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y, mechanical, and cell interaction
of sodium chloride-added calcium sulfate–
hydroxyapatite composite bone cements
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In this research, sodium chloride-added calcium sulfate–hydroxyapatite composite bone cements

(0.70CaS–0.30HAP)/xNaCl were studied. Different wt% of NaCl (0, 1.5, and 2.5) were added to 0.70CaS–

0.30HAP bone cement to investigate the setting time, injectability, washout resistance, phase evolution,

physical properties, water absorption, microstructural, chemical analysis, mechanical strength, statistical

analysis, in vitro apatite-forming ability, and in vitro cytotoxicity. With increasing NaCl, the initial setting

time decreased to around 3.18 min. X-ray pattern revealed that all composite bone cement samples had

mixed phases of CaS, HAP, brushite, gypsum, and NaCl. Water absorption and average grain size

increased with increasing NaCl content. The densification and mechanical performances, including sc, sf,

and E values, slightly decreased with increasing NaCl content, correlated with the increasing porosity

value. This resulted in the production of a porous structure, which caused an excellent in vitro apatite-

forming ability. The x = 2.5 sample showed good bioactivity, inducing the highest apatite mineralization

ability in the SBF solution. Additionally, in vitro cell culture analysis showed above 94.12% cell viability

against a high concentration (@ 200 mg mL−1) for the x = 2.5 sample, revealing cytocompatibility. The

obtained results indicated that the (0.70CaS–0.30HAP)/2.5NaCl composite bone cement, with good

injectability, bioactivity, and cytocompatibility, are promising candidates for biomedical applications.
1 Introduction

Biomaterial bone cements have gained great interest, and are
believed to be a promising alternative to traditional sintered
bioceramics owing to their self-setting properties, which allow
for the direct injection and lling of complicated defect sites.1,2

Bone cement can be used for lling, bonding, and repairing
free-shape defects of bones in dental, orthopedic, and maxil-
lofacial applications via minimally invasive procedures.3 Bone
cement can be introduced directly into the defect and conform
to its shape, offering enhanced contact with the host tissue.
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Delivery of the cement paste through a needle or cannula makes
it more useful in clinical applications.2

Currently, calcium sulfate cement (CSC) is one of the most
frequently and intensively studied groups of biomaterial bone
cement due to its good biocompatibility and osteoconductivity.3

CSC possess a long history of clinical use and are known to be
a well-tolerated, rapidly and completely bioresorbable mate-
rial.2 The ability to set “in situ” aer lling the defect, the lack of
an inammatory response, and the promotion of bone healing
are also the main reasons for this long history.4 However, some
disadvantages of CSC limit their wider clinical applications,
including a faster degradation rate than the bone regeneration
rate, leading to the formation of many voids in the bone defect
aer the material is completely degraded. Moreover, CSC resorb
too quickly aer implantation, which does not match tissue
regeneration.2,4 The other problem is that CSC cannot form
a chemical bond with bone tissues in the early stages aer
implantation due to their poor bioactivity. It is necessary to
develop more strategies to slow down the degradation and
improve the bioactivity of the CSC.3,5 Therefore, they are also
compounded to perform the composite with other materials
such as hydroxyapatite (HAP) to provide favorable resorption
characteristics and good bioactivity.

Hydroxyapatite or Ca10(PO4)6(OH)2 (HAP), which is the
calcium phosphate-based biomaterial,6 has frequently been
© 2024 The Author(s). Published by the Royal Society of Chemistry
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used for bone augmentation since it was discovered that
calcium phosphate plays a major role in the inorganic phase of
bone, teeth, and hard tissues.7 Nanohydroxyapatite or nHAP
stands out as an extensively researched biomaterial in the eld
of restorative dentistry, as evidenced by studies.8–10 The HAP is
a major component of the inorganic matrix of bones, which
comprises approximately 70% of the bone's weight.11 The HAP
can be synthesized by various techniques such as co-
precipitation, sol–gel, hydrolysis, combustion, and extraction
from the natural (i.e. sh bones, shells, chicken eggshells, and
bovine bones).12 The HAP derived from natural sources such as
chicken eggshells and bovine bones have demonstrated supe-
rior sinterability when compared with their synthetic counter-
parts in terms of hardness and density. This method is also easy
and quick to prepare.13–15 The HAP has been used extensively as
an implant material due to its excellence in biocompatibility
and bone-bonding ability. Aer being implanted into the
human body as an articial material, the HAP can provide
scaffolds for the formation of new bone tissues and plays a role
in osteoconduction because its calcium and phosphorus can be
free from the material surface and absorbed by the body to form
new tissues, which have a bone bond with autologous bone
tissues.15–21

In 2002, the materials containing 60 wt% of HAP (stable
component) and 40 wt% of CaSO4 (resorbable component) were
developed by Cabaňas et al.4 They reported that the HAP parti-
cles act as an element that disturbs the setting reaction,
delaying the crystallization of gypsum, increasing the setting
time, and decreasing the heat generated during setting of this
cement. Moreover, they also found that the biphasic 40CaSO4/
60HAP showed an improved bioactivity response compared to
the pure HAP or single CaSO4 when soaked in a simulated body
uid (SBF) solution. Nilsson et al.18 also reported that the
combination of HAP and calcium sulfate (HAP/CaSO4) provides
an osteoconductive injectable material with an adequate
resorption rate and good mechanical properties. Our prelimi-
nary research on hydroxyapatite–calcium sulfate (HAP–xCaS)
composite bone cement has also indicated that the 0.70CaS–
0.30HAP composition has good bioactivity, injectability, and
mechanical properties. The 0.70CaS–0.30HAP composite bone
cement also produced the highest ability to induce in vitro
apatite forming. The histological analysis also demonstrated
that newer bones are formed around defects and bone cement
particles. Osteoblasts were found peripheral at bone trabeculae,
and occasional osteoblast-like cells were presented at the
granules aer 4–8 weeks of implantation.15

To better meet clinical requirements for bone defect repair,
developing new composite bone cements based on CSC/HAP
with ideal degradability and more bioactivity is essential;
these cements have been modied with various biologically
active cation substitutions. A variety of cationic and anionic
substitutions can be attained in apatite minerals.22 Cao et al.19

studied the sodium chloride-added hydroxyapatite/silk broin
or NaCl-added HA/SF composites. The results showed that
when the content of NaCl was 10 wt%, the scaffolds showed the
best mechanical properties, both compressive strengths and
modulus. The high-strength NaCl with HA/SF composites may
© 2024 The Author(s). Published by the Royal Society of Chemistry
be a potential material in the eld of scaffold materials for bone
tissue repair. Aguilar et al.21 studied the novel b-TCP scaffold
compositions addition with NaCl for bone tissue applications.
They reported that the b-TCP + NaCl sample exhibited a porous
structure and resulted in higher bioactivity aer in vitro evalu-
ation on different days and better scaffold dissolution control
due to the formation of HAP on the surface. The precipitation of
HAP was greater and more homogeneous due to the release of
Ca2+ and PO4

3− ions that resulted from the dissolution of the
porous samples. Those ions led to the formation of nucleation
sites of HAP on the surface of the samples. In addition, when
NaCl was added, causing a higher concentration of Na+ and Cl−

ions and increased ionic supersaturation. Tran et al.23 also re-
ported that NaCl was used to fabricate scaffolds with increased
interconnectivity, porous microchanneled scaffolds, and
multiphasic vascular gras. When NaCl porogens produced
from the nucleation and crystallization methods were incor-
porated with the traditional salt leaching methods, the inter-
connectivity was greatly improved. This new generation of
porous structures provides great freedom in designing versatile
scaffolds with excellent bioactivity for various tissue-
engineering applications.

To our knowledge, the (0.70CaS–0.30HAP)/xNaCl composite
bone cements have not been investigated. Therefore, in this
study, we selected the 0.70CaS–0.30HAP composition as the
base material due to our preliminary research, which indicated
that the composite of 0.70CaS–0.30HAP has good bioactivity,
injectability, and mechanical properties.4,15 A small amount of
NaCl was introduced to the 0.70CaS–0.30HAP composite bone
cement in varying amounts of 0, 1.5, and 2.5 wt% to increase
bioactivity.21,23 The effect of NaCl on the setting time, inject-
ability, washout resistance, phase, physical, water absorption,
microstructural, chemical analysis, mechanical, and statistical
analysis was investigated. Moreover, the in vitro apatite-forming
ability, and in vitro cytotoxicity or cell culture analysis are also
studied in this work to be tailored over a wide range by changing
compositions to meet strict requirements. In this work, we ex-
pected that these (0.70CaS–0.30HAP)/xNaCl composite bone
cement has excellent injectability and biocompatibility with
goodmechanical performances when compared to a single HAP
or CaS or the unmodied 0.70CaS–0.30HAP bone cement, and
suggesting their potential in biomedical applications.

2 Experimental
2.1 Synthesis of the hydroxyapatite nano-powder from
bovine bone waste using thermal decomposition

In this research, the natural bovine bone, which is a biowaste, is
an economical source of hydroxyapatite (Ca10(PO4)6(OH)2 or
HAP). First, the fresh bones of cows were cut and cleaned well to
remove meat and other so tissues. The bovine bones were
boiled for 8 hours in water and were then washed several times
to ensure the complete removal of the attached tissue.7 Aer
that, the boiled bone samples were dried overnight at 120 °C.
The deproteinized bones were calcined at 800 °C for 3 h,
a temperature at which no prions or any disease-causing agents
could survive. The thermally decomposed samples were then
RSC Adv., 2024, 14, 35460–35474 | 35461
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cooled slowly to room temperature (RT) following the procedure
of Jaita et al.15,24 Finally, the resulting product was crushed into
small pieces by grinding in a mortar. In order to obtain the
nano-powder, the HAP powder was milled using a high-energy
vibro-milling method for 20 min.
2.2 Preparation of the (0.70CaS–0.30HAP)/xNaCl composite
bone cement

The HAP nano-powder (derived from the natural bovine bone
waste), the medicine grade of calcium sulfate hemihydrate
(CSH), and the analytical grade sodium chloride (NaCl) were
used as the starting materials. The resulting HAP nano-powder,
CSH, and NaCl powders were weighed and mixed to obtain the
mixed powder of (0.70CaS–0.30HAP)/xNaCl, where x = 0, 1.5,
and 2.5 wt%. All mixed powders were rst tested by XRD to
check phase identication. To obtain the composite bone
cement, each of the mixed powders was individually mixed with
deionized water at a powder-to-liquid ratio of 2 : 1, which was
mixed well using a spatula. The mixtures were stirred for 60 s to
obtain the homogenous pastes,1 then quickly transferred to
a mold with a rectangular (bar) or cylindrical shape. The
(0.70CaS–0.30HAP)/xNaCl composite bone cements were placed
at 100% humidity and a temperature of 37 °C until the setting
steps were completed.1 Aer that, all composite bone cements
were characterized for their properties. A schematic of methods
to prepare the (0.70CaS–0.30HAP)/xNaCl composite bone
cement with different shapes is shown in Fig. 1.
Fig. 1 Schematic of methods to prepare the (0.70CaS–0.30HAP)/
xNaCl composite bone cements with different shape.

35462 | RSC Adv., 2024, 14, 35460–35474
2.3 Setting time measurements, injectability, and anti-
washout tests

Gilmore needle apparatus (ASTM C266-08) was used to deter-
mine the prepared cement samples' initial and nal setting
times.2 The initial and nal setting times were conrmed by the
absence of a surface mark using the light and heavy needle. The
initial setting time was recorded when the light needle (diam-
eter = 2.12 mm and weight = 113.4 g) penetrated cement less
than 1 mm in-depth on the surface of the specimen in three
separate areas. The nal setting time was dened as the time
that elapsed until the heavy needle (diameter = 1.06 mm and
weight = 453.6 g) failed to penetrate or produce aws on the
surface of the specimens. The six specimens for each bone
cement group were measured, and the results were expressed as
mean ± standard deviation (SD).25–27

For the injectability test, the cement paste was extruded
through a disposable syringe with an inner aperture diameter of
2 mm and injected into Ringer's solution at 37 °C.28 Aer that,
the weight loss of the cement paste (%) aer immersion for 0–30
minutes in the Ringer's solution was measured.25 Normally, if
the cement paste does not dissociate in the Ringer's solution
aer 30 minutes of immersion and shows the minimum
percentage weight loss of cement paste, it is assumed that the
cement has passed the anti-washout test.
2.4 Structural analysis

Aer hardening the composite bone cement for 24 h, the reac-
tion products were examined by X-ray diffractometer (XRD,
Rigaku, MiniFlex 600) with CuKa radiation (l ∼ 1.5405 Å). All
samples were characterized by 2q ranging from 10° to 80°
(scanning speed of 0.02° s−1). The quantitative phase compo-
sition (%) was analyzed using the SmartLab Studio II program.
The quantitative phase analysis was performed and calculated
using the reference intensity ratio (RIR) method as shown in
eqn (1):28

RIR ð%Þ ¼ intensity of the major peak of the phase

sum of intensities of major peaks of all phases

� 100% (1)

2.5 Densication and water absorption

In this work, a liquid displacement technique was used tomeasure
the bulk density and porosity measurements. Ethanol was the
displacement liquid because the water was the setting liquid.
Cement porosity wasmeasured using the Archimedes' principle as
described previously.24,25 Five samples were used for the density
and porosity tests. Aer measuring the dried weight (W0) of
samples, the samples were suspended in ethanol under vacuum
for 2 h to make the ethanol inltrate the pores in the samples.
Then, we removed ethanol from the samples' surface and
measured the samples' saturated weight (W1). Finally, the samples'
suspended weight (W2) in ethanol was measured. The porosity of
the bone cement was calculated by the following equation:25,28,29

Porosity (%) = (W1 − W0)/(W1 − W2) × 100% (2)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Furthermore, the linear shrinkage, water absorption, and
rate of absorption values were also calculated in this
research work.15
2.6 Microstructural and chemical analysis

The microstructural analysis of the selected samples was done
using a scanning electron microscope (SEM, Prisma E micro-
scope, Thermo Fisher Scientic, USA). The surface was sputter-
coated with gold prior to examination with a secondary electron
detector at an accelerating voltage of 15 kV and wedge distance
of 10 mm.2 The grain size of all the samples was determined
using the linear intercept method (ASTM no. E112-88). The
chemical composition of each sample was examined using
energy-dispersive X-ray spectroscopy (EDS).
2.7 Mechanical properties

The compressive strength (sc) of the cylindrical samples with
a size of 5 mm (diameter) × 10 mm (height) was tested on
a universal testing machine (Hounseld, H50KS) at a crosshead
speed of 5 mmmin−1 using a screwdriver load frame.28 The sc of
the samples was obtained using the following equation:15

sc ¼ P

A
(3)

where P is the total load on the sample at failure (N) and A is the
calculated area of the bearing surface of the sample (mm2). In
this work, the sc of each sample aer 1, 3, and 7 days of incu-
bation were also measured. The bending strength or exural
strength (sf) was also investigated using a universal testing
machine (Hounseld, H50KS) and following the method as
described by ASTMC1161-94(1996).12,30,31 The sf of each sample
(size 8 × 6 × 100 mm) was determined using the following
equation:

sf ¼ 3PL

2bd2
(4)

where P is the load (force) at the fracture point (N), L is the
length of the support span, d is the thickness, and b is the
width. In this work, the Young's modulus (E) value was also
calculated using the following equation:

E ¼ L3P

4bd3Y
(5)

where P is the load (force) at the fracture point (N), L is the
length of the support span, d is the thickness, b is the width,
and Y is the bending distance of the test sample. The six spec-
imens for each cement group were measured, and the results
were expressed as mean ± SD.
2.8 Statistical analysis

For statistical analysis, the statistical difference data was
analyzed using a one-way analysis of variance (ANOVA). To nd
statistical signicance, p < 0.05 was considered statistically
signicant using the OriginPro soware. Experimental data
were processed using Microso Excel. The data were presented
as the means ± SD.25–27
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.9 In vitro apatite formation in SBF

All composite bone cements were immersed in the SBF solution
to conrm the apatite-forming ability evaluation. The three
specimens for each cement group were investigated. The ionic
concentration of SBF solution (in mM) was the following: Na+ =
142.0, K+ = 5.0, Ca2+ = 2.5, Mg2+ = 1.5, Cl− = 148.8, HCO3

− =

4.2, HPO4
2− = 1.0, SO4

2− = 0.5 (nearly equal to those in human
blood plasma).32,33 The samples were cut into cylindrical shapes
of 5 mm in diameter and 10 mm in height and were soaked in
SBF at 36.5 °C in a saturated 100% humidity environment. The
SBF solution was changed every 1 h for up to 12 h, followed by
replacement with fresh solution once a day for 28 days. Aer 1,
3, 7, 14, and 28 days of soaking in SBF, the samples were
investigated for apatite-forming ability by SEM techniques.24
2.10 In vitro cytotoxicity or cell culture test

The samples' in vitro cytotoxicity or the cell culture test was per-
formed using sulforhodamine B (SRB) colorimetric assay for
cytotoxicity screening. The human skin broblast cell (a primary
dermal broblast) was cultured in Dulbecco's modied Eagle
medium (DMEM) containing 1% penicillin–streptomycin and
10% fetal bovine serum (FBS).34,35 The cells were plated at a den-
sity of 5 × 104 cells per mL and cultured in a humidied incu-
bator in an atmosphere containing 5% CO2 at 37 °C, 95% air, and
100% relative humidity. The control was sodium lauryl sulfate
(SLS). The cells were treated at three different concentrations
(1, 10, 100, and 200 mg mL−1) of the prepared material. The cell
attachment was observed by optical microscope aer culturing
for 24 h and the average of three readings was counted.36,37
3 Results and discussion
3.1 Phase, setting time, injectability, and anti-washout test

X-ray diffraction patterns of the (0.70CaS–0.30HAP)/xNaCl
mixed powder, where 2q = 10–80°, are shown in Fig. 2(a). All
compositions had no detectable impurities or secondary peaks
in the XRD patterns. The x= 0 sample showedmixed CaS (ICDD
no. 00-002-0134) and HAP (ICDD no. 00-024-0033) phases. This
was also consistent with the previous work.4 With increasing
NaCl content up the x = 2.5, the NaCl peak was more observed
and marked as “*”.

The initial and nal setting times as a function of NaCl
content are shown in Fig. 2(b), and the related values are also
summarized in Table 1. Immediately aer mixing the powder
and liquid phases, the microstructure of the fresh cement paste
begins to develop. The growth and entanglement of the crystals
lead to the setting and hardening.2 Normally, the ratio of liquid
to powder, chemical composition, and particle size play
a crucial role in the setting time of cement materials. A long
setting duration could cause clinical problems due to the
cement's inability to maintain shape and support stress during
this period.38 In this research, the initial setting time was
further decreased with the increase of NaCl content, and the
minimum value of 3.18 ± 0.25 min was found for the x = 2.5
sample. The nal setting time decreased from 23.65 ± 0.38 min
for the x = 0 to around 7.79 ± 0.49 min for the x = 2.5 sample.
RSC Adv., 2024, 14, 35460–35474 | 35463
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Fig. 2 (a) X-ray diffraction patterns of the (0.70CaS–0.30HAP)/xNaCl mixed powder, where 2q = 10–80°, (b) initial setting time and final setting
time as a function of NaCl content, and (c) the weight loss of cement paste (%) after immersion in the Ringer's solution as a function of the
immersion time.

Table 1 Setting time and physical properties of the (0.70CaS–0.30HAP)/xNaCl composite bone cements

x
(wt%)

Initial setting
time (min)

Final setting
time (min)

Weight loss of cement pastea

(aer 30 min immersion) (%)
Density
(g cm−3)

Porosity
(%)

Linkage
shrinkage (%)

0 8.44 � 0.21 23.65 � 0.38 4.21 � 1.34 1.31 � 0.02 44.52 � 0.07 7.47 � 0.09
1.5 3.93 � 0.35 10.19 � 0.52 3.34 � 1.04 1.29 � 0.01 46.61 � 0.06 7.09 � 0.05
2.5 3.18 � 0.25 7.79 � 0.49 2.92 � 1.21 1.28 � 0.01 49.99 � 0.05 7.01 � 0.07

a Weight loss of cement paste (%) aer 30 minutes immersion in the Ringer's solution.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 8
:2

9:
41

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Khairoun et al.39 set a standard for setting time in clinical use:
the initial setting time should range from 3 to 8 min, and the
nal setting time should be less than 15 min. Based on the
surgical procedure, an initial setting time of 3 min is preferred
for dental applications, whereas an initial setting time of 8 min
is desired for orthopedic procedures.28 The composite bone
cement prepared in this study has the initial and nal setting
times within this recommended range (3.18–7.79 min) to
perform the injection comfortably. Therefore, it was also
demonstrated that a signicant reduction in the setting time
would be helpful for clinical procedures.40,41

The washout resistance of injected cement was evaluated in
this work. Briey, the cement paste was loaded inside a syringe
and injected into Ringer's solution at 37 °C. Aer 30 min of
immersion, the cement paste was considered to pass the
washout resistance test if the paste had not disintegrated in the
35464 | RSC Adv., 2024, 14, 35460–35474
solution.42 The weight loss of the cement paste (%) aer
immersion in the Ringer's solution as a function of immersion
time is shown in Fig. 2(c), and the related values are also
summarized in Table 1. Aer 30 minutes of immersion, all
compositions passed the washout resistance test because the
particles did not disintegrate and retained their original shape.
However, the x= 2.5 sample exhibited a minimumweight loss of
cement paste. Therefore, we can conclude that the x= 2.5 sample
had better injectability because the starch did not dissociate in
the solution and could pass the anti-washout test with the
minimum weight loss of cement paste value of 2.92 ± 1.21%.

3.2 Phase analysis of the (0.70CaS–0.30HAP)/xNaCl
composite bone cement

X-ray diffraction patterns of the (0.70CaS–0.30HAP)/xNaCl
composite bone cement aer setting for 24 h at 37 °C and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Phase composition of the (0.70CaS–0.30HAP)/xNaCl
composite bone cements analyzed by the Reference Intensity Ratio
(RIR) method using SmartLab Studio II program

x (wt%)

Phase composition (%)

Gypsum HAP Brushite CaS NaCl

0 64.43 21.89 13.64 0.04 0
1.5 60.57 24.29 10.79 0.21 4.14
2.5 59.69 25.22 9.81 0.17 5.11
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100% relative humidity,1 where 2q = 10–80°, are shown in
Fig. 3(a). The XRD result revealed that all composite bone
cement samples exhibited the characteristic main peaks of
gypsum (CaSO4$2H2O), HAP (Ca10(PO4)6(OH)2), dicalcium
phosphate dehydrate or brushite (DCPD, CaHPO4$2H2O),
a small amount of CaS (CaSO4) and NaCl.4 Within the detection
limits of the XRD instrument, no other impurity or secondary
peaks were observed in these XRD patterns. This conrmed the
occurrence of no new phase formation. Phase composition (%)
was analyzed in-depth by the Reference Intensity Ratio (RIR)
method using the SmartLab Studio II program, as shown in
Fig. 3(a). The compositions of each phase are also summarized
in Table 2. Based on Table 2, the x = 0 sample has the mixed
phase of gypsum, HAP, brushite, and CaS of 64.43%, 21.89%,
13.64%, and 0.04%, respectively. With increasing NaCl
content, the amount of gypsum main phase was found to
decrease while the NaCl added phase marked as “*” showed
a slight increase (Fig. 3(a)). The x = 1.5 sample has the NaCl
phase of 4.41%. The NaCl phase was more dominantly
observed at 5.11%, especially for the x = 2.5 sample. The
gypsum in this work was formed by calcium sulfate hemi-
hydrate (CaSO4$0.5H2O) mixed with water. When CaSO4-
$0.5H2O reacts with water (H2O) immediately, it can transform
into calcium sulfate dihydrate or gypsum.43 The chemical
process was obtained by the following equation:2
Fig. 3 (a) X-ray diffraction patterns of the (0.70CaS–0.30HAP)/xNaCl com
analyzed by the Reference Intensity Ratio (RIR) method using SmartLab S
(c) linear shrinkage as a function of NaCl content, and (d) water absorpt

© 2024 The Author(s). Published by the Royal Society of Chemistry
CaSO4$0.5H2O + 3H2O / 2CaSO4$2H2O (6)

The setting reaction in the calcium sulfate cement occurs in
the following steps: (1) formation of a workable suspension of
CaSO4$0.5H2O and its dissolution, (2) saturation of ions in the
aqua solution around CaSO4$0.5H2O particles, (3) CaSO4$2H2O
precipitation when the supersaturation is achieved, (4) further
dissolution of the remaining CaSO4$0.5H2O as the supersatu-
ration get reduced because of precipitation of CaSO4$2H2O, (5)
growth of CaSO4$2H2O nuclei to larger crystals (secondary
nucleation), and (6) interlocking of growing crystals, resulting
to the hardening of bone cement.2 While the formation of
brushite as a by-product was possibly thought to result from the
posite bone cements, where 2q= 10–80°, and phase composition (%)
tudio II program, (b) density and porosity as a function of NaCl content,
ion and rate of absorption as a function of NaCl content.

RSC Adv., 2024, 14, 35460–35474 | 35465
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amount of Ca2+ (from CaSO4) and H2PO4
− (from Ca10(PO4)6(-

OH)2) ions in the system. In addition, gypsum and brushite
cement have high binding properties, which can help improve
biological compatibility with living tissues. This was also
consistent with the previous works.43–45
3.3 Densication and water absorption

Plots of density and porosity as a function of NaCl content of the
(0.70CaS–0.30HAP)/xNaCl composite bone cement is shown in
Fig. 3(b), and the values are listed in Table 1. The data clearly
showed that adding NaCl into the 0.70CaS–0.30HAP caused
a slight decrease in the samples' density. The density value of
the x = 0 sample was 1.31 ± 0.02 g cm−3, which was close to
1.294 g cm−3 observed earlier by Jaita et al. for the HAP–CaS
composite bone cement.15 The density slightly decreased from
1.31 ± 0.02 g cm−3 for the x = 0 sample to the minimum value
of 1.28± 0.01 g cm−3 for the x= 2.5 sample. This result was also
correlated with the increase of porosity, as shown in Fig. 3(b),
and the reduction of linear shrinkage value with increasing
NaCl additive, as shown in Fig. 3(c) and Table 1. Aguilar et al.21
Table 3 Water absorption, microstructure, and mechanical properties o

x (wt%) Water absorption (%) Rate of absorption (mm min−1)

0 23.75 � 0.11 5.25 � 0.02
1.5 24.99 � 0.13 5.42 � 0.04
2.5 28.80 � 0.09 5.68 � 0.02

Fig. 4 SEM micrographs with the surface mode (2500× and 5000×
composite bone cements, where x = 0–2.5 wt%.

35466 | RSC Adv., 2024, 14, 35460–35474
also reported that the increase of porosity above 60% enables
bone cells to proliferate, mineralize, and consequently repair or
stimulate regeneration at the bone defect's site. Furthermore,
the mechanical properties are directly linked to the percentage
of porosity and the dissolution behavior of the scaffold in in
vitro studies, which is essential to keep in mind. The water
absorption and rate of absorption as a function of NaCl content
are also shown in Fig. 3(d). The water absorption and rate of
absorption were found to increase with increasing NaCl
concentration. They showed a maximum value of water
absorption (28.80± 0.09%), and the rate of absorption (∼5.68±
0.02 mm min−1) for the x = 2.5 sample (see Table 3).
3.4 Microstructural and chemical analysis

We used the SEM technique to determine the morphologies of
all bone cement samples (aer setting for 24 h at 37 °C and
100% relative humidity). SEM micrographs with surface mode
of the (0.70CaS–0.30HAP)/xNaCl composite bone cements,
where x= 0–2.5 wt%, are shown in Fig. 4. The SEMmicrographs
were taken at difference magnications of 2500× and 5000×.
f the (0.70CaS–0.30HAP)/xNaCl composite bone cements

Grain size (um) sc (MPa) sf (MPa) E (MPa)

12.44 � 0.11 7.21 � 0.17 4.81 � 0.18 1198.42 � 5.52
15.40 � 0.06 6.85 � 0.12 4.42 � 0.09 1040.91 � 5.02
18.27 � 0.09 6.68 � 0.14 4.39 � 0.08 1025.40 � 2.03

) and EDS data with area analysis of the (0.70CaS–0.30HAP)/xNaCl

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SEM micrographs with fracture surface mode (1000× and
2000×) of the (0.70CaS–0.30HAP)/xNaCl composite bone cements,
where x = 0–2.5 wt%.

Fig. 6 SEM micrographs with fracture surface mode (2500× and
5000×) of the (0.70CaS–0.30HAP)/xNaCl composite bone cements,
where x = 0–2.5 wt%.
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Needle-like shaped and interlocked crystals of CaS attaching
HAP agglomerates can be seen from the SEM micrograph.2 The
average grain size values are also summarized in Table 3. The
SEM results conrmed that NaCl additive inuenced the
microstructural and that the average grain size increased with
the NaCl modier concentration. Using the linear intercept
method, it was seen that the average grain size increased from
12.44± 0.11 mm for the x= 0 sample to around 18.27± 0.09 mm
for the x = 2.5 sample, indicating that the NaCl modier could
help to promote grain growth behavior. The EDS data with area
mode analysis are also displayed in Fig. 4 (right). The EDS peaks
showed that the HAP, CaS, and NaCl were produced success-
fully. As expected, the weight percent of Na and Cl gradually
increased with the amount of NaCl. The maximum weight% of
Na (3.29%) and Cl (3.52%) were observed for the x= 2.5 sample.
This is also well correlated with the observed NaCl peak for this
sample in the XRD pattern.

SEM micrographs with fracture surface mode (1000× and
2000× magnication) of the (0.70CaS–0.30HAP)/xNaCl
composite bone cement, where x = 0–2.5 wt% are shown in
Fig. 5. The fracture surface of the x = 0 sample showed ne
grain, denser, and more compact microstructure. The porous
structure with more coarse grain was observed with increasing
NaCl content. Based on SEMmicrographs shown in Fig. 6, it can
be seen that the porosity level observed on the fracture surface
increased with increasing NaCl content, agreeing well with the
slightly decreasing density and increasing porosity values, as
seen in Table 1. Tran et al.23 also reported that the resulting
NaCl was used to fabricate scaffolds with increased grain
growth and more porous structure. When NaCl produced from
the nucleation and crystallization methods were incorporated
© 2024 The Author(s). Published by the Royal Society of Chemistry
with the traditional salt leaching methods, the interconnectivity
was greatly improved. The nucleation techniques to prepare
scaffolds with improved interconnectivity with the potential for
enhanced cell–cell communication and mass transport played
a big role in the overall success of a tissue-engineering scaffold.
Pokhrel et al.46 also found that the HAP ceramic derived from
bovine bone had many pore structures and resulted in higher
porosity. This behavior also produced the porous bone cement
structure, which would cause the excellent in vitro apatite-
forming ability test.47,48 Moreover, they also reported that the
porous structure permitted the sample loading with drugs such
as antibiotics or substances that could improve the healing of
bone.46

3.5 Mechanical properties and statistical analysis

Normally, conventional indentation tests have been widely used
to determine the mechanical properties of composite mate-
rials,24 including tensile, hardness, the toughness of bulk
materials, bending strength, compressive strength, and elastic
modulus.49 In this work, the mechanical measurements of the
synthesized (0.70CaS–0.30HAP)/xNaCl composite bone cement
were performed through compression tests. The compressive
strength (sc) and the bending strength (sf) were studied using
a universal testing machine. The sc and sf values were calcu-
lated using empirical eqn (3) and (4), respectively, and the data
are summarized in Table 3. Plots of the sc and sf values as
a function of NaCl content are shown in Fig. 7(a) and (b),
respectively. The x= 0 sample had the sc of 7.21± 0.17 MPa and
the sf of 4.81 ± 0.18 MPa. The sc and sf values tend to slightly
decrease upon increasing the NaCl additive. The x = 2.5 sample
showed theminimum values of both sc (6.68± 0.14 MPa) and sf
RSC Adv., 2024, 14, 35460–35474 | 35467
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Fig. 7 Plots of (a) sc as a function of NaCl content, (b) sf as a function of NaCl content, (c) E as a function of NaCl content, (d) sc as a function of r,
(e) sf as a function of P, (f) E as a function of d, (g) sc as a function of incubation of the x= 0 sample, (h) sc as a function of incubation of the x= 1.5
sample, and (i) sc as a function of incubation of the x = 2.5 sample.
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(4.39 ± 0.08 MPa). The E value was also calculated using
empirical eqn (5) and the data are shown in Fig. 7(c). The E value
also showed a similar trend to that of sc and sf. Based on
Fig. 7(c), it was found that the E value gradually decreased with
increasing NaCl additive. The x = 2.5 sample exhibited the
minimum value of E (1025.40 ± 2.03 MPa). The slight reduction
of mechanical performances with higher NaCl additive
concentration was also correlated with the slight reduction of
density, decrease of linear shrinkage, and increase of grain
size.50,51 The relationship between the sc and the density (r) is
shown in Fig. 7(d). The sc had a linear relation with r, which can
be expressed as sc = 28.19r − 29.59. Statistical analysis showed
a signicant relationship between the two variables as the P-
value in the analysis of variance (ANOVA) indicated that P =

0.038, which is lower than 0.05.52,53 This equation described that
one density unit of 28.19 may increase the compressive strength
by approximately 29.59. Additionally, analysis of the regression
coefficients (R2) showed that this model can be explain 99.36%
of variability in compressive strength. This means a strong
relationship exists between these two variables.53 The sf had an
exponential relation (rst order) with the porosity (P) value,
which can be expressed as sf = 1.42 × 1021 exp(−P/0.89) + 4.38
(see Fig. 7(e)). The analysis of the regression coefficients (R2)
showed that this model can explain 99.75% of variability in
bending strength. As expected, a higher porosity volume frac-
tion can result in a lower sf value. The E value had an
35468 | RSC Adv., 2024, 14, 35460–35474
exponential relation (rst order) with the grain size (d), which
can be expressed as: E = 2.88 × 106 exp(−d/1.28) + 1023 (see
Fig. 7(f)). Furthermore, the porosity level evident on the fracture
surfaces of the composite bone cement in Fig. 6 was consistent
with trends in the measurement of mechanical values.

Plots of the sc as a function of incubation (1, 3, and 7 days) of
the x = 0–2.5 samples are shown in Fig. 7(g)–(i). The initial
compressive strength of the composite bone cement samples
(@ 1 day) varied between 6.68–7.21 MPa, which is in good
agreement with the brushite cement discussed in the previous
work (∼7.32 MPa).54 The sc of all samples increased with the
incubation day, which also correlated with the previous work.55

Aer 7 days of incubation, the maximum sc value was obtained
for all composite bone cements.

Based on the obtained results, it was found that the micro-
structure correlated with the mechanical performances. The
addition of NaCl promoted the porous structure with slightly
decreased mechanical performances. This behavior also helps
to promote excellent bioactivity, which will be discussed in the
next section.
3.6 In vitro apatite formation in SBF

Bioactivity is a highly desired feature for the biomaterials
intended to be used in bone tissue-engineering applications
that have been largely studied in bioactive glasses and glass
ceramics. Many studies have assumed that the in vitro apatite-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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forming ability measured by SBF test and in vivo animal models
predicts bioactivity. It is widely understood and agreed among
researchers that in vivo animal models can more accurately
predict the performance of biomaterials in the human body.
However, in vivo animal models are more expensive. Therefore,
the in vitro apatite-forming ability in SBF can be used for rst
screening bone bioactive materials before animal testing.56,57

The SBF solution was rst introduced by Kokubo et al.58 to
analyze the changes in the surface structure of a bioactive glass
ceramic. The SBF test is widely recognized for characterizing the
in vitro bioactivity of a wide variety of materials. The methods
for in vitro testing using the SBF immersion test have been
recently standardized. The inorganic ion concentration of the
SBF solution is nearly equal to that of human blood plasma. The
development of SBF is based on the concept that the essential
prerequisite to evaluate the bone-binding abilities of a bioma-
terial is the formation of a bone-like apatite layer on its surface
when implanted into the living body. Aer immersion in the
SBF buffer solution (pH = 7.4) for predetermined time points,
the resulting layer is evaluated to determine the apatite-forming
ability of the tested specimens. The samples are analyzed to
identify the formation and growth of all apatites.56–59

Concerning the apatite-forming ability evaluation in this
work, the (0.70CaS–0.30HAP)/xNaCl composite bone cements
were immersed in the SBF solution for 1–28 days. Each
composite bone cement was limited to 1 cm2 of the active area
and was immersed in falcon tubes containing 40 mL of SBF
solution at 37 °C in a water bath.24 Aer 1–28 days of soaking in
SBF solution, the SEM technique was used to again study each
sample. SEM micrographs of the (0.70CaS–0.30HAP)/xNaCl
composite bone cement aer being soaked in SBF solution for
1, 3, 7, 14, and 28 days, where x= 0–2.5 wt% are shown in Fig. 8.
Aer immersion in SBF for 1 day, all samples showed a tiny
Fig. 8 SEM micrographs of the (0.70CaS–0.30HAP)/xNaCl composite b
days, where x = 0–2.5 wt%.

© 2024 The Author(s). Published by the Royal Society of Chemistry
ake (small apatite) deposition on their surface. With the
immersion time increasing up to 3 days, more precipitated
apatite crystals were observed on the surface of all composite
bone cement samples. Furthermore, the formation of the
apatite crystals on the surface of all samples signicantly
increased with increasing NaCl content. A few precipitated
apatite crystals were observed on the surface at lower NaCl
content (x = 0–1.5). However, with increasing NaCl content, the
short needle-like apatite crystals were more precipitated and
covered the surface, especially for the x = 2.5 sample.

Aer immersion in SBF for 7–14 days, the needle-like apatite
crystals were formed more in numbers and were elongated
aggregates when compared to those from the 3 day SBF
immersions. In addition, the aky sheet-like structure was also
observed. The apatite layer was more precipitated and clearly
observed when the immersion time was increased up to 14 days.
In addition, the apatite layer was more precipitated and clearly
observed with a higher added amount of NaCl. Aer immersion
in the SBF for 28 days, the mixed needle-like and coral-like
apatite layer fully covered all surface areas for the x =

0 sample. For the x = 1.5 sample, the apatite crystals were
observed to have a cylindrical shape and clump to form groups
with a cactus shape.48 Especially with the x = 2.5 sample aer
being immersed for 28 days in SBF, the apatite crystals grew to
form a cactus shape with a thicker block on the material's
surface. Normally, HAP-based material has the ability to
promote bone-like apatite formation directly on their surface.
The mechanism for the formation of apatite is following: (1) the
HAP surface reveals negative surface charges due to the pres-
ence of hydroxyl (OH−) and phosphate (PO4

3−) groups on its
surface, (2) these negative ions interact with the positive
calcium ions in the SBF to form the Ca-rich ACP or amorphous
calcium phosphate, which gain positive surface charge, (3) the
one cements after being soaked in SBF solution for 1, 3, 7, 14, and 28

RSC Adv., 2024, 14, 35460–35474 | 35469
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Ca-rich ACP interact with the negative phosphate ions in SBF to
form the Ca-poor ACP, which stabilizes because of its crystalli-
zation into bone-like apatite in the SBF, and (4) nanoscale
variations in the surface potential can affect the formation of
apatite layer from SBF solution.60,61

Based on the above results, it is clearly seen that the incor-
poration of NaCl during the synthesis procedure of the bone
cement sample played a key role in enhancing their surface
properties.56 When NaCl was added into the 0.70CaS–0.30HAP
composite bone cement, causing a higher concentration of Na+

and Cl− ions (increasing ionic supersaturation). The Cl− nega-
tively charged surface accumulates Ca2+ and the Na+ positively
charged surface accumulates PO4

3−. Those ions led to the
formation of nucleation sites for the precipitation of HAP on the
surface of the samples and induced the formation of the apatite
layer when placed in the SBF due to the increase in viscosity,
becoming denser and stickier between the scaffold grains and
appearing as small threads on the surface of the samples.21,60,61

Moreover, the density reduction was observed while the porosity
increased with the increase in the NaCl additive. This behavior
also produced a porous structure, which caused more precipi-
tated apatite crystals and good in vitro apatite-forming ability
tests as expected. Therefore, in this research work, the x = 2.5
sample exhibited a porous structure with good biocompatibility
in the SBF solution.48,62 The bioactivity of this material is
attributed to its compositional and surface characteristics.48,63

Karageorgiou et al.64 also reported that higher porosity and pore
size resulted in greater bone ingrowth with good bioactivity. Liu
et al.62 also reported that porous structures are highly desirable
because of their high specic surface area, abundant active
Fig. 9 Plot of cell viability (%) after 24 h of the (0.70CaS–0.30HAP)/xNa

35470 | RSC Adv., 2024, 14, 35460–35474
sites, and surface accessibility. An elevated specic surface area
of porous structure can cause a high loading rate, and nally,
excellent biocompatibility has been achieved.

3.7 In vitro cytotoxicity

In vitro cytotoxicity test is always appealing, due to the lower
cost, shorter duration, and higher reproducibility and reli-
ability. The cytotoxicity of a proposed material to a specic cell
type can be studied by directly seeding the cells on the mate-
rial's surface or exposing the cells to the extraction uid, which
falls under an indirect toxicity evaluation. Normally, cytotoxicity
assays measure the effects on cells during the rst 12–24 hours
aer exposure to the material.65 Based on the literature on in
vitro cytotoxicity, there are various techniques available for
conducting the cell viability assay such as sulforhodamine B
(SRB), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), lactate dehydrogenase (LDH), and etc.65 The
SRB assay has been widely used to investigate cytotoxicity in
cell-based studies and it is the method of choice for the highly
cost-effective screenings. The SRB assay is a simple, rapid,
inexpensive, and reproducible method for cell density deter-
mination, which relies on the binding ability of SRB dye to basic
amino-acid residues of cellular proteins, however, its lower
sensitivity with non-adherent cells and the need for adding
trichloroacetic acid to x the cells.34,66–68 MTT and LDH assays
monitor the cellular metabolic activity and cell death respec-
tively, based on the reduction of light-absorbing substrates.65

MTT assay is simple, highly reproducible, and gives a precise
dose–response curve on small cell numbers, however, there is
no discrimination between cytostatic and cytotoxic effects and
Cl composite bone cements at various concentrations.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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can have spectral interferences. LDH assay has a long half-life
and can multiplex with any other assay and is fast, however, it
is not super sensitive and background contamination via
animal serum media can occur.65 However, the in vitro cyto-
toxicity or cell culture test of all composite bone cement
samples in this work was performed using SRB assay for cyto-
toxicity screening due to its user-friendly nature, high repro-
ducibility, and safety considerations.34,65–68 The plot of cell
viability (%) aer 24 h of the (0.70CaS–0.30HAP)/xNaCl
composite bone cement at various concentrations is shown in
Fig. 9. According to the cell culture tests at various concentra-
tions from 1 to 200 g mL−1; the results showed no evidence of
cytotoxicity. During 24 h of incubation, it was found that the
cells proliferated for all samples. Good cell viability was
observed. At the higher concentration of 200 mg mL−1, the
proliferation of cells was above 91.12–93.45% for x = 0–1.5
samples, while the x = 2.5 sample had more than 94.12% cell
viability. This means that all prepared composite bone cement
samples have excellent biocompatibility, particularly the x= 2.5
sample.37,69 Considering in vitro cellular activity, it can be
conrmed that the x = 2.5 sample showed no signicant anti-
proliferative effect aer 24 h incubation. No signicant
morphological changes, non-cytotoxicity, and benecial for
promoting cell growth for these composite bone cements,
conrming the biocompatibility, and demonstrating that these
composite bone cements are a potential material for bone-
related and biomedical applications.70,71

4 Conclusions

In this research work, the (0.70CaS–0.30HAP)/xNaCl (x = 0, 1.5,
and 2.5 wt%) composite bone cements were successfully
prepared. The setting time, injectability, washout resistance,
phase evaluation, physical properties, water absorption,
microstructural, chemical analysis, mechanical, statistical
analysis, in vitro apatite-forming ability, in vitro cytotoxicity tests
as a function of NaCl added content were performed. The initial
setting time and nal setting time decreased with increasing
NaCl content. The mixed phases of HAP, CaS, brushite, gypsum,
and NaCl were found in the XRD pattern. The average grain size
increased with increasing NaCl content. The mechanical prop-
erties including sc, sf, and E slightly decreased with increasing
NaCl content, which correlated with all composite bone
cements exhibiting the porous structure, especially for the x =

2.5. The x = 2.5 composite bone cement also produced a higher
ability to induce apatite precipitation. The in vitro cell culture
analysis conrmed the non-cytotoxicity of all compositions to
the tested primary dermal broblast cells, which means that all
prepared bone cement samples are biocompatible and bene-
cial for promoting cell growth. The above results suggested that
the (0.70CaS–0.30HAP)/2.5NaCl composite bone cement has the
potential to be a promising material candidate for biomedical
applications in the future. In addition, further validation of the
in vitro cell culture with cancer cells wound healing assays or
inammatory markers, and in vivo studies are needed to be
performed in the future to conrm the ndings of the current
study.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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