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Herein, for the first time, heterojunctions containing nano-hydroxyapatite/carboxymethyl chitosan/
B-cyclodextrin fused with date seed extract (DSE) were synthesized at different concentrations using
co-precipitation to generate BCHD1, BCHD2 and BCHD3 nanocomposite scaffolds with tunable size
and amendable surface properties. FTIR, XRD and mechanical analysis studies confirmed the presence of
different constituents in the proposed nanocomposite scaffolds displaying strong interactions with an
optimal compressive modulus shown by BCHD3 [1533 + 2.69 MPal], relative to nano-hydroxyapatite/
carboxymethyl chitosan (CH) nanocomposite scaffolds. The results of TEM, water contact angle and
SEM revealed the homogenous distribution of needle-shaped particles having an average size ranging
between 18 and 25 nm with a moderate hydrophilicity [WCA = 42.5°] and an interconnected rough
morphology. Furthermore, the BCHD nanocomposite scaffolds were investigated for their biomimetic
mineralization ability using simulated body fluid by mimicking the inorganic composition of human
blood plasma, which demonstrated superior hydroxyapatite nucleation. The BCHD3 nanocomposite
scaffolds showed an advanced protein adsorption [130 + 41 pg cm~2] and active alkaline phosphatase
performance and did not exacerbate lactate dehydrogenase leakage of MG63 osteoblast-like cells
relative to CH. The comprehensive in vivo study identified better bone regeneration in the repair of

Received 30th March 2021, critical size calvarial defects [8 mm] in albino rats upon treatment with BCHD3, which is selectively
Accepted 25th July 2021 tested as a bare implant in comparison to cerabone, as corroborated by the histopathological and
DOI: 10.1039/d1ma00286d radiological investigations with an average GBD of 94.5 + 1.24%. Therefore, the above-mentioned

results have shed more light on establishing the efficiency of BCHD3 to find applications in osteogenic
rsc.li/materials-advances tissue engineering.
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regeneration have often been examined piecemeal using several
in vitro and in vivo experimental studies.” Compared to the existing
implants, modern strategies, including nanotechnology,* have
opened new horizons to reproduce superior structural properties
by fabricating materials which could imitate the nano-scaled
architecture of the natural bone. For example, nano-crystalline
ceramics such as calcium phosphates® have been shown to fuel
the bone cell functions causing rapid degradation relative to
microcrystalline calcium phosphate.

Recently, the use of nanohydroxyapatite (NHA) as a bio-
material has escalated great attention in the engineering of
bone tissues, being the main component of bone. It acts as a
template for the mineral phase deposition and triggers new
bone formation.® However, the antiresorptive and anabolic
ability of NHA are found to be unsatisfactory and its matrices
are reported to be brittle and thus, a new strategy is still desired
for the development of biocompatible, biodegradable and
bioactive scaffolds. To meet this requirement, biopolymers have
enthralled researchers because of their inherent properties such
as abundance, low cost, extracellular matrix (ECM)-like character-
istics appropriate for cell function and survival, biocompatibility,
biodegradability and non-toxicity and thus have been the
emerging candidates of choice in recent years.” Among the
biopolymers, chitosan, the deacetylated form of chitin derived
from the exoskeleton of crustaceans, is actually a polyheterosac-
charide containing glucosamine and N-acetyl glucosamine units
bonded by 1-4 glucosidic linkages and has gained much attention
in the field of bone tissue engineering.® Nevertheless, it is
associated with disadvantages like low solubility, less load bearing
potency and high percentage of degradation that have restricted
its utilization.” In order to cope with these limitations, carboxy-
methyl chitosan'® (CMC), a well warranted chitosan-derived
polymer, derived from the carboxylation reaction of amine
group substitution by smaller alkyl groups, has engrossed great
interest in a wide spectrum of biomedical applications, being
biocompatible and cost-effective, and owing to the suitable
degradation rate. In addition, CMC is better soluble in water
in comparison with chitosan without the aid of acid sub-
stances, preventing damage to the pH sensitive antibacterial
activity of a drug.'™'? At this junction, it is relevant to mention
that combining chitosan derivatives with other naturally derived
moieties may result in the development of nanocomposite scaf-
folds with the advantages of enhanced performance in terms of
solubilization and permeability. One such structural residue is the
class of cyclodextrins,” which are the cyclic oligosaccharides,
consisting of 6, 7 or 8 o-p-glucopyranose units, forming toroidal-
shaped molecules with a hydrophilic exterior and a hydrophobic
interior formed by the carbon backbones of glucopyranose
monomers, appropriate for the formation of inclusion complexes.
Being oligosaccharides, these molecules bear hydroxyl groups that
may possibly be employed for further functionalization."* The
B-cyclodextrin (B-CD), among cyclodextrins, is acknowledged as a
performance accelerator in tissue engineering'® by various routes
such as (1) sequestering growth factors, (2) augmenting oxygen
concentrations in the tissue engineered constructs, and (3)
regulating collagen self-assembly.'®™® Therefore, these co-polymeric
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systems possess the cumulative complimentary properties of
their constituent polymers. With regard to date seed added
values, Phoenix dactylifera L. (date palm), from the Arecaceae
family, has recently been studied for its bone regeneration
properties.’® There are various studies that investigated date
seed powder as an economical and major source of antioxidants
and fibers due to the attendance of valuable dietary components
in addition to the presence of flavones, polyphenols and
vitamins (particularly vitamins C and E), which make them
function as anti-atherogenic.’® In addition, their chemical
makeup and phytochemical profile demonstrated in vitro
bioactivities and showed applications such as expectorant,
hypoglycaemic, aphrodisiac, and antidiarrheic. In addition, the
recent study represented that the extract of the date seeds plays a
cerebroprotective role in male rats.*! Therefore, in view of their
valuable essential features, we used date seed extracts with other
polymeric counterparts in the present work. The reason to
recruit these established biocompatible>* components has come
from their wide usage in biomedical and pharmaceutical
applications due to the associated low cost, biocompatibility and
biodegradability.>*>*

To our knowledge, heterojunctions containing B-cyclodextrin
(B), carboxymethyl chitosan (C), nano-hydroxyapatite (H), and
date seed extracts (D) synthesized by co-precipitation to yield the
BCHD nanocomposite scaffolds have not been achieved to date.
Therefore, the present study was anticipated to provide a
favourable combination of chemical, mechanical and biological
properties to evaluate the performance of date seed
extracts incorporated at different concentrations into a nano-
hydroxyapatite/carboxymethyl chitosan/B-cyclodextrin matrix
and its potency was investigated as a competent and efficacious
bone implant. The physicochemical characteristics were
evaluated in terms of size, shape, crystallinity, morphology and
mechanical efficiency. Furthermore, we have also delved into cell
viability, ALP, protein adsorption and LDH analysis to study the
biocompatible nature of the proposed nanocomposite scaffolds.

2. Materials and methods

2.1. Materials

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide)
(MTT), carboxymethyl chitosan (CMC) and B-cyclodextrin (B-CD)
were obtained from Sigma-Aldrich (USA). The other chemicals/
reagents used in the present study are listed in the ESI{ under
Section S.2.1.

2.2. Experimental

2.2.1. Preparation of NHA. Hydroxyapatite nanoparticles
(NHA) were synthesized by chemical precipitation as reported
in our previous studies."”*® The so obtained product was
subjected to ball milling to decrease the average size of the
particles for the formation of crystalline NHA.

2.2.2. Preparation of date palm seed extract (DSE). The
Ajwa date seeds were manually separated from the fruit and
kept in water for 4-5 hours. Subsequently, the soaked seeds

© 2021 The Author(s). Published by the Royal Society of Chemistry
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were washed repeatedly to completely remove any adhered
flesh. Then, the seeds were kept for air-drying followed by
drying in an oven for 48 h at 55-60 °C and milled to form a
fine powder with the help of a heavy duty grinder.>® To this
powder of dried pits, distilled water was added to make the
mixture of 50 gm L™ " which was boiled until it turned brownish
and then filtered and stored at 4 °C for use.””’

2.2.3. Synthesis of homogeneous BCHD nanocomposite
scaffolds. The BCHD nanocomposite scaffolds were synthesized
via the co-precipitation approach' as described. First, CMC
solution was prepared by dissolving 1 g of CMC in 50 mL of
DH,0 with continuous stirring at room temperature to obtain a
perfectly transparent solution. To this solution, 1 g of NHA
solution prepared in 50 mL of DH,0O was added dropwise and
the mixture was continuously stirred at room temperature for
4-6 hours. To this mixture, -CD solution, made by dispersing
1 g of B-CD in 50 mL of DH,O by sonication for 30 min, is
dropped slowly to obtain a homogeneous stock solution. At this
point of time, the stock solution is divided into 3 equal parts. To
each part, 10 mL, 20 mL and 30 mL of DSE were added dropwise
to form BCHD1, BCHD2 and, BCHD3 nanocomposite scaffolds,
respectively. Then, the reaction was continued until the contents
were thoroughly mixed. The reaction mixture thus obtained was
kept under constant stirring at 1200 rpm at room temperature.
The pH of the resulting mixture was maintained at ~11 using
0.5 M NaOH to ease the nucleation of NHA followed by stirring at
the same rate for another 24 h. The slurry so obtained was aged
for 48 h and the precipitate was harvested after repeated washing
with DH,O until the filtrate became neutral. The precipitate so
obtained was dried at 50 °C in a vacuum. To compare
the properties of the proposed nanocomposite scaffolds, we
synthesized the CH (CMC/nano-hydroxyapatite) nanocomposite
scaffold adopting the same procedure in a 1:1 ratio.

2.3. Characterization

The morphological and chemical characterization are
described in the ESIT under Section S.2.2.

2.4. Statistical analysis

Data were obtained from triplicate samples and presented as
mean =+ standard deviation. A Student’s #-test was performed
for statistical analysis and the significance was defined at p <
0.05 (*).%8

3. Animal experiments

3.1. Ethical statement

Ethical consent was obtained for all the animal trials and
conducted in conformity to the experiment guidelines permitted
by the Institutional Animal Ethics Committee, Jawaharlal Nehru
Medical College, and Aligarh Muslim University.>®

3.2. Cerabone

In the present study, the commercially available grafting
material from Botiss (Zossen, Germany) was employed.*’

© 2021 The Author(s). Published by the Royal Society of Chemistry
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3.3. Experimental design: surgery and implantation procedure

A total of eighteen male adult albino rats (300-350 g) were
employed for the study. Animals were randomly assigned to
three groups (n = 6 per group). The critical size 8 mm defect was
created in the cranial bone of all animals in each group.
In group (1), the defect was kept blank and treated as the
control group; in group (2), cerabone (CB) was filled in the
defect; and in group (3), the defect was filled with the BCHD3
nanocomposite scaffold. The intended surgical area was
prepared by shaving skin and disinfection with 7.5%
povidone-iodine solution (Win-Medicare, India). The surgeries
performed following the experimental procedure
described in our previous studies,'®*® which involved general
anaesthesia, skin incision, periosteum incision, creation of a
critical defect in the parietal bone, implantation and closure of
the defect that took around 30-45 minutes. The operative
procedure was uneventful and postoperatively, the animals also
received antibiotic cover (gentamycin) for 5 days. The rats were
allowed to move freely in their cages without external support.
The wounds healed normally and no abnormal behavior was
noticed during the 8 week duration of the study. The animals
were sacrificed after the completion of the experimental period
and calvarial samples were harvested, cleaned and subjected to
radiovisiographic analysis. Subsequently, these samples were
decalcified for histopathological observations.

were

3.4. Radiographic analyses

For radiographic samples, the imaging system (Satelac-Acteon,
X-Mind, Italy; X-ray tube-Toshiba, Japan) was used. The radivi-
siographs were recorded using a radiographic sensor (Suni
Plus-0543, USA). Image Analysis toolbox (MATLAB 6.1, The
MathWorks Inc., Natick, MA, 2000) was used to quantify the
gain in bone density (GBD) as reported previously.'®*°
The results were expressed as mean + standard deviation
(SD). The in vivo study analysis was performed using Tukey-
Kramer multiple comparison. All results were considered to be
significant at the 5% critical level."

3.5. Preparation of calvarial samples

The harvested tissue of calvarial samples was fixed in formalin
(10%) for 48 h and kept for decalcificaton [in ethylene diamine
tetra acetic acid (EDTA), 10%] after the RVG analyses. The
decalcified tissue samples were processed for paraffin sections.
The sections were stained with hematoxylin-eosin (HE) and
Sirius Red (SR) stains and observations were made using a light
microscope (Trinocular Olympus RX40, Japan) as described in
our previous studies.>

4. Results and discussion

4.1. Fourier transform infrared (FTIR)

For the elucidation of the chemical interactions between the
various components present in the nanocomposite samples,
FTIR analyses were carried out [Fig. 1(i)]. The FTIR scan of the
carboxymethyl chitosan/nano-hydroxyapatite nanocomposite

Mater. Adv,, 2021, 2, 5723-5736 | 5725
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Fig. 1 FTIR spectra (i), XRD diffractograms (i), mechanical strength analysis: compressive modulus (i), and compressive stress—strain (iv) curves of

BCHD1, BCHD2, BCHD3 and CH nanocomposite scaffolds where the fracture point has been shown by yellow color, *p < 0.05 showing the statistical

difference compared with the CH nanocomposite scaffold.

scaffold (CH) showed the presence of the representative bands
of NHA in the range of 536-566 and 603-608 cm
respectively,®' corresponding to phosphate bending modes of
vibrations of NHA. Also, the band characteristics of the symmetric
and asymmetric deformations of COO™ signifying the presence of
carboxymethyl groups in CMC are shifted to 1634 and 1400 cm *,
respectively, indicating the coordinative interaction between
calcium ions and CMC.** The stretching mode of vibration of
the phosphate group in NHA overlapped with the -C-O- band of
CMC, resulting in a sharp peak® at 1030 cm™ . The FTIR spectra
of BCHD1, BCHD2 and BCHD3 nanocomposite scaffolds
exhibited the presence of characteristic peaks of CMC and NHA;
however, the stretching mode of vibration of the phosphate group
in NHA overlapped with the -C-O- band of -CD, -C-O- band of
CMC* and C-O stretching vibration of cellulose and hemi-

5726 | Mater. Adv, 2021, 2, 5723-5736

cellulose present in DSE," resulting in a broad band'>'°?® in
the region around 1020-1042 cm™'. The band representing the
more hydrophilic character of CMC is overlapped with the OH
stretching band of NHA, resulting in the appearance of a broad
band centered at 3268 cm ™' in the CH nanocomposite scaffold;
however the band became broader and shifted slightly to higher
wavenumber and appeared in the region of 3402-3416 cm™ " with
the addition of B-CD and DSE in comparison to CH. This is
possibly due to the overlapping of the OH stretching band of NHA
with the OH stretching bands of CMC, B-CD and DSE, signifying
the possibility of intermolecular hydrogen bonding among the
components.'>** The peak observed at 2942 cm™ ' was due to the
asymmetric C-H stretching vibration from CH, groups in CMC
present in all the nanocomposite scaffolds.>*>® The appearance
of new bands in the range of 2318-2352 cm™ ' in BCHD1, BCHD2,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and BCHD3 nanocomposite scaffolds may be attributed to the
coordinative interactions between Ca>" of NHA and OH of f-CD"®
that is responsible to support the nucleation of apatite crystals.
Thus, the analysis of the FTIR spectra confirmed that all the
components used during synthesis, i.e. NHA, CMC, -CD and
DSE, have been incorporated in the final system BCHD and
exhibited the expected interactions among different components
present in the nanocomposite scaffolds.

4.2. X-Ray diffraction (XRD) analysis

The XRD patterns of CH, BCHD1, BCHD2, and BCHD3 nano-
composite scaffolds are shown in Fig. 1(ii). The XRD spectrum
of CH exhibited the characteristic peaks of NHA at 20 = 25.5,
31.9, etc., in accordance with the standard diffraction pattern of
NHA (PDF# 09-0432),*” while the presence of CMC was evident
by the appearance of its XRD diffraction peaks®® at 20 = 28.9°
and 46.4°. In the XRD spectra of BCHD1, BCHD2 and BCHD3
nanocomposite scaffolds, the characteristic peaks of NHA and
CMC were observed. In addition, the presence of DSE was
evident by the appearance of the peak at 20 = 16.2° ascribed
to its native cellulose and hemicellulosic components, while
the other peak was overlapped with the CMC and B-CD
peaks'®?°*! and appeared at 20 = 20.4°. The appearance of a
crystalline peak*® at 20 = 15.9° also marked the presence of
B-CD in BCHD1, BCHD2 and BCHD3 nanocomposite scaffolds.
The broad peaks of the BCHD nanocomposite scaffolds repre-
sented low crystallinity of biological apatite, thus mimicking
natural bone.*

4.3. Mechanical strength

In the present study, the compressive strength of the CH,
BCHD1, BCHD2 and BCHD3 nanocomposite scaffolds was
tested following the guidelines for the preparation of the
samples [ASTM F 451-95].** The results of the average
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compressive modulus [Fig. 1(iii)] revealed that BCHD3
exhibited a compressive modulus [1533 + 2.69 MPa] which falls
in the range observed for human cortical bone and significantly
higher (p < 0.05) than CH, suggesting that the addition of f-CD
together with DSE which is a rich source of fibers* in the CH
matrix has noticeably improved the mechanical parameters. The
compressive stress-strain curves of the CH, BCHD1, BCHD2 and
BCHD3 nanocomposite scaffolds are shown in Fig. 1(iv), where it
can be observed that in the initial phase of compression, there
was a sharp increase in stress with subsequent decrease until the
point of fracture was attained. The increased intermolecular
hydrogen bonding among nano-hydroxyapatite, cellulose and
hemicellulose present in DSE, CMC and B-CD moieties may
possibly be the reason for enhanced mechanical parameters
displayed by the BCHD nanocomposite scaffolds, which might
create a rigid framework with suitable mechanical properties,
thus facilitating their clinical applications.*

4.4. Transmission electron microscopy (TEM) and contact
angle measurements

The morphologies of BCHD1, BCHD2, BCHD3 and CH nano-
composite scaffolds were characterized by TEM. Based on the
results as displayed in Fig. 2(A-D), needle-like particles were
homogeneously distributed in the case of BCHD1, BCHD2 and
BCHD3 having an average particle size in the range of 18-25 nm
which was found to decrease with an increase in the concentration
of DSE in BCHD3 as shown in Fig. 2C. In the case of CH, the
average particle size varied in the range of 30-35 nm and the
particles were observed to be comparatively crowded resulting in
the formation of the aggregated structure.*** The consistent
dispersion of particles in the case of the proposed nanocomposite
scaffolds may be due to the interactions of DSE with CMC, NHA
and B-CD. As the size of the particles was found to be a function of
the concentration of DSE, hence, the DSE appeared to play a key

Fig. 2 Representative TEM micrographs of (A) BCHD1, (B) BCHDZ2, (C) BCHD3, and (D) CH nanocomposite scaffolds [scale bar: 100 nm] with the inset
showing water contact angles and their respective SEM images [A’-D’] [scale bar: 10 pm, magnification: x3500].

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Characteristic SEM micrographs illustrating the bioactivity profile by the SBF study of [A] BCHD1, [B] BCHD2, [C] BCHD3,

nanocomposite scaffolds at 4 weeks [magnification: x3500, scale bar: 5
respectively, with their respective EDX micrographs recorded after 8 weeks.

role in controlling the size of the particles.***” These results were

found to be in line with the previous literature indicating the role of
DSE as a size and shape modifying agent.> The water contact angle
studies conducted on BCHD1, BCHD2, BCHD3 and CH nano-
composite scaffolds [Fig. 2(A-D) inset] showed that the contact
angle was smaller in the case of BCHD nanocomposite scaffolds
with a WCA of 32.6° for BCHD1 and 38.9° for BCHD2, while
BCHD3 showed a moderately hydrophilic surface with a WCA of
42.5° and was thus found to be most suitable for the adhesion and
proliferation of the cells in comparison to relatively hydrophobic
CH with a contact angle of 69.4° in view of the synergic addition of
the high degree of -OH groups present in NHA, CMC, -CD and
DSE.**

4.5. SEM

SEM analysis was conducted in order to investigate the micro-
structure and surface morphologies of BCHD1, BCHD2, BCHD3
and CH nanocomposite scaffolds. Fig. 2(A’-D’) represents the
porous and rougher surface morphologies of BCHD1, BCHD2,
and BCHD3, in which BCHD3 [Fig. 2C’] displayed maximum
roughness compared with the CH nanocomposite scaffold where
CMC imparted smoothness to the surface [Fig. 2D’].>**°
However, the introduction of DSE and f-CD significantly
enhanced the roughness in the nanocomposite scaffolds**

5728 | Mater. Adv., 2021, 2, 5723-5736

and [D] CH
um] and at 8 weeks [A’-D’] [magnification: x2500, scale bar: 10 pm],

owing to the presence of intermolecular H-bonding. Therefore,
the synergism among NHA, CMC, B-CD and DSE in BCHD
nanocomposite scaffolds caused an increased surface area and
an interconnected structure with a sufficiently higher porosity
appropriate for the transportation of extracellular fluids,
nutrients, and hormones to cells*® and thus making it a suitable
platform for applications in BTE.

4.6. Invitro calcification assay and EDS

The representative SEM images at 4 weeks of in vitro calcification
conducted on BCHD1, BCHD2, BCHD3 and CH nanocomposite
scaffolds are shown in Fig. 3(A-D). Having plenty of carboxyl and
OH groups, BCHD nanocomposite scaffolds showed flattened
and fused flaky apatite growth (shown by red arrows), resulting
from the combination of calcium ions with more number of
carboxyl and hydroxyl groups present on their surfaces in
comparison to the CH nanocomposite scaffold. In accordance
with earlier studies,”" this observation indicated the catalytic
effect of the hydroxyl and carboxyl groups in inducing apatite
formation. At 8 weeks [Fig. 3(A’-D’)], though the carboxyl groups
of CMC present in CH acted as the template for subsequent
biomimetic deposition,*>> the mineralization got highly
increased in all BCHD nanocomposite scaffolds (shown in
circular regions) relative to CH. These observations may be

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Biocompatibility studies: (a) protein adsorption assay, (b) cell viability assay, (c) MG-63 cell density measured at 1-4 hours, (d) alkaline
phosphatase activity, (e) LDH assays of BCHD1, BCHD2, BCHD3, and CH nanocomposite scaffolds. *p < 0.05 shows a statistical difference compared

to the CH nanocomposite scaffold.

understood in terms of the relatively rougher surface exhibited
by the BCHD nanocomposite scaffolds, leading to enhanced
osteoconductivity and bioactivity. Also, it was noticed that the
apatite formation occurred as irregular granular depositions
comprising mainly spherical and rectangular granules in the
case of BCHD2 which appeared to get denser in the case of
BCHD3, as shown in Fig. 3C’, inferring that with an increase in

© 2021 The Author(s). Published by the Royal Society of Chemistry

the concentration of DSE in BCHD3, more apatite nucleation
occurred by the consumption of calcium and phosphate ion
precursors present in the surrounding fluid.>* These results
possibly indicate the ability of B-CD and DSE as a mineralization
inducer where DSE is a rich source of minerals essential for bone
formation.** These results were found to be in agreement with
the former results.">"”
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The EDS results of the SBF treated BCHD1, BCHD2, BCHD3
and CH nanocomposite scaffolds after 8 weeks incubation
[Fig. 3] clearly showed that the composition and phase
resembled the mineral component of the bone. The apatite
formed in the case of BCHD nanocomposite scaffolds
exhibited® a semiquantitative ratio of Ca/P in the close proximity
of 1.6-2.1 which is the characteristic range found in natural
bone*" in comparison to the ratio (1.3) obtained in the case of
the CH nanocomposite scaffold.

These results provided a fundamental desirable characteristic
of a bioactive material that facilitates osteointegration in vivo.

4.7. Protein adsorption assay

Protein adsorption is a crucial index to investigate the biocom-
patible nature of a scaffold for bone engineering applications.
Nanocomposite scaffolds with varying amount of DSE were
incubated in FBS solution and compared with CH to investigate
their protein adsorption ability. The adsorption of protein on the
surface of CH, BCHD1, BCHD2, and BCHD3 nanocomposite
scaffolds and a tissue culture plate (TCP) is shown in Fig. 4a.
It was observed that all the BCHD nanocomposite scaffolds
exhibited significantly higher protein adsorption compared with
CH with a maximum average value of 130 + 41 ug cm™> shown
by BCHD3. The addition of B-CD and date seed extracts to the
CH matrix enhanced the surface roughness, thus increasing
protein-binding channels. These observations suggested the
favorable bioaffinity of the BCHD3 nanocomposite scaffold to
a range of proteins present in the extracellular matrix such as
fibronectin, glycoprotein and the different growth factors that
could assist adhesion, proliferation, and differentiation of cells
both in vitro and in vivo.>®

4.8. Cell proliferation: MTT assay

The cell proliferation was quantitatively evaluated by MTT assay
by culturing human osteoblast like MG-63 cells on CH, BCHD1,
BCHD2 and BCHD3 nanocomposite scaffolds at various con-
centrations (0-64 ug mL™ "), as shown in Fig. 4b. The BCHD1,
BCHD2 and BCHD3 nanocomposite scaffolds inferred higher
metabolic activity of the cells compared to CH; however,
BCHD3 showed significant cell viability even at higher concen-
tration validating its proficiency in increasing biocompatibility.
The optical density value was also detected at a series of time
points of 1-4 hours to evaluate cell proliferation (Fig. 4c).
Clearly, the results showed higher cell proliferation in the case
of the BCHD nanocomposite scaffolds compared with the CH
nanocomposite scaffold with BCHD3 displaying significantly
higher (p < 0.05) cell density at 3 and 4 hours compared with
CH. The synergic combination of CMC,*®* NHA, B-CD and DSE
may possibly lead to a well-interconnected rougher and porous
surface in the case of BCHD nanocomposite scaffolds, which is
responsible for better structural stability that plays a crucial
function in cell attachment and proliferation.®”

4.9. Alkaline phosphatase (ALP) assay

Generally, ALP assists in the calcium deposition in addition to
initial bone mineralization. Therefore, as part of our in vitro
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investigation, the ALP activity of MG63 cells subjected to
BCHD1, BCHD2, BCHD3 and CH samples was monitored and
is shown in Fig. 4c. The results illustrated that the BCHD1,
BCHD2 and BCHD3 nanocomposite scaffolds significantly
increased the expression of ALP (p < 0.05) in comparison to
the CH at all the tested time points of 1, 4 and 7 days. The
superior activity might be attributed to the presence of -CD
and DSE in the CH matrix, which impart porosity and larger
surface area concentrating more proteins and growth factors from
the culture, hence providing an effective substrate for cellular
differentiation stimulating the process of osteogenesis.'>"®

4.10. LDH assay

To further understand the biocompatible characteristics, LDH
leakage assays of the BCHD1, BCHD2, BCHD3 and CH nano-
composite scaffolds were conducted and the results are shown
in Fig. 4d after 24 h of co-culture with MG63 cells. The extent of
damage to the cell membrane is indicated by evaluating the
percentage of LDH leakage since LDH is a stable cytoplasmic
enzyme, which gets released if the plasma membrane integrity
is compromised.®® It is speculated that in comparison to the
control, no significant increase (p > 0.05) was observed in the
LDH releasing level, further confirming the cytocompatability
of the nanocomposite scaffolds. However the LDH level was
found to be slightly lower in the case of quaternary systems
relative to CH, warranting the enhanced biocompatibility of the
proposed nanocomposite scaffolds®® with the addition of
B-cyclodextrin and date seed extracts to the CH matrix, resulting
in enhanced intermolecular interactions.""® These observations
run parallel to the previous reports and further confirmed the
biocompatibility of the BCHD nanocomposite scaffolds.

5. In vivo study analysis

5.1. Clinical observations

The visual inspection immediately after the creation of calvarial
defects affirmed that the dura mater remains intact in all the
groups and there were no complications emerged from the
craniotomy. From the clinical aspect, all rats healed well and
were observed to gain weight throughout the study period.

5.2. Radiographic and histological assessment

Following in vitro characterizations, preliminary in vivo
investigation was carried out. The histological analysis of
hematoxylin and eosin (H&E) and Sirius red (SR) stained
sections in the control (blank) group after 4 weeks [Fig. 5
control panel] showed no sign of new bone formation at the
defect site. However, active osteoblasts were seen lined up at
the margin of the defect and the defect itself was occupied with
the fibrous tissue primarily made up of the collagen fibre."**°
The control group at 8 weeks also did not reveal the bone
formation at the site of the defect; however, the fibrous tissue
which was filling the defect showed increased vascularisation
by invading newly formed blood vessels [Fig. 6 control panel].
The RVG results of GBD (gain in bone density) for the control

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Histopathology (H&E and SR stains) after 4 weeks post-implantation of the control group, cerabone group and BCHD3 group and their
macroscopic view; initial magnification: x100 (shown by A) and x200. [OB: osteoblasts, CF: collagen fibre, CB: cerabone, HB: host bone, FT: fibrous

tissue, and WB: woven bone].

group at 4 and 8 weeks were found to be 26.60 + 0.18% and
37.40 + 1.54%, respectively [Fig. 7(i, ii) control panels], repre-
senting negligible gain which was also in conformity with the
histological findings of these groups. The cerabone group at
4 weeks [Fig. 5 cerabone panel] revealed the absence of new
bone formation and the defect was seen to be filled with
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collagen fibre and cerabone with a GBD of 37.71 + 1.12%
[Fig. 7(i)]. At 8 weeks, the cerabone group showed a mixed
picture having fibrous tissue, some bone and clumps of
cerabone as well, thereby suggesting the partial utilization of
cerabone for bone formation® [Fig. 6 cerabone panel] and the
GBD was found to be 86.0 + 1.4% [Fig. 7(ii)] which supported

Fig. 6 Histopathology (H&E and SR stains) after 8 weeks post-implantation in the control, cerabone, and BCHD3 experimental groups. Initial
magnification: x100, and B represents maginified view at x200. [CF: collagen fibre, BV: blood vessels, CB: cerabone, LB: lamellar bone, BM: bone

marrow, and OY: osteocytes with multiple processess].
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the histological findings of partial bone formation. In the case
of the BCHD3 group, at 4 weeks, the RVG analysis revealed a
GBD of 59% =+ 1.13%, [Fig. 7(i)]; thus, it is really startling and
gratifying to note that the BCHD3 group is superior in promoting
the bone formation to the extent that even at 4 weeks, there is
distinct evidence of woven bone formation. Moreover, by 8 weeks,
when there is no bone formation in the control and moderate
bone formation in CB, the BCHD3 group showed not only newly
formed bone but also remodelled lamellar bone with a GBD of

5732 | Mater. Adv., 2021, 2, 5723-5736

94.5 £ 1.81 [Fig. 7(ii)]. Notably, in the case of the BCHD3 group
at 8 weeks, there was the appearance of bone marrow that is rich
in mesenchymal stem cells and osteoblasts and thus marks the
critical aspect for the regeneration of bone tissue. From these
observations, it may be concluded that BCHD3 not only pro-
moted osteoregeneration, osteoinduction, osteointegration and
advanced calcification, but also successfully bridged the critical
size defect within 8 weeks even without the use of any growth
stimulators and prior cell seeding.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The possible reason for the exceptional performance of
BCHD3 may be accounted in terms of synergism among its
various constituents. NHA has an ion-inducing effect and
releases PO,*>~ and Ca®" in the physiological environment,
which constitutes a key duo for proper bone mineral acquisition
and maintenance, thus participating in the process of osteogenic
differentiation leading to new bone formation.*® Next, the
component B-CD, being biologically inert, has been approved
by the US FDA as the pharmaceutical excipient for numerous
drug formulations. Recently, it was reported to show a robust
bone anabolic effect in vivo.”® Another component CMC, being a
derivative of carboxymethyl chitin, has also been found to be
efficient in causing nucleation of apatite and osteogenesis due to
the presence of carboxyl groups.®® This causes the induction of
inflammatory cytokines and growth factors and thus accounted
for restoring cartilage.** On the other hand, besides being a rich
source of proteins, fibres, antioxidants and minerals, DSE
has been reported to include several important chemical
constituents such as alkaloids, carbohydrates, tannins, etc.,
which mainly comprise nitrogen and oxygen heteroatoms, that
play a crucial role in activating the process of bone formation as
reported previously.’>®" Furthermore, plant extracts have also
been documented to increase the antioxidant defenses and
decrease the tissue inflammation, along with accelerating tissue
vascularisation and proliferation of the bone cells. They were
also reported to stimulate bone repair, promote osteogenesis,
speed up calcification, and endorse bone callus formation and
mineralization.’> Hence, the higher concentration of DSE in the
BCHD3 nanocomposite scaffold exhibited a combinatorial
effect with other constituents, leading to improvement in the
osteoinductivity by enhancing roughness, surface area and
topography, therefore influencing the differentiation of stem cells
and accelerating the process of new bone formation on the
fractured region.®** Subsequently, these results will thus serve
as a cornerstone for future research focused on the design of
bioinspired conductive nanocomposite scaffolds incorporating
plant extracts for bone tissue regeneration.

6. Conclusion

The present work was intended to invest an agricultural waste
product into the pharmaceutical domain, which can offer
therapeutic value with a socioeconomic cost. Valorization of
these natural origin materials could condense the utilization of
synthetic materials for scaffold fabrication, thus avoiding the
release of harmful byproducts during fabrication.*® The BCHD
nanocomposite scaffolds were efficaciously developed by the
co-precipitation approach for bone regeneration applications.
To summarize, the nanocomposite scaffolds showed a porous
and interconnected structure essential for the bone regeneration
process. Among various concentrations taken into account,
BCHD3, with the maximum DSE content, has stood out as a
promising alternative showing excellent bioactivity and cytocom-
patibility with MG-63 cell lines. Also, the BCHD nanocomposite
scaffolds were found to be successful in advancing cell adhesion

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and ALP activity besides causing calcium ion deposition, which
are regarded as the key parameters for active bone formation.
These results demonstrated the portentous role of natural-based
quaternary nanocomposite scaffolds with minimum side effects
and reduced costs, and they may prove efficacious in treating
bone defects.
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