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HIGHLIGHTS

e Developed a novel chitosan-alginate containing fluorine substituted hydroxyapatite composite.
o Alginate presence in the scaffold caused 88.78% porous and 67.5% biodegradation capacity.

e Availability of chitosan in the composite supported for the controlled drug release.

e Hydroxyapatite to offer efficient antibacterial and antifungal characteristics to the composite.

ARTICLE INFO ABSTRACT

Keywords: The present study aims to develop a hydroxyapatite (HAP) based scaffold composite for orthopaedic applications
Casein mlcell.e and for that, we adopt a Casein (Cs) micelle assisted synthesis route for the formation of a composite. Following
Hydroxyapatite the synthesis and characterization of various fluorine (2% and 5%) substituted HAPs (FHAP), they have been

Ciprofloxacin drug release
Chitosan-alginate matrices
Bioactivity and biodegradability

tested for the release of Ciprofloxacin (CIP) drug and antimicrobial efficacy. The physicochemical character-
ization such as FTIR and Raman confirms the successful formation of the HAP composites. Similarly, the powder
XRD and FESEM analysis have used for the confirmation of crystallinity and morphological behaviour, respec-
tively. The elemental composition has confirmed using EDX analysis. The antimicrobial studies indicate that the
5% FHAP sample is possessing superior antifungal and antibacterial activities and the highest activity has been
observed against the gram-positive bacteria (Staphylococcus aureus) with an inhibition zone of 47 mm while the
gram-negative bacteria (Escherichia coli) has only 38 mm inhibition zone. The CIP drug release profile has been
controlling with the Cs/5% FHAP sample. Therefore, this composite has carried out for the scaffold formation
with the use of chitosan-alginate matrices. Further, characterization of chitosan-alginate/5% FHAP scaffold
composite indicates porous, biodegradable, considerable water uptake and retention ability, along with the
maintenance of controlled CIP drug-releasing properties. Based on the analysis, the as-synthesized chitosan-
alginate/5% FHAP scaffold composite can be suitable for the biomedical and bioengineering applications of bone
tissue growth and as an implant.
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1. Introduction

In recent years, the increased interest in nanocomposites manufac-
tured from polymers, ceramics, and metals for biomedical engineering
applications of joints replacement and other body parts in the field of
orthopaedics were due to the mechanical resistance and enhanced
biocompatibility, in addition to non-toxicity [1-5]. Among various kinds
of nano/biocomposites applicable to the biomedical sector, the ceramic
materials containing the Ca and P elements had been a special role to-
wards the development of orthopaedic and dental implants where it
served as an abundant component in the bones, teeth, pathological
atherosclerotic lesions, urinary calculus, and calcification of tissues in
the invertebrates [6-9]. Hydroxyapatite (HAP) was observed to be
highly biocompatible and non-toxic with the maintenance of excellent
osteointegrative and osteoconduction characteristics [10-15]. In this
context, the HAP was formed in its nanosized, which had drawn a special
attention as metal implants and bone tissues for frequent use in ortho-
paedic surgery [16-19]. Since the synthesis of nanosized HAP with the
involvement of natural agents such as surfactants, polymers, and gums
[20-27] for the formation of soft template could be fabricated using the
wet chemical routes [28] like sol-gel [29], mechanochemical [30], hy-
drothermal [31], microwave heating [32], microemulsion [33], and
template addition [34]. The incorporation of surfactants or polymers
during the synthesis, controls the particle’s size from getting into
agglomeration and thereby making the synthesis procedure to be more
flexible, convenient, and tailored for the effective synthesis of nano-level
HAP particles [35,36]. Besides those techniques, the formation of nano
HAP by the other conventional route involved the natural agents, sin-
tering aided polymer encapsulated core-shell. HAP was used as a drug
delivery vehicle for the controlled release applications. As an example,
polymeric gum was one of the naturally occurring acacia plant exudates
which was rich in polysaccharides and glycoproteins. In addition, this
plant gum also contained arabinopyranose, galactopyranose, rhamno-
pyranose, arabinofuranose, glucopyranosyl uronic acid, 4-O methyl
glucopyranosyl uronic acid, and a small amount of hydroxyproline-rich
protein [37-40]. Of various components present in the natural gum,
arabinogalactan was the major component and when used as a surfac-
tant, it can easily get attached to the proteins and functions as a sig-
nalling molecule. The other advantages of this component were the
emulsifying agent and as an additive in the food industry and thereby
confirming as a safe, biocompatible, and effective drug delivery vehicle
for the HAP-based composites [21,22].

Therefore, considering the advantages of natural gum and the role
played by HAP as a drug-delivering agent, the present study aims to
develop a sustainable drug-carrying system consisting of a chitosan-
alginate FHAP scaffold. In this, we carried out the synthesis, charac-
terization, drug release, and biological activity of Casein (Cs) assisted
Fluorine substituted HAP (Cs-FHAP) nanocomposite, which have been
used to produce chitosan-alginate FHAP scaffold.

2. Materials and methods

Calcium nitrate tetrahydrate (CaNOs-4H30), Ammonium dihy-
drogen phosphate (NH4H2PO,4), Ammonium fluoride (NH4F), Ethanol,
and Cs were purchased from Sigma Aldrich Chemicals. Pure hydroxy-
apatite (HAP), Fluoride substituted hydroxyapatite (FHAP) and Cs-
assisted fluoride substituted nano-hydroxyapatite (Cs-FHAP) were syn-
thesized by the sol-gel approach. Analytical grade solvents and double
distilled (DD) water were used for synthesis and purification.

mCa(NO3); + 6NH4H,PO4 + yNHyF + xNH4OH—Cay(PO4)s(OH)xyFy +
NH4NO3; + H,0
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2.1. Synthesis of Cs-FHAP

For the preparation of Cs-FHAP, we used an ethanolic solution of
calcium nitrate and adjusted its pH to 11 using the concentrated
ammonia solution, followed by the addition of 50 mg of Cs and heated at
60 °C using a magnetic stirrer. Similarly, a mixed solution of ammonium
dihydrogen phosphate and ammonium fluoride were adjusted to the
same pH using concentrated ammonia and added with the solution in a
drop-wise manner. The solution mixture was heated at 85 °C and a white
semi gelatinous precipitate was formed, which on vigorous stirring
transformed into a gel (all over the synthesis period, the pH was main-
tained in the range of 10.5-11). Thus, produced gel was aged at room
temperature for about 24 h and dryed in an air oven set at 110 °C
overnight. The resulting FHAP product was sintered at 800 °C for 2hin a
muffle furnace and then allowed to cool in the furnace itself, so as to
undergo the development of the HAP phase. Finally, the obtained
product was grinded to powder using mortar and pestle. The same
procedure was applied for the formation of pure HAP (used as a control)
but without the inclusion of ammonium fluoride in the reaction mixture.
The following experimental conditions (Table 1) are applied for the
formation of various samples of HAP.

2.2. Preparation of chitosan—alginate/5% FHAP composite scaffolds

For the scaffold formation containing chitosan-alginate/FHAP
composite, about 1 wt% (0.25 g) of chitosan was dissolved in 25 mL of
2% acetic acid, followed by the addition of 1 wt% (0.25 g) of sodium
alginate. The mixture solution was stirred for 24 h to get a homogeneous
mixture with no air bubbles. To this, 0.5 g of earlier prepared Cs-5%
FHAP was added and stirred for 4 h to form a slurry. The final chito-
san-alginate/FHAP blend ratio in the composite was set as 1:1. The
slurry was transferred to a 24-well cell culture plate, cross-linked with
1% (w/v) CaCl; solution for 15 min, and finally immersed in distilled
water for 24 h to remove any residual sodium acetate and unbound
CaCly. Thus, obtained samples were stored in a freezer maintained at
15 °C until they become frozen and subsequently, the frozen samples
were lyophilized in a freeze dryer for 48 h at —80 °C to obtain the dried
samples of chitosan-alginate/5% FHAP composite scaffolds.

By making use of the same procedure, pure chitosan/5% FHAP
composite scaffolds (as control) were synthesized without the addition
of sodium alginate and calcium chloride in order to compare the change
of biodegradability, porosity, water uptake, and retention studies.

2.3. In vitro bioactivity studies

The in vitro bioactivity tests were conducted for the prepared samples
of pure HAP, FHAP, Cs-HAP, and chitosan-alginate/5% FHAP in simu-
lated body fluid solution (SBF) where the solutions were prepared in
accordance with Kokubo’s protocol [41]. For the bioactivity, the testing
samples prepared in the form of a pellet were first immersed in the SBF
solution (at a ratio of 1 mg/mL) maintained at pH to 7.4 in sterilized
bottles kept at 37 °C for 14 days. After the stipulated time, the soaked
pellets were taken out, washed gently with deionized water, dried, and
then analyzed for the extent of apatite formation at the surface using the
FESEM technique.

Table 1
Concentration of components used for the formation of various HAP samples.
Sample Ca NH4H,PO4 (mol/L) NH,4F (mol/L) Cs (mg)
(NO3)2-4H20
(mol/L)
Pure HAP 1.00 0.6 - -
2% FHAP 1.00 0.6 0.064 -
5% FHAP 1.00 0.6 0.16 -
Cs-2% FHAP 1.00 0.6 0.064 50

Cs-5% FHAP ~ 1.00 0.6 0.16 50
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2.4. Studies of drug loading and release

Typically, 100 mg of Ciprofloxacin (CIP) drug and 100 mg either of
HAP, 2% FHAP, 5% FHAP, Cs-2% FHAP, or Cs-5% FHAP crystals were
dispersed in 100 mL of DD water. This mixed solution was stirred for
about 24 h at room temperature. After this period, the precipitate was
separated by centrifugation, dried, and the drug-loaded sample was
collected in the form of a pellet. Now the bioceramic pellet having the
CIP drug was placed into the Phosphate buffer solution (PBS; pH 7.4)
and subjected to horizontal agitation on a shaking water bath at 37 °C.
After each specified time interval, about 5 mL of the testing samples
(containing the released drug) were collected and replaced with an
equal amount of the fresh medium. Finally, the amount of CIP drug that
got released into the medium at various time intervals was determined
by UV-Vis spectroscopy. Also, the same procedure was repeated for the
testing of chitosan-alginate/5% FHAP and other bioceramic samples.

2.5. Porosity measurements

To understand the porosity of as-synthesized scaffold samples (chi-
tosan/5% FHAP and chitosan-alginate/5% FHAP) quantitatively, the
liquid displacement technique was employed. Since, the scaffolds are
insoluble in ethanol solvent and its easy penetrating ability into the
scaffold pores protects from the occurrence of any shrinkage or swelling.
For testing, a known weight (W) of the sample was immersed in a
graduated cylinder containing a known volume (V1) of ethanol solvent,
and the evacuation followed by depressurization was performed for the
undisturbed samples soaked in ethanol. In this process, the ethanol
solvent gets diffused into the pores and can be repeated continuously
until we see the air bubbles appearing to stop. At this stage, the volume
of ethanol and ethanol-soaked scaffold was noted as V5 and the differ-
ence in the two volumes (Vo-V71) was measured. Further, the scaffold
sample was removed from the cylinder that contains ethanol solvent to
measure the residual volume (V3) of ethanol and by making use of the
following formula, the porosity was calculated [42].

Porosity (¢) = (V, — V3)/(V> — V3) x 100 1)

2.6. Studies of water uptake and retention ability

To understand the water uptake and retention ability of as-
synthesized scaffolds, the same procedure as similar to the porosity
measurements was employed. For testing, weighed dry scaffold samples
(W1) and immersed them in the DD water for a period of 24 h and after
that, the scaffolds were taken out and placed on a mesh. Now the
disproportionate water drained from the scaffold sample was weighed
(W) to determine the water uptake. Similarly, to investigate the water
retention ability, the wet scaffolds were transferred to a centrifuge tube
and subjected to centrifugation at 800 rpm for 5 min and immediately
recorded the scaffold weight at this stage as (W’s). By making use of the
following formula, the percentage of water absorption (Ea) and water
retention (ER) of the scaffolds at equilibrium were calculated,

(W2 = W)

E, = AN 100 (2
Ep = W x 100 3)

2.7. Invitro biodegradation test

For the investigation of the scaffold’s biodegradation ability in vitro,
prepared a solution mixture (of 50 mL volume) containing 0.1 M PBS
(made of sodium phosphate monobasic and sodium phosphate dibasic
heptahydrate; pH 7.2) and lysozyme enzyme (0.5 mg/mL concentra-
tion). To this solution mixture, the weights (Wy) of synthesized samples,
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chitosan-5% FHAP and chitosan-alginate 5% FHAP were measured,
immersed individually, and kept for the oscillation at 37.0 + 0.5 °C. The
samples after soaking for 21 days were removed, washed with deionized
water, freeze-dried, and weighed again (W;). The following formula was
used to calculate the weight loss (Wy) of each sample,

(Wo — W)

Wi = (Wo)

x 100% ()]

where, Wy and W; denote the weights of scaffold samples before and
after soaking in the solvent mixture, respectively, and for the accuracy of
measurements, three parallel samples were used for the analysis.

2.8. Studies of antibacterial activity

The agar disc diffusion method that makes use of the Muller Hinton
agar (MHA) medium was employed. For the antibacterial studies, the
stock cultures were maintained at 4 °C. For the experiments, the active
cultures were prepared by transferring a loop full of bacterial cells from
the stock cultures to the test tubes of nutrient broth incubated at 37 °C
for 24 h period.

About 3.8 g of Muller Hinton agar medium was weighed and dis-
solved in 100 mL of distilled water followed by the addition of 1 g of agar
and kept the medium for sterilization. After the sterilization process, the
media was transferred to sterile Petri plates and was allowed to solidify
for 1 h and it gets solidified. The inoculums were spread on the solid
plates with a sterile swab moistened with the bacterial suspension. The
discs were prepared with 20 pL of samples (H1-pure HAP, H2-Cs-2%
FHAP, and H3-Cs-5% FHAP) having the concentrations of 100 mg/mL,
20 pL each of DMSO as the negative control and streptomycin (1 mg/
mL) as positive control placed on the MHA plates and were incubated at
37 °C for 24 h. Finally, the microbial growth was determined by
measuring the diameter of the zone of inhibition (ZoI).

2.9. Studies of antifungal activity

As similar to the stock solutions and samples prepared for antibac-
terial activity, the same procedure was used for the preparation of stocks
and cultures for the antifungal activity studies too. For the antifungal
studies, the disc diffusion method on potato dextrose agar (PDA) me-
dium was used by weighing about 4.4 g of the medium dissolved in 100
mL of distilled water followed by the addition of 1 g of agar and kept the
medium for sterilization. The same process (antibacterial activity) of
solidification of the medium, followed by the spreading of inoculums on
the solid plates with a sterile swab moistened with the fungal suspension
was employed. Also, the discs prepared with 20 pL samples (H1, H2, and
H3) of 100 mg/mL concentration 20 pL of DMSO as a negative control,
and 20 pL ketocanzole (20 pg) as a positive control were placed on the
PDA plates, incubated at 37 °C for 24 h and finally measured the Zol.

2.10. Instrumental analysis

The powder X-ray diffraction (XRD) reflection patterns for all the
synthesized samples was performed using Rich Siefert 3000 diffrac-
tometer with CuK,; radiation (A = 1.5406 A). The Fourier transform
infrared (FTIR) spectra for the surface functionality and bonding using
Shimadzu FT-IR 8300 series instrument and Raman spectra were
recorded on Raman-11 Nanophoton Corporation, Japan at 514 nm laser
wavelength. The field emission scanning electron microscopy (FESEM)
was performed on VEGA3, TESCAN (Czech Republic) and the parallel
studies of energy dispersive X-ray analysis (EDX) was performed on
BRUKER Nano, GmbH, D-12489 (Germany) (accelerating voltage of
—0 to 30 KeV). For the drug estimation in drug release studies, the
UV-Visible Diode array spectrophotometer on Agilent 8453 China-made
instrument was employed.
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3. Results and discussion
3.1. Physicochemical characterization

Fig. 1 shows the comparison of FTIR spectral peaks of various HAP
samples as this technique provides information about the intermolecular
bonding of typical HAP peaks at all combinations viz. (a) Pure HAP, (b)
2% FHAP, (c) 5% FHAP, (d) Cs-2% FHAP, and (e) Cs-5% FHAP. From the
spectra, the broader peak observed at 3000 cm ! attribute to the ~OH
stretching vibration, which denotes the adsorption of water available at
the surface of apatite. Also, the peaks at 1096, 1048, and 961 cm ™
correspond to the stretching vibrations of the P-O bond [43,44].
Alongside, the bending vibrations of P-O was assigned to the peaks
around 601, 532, and 430 em™! [40,45]. The characteristic peak of
carbonate ion was observed at 1396 cm™! in the apatite structure and
found to be similar to the stoichiometry of HAP [40]. The detailed FTIR
spectral peaks and corresponding bonding are provided in Table 2.

Fig. 2 shows the comparison of Raman spectral vibrations of (a) pure
HAP, (b) 2% FHAP, (c) 5% FHAP, (d) Cs-2% FHAP, and (e) Cs-5% FHAP
samples in the frequency range of 200-1200 cm™!. From the graph, the
Raman spectra provides a strong characteristic peak of tetrahedral PO4
group (v1) at 962 cm™! as a dominant one and this corresponds to the
symmetric P-O bond stretching. Also, the two v3 (PO4) peaks, single vy
(POy4), and v4 (PO4) peaks were resolved and could be assigned to the
internal vibrational modes of phosphate groups [46,47].

The XRD profile of (a) pure HAP, (b) 2% FHAP, (c) 5% FHAP, (d) Cs-
2% FHAP, and (e) Cs-5% FHAP were compared and provided in Fig. 3.
The observed diffraction peaks are indicating the formation of all sam-
ples in their crystalline phases and in addition, the pure HAP sample
diffraction can be indexed to the standard HAP (JCPDS card No:
09-0432), while all other diffraction patterns are relating to fluorapatite
(JCPDS card No. 15-0876). From the comparison of reflection diffrac-
tion intensities, the peak intensity increases with that of the increased
concentration of fluorine, but the difference was minimal. The diffrac-
tion peaks are observed at 26.1°, 29.2°, 32.0°, 33.2°, 34.3°, 40.0°, 46.9°,
and 49.7° and these can be indexed to the planes of (002), (210), (211),
(300), (202), (310), (222), and (213). Also, the comparison of crystallite
sizes of all the samples are provided in Fig. 3(B) and Table 3, it can be
worth mentioning that the crystallinity factor was increased with that of
an increased concentration of dopant, i.e., the 5% FHAP sample was the
highest crystal size of 55.8 nm, followed by the 2% FHAP (49.8 nm) and
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Fig. 1. FTIR spectral comparison of (a) pure HAP, (b) 2% FHAP, (c) 5% FHAP,
(d) Cs-2% FHAP, and (e) Cs-5% FHAP.
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Table 2
FTIR spectral analysis of as-prepared HAP sample.

Vibrational frequency Peak assignments

(em™)
3573 (vs) Stretching mode of HAP OH ™ group
1634 (v3) OH™ bending mode of H,0
1455 (vs4 or v3) Bending mode of A & B type CO3~ group
1089 (v3) Asymmetric stretching mode of P-O bond of PO3~
group
1043 (v3) Asymmetric stretching mode of P-O bond of PO3
group
964 (vy) Symmetric stretching mode of P-O bond of PO3~
group
715 (vy) in-plane bending vibration mode of OH
631 (uy) Liberational mode of OH™ a group of HAP
603 (v4) Bending mode of the O-P-O bond of the PO3
group
571 (v4) Bending mode of the O-P-O bond of the POz~
group
474 (v2) Bending mode of O-P-O bond of the PO3~ group
\'
v o 1
4
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; (| Ly
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Fig. 2. Comparison of Raman spectral analysis of (a) pure HAP, (b) 2% FHAP,
(c) 5% FHAP, (d) Cs-2% FHAP, and (e) Cs-5% FHAP.

so on. The following Debey-Scherrer relation provided in Eq. (5) was
used to calculate the crystallite size of the particles.

0.91
D=
P cosO

)

Further, the XRD patterns also show that there was a moderate dif-
ference among the samples in terms of the relative intensity based on the
diffraction planes (002), (211), and (300) for the five tested samples
(Fig. 3B). This indicates the possibility of the formation of different
preferential orientation growth for the FHAP crystals under different
doping conditions.

Fig. 4 provides the surface morphological analysis of (a) pure HAP,
(b) 2% FHAP, (c) 5% FHAP, (d) Cs-2% FHAP, and (e) Cs-5% FHAP where
the electron micrograph of HAP shows the typical monodisperse and
spherical shaped particles. Also, the EDX analysis of the same samples
provided in Fig. 5 indicate the elemental peaks for the HAP sample
related to P, Ca, and O with Ca/P in the ratio of 1.66. Further, the EDX
analysis confirms the successful formation of the HAP and its associated
composites of doping through the observation of peaks are related to the
elements of Ca, P, C, O, and F. The elemental composition of HAP and
FHAP samples are provided in Table 4.
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Fig. 3. Comparison of (A) powder XRD and (B) crystalline size analysis among the different samples of (a) pure HAP, (b) 2% FHAP, (c) 5% FHAP, (d) Cs-2% FHAP,

(e) Cs-5% FHAP.

Table 3
Comparison of crystallite sizes of various HAP samples.

Samples Crystallite size (nm)
Pure HAP 49.2
2% FHAP 49.8
5% FHAP 55.8
Cs-2% FHAP 46.7
Cs-5% FHAP 48.0

In the following step, the Cs-5% FHAP material was used for the
formation of the composite scaffold with that of chitosan ad alginate.
Fig. 6(a) shows the FTIR spectrum of as-prepared chitosan-alginate/5%
FHAP scaffold composite where the sample exhibited characteristic
bands around 3414, 2920, and 2859 cm ™}, corresponding to the
stretching vibrations of N-H combined with —OH stretching vibration,
while the band around 1632 cm™! was the characteristic peaks of amide

.
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I and amide II, respectively. Also, the sharp peaks observed around 1425
cm™! can be assigned to the CHs symmetrical deformation and the band
at 1045 cm ! corresponds to the C-O stretching vibrations (C-O-C).
Similarly, the observation of FTIR peaks for the FHAP component in
chitosan-alginate/5% FHAP composite scaffold around 1095, 965, 633,
604, and 567 cm ™! were found to be fully matching with that of FTIR
analysis of pure FHAP nanocrystal (Fig. 1).

Fig. 6(b) shows the Raman spectrum of as-prepared chitosan-algi-
nate/5% F-HAP composite scaffold and from the graph, the peak in-
tensities related to 5% FHAP appeared to be minimal (as per Fig. 2).
Such a decrease in the peak intensity of phosphate groups can be
attributed to the masking of groups of organic moieties like chitosan and
alginate. We investigated that the peaks observed at 599 and 623 cm™!
are corresponding to the phosphate groups and the shift in peak position
from 961 to 965 cm ™' may be due to the F substitution and in that way,
the 5% Fluorine substitution got confirmed. Also, the peaks observed at
1225, 1333, and 1548 cm ™! were due to the methyl group of alginate
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Fig. 4. FESEM images of (a) pure HAP, (b) 2% FHAP, (c) 5% FHAP, (d) Cs-2% FHAP, and (e) Cs-5% FHAP.
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Fig. 5. EDAX analysis of (a) pure HAP, (b) 2% FHAP, (c) 5% FHAP, (d) Cs-2% FHAP, and (e) Cs-5% FHAP.

Table 4
The elemental composition of HAP and FHAP samples.
Sample Ca (atomic P (atomic O (atomic C (atomic F (atomic
%) %) %) %) %)
Pure HAP 23.41 14.25 54.32 3.11 0
2% FHAP 14.28 8.18 64.23 13.05 1.27
5% FHAP 26.38 14.40 51.57 7.15 3.52
Cs-2% 22.17 11.90 58.95 4.94 2.04
FHAP
Cs-5% 21.42 10.90 56.36 8.00 4.32
FHAP

and amide group of chitosan and all these analyses confirms the suc-
cessful synthesis of chitosan-alginate/5% F-HAP composite scaffold.

The powder XRD patterns of as-prepared chitosan-alginate/5% F-
HAP composite scaffold are provided in Fig. 6(c) and from the graph, the
reflection patterns appear at 20.0° for chitosan and 26.1°, 29.2°, 32.0°,
33.2°, 34.3°, 40.0°, 46.9°, and 49.7° are relating to FHAP component.
This analysis provides evidence for the successful synthesis of F-HAP
crystals blended with the polymer matrix. However, the broad peaks and
crystallinity of FHAP were observed. This decreased intensity of peaks
and crystallinity can be due to the masking of FHAP crystals by the
organic moieties used during the scaffold preparation.

The morphological features of the chitosan-alginate/5% FHAP scaf-
fold composite are provided in Fig. 6(d) and from the image, the for-
mation of uniform pores with the presence of FHAP mineral phases
within the polymer matrix has observed. This leads to the generation of a
more compact structure that supports fully the incorporation of drugs,
genes, or other therapeutic agents for sustained and targeted release.

3.2. Studies of bioactivity and drug release

The in vitro bioactivity tests were performed for the pure HAP and 2%
FHAP, 5% FHAP, Cs-2% FHAP, and Cs-5% FHAP samples, and investi-
gated based on the formation of apatite layer at the surface of the
sample. For testing, the samples were pelletized and immersed in the
SBF for 21 days at 37 °C as mentioned earlier and recorded the changes
in morphological features by making use of the FESEM (as provided in
Fig. 7). The growth of the apatite layer onto the surface of tested HAP
samples involves their dissolution and subsequent precipitation of the
formed apatite. After the immersion of samples into the dissolution
medium, the samples get dissolved. With an increase of immersion
period, the dissolution rate and precipitation rate also increases. This

process continued until the solution reaches an equilibrium where the
Ca and P concentrations become saturated, i.e., HAP attains a negative
surface charge while the phosphate and hydroxyl groups are present at
the surface. Since, the SBF medium contains the positively charged
calcium ions and, in that way, the positive ions get interacted with the
negatively charged ions of HAP, which results in Ca-rich amorphous
calcium phosphate (Ca-rich ACP) with the production of positive surface
charges. These positively charged Ca-rich ACP gets interacted with the
negatively charged phosphate ions available in the SBF medium to
generate Ca-deficient ACP and that’s why the SBF causes the growth of
bone-like apatite.

Fig. 8 shows the bioactivity of the chitosan-alginate/5% FHAP
scaffold acquired using SEM micrographs for the sample after immersion
in SBF at 37 °C for 7 days. It can be observed from the image that the
scaffold sample after its incubation in SBF solution seems to develop the
formation of an apatite layer over its surface. This involves a sequence of
events including the release of ions from FHAP followed by the
resorption, nucleation, and subsequent growth of calcium phosphate, as
revealed by the EDX with the peaks observed from the elements of P, Ca,
and O.

Fig. 9 shows the comparison of CIP drug release behaviour of (a) pure
HAP, (b) 2% FHAP, (c) 5% FHAP, (d) Cs-2% FHAP, and (e) Cs-5% FHAP
samples under in vitro conditions (PBS; pH 7.4) and the optical absorp-
tion as a function of time was measured. From the graph, it can be
observed that the pure HAP exhibits an initial burst release of ~49% of
the loaded CIP drug and in contrast, all the other FHAP samples showed
a relatively lower extent of CIP drug burst release. However, for the
other samples of F-substituted HAP, the percentage of CIP release seems
to be strongly influenced by the fluorine amount and Cs-micelle used for
the formation of FHAP nanocomposites. We observed that the sample
with a higher concentration of fluorine, the CIP release (%) was low with
steady rate. Since the remnant, Cs was removed during the sintering
process performed at 800 °C temperature for 2 h and so, a decrease in
size can be expected with the micelle-assisted sample that contributes to
the nanostructure. Such an organization of size reduction for the
nanostructures was found to be consistent with morphological analyses
as observed from the FESEM (Fig. 8).

The results provided in Fig. 9 indicate that the sintered pure HAP
sample has released about 92.08% of its loaded drug during the first 70
min and with the initial burst of release that accounts for 49%. However,
the other samples over a 80 min period has the drug release of 87.68%
(2% FHAP), 85.47% (5% FHAP), 78.46% (Cs-2% FHAP), and 70.30%
(Cs-5% FHAP). Among the sintered samples, the observed differences in
drug release behaviour with respect to time can be attributed to the
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Fig. 6. FTIR, Raman, XRD, and SEM for chitosan-alginate/5% FHAP composite scaffold.
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Fig. 7. FESEM images of (a) pure HAP, (b) 2% FHAP, (c) 5% FHAP, (d) Cs-2% FHAP, and (e) Cs-5% FHAP.

formation of different-sized crystalline particles followed by the removal
of Cs-moiety in the sintering process. The formation of micelles by the Cs
moieties around the Cs-2% FHAP and Cs-5% FHAP crystallites, result in
a size reduction which helps to control the drug release behaviour.

Within the nanocomposites, this variation in the drug release behaviour
are due to the size effects, creating a novel path for the transportation
and release of the loaded drug to the targeted sites.

Similarly, Fig. 10 shows the drug release profile from the chitosan-
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Fig. 8. FESEM provided bioactivity and the corresponding EDX analysis for the chitosan-alginate/5% FHAP scaffold composite.
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fold composite.

alginate/5% FHAP carrier. The CIP antibiotic drug was loaded by the
immersion into the PBS (pH 7.4) where the release was quantified by
taking the optical absorption as a function of time. From the graph, the
scaffold exhibits the total CIP release of 60% during the tested period of
11 days and the release profile appeared to be slow and very much
controlled. Such an observation of slow CIP release can be linked to the
bonding of drug with that of chitosan-alginate matrices and at the same
time, the strong affinity of drug molecules towards the negative ions of
fluorine brings the delivery to be controlled. From the results of chito-
san-alginate/5% F-HAP composite, it shows suitable carrier for the
controlled release of drugs for prolonged time periods.

3.3. Measurement of porosity, water uptake and retention ability

The porosity of the chitosan-alginate/5% FHAP scaffold sample was
calculated using the following formula,

Porosity = (V| —V3) / (V2 —V3) x100 (6)

Where V1 is the initial known weight of scaffold, V; is the sum of weights
of ethanol and submerged scaffold, and V3 is the weight of ethanol after
the scaffolding removal.

Since, porosity is an important parameter to assess the capacity of
any scaffold material for bone tissue engineering applications. It pre-
serves the tissue volume, with temporary mechanical function, facili-
tates cell migration, and deliver the protein to cells. The porosity studies
performed on chitosan-alginate/5% FHAP scaffold are compared with
that of chitosan/5% FHAP and shown in Fig. 11(a). From the results,
noticed that the porosity of chitosan-alginate/5% F-HAP (88.78%) are
slightly lesser than chitosan/5% F-HAP scaffold (92.87%). Such a
decrease in the total porosity of the tri-component scaffolds system as
compared to the bi-component suggesting for the occurrence of possible
chemical interactions through the involvement of alginate. In general, it
is considered to have a scaffold with 90% porosity as sufficient for cell
attachment and proliferation purposes. The scaffolds formed by the
freeze-drying technique usually have better pore sizes as compared to
the scaffolds prepared by any other technique like sol-gel, co-precipi-
tation etc.

The percentage of water absorption (Ea) and water retention (Eg) for
the prepared chitosan-alginate/5% FHAP scaffold was calculated using
the following formulae.

Ea = [Wwet — Wary) / Wary] x 100 @
ER = [(W’wet - Wdry) / Wdry] x 100 (8)

W’ — the weight of wet scaffold after centrifugation.

In general, for any scaffold used for biomedical and bioengineering
applications, understanding the water uptake and retention ability are
very much essential to complete analyze the absorption of physiological
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fluids and associated transfer of nutrients, metabolites through the
scaffolds. Fig. 11(b) provides the water uptake and retention ability of
as-prepared chitosan-alginate/5% FHAP scaffold compared with that of
chitosan/5% FHAP scaffold. It can be noted from the results, that the
chitosan-alginate/5% FHAP scaffold has less water uptake and retention
ability in relation to the chitosan/5% FHAP scaffold. We calculated that
the water uptake and retention (%) for chitosan/5% F-HAP are 78 and
45%, while for the chitosan-alginate/5% FHAP are 65 and 15%. Inter-
estingly, the inclusion of alginate polysaccharides in the chitosan com-
posite are decreasing the degree of water absorption of chitosan-
alginate/5% FHAP. However, the chitosan-alginate/5% FHAP compos-
ite scaffold has the water uptake and retaining ability, that is sufficient
enough for the maintenance of metabolite flow for the growth of bones.

3.4. In vitro biodegradation and antimicrobial studies

Fig. 12 shows the in vitro biodegradation studies of chitosan-algi-
nate/5% F-HAP composite compared with that of chitosan/5% F-HAP
composite and for the analysis, the weight loss (W) was calculated as
per the following formula,

WL = [(Wo — W1)/Wo] x 100% 9)

Where, Wy and W; denotes the weights of samples before and after
soaking, respectively.

From the biodegradation study over the testing period of 21 days, it
was found that the chitosan/5% FHAP composite got degrade around
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Fig. 12. Biodegradation studies of chitosan/5% F-HAP and chitosan-alginate/
5% F-HAP scaffold composite.

67.5% of its original weight and high, as compared to the chitosan-
alginate/5% F-HAP scaffold degradation (only 58.3%). The observation
of limited biodegradation for the chitosan-alginate composite can be
attributed to the presence of a tri-component system in the composite.
This controllable biodegradation of the scaffold can be suitable for bone
engineering applications to withstand the mechanical stresses and pro-
vide a suitable surface for cell attachment and growth. Also, the slow
and controlled degradation supports well for sustainability by playing
the materials as a crucial role in the long-term performance of trans-
planted bone tissues. Since, easily degradable biopolymeric scaffolds
maintain the nominal mechanical properties, they can also easily
absorbed by the body with no traces left. Thus, the controlled degra-
dation behaviour are mostly by the availability of alginate as chitosan
component which are hydrolytically unstable material and it accelerates
with the degradation in an aqueous medium.

The antimicrobial activity for the three different HAP samples of H1,
H2, and H3 were performed and the results shown in Fig. 13 and
quantitatively in Tables 5 and 6. From the quantitative analysis results
measured using Zol, it can be mentioned that the Cs-5% FHAP sample
has the highest antibacterial activity as compared to the Cs-2% FHAP
and pure HAP samples. Within the two bacterial cultures tested, the
highest activity was noted against the gram-positive bacteria with the
Zol of 47 mm, followed by the gram-negative bacteria with 38 mm Zol.
Further, the antifungal activity seems to have no difference among the
two samples of H2 and H3, and the ZoI was observed for both, and found
to be better than that of H1 sample (pure HAP). This analysis provides
the information that the FHAP samples are maintaining the antimicro-
bial (antibacterial and antifungal) activity in a better proportion than
that of pure HAP samples and thereby providing evidence for the
importance of forming fluorine substituted HAP composite.

4. Conclusion

In conclusion, we confirm the suitable characteristics of chitosan-
alginate/5% FHAP scaffold composite for the biomedical sectors
particularly suitable for the orthopaedic applications of bone tissue
growth and replacement. Various HAP composites were synthesized
with two different F content and composition. The 5% FHAP were
formed from the Cs micelle assisted approach (Cs-5% FHAP). It is found
to be stable and efficient, in terms of crystallinity, morphology, bioac-
tivity, and with the controlled CIP drug release behavior. Also, the
scaffolds formed from chitosan-alginate/5% FHAP (as compared to pure
Cs-5% FHAP composite) has the superior characteristics of porosity
(88.78%), water uptake (65%), water retention (15%), biodegradation
capacity (67.5% in 21 days), along with the controlled CIP release
ability (60% in 11 days). Further, the antibacterial activity tests were
conducted against Staphylococcus aureus (Zol of 47 mm) and Escherichia
coli (Zol of 38 mm), and antifungal activity against Candida albicans (Zol
of 10 mm) confirmed the biological efficacy of Cs-5% FHAP composite.
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Fig. 13. Analysis of the biological activity of the tested samples (H1-pure HAP, H2-Cs-2% FHAP, and H3-Cs-5% FHAP) towards (a) Staphylococcus aureus, (b)

Escherichia coli, and (c) Candida albicans.

Table 5
Zol observed for the antibacterial activity.
Microorganism Zol (mm)
H1 H2 H3 DMSO S
Staphylococcus aureus 8+2 - 47 £2.2 - 27 +1.3
Escherichia coli 6.5+ 1.8 7+15 38+2 - 14 +1.7
Table 6
Zol observed for the antifungal activity.
Microorganism Zol (mm)
H1 H2 H3 DMSO K
Candida albicans - 10 £ 0.5 10 £ 0.7 - 18 £ 0.5

The cumulative analysis of result shows that the as-synthesized chitosan-
alginate/5% FHAP composite prepared from the Cs micelle mediated
synthesis can be suitable for biomedical applications of orthopaedic
implants.
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