing protein adsorption. HAp enhances the hydrophilicity
of the nanofiber due to the OH™ functional groups contained in
HAp, and it will increase water absorption. The details of water
absorption are discussed in the swelling test analysis.

The swelling test was performed to analyze the physical
adsorption properties and structural stability of the nanofiber
scaffold membrane in an aqueous environment**** based on
various concentrations of HAp through immersion in
distilled water for 24 h at room temperature. The result of the
swelling test was obtained using eqn (4) and shown in
Fig. 9(B). Based on the test results, PVA/PVP/CS nanofiber
without additional HAp has the lowest swelling ratio at 102.45
+ 6.19%. In general, the swelling ratio increases when the
HAp concentration increases due to HAp containing

a hydrogen functional group (OH ™), as shown in the FTIR test
results in Fig. 3(A). The OH™ functional group in HAp imparts
It retains more water when

hydrophilic properties.?**°
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incorporated into the PVA/PVP/CS nanofiber. In addition,
based on the results of the nanofiber diameter analysis in
Fig. 6, the increasing HAp concentration leads to a smaller
nanofiber diameter so that the nanofiber surface will have
a larger pore size. The larger pore size on the nanofiber
surface will increase the amount of water absorbed.*

However, at the same time, 5% HAp concentration caused
slight agglomeration on the nanofiber surface, leading to
a decrease in the scaffold's porosity and reducing the physical
absorption capacity of water because the water amount that
could penetrate into the pores was reduced;*® this result was
also reported by Januariyasa et al.>” Furthermore, the HAp may
provide physical crosslinking inside the nanofiber, leading to
the enhanced nanofiber's hydrophobicity.** Nevertheless, HAp
is a hydrophilic filler, and the effect of HAp as a hydrophilic
filler was more significant than HAp itself as a cross-linker
(causing the hydrophobicity),*>** which is the reason the
effect of hydrophobicity in water absorption just emerged in the
nanofiber with 5% of HAp, so the swelling ratio value of
nanofiber PVA/PVP/CS/HAp 5% decreased from 162.85 =+
16.26% compared to the HAp concentration of 3% at 174.88 +
6.18%, contrary, the swelling ratio increase from HAp 0 to 3%.
These results show that the PVA/PVP/CS/HAp nanofiber could
swell water as expected and has the potential to let the body
fluid, minerals, and cells penetrate the porous scaffold so that it
is possible to enhance new bone regeneration.

The degradability is related to swelling due to water
absorption, as reported by Patriati et al;*° the swelling
process happened simultaneously with the degradation
process, and the swelling process led to the degradation
process.®” The incorporation of HAp into the nanofiber
offers hydrophilic water absorption because of the OH™
functional group in HAp,*” as previously described. When
the PBS solution interacts with nanofiber membranes, the
HAp in the nanofiber surface will increase the water
absorption in the PBS solution, and the water diffusion will
lead to hydrolytic cleavage of the polymeric chain and falls
off into the PBS supernatant.®*®® The solved polymeric chain
in the PBS solution will be counted as percent degradation at

Fig. 11 SEM image of nanofiber scaffold PVA/PVP/CS/HAp 5% after immersion in SBF solution for 5 days with (A) low magnification and (B) high

magnification.
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Fig. 12 FTIR analysis of nanofiber PVA/PVP/CS/HAp 5% after soaking
for 1, 3, and 5 days in SBF solution.

a particular time. Fig. 9(C) demonstrates the percent
degradation of the nanofiber at 1, 6, 12, and 24 h. All
samples sharply increased at the first hour, but the nano-
fiber with 5% of HAp went slower from 12 to 24 h than the
nanofiber with 3% of HAp, and this happened because the
amount of water absorption of HAp 5% was smaller than 3%,
as shown in Fig. 9(B), so the increasing degradation of the
nanofiber with 3% of HAp was the fastest among the others.
Overall, the prepared nanofiber has good degradability for
bone tissue engineering.

3.6. Biactivity nanofiber

Bioactivity is the ability of the material to attach, interact, and form
the bone-bonding interface between the scaffold and the
surrounding environment of native bone tissues so it can support
the cell differentiation process.**** This property is one of the
requirements that biomaterials must have. In this study, we
prepared the SBF solution, as in previous research,* with a mineral
composition that resembles the fluid in the human body. The
nanofiber membrane was immersed in SBF solution for 1, 3, and 5
days in an incubator. After the immersion, the samples were rinsed
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with distilled water and characterized using SEM-EDX and FTIR to
observe and analyze the mineralized apatite formation.

Based on the SEM image results in Fig. 10, it can be seen that
in the nanofiber, without the addition of HAp, no mineralized
apatite was formed. In contrast, in the nanofiber, with the
addition of HAp, the apatite begins to form. The higher
concentration of HAp in the nanofiber can promote more
apatite formation and indicates that the nanofiber has good
bioactivity properties with higher levels of HAp. The growth of
mineralized apatite in each group of nanofiber scaffolds
increased with the length of incubation time, and it reached the
peak at nanofiber PVA/PVP/CS/HAp 5% after 5 days of incuba-
tion as shown in the red arrow of the SEM images in Fig. 11. The
bioactivity properties of the material are needed to support cells
in differentiation and support the material in attaching and
interacting with surrounding tissues.*

The FTIR results are shown in Fig. 12 to analyze the time
duration effect of immersion of the PVA/PVP/CS/HAp 5% in SBF
solution. The PVA/PVP/CS/HAp 5%, after the 1, 3, and 5 days of
immersion, was tested to confirm the formed apatite. It can be
seen that the phosphate functional group (PO,*") appeared
clearly in nanofiber PVA/PVP/CS/HAp 5% after 3 and 5 days
immersion at wavenumbers 1144 dan 1034 cm ™ (ref. 18 and 32)
and carbonate functional (CO;>") group at 1416 cm™ ' (ref. 32
and 33) but not too clear in PVA/PVP/CS/HAp 5% after 1 day
immersion. The longer the immersion in the SBF solution, the
clearer the phosphate and carbonate groups formed. The
functional group in Fig. 12 is a characteristic of mineralized
apatite, and it justifies that the apatite was successfully formed
at longer immersion times in SBF solutions. This result indi-
cates that the nanofiber in the same level of HAp concentration
has bioactivity to mineralize the apatite during immersion in
SBF. In other words, PVA/PVP/CS/HAp 5% is bioactive and
meets the requirements as a biomaterial for bone tissue engi-
neering applications. The results of the morphological structure
analysis through SEM are shown in Fig. 10 and 11.

Based on the results of EDX analysis in Fig. 13, it was
interesting to find an increase in calcium content based on the
duration of immersion in SBF solution. The Ca/P values for PVA/

Intensity
Intensity

Energy (keV)

Energy (keV)

Intensity

Energy (keV)

Fig. 13 EDX spectra of apatite from nanofiber PVA/PVP/CS/HAp 5% after immersion for (A) 1, (B) 3, and (C) 5 days in SBF solution.
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Fig. 14 Antibacterial activity against P. aeruginosa and S. aureus based
on diameter zone of inhibition (A) semi-quantitative and (B) qualitative.

PVP/CS/HAp 5% nanofibers after soaking in SBF solution were
1.20, 1.33, and 1.38, respectively. This Ca/P value is still below
the Ca/P value in apatite, namely Ca/P < 1.67, due to the pres-
ence of several trace elements.® Trace elements such as Na" and
Mg>* are also found in native human bones.®>*® The apatite
formed increases with increasing HAp concentration in the
nanofiber. HAp has a composition that resembles the minerals
in bones. Therefore, HAp incorporated into the nanofiber will
have bioactive properties, allowing nanofibers to mineralize
apatite when interacting with body fluids.**?”3%%°

3.7. Antibacterial activity

Antibacterial activity of the nanofiber was performed against P.
aeruginosa as a Gram-negative and S. aureus as a Gram-positive
bacterium. This study aims to determine the antibacterial effect
of dissolved CS on a nanofiber in the PVP. As we mentioned in
the introduction, the CS is expected to carry antibacterial
properties. Generally, adding PVP/CS into the PVA polymeric
solution enhances the nanofiber's antibacterial activity insig-
nificantly. Fig. 14(A) illustrates that the ZOI diameter of PVA/
PVP/CS/HAp 0% on both bacteria was larger than the control
(pure nanofiber PVA). It indicates that the introduced PVP/CS in
PVA affects the antibacterial properties. However, the analysis

A
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of these parameters was beyond the scope of this research. On
the other side, the HAp does not generate antibacterial activity,
and the ZOI diameter was not changed relatively in nanofiber
PVA/PVP/CS/HAp 5% compared to HAp 0%, and this study was
in line with Lamkhao et al,*” which showed the HAp has no
antibacterial activity. These results can be seen qualitatively in
Fig. 14(B).

3.8. Cell viability

The cytotoxicity of nanofiber samples against cell osteoblast
(MC3T3E1) was determined using an MTT assay through the
color changes in the MTT reagent, which showed cell metabolic
activity. Briefly, the cell MC3T3E1 cultured on nanofiber scaf-
fold samples was then treated with MTT reagent and incubated
for 24 h. Then, there will be a color change in the MTT reagent
from yellow (tetrazolium), which will be reduced and changed
to purple (formazan dye), which is caused by the metabolic
activity of living cells.®® This color change was observed via
a spectrophotometer at a wavenumber of 570 nm. The cell
viability of the percentage value was calculated using eqn (5).
The test was carried out three times in each group sample. The
results can be interpreted as cytotoxicity samples to the cells.
In this test, nanofiber PVA/PVP/CS/HAp samples with HAp
concentrations of 1, 3, and 5% were used to determine the effect
of HAp on MC3T3E1 cell viability. Based on the test results, it
was found that after incubation for 24 h, nanofiber PVA/PVP/CS/
HAp 5% had the highest percentage of cell viability at 73.56 £
5.72%, a decrease from the control at 92.45 + 3.21%. These
results show that cells can still proliferate in nanofiber samples
with higher HAp concentrations. The synthesized HAp is
a material that resembles the inorganic minerals in native
human bone, so it has biocompatible properties with bone
cells. It will allow osteoblast cells MC3T3E1 to proliferate and
differentiate so that higher HAp concentrations will support
better proliferation of osteoblast cells and will have a higher
performance of cell viability than nanofibers with lower HAp

100 4

=23 ]
o o
1 1

Cell Viability (%)
»H

20 4

Control

HAp 1% HAp 3%
Concentration of HAp

Fig. 15
24 hin (B) control and PVA/PVP/CS/HAp (C) 5, (D) 3, and (E) 1%.
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(A) Cell viability of nanofiber PVA/PVP/CS with HAp various concentrations and morphology of MC3T3E1 cells after being incubated for
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concentrations.®® The decrease in the percentage of cell viability
occurred in PVA/PVP/CS/HAp 3 and 1% at 68.93 £ 1.93% and
59.44 + 7.98%, respectively. This percentage value is not
enough to make the cell proliferate properly. Therefore, HAp 5%
is the optimal concentration in PVA/PVP/CS nanofibers for
biocompatibility with bone tissue formation.

The morphology of cells cultured on PVA/PVP/CS/HAp
nanofibers is shown in Fig. 15. The image shows -cells
attached to the surface of the scaffold. Fig. 15(B) shows the
control, i.e., cell treatment without a scaffold. Fig. 15(C) shows
the nanofiber with HAp 5%, and Fig. 15(D) and (E) are nano-
fibers with a concentration of HAp 3 and 1%, respectively. In
nanofibers with a HAp concentration of 3%, cells display
a decrease in cell viability. In comparison, in nanofibers with
a HAp concentration of 1%, the number of cells was getting
smaller and showed a decrease in cell proliferation. This cell
morphology image confirms the percentage of cell viability in
Fig. 15(A). Moreover, the increasing addition of HAp into the
nanofiber reveals better cell viability due to the bioactivity and
biocompatibility of HAp for osteoblast cells to attach to the
scaffold surface.* Overall, nanofiber PVA/PVP/CS/HAp 5% is
ideal for cells to attach and proliferate.

3.9. Cell differentiation

The ideal scaffold nanofiber should also promote osteogenic
activity. It is important because the promotion of osteogenic
differentiation will lead to successful bone regeneration.””* The
ALP activity is a specific enzyme secreted by active osteoblasts
that will confirm the early osteogenic differentiation marker in
MC3T3E1 cells.®»” After being incubated for 7 days, the quan-
titative ALP analysis is shown in Fig. 16(A), and the qualitative
ALP activity is presented in Fig. 16(B-F). Interestingly, after 7
days of incubation, the ALP in MC3T3E1 cultured in nanofiber
PVA/PVP/CS/HAp was significantly increased compared to the
control (without nanofiber). This increase is in line with the
incorporation of HAp into the nanofiber, and it emphasizes that
the presence of HAp in the nanofiber scaffold promotes osteo-
genic differentiation, thus facilitating bone tissue regeneration.
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(A) The ALP osteogenic differentiation of MC3T3E1 cells after being incubated for 7 days in the nanofiber; the ALP staining image of (B)

ALP staining images observed the ALP activity qualitatively in
Fig. 16(B-F). Overall, the prepared nanofiber scaffold PVA/PVP/
CS/HAp revealed promising capabilities for osteogenic
differentiation.

4. Conclusion

The HAp with a hexagonal structure derived from SL shells
(Panulirus homarus) was successfully synthesized using precip-
itation methods, and the molar ratio of Ca/P was 1.67. The XRD
results showed that B-TCP was also formed, which is one of the
calcium phosphates with high biocompatibility for human
bones. HAp was also successfully incorporated and well
dispersed into the PVA/PVP/CS nanofiber membrane using the
electrospinning method with small agglomerations. Despite not
being significant, the CS provides antibacterial properties, but
the HAp does not generate antibacterial activity. Based on the
mechanical testing, the higher concentration of HAp in the
nanofiber improves the tensile strength and Young's modulus
properties of the nanofiber for bone tissue engineering appli-
cations. The addition of HAp with concentrations of 1, 3, and
5% into the nanofiber mimics the ECM structure of native bone
at the nanoscale level and also enhances the bioactivity prop-
erties of the nanofiber. Adding HAp will enhance the apatite
mineralization bioactivity based on time immersion in the SBF
solution. Additionally, the nanofiber with various HAp
concentrations enhances the water absorption ability to deliver
the mineral to the cell; the water absorption ability affects the
improvement of the degradation process and protein adsorp-
tion of the nanofiber, and these results play an important role in
biomedical applications. According to the cell viability assay
incubated for 24 h, the nanofiber PVA/PVP/CS/HAp 5% can
support the MC3T3E1 cell to attach and proliferate. The higher
HAp concentration can also significantly promote the osteo-
genic differentiation of MC3T3E1 cells based on the ALP activity
for 7 days of incubation. Hence, HAp derived from SL shells
with a 5% concentration of HAp in the nanofiber PVA/PVP/CS
has good biocompatibility in the in vitro test and is the most
potential scaffold for bone tissue engineering applications.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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