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Abstract

This work reports the synthesis and characterization of nanohydroxyapatite (nHA) and nanowhitlockite (nWH), which were
further incorporated to poly-L-lactic acid (PLLA) to study their effects on the structure, mechanical properties, antibacterial
potential, and cytotoxicity of PLLA. SEM images of PLLA-nHA and PLLA-nWH revealed uniform dispersion of nano-
particles in polymer. FTIR spectroscopy showed shift in functional group position and indicated transformation of PLLA o
to more crystalline PLLA «, which was further confirmed by X-ray diffraction. The mechanical properties of the materials
showed that addition of nanoparticles have made PLLA ductile and strong pertaining to the effective dissipation of loads
across the interfaces, enabling them to delay the crack growth by avoiding stress concentration sites. PLLA-nWH10%
showed the highest antibacterial activity against Gram-positive bacteria Listeria monocytogenes and Staphylococcus aureus.
In vitro cytocompatibility of PLLA-nWH10% was highest, 98%, at day 7 against fibroblasts MC3T3-E1 (osteoblastic cell
line), whereas all nanocomposites have enhanced cell viability (94%) as compared to pure PLLA. Alizarin red assay showed
twofold increase in calcification at day 14 with PLLA-nWH as compared to PLLA-nHA. It was clearly observed that binary
system PLLA-nWH at all concentrations had good dispersion and interfacial interaction resulting in improved mechanical
and enhanced osteoconductive properties as compared to PLLA-nHA.
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Introduction Collagen type 1 comprises 90% of the organic matrix and

the other 10% is composed of proteoglycans and non-col-

Biomaterials containing calcium phosphate moieties, such
as hydroxyapatite (HAP: Ca,4(PO,)s(OH),), dicalcium phos-
phate dehydrate (brushite), tetracalcium phosphate, and
tricalcium phosphate (TCP) have been reported to induce
osteogenesis in stem cells leading to bone tissue formation
and are known to be a suitable bone filler for bone defects
(Farokhi et al. 2018; Nazeer et al. 2017; Nie et al. 2017; Nos-
rati et al. 2020a). Bone, a heterogeneous material, is made
up of mineral phase analogous to HA and an organic phase
which constitute 70% and 30% of the bone, respectively.
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lagenous proteins. Microscopically, bone is composed of
three types of cells, osteoblasts, osteocytes and osteoclasts,
where osteoblast and osteocyte are bone-forming cells,
while osteoclasts resorb bone cells. Bone formation is a
sophisticated marvel which depends on the participation
of the inorganic mineral deposition at the bone generation
and remodeling (Harb 2020; Hu et al. 2020; Mohseni et al.
2018). However, this process still needs full elucidation and
illustration. Looking closely into the bone regeneration site,
recent reports suggest that another phase is also involved
in the bone remodeling. Because osteoclastic activity was
observed for a bone mineral whose structure is very close
to HAP and subsists in acidic pH, which is contrary to
the well-maintained fact that HAP is not stable at acidic
pH usually found at the site of bone regeneration. Recent
insight into this problem reveals that the inorganic phase
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or mineral involved in bone is none other than whitlockite
(WH: Ca;sMg,(HPO,),(PO,),,). Interestingly, 99% of cal-
cium (Ca") is found in mineralized bone in the form of HA,
while 50% magnesium (Mg>") is stored in bones and exists
in WH (Teitelbaum 2000; Silver et al. 1988; Wu et al. 2020).

WH is found to be the second most abundant inorganic
phase in bones, approximately 20% based on the amount of
(Mg*"), while it is abundantly found in the human dentin
consisting of 56% of the calcified part of the bone (Jang
et al. 2016). WH exists in addition to hydroxyapatite, and
the ratio of WH is higher in younger persons and during
early bone mineralization. Interestingly, WH has close
resemblance to its synthetic equivalent b-tricalcium phos-
phate (b-Ca;(PO,),), but has stable regions in phase and
has HPO,~. WH is found in short range in hard tissues
with elevated dynamic loading and is stable at acidic pH as
compared to HA (Muthiah Pillai et al. 2019). Magnesium
(Mg?*), and phosphate (PO43_) of synthetic nanoWH (nWH)
have been reported to induce bone regeneration and inhibi-
tion of osteoclastic differentiation (Kim et al. 2017).

Difficulty in detection and precipitation methods were
the major hindrances to explore the role of WH in bone
remodeling. This has been resolved by the pure precipita-
tion method reported by Jang et al. (2015). The chemical
precipitation method involves the synthesis of nanoWH
(nWH) by using ternary aqueous system in acidic condition
with limited Mg?" ions (Jang et al. 2014). However, HA was
synthesized via hydrothermal and solvothermal method with
and without argon gas injection to investigate the effect of
different synthesis techniques on its mechanical properties
(Nosrati et al. 2020a, b, ¢, d).

A comparative study of nWH, nHA and TCP revealed
the superior properties of nWH for in vitro differentiation as
compared to nHA. nWH in another study has proven to be
a “living bone mineral”, a smart biomaterial to induce self-
healing of bone (Kim et al. 2017; Jin et al. 2019). Synergistic
studies of nHA and nWH for mesenchymal stem cell differ-
entiation revealed that both minerals need optimal values for
bone regeneration (Cheng et al. 2018). WH has antibacterial
properties (Chandran et al. 2020), has been employed as
an injectable material for hemostasis (Muthiah Pillai et al.
2019), and has enhanced bone regeneration as compared to
HA and TCP in rabbit ilium defect (Jin et al. 2019).

For the development of high-performance and multifac-
eted materials, modifying existing material is one of the
trending approaches in the field of science and technology.
Various chemical and physical methods have been applied
for modification such as composites and nanocomposites
and copolymerization. Polymeric fourth- generation nano-
composites are used for bone tissue engineering (Nazir
et al. 2021a). PLLA is a polyester, biopolymer, approved
by the Food and Drug Authority (FDA), and is widely used
for bone tissue engineering (Oustadi et al. 2020; Christy
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2020; Raghavendran 2021). PLLA has hydrophobicity and
weak mechanical properties which are often resolved by
adding HA in PLLA (Doosti-Telgerd et al. 2020; Mondal
et al. 2020; Kaya et al. 2019; Pavia et al. 2018; Yang et al.
2018). The Strategy of using organic polymer (PLLA) and
inorganic nanofiller (HA) has synergistic effects of the con-
tinents and it also mimics the native bone structure (Kanani
and Bahrami 2010; Rodenas-Rochina et al. 2015). WH is a
relatively new material revisited for bone tissue engineer-
ing. The nWH scaffold with PLLA can be a potential con-
tender for future bone tissue engineering scaffolds. To the
best of our knowledge, no reports of PLLA/nWH are found
in literature.

Herein, we report laboratory-synthesized nHA and nWH
and then we demonstrated the effect of different nanoparti-
cle concentrations on the PLLA. Further, we explored and
compared how these two bone ceramics can recapitulate
early stage of bone regeneration by checking their mechani-
cal properties, degradation rate and cytotoxicity studies.
Our hypothesis was to check the improved bone regenera-
tion by continuous supply of PO,*~ and Mg?* from nWH
under physiological conditions. In vitro studies revealed that
enhanced cell attachment and proliferation were witnessed
in the case of PLLA-nWH.

Experimental section
Materials and reagents

PLLA, M, 40,000 (M, =number average molecular mass),
and chloroform research grade (99% pure) were acquired
from Merck (USA). Calcium hydroxide (Ca(OH),) (ACS
reagent, > 95.0%), magnesium hydroxide (Mg(OH),) (rea-
gent grade, 95%), ammonia solution (35%), and certified
AR for analysis, d=0.88, were purchased from Fisher
Chemicals. Calcium nitrate tetrahydrate (Ca(NO;),-4H,0),
diammonium hydrogen phosphate (NH,),HPO,), and phos-
phoric acid (H;PO,) (ACS reagent, > 85 wt% in H,0%)
were purchased from Sigma-Aldrich Co., USA. Calcium
nitrate tetrahydrate (Ca(NO;),-4H,0) reagent grade, ACS
molecular weight 236.15 g mol~! assay (complexomet-
ric assay 99-103%), diammonium hydrogen phosphate
((NH,),HPO,), reagent grade, ACS molecular weight
132.06 g mol™! (98%), and deionized water were acquired
from Dae-Jung, (Korea) and used as such.

Synthesis of the hydroxyapatite nanoparticles

Hydroxyapatite nanoparticles (nHA) synthesis was carried
out by combining calcium (Ca(NO;),-4H,0) and phospho-
rus (NH,),HPO,) sources by maintaining pH 12 using NH;
sol (Amin et al. 2015). Briefly, aqueous solutions of Ca
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(NO3),-4H,0 (dissolving 32.8 g in 200 ml deionized water
at 80 °C) and (NH,),HPO,) (9.5 g in 137.5 ml in deion-
ized water at 80 °C) were prepared on a magnetic hot plate.
Afterward, dropwise addition of Ca(NO;),+4H,0 solution
into highly basic (NH,),HPO,) solution for 2 h at 80 °C was
followed by 24 h of aging. After aging, nHA precipitates
were filtered and washed with deionized water. Residual
nHA was vacuum oven dried at 80 °C for 24 h. Muffle fur-
nace was used for calcination at 500 °C for 2 h. The chemical
reaction for the synthesis of nHA is described in Eq. (1):

considering Bragg’s peaks (211) and (310) D = kA/f cos (),
where D represents crystal size, k =shape factor (0.008),
A=incident wavelength, =broadening of peak at half
of the maximum peak, and @ is diffraction angle. XRD of
PLLA-nHA, and PLLA/nWH was carried out by keeping a
step size of 0.04. Nanocomposites were scanned over a range
of 260 5°-70°. Bruker Vertex 70 FTIR-ATR spectrophotom-
eter was used to record vibrational band spectra at wavenum-
ber 550-4000 cm™". Dried thin films of the PLLA-nHA, and
PLLA/nWH were placed to get IR data.

Ca(NO;),4H,0 + 6(NH,),HPO, + 8NH,OH — Ca(PO,) (OH), + 20NH,NO; + 46H,0. )]

Synthesis of the whitlockite nanoparticles

Whitlockite is synthesized by previously reported wet chem-
ical precipitation method (Kim et al. 2017; Jang et al. 2015;
Jang et al. 2014), in which Ca(OH), and Mg(OH), were
taken as preliminary reagents. Initially, 0.37 M of Ca(OH),
and 0.13 M Mg(OH), solutions were prepared in distilled
water. Then, equal proportions of Ca(OH), and Mg(OH),
were mixed in distilled water by keeping the temperature of
the system below that of boiling water. A suitable quantity
of 0.5 M H;PO, was added in a dropwise manner into the
Ca(OH),-Mg(OH), solution at the speed of 12.5 ml min~!
along with continuous stirring. The resulting precipitates
were aged for 24 h to obtain particles of sufficient size and
then assembled using a filter press. The nanocomposites
were calcined at appropriate temperature for a sufficient time
to remove any volatile impurities.

Synthesis of PLLA/nHA and PLLA/nWH
nanocomposites

Solvent casting method was used to prepare PLLA nanocom-
posites. PLLA-nHA or PLLA-nWH composites with dif-
ferent concentrations (100-0%, 99-1%, 95-5%, and 90-10%
w/w, respectively) were prepared by accurately weighing in
a reagent bottle and homogenously dissolved in 30 ml of
chloroform using a magnetic stirrer at room temperature for
2 h. Later, this homogenous viscous solution was air dried
in a Petri dish at room temperature for 24 h. Nanocomposite
films were further dried in a vacuum oven at 50 °C for 12 h
to remove any traces of solvent left behind. Dried nanocom-
posite films were stored at room temperature till further use.

Characterization techniques

To confirm the crystal structure and homogeneity of HA and
WH powder, XRD was performed (model: DRONS, country:
Russia), with voltage 40 kV and current 20 mA. The average
crystallite size was calculated by using Scherer’s formula

Morphological analysis of the nanocomposite films was
acquired by using JSM-6490LV by JEOL Nanoparticle
morphology and the size was observed by placing powder
nanocomposites on carbon tape and then gold sputtering the
powdered nanoparticles. Nanoparticles were also suspended
in deionized water, and then after water evaporationthe
nanocomposites were gold sputter coated for SEM analysis.
Cryo-fractured morphology of pure polymer films, blend
films and nanocomposite films was determined. Nanocom-
posite films were dipped in liquid nitrogen and then broken
to produce fresh cryo-fractured surface. These nanocom-
posite surfaces were attached to aluminum stub, followed
by gold sputtering of these nanocomposite films for their
examination by SEM. Nanocomposites were photographed
at various magnifications. Taking images at higher magnifi-
cation was unlikely, because of the breakage of the polymer
strips at magnification more than 10,000x.

Trapezium-X Universal Testing Machine (AG-20KNXD
Plus) built by Shimadzu Corporation was tapped to inves-
tigate the tensile mechanical properties whose crosshead
speed was set at 1 mm min~'. The nanocomposite films for
these analysis tests were prepared by slicing films with a
gauge length of 20 mm in dimensions of 10 mm X 50 mm
(width X length) by using a hand cutter (ASTM D6287).

Antibacterial test: Disc diffusion assay to evaluate the
antibacterial potential of PLLA-nHA, and PLLA/nWH was
carried out against bacteria. Bacterial culture of two Gram-
positive strains, namely Listeria monocytogenes and Staphy-
lococcus aureus, and one Gram-negative strain, Escherichia
coli, was freshly prepared in nutrient broth to the logarithmic
phase at 37 °C in an orbital shaker for 16—18 h. Solutions
with optical density between 0.58 and 0.6 at 600 nm were
diluted to 10°~10°> CFU ml~!. Nanocomposite films of equal
size of 8 mm diameter were disinfected with 70% ethanol for
1 h and then under UV for 15 min. Sterile Petri dishes were
inoculated with 100 pl of each equalized bacterial nanocom-
posite to create a uniform lawn on each Petri plate. Nano-
composite discs were placed on the bacterial lawn at equal
distance. Antibacterial pallet of Gemifloxacin was used as a
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positive control and pure polymer as negative control were
used. Nanocomposite films were incubated for 16 h at 37 °C.
Each nanocomposite was tested in triplicate.

To carry out the swelling test of nanocomposite films,
films of dimensions 10 mm X 10 mm were weighed down
and then sealed by placing in already weighed Eppendorf
tubes containing 1 ml of PBS, followed by placement of
Eppendorf in a shaker at a temperature of 37 °C. Upsurge
in the weight can be credited to the water absorption, was
measured by removing nanocomposite films from PBS at
specific time periods, and blotting them with an absorbent
tissue. A fresh aliquot of PBS was added to the Eppendorf
daily. To obtain reproducibility in results, four nanocompos-
ite films were examined for each time interval till equilib-
rium was attained. The remaining weight percentage (wt%)
was calculated.

In vitro degradation test was carried out by measuring
weight loss in collagenase type II solution prepared in PBS
and incubating them at 37 °C. While nanocomposite film
dimensions were of 10 mm X 10 mm size. To determine the
remaining weight percent, triplicate nanocomposite films
were freeze dried overnight before taking weight measure-
ments at specific time periods.

Cell viability tests

To assess the biocompatibility of the PLLA blends, cell culture
fibroblast cell lines NIH3T3 and mouse precursor osteoblast
cell lines MC3T3-E1 were taken. Frozen cell lines were passed
through DMEM five times, along with 1% Penstrep and 10%
FBS and then incubated at 37 °C temperature, followed by
incubating through humidified air containing 5% CO,. The
culture media was changed every other day and after conflu-
ence of 70% cells passed through. First, all nanocomposite
films were cut into circular shaped discs having diameter of
15 mm. After that, these nanocomposite films were disinfected
for 2 h with 70% ethanol, followed by washing with PBS prior
to in vitro cell analysis. Test nanocomposite films were inhab-
ited in a 24-well sterilized tissue culture plate and compressed.
Seeding of the fibroblast cell lines NIH3T3 and osteoblastic
cell line MC3T3-E1 onto the nanocomposite discs was done
at a strength of 1x 10* cells well™". Then, cells were cultured
for 1, 3, and 7 days in whole DMEM media containing 1%
Penstrep and 10% FBS. Cell culture media were subsequently
removed after 1, 3 and 7 days, respectively. Cell viability rea-
gent, that is, 10% PrestoBlue grown in DMEM was reared in
cells for 120 min at 37 °C, followed by transfer of 100 pl of
reared cell viability reagent onto 96-well plate. To calculate
the cell viability, reading of the plate was performed on a plate
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reader whose fluorescence intensity of excitation and emission
was found to be 535-560 nm and 590-615 nm, respectively.
For this cell culture analysis, triplicate nanocomposite films
were examined in three independent experiments. All resulting
data were presented at an average + standard deviation and the
numerical value of significant difference was taken as p <0.05.
To make a comparison of all pairs of columns test for statis-
tical comparison, one-way ANOVA test was carried out by
applying Tukey’s method. In figures, *p <0.05, **p <0.01,
*#%p <0.001 are designated as statistical significance.

LIVE/DEAD assay Viability/Cytotoxicity Kit (mammalian
cells) was utilized to conduct NIH-3T3 and MC3T3-E1 at 1,
3, and 7 days. The protocol was followed for cell culturing.
Control was set with untreated cells. PBS and calcein AM
(1 ul mI~! of 50 um stock) were used to wash cells and then
50 pl ethidium homodimer-1 (2 ul ml~! of the 2 mm stock)
was added to each well. After incubation for 30—40 min, cells
attached to nanocomposite films were viewed with inverted
fluorescence microscope (Zeiss Axio Observer Z1, Zeiss,
USA). For calcein AM, cells attached to the nanocompos-
ite films were incubated for 30-40 min and then observed
on inverted fluorescence microscope. The wavelength of
494/517 nm was set for calcein AM (green shows live cells
indicating intracellular esterate activity) and 528/617 nm.
Cell count of live cells was done with Image J software of
four random fields of three replicates of nanocomposite films.
10xrandom field images were taken. The total number of live
cells was divided by the total number of cells to calculate the
percentage of live cells.

F-actin/DAPI staining was done to examine cell prolif-
eration and adhesion after 1, 3 and 7 days of NIH3T3 and
MC3T3-Elon nanocomposite films. Cell staining was done by
first removing the media, then rinsed with PBS and fixed using
4% PFA for 15 min. 0.1%Triton X-100 solution was introduced
for 30 min for permeabilization. After that, 1% BSA for an
hour was added. F-actin/DAPI mixed in PBS was fixed in the
wells. Inverted fluorescence microscope was used to visualize
cells and from triplicate nanocomposite films, their random
images were captured (Zeiss Axio Observer Z1, Zeiss, USA).

Mineralization (calcium deposition) was checked by per-
forming Alizarin Red assay. MC3T3-E1 (mouse precursor
osteoblast cell lines) and nanocomposites films were seeded
1x10? cells well™! and cultured (37 °C and 5% CO,) for
14 days. On day 14, media were removed and washed with
PBS and cells were fixed with 4% PFA for 15 min after
removing media. 1% Alizarin red in PBS was used to stain
nanocomposite films for 45 min, and after rinsing with PBS
it was visualized under fluorescence microscope (Zeiss Axio
Observer Z1, Zeiss, USA).
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Results and discussion

Wide angle XRD of the nanoparticles
and nanocomposite films

XRD was carried out for the phase confirmation of the syn-
thesized nanoparticles. XRD pattern shown in Fig. 1b has
characteristic appearance of Bragg’s reflections of nHA at
26025.8°,31.9°,32.9°,34.0° and 39.8°, corresponding to the
crystal planes of HA (002), (211), (300), (202) and (310),
respectively, matches the JCPDS/ICDD No. 09-0432, and is
in accordance with the already reported data (Nosrati et al.
2020a, c, d; Klinkaewnarong and Utara 2018). The crys-
tallite size of synthesized nanoparticles by using Scherer
formula was found to be 22.3 nm. Phase confirmation of
the synthesized nWH was matched with the JCPDS /ICDD
No. 70-2064 and confirmed homogenous phase as already
reported in literature (Muthiah Pillai et al. 2019). Diffrac-
tion peaks of nWH were observed (Fig. 1a) at 26 17.1°
25.96°, 28.02°, 31.32°, 32.9°, and 34.56°, 37.72°, 44.16°,
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corresponding to the crystal planes of HA (110), (101),
(214), (300), (0210) and (220), (Jang et al. 2014, 2016; Kim
et al. 2017; Cheng et al. 2018) The crystallite size of nano-
particles having rhombohedral crystal structure was found
tobe 19.11 nm.

X-ray diffraction pattern of PLLA shows pattern 14.93°,
16.76°, 18.96°, 25.4°. PLLA had pseudohexagonal crys-
talline structure, which can be accredited to looser chain
packaging and marginally larger unit cell dimension indi-
cated by the broad peaks and at lower angles 16.4° and 18.7°
(Fig. Ic). On addition of the nanoparticles WH and HA, we
clearly observed that the intensity of the peaks increased
and there was a shift in the peak positions. For PLLA-nWH,
PLLA peaks were observed at planes (110)/(200) at angle
16.7°, and (203)/(113) at angle 19.0° and other planes (011)
and (211) reflected at angle 14.6° and 22.3°. WH incorpo-
ration PLLA-nWH was indicated by the appearance of the
peaks at 26.45° (101) and 29.23° (214) where the intensity
of the peak increased upon increasing the concentration
of the nWH (Fig. 1c). Similarly, for PLLA-nHA integral
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Fig.1 XRD of anWH, b nHA, ¢ PLLA/nWH, and d PLLA/nHA. Integral values of peak intensity increased with addition of nanoparticles
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intensity of the nHA peaks at 25.8° and 34.0°, corresponding
to the (002) and (211) reflections, increased on increasing
nHA concentrations (Fig. 1d). In nanocomposite, the shift-
ing of the characteristic peak position reflects the impact of
nanophase on the crystal structure of the PLLA. On addi-
tion of nHA into the polymer matrix, it was observed that
the diffraction peaks appeared at values assigned in the lit-
erature to the o forms of PLLA (parameters of the PLLA
unit cell are: a=1.06 nm, »=0.106 nm and ¢=2.88 nm)
(Beltran et al. 2016). In nanocomposites, diffraction peaks
of PLLA became sharp and stronger as compared to the
neat PLLA, which confirms the nucleation effect of nHA
or nWH on PLLA chains. This phenomenon was supported
by the reported work of MC (Righetti et al. 2017, 2018) and
IGI (Athanasoulia et al. 2017). At different concentrations
1-10% of nHA and nWH, increasing intensity of the peak
was indicated, showing that the nanoparticle was acting as
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a nucleating agent for PLLA, causing increased orientation,
alignment, and closer packing of the PLLA chains, result-
ing in increases in the crystallinity of PLLA. Further crystal
structure was evaluated by FTIR.

FTIR analysis of the nanoparticles
and nanocomposite films

FTIR was carried out to check the interaction between the
inorganic filler and organic polymer matrix in nanocompos-
ites. No chemical degradation of any constituent materials
was indicated in the FTIR spectra. The synthesized nHA
compound was subjected to FTIR as shown in Fig. 2b. The
presence of peaks at 1092 (PO43_, vy), 1023 (PO43_, vy),
963 (OH™), 601 (HPO,*"), and 561 cm™! (PO,*~, v;) were
the characteristic bands for nHA, as corroborated in the lit-
erature (Nosrati et al. 2020b; Gieroba 2021). A very small
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Fig.2 FTIR of a nHA, b nWH, ¢ PLLA/nWH, and d PLLA/nHA. Addition of nanoparticle affected the IR spectra below 2000 cm™. Physical

interaction of hydrogen bonding was found below 1000 cm™!
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peak of OH was visible at 3571 cm™!. The amount of H,O
was very low. Particularly, the band at 963 cm™! was a dis-
tinguishable peak observed for asymmetric P-O stretching
vibration of PO43_ (Sroka-Bartnicka et al. 2017). In addition,
a medium sharp peak appeared at 631 cm™! corresponding
to the O—H deformation mode. FTIR bands for nWH are
shown in Fig. 2a. The characteristic vibrational bands of
nWH were observed at 571 cm™! and 582 cm™! double peak
(v4, bending of PO43_), 989 cm™! (v1, P-O—H stretching of
HPO,*"), 884 cm™! (v3, HPO,>~ bending), and 1059 cm™!
(V3 of PO43_) bending (Kaliannagounder 2021; Capitelli
et al. 2021; Wang et al. 2020). Relatively sharp peak at 1346
was assigned to P(O—H) (Cooper et al. 2013), while two
bands at 2374 and 2794 cm™! were assigned to P—O overtone
on the basis of previous reports (Capitelli et al. 2021).
Figure 2c. d displays the FTIR spectra of the nanocom-
posites upon incorporation of nWH and nHA in PLLA.
PLLA characteristic peaks 1755, 1187, and 1082 cm™!
related to C=O stretch, CH; stretch and COC were observed.
CH, stretch weak bands were present at 2946 and 2996 cm™
(Oner et al. 2021). A characteristic band at 1755 cm™!
showed splitting and thus suggesting the amorphous nature
of the PLLA or this can be attributed to the presence of
o' crystal structure. In case of nanocomposites, clearly, we
observed the changes in the three regions of spectra: one
was the carbonyl (C=0) stretching area 1800—-1700 cm™!,
second was the CH; and CH bending region in the area
1500-1300 cm™", while the third was the COC stretching
area between 1300 and 950 cm™!. There was no evidence
of chemical bonding between nanoparticles and PLLA.
On addition of both, the nanoparticles band intensity at
1758 cm™! increased and became sharp, showing no split-
ting, confirming the a conformation of PLLA (Zhang et al.
2005) in all nanocomposites. Carbonyl region band splitting
was assigned to the crystallization of PLLA. In literature,
this band is related to four conformations gt, gg, tg, and
gt arising from interphase (Meaurio et al. 2006a, b). These
conformations for semicrystalline PLLA were identified as
follows: crystalline bands for gf appearing at 1760 cm™! and
1758 cm™! (splitting) and non-crystalline bands for, gg, g,
and gt appear at 1777 cm~!, 1767 cm™', and 1759 cm™'.
In all the nanocomposites, bands appeared in gr conforma-
tion area suggesting crystalline phase because crystalline
phase was mostly composed of g conformation. Increase in
integral intensity of this band indicated increase the crystal-
linity of the material after adding nanoparticles as reported
in the cited literature (Szustakiewicz et al. 2018). In case
of bands related to CH; and CH, however, we observed
band broadening at 1133, 1086, and 1043 cm™!. In case
of nHA, these C—-O—CHj; peaks shifted to 1125, 1088, and
1020 cm™!, while for nWH bands appeared at 1127, 1084,
and 1037 cm™!. Broadening of band at 1086 and 1043 cm™!
was assigned to the physical interaction occurring between

CH; of PLLA and PO,*~ of nHA or nWH. The broadening
of this band could be attributed to the formation of hydro-
gen bonding (Raghavendran 2014). The peak intensity at
1753 cm™! of C=0 (PLLA) decreases, while the intensity at
1023, 629, 601 and 559 cm™! increases proportional to the
concentration of nHA added to the nanocomposites. This
revealed that nHA had uniformly blended with PLLA (Zhao
and Cai 2018).

In the third region from 970 to 850 cm™' very interesting
changes were observed. In PLLA-nHA, a shoulder appeared
at 928 cm™!, while band intensity at 958 cm™! increased
and band 872 cm™! intensity decreased. For PLLA-nWH
bands appeared at 985, 903 and 874 cm™'. Mostly the band
at 921 cm™' is characteristic of 10° helix formation (Li
et al. 2015) of PLLA and appears during the crystalliza-
tion process, and the band at 957 cm™~! shrinks, while band
at 867 cm™! shifts to higher wavenumber and its integral
intensity increases (Zhang et al. 2017). Our results showed
that the peak of 867 cm™! shifted to higher value in both
nanocomposites and intensified in the case of PLLA-nWH.
The band at 921 cm™'in PLLA-nWH was masked by the
PO, bands expected at 989, whereas in PLLA-nHA the
band appeared as shoulder near 921 cm™!. For PLLA-nWH
further bands were observed at 572 cm™!, whereas in
PLLA-nHA a band appeared at 600 cm™! corresponding to
PO,*". Band intensity of these vibrations increased with the
increasing concentration of the nanocomposite, suggesting
the homogenous distribution of the nanoparticles throughout
the PLLA matrix. Overall, results suggest that addition of
nanoparticles increased the crystallinity of PLLA and con-
version of any o' crystal structure to o crystal structure as
corroborated by XRD results.

Morphology of the nanoparticles
and nanocomposite films

The size and morphology of laboratory synthesized nWH
and nHA were evaluated by SEM as shown in Fig. 3. The
size of nWH was 17-23 nm as shown in Fig. 3a. The size of
nHA was 23-40 nm and the shape was found to be spheri-
cal Fig. 3b. To visualize the homogenous distribution of
different loading of nWH and nHA and the morphology of
the PLLA (Fig. 3c) matrix, SEM images were obtained and
are shown in Fig. 3d-i. The PLLA film was found to have
a compact structure, and spherulitic structures were visible
showing the crystalline nature of the PLLA. PLLA does not
contain many side chain or bulky groups which could inter-
fere with the packaging of the polymeric chains. When the
nWH and nHA were added in lower concentrations, there
was a clear formation of the porous structure, but at higher
concentrations pores were less and smaller while some pit
formation was seen. During the cryofracturing, breaking
points of the film were the points of PLLA and nanoparticle
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Fig.3 SEM images of a nWH, b nHA, ¢ PLLA, d PLLA-nHA1%,
e PLLA-nHAS, f PLLA-nHA10% and %, PLLA-nWH1%, PLLA-
nWHS5%, and PLLA-nWH10%. Nanoparticle size, shape and their
distribution in the polymer matrix are visible. With increasing con-

interface. In nanocomposites, nanoparticles were distributed
randomly and homogenously. At lower concentrations, there
was homogeneous distribution of nanoparticles, while mov-
ing toward higher concentrations, the agglomeration started.
We believed that when the ratio of the reinforcing agents
to the polymer surpasses the critical value, hydrogen bod-
ing between the polymer and nanoparticles would cease
to exist at higher concentrations, resulting in agglomera-
tion at higher concentrations. A similar phenomenon was
observed in case of PLLA/MCC/HA composites (Eftekhari
et al. 2014). Agglomeration affected the mechanical prop-
erties and resulted in overall increased brittleness of the
nanocomposites.

Tensile mechanical analysis

Tensile mechanical properties of nanocomposites depend on
the overall crystallinity, homogenous dispersion of the nano-
filler, physical attraction of the nanofiller and the polymer
matrix, concentration of the nanofiller and the movement
of the force from polymer to the reinforcing nanoparticles
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centration, uniform distribution increases. PLLA matrix is more com-
pact in case of WH; Mg”" plays an important role in reinforcing the
polymer matrix while in HA we have formation of pits and falls for-
mation

(Alharbi et al. 2018; Bhasney et al. 2019). Stress—strain
curves of PLLA and its nanocomposites with nWH and nHA
are shown in Fig. 4a and b. Elongation at break (strain %)
and ultimate tensile strength (UTS) at different loadings are
presented in Fig. 4c and d, while Young’s modulus values are
presented in Table 1. Pristine PLLA has maximum tensile
strength ~21 MPa, but fractured at the elongation value of
3.3% strain. PLLA-nWH and PLLA-nHA had higher strain
percent values for elongation at break in comparison to pure
PLLA, but UTS values decreased. nWH and nHA addition
in PLLA resulted in strong and ductile PLLA than pristine
PLLA. The reinforcing effect of the nanoparticles increased
the elongation at break values of the polymer nanoparticle
system. Among all nanocomposites, PLLA-nWH1% showed
maximum ductility and appeared to be thew toughest mate-
rial. Comparison of strain % values of elongation at break
values at 1% nWH loading showed 403% and nWH 5%
showed 315% increase, respectively, as compared to pure
PLLA films. In case of PLLA-nHA, strain % values of elon-
gation at break values showed a decreasing trend. Strain %
values observed at different concentrations are 12.19% (1%
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Table 1 Young’s modulus of PLLA-nWH and PLLA-nHA nano-
composites

Percentage of nHA Young’s modulus of Young’s modulus of

and nWA in PLLA PLLA-nHA (MPa) PLLA-nWH (MPa)
PLLA 571.65+2.8

1% 88+54 103+3.5

5% 104+4.5 133+6.1

10% 110+6.2 148+4.9

nHA), 10.37% (5% nHA), and 5.56% (10% nHA). Elonga-
tion at break values in 1% nHA (12.2%) were lower as com-
pared to 1% nWH (13.3%), while at 10% loading the differ-
ence became more obvious where nHA strain% was 5.56 as
compared to 10% nWHA11.59 strain %. Tensile strength
values showed decreasing trend with increasing nanoparti-
cle concentration. Among nanocomposites, PLLA-nHA1%
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and d elongation at break of PLLA-nHA and PLLA/nWH (error
bars: £ SD 0.05)

showed maximum tensile strength ~ 12.74 MPa. Ultimate
strain percent value of PLLA with 1% nHA loading was
12.74 MPa and for 1% nWHA loading was 9.5 MPa. UTS
values of PLLA/nHA were higher than that of PLLA-nWH.
Decrease in UTS might be because of nanoparticle agglom-
eration in the polymer matrix, decreasing the reinforcing
effect and leading to failure of the polymer at lower tensile
strength values (Bhasney et al. 2019). Values of Young’s
modulus for the PLLA were found to be 572 MPa. In nHA-
impregnated PLLA films, on increasing nHA content, there
was an increasing trend of Young’s modulus. For 1, 5 and
10% nHA in PLLA/COC-10, Young’s modulus values were
103, 133 and 148 MPa, respectively. Values of Young’s
modulus in PLLA/nHA were lowered by 117%, 128%,
and 134% in 1%, 5%, and10% PLLA/nHA as compared to
PLLA-nWH. Cancellous bone requires the elastic modu-
lus of 0.1-4.5 GPa, while that of cortical bone is 17 GPa
(Hickey et al. 2015; Pitjamit et al. 2020). Depending upon
these values of mechanical testing, the above-mentioned
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films were a good candidate for the cancellous bone tissue
engineering and dressing application. Specifically, these
nanocomposites can be used in mechanically active area.
Results revealed that the tensile mechanical properties of
the polymers can be fine-tuned by changing the nanopar-
ticle concentration in the nanocomposites. Two major fac-
tors causing the reinforcement are homogeneous dispersion
and interfacial interaction of the polymer and filler. In our
case both the factors contributed well to postponing the
fracture time, resulting in higher strain %. The nanofillers
were anchoring the polymer chains, thus leading to better
mechanical properties than PLLA.

Antimicrobial activity

The antimicrobial activity of compounds was tested by
Kirby—Bauer test, also known as the Zone of Inhibition.
The antimicrobial activity of nanocomposites was checked
against three different bacteria, (E. coli), (S. aureus) and (L.
monocytogenes), as shown in Fig. 5. Gentamicin was used
as the positive control, while the polymer system acted as
a negative control. No inhibition zone was found for PLLA
(Davachi et al. 2016), indicating no antibacterial potential
of the PLLA. With 1-5% loading of nanoparticles in PLLA/
nHA and PLLA/nWH, there was no significant antibacte-
rial activity for the three bacteria, owing to very compact
packing of the nanoparticles inside the PLLA matrix as
indicated by SEM. Surprisingly, at 10% concentration,
nanocomposites displayed significant response to bacteria
as shown in Fig. 5a except with E. Coli which is Gram (-).
The diameter of zone of inhibition (ZI) is shown in Fig. 5b.
No inhibition zone against E. coli was observed for nanopar-
ticle addition in PLLA, while for S. aureus PLLA-nHA10%
showed very small ZI, while ZI values increased in case of
PLLA-nWH10%. PLLA-nWH10% had maximum ZI for
L. monocytogenes (9.4 mm) (Chandran et al. 2020). These
results show that PLLA with 10% loading of nanoparticles
of WH had a wide range in vitro activity against Gram-
negative and Gram-positive Gram-negative bacteria with
high activity against Gram-positive bacterial (Davachi et al.
2016; Davoodi et al. 2016). The reason for the largest zone
of inhibition of Gram (+) bacteria strain could be credited
to the absence of an outer layer membrane on the bacte-
rial cell wall, whereas the presence of a thick outer layer of
lipid membrane and lipopolysaccharides protect the Gram
(—) bacteria from antimicrobial compounds (Akindoyo et al.
2019; Hassan and Sultana 2017) (Ou and Hsu 2007).

Swelling analysis
The surface properties of the material can be analyzed by

swelling analysis (Nazir et al. 2021b; Nazir and Igbal 2020).
Swelling properties define the diffusion, surface properties
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and mass transfer properties of the materials to be used as
tissue engineering scaffold. Swelling properties of the nano-
composites with PBS buffer over 30 days’ time are shown
in Fig. 6a. PLLA had the lowest swelling ratio 9.8 + 1.05 as
compared to all composites (Peng et al. 2016). Low swell-
ing ratio of the PLLA is because of the crystalline nature
of PLLA having least spaces for the water to penetrate and
be accommodated. Swelling ratios of PLLA increased by
the addition of the nanoparticles. The increase in swelling
behavior was owing to accumulation of water molecules by
interacting with PO,*~ and HPO,'~ present in nWH and
nHA through hydrogen bonding (as shown in FTIR). Inter-
estingly, among nanocomposites, swelling ratios decreased
with increasing weight loading of nanoparticles from 1 to
10%. PLLA having nHA had higher swelling ratios as com-
pared to nWH at all concentrations. This might be because
the small size and better dispersion of nWH provided the
PLLA chains an anchoring and nucleation site. The network
density increased, thereby reducing the swelling ratios. From
day 1 to day 30, nHA1% swelling ratio increased by 104%,
nHAS5% increased by 106% and for nHA10% swelling ratio
increased by 93%. From day 1 to day 30, nWH1% swell-
ing ratio increased by 98%, nWH5% increased by 96% and
for nWH% swelling ratio increased by 90%. From SEM
images it was clear that the PLLA-nHA nanocomposites at
lower concentration had pores, while the PLLA—-nWH had
compact structure (Oyama 2020). Swelling ratios increased
dramatically for the first 24 h, then very less addition of
water was observed till day 14, and after that it reached at
equilibrium. nWH and nHA were hydrophilic in nature and
thus they increased the hydrophilic properties of the PLLA
(Wang et al. 2020; Kim et al. 2019; Kumar et al. 2020).
Moreover, the addition of the nanoparticles also affected the
arrangement of PLLA polymeric network increasing crys-
tallinity as indicated by XRD. These results suggest that by
changing the nanoparticle concentration, we can fine-tune
the swelling properties of the nanocomposites for bone tis-
sue engineering.

Enzymatic degradation analysis

The degradation profile of the PLLA nanocomposites over
48 days was evaluated for bone tissue engineering applica-
tions (Danoux 2014; Shuai et al. 2021) as shown in Fig. 6b.
Degradation rate is important, because it helps to under-
stand that the time during the scaffold will degrade and
meanwhile the new bone is regenerated in its place. During
incubation with collagenase type II in a humidified incuba-
tor, the degradation rate of PLLA increased with respect
to time especially in case of nanocomposites (Gunja and
Athanasiou 2010; Izadpanahi et al. 2018). Enzymatic deg-
radation occurred sooner and was imperative as compared to
the hydrolytic degradation for tissue engineering appliance.
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(a)

Escherichia coli

Staphylococcus aureus

Listeria monocytogenes

(b) = Escherichia coli Gram (-) = Staphylococcus aureus Gram (+) = Listeria monocytogenes Gram (+)

Zone of inhibition (mm)

Gentamycin PLLA PLLA-nHA10% PLLA -nWH10%

Fig.5 a Antimicrobial activity of PLLA/nHA10% (a, ¢, ) and PLLA/nWH10% (b, d, f), with E. Coli, Staphylococcus aureus and Listeria
monocytogenes. b Zone of inhibition. Data are statistically significant (error bars: +SD, *p <0.05, **p <0.01, and ***p <0.001)
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PLLA is a polyester and is susceptible to enzymatic degra-
dation, and also the degradation product of PLLA is acidic
in nature (Nazir et al. 2021a). After 7 days, the remaining
weight percent of PLLA was 93%, while after 48 days only
30% PLLA was left. Moreover, upon increasing the con-
centration of nanoparticles, the degradation rate of PLLA
decreased. The maximum degradation rate was observed
for blends containing 1% HA; 80.4% weight was observed
after 7 days and reduced to only 2% after 48 days (Diaz
et al. 2014). Interestingly, a similar trend was observed for
nanocomposites containing PLLA-nWH. In case of nano-
composites, maximum degradation rate was observed for 1%
nWH, with 83.4% after 7 days, reduced to 3% after 48 days
(Diaz et al. 2019). Decrease in the degradation of PLLA in
nanocomposites was attributed to structural change in nano-
composites by making the material denser and compact than
PLLA to interact with chemical factors.

Cell culture

Cell viability, adhesion, and proliferation profiles are very
important to study, as these determine the binding ability of
the cells with the scaffold which is very crucial for proper
cell functioning. Cell adhesion is usually linked to cellular
function and tissue integration, whereas cell proliferation is
linked to new bone creation due to cell multiplication (Nazir
et al. 2021a). Therefore, better cell adhesion and prolifera-
tion would result in a large mass of bone tissue around the
scaffold. In the present study, for the better understanding of
the in vitro interaction of cell with nanocomposites, two cell
lines, NIH3T3 and MC3T3-E1, were cultured on the surface
of the nanocomposites. Cell viability, adhesion, and prolif-
eration by PrestoBlue, LIVE/DEAD assay fluorescence and
actin and DAPI staining on the surface of the PLLA-nHA
and PLLA-nWH composites are shown in Figs. 7, 8, 9 and
10.

PrestoBlue cell viability indicator was used to check the
reducing power of living cells to quantitatively measure the
proliferation of cells. Cell viability by using PrestoBlue for
1, 3, and 7 days for NIH3T3 and MC3T3-E1 are shown in
Fig. 7e and f. Interestingly, on the first day, nanocomposites
showed almost similar growth pattern with cells attaching to
the surface of the nanocomposites. Nonetheless, after that,
all PLLA showed ~93% cell viability for both cell lines
on day 3. Nanocomposite films PLLA-nWH10% showed
96.2% for NIH3T3 and 96-97% for MC3T3-E1 cells on day
3 (Fig. 7a, b), while PLLA-nHA10% was further increased
to 94% for NIH3T3 and 96% for MC3T3-E1 cells on day 3.
These results have been represented by taking as 100% the
value of control cells without treatments and subtracting the
values of media alone without cells with PrestoBlue. On day
7, PLLA-nWH at 1% showed 97% cell viability, whereas at
10%, 98% and in PLLA-nHA 1% had 94% cell viability and

10% had 96% for MC3T3-E1 cell lines. In case of NIH3T3,
all nanocomposites had more than 94% cell viability. It
can be inferred from the given cytocompatibility results
that there was no compromise on biocompatibility and it is
according to international standards of ISO 10993-5:2009
(Nosrati 2020a; Passos et al. 2016).

Cell density variation was measured by counting cells
after 1, 3, and 7 days as shown in Figs. 7c, d and 10. The
number of DAPI-stained cells per fixed area determines the
cell density. These results show that when the concentration
of nanoparticles was increased up to 10 wt%, increase in the
cell attachment was observed which can be attributed to the
surface properties and suitable nanocomposite roughness.
This indicates that nHA and nWH reinforcement in PLLA
provided additional osteogenesis and osteoinduction to the
scaffolds (Nosrati 2020a; Zhu et al. 2019). From Fig. 7e and
f, it is clear that cells have proliferated dramatically on the
composites having nWH as compared to nHA nanocompos-
ites for the 7 days cell culture. In literature, similar tests have
been performed for measuring proliferation (Ain et al. 2017;
Ain and Khan 2018).

From the cell orientation and growth pattern of MC3T3-
El in Fig. 9, it can also be observed addition of different
concentrations of nHA and nWH provided the site of attach-
ment to the cells. Moreover, the cells were also show higher
compatibility and growth with the nanocomposites with
higher mechanical properties. In a previous study, PLLA
blends (Nazir et al. 2021a) demonstrated potential as a bio-
compatible material with favorable interactions innate to
the properties of parent materials. Here, osteoconduction
was introduced by the incorporation of nWH and nHA in
this blend, while in case of WH cell attachment prolifera-
tion and cell viability were enhanced because of the Mg>*
ions as reported (Hickey et al. 2015; Hickey et al. 2014;
Hickey 2014). A similar phenomenon was found in our
results: Mg”"ions present in WH nanocomposites favored
cell attachment and proliferation.

Figures 8 and 9 represent the LIVE/DEAD assays for
NIH3T3 and MC3T3-E1, respectively. On day 1, the seeded
cells presented noteworthy cell adhesion on the surface of
nanocomposites. There was an increasing amount of cell
growth attached onto the surface of the scaffolds having
nWH in comparison to nHA because the polymer surface
was hydrophobic, while the insertion of both nanoparticles
into these scaffolds increased the hydrophilicity of the sys-
tem. It was evident that in both kinds of nanocomposites,
increasing the concentration of the nHA from 1 to 10%
accelerated cell proliferation by 10- to 30-fold from day1 to
day 7. On day 7, improved proliferation rate was observed
due to the cell division, good morphology, and intercon-
nected network. Cell adhesion morphology and prolifera-
tion of MC3T3-El1 cells with nanocomposites were better as
compared to the NIH3T3 cell lines. Moreover, MC3T3-E1
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Fig.7 The calculation of a cell viability of NIH3T3, b cell viability
of MC3T3-El, c cell density of NIH3T3, d cell density of MC3T3-
El, e proliferation of NIH3T3, f proliferation of MC3T3-E1 for day

cell density rose eight times on PLLA-nWH10% as com-
pared to PLLA-nHA as shown in Fig. 9 for day 7. Cell den-
sity was determined based on live/dead cells by employ-
ing image J software. For 1, 3, and 7 days, cell viability is
expressed as a proportion of living cells to the total num-
ber of cells exposed, as illustrated in Fig. 7c, and d. The
ANOVA and estimated results as shown in Fig. 7 show that
the cells were proliferating at a very high rate in case of
PLLA/nWH. In comparison to PLLA-nHA, PLLA-nWH
exhibited increased cytocompatibility at all WH loadings
and its surface was found to be highly populated with cells.
Cell density was found more profound in case of MC3T3-E1
cells as compared to NIH-3T3 cells. Although there was no
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substantial change in the morphology in all the nanocompos-
ites of PLLA-nWHA when weighed against PLLA-nHA,
but as cells were influenced by their surroundings and their
mechanical cues, the cellular function was influenced by
PLLA-nWHA positively (Yang et al. 2020).

DAPI staining and F-actin assays were carried out to
examine the morphologies along with proliferation of the
cells as shown in Fig. 10. Cell counting found for the dura-
tion of cell culture along with image analysis by F-actin
and DAPI validates the PrestoBlue analysis (Chakrapani
et al. 2017; Qi et al. 2015). Cell viability in PLLA-nWH
was increased by fivefold in case of NIH3T3 and sixfold
in case of MC3T3-E1. Furthermore, in comparison to pure
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PLLA

PLLA-nWH1%

PLLA-nWH5%

PLLA-nWH10%

PLLA-nHA1%

PLLA-nHAS%

PLLA-nHA10%

Fig.8 LIVE/DEAD viability assay of fibroblast NIH3T3 cultivated
onto pure PLLA, PLLA-nWH, and PLLA-nHA blends for day 1, 3,
and 7 for which the scale bar is set at 100 um. On day 1, PLLA-nWH
surface shows decent adhesion of cells, followed by development of
interconnected network on day 3. On day 7, cells are grown into mul-

PLLA-nHA cells, anchorage in the PLLA-nWH blends
was with long distinct filopodia. When PLLA-nWH were
scrutinized under a microscope, formation of focal adhe-
sion was witnessed on day 2. Similar results were observed

tilayer displaying good cytocompatibility. When live cells are stained
with calcein AM, they show green fluorescence; however, when dead
cells are stained with ethidium homodimer, they show red fluores-
cence

by Zhou et al. in during comparing whitlockite/chitosan
and hydroxyapatite/chitosan for bone regeneration (Zhou
et al. 2017).
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Fig.9 LIVE/DEAD viability assay of fibroblast MC3T3-El culti-
vated onto pure PLLA, PLLA-nWH, and PLLA-nHA blends for
days 1, 3, and 7, for which the scale bar is set at 100 um. On day
1, PLLA-nWH surface shows decent adhesion of cells, followed by
development of interconnected network on day 3. On day 7, cells are
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Day7

grown into multilayer displaying good cytocompatibility. When live
cells are stained with calcein AM, they show green fluorescence;
however, when dead cells are stained with ethidium homodimer, they
show red fluorescence
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Fig. 10 DAPI and F-actin for NIH-3T3 (a—e) and MC3T3-El (f-k)
cultivated onto PLLA, PLLA-nHA and PLLA-nWH PLLA-nHA
for day 7. Here, the scale bar is set at 200 pm. DAPI characterized
nuclei show blue fluorescence, while F-actin exhibits red fluores-
cence. Nuclear morphology illustrated by DAPI promotes growth of

Interaction between the scaffold and cells was observed
due to cell adhesion, which further led to the proliferation.
Cell adhesion was significantly affected by the nanocom-
posites’ roughness, mechanical properties and swelling
behavior of the scaffold significantly influence cell adhesion.
The cytoskeleton of the cell shows that the cytoskeleton’s

NIH-3T3 and MC3T3-El nuclei in a very high number, which puts
forward the notion of increased cytocompatibility of the cell line with
the PLLA-nWH blends. Cells developed interconnection, well dis-
tinct orientation, and incredibly profound cytoskeleton which is veri-
fied by actin filaments images

filaments help in anchoring the surface of the scaffold, veri-
fying that biocompatibility of the scaffold plays its part in
cell proliferation and adhesion. Filopodia formation was
more intense and more pronounced in case of MC3T3-El1
cells, because of the existence of the bone mineral nano-
particles. MC3T3-El cells formed a dense population on
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PLLA—-WH nanocomposites because of anchoring to the
surface of the scaffold at the site of the nanoparticles. These
results reveal that WH nanoparticles help in early bone for-
mation and remodeling, leading to dense bone formation.
Cell size, growth and morphology propose that there
was decent scaffold—surface interaction and good surface
protein, which was corroborated by F-actin and DAPI
results as shown in Fig. 10. In contrast to cell prolifera-
tion, which depends on hydrophobic surface, cell adhesion
was preferred with the hydrophilic surface. nHA and nWH
inside the polymer system and onto the polymer surface
assist in the cell adhesion due to the swelling, whereas the
polymer system’s hydrophobicity helps in the proliferation
(Zhang et al. 2021). An ideal combination and balance
of the hydrophobicity and hydrophilicity is important.
Therefore, WH having smaller size and better disper-
sion in the PLLA-nWH system had more proliferation as
compared to PLLA-nHA. Mechanically strong materials
have higher cell viability and proliferation as compared
to the mechanically weak materials (Wang et al. 2021).
It has been proven in the literature that both the chemical
structure and mechanical properties of the scaffold play
vital part in not only in mineralization of bone cells, but
also in differentiation and cell proliferation (Chen et al.
2012). Sensitivity and resulting response of cells to the
mechanical properties such as rigidity of material’s scaf-
fold help in the regulation of their phenotypes along with
a growing trend of cells to match the native tissue in the
area of mechanical properties (Nazir et al. 2021b; Naba-
vinia et al. 2019; Alizadeh Sardroud et al. 2017). Uniform
distribution of nWH in the polymer matrix and on the sur-
face, as shown in the SEM, brings about a change in the
surface structure providing site of adhesion to the cells.
PLLA-nWH nanocomposites systems play a significant
part in the regulation of cellular functions, which makes
them an attractive alternative to the soluble supplements
and growth factors as they are both expensive and carci-
nogenic (Kraehenbuehl et al. 2008). Several studies sug-
gest that the hard materials help in differentiation (Aliza-
deh Sardroud et al. 2017; Sharma et al. 2016; Dyke et al.
2012). Polyethylene glycol-containing scaffolds show no
mineralization and had lesser modulus values which makes
them an unsuitable material for hard mineralized bone, as
hard mineralized bone requires high modulus in contrast
to collagenous bone. In the same way, our results depict
the nanocomposite system stiffness detections by cells
and improvement in cell physiology upon the closeness
of modulus values of the scaffold to the native bone tissue
(Chatterjee et al. 2010). These results propose that the
nanocomposites of PLLA/nWH have a better association
between structure, swelling, degradation, mechanical, anti-
bacterial activity, and cytocompatibility for applications in
tissue engineering as compared to PLLA-nHA and have
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suitable properties to be used as scaffold material for bone
tissue engineering. Physical contact between the cells and
scaffold was increased by using nWH, because of the for-
mation of the cellular bridges formed by the cytoplasmic
channels (filopodia). Physical contact between cells helped
in increased transfer of signaling and molecular moieties.
Filopodia facilitate cellular interaction necessary for pro-
liferation and differentiation.

Mineralization studies

Mineralization studies at day 14 were done using Alizarin
red assay. Clear nodule formation indicative of the minerali-
zation appeared at day 14 as shown in Fig. 11. PLLA hav-
ing nWH had increased nodule and filopodia formation in
comparison to PLLA/nHA. These outcomes are reinforced
by the LIVE DEAD and actin and DAPI staining. In case of
PLLA/nWH 10%, we observed twofold increase in the min-
eralization as compared to PLLA/nHA at the same weight
percentage. These results propose that nanocomposites of
PLLA/nWH not only help in the proliferation and adhesion
of NIH-3T3 cells, but also assist in the mineralization of
MC3T3-Elcells. It was clearly attested that PLLA/nWH has
a great potential for bone tissue engineering scaffold and
was competent as compared to PLLA/nHA. Wijnhoven I B
have also reported that calcium phosphate-based biomateri-
als increase cellular bridge formation with human gingival
mesenchymal stem cells (hGMSCs) (Wijnhoven et al. 2020).

Conclusion

nHA and nWH nanoparticles were successfully laboratory
synthesized and characterized by FTIR, PXRD and SEM.
PLLA-nHA and PLLA-nWH composites were success-
fully prepared by the physical blending method. Different
concentrations from 1 to 10% nHA and nWH were incor-
porated intp PLLA and the two systems were compared.
SEM images displayed uniform distribution of nHA and
nWH inside the matrix of PLLA up to 10%. Fingerprint
region of FTIR confirmed that with the addition, nanopar-
ticle interfacial bonding between PLLA, nHA and nWH
was observed. Moreover, the intensity of the band position
confirmed that nWH increased the crystallinity of PLLA.
Change in crystallinity was further validated by PXRD.
XRD patterns and FTIR band positions, confirming that
the crystallinity of PLLA transformed from PLLA o’ to
PLLA «. Additionally, the crystallinity of blends increased
with increasing nHA. Furthermore, the mechanical proper-
ties of nanocomposites exhibited enhancement of ductil-
ity of PLLA. PLLA nanocomposites exhibited enhance-
ment of toughness by 403-315% (for 1-5% of nWH) as
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Fig. 11 Alizarin red S stain-
ing of MC3T3-El showing

the mineralization of cells. In
this procedure, cells were first
cultivated for 14 days fol-
lowed by staining with Alizarin
red S at 14 days to detect the

mineralized nodule. Scale bar
was 100 um and after carrying PLLA ‘@ . \‘
out three independent trials data A~
were presented )
|
L i
» @«
’&
o« ot
a »
PLLA

nHA-1%

compared to pure PLLA. Nanocomposite PLLA-nWH had
better degradation, swelling properties and cytocompati-
bility as compared to PLLA-nHA at different nanoparticle
concentrations. Addition of nWH induced antibiotic poten-
tial in PLLA at 10 wt% loading of nWH against Staphylo-
coccus aureus and Listeria monocytogenes. Interestingly,
PLLA-nWH as compared to PLLA-nHA showed signifi-
cant increase in cell viability and proliferation of fibro-
blasts NIH3T3 and MC3T3-E1. PLLA-nWH10% had 96%
cell viability at day 7 for NIH3T3 and 98% for MC3T3-E1,
while other nanocomposites had greater than 94% cell via-
bility. Alizarin red assay for mineralization revealed two-
fold increase in calcification at day 14 with PLLA-nWH as
compared to PLLA-nHA. In short, this study reveals that
PLLA-nWH had better mechanical properties, enhanced
antibacterial activity and suitable cytotoxicity as compared
to PLLA-nHA. Furthermore, by changing the nanoparticle
concentration, we can fine-tune the scaffold properties for
bone regeneration. Our studies revealed that PLLA-nWH
can be a better potential biomaterial in comparison to
PLLA-nHA, as a replacement of allografts/autografts for
bone tissue engineering applications after in vivo studies.
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