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The well-known biomaterial Ca-hydroxyapatite (Hap) in its pristine form holds the top ranking position in

the field of biomedical research and extensive investigation is continuing across the globe to enhance its

competency. Hence, having the intention to introduce superior physiognomies (e.g. cytotoxicity,

haemocompatibility, and bioactivity coupled with antimicrobial and antioxidant activity) in Hap, in this

research work, we exposed Hap to 200 kGy g-radiation. As a result, g-radiated Hap exhibited extreme

antimicrobial (more than 98%) and moderate (∼34%) antioxidant properties. On the other hand,

cytotoxicity and haemocompatibility of g-radiated Hap were in good agreement with the ISO 10993-5

and ISO 10993-4 standards respectively. Since, bone and joint infections as well as degenerative

disorders e.g. osteoarthritis, osteomyelitis, bone injury, and spinal problems have emerged as serious

issues and urge a remedial way out, application of g-radiated Hap could be a promising solution in this

regard.
Introduction

Continuous quests in developing synthetic biomaterials for
diverse biomedical applications have remarkably enriched the
horizon of bone tissue engineering research. However, the
impetus of the researchers working in this area is always
tempting them to explore further advancements.1,2 In biomedical
research, the phrase tissue engineering was rst introduced in
the late 20th century, particularly in 1987.1 This approach is based
on utilizing multidisciplinary strategies in amalgamated form to
recover or replace biological tissues. However, the issues
commonly associated with bone tissue engineering are bone
defect and bone graing. The former one is considered as one of
the communal clinical problems while the latter one is the 2nd

most frequent tissue transplantation, placed right aer blood
transfusion.3 Indeed, a noticeable amplied volume of bone
graing procedures are required per annum worldwide and
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consequently, the necessity of developing various bone substi-
tute biomaterials is also ascending. On the other hand, speedy
development of bone tissue engineering has tagged it as
a promising approach for repairing bone defects and scientists
across the globe are working to explore novel versions of
biomimetic biomaterials. Hitherto, although numerous bioma-
terials which are suitable for bone tissue engineering (particu-
larly for regeneration and repair of bone defects) have been
reported but calcium hydroxyapatite (Hap) commonly known as
apatite occupied the top grade position.4–9 Its outstanding
compositional and structural resemblance with the apatitic
phase of bone has appended it as the most preferable
biomaterial.4,10–12 However, it is well established that crystallinity
of Hap sets a restriction to its dissolution characteristics and
thus relaxed mode degradation of crystalline Hap fails to comply
with the growth rate of newly formed bone in vivo. Nevertheless,
the higher dissolution rate of amorphous Hap is a solution to
minimize this shortcoming. Amorphous Hap is very similar to
the poorly crystalline structure of bony Hap and its faster
dissolution ability promotes the scaffold to bond with the adja-
cent bone. Consequently, researchers began working on amor-
phous Hap based polymeric scaffolds for bone tissue
regeneration quite a while ago.13 In contrast, application of high
energy irradiation processed Hap in bio-scaffold is comparatively
a modern eld of research and a few number of studies have
explored this area.9,14–19 Hap treated by ion irradiation shows
various enhanced properties e.g. surface roughness, wettability,
cell adherence and drug-loading/releasing capacity.19
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Synthesis of g-radiated Hap.
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Researchers have explored that Hap can also be applied as the
carrier of radionuclide as cost effective, and feasible technique.20

Thus, different types of radionuclides can be added to this
biomaterial either in sorption mode or direct incorporation
methods for the application in diagnostic or therapeutic
purposes.21–23 Then again, availability of research works relating
to this area is limited which describes the effects of radionuclides
on the inhibition or growth of microbes. However, since gamma
(g) radiation is oen used to sterilize biomedical materials and
sterilization is imperative for Hap to be used in bone defect, our
chosen ion irradiation was conned with gamma. Furthermore,
exposure of g-radiation on Hap imparts structural changes
resulting increased activation energy as well.15

Recently, we have investigated the crystallographic proper-
ties of Hap as a function of gamma radiation doses (20, 30, 60,
and 80 kGy).7 In that paper we explored the effect of g-radiation
dose on the crystallographic parameters of Hap and concluded
that when crystallographic distinctions become prerequisite for
its effective application, g-radiation should be considered as
a rst-rate modifying technique. Concerning the viewpoints,
here we further intended to explore the biomedical competency
of g-radiated Hap.

Although the well-established gold standard g-radiation dose
for sterilization of biomedical products is 25–35 kGy,15 several
studies have already been carried out employing different doses
of g-radiation. For instance, Bargh et al.24 applied a wide range of
gamma radiation doses (2, 4, 5, 10, 25, and 50 kGy) onto perio-
dontological gras and observed the extreme changes occurred
there. In another study, conducting polymer based biomaterials
upon exposure to 75 kGy gamma radiation showed promising
results while examined for biomedical applications.25 Inuence
of gamma radiation (10, 25, 50, 100, 500, 750 and 1000 kGy) on
bone, which is a convenient source of natural Hap was also
investigated by Leszek et al.26 Concerning these viewpoints and
the results of our previous work,7 here we have chosen a fairly
high dose (200 kGy) of g-radiation to treat Hap synthesized by
wet chemical precipitation method. Biomedical competency of
this g-radiation treated Hap samples were then examined by
accomplishing few routine tests, e.g. (i) cytotoxicity; (ii) haemo-
compatibility; and (iii) bioactivity. However, to investigate its
suitability as a candidate material to prevent post-surgery infec-
tions, antimicrobial and antioxidant performance were evaluated
simultaneously.
Materials and methods
Materials

All the chemicals used in this research were analytical grade.
Phosphoric acid (H3PO4), calcium hydroxide (Ca(OH)2), and
NH4OH were procured from E-Merck Germany and no further
purication was required. Deionized (DI) water was used
throughout the work.
Synthesis of Hap and expose to gamma radiation

A generalized wet chemical method as described elsewhere15

was followed to synthesize Hap where the reactants Ca(OH)2
© 2023 The Author(s). Published by the Royal Society of Chemistry
and H3PO4 were Ca and P sources respectively. The nucleation
of Hap was achieved by upholding several sequential conditions
which are: (i) xing the stoichiometric ratio of Ca/P at 1.67; (ii)
adding H3PO4 to Ca(OH)2 solution at very slow ow rate
(dropwise) ensuring non-stop stirring of the mixture; (iii)
adjusting reaction environment at high pH (around 10–11) by
adding NH4OH; (iv) ripening synthesized Hap in mother solu-
tion for 24 h. Aer completing desired seasoning, the synthe-
sized Hap was ltered under vacuum, washed carefully and
dried at 105 °C. It was then divided into two shares. One half
remained as it is and the other half of synthesized Hap was
exposed to gamma radiation. Following the safety and securities
provided by the International Atomic Energy Agency (IAEA),
gamma irradiation arrangement was set at the Institute of
Nuclear Science and Technology, Bangladesh Atomic Energy
Commission (BAEC). A 60Co gamma source (90 kCi) was used in
this case while the selected dose was 200 kGy. The sample was
infolded in a polyethylene bag which was completely airtight.
5 g of the powdered Hap sample was packed down in the bag
keeping the thinness as low as possible. The sample bag was
then exposed to the radiation and it was rotating around the
gamma radiation source throughout the radiation process.
Such set up facilitated a consistent exposure of gamma radia-
tion on to the Hap sample. The radiation environment was
customized by xing the emission increment rate at 10 kGy/
24 h. The complete course of the radiation was piloted at room
temperature but in the dark coupled with the presence of air.
Schematic diagram of the experimental procedure is illustrated
in Fig. 1.
Instrumentation

To characterise the synthesised Hap, we employed X-ray
diffractometer (Rigaku SE, Japan). Cu Ka radiation (l =

1.5406 A) with scan speed 20° min−1 facilitated the intensity
data to be collected within the chosen scanning range, 2q= 10°–
80°. Recorded data were authenticated by matching with the
standard JCPDS les. FT-IR and Raman spectroscopic data were
collected using FT-IR Prestige 21 (SHIMADZU) equipped with
attenuated total reection (ATR) set-up and Raman spectrom-
eter (HORIBA MacroRAM™ Raman Spectrometer) respectively.
To acquire the FT-IR spectra, an average of 30 scans in the range
of 400–4000 cm−1 coupled with the resolution set up at 4 cm−1

were the selected conditions. Contrariwise, facilitating 785 nm
wavelength excitation from a diode pumped solid-state laser,
RSC Adv., 2023, 13, 9654–9664 | 9655
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Table 1 Cytotoxicity ranking

Relative growth
rate (RGR%) of cell Cytotoxicity rank

100 0 (i.e. no cytotoxicity)
75–99 1 (i.e. no cytotoxicity)
50–74 2
25–49 3
1–24 4
0 5
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the Raman spectra were recorded in the 3400 cm−1 to 100 cm−1

region. The output power was regulated at 5 mW. The surface
morphology and microstructural features were captured at
different magnications using scanning electron microscope
(SEM, Model: Phenom Pro) and eld emission scanning elec-
tron microscope (FE-SEM, Model: JSM 7610). In case of SEM the
accelerating voltages were 10 kV and 15 kV while selected
magnication range was 8000×–9000×. On the contrary,
applying an accelerating voltage of 5 kV, transmission electron
microscope (TEM) images were captured at a magnication of
50 000× using Talos F200X (Thermo Fisher, USA) TEM.

Scaffold fabrication for biomedical competency of g-Hap

To explore the biomedical competency, together with the g-Hap
we additionally used two organic biomaterials, chitosan (CS)
and nano cellulose (CNC) and fabricated the scaffolds. The
reason behind using these two biomaterials was to examine
how g-Hap responds singly as well as in composite form.
Consequently, three different compositions were selected, e.g.
(i) 100% g-Hap; (ii) 70% g-Hap with 15% CS and 15% CNC; and
(iii) 40% g-Hap with 30% CS and 30% CNC. The materials were
characterised by XRD and FT-IR and used either in scaffold
form (20 mm diameter and 4 mm thickness) or in powder form
depending on the test requirement.

In vitro cytotoxicity assay

Using Trypan Blue Exclusion method,8,27 cytotoxicity of the
composite materials was examined. African Green Monkey
Kidney cell (Vero cell) line (CLS 605372, Germany) was cultured
for this purpose by adopting an analogous method as referred
earlier.8 Briey, the Vero cells were cultured in sterile asks
using Dulbecco's Modied Eagles Medium (DMEM) accompa-
nied by other components, e.g. (i) fetal bovine serum (FBS, 10%
v/v); (ii) 1% penicillin/streptomycin/neomycin (100 U mL−1),
(0.1 mg mL−1); and (iii) 25 mM HEPES in 5% (v/v) CO2. pH was
adjusted at 7.4 while the temperature was 37 °C. The cultured
cells were treated with three different dosages (25, 50, 100 mg
mL−1) of steam sterilized scaffold materials followed by
seasoning in trypsin. Each set of experiment was triplicated
keeping entire conditions identical and aer 72 h of nurturing
period the numbers of both unspoiled (viable) and infected
(non-viable) cells were computed by an automated cell counter
(LUNA-II™, Analytikjena). The cell proliferation/viability was
quantied in terms of the percentage of live cells using
following equation27 while signicance of the observed results
was justied by considering the controlled case experiments. In
contrast, to evaluate the cytotoxicity ranking, Table 1 was used.28

% live cells ¼ no: of live cells

total amount of cells
� 100 (1)

Haemolytic assay

Since, haemocompatibility is an indispensable criterion for any
biomaterials which will be in direct contact with blood, the
fabricated scaffold materials were subjected to haemolytic test
9656 | RSC Adv., 2023, 13, 9654–9664
following a standard protocol.29 To accomplish this test, fresh
human blood sample was rst collected using anti-coagulant
heparin and incubated at 37 °C for an hour. The second step
involved the preparation of samples where three different
concentrations (50, 100, and 200 mg mL−1) of synthesized g-Hap
and the composite materials in phosphate buffer saline (PBS)
solution were considered. Hence a total of 9 samples were
prepared and each of these samples were subjected to mix with
0.4 mL of incubated blood sample individually. At this stage, all
9 samples were further incubated for another hour. On the
other hand, two different controlled media (negative and posi-
tive controls) where neither the g-Hap sample nor the
composites were added but incubated with 0.4 mL of blood
sample as above. Physiological saline extract and deionized
water were the desired negative (i.e. 0% haemolysis) and posi-
tive (i.e. 100% haemolysis) controlled media respectively.
However, aer going thru all these steps of haemolysis assay,
the samples were nally centrifuged at 3000 rpm for 5 minutes.
To complete the full package of haemolysis analysis, the
absorbance of supernatants were measured at 545 nm (ref. 29
and 30) using UV-Vis spectrophotometer. This measurement
aided the calculation of haemoglobin release as an indicator of
red blood cell lysis according to the following equation.29–31

% haemolysis ¼ Atest sample � Anegative control

Apositive control � Anegative control

� 100 (2)

Bioactivity test

Bioactivity of the scaffold material was examined following
a previous approach described by S. Sultana et al.8 However,
concisely pre-weighed g-Hap sample was immersed in synthetic
body uid (SBF) and incubated at 37° for two different soaking
periods (3 and 7 days). Aer the completion of each soaking
period the change in surface morphology was examined using
SEM.

Antimicrobial performance

Antimicrobial activity of g-radiated Hap was validated following
previously published media poisoning technique.29 The chosen
Gram-positive and Gram-negative pathogen bacteria for anti-
bacterial test were Staphylococcus aureus (S. aureus) and
Escherichia coli (E. coli) respectively while Aspergillus niger (A.
niger) was used to monitor antifungal response. Fixing the ratio
of the mixture containing sample and media at one, nutrient
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD patterns of oven dried Hap and g-radiated Hap.
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agar media and potato dextrose agar were used to assess anti-
bacterial and antifungal activities. The sterilization process was
continued for certain period at a pressure of 15 lbs. Required
volume of each sterilized medium was then swabbed individ-
ually onto various Petri dishes and using an aseptic glass
spreader, each freshly cultured microorganism (maintaining
a dilution factor of 15) was dispersed on each plate. The plates
were reserved in upturned position followed by a day long and 4
days incubation for bacteria and fungus respectively. Using the
following eqn (1), inhibitory effect (he) as created by each test
material was calculated.31–33

he ¼ Ccolonies at control � Ccolonies at sample

Ccolonies at control

� 100% (3)

Antioxidant activity

To evaluate the antioxidant activity of g-radiated Hap, 2,2-
diphenyl-1-picrylhydrazyle (DPPH) free radical scavenging
method34–37 was adapted. The radical solution alone was used as
control while the test sample was prepared by adding g-radiated
Hap with DPPH solution. Using the measured absorbance at
515 nm, the ability of g-radiated Hap to scavenge the DPPH
radical was calculated with the aid of the following eqn (2):35,36

% of DPPH scavenged ¼ Ac � As

Ac

� 100 (4)

where Ac and As signies the absorbance of the control and test
samples, respectively.

Results and discussion
Characterization of g-radiated Hap

Crystallographic features are known to be fundamental
parameters for Hap while intending for clinical application.
Since in this present investigation Hap was exposed to high
dose g-radiation, XRD analysis was carried out to study the
crystallographic properties of both as-synthesized and g-radi-
ated Hap. Particularly, our intension was to examine any change
if occurred in the crystallographic properties of Hap due to the
effect of gamma radiation. As shown in Fig. 2 is the typical XRD
patterns of oven dried and g-radiated Hap. No apparent
changes was witnessed in the crystalline structure of Hap as
a result of exposure to g-radiation. Such observation reected
that the structure of Hap was not upset as a consequence of
gamma radiation. This was no doubt a promising outcome. In
the diffractograms although all the documented peaks
appeared in broad and less intense mode; however, the peaks
were in well-agreement with the standard ICDD-PDF no. 9-432
(ref. 33) which is symbolic for hydroxyapatite. The peaks
accountable for the planes (002), (102), (211), (202), (310), (222),
(213) and (004) were well supported by their respective 2q
positions at 25.92°, 28.83°, 31.97°, 34.10°, 39.52°, 46.68°, 49.57°
and 53.31°.7,33 In both diffractograms, the absence of two
noticeable peaks at 2q = 32.27° and 32.95° (which usually carry
the signicance of crystalline Hap) ensured the poor crystalline
nature of the synthesized Hap. However, as a result of gamma
© 2023 The Author(s). Published by the Royal Society of Chemistry
radiation, no phase change occurred although the intensity of
(211) plane declined slightly. This observation has also been
supplemented by the selected area electron diffraction (SAED)
patterns of TEM analysis as described later.

Analogous decrease pattern was also noticed in previous
investigation by J. Ramya et al. who concluded that this dimi-
nution in the intensity of XRD patterns upon g-irradiation may
possibly affects the crystallinity of Hap and favours amorphiza-
tion.38 However, since crystallographic properties are considered
as an important factor for any biomaterial to be used in bone
tissue engineering, next, we evaluated the effect of gamma
radiation on the crystallographic properties of Hap. Accordingly,
the crystallite size (Dc), crystallinity degree (Xc) and crystallinity
index (CI), dislocation density (d), micro-strain (3), lattice
parameters of g-Hap were computed using well-established
equations39 and Table 2 represents the corresponding values.
Clearly, apart from lattice constants, no signicant variation was
observed for other parameters considered. The c-axis values for
both cases although matched with the standard values for Hap
(using JCPDS no. 09-432). However, a contraction was observed
for a-axis of g-radiated Hap.

FT-IR analysis of the synthesized Hap samples submitted to
gamma irradiation was performed for both cases, i.e. control
group (bare/oven dried Hap) and treated group (g-radiation
exposed Hap). Fig. 3 displays the corresponding FT-IR spectra.
The nger print region consists the band positions for PO4

3−

groups and their specied signals are: (i) 471 cm−1 (n2,
symmetric bending mode of O–P–O); (ii) 560–605 cm−1 (n4,
asymmetric bending mode of O–P–O); (iii) 960–965 (n1,
symmetric stretching mode of P–O); and (iv) 1020–1033 cm−1

(n3, asymmetric stretching mode of P–O).40 Additional bands at
870–873 cm−1 and 1460 cm−1 are due to CO3

2− group.41 Since in
XRD pattern we did not notice any representative peak for
CO3

2−, hence atmospheric CO2 could be the source of these
CO3

2− signals in FT-IR. However, as a result of g-radiation the
peak for CO3

2− at the later position became indistinguishable
and no expressive difference was noticed in case of other
absorption bands of nger print region which is fairly similar to
the previous observation.41 Coming back to the functional
group region, a considerable effect of g-radiation was observed.
RSC Adv., 2023, 13, 9654–9664 | 9657
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Table 2 Different parameters of Hap

Parameter Oven dried Hap g-radiated Hap

Crystallite size, nm 5.47 5.47
Degree of crystallinity, % 0.004 0.004
Dislocation density, (1015 lines per m2) 33.38 33.40
Micro-strain, 3 1.31 1.32
Crystallinity index CIXRD 0.19 0.18
Lattice constants of Hap a = b = 9.50 Å, c = 6.88 Å, V = 537.73 Å a = b = 9.35 Å; c = 6.86 Å, V = 519.37 Å

Fig. 3 FT-IR spectra of oven dried and g-radiated Hap.

Fig. 5 XPS spectra of oven dried and g-radiated Hap. Inset (a) exhibits
the XPS spectra of Ca 2p having doublet peaks at 347.9 and 350.68 eV
and the high resolutions of P 2p and O 1s are presented in the inset of
(b) and (c).
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The broad band at 3200–3400 cm−1 symbolic for the stretching
modes of O–H bonds coupled with CO3

2− signal at 1635 cm−1

disappeared upon irradiation.
Given in Fig. 4 illustrates the Raman spectra of oven dried

and g-radiated Hap samples. In both cases, the spectra dis-
played four distinguished vibration bands which are well
supportive of the existence of PO4

3− groups in Hap. These
bands include: (i) n2 bending at 427 cm−1; (ii) n4 bending at
589 cm−1; (iii) n1 stretching at 962 cm

−1; and (iv) n3 stretching in
the region 1034 cm−1. These ndings are on the same wave
length with the earlier investigation accomplished by Stam-
meier et al.42 However, as a result of g-radiation the Raman
Fig. 4 Raman spectra of oven dried and g-radiated Hap.

9658 | RSC Adv., 2023, 13, 9654–9664
band at 962 cm−1 in g-Hap appeared in broad fashion (inset of
Fig. 4). Such observation ensures that the amorphous content in
g-Hap increases as a result of g-radiation.43

Surface chemistry and elemental composition of Hap samples
were investigated by XPS and the resultant XPS spectra (Fig. 5)
discloses the presence of oxygen (O 1s), calcium (Ca 2p), and
phosphorus (P 2p) as the major constituents as expected44,45 and
no other elements were detected. Nevertheless, high-energy
resolution analysis of individual peaks [inset Fig. 5(a)–(c)]
matched with the studies accomplished previously.33,45 Inset
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5(a) exhibits the XPS spectra of Ca 2p having doublet peaks at
347.9 and 350.68 eV, which resemble to the spin–orbit of 2p3/2
and 2p1/2, accordingly. This observation is distinctive for the Ca2+

oxidation state in inorganic compounds containing the elements
calcium and oxygen.44 Furthermore, the peak 347.9 eV, credited
to Ca bonds distinctive of Hap and to calcium binding with
carbonate owing to carbon species adsorbed from atmospheric
environment.45 The presence of atmospheric CO2 was also sup-
ported by FT-IR data. The high resolutions of P 2p and O 1s are
presented in the inset Fig. 5(b) and (c). The observed binding
energies at 133 eV (for P 2p) and 530.9 eV (for O 1s) signify the
presence of P–O bonds of Hap and oxygen bond with phosphate
groups together with OH– groups of Hap structure.45

The FE-SEM images of without and with g-radiation processed
Hap are appended as ESI data† (Fig. S1a and b) respectively. Hap
sample submitted to g-radiation showed noticeable change in
surface morphology. It is quite clear form FE-SEM pictures that
before radiation the particles were mostly rod shaped in cluster
form. In particular, these nano rods featured like solid bar but in
different sizes which were distributed irregularly. Whereas as
a result of g-radiation, Hap particles became needle or spike
shaped and less compact and as a consequence, plenty of micro
and macro-voids formed which were clearly visible. This is
because when high energy gamma radiation was applied the
cluster formation was disrupted either through the cleavage of
grain boundary or separation of particles and this separation
further affected the properties of gamma irradiated Hap. Indeed,
gamma irradiation caused a large amount of displacements to be
occurred which ultimately hampered the crystallinity of Hap and
increased the amorphousness together with increased number of
voids. Similar observation was noticed in the TEM images,
available as ESI les† (Fig. S2a and b which are representative of
oven dried and g-Hap respectively). Furthermore, lattice fringes
were also observed in the TEM images (ESI Fig. S3a and
b† representative of oven dried and gamma Hap respectively)
while calculated distances between the adjacent lattice fringes
agree well for both cases. The rings in the SAED patterns of both
samples (ESI Fig. S4a and b†) logged as (002), (102), (211), (310),
(222), (321), (323), (004) planes matched with the observed XRD
planes of Hap.
Fig. 6 Cytotoxic effects of g-Hap and the composite materials (g-
Hap–CS–CNC) having different ratios of Hap.
Characterization of g-Hap–CS–CNC

The XRD patterns of (i) 70% g-Hap with 15% CS and 15% CNC;
and (ii) 40% g-Hap with 30% CS and 30% CNC are given as ESI
data† (Fig. S5a). In both the XRD patterns the diffraction angles
appeared at 2q positions 19.30° (region 1) and 22.39° (region 2)
consistent with the diffraction pattern of CS and cellulose
respectively.46,47 However, the intensity of these reections
varied signicantly with the percentage of the materials. On the
other hand, typical XRD reections favouring the presence of
Hap were also notied in the region 3 of the XRD patterns. The
presence of these diffraction peaks indicated that the adopted
experimental protocol did not disturb the CS, CNC and Hap
structures while in combined form. Furthermore, FT-IR spectra
(as provided in the ESI data,† Fig. S5b) of g-Hap–CS–CNC
mostly visualized the functional groups responsible for Hap but
© 2023 The Author(s). Published by the Royal Society of Chemistry
for other two components characteristic band positions were
suppressed probably due to their presence in reduced amount
as compared to Hap.
Biomedical competency of gamma radiated Hap and its
composites

In vitro cytotoxicity assay. It is well known that the toxic
substances usually persuade different damaging effects in cells,
e.g. membrane destruction or loss; weakening of metabolic
activity; and impairment to the genetic material which in turn
lead to cell lysis, i.e., cell death. This phenomenon eventually
impedes the survival rate of the cell. However, the viability of the
cells aer being exposed to the three investigated concentra-
tions (25, 50, 100 mg mL−1) of composite materials comprising
three selected compositions of g-Hap, CS and CNC (as
mentioned in experimental section) for 72 h are depicted via bar
charts (Fig. 6). It is clearly evident from the Fig. 6 that all the
composite samples exhibit very high percentage (above 92%) of
cell viability. According to the ISO 10993-5, a cell viability of 70%
is the recommended border for considering any biomaterial as
cytocompatible.48 Hence, the observed cell viability supports the
biocompatibility of the prepared composite materials. This
high percentage of cell viability then again signies the RGR%
of cell as high corresponding to the cytotoxicity rank one, which
also supports the nontoxic characteristic of the prepared
composite materials.28 On the other hand, the corresponding
microscopic images of the treated Vero cells along with the
controlled conditions are given in Fig. 7. No remarkable change
was observed in the cellular apoptotic activity in the scaffolds as
a result of incubation under different dened conditions as
investigated. This indicates that the survival of the treated Vero
cells is in well agreement with that observed in case of no
sample application and controlled condition.

Haemolytic assay. The percentage of red blood cells (RBCs)
lysis in the presence of the prepared scaffold materials as ob-
tained from the haemolysis assay are summarized in Fig. 8. It is
evident from the Fig. 8 that the haemocompatibility of these
three sets of scaffold composites are strongly dependent on
RSC Adv., 2023, 13, 9654–9664 | 9659
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both the composition of the scaffold and the dosage of
biomaterials used to examine haemolysis. The sequences of
observed haemolytic properties for both cases are as follows:

Scaffold: 40% g-Hap < 70% g-Hap < 100% g-Hap.
Fig. 8 Haemolysis assay of g-radiated Hap and the composite
materials (g-Hap–CS–CNC) having different ratios of Hap.

9660 | RSC Adv., 2023, 13, 9654–9664
Biomaterial dose: 50 mg mL−1 < 100 mg mL−1 < 200 mg mL−1.
However, according to the ISO 10993-4 standard49,50 and

ASTM standard51 three groups of haemolytic ratio are consid-
ered: (a) highly haemocompatible (<5% hemolysis); (b) hae-
mocompatible (within 10% haemolysis); and (c) non
haemocompatible (>20% hemolysis). The observed haemolysis
results for each composite ensured that the lowest dose, 50 mg
mL−1 concentration of scaffold material exhibited least
percentage of haemolysis (within 2.49–3.81%) and thus falls
within the category of highly haemocompatible. On the other
hand, in case of the composites having 40% and 70% gamma
radiated Hap, selected 2nd dose i.e. 100 mg mL−1 concentration
of scaffold material restricted the haemolysis percentage to be
3.37 and 4.83 and thus also qualied as highly haemocompat-
ible. The overall observation as revealed in this study demon-
strates the increasing pattern of haemolytic ratio with the
increase of dosage which is supported by previous result.49

Consequently, as a function of 4 times increase in the dose of
scaffold material, 2.7–3.0 fold growth in haemolytic ratio was
witnessed. The haemolysis percentage as calculated using the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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absorbance data representative of highest dose (i.e. 200 mg
mL−1) of scaffold material of each composite varied within the
range 6.7–7.4% and signies its haemocompatible reaction.51
Fig. 9 SEM images of bare g-Hap (a) and after soaking in SBF; (b) after
3 days; (c) after 7 days.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Bioactivity response. SEM images of bare g-Hap and aer
soaking in SBF for 3 and 7 days are given in Fig. 9(a)–(c). The
images revealed that as a result of soaking in SBF at 37 °C, an
extra layer of apatite started forming on the surface of the
sample. However, since the soaking period was not long enough
the rate of apatite formation was low.

Simultaneous antimicrobial and antioxidant ability

Antibacterial competency of any biomaterial targeted to be used
as implant material is considered as one of the challenging issues
to prevent post-surgery infections for both bone and dental gras.
Because, microbial infection unties the implants from the bone.52

As illustrated in Fig. 10, the antimicrobial and antifungal prole
of g-radiation exposed bare Hap as well as of composites against
Gram-positive, Gram-negative pathogen bacteria and fungus are
exceptionally promising as compared to the controlled case.
Clearly, for all themicroorganisms, the colonies growth at control
condition are extremely high (3310, 3220 and 3294) and such high
rate growth is usually expected for the case of control experi-
ments. On the other hand, the progression of colonies at samples
(i.e. 100% g-Hap, 70% g-Hap and 40% g-Hap) are signicantly
low (range 23–550) and varies with the % of Hap. The order of
observed antimicrobial and antifungal activities of g-Hap and its
composites are as follows whereas the microscopic images of
antimicrobial activity are depicted in ESI Fig S6.†

100% g-Hap > composite with 70% g-Hap > composite with
g-40% Hap > control.

Clearly, 100% g-radiated Hap showed extreme antimicrobial
response against the three chosen strains via impeding colonies
growth by 98.99%, 99.16% and 99.30% (calculated using eqn (3))
for S. aureus, E. coli, and A. niger correspondingly; but the
microbial colonies incubated on control surfaces persisted inte-
grally. This is well supported by the observation of Lamkhao
et al.53 where the authors also noticed analogous characteristic of
microwave irradiatedHap whereas the commercial Hap or simple
wet chemical precipitated Hap was non responsive. No antibac-
terial activity of pure nano Hap was also noticed by Akhavan
et al.16 though Sinulingga et al.33 reported insignicant percentage
of such activity in natural limestone-derived nano-Hap.

The favourable reason which support these antimicrobial
activities is the presence of surface negative charge
Fig. 10 Antimicrobial activities of g-Hap containing different
compositions.

RSC Adv., 2023, 13, 9654–9664 | 9661
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accompanying the hydrophilic OH functional groups. A repulsive
force between the surface and the bacterial cell triggers the
antibacterial activity as described earlier.54 The cell walls of
Gram-positive bacteria comprised thick layer of peptidoglycan,
a polymer of carbohydrates and charged amino acids, and such
a combination subsidized it to be extremely hydrophilic by
nature. Moreover, the presence reactive oxygen species (e.g.
H2O2, OHc, O2c

−) on the surface of Hap also took part in
destroying the bacteria.33,55 On the other hand, the cell walls of
Gram-negative bacteria (E. coli) are moderately thinner (<10 nm)
than those of (20–80 nm) Gram-positive bacteria (S. aureus).56

The composition of the cell walls of E. coli include murein, tei-
choic acids coupled with the wall-attached surface proteins,
which expeditiously starts dissolving due to the presence of
hydroxyl group of g-radiated Hap.57 Nevertheless, in case of
Aspergillus species, the antifungal activity occurred due to the
contribution of phosphate ions of g-radiated Hap which assists
the oxidation of phospholipids of outer cell membrane of the
fungus. Thus a diffusion of the outer membranes arose and as
a results cytoplasmic outow led the demise of the pathogen.57

Using microwave-radiated Hap, a superior antimicrobial activity
for both Gram-positive and Gram-negative bacteria was also
observed by S. Lamkhao et al.53 The authors, in that research
work came up with a conclusion concerning the possible
formation of radicals due tomicrowave irradiation which actively
took part to promote antimicrobial activity. Accordingly, here in
this present work we further monitored the antioxidant assay via
DPPH reduction as described in the following section.

Antioxidant activity

The basic approach of DPPH antioxidant process was pioneered
by W. Brand-Williams et al. in 1995.34 According to the authors,
DPPHc in its radical form, shows the absorbance at 515 nm
which then fades out as a result of reduction by an antioxidant
(AH) or a radical species (Rc) and the associated reactions are:

DPPHc + AH / DPPH − H + Ac (5)

DPPHc + Rc / DPPH − R (6)

Upon the addition of g-radiated Hap to methanolic solu-
tion of DPPH, the distinct violet colour immediately faded
Fig. 11 Colour of DPPH solution changed due to the addition of g-
radiated Hap powder.

9662 | RSC Adv., 2023, 13, 9654–9664
away (inset of Fig. 11).53 This effect was correspondingly
noticed in the recorded UV-spectra (Fig. 11) where the
absorbance at 515 nm for DPPH drastically reduced for the
case of 100% g-Hap. Such change conrmed the radical
scavenging activity of g-radiated Hap and using eqn (4) it was
noted that g-radiated Hap exhibits about 34% scavenging
activity. This observation led to assume the presence of radi-
cals on the surface of g-radiated Hap and similar consequence
was comprehended by Suphatchaya et al.53 which dealt with
microwave irradiated Hap. Hence, from the antibacterial, and
antioxidant activity data, we conclude that g-radiated Hap
could be a potential candidate for further advancement in
biomedical technology particularly in preventing post-surgery
infections.
Conclusions

We have investigated the performance of g-radiation exposed
Hap as biomimetic scaffold. Beneting from the advantages of
generating free radicals as a result of applying 200 kGy g-radi-
ation, remarkable antimicrobial efficacy (more than 98% as
investigated using three microbial species categorized Gram
positive, Gram negative and fungus) was resulted. Besides, g-
Hap also exhibited 34% antioxidant activity and thus retains
a unique combination to prevent post-surgery infections. We
conclude that the free radicals generated due to high energy
ionizing radiation were able to destroy the prokaryotic cell (e.g.
microbes) but inactive towards the eukaryotic cell (e.g. blood
cell). Hence, the g-radiated Hap could be a potential candidate
for further advancement in biomedical technology, especially
for bio-related applications. Moreover, excellent cyto- and
haemo-compatibility were shown by the scaffold materials
which ensured that application of gamma radiation did not
hampered the usual characteristics.
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