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Hydroxyapatite (HAp) is a prominent biomaterial used as an effective implant material in bone tissue
engineering. This research work reports the synthesis of copper (Cu) doped hydroxyapatite (HAp) with
an enhancement of properties for advanced applications in biomedical sectors. By varying the
percentages of Cu (0, 5, and 10%), the desired doped samples were prepared. By employing X-ray
diffraction (XRD) and Fourier transform infrared (FT-IR) spectroscopy, the characterization of the
synthesized materials was performed. Using the XRD data, different crystallographic parameters like
microstrain, crystallinity index, lattice parameters, HAp percentage, dislocation density, specific area,
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Accepted 2nd January 2023 different model equations. The biocompatibility of the prepared doped HAp samples was explored
through haemolysis tests, cytotoxicity analysis, and antimicrobial activity study (using both Gram-positive
and Gram-negative bacteria). The observed results confirm 5% Cu-doped hydroxyapatite as a good

choice for use in biomedical fields.
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Introduction

Having vast application potential, hydroxyapatite (HAp) is
categorically ranked as one of the most well-known biomaterials.
It has been extensively used in the biomedical field due to its
chemical similarity with human hard tissue." HAp possesses
exceptional osteoconductivity, biocompatibility, chemical stability,
non-toxicity and non-immunogenic properties.”” These advanta-
geous and versatile characteristics enable HAp to be used in various
applications like bone replacement, defected bone fillers in clinical
orthopedics, dental implants, knee or hip replacement, tooth paste
additives, control drug release systems etc.* ' Retaining its hex-
agonal structure, HAp belongs to the P6;/m space group while its
unit cell contains ten Ca ions situated at two different positions:
(i) the Ca; site, which holds four cations surrounded by nine oxide
ions (O*7); and (ii) the Ca, site containing six cations enclosed with
seven oxide ions. However, in conjunction with the Ca ions, six
phosphate and two hydroxyl groups also exist in the HAp unit cell.
This structural arrangement of HAp allows both anionic and
cationic doping to enhance its properties.

“ Institute of Glass & Ceramic Research and Testing, Bangladesh Council of Sientific
and Industrial Research (BCSIR), Dhaka 1205, Bangladesh.
E-mail: shanta_samina@yahoo.com

b Department of Applied Chemistry and Chemical Engineering, Noakhali Science
and Technology University, Noakhali, Bangladesh

“BCSIR Laboratories Dhaka, Bangladesh Council of Scientific and Industrial
Research (BCSIR), Dhaka 1205, Bangladesh

 Department of Chemistry, University of Dhaka, Dhaka-1000, Bangladesh

2874 | New J. Chem., 2023, 47, 2874-2885

Nevertheless, apart from HAp, some other notable biomaterials
such as hydrogels,"" collagen, chitosan, starch, alginates," different
polymer materials like polyphosphazenes,”® polyorganophos-
phazenes,"* polyphosphoesters (PPEs),"> polyurethane (PU),'®
polyanhydrides,"”” and polycaprolactone,'® bioactive glasses™ etc.
have attracted the attention of researchers. However, some selective
benchmarks have graded HAp as the best choice. Hence, we have
focused on HAp but given particular attention to exploring its
doped form. Fusion of metal ions like Mg**, Zn**, Cd**,** Mn*",
Ca*™, Ag", Pb>*, Co™ etc. or heavy metals into the structure of HAp
increases the rate of cation exchange*! and modifies other proper-
ties such as solubility, chemical stability,>* degree of crystallinity,*
antimicrobial activity’* and mechanical properties. HAp with metal
ion dopants shows significant changes in its structural as well as
physicochemical and biological characteristics; e.g., HAp in its
doped form triggers speedy bone formation, enables strong bond
construction between living cells and grafts and causes the function
of osteoblasts to flourish inside the human body.**” Owing to its
pro-angiogenic potential as well as ability to stimulate endothelial
cell proliferation both in vitro and in vivo, recently, copper (Cu) ion
has been gaining interest as a doping candidate.® Moreover, its
antibacterial efficiency is also taken into account in the case of
doping. Indeed, in comparison with the pristine HAp, a higher
antimicrobial response of Cu-doped HAp was noticed in a previous
study.”® Although the presence of Cu in small amounts is essential
for numerous activities in living entities as it promotes metabolism
and bone growth, it can potentially become toxic when the limiting
boundary is crossed.*® Interestingly, a few previous research papers
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stated that Cu substitution in HAp is not a straightforward job. The
ionic radii of Cu™ and Cu®" and the doped amount of Cu are two
factors that guide the substitution occurring at Ca sites or in the
interstitial positions along the hexagonal channel,*®.*!

Gomes et al.*? in their research paper described in detail the
phase composition and copper insertion position coupled with
its electronic state. They also investigated the temperature-
dependent Cu assimilation mechanism. The observations of
this study revealed that at an applied temperature of <1100 °C,
a small number of Cu ions were incorporated while an elevated
temperature >1100 °C facilitated enriched doping of Cu.
However, a higher temperature causes Cu ions to depart from
the HAp lattice thus forming CuO, perhaps by mingling
with O*~ anions of the hydroxyl channel. Regarding all these
facts, in this research work, we have attempted to synthesize
Cu-doped HAp using various percentages of doping ion
solution at a calcination temperature <1100 °C (900 °C). Since
our intention was to achieve Cu exchange solely for Ca ions and
not for hydroxyl groups, we categorically chose a temperature
<1100 °C.** The goal of this initiative was to introduce
enhanced biological functions in the targeted doped HAp that
could make it beneficial as a biomaterial.

Materials and methods

Materials

Ortho phosphoric acid (H;PO,), calcium hydroxide (Ca(OH),),
ammonium hydroxide (NH,OH), nitric acid (HNOj;) and cupric
oxide (CuO) were purchased from E-Merck Germany and used
as received. All the chemicals used in this work were of
analytical grade. A double distillation process facilitated the
preparation of deionized (DI) water.

Synthesis of pure and Cu doped Hydroxyapatite (HAp)

Keeping the Ca/P ratio at 1.67, pure and Cu-doped HAp were
prepared by a conventional wet chemical precipitation method
while the Ca and P sources were Ca(OH), and H;3PO,,
respectively.’* An equal volume of 1.67 M Ca(OH), and 1.0 M
H;PO, solution was prepared for the synthesis of HAp using DI
water. H;PO, was added to the Ca(OH), solution at a rate of
3.0 mL m™, while the reaction conditions were: (i) solution pH:
10-11 (maintained by adding NH,OH solution); and (ii) reac-
tion temperature: ambient. Continuous stirring was applied
until the completion of the reaction. Subsequently, a precipi-
tate formed that was filtered out and oven-dried at 105 °C for
24 h. The whole dried portion was powdered and subjected to
calcination at 900 °C for 1/2 h (rate of calcination temperature
increase was 3.5 °C m™'). The same methodology was per-
formed for the Cu doped HAp. In this case, using HNO; acid, a
1.67 M CuO solution was prepared with x% (x = 5 and 10%) Cu
and added to the H;PO, solution. Cu-doped HAp samples were
labeled as 5-Cu HAp and 10-Cu HAp. The chemical reactions
that occurred during the synthesis process are presented in

eqn (1)—(3).
10Ca(OH), + 6H;PO,; — Cayo(PO4)s(OH), (1)
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CuO + 2HNO; — Cu-solution (2)

xCa(OH), + yCu-solution + 6H;PO; — Ca,_,Cu,(PO,)s(OH),

3)

Characterization
X-ray diffraction (XRD) study

A Rigaku SE XRD (X-ray diffractometer) machine with a Copper
radiation source was employed to record the X-ray diffractograms
of the prepared samples under 40 mA and 50 kV operating
conditions. Cu Ko radiation (1 = 1.5406 A) was used to record
the XRD patterns of the powdered samples in the scanning range
of 26 = 15-70° in steps of 0.01. From the collected data, various
crystallographic parameters such as lattice parameters, cell
volume, crystallinity index, dislocation density, crystallite size,
degree of crystallinity, microstrain, and HAp percentage were
computed using eqn (4)-(10).>®

i : LN\? &[R4 hk+ K\ P
Lattice parameter equation, (7) :7(u) +
it

3 a? 2
4)
3
Cell volume, V = %azc (5)
Crystallite size, D, = /3570/20 (6)
K.\’ 024\’
Degree of crystallinity, X, = (#) = (OT) )
Dislocation density, é = Dl 7 (8)
H H H
Crystallinity index, CIxgrp = Z (02) + HGOO) t Han) 9
(11)
O . Vizga
Crystallinity index Clyjz/300 = 1 — A (10)
300

where f = FWHM (full width at half maximum) in radian, ¢ =
dislocation density, K = shape factor (arbitrary constant)/Scher-
rer’s constant = 0.94; D, = crystallite size, 6 = diffraction angle (in
degree), Hyx) = peak height of the respective plane, X, = degree of
crystallinity, K, = constant = 0.24 for HAp, and CIXRD = crystal-
linity index. In eqn (4), (A,k,]) represents the plane of the unit cell
and q, b, c are the crystallographic lattice parameters.

Fourier-transform infrared (FT-IR) spectral analysis

To define the functional groups of HAp and Cu-doped HAp, a
FT-IR spectrophotometer (IR-Prestige 21, Shimadzu, Japan)
equipped with an attenuated total reflectance (ATR) facility
was used. The spectra were recorded with a spectral resolution
of 4 em™" in the range of 4000-400 cm ™" using 30 scans.
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Microstructural and elemental analysis

A high resolution Field Emission Scanning Electron Microscopy
(FESEM) (Model JEOL JSM-7610F) instrument equipped with
an energy dispersive spectroscopy (EDS) facility was used
for microstructural and elemental analysis of Cu-doped Hap
samples.

Cytotoxicity evaluation

Cytotoxicity is an important parameter used to check the
toxicity levels of biomaterials towards bodily cells after applica-
tion in the human body. The Trypan Blue Exclusion method
was employed, which simplifies a difference between viable and
non-viable cells,*®*” for the measurement of cytotoxicity of the
synthesized samples. A vero cell line (CLS 605372, Germany)
was collected from African green monkey kidney cells and used
to perform the cytotoxicity experiments, as detailed in a pre-
vious investigation.*®*” Eqn (11) was employed to calculate the
percentage cytotoxicity.*®

Number of viable cells

x 100 (11)

Percentage of viable cells = Totalnumber of cells

Haemolytic assay

To evaluate the biomedical application potential of the pure
and Cu doped HAp, a haemolysis test was performed. Haemo-
lysis is the process of rapturing or releasing hemoglobin from
human red blood cells (RBCs). However, to conduct this
experiment, the anti-coagulant heparin was added to the
freshly collected human blood sample followed by one h
incubation at 37 °C.*° Distilled water was chosen as the positive
control while a physiological saline extract solution was used as
the negative control. For each set of experiments, a known
amount of the sample (500 ug mL™* with 0.4 mL of human
blood) was incubated for one h at 37 °C followed by 5 m in the
centrifuge at 3000 rpm. The absorbance of the supernatant was
logged at 545 nm and the following expression was employed to
calculate the haemolysis percentage of blood (Hy),

As - Anc

———F x 100
Apc - Anc X

Hy = (12)
where 4 denotes the average absorbance of the samples, and
Ape and Ay are the absorbance of the positive and negative

controls, respectively.

Assessment of antimicrobial activity

The antimicrobial activity of the prepared samples was examined
by employing the media poisoning technique.** Two different
types of bacteria, Escherichia coli (E. coli, ATCC-11303, Gram-
negative bacteria) and Staphylococcus aureus (S. aureus, ATCC-
9144, Gram-positive bacteria), were chosen to study the antimi-
crobial activity of the pure and Cu doped HAp samples. To assess
the antimicrobial activity, each sample (1 mg mL ') was mixed
with 15 mL of nutrient agar medium followed by sterilization for
a certain period at a pressure of 15 lbs. The sterilized sample was
then placed into an aseptic Petri dish and, with the help of a
glass spreader, 400 pL of organisms from the fresh cultured
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media of the chosen bacteria that was diluted 15 times was
placed on the Petri dish and left overnight. Sterilized conditions
were applied at this step while using the glass spreader. The dish
was then incubated at room temperature and left for 24 h in the
turn down position. A number of colonies was formed with
the fresh culture media after the incubation time was over. The
bactericidal rate (B,) was obtained by counting the number of
colonies with the help of eqn (14), where C. and Cs represent
colonies formed at the control and sample, respectively.

_ G -G

1
c x 100%

B, (13)

Results and discussion
Characterization of HAp, 5-Cu HAp and 10-Cu HAp

X-ray diffraction analysis. The XRD patterns of the prepared
HAp, 5-Cu HAp and 10-Cu HAp are shown in Fig. 1. Coupled
with the XRD patterns of HAp, a few characteristic reflections
for B-tricalcium phosphate (B-TCP) also appeared in all three
diffractograms, which revealed that the formation of pure and
doped HAp occurred in a biphasic form. The 20 positions for
the HAp phase were noticed at 25.93° (002), 31.83° (211), 32.24°
(112), 32.96° (300), 34.12° (202), 39.88° (130), 46.75° (222) and
49.53° (213), which were well-aligned with the standard ICDD
database (card no: 01-074-0565) for HAp and a hexagonal crystal
structure was confirmed.

However, substitution of various cations into the HAp
structure depends on the size of the ionic radius and thus
substitution can change the crystallographic parameters of
HAp. Usually, cations possessing a small ionic radius as com-
pared to Ca®" prefer Ca; sites for incorporation and this results
in a contraction along the a- and c-axes. On the other hand,
cations having a larger ionic radius choose Ca, sites for sub-
stitution. Consequently, since the ionic radius of Cu ions (Cu" =
0.96 A and Cu?' = 0.72 A) is smaller than that of Ca** (0.99 A),
substitution of Ca®* in HAp by Cu ions favored Ca, sites, which
was confirmed by the calculated lattice parameter values, as
charted in Table 1. Considering the (002) and (300) planes, the
lattice parameters of HAp, 5-Cu HAp and 10-Cu HAp were
calculated using eqn (4) and (5). Clearly, the lattice parameter
shrinkage follows the order: 10-Cu HAp < 5-Cu Hap < HAp as
expected and this decreasing nature in lattice parameter values
was also noticed in a previous investigation.?”

Other associated crystallographic parameters of HAp were
calculated using eqn (6)-(11) and the corresponding values are
summarized in Table 1. Since, for both pure and Cu-doped HAp
samples the reflection of the (211) plane was logged as the most
distinct, the mean crystallite size of all the samples was worked
out considering the line broadening of the (211) reflection.
Calculated crystallite size (as shown in Table 1) tends to
decrease as a function of Cu-substitution. The higher the scale
of replacement, the smaller the crystallite size (Table 1).

Note, a large surface area is provided by a decreased crystal-
lite size and this provides potential applicability of a material
with significant changes in properties.*® Using the calculated
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Fig. 1 X-ray diffraction patterns of pure and copper doped HAp.

crystallite size values (Table 1), the specific surface area was
determined utilizing eqn (14) for the synthesized samples.

6 2

-1
o ><DCrn &

(14)

Specific surface area, S =

where D, and p represent the crystallite size and the density of
the samples. By taking into account the theoretical density of
HAp (3.16 g cm °),*" the resultant specific surface area was
estimated for each sample (Table 1). The specific surface area
values gradually increased as HAp < 5-Cu HAp < 10-Cu HAp
and supported the decreasing nature of crystallite size for these
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three samples, which in turn indicates that with the increase of
the doping ion concentration, the samples become more amor-
phous. Consequently, the degree of crystallinity decreased but
the dislocation density increased as the extent of Cu substitu-
tion in the HAp lattice increased (Table 1).

Preferential growth of hexagonal HAp and Cu doped HAp
was also calculated using eqn (15).*> The relative intensity was
obtained by calculation using the (002) plane, as the ratio of the
intensity of the (002) plane to the intensities of the three major
peaks of the plane (211), (112) and (300). The mathematical
expression is given below in eqn (16).*3

RI — RI
Preference growth, P = R . (15)
.. . 1
Relative intensity, RI = 002 (16)

Dy + Lo + Lz

Here, in eqn (16), RI; refers to the standard relative intensity of
the same plane. The calculated values of relative intensities
were 0.17 (HAp), 0.19 (5 Cu HAp) and 0.25 (10 Cu HAp) and the
preference growth was 0.07, 0.21 and 0.58 for the prepared
samples, respectively. The high value for 10 Cu HAp indicates
that the atoms are more concentrated in the respective plane
due to agglomeration of the sample and this provides a lower
surface energy with a stable crystal structure.

Crystallite size calculation using various models

More accurate and precise crystallite size values can be calcu-
lated by using various model equations like the linear straight
line method of Scherrer’s equation, Williamson-Hall method,
Monshi-Scherrer method, etc. But, according to our perception,
these models retain some shortcomings, and hence we further
proceeded to work out the crystallite size more precisely using
two newly developed models as described elsewhere.**

Linear straight line method of Scherrer’s equation

A modified form of Scherrer’s equation known as the linear
straight-line method of Scherrer’s equation (LSLMSE) was
applied to compute the crystallite size of the HAp samples.
The important criterion of this method is that it considers all
peaks instead of selecting a distinctive diffraction peak.*” By
rearranging the Scherrer equation (eqn (6)), a mathematical

Table 1 Crystallographic parameters of the prepared pure and copper doped HAp

Name of samples

Crystallographic parameters HAp 5-Cu HAp 10-Cu HAp
Crystallite size, D. (nm) 63.06 61.19 54.01
Surface area, m* g~ 30.10 31.02 35.15
Degree of crystallinity, X. (%) 6.14 5.61 3.85
Dislocation density, J (line per m?) 0.25 0.26 0.34
Microstrain 0.11 0.12 0.13
Percentage of HAp 85.59 88.71 67.64
Crystallinity index, Clxgp 1.49 1.39 1.52
Crystallinity index Cl;15/300 0.75 0.61 0.79
Lattice parameters a=b=9.42A a=b=9.40 A a=bh=9.38A
c=6.88 A c=6.86 A c=6.84 A
V=528714 V=525.56 A V=5215A

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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expression can be written as follows:

COS@_K)LXI_K).XI (17)
Dc ﬁ Dy ﬂ

Here, D;, denotes crystallite size obtained from the linear
straight-line method of Scherrer’s equation. Fig. 2(A) shows a

graphical plot where the y-axis (cos 6, in degree) and the x-axis
1

(5, in radian) were plotted by using eqn (17) and a straight line

p

was observed. Thus, eqn (17) can be compared with the linear
straight-line equation (y = mx + ¢) and the crystallite sizes of the
K2

prepared samples were calculated by utilizing the slope m = Do
L

and the values obtained are listed in Table 2. This method is
void because of the very large crystallite size, which is expected
to be less than 100 nm.

Williamson-Hall method

Considering the strain in the crystal, the crystallite size was
calculated by employing the Williamson-Hall model. A very
precise crystallite size along with crystal strain can be calcu-
lated by using the Williamson-Hall*® method and the equation
is expressed as follows:
Kp/ .
Biotal €Os 0 = B2 46 sin 0 (18)
Dy
A graphical scheme was plotted [Fig. 2(B)] where S cos 6

(in radian, degree) and 4 sin 0 (in degree) were in the y-axis and
x-axis, respectively. By comparing eqn 18 and 6, the intercept y

Paper

Kg
from the plot was assumed to equal Di’ which was then used
W

to calculate the crystallite sizes of the synthesized HAp samples.
The values are listed in the following Table 2 and are within
acceptable limits in nano-scale measurement. The strains
calculated using this model are 0.0008, 0.0014, and —0.0008,
for HAp, 5-Cu HAp, and 10-Cu HAp, respectively.

Monshi-Scherrer method

Considering the sharpest diffraction peak, the Monshi-Scherrer
method calculates the crystallite size (D) by rearranging and
taking ‘In’ in Scherrer’'s equation.”” The mathematical expres-
sion is given as follows:

In = lnL+an/1
co

50 "oy (19)

A plot was made [Fig. 3(C)] using eqn (19) where Inf}

1
(in radian) formed the y-axis and lnm (in degree) formed
the x-axis. The crystallite size (D)) was calculated by comparing
eqn (6) and (19) and the y-intercept was found to be equivalent

K
to In— and the resultant values are listed in Table 2. The
M

resultant values are in the nano range and closely matched the
values obtained using the Scherrer equation, which confirms
the validity of the Monshi-Scherrer method to calculate the
crystallite sizes of the prepared samples.

1
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Fig. 2 Graphical representation of (A) the linear straight line method of Scherrer's equation [HAp (A-a), 5 Cu HAp (A-b), and 10 Cu HAp (A-c)] and
(B) Williamson—Hall method [HAp (B-a), 5 Cu HAp (B-b), and 10 Cu HAp (B-c)].
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Table 2 Crystallite size calculation using various model equations
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Crystallite sizes (nm)

Sample name models HAp 5-Cu HAp 10-Cu HAp
Linear straight line method of Scherrer’s equation (LSLMSE) 482.72 7240.82 1448.16
Williamson-Hall (W-H) method 66.50 52.91 42.35
Monshi-Scherrer equation 65.25 61.79 56.41
Sahadat-Scherrer model 65.82 76.21 72.40
Three peaks average model 70.13 68.47 58.86
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Fig. 3 Graphical scheme of (C) Monshi—Scherrer equation [HAp (C-a), 5 Cu HAp (C-b), and 10 Cu HAp (C-c)] and (D) Sahadat-Scherrer model

[HAp (D-a), 5 Cu HAp (D-b), and 10 Cu HAp (D-c)l.

Sahadat-Scherrer model

In this model, the following eqn (20) was used to calculate the
crystallite size. The graph shown in Fig. 3(D) was plotted by
taking 1/FWHM as the x-axis and cos0 as the y-axis and a
straight line was noticed that followed the straight-line equation
(y = mx + ¢). With the help of software, Microsoft excel, the
intercept was moved to 0 (zero) and the crystallite size was

K
calculated by using the slope (D—/l) from eqn (20) without inter-
c

secting the y-axis. The calculated values are indexed in Table 2
and confirmed the validity to measure the crystallite size by
using the Sahadat-Scherrer model in the nanoscale range.

KA 1

cos 0 = D—“ X FWEM

(20)

Three peaks average model

This model was established with the Scherrer equation and
considers the three most intensive diffraction peaks to have
discrete average values of f (FWHM), 1 and 0. The most

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

intensive peaks for the HAp samples were recorded as 100%
in the (211) plane, 65% in the (300) plane and 47% in the (112)
plane according to the standard ICDD database.*® Taking into
account these three planes, the average values of f (FWHM), 6
and 2 were calculated by utilizing the following eqn (21)-(23):

~ Boii + Baoo + B

BAverage = 3 (21)
0211 + 0300 + 0112
HAverage = f (22)
/K-alphal + AK-alpha2
j-Avera,ge = L e (23)

2

In a copper sourced XRD machine, an X-ray source generates
wavelengths at 0.15406 (K-alpha 1), 0.15444 (K-alpha 2) and
0.13922 nm (K-beta). Here, only K-alpha 1 and K-alpha 2 were
considered to calculate the average value of A, because in
modern instrumentation, the effect of K-beta radiation is less
when using Ni-filters. The values were then put into Scherrer’s
equation (eqn (6)) and the results are charted in Table 2 for all
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the samples. The crystallite sizes obtained by utilizing this
model equation are less than 100 nm, which indicates the
feasibility of the application of this method to calculate the
crystallite size of the HAp samples.

FT-IR spectral analysis

Fig. 4(a) shows the FT-IR spectra of both the pristine and Cu-
doped HAp samples. It is clear that the FT-IR spectra of all three
HAp, 5-Cu HAp and 10-Cu HAp samples are almost the same.
This is because the main functional groups present in any HAp
are PO,>~ and OH ;** to analyze the spectra, two regions were
considered: (i) 400-1200 cm™ ', which is distinctive for the
phosphate group; and (ii) 3000-3800 cm ', which is represen-
tative of the hydroxyl group.>®*°

Details of the registered band positions and their analogous
assignments are presented in Table 3. Clearly, in Table 3, the
customary band positions for the PO,>~ group were noticeable,
as mentioned elsewhere.’®?” On the other hand, the bands
responsible for apatitic hydroxyl groups were also in good
agreement with previous results.’® However, nearly the same
intensity of the hydroxyl group’s absorption bands was
observed in all three cases (Fig. 4(b)), showing the zoom in
format of the IR region (3000-4000 cm '), which demonstrates
that copper ions did not substitute the hydrogens of the OH™
group in the hexagonal channels.?®

This observation also supplements the XRD analysis, which
found that the Cu substitution occurs at Ca, sites but not OH™
groups.

Since crystallinity index (CI) is considered to be a quantita-
tive indicator of crystallinity and, like XRD, FT-IR data
also permit the crystallinity index to be measured,”’ we
further attempted to calculate the crystallinity index (CI) via
eqn (24)-(28).>>>

Ases + Agos

Clheight = B (24)

595

A1060

Clarea(1060) = ——— 25
area1090) ™ 5001200 (25)

A
Clyrea-603 = — 26
area-603 Az ( )
Clrwam-603 = FWHMeo3 (27)
Clrwam-1028 = FWHMi g0 (28)

Here, in eqn (24), Clpcighe denotes the crystallinity index as
calculated using FT-IR data. Asgs, Aeos and Asqs represent the
corresponding height of the peaks at 565, 505 and 595 cm ™. In
eqn (25), A1o60 and Aggo-1200 are the areas of the corresponding
peak and section while the total area (4,) and the splitting area
(4,) measured for the phosphate groups around 603 cm ™' were
used to calculate Cl,rea603- Eqn (27) and (28) are based on the
measurement of FWHM, and FWHMgy; and FWHM, (5 define
the respective values at 603 and 1028 cm™". All these data

calculated using the FT-IR spectra are included in Table 4,
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Fig. 4 (a) FT-IR spectra of pure and copper doped HAp. (b) Zoom in form
of the IR region of 3000-4000 cm™2. (c) Zoom in form of the IR regions of
900-1100 cm* and 500-700 cm ™.

which shows that due to copper incorporation, the crystallinity
decreases as the value of FWHM increases (Fig. 4(c)).
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Table 3 FT-IR band positions of HAp, 5-Cu HAp and 10-Cu HAp and the

respective assignments

Characteristic group Band position, cm™

Characteristic assignment

PO~ 472
572

601

962

1030

1087

OH™ group 630
3570

v, symmetric bending
v4, asymmetric bending
V4, asymmetric bending
vy, symmetric stretching
v3, asymmetric stretching
v3, asymmetric stretching
OH ", vibrational

Apatitic OH ™, stretching

Table 4 Crystallinity index for HAp, 5-Cu Hap, and 10-Cu Hap based on
FT-IR data

Method HAp 5Cu-HAp 10Cu-HAp
Clheight 9.94 3.39 5.07
ClLyrea1060 0.72 0.55 0.49
Clareas03 1.80 2.64 2.97
Clrwins03 66.912 67.57 79.08
Clpwim1028 66.40 95.06 97.79

FESEM and EDS analyses

FESEM images showed that the particles of Cu-doped Hap
samples were nanometer sized but mostly agglomerated. In
contrast, EDS analysis enabled the chemical compositions of
the synthesized Cu-doped samples to be determined. However,
for both samples, the presence of Cu along with Ca, P and O
was visualised as expected. The amount of Cu in 5-Cu Hap and
10-Cu Hap was 2.01 and 2.6 At%, respectively (Fig. 5).

Biomedical compatibility

Haemolysis test. For the sustainable application of HAp as
a biomaterial, haemocompatibility is an important parameter
to be checked before implementation because haemolysis
releases iron (Fe) due to the breakdown of red blood cells
(RBCs), which causes serious haemolytic anemia in the human
body. To check the haemocompatible nature of the pure and Cu
doped HAp samples, the resultant haemolysis percentage was
placed into three different categories: (i) highly haemocompa-
tible (less than 5%), (ii) haemocompatible (less than 10%) and
(iii) non-haemocompatible (greater than 20%), according to the
standard ASTM method.>® Fig. 6 shows an outstanding result
of haemocompatibility of each sample with a very high dose
(500 pg mL "), where the maximum result was observed in the
case of 10 Cu HAp (6.85%) and can be categorized as haemo-
compatible. A very good result of 1.47% was recorded for pure
Hap, 4.93% was obtained for 5 Cu HAp and both showed a
highly haemocompatible nature for the lysis of RBCs. Despite
its relatively higher haemolysis percentage, the value for 10 Cu
HAp remained in an acceptable range and thus all the synthe-
sized HAp samples can be used as a safe biomaterial.

Cytotoxicity assessment

A cytotoxicity test was carried out to determine the biocompa-
tible character of the HAp and Cu doped HAp as they can cause
cell death when exposed at a toxic level to living cells. The test
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Fig. 5 FESEM and EDS results of Cu-doped hydroxyapatite samples.
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Fig. 6 Haemolytic percentage at a very high dose of 500 pg mL™* of the
pure HAp and Cu doped HAp samples.

was executed at a slightly higher dose of 100 ug mL™" and as a
control the reference standard dimethyl sulfoxide (DMSO) was
used. The other conditions are described in the methodology
section. Pictorial aspects of the control and prepared samples
captured after 72 hours of incubation are exhibited in Fig. 7.
The visibility of the pictures was adjusted with the standard data
and they provide a good affirmation for using pure and Cu doped
HAp as an inherent biomaterial in biomedical fields. A graphical
scheme is presented in Fig. 8 that shows the cell viability
percentage of the synthesized HAp samples. A superb percentage
of cell viability was obtained wherein the pure HAp sample
showed 96.4% cell viability, which was almost the same as the
control value (97.2%). The doped materials were found to show a
relatively slight decrease (90.8% and 92.6% for 5 and 10 Cu HAp,
respectively) in the percentage but stayed in the tolerable region.
According to the ISO 10993-5 standard, all the obtained values
were within the non-cytotoxic range and represent a good bio-
compatible character with the human body cell. So, pure HAp
along with 5% and 10% Cu doped HAp can be considered as
superior implant materials with a satisfactory cytotoxicity level.
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Fig. 7 Influence of cytotoxicity on (a) dimethyl sulfoxide (control), (b) pure
HAp, (c) 5-Cu HAp, and (d) 10-Cu Hap.

Antimicrobial activity

Pictorial views of the antimicrobial activity of the pure and Cu
doped HAp samples are shown in Fig. 9, which was evaluated
by using S. aureus (Gram positive bacteria) and E. coli (a Gram
negative bacteria). S. aureus and E. coli exhibited no significant
distinct interaction with the Cu doped HAp samples or the pure
HAp samples. The Gram positive bacteria (S. aureus) could not
hinder the formation of colonies in the case of pure and
10 Cu HAp. The maximum number of colonies formed with
the pure HAp due to the release of hydroxyl (OH") ions, which
act as a strong free radical in aqueous solution with higher
reactivity, and relatively lesser antimicrobial activity than the
10 Cu HAp sample. An excellent result was noticed with no
colony formation for 5% Cu doped HAp. On the other hand, the
Gram negative bacteria (E. coli) formed colonies with both Cu
doped HAp samples but a very negligible number of colonies
were formed in the case of 5 Cu HAp and relatively fewer colonies
were observed with 10 Cu HAp compared to S. aureus bacteria.
The variation in colony formation between these two Cu doped
HAp samples may be due to their crystallite size as the number
of ions produced and microbial properties rely on size.”*

oo |
o e | L
K
-
&
3 scomee |
wocoune. |
80 85 920 95 100
Cell viability (%)

Fig. 8 Percentage cell viability of the synthesized HAp samples and
control (DMSO).
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Fig. 9 Photographic presentation of antibacterial activity of the pure and
Cu doped HAp samples.

Thus, the antimicrobial property of the prepared samples
can be ordered from strong to weak in the following way:
5 Cu Hap > 10 Cu HAp > pure HAp. There was no noticeable
difference, so we were unable to compute the number of
colonies formed with the two chosen bacteria.

The properties of crystalline materials mainly depend on the
structure of the crystal. When doping materials are used, the
crystallographic structure of the materials is greatly changed.
From the previously reported results, it is clear that the doping
of copper metal in the hydroxyapatite structure changes the
crystallographic parameters. The variation in crystallographic
parameters ultimately affects the properties of biomaterials; in
this case, cytotoxicity, haemolysis and antimicrobial characters.
For example, the crystallite size of the hydroxyapatite biomaterial
is larger than that of the 5% copper doped hydroxyapatite. This

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023



Paper

small size of the crystal ultimately increases the surface area
along with the surface energy, which affect the cytotoxicity
phenomenon by curtailing the cell viability. A similar affect
was also noticed for the Gram-positive and Gram-negative
bacteria. When 5% copper was doped, all bacterial colonies were
destroyed. There is another reason for the destruction of more
microbes along with the crystallite size and that is the antimi-
crobial properties of nano sized copper. Among the reported
three biomaterials, the 5% copper doped sample presented the
best results in terms of cytotoxicity, haemolysis and antimicro-
bial activity. The antimicrobial activity of the pure hydroxyapatite
is very low, thus copper was doped to increase this property. The
addition of copper into the HAp crystal increased the antimicro-
bial property compared to the pure form. But, 10% Cu-HAp
revealed a relatively lower antimicrobial activity than 5% copper
HAp. Thus, it cannot always be true that the addition of a metal
into pure biomaterials can impart excellent antimicrobial prop-
erties. There are a number of crystallographic parameters that
contributed to the antimicrobial activity in addition to the
cytotoxicity and haemolysis behavior. Considering all the crystal-
lographic parameters, such as lattice parameters, crystallinity
index, dislocation density, degree of crystallinity, microstrain,
HAp percentage, crystallite size (including the Monshi-Scherrer,
Sahadat-Scherrer, Williamson-Hall, straight-line, and three peaks
models), specific surface area, cell volume, growth preference and
relative intensity obtained from XRD and FT-IR analysis, the 5%
copper doped HAp was optimized for application as a biomaterial.
These findings also supported the relationship of crystallographic
parameters with the properties of biomaterials such as cytotoxi-
city, haemolysis and antimicrobial activity.

Conclusion

The crystallographic parameters provide good evidence that
copper doped hydroxyapatite can be used as a biomaterial. For
the safe and sound applicability of Cu-doped HAp, we exam-
ined the haemolysis and cytotoxicity properties, which revealed
positive results. Moreover, the performance of Cu-doped HAp
while examining the antimicrobial activity revealed consider-
ably acceptable results for biomedical fields. The data pre-
sented a remarkable result in the case of 5% Cu doped HAp
with a very high dose of sample materials when biocompat-
ibility was assessed. There remained a relationship among the
crystallographic parameters and Cu-metal doping in the bio-
material for efficient applications of biomaterials considering
cytotoxicity, haemolysis and antimicrobial activity. It is sug-
gested from this research work that 5% copper doped hydro-
xyapatite (HAp) has potential as a biomaterial for application in
biomedical fields.
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