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Hydroxyapatite [Ca10(PO4)s(OH),], an important biomaterial, retains a chemical structure that is similar to
the mineral phase of bone. Consequently, the ability of hydroxyapatite (Hap) to augment bone growth
within bone tissue has made it a potential candidate for use as a hard tissue-implant material. In this
work, adopting a UV-mediated solid-state method for the first time, hydroxyapatite was synthesized
from eggshells and no thermal treatment was used but ambient temperature was maintained. This
simple synthesis process involved a combination of ball milling of the starting materials followed by UV-
irradiation. UV-excitation of the Ca and P precursors resulted in the desired Hap and X-ray diffraction
(XRD), Fourier-transform infrared (FT-IR) and Raman spectroscopic techniques were used for
characterization. The potency of UV-Hap as a biomaterial was examined via the bioactivity, cytotoxicity
and the drug (ciprofloxacin) loading—-releasing response, which was encouraging. The results of the cell
viability assays complied an insignificant cytotoxicity and the simulated body fluid immersion test
indicated the bioactivity was within the acceptable range. On the other hand, to better understanding

the drug ejection and associated transport phenomenon, two kinetic models (Higuchi and Ritger—
Received 13th November 2020 p dels) d and a diffusi trolled ciorofl . L hani b d
Accepted 23rd December 2020 eppas models) were used and a diffusion controlled ciprofloxacin release mechanism was observe

using the Higuchi model. However, the experimental outcomes of a drug delivery response exposed UV-
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1. Introduction

In recent years, the application of synthesized biomaterials in
bone and dentistry fields has received significant attention and
notable efforts have been reported for the synthesis of bioma-
terials via different routes using various sources.'” In partic-
ular, hydroxyapatite [Ca;o(PO,)s(OH),], which retains a close
chemical similarity to the mineral phase of bone, is ranked
highly as one of the most promising biomaterials.>” It is well-
known that this biomaterial possesses first-rate biocompati-
bility, biodegradability, bioactivity, nontoxicity and non-
inflammatory characteristics which demonstrate its extensive
use in various biomedical fields, for example, as a bone cavity
filling material, for drug delivery applications, bone substitutes,
implant components, coatings on implants, the treatment of
hyperthermia in cancer patients, dental materials and so on.*®
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Hap as a favorable vehicle for drug loading and release. Hence, this research highlights the prospects of
a UV-assisted synthesis method as a green route for the synthesis of Hap to be applied in biomedical fields.

Indeed, the ability of hydroxyapatite (Hap) to augment bone
growth within the bone tissue has made it a potential candidate
for use as a hard tissue-implant material. Furthermore, apart
from biomedical applications, many other remarkable and
diverse uses of Hap have also been reported.'*'*

With regard to these particular applications, the develop-
ment of novel approaches to synthesize Hap using various Ca
and P sources is now a vital task for researchers. Nevertheless,
to expand the biomaterial research field, a significant number
of procedures have been developed by scientists to synthesize
Hap, such as wet chemical precipitation,“**** electrochemical
methods,'*** solid-state reactions,'® hydrothermal,"”** micro-
emulsion,® sol-gel*® and microwave irradiation® methods and
so on. It must be mentioned here that the synthesis protocols
strictly regulate the morphology and structural characteristics
of Hap, which eventually control its biomedical applications.
For instance, Hap in hollow microparticle format has a high
surface area and an extended drug loading ability, which makes
it a promising candidate vehicle for drug release.”> Conse-
quently, during the last couple of years, a significant volume of
research studies have explored numerous schemes using Hap-
based drug carriers.**'"**?* However, researchers have drawn
a generalized consensus about the perfect bone substitution

© 2021 The Author(s). Published by the Royal Society of Chemistry
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material, in which together with the biocompatibility, biode-
gradability and bioactivity, the material should have adequate
drug delivery and bactericidal properties, but no systematic
toxicity.**

Keeping the above discussed viewpoints in mind, in the
present study we aimed to develop a novel protocol to synthe-
size hydroxyapatite at room temperature. Indeed, in recent
years, instead of using conventional methods, researchers have
focused on the development of eco-friendly methods, in which
room temperature based protocols, rather than high tempera-
tures, have been used to facilitate the synthesis of Hap."
Herein, our approach was confined to the development of a UV-
assisted solid-state method to synthesize hydroxyapatite (Hap)
from eggshells for the first time, in which no thermal treatment
was applied. The potency of the UV-assisted Hap as a biomate-
rial was examined via the bioactivity, cytotoxicity and drug
loading-releasing response. Ciprofloxacin is a well-known
broad-spectrum second generation fluoroquinolone antibiotic
used to treat osteomyelitis, a bacterium causing bone infec-
tions,” we examined the suitability of the UV-mediated Hap as
a drug carrier by monitoring the loading-releasing profile of
ciprofloxacin as the targeted drug.

2. Materials and methods
2.1 Synthesis of UV-sensitized Hap

Prior to UV-excitation, Ca and P precursors (eggshells and
(NH,4),HPO, respectively) were treated together for 8 h with
a high energy planetary ball mill, which resulted in a homoge-
neous mixture of the starting materials in the form of fine
particles. Focused UV-illumination ensured that the maximum
output level of intensity was applied to this mixture through
a halogen lamp of 500 W for a period of 8 h. The entire opera-
tion triggered the formation of the desired Hap. The schematic
diagram shown in Fig. 1 illustrates the developed procedure.

2.2 Characterization of UV-sensitized Hap

Customary characterization of this UV-assisted Hap was per-
formed using X-ray diffraction (XRD), Fourier-transform
infrared (FT-IR) and Raman spectroscopy techniques, and to
validate our observations, Hap formation was confirmed by
comparing the observed data with the respective characteristic
values.

The XRD analysis (model: PANalytical X'pert PRO XRD PW
3040) facilitated the phase categorization of the UV-mediated
Hap. To collect the data, continuous scanning with 0.01 steps

Ball mill
Step 1

Eggshell +
~ (NH4)2HPO4 |

UV-illumination
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and the 26 = 5-75° using CuKa (A = 1.54060) radiation oper-
ating at a combination of 40 kv and 30 Ma was used, and the
cooling temperature was fixed at 19-20 °C. The observed phases
were confirmed by comparison with the standard JCPDS files
representative of pure Hap. Additionally, in the case of the
starting materials, analysis conducted prior to the UV-
illumination phase was also taken into account.

Next, to clarify the functional groups present in Hap, we
applied FT-IR and Raman spectroscopic techniques. Using the
FT-IR-Prestige 21 (SHIMADZU) equipped with an attenuated
total reflection (ATR) set-up, the FT-IR band positions were
noted according to previous studies.” Conversely, Raman
mapping was performed with a high-resolution Raman spec-
trometer (HORIBA MacroRAM™) in the 3400 cm™ ' to 100 cm ™"
region using the 785 nm wavelength excitation from a diode
pumped solid-state laser. The adjustable output power was set
at 5 mW.

2.3 Evaluation of the biomedical performance

2.3.1 Cytotoxicity test. To investigate the cytotoxic response
of the prepared Hap, the Trypan Blue Exclusion method was
used.”® The chosen cell line subjected to culture was the African
Green Monkey Kidney cell (Vero cell) line (CLS 605372, Ger-
many) while the culturing procedure was duplicated as
described previously.*® Nevertheless, prior to the exploration of
the cytotoxic effects, the synthesized Hap was steam sterilized
using an autoclave chamber. The cultured cells were treated
with Hap, maintaining a concentration range of Hap at 30, 50
and 100 mg mL~". Each set of experiments was conducted three
times applying freshly prepared treatment doses followed by
harvesting in trypsin. After nurturing for 24 h, 1.0 mL of this cell
suspension was used for cell counting. Finally, following the
Trypan Blue Exclusion protocol,* the number of unstained
(viable) cells and stained (non-viable) cells were determined
using an automated cell counter (LUNA-II™, Analytikjena). The
cell viability was calculated as a percentage of the live cells using
the following method:

number of live cells

% live cells = x 100 (1)

total amount of cells

To compare the observed results, the entire approach was
repeated using a control.

2.3.2 Drug loading-releasing efficacy. To examine the drug
loading-releasing response, porous Hap scaffolds in pellet form
(20 mm diameter and 4 mm thickness) were first fabricated

) < o, Q3
“le e gttt
Hydroxyapatite

(LT

Step 2

Fig. 1 Schematic representation of the UV-mediated solid-state synthesis of Hap.
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using a uniform mixture of Hap powder and glucose as a poro-
gen. The porosity of the scaffolds was controlled with the
addition of various amounts of glucose (0%, 5% and 10% w/w).
A sintering operation at 600 °C aided the porosity of the scaf-
folds by eliminating glucose and the porosity of the scaffold was
measured via the liquid displacement test (LDT) using ethanol
as the liquid, this procedure has been described previously.”
The mathematical equation used for this purpose is:

e= 1= V3) )

(V2= 13)
in which, V;, V, and V; represent the initial volume of ethanol,
the total volume of ethanol in the cylinder with the ethanol
impregnated scaffold, and the residual volume of ethanol after
removing the scaffold, respectively.

The fabricated scaffolds were then submerged in 50 mL
aqueous ciprofloxacin solution (conc. = 20 ug mL™ ') using an
air-tight reaction vessel. After 24 h the scaffolds were withdrawn
from the vessel and subjected to various examinations: (i) a few
scaffolds were oven dried at 100 °C for phase analysis and
molecular characterization using XRD and FT-IR, respectively;
and (ii) using the rest of the Hap tablets impregnated with
ciprofloxacin, the in vitro drug release was examined in
synthesized body fluids (SBF) following the protocol reported
elsewhere.”® The percentage of ciprofloxacin liberated from the
scaffold was evaluated using the following equation:
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amount of drug released (mg)
total amount of drug loaded (mg)

% 100 (3)

Drug released (%) =

In contrast, the amount of ciprofloxacin loaded into the
scaffolds (Fig. 5a) was computed by analyzing the concentra-
tion of the residual ciprofloxacin solution according to the
Beer-Lambert law using a UV-spectrophotometer. The wave-
length maximum, otherwise known as the Apyax, of Cipro is
278 nm and this wavelength was chosen for the absorbance
measurement.

2.3.3 Bioactive response. In previous research, the bioac-
tivity of the Hap scaffold has mostly been examined by
submerging the pre-weighed substrate in SBF’ which has
a similar ionic composition to that of human blood plasma. We
followed a similar approach” by selecting a range of soaking
periods (3, 7, 14 and 28 days). After each immersion period, the
scaffolds were carefully withdrawn from the SBF solution, dried
at 100 °C to maintain a clean environment and the corre-
sponding weight increase was documented, allowing the
bioactive response to be monitored. The gradual changes in the
surface morphology of the scaffolds treated with SBF at
different time intervals were observed using scanning electron
microscopy (SEM, Phenom Pro) at an accelerating voltage of
10 kv.
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Fig.2 XRD patterns of the starting materials: (a) eggshell; (b) (NH4),HPOy; (c) mixture of eggshell and (NH,4),HPO, without any treatment; and (d)
the eggshell and (NH4),HPO,4 mixture after ball milling followed by oven drying at 100 °C.
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Fig. 3 XRD pattern of Hap synthesized by UV-excitation of eggshells.

3. Results and discussion
3.1 Characterization of the UV-sensitized Hap

The XRD patterns of the starting materials are depicted in
Fig. 2a-d which provides an impression of how the associated
phases are presented in the respective raw materials. Notice-
ably, in Fig. 2a and b, distinctive peaks for calcite and dia-
mmonium hydrogen phosphate (ICDD codes # 01-072-4582 and
00-008-0033 respectively)®® can be observed. In contrast, the
XRD spectrum (Fig. 2¢) of these two materials in the mixed form
only shows their characteristic peaks, with no peaks observed
for Hap or B-TCP. This observation proves that no phase
transformation occurs at this stage. However, the diffractogram
obtained for the ball milled and oven dried mixture (without
applying UV-illumination) of the raw materials, as shown in
Fig. 2d, clearly reveals a change. A wide hump covering the 26
positions around 31-35° appeared along with a strong diffrac-
tion peak at the 29.41° position (104 plane) responsible for
CaCO;. These peaks confirm that this dual mode operation (i.e.,
ball milling and oven drying only) was not sufficient to complete
the reaction for the full-fledged formation of hydroxyapatite.
The XRD diffractogram (Fig. 3) displays well-matched typical
characteristic d-spacing values (A) of 3.44 (002), 3.08 (210), 2.81
(211), 2.77 (112) and 2.71 (300) supporting the formation of
crystalline Hap with a hexagonal phase structure.>* Further
validation of this observation was accomplished by deducing
the crystallographic parameters using the well-established

Table 1 FT-IR band positions and assignments for UV-mediated Hap
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equations’ and a very good match was observed between the
calculated crystallographic values of the UV-assisted Hap and
the JCPDS (file # 09-0432)"° data. This proved that irradiation of
the eggshell with (NH,),HPO, resulted in the successful
formation of the desired Hap. Nevertheless, in addition to Hap,
peaks for B-TCP and CaCOj; were also indexed in the recorded
XRD (Fig. 3). Having d-spacing values (A) of 2.87 and 2.60, B-TCP
appeared as the second phase and the presence of CaCO; was
proven by the peak noted at the 26 position 29.36°.

Next, to clarify the functional groups present in Hap, we used
the FT-IR and Raman spectroscopic techniques. Both the FT-IR
and Raman spectroscopic data, as tabulated in Tables 1 and
2tbl2, respectively, reveal that all the characteristic band posi-
tions, as well as the Raman shifts, are in good agreement with
those observed in previous studies.'>*' Moreover, the presence
of CaCO; in the UV-synthesized Hap is also supported by the
peaks, as evidenced for the CO;>~ group at band positions 877
and 1418 cm ™' in the FT-IR spectrum. Further confirmation of
the CO;>~ group was provided by the Raman spectroscopic data,
in which the Raman shift for the CO;>~ group was observed at
1070 cm ™.

The likely reason for the formation of Hap as a result of the
UV-illumination of the blended starting materials at ambient
temperature can be justified by the following explanation
provided by Verwilghen et al.** primarily, upon UV-illumination
of the mixture, (NH,),HPO, releases NH; and the hydrogen
phosphate groups are adsorbed onto the carbonate surface,
deprotonation then occurs through discharging of the
carbonate anions into the solution, forming calcium ortho-
phosphate. Conversely, UV-excitation of the moistened CaCO;
triggers the slow evolution of CO,, buffering the environment as
basic conditions are favorable for the formation of Hap.

3.2 Cytotoxic assessment

Fig. 4a-d shows microscopic images of the Vero cells treated
with different concentration of Hap under controlled condi-
tions, and Fig. 4e shows the corresponding cell viability. Clearly,
although the survival rate of the Vero cells was found to
decrease slowly as a function of the Hap concentration, the cell
viability is still within a fairly significant limit. More specifically,
the calculated percentages of live cells (Fig. 4e) were 88.41%,
86.68% and 82.30% in the presence of Hap concentrations of
30,50 and 100 mg mL ™~ respectively. This indicates that in each

Band position, cm ™"

Corresponding assignment

471
562
603
632
958
1028
1651

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

PO, bending (v,)

Asymmetric mode (v4) of the PO,*~ group
Symmetric mode (v,) of the PO,*" group

OH liberation

PO,>” stretching (v,)

Asymmetric stretching mode (v3) of the PO,*~ group
Bending mode of H-O-H
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Table 2 Raman shifts and assignments for UV-mediated Hap

1

Raman shift, cm™ Corresponding assignment

427 Bending mode (v,) representative of the PO,*~ group
585 Bending mode (v,) representative of the PO,*~ group
963 Symmetric stretching mode (v;) ascribed to the tetrahedral PO,*~ group

case, after a 24 h incubation period, the cell viability was more allowed by ISO standards.*® This observation indicates that the
than 50%, which indicates that the UV-sensitized Hap exhibited Hap synthesized using UV-sensitization of eggshells is certainly
a negligible cytotoxicity, complying with the concentration limit safe enough to be used as a biomaterial.

%)

< 60

Cell Viability

N
o
1

o
1

Control 30 mg/mL 50 mg/mL 100 mg/mL
Concentration (mg/mlL)

Fig.4 Cytotoxicity response of UV-mediated Hap: (a—d) microscopic images of the Vero cells (controlled conditions (a); Hap = 30 mg mL ™% (b);
Hap = 50 mg mL™ (c); and Hap = 100 mg mL™* (d)). (e) The cytotoxic effects observed for the Vero cell line after incubation for 24 h. Results are
compared with the control (DMSO).
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Fig.5 FT-IR spectra: (@) UV-Hap; (b) Cipro loaded Hap; and (c) Cipro.

3.3 Evidence of ciprofloxacin loading and releasing

The characteristic d-spacing values (A) 2.81, 2.77 and 2.71
accountable for Hap,"** and the XRD pattern of the Cipro
loaded Hap were coupled with the peaks for Cipro (26 positions
at 25.81°, 26.51° and 29.35°)* as expected. It should be noted
that the 26 position 29.35° possibly overlapped with calcite.
However, this data obviously supports the assimilation of
ciprofloxacin within the scaffold. Further investigation to
provide a better understanding about the ciprofloxacin loading
was performed using the FT-IR approach. The FT-IR spectrum
(Fig. 5b) of the Cipro-incorporated Hap clearly attests to the
successful loading of the drug by showing a broad peak at
1652 cm™ ', which is a combination of the two individual peaks
observed (in the case of Cipro; Fig. 5¢) at 1707 and 1625 cm ™"
for »(C=O0)c (c is carboxylic) and the »(C=O0)p (p is pyridone)
vibrations, respectively,*® whereas these two peaks were absent
in Hap (Fig. 5a).

The profile picture of the loaded -ciprofloxacin (as
a percentage) versus the amount of porogen added is shown in
Fig. 6a, in which the clear contribution from the pore forming
agent is visible; without any accumulation of glucose, the
percentage of drug loading was at the minimum and this
percentage tends to increase as a function of the porogen
addition and maximum loading (78.58%, i.e., = 15.72 ug mL ")
was achieved when 10% (w/w) glucose was added with Hap. This
is because upon sintering, the higher percentage of glucose
forms more pores within the Hap scaffold. Accordingly, the
porosity of the porogen incorporated scaffolds was calculated
using eqn (2) and a higher percentage (21-23%) of porosity was
witnessed when 10% (w/w) glucose was added to the scaffold,
which facilitates the incorporation of more of the drug. This
observation is in agreement with a previous study** in which the
permeability of the Hap tablets was found to be reliant on the
porosity, as well as on the connectivity of the porous network.

The recorded percentage of drug released at different time
intervals (3, 7, 14 and 28 days) from the 15.72 ug mL ™" cipro-
floxacin loaded scaffold is given in Fig. 6b. A gradual increase in
the drug discharge profile is noticed as the time progresses and
after 28 days, 42.37% of the loaded ciprofloxacin was liberated
in the non-stop mode from the scaffold. A similar trend was

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Drug loading characteristics of the UV-synthesized Hap scaf-
fold: (a) ciprofloxacin loading efficiency; (b) time dependent drug
release efficiency in SBF; and (c) time dependent average release of
ciprofloxacin per day (inset (d) the Higuchi model, and inset (e) the
Ritger—Peppas model).

observed in previous investigations.’®** Considering the sus-
tained release behavior, we presume that the drug delivery
carriers we developed may have a mesoporous structure; but to
come up with a concrete conclusion more investigations are
needed and further research in this direction is being per-
formed in our group. However, interestingly, the collective
release profile of ciprofloxacin from the Hap scaffold at each
time interval showed (inset in Fig. 6b) that the ciprofloxacin
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release pattern followed a therapeutic level of ciprofloxacin for
osteomyelitis (2-50 pg mL~").>**¥” Consequently, we anticipate
that the UV-sensitized Hap could have potential for use as
a local antibiotic therapy by controlling ciprofloxacin release in
the treatment of osteomyelitis.

The average amount released per day (Fig. 6¢) was deduced
by dividing the measured concentration by the soaking period
(i.e., the number of days between changing the SBF solution).
Fig. 6c demonstrates that for the first 3 days, the maximum per
diem drug discharge was observed. This rapid initial release is
due to the significant difference in the drug concentration
between the scaffolds and the release medium. A sharp decrease
was monitored on the 4™ day and remained fairly stable for the
next 3 days. Again, each time the drug releasing medium was
replenished, a noticeable change was visualized on the 8 and
14™ day, respectively, but the release profile remained almost
constant throughout the last 14 days. Nevertheless, to gain
a better understanding of the ciprofloxacin ejection and asso-
ciated transport phenomenon, two release kinetic models: (i)
the Higuchi model (Q = Kt**); and (ii) the Ritger-Peppas model
(Q = Kt*°) were used to interpret the collective release
percentage data.*®* In both models, Q represents the cumula-
tive amount of drug released during the in vitro immersion
time, ¢, per unit area and K is the dissolution constant charac-
terizing the rate of drug release. The cumulative release
percentage was plotted against t>° and t*°® for the Higuchi
model (inset (d) in Fig. 6¢) and the Ritger-Peppas model (inset

ll

14 days 28 days

=
o
—|

(a)
7.5 A

Weight increase (mg)
ul

7 days

3 days

Scaffold surface

Fig.7 Bioactive response of the UV-synthesized Hap scaffold: (a) time
dependent increment of the scaffold weight while incubated in SBF;
and (b) pictorial representation of the bioactive process.
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Fig. 8 SBF treated UV-synthesized Hap scaffold at various time
intervals: (a) blank scaffold; (b) after 7 days; (c) after 14 days; and (d)
after 28 days.

(e) in Fig. 6¢). A higher correlation coefficient (0.9956) was ob-
tained in case of the Higuchi model, which showed that the
ciprofloxacin release mechanism is strictly diffusion controlled.

3.4 Bioactive response

The recorded apatite formation ability, otherwise known as the
bioactive response of the scaffold, is depicted in Fig. 7a, which
shows a time dependent increment in the measured weight of
the scaffold. This ensures the bone in-growth ability of the
prepared scaffold while incubated in SBF. The apatite
formation/precipitation on the scaffold surface can be eluci-
dated with the assistance of a previously published report.*
Briefly, Hap typically comprises two types of negative ions, (e.g.,
OH ™ and PO,*”) coupled with the positive ion, Ca®>". The
negatively charged ions of Hap usually stay on the surface and
attract the positively charged calcium ions in the SBF solution.
This phenomenon results in an extra positive charge on the
surface of the SBF nursed Hap which will then react again with
more OH~ and PO,®” ions that are present in the SBF. This
mechanism continues to form Hap nuclei on the surface of the
scaffold and thus provide the bioactive nature of the developed
UV-sensitized Hap. Fig. 7b shows this bioactive mechanism.

Images of this apatite formation phenomenon at different
time intervals were captured to show the changes in the surface
morphology of the UV-excited Hap and the corresponding
pictures are shown in Fig. 8a-d. The image of the blank scaffold
clearly shows the pores which gradually started to fill during the
course of SBF immersion, as expected.

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

In conclusion, Hap has been developed from eggshells for the
first time via UV-irradiation of the source materials. A negligible
cytotoxicity, together with the efficient delivery of a therapeutic
level of ciprofloxacin for the treatment of osteomyelitis, and the
bioactive behavior of this newly developed Hap support its'
application in the biomedical field. Hence, UV-radiation could
be an effective alternative approach for the synthesis of Hap at
room temperature.
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