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Enhancing bioactivity and mechanical
performances of hydroxyapatite—calcium sulfate
bone cements for bone repair: in vivo histological
evaluation in rabbit femurs
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This study deals with synthesizing hydroxyapatite—calcium sulfate bone cements or HAP—xCaS for bone
repair. The effect of CaS on the setting time, injectability, washout resistance, phase evolution, water
absorption, and physical, microstructural, and mechanical properties, as well as in vitro apatite-forming
ability test and pH behavior of the HAP were investigated. Implantation of bone cement in rabbit femur
and in vivo histological analysis were also analyzed. Initial and final setting times decrease with increasing
CaS, which would be helpful for clinical procedures. All compositions have mixed phases of HAP, CaS,
brushite, and gypsum. The prepared bone cement exhibited a dense structure and increased linear
shrinkage with increasing CaS content. Adding more CaS inhibited grain growth and improved the
mechanical properties, including compressive strength (a.), bending strength (g¢), and Young's modulus
(E). SEM micrographs displayed that the x = 0.7 or HAP-0.7CaS bone cement produced the highest
ability to induce in vitro apatite formation, indicating its biocompatibility. /n vivo histological analysis for
the HAP-0.7CaS bone cement demonstrated that more new bone formed around defects and bone
cement particles. Osteoblasts were found peripherally at the bone trabeculae, and occasional
osteoblast-like cells were observed at the granules after 4-8 weeks of implantation. The obtained results
indicated that the HAP-0.7CaS bone cement has the potential to exhibit good bioactivity, injectability,
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1 Introduction

Nowadays, many researchers have focused on bone cements
due to their possible use in the restoration of bone defects."
Bone cement plays an important role in orthopedics and
dentistry through minimally invasive procedures because of its
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and good mechanical properties for bone repair applications.

injectability, moldability to fill irregularly shaped defects, self-
setting ability, and low risk."* Moreover, bone cement trans-
fers the load from the prosthesis to the bone and can be used as
an implant coating for a bioactive substance.® Delivery of the
cement through a needle or cannula will make it more useful in
clinical applications.* Currently, many bone cements are being
studied as bone substitute biomaterials for different patholo-
gies. The search for bone substitutes with appropriate bioac-
tivity and mechanical properties is still a research hotspot.*”
Hydroxyapatite (Ca;o(PO4)s(OH), or HAP) is one of the most
widely used biomaterials in the field of biomaterials for bone
substitutes and tissue engineering. HAP is a calcium
phosphate-based material with a Ca/P ratio of ~1.67,* which
shows structural and chemical similarities to the human bone
skeleton.®* It is a major mineral constituent of the bone matrix
owing to its good biocompatibility with human tissues, bioac-
tivity, and long-term stability in living tissues.”™ Many HAP
applications in medicine include bone repair, dental uses,
implant coating, and drug delivery systems.'»'®” HAP has
excellent bioactivity; however, as a starting material for bone
cement, HAP is not self-setting. Furthermore, HAP has a slow

© 2024 The Author(s). Published by the Royal Society of Chemistry
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resorption rate, slow degradation, and low mechanical perfor-
mance, which limits its applications.”

Currently, calcium sulfate cement or CaS cement has been
used extensively as a bioabsorbable bone substitute for over 100
years."**' It is one of the most frequently used bone cement
because of its desirable properties, such as self-setting, good
biocompatibility, degradability, and rapidly and completely
bioresorbable material.?>>* Moreover, it is low cost and has an
abundant supply.®® Typically, calcium sulfate hemihydrate
(CSH, CaSO,-0.5H,0) mixed with water can undergo in situ
setting and transform into calcium sulfate dihydrate or gypsum
(CaSO,-2H,0), which is in the hard cement form.>”*® The
properties of cements can be improved by manipulating their
chemical composition, changing the particle size of initial
powders, using various types of liquid phases with different
liquid-to-powder ratios and introducing various additives.>

Hao et al® studied the calcium sulfate-tricalcium silicate
(CS/C3S) composite cement. They reported that incorporating
C3S could be a feasible approach to improve the biological
performance of CS-based bone cement as a biodegradable
implant for bone repair in clinical applications. Chen et al.*
found that the mineralized collagen/calcium sulfate hemi-
hydrate (nHAC/CSH) composite is an injectable bone repair
material with controllable injectability and self-setting proper-
ties prepared by introducing CSH into nHAC. These composites
have good biocompatibility and osteogenic capability. A mixture
of CaSO,-1/2H,0 and hydroxyapatite (HAP) with varying liquid/
powder ratios from 0.4-1.8 was prepared by Cabanas et al.*'
They reported that the biphasic specimens had apparent
densities slightly higher than those of a pure phase. The
incorporation of 40 wt% of HAP showed an improvement in the
bioactivity response when compared to pure HAP or gypsum
when soaked in simulated body fluid (SBF). Yang et al*
prepared calcium sulfate/magnesium phosphate cement
composite (CSMPC). They reported that the prepared CSMPC
composites featured the controllable setting time mechanical
strength and degradation rate by adjusting MPC, which would
provide the facility to fulfill the requirement for the clinical
application. The CSMPCs also exhibited excellent bioactivity
and good biocompatibility to enable the cells to attach to and
proliferate on the surface. This CSMPC composite has the
potential to serve as a bone graft for bone regeneration.

The compounds of HAP and CaS are very interesting, and
both are commonly used to fill bone defects in clinical trials.*
The HAP has good biocompatibility and bone conductivity,
which can be in close contact with bone tissue and induce new
bone formation,*~*¢ while the CaS has excellent self-setting
properties, good biocompatibility, degradability, and rapidly
and completely bioresorbable material."*” Consequently,
attempts to combine the advantages of HAP and CaS
compounds were then carried out.

In this work, we attempt to synthesize the HAP-xCaS bone
cements for bone repair. To reduce the raw chemical substance
at a low cost for the final product, the studied HAP powder in
this work was synthesized from bovine bone, which is a natural
material and a waste product. This method is easy and quick to
prepare. Moreover, the yield product from natural materials is
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very high when compared to that of chemical techniques (high
cost and low yield). Considering the consolidation ability of CaS
and the biocompatibility of the HAP, the two materials are
mixed to complement each other. The effect of CaS content on
the initial and final setting times, phase, physical, water
absorption, microstructure, and mechanical properties of HAP
was investigated. Moreover, we investigated in vitro apatite-
forming ability and pH behavior in SBF at 37 °C of the HAP-
xCaS bone cements. Furthermore, the effect of material
implantation in rabbit femur and in vivo histological analysis
are investigated and discussed in detail. These properties are
essential for evaluating the availability of biomaterials in
guiding tissue regeneration and repair.”® In this work, the
formation of new bone tissue with good bioactivity was also
demonstrated. We also demonstrated that the HAP-xCaS bone
cement composites have good liquidity, injectability, and
biocompatibility*® compared to a single HAP or CaS, suggesting
their potential use for bone repair applications.

2 Experimental

2.1 Synthesis of the nano-hydroxyapatite powder from the
natural bovine bone

The hydroxyapatite [Ca;o(PO,)s(OH), or HAP] powder was
derived from the natural bovine bone by a sequence of thermal
processing. The fresh bovine bones of a cow were cut and
cleaned well to remove visible adhering impurities and
substances, which included the ligaments and tissues stuck on
the bone. The clean bone was defatted by boiling it in distilled
water to remove the bone marrow and tendons for 8 h. Then, the
bovine bone is deproteinized by continued boiling in water. The
boiled bone samples were then dried overnight at 200 °C. Next,
the deproteinized bone was calcined at 800 °C for 3 h dwell time
with a heating/cooling rate of 3 °C min~". After that, it was
coarse ground with a mortar.*® To obtain the nano-powder, the
HAP was then milled by applying a high-energy vibro-milling
method for 20 min. In addition, the particle size distribution
of the HAP nano-powder powder was examined using a dynamic
light scattering technique (DLS, Zetasizer [Nano Series]). A
schematic of the methods used to fabricate the HAP nano-
powder is shown in Fig. 1.

The clean bone was defatted using boiling in
distilled water to remove the bone marrow and
tendons for § h

The fresh bovine bones of a cow
were cut and cleaned

The deproteinized bone was
calcined at 800 °C for 3 h

Hydroxyapatite nano powder,

[Ca10(PO)(OH), or HAP]

Ball milled by a high-energy Vibro-milling Coarse grinding with a mortar

Fig. 1 Schematic of methods to fabricate the nano hydroxyapatite
(HAP) powder.
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2.2 Preparation of the hydroxyapatite-calcium sulfate bone
cements (HAP-xCaS)

Calcium sulfate hemihydrate (CSH) with medicine grade was
the raw material obtained from Merck & Co., Inc. (Germany).
The CSH can react with water immediately and transform into
CaS or CaSO,-2H,0, which is in the form of solid and hard
cement.””*® The HAP nano-powder was derived from the natural
bovine. The resulting HAP and CaS powders were weighed and
mixed to obtain the mixed powder of HAP-xCaS, where x = 0-1
weight fraction. XRD was performed on the mixed powders for
phase identification. To obtain the 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 cement was quickly transferred to a mold (with
bar or cylindrical), as shown in Fig. 2. The HAP-xCaS samples
were placed in a water bath with 100% humidity and a temper-
ature of 37 °C until the setting steps were completed.*® After
that, all HAP-xCaS bone cements were then characterized.

2.3 Injectability, washout resistance, and setting time tests

The injectability test was evaluated by extruding the cement
paste through a disposable syringe. The washout resistance test
of the injected HAP-xCaS cement paste was also measured.
Briefly, each HAP-xCaS cement paste was placed in a syringe (5
mL) with an opening nozzle diameter of 2.0 mm* and injected
into Ringer's solution at 37 °C. After that, the weight loss of
cement paste (%) after immersion of 0, 5, 10, 15, 20, 25, and 30
minutes in the Ringer's solution was also measured. Normally,
it was assumed to pass the washout resistance test if the paste
did not dissociate in the Ringer's solution after 30 minutes of
immersion and showed a minimum weight loss of cement
paste.

For setting time test, the HAP-xCaS samples were prepared
as described earlier and checked from time to time using
a testing apparatus. The setting time of each HAP-xCaS sample
was tested using a 400 G Gillmore needle with a 1 mm diameter
according to ISO 9917-1 for water-based cement. The initial
setting time was defined as the point when a needle with
a 1 mm diameter failed to create an indentation of 1 mm in
depth on the surface of the specimen with a load of 300 g in
three separate areas. The final setting time was defined as the
time that elapsed until the needle failed to penetrate or produce

HAP-xCaS
The cement paste was quickly transferred to a mold

- t Bar
o | e
s ——
o \
: _f —| Cylindrical
, V , +A):~ < +
== e ~

Fig. 2 Schematic of methods to prepare the HAP-xCaS bone
cements with different shapes.

mixed powder

Powder: liquid ratio of 2:1

Mixed well using a spatula

Deionized water
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flaws on the surface of the specimens.* The setting time of six
specimens for each cement group was measured, and the
results were expressed as mean + SD.*°

2.4 Phase evaluation

X-ray diffraction (XRD, Rigaku, MiniFlex 600) was used for the
phase identification of the HAP powder, the mixed powders of
HAP-xCaS, and the HAP-xCaS bone cements. The source of the
X-ray was CuKa, radiation (wavelength of 1.5405 A) with the tube
voltage and current of 35 kV and 30 mA, respectively. Room
temperature XRD data was recorded in 26 between 10 and 60°
with a step size of 0.02° s~*. The quantitative phase composi-
tion (%) of the HAP-xCaS bone cements was analyzed by
applying the Reference Intensity Ratio (RIR) method using the
SmartLab Studio II program.

2.5 Physical properties and water absorption analysis

The bulk density and porosity measurements were conducted
using a liquid displacement technique. This work used ethanol
as the displacement liquid because water was the setting liquid.
Before the measurement, the bone cement samples were dried
in an oven at 120 °C for 2 h. The sample was immersed in
a graduated cylinder containing a known volume (V;) of
ethanol. Afterward, it was ultrasonically stirred for at least 3 min
to force the ethanol into the pores of the specimens until no air
bubbles were observed emerging from the sample. The total
volume of ethanol and the ethanol-impregnated sample was
then recorded as V,. The ethanol-impregnated sample was
removed from the cylinder, and the residual ethanol volume
was recorded as V3. The volume differences, (V; — V3) and (V, —
V3), were the pore and total volumes, respectively. Thus, the
porosity of the sample was obtained using the following
equation:*®

Porosity = (V7 — )/(Vy — V3) x 100%. (1)

The water absorption and rate of absorption values were
calculated in this study. The linear shrinkage value was also
calculated using the following empirical equation:**

Sy = [(D1 — Dy)/Dy] x 100%, 2)

where Sy, (%) is the linear shrinkage, D; (mm) is the length of the
mold, and D, (mm) is the length of the sample after the
completed setting.

2.6 Microstructural analysis

First, the samples were cleaned with an ultrasonic cleaner and
then fixed on a brass stub. All samples on the stub were coated
with gold sputtering (JFC-1100E). A scanning electron micro-
scope (SEM, Prisma E Microscope, Thermo Fisher Scientific,
USA) was used to study the microstructural features of the HAP-
xCaS bone cements. During image acquisition, the secondary
electron modes were utilized with an accelerating voltage of 15
kv. The grain size of all bone cements was determined using the
linear intercept method (ASTM no. E112-88). This method was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the quantitative measurement of grain size values within
a dense uniform structure, and it was the best suited where the
boundaries of each grain were relatively easy to determine.*?

2.7 Mechanical properties

In this research, the compressive strength (o) of all samples
was measured following ASTM C773-88(1999) to evaluate their
structural integrity*® using a wuniversal testing machine
(Hounsfield, H50KS) with a cylinder specimen size of 10 mm in
length and 5 mm in diameter. The top and bottom surfaces
were loaded at a 5 mm min~" crosshead speed using a screw-
driver load frame. The ¢. of each sample was calculated using
the following equation:

Oc = VR (3)

where o, is the compressive strength (MPa), A is the calculated
area of the bearing surface of the sample (mm?), and P is the
total load on the sample at failure (N). In addition, the o values
after 1, 3, and 7 days of incubation were measured in this
work.

The bending strength or flexural strength (of) was also
studied in this work using a universal testing machine
(Hounsfield, H50KS), following the method described by ASTM
C 1161-94(1996). Five samples with rectangular specimen
dimensions of 8 x 6 x 100 mm were designed, and the average
results were reported.** The o¢ of each sample was determined
using the following formula:

3PL

gr = W, (4)

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

_ L’P 5)
 4bd}Y’
where E is Young's modulus (MPa), L is the length of the
support span, P is the load (force) at the fracture point (N), d is

the thickness, b is the width, and Y is the bending distance of
the test sample.

2.8 Statistical analysis

For statistical analysis, the results were then analyzed using
simple statistical analysis, which is an analysis of variants
(ANOVA) at a significance level of 5% (P < 0.05) to determine the
statistical significance of the data.*® Results were expressed as
mean + standard deviation (SD).>**>%¢

2.9 Invitro apatite-forming ability test and pH behavior

For the in vitro apatite-forming ability test, the HAP-xCaS bone
cements were placed in a mold with 5 mm in diameter and
10 mm in height to make a cylindrical shape and incubated at
37 °C in a saturated 100% humidity environment.>® The studied
samples were immersed in simulated body fluid solution (SBF)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and incubated at 37 °C for 7 and 14 days. The SBF solution is the
closest to human plasma. The ionic concentration of SBF (in
mM) was the following: Na* = 142.0, K" = 5.0, Ca®" = 2.5, Mg*"
= 1.5, CI” = 148.8, HCO;~ = 4.2, HPO,>~ = 1.0, and SO,> =
0.5.*>*” The SBF solution was changed every 1 h for up to 12 h,
followed by replacement with fresh solution once a day for 14
days. For each time point, pH changes were recorded using
a pH-meter (Thermo Fisher Scientific, USA).>® After 7 and 14
days of soaking in SBF, the samples were investigated for
apatite-forming ability by applying SEM techniques.

2.10 In vivo studies

2.10.1 Animal implantation of hydroxyapatite—calcium
sulfate bone cements. The animal study was approved by the
Faculty of Veterinary Medicine, Chiang Mai University, Thai-
land (Animal Use Protocol Ref. No. R16/2559). Six adult male
New Zealand white rabbits (12 week-old) weighing 3 kg each
were chosen for the in vivo investigation or implant of the HAP-
xCaS bone cement. First, rabbits were intramuscularly injected
with xylazine 5 mg kg™ combined with Zoletil® 15 mg kg™ " as
general anesthesia. The subcutaneous analgesic (tramadol 4 mg
kg ") and subcutaneous antibiotics (enrofloxacin 5 mg kg ™)
were injected. The anesthesia was maintained with isoflurane
1-2%. The defect sites were created using a trephine drill with
two holes at the center of each femoral bone axis 5 mm in
diameter and 10 mm in depth, approximately 2.5 cm apart. The
HAP-CaS bone cements (cylinder specimen size of 5 mm in
diameter and 10 mm in length) were placed into the defect sites,
and the adjacent soft tissue was then sutured to secure the test
material at the defect sites. After 2, 4, and 8 weeks, the rabbits
were sacrificed, and the en bloc femoral diaphysis was obtained
for in vivo histological analysis.****®

2.10.2 Histological analysis. The en bloc femoral diaphysis
of rabbit femurs at the surgical sites was collected and fixed in
a 10% neutral buffered formalin solution at room temperature.
Each sample was decalcified with 4% nitric acid and dehydrated
using an alcohol series. Residual alcohol was removed by
immersion in xylene, and the tissue sample was embedded in
a paraffin block. Tissue slices (5 pm thick) were cut using
a microtome and stained with hematoxylin and eosin (H&E) and
Masson's trichrome stains. The sections were observed using
a model BX53 microscope (Olympus, Japan) and photographed
with an Olympus DP72 camera. Images were analyzed using
Cellsens software (Olympus).>*4°

3 Results and discussion

3.1 Structure and dynamic light scattering analysis of the
HAP

X-ray diffraction patterns of the HAP nano-powder synthesized
from the natural bovine bone (calcined @ 800 °C for 3 h) are
shown in Fig. 3a. XRD data were recorded in the range of 26 =
20-60°, with a step size of 0.02° s*, using CuKa. radiation at 35
kv, and 30 mA with A = 1.5405 A. Based on the XRD analysis,
a pure phase of the HAP was successfully obtained. The XRD
data were found to match the stoichiometric of hydroxyapatite

RSC Adv, 2024, 14, 23286-23302 | 23289
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High-energy vibro-milling for 20 min

(a) Hydroxyapatite (HAP) powder calcined 800 °C/3 h
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Fig. 3 (a) X-ray diffraction patterns of the nano HAP powders calcined
at 800 °C for 3 h where 26 = 20-60°, (b) SEM micrograph of the nano
HAP powder prepared by high-energy vibromilling technique for
20 min, and (c) particle size distribution histogram of the nano HAP
powder.

Ca;((PO,)s(OH),, which correlated with ICDD data file no. 00-
024-0033 in a hexagonal single phase.*®** SEM micrograph of
the HAP nano-powder was prepared by applying a high-energy
vibro-milling technique for 20 min, as shown in Fig. 3b. The
particles of the HAP nano-powder synthesized from the natural
bovine bone showed a small size with a round shape.

The dynamic light scattering (DLS) technique was used to
examine the particle size distribution of the HAP nano-
powder,* and the result is shown in Fig. 3c. It was found that
the powder preparation technique for the particle size analysis
in this work was used to prepare a well-dispersed particle.
Therefore, there are no traces of particle agglomeration. The
particle size distributions showed a mono-modal distribution.>
As estimated from the particle size analysis, the average particle
size of the HAP nano-powder was 325 nm. Furthermore, the
particle size ranged from 230 to 430 nm. This means that our
processing can produce the nano-powder particle sizes of
HAP.?¢

X-ray diffraction patterns of the mixed powder HAP-xCaS (x
= 0-1), where 26 = 10-60°, are shown in Fig. 4. The pure HAP
powder had a hexagonal phase according to ICDD data file no.
00-024-0033,*>°>°* while the pure CaS matched with ICDD file
no. 00-002-0134. This was also consistent with the previous
work.>® By increasing the CasS content, the main peak of the CaS
phase was dominantly observed. Except for the pure HAP and
the pure Cas, all compositions showed two-phase mixture peaks
of HAP and CaS with intensities corresponding to the relative
amount of each phase.

3.2 Setting time, injectability, and washout resistance

The significant advantage of bone cement is its self-setting
ability at body temperature when injected into the defect
site.*®** However, the setting reaction and hardening time of in
situ bone cement vary depending on many factors. Chemical
composition, particle size, and liquid phase, as well as the ratio
of liquid to powder play a crucial role in the setting time of
cement materials.”® Therefore, each composition of bone
cement must be optimized to control the setting reaction.*®
Setting time is one of the most clinically relevant factors, and

23290 | RSC Adv, 2024, 14, 23286-23302
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Fig. 4 X-ray diffraction patterns of the HAP—xCaS mixed powder (x =
0-1), where 26 = 10-60°.

a long setting duration could cause clinical problems due to the
cement's inability to maintain shape and support stress during
this period.”® Generally, self-setting bone cement should react
slowly enough to allow enough time for the surgeon to implant
it and fast enough to prevent delays in surgery. Good mechan-
ical properties should also be reached within minutes after the
initial setting.*»*® In this work, the initial and final setting times
were measured depending on the CaS content. It was noted that
the composition of x = 0-0.2 could not be set to the solid and
hard bone cements, while the composition of x = 0.8-1.0 was
too viscous, and the cement paste of these compositions could
not be injected or extruded through a disposable syringe.
Therefore, the x = 0-0.2 and the x = 0.8-1.0 samples were
excluded from further investigations and characterizations.
Plots of the initial setting time and final setting time values
as a function of the CaS content of the HAP-xCaS bone cements,
where x = 0.3-0.7, are shown in Fig. 5a, and the related values
are also summarized in Table 1. The setting time testing
apparatus is also shown in the inset of Fig. 5a. Usually, a stan-
dard for setting time in clinical use is that the initial setting
time should range from 3 to 8 min. The setting time of cement
generally corresponds to the onset of the setting reaction.
Therefore, the setting time depends on the initial setting rate of
the cement. The setting rate of the cement is not a constant
value but varies with time. A particular cement might have
a short setting time but might require a long time to reach
complete conversion.*® Based on Fig. 5a and Table 1, the setting
time value was reduced by adding CaS. The initial and final
setting times further decreased with the increase in the CaS
content and showed the minimum values for the x = 0.7 bone
cement. The x = 0.7 sample displayed the fastest reaction
among all samples with the minimum initial and final setting
times of 8.04 + 0.15 min and 23.25 £ 0.34 min, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Plots of (a) the initial setting time and final setting time as
a function of CaS content, and (b) the weight loss of cement paste (%)
after immersion in the Ringer's solution as a function of immersion
time (inset: pictures showing the injectability and washout resistance
tests).

Therefore, the x = 0.7 sample had good initial and final setting
times, and we expected that the x = 0.7 bone cement should be
appropriate for bone repair application. It was also demon-
strated that a significant reduction in setting time would be
helpful for clinical procedures; normally, an average initial
setting time of about 20 min is considered optimum for dental
implants.*”
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Another important factor in handling the HAP-xCaS cement
pastes was their injectability.” Normally, injectability can be
defined as the ability of a cement paste to extrude through the
syringe. During injection, the extruded paste must maintain
homogeneity. This is a key element in the development of
injectable bone cements. The literature has no unified standard
procedure for measuring injectability. Usually, it is identified by
the force required for the complete extraction or quantification
of extruded material during a certain period.*® For the present
work, injectability was evaluated by extruding the cement paste
through a disposable syringe according to a modified method
described in the experimental part.”® Generally, the rheological
properties of the bone cement should be sufficient to allow
injection through the needle at a force that a surgeon can apply
to fill the fracture site. Additionally, the bone cement should
have sufficient cohesion to prevent disintegration in the body.*®
Bone cement without additives typically has poor injectability
due to its lower cohesion properties.®® This poor cohesion
renders the bone cement more prone to disintegration when the
cement contacts blood or other biological fluids during the
operation. This can lead to cement embolism with potentially
fatal consequences.****

In this work, injectability, and washout resistance were also
tested. The HAP-xCaS cement pastes were directly injected into
Ringer's solution, and the weight loss of cement paste (%) after
immersion in the Ringer's solution 0, 5, 10, 15, 20, 25, and 30
minutes was also measured. It was found that each composition
of cement paste could be extruded through the syringe with
homogeneity. Normally, if the paste did not dissociate in the
Ringer's solution after 30 minutes of immersion and showed
a minimum weight loss of cement paste, it was assumed to pass
the washout resistance test. The weight loss of cement paste (%)
after immersion in the Ringer's solution as a function of
immersion time is shown in Fig. 5b. Based on Fig. 5b, the
weight loss of cement paste was further increased with an
immersion time ranging from 0 to 30 minutes. After 30 minutes
of immersion, the x = 0.3 cement paste could not pass the
washout resistance test because it was significantly dispersed in
Ringer's solution and showed a high weight loss of cement
paste value of 95.41 + 3.23% (see Table 1). However, the x = 0.4-
0.7 samples can pass the washout resistance test. The x = 0.4-
0.6 cement pastes showed the weight loss of cement paste from
around 17.25 £+ 1.22 to 70.24 £ 2.44%, and the pastes were

Table 1 Setting time, weight loss of cement paste, and XRD analysis by SmartLab Studio Il program of the HAP-xCaS samples

Initial setting Final setting

Weight loss of cement paste”

Phase composition” (%) (by RIR method)

x time (min) time (min) (after 30 min immersion) (%) HAP Gypsum Brushite Cas
0.3 16.42 £+ 1.52 51.28 £ 2.15 95.41 + 3.23 46.90 30.19 22.90 0.01
0.4 12.43 £ 1.35 36.72 £ 1.05 70.24 £ 2.44 36.47 41.58 21.94 0.01
0.5 12.31 £ 1.41 29.67 £ 1.65 45.44 £+ 2.51 30.31 48.32 21.35 0.02
0.6 11.50 £ 0.20 25.70 £ 0.85 17.25 £ 1.22 27.63 54.76 17.60 0.01
0.7 8.04 + 0.15 23.25 £ 0.34 4.11 £ 0.91 21.81 64.34 13.82 0.03

“ Weight loss of cement paste (%) after 30 minutes immersion in the Ringer's solution. ” Phase composition of the HAP-xCaS bone cements
analyzed by the Reference Intensity Ratio (RIR) method using SmartLab Studio II program.
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maintained of some particles. The x = 0.7 sample exhibited
a minimum weight loss of cement paste value, and the particles
did not disintegrate and retained their original shape. There-
fore, we can conclude that the x = 0.7 or HAP-0.7CaS sample
had good injectability and washout resistance because the
starch did not dissociate in the solution and showed
a minimum weight loss of cement paste value of 4.11 4+ 0.91%.**

3.3 Phase evolution of the HAP-xCaS bone cements

Mixing HAP and CaS dry powders with liquid phase induced
various chemical transformations. The XRD patterns of the
studied bone cement made from mixtures of HAP and CaS with
different ratios of HAP and CaS after being hardened at 37 °C
for 24 h at 100% relative humidity are presented in Fig. 6. The
XRD results revealed that all compositions contained multi-
phases, including HAP, CaS, brushite, and gypsum. The
quantitative analysis of each phase was thoroughly conducted
using the Reference Intensity Ratio (RIR) method with the
SmartLab Studio II program. The percentage of each phase
composition (i.e. HAP, CaS, brushite, and gypsum) is depicted
in Fig. 6 and Table 1. Based on Table 1, it was found that the x =
0.3 bone cement has the main phase of HAP (46.9%) with
a small phase of CaS (0.01%). The XRD patterns also presented
other phases, including calcium sulfate dihydrate or gypsum
(CaS0,4-2H,0) at 30.19%, marked as “e”, and dicalcium phos-
phate dehydrate (DCPD, CaHPO,-2H,0) at 22.90%, marked as
«k» 18,6265 The DCPD also known by the mineral name of
brushite crystallizes in the monoclinic structure. Generally,
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after the cementing reaction, the calcium sulfate hemihydrate
(CaSO,4-0.5H,0) mixed with water to form the paste can
undergo an in situ setting mechanism because CaSO,-0.5H,0
can react with water (H,O) immediately and transform into
calcium sulfate dihydrate or gypsum (CaSO,-2H,0), which is in
the form of solid and hard lump cement within a restricted
period.”” The gypsum is chemically and crystallographically
similar to brushite and a relatively soluble calcium-rich
phase.” The formation of brushite as a by-product is possibly
thought to result from the amount of Ca** (from CaSO,) and
H,PO,  (from Ca;,(PO,)s(OH),) ions in the system. Among the
raw materials for preparing bone cement in this work, the
CaSO, was acidic. As is known to all, the HAP with a higher Ca/P
ratio (~1.67)® can dissolve under acid conditions and release
out ions.*® When pH in the system slightly decreases, the
formation of brushite is expected.”***** The prominent pres-
ence of brushite peaks in this work was observed around
11.79°, 20.90°, and 29.29° created from the liquid and solid
phase reaction.**® Moreover, gypsum and brushite cement can
have high binding properties, biological compatibility with
living tissues, and a resorption rate.* Furthermore, the amount
of the HAP phase was found to decrease while the gypsum
phase increased as the CaS concentration increased, especially
for the x = 0.7 bone cement. The gypsum phase was most
prominent at 64.34%, and the HAP phase decreased to 21.81%.
All bone cement compositions showed the mixture phases of
HAP, CasS, brushite, and gypsum with the percentage of phase
composition corresponding to the relative amount of each
phase (see Table 1).
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Fig. 6 X-ray diffraction patterns of the HAP—xCaS bone cements, where 26 = 10-60° and phase composition (%) analyzed by the Reference

Intensity Ratio (RIR) method using SmartLab Studio Il program.
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3.4 Physical properties and water absorption

The bulk density and porosity measurements were conducted
using a liquid displacement technique to obtain the densest
ceramic for each composition. Plots of the density value as
a function of the CaS content of the HAP-xCaS bone cements
are shown in Fig. 7a, and the value is listed in Table 2. The
density tended to increase with CaS content and ranged from
1.25 + 0.01 to 1.30 + 0.02 g cm ™. A maximum density of
1.30 g cm ™ was observed for the x = 0.7 bone cement. This
result was also correlated with the increasing linear shrinkage
value (calculated from eqn (2))* with increasing CaS additive, as
shown in Fig. 7b and Table 2. The maximum linear shrinkage of
7.33 £+ 0.11% was also obtained for the x = 0.7 bone cement.
However, the trend of porosity, water absorption, and rate of
absorption exhibited an opposite direction to the density and
linear shrinkage results (Fig. 7c and d). The porosity, water
absorption, and rate of absorption decreased with increased
CaS content. They showed a minimum value of porosity (44.40
£ 0.09%), water absorption (23.07 + 0.17%), and rate of
absorption (5.15 + 0.04 mm min ") for the x = 0.7 bone cement
sample. The porosity of the x = 0.7 sample in this work was
close to the porosity value of the HAP + Mg/CSH bone cement
(~44-46%) observed previously by Zima et al.*® These results
suggested that the x = 0.7 or HAP-0.7CaS bone cement had the
highest density and hence lowest porosity and lowest water
absorption values. This result was also consistent with the
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Fig. 7 Plots of (a) density, (b) linear shrinkage, (c) porosity, and (d)
water absorption and rate of absorption as a function of CaS content of
the HAP—-xCaS bone cements.
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previous work studied by Nagrockiené et al.®® They also reported
that when silica fume filled in small voids in concrete struc-
tures, it became more homogeneous, and the density increased,
whereas the porosity and water absorption values decreased.

3.5 Microstructural

Fig. 8a—e displays the surface mode of the studied bone cement
samples using SEM. The microstructure of bone cement with
different compositions showed a significant variation in grain
morphology. The average grain size as a function of CaS content
is shown in Fig. 8f, and the value is summarized in Table 3.
Microstructural analysis indicated that increasing the CaS
content decreased the average grain size value. The grain size
decreased from 1.29 + 0.02 um for the x = 0.3 bone cement to
around 1.22 £ 0.01 um for higher amounts of CaS (x = 0.5) and
then slightly decreased to the minimum value of around 1.19
um for the x = 0.7 bone cement sample. Therefore, the grain
size of the studied ceramics could be controlled by the CaS
addition. The surface of the x = 0.3 bone cement sample
showed a porous structure with coarser grain. By increasing the
CaS content, the SEM images showed a finer grain and denser
microstructure. This result also agrees well with the measured
density result, i.e. the density increased and the porosity values
decreased with CaS content.

3.6 Mechanical properties

Mechanical performance is also important for some biomate-
rial applications. Hence, it is necessary to produce a biomaterial
with good mechanical properties. As it relates to biomaterial,
the mechanical evaluations are of interest, including compres-
sive strength, hardness, Young's modulus, fracture toughness,
and brittle index.® In this work, the compressive strength (o),
bending strength or flexural strength (o¢), and Young's modulus
(E) were investigated using a universal testing machine. The g,
ot, and E values were calculated using empirical eqn (3)—(5),
respectively, and the data are summarized in Table 3. Plots of g,
and o¢ as a function of the CaS content of the HAP-xCaS bone
cements are shown in Fig. 9a and b, respectively. The x = 0.3
bone cement had the . of 3.06 + 0.32 MPa and o¢ of 1.76 +
0.31 MPa. The . and o¢ values tend to increase as the CaS
additive increases. The x = 0.7 bone cement showed the
maximum values of both o, (7.23 + 0.14 MPa) and o¢ (4.79 £
0.16 MPa). It should be noted that the o, value of the x = 0.7
bone cement in this work was close to o, value of the HAP
cement with 1-2% NaH,PO,-2H,0 (~5.0-6.0 MPa) observed

Table 2 Physical properties and water absorption of the HAP—xCaS bone cements

Density Rate of absorption
x (g em™) Porosity (%) Linkage shrinkage (%) Water absorption (%) (mm min™?)
0.3 1.25 + 0.01 47.35 £ 0.14 0.67 = 0.07 24.74 £+ 0.22 6.19 £ 0.02
0.4 1.27 £+ 0.02 46.59 £+ 0.15 1.85 £ 0.10 24.01 £ 0.14 5.83 £+ 0.04
0.5 1.28 + 0.01 45.93 £+ 0.08 3.82 £ 0.09 23.59 + 0.12 5.75 + 0.06
0.6 1.29 £+ 0.01 45.31 £ 0.17 5.22 £ 0.13 23.19 £ 0.17 5.48 £+ 0.03
0.7 1.30 = 0.02 44.40 £+ 0.09 7.33 £0.11 23.07 £ 0.17 5.15 + 0.04
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Fig. 8 SEM micrographs with surface mode of the HAP—xCaS bone
cements, where (a) x =0.3, (b) x=0.4, (c)x=0.5,(d) x=0.6, (e) x=0.7,
and (f) plot of grain size as a function of CaS content.

earlier by Rabiee et al."®* Subramaniam et al.*” also reported that
the o¢. of hydroxyapatite/calcium sulfate hemihydrate/
hyaluronic acid laden collagenase (HAP/CS/HA-Col) was
around 6.69 + 0.52 MPa.

The E value also showed a similar trend to the ¢. and o¢
values. The E value increased as the CaS content increased and
exhibited the maximum value of 1097.48 + 85.56 MPa for the x
= 0.7 bone cement (Fig. 9c). These mechanical results were also
correlated with an increase in density, linear shrinkage, and
a decrease in porosity (Fig. 7a—c). Normally, the mechanical
improvement depends on many factors, such as phase
composition, type of materials, densification, porosity, and
average grain size. In the present work, an improvement in
mechanical properties in bone cement with a higher CaS
additive concentration is likely due to the effect of the reduced
average grain size, densification improvement, and reduction of
porosity value.” Pineda et al.®® reported that the incorporation
of HAP into bone cement formulations can enhance the
biocompatibility and bioactivity of the materials but generally
reduce their mechanical properties. However, for this work, the
mixing of HAP and CasS in a suitable composition can improve
the mechanical properties of the bone cement. The develop-
ment of materials with good mechanical properties without any
effect on biological compatibility has become a significant and
very important subject presently.

The relationship between the o, and the density (p) is shown
in Fig. 10a. The compressive strength of the samples increased
as the density value increased. Through observation of the data,
the linear model was used to describe the relationship between
the ¢, and p values. This linear equation expresses the
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relationship as follows: . = 85.82p — 104.35. Statistical analysis
showed a significant relationship between the two variables as
the P-value in the analysis of variance (ANOVA) indicated that
P = 0.003, which is lower than 0.05.* This equation described
that one density unit 85.82 may increase the compressive
strength by approximately 104.35. Additionally, the analysis of
the regression coefficients (R?) showed that this model can
explain 98.67%. This means a strong relationship exists

Table 3 Microstructure and mechanical properties of the HAP—xCaS bone cements

Compressive strength,

Bending strength, Young's modulus,

x Grain size (um) a. (MPa) o¢ (MPa) E (MPa)

0.3 1.29 £ 0.02 3.06 + 0.32 1.76 +£ 0.31 534.22 + 92.14
0.4 1.26 + 0.01 4.32 £ 0.45 2.31 + 0.25 752.70 £ 75.11
0.5 1.22 £+ 0.01 5.64 + 0.42 3.17 £ 0.23 841.01 + 76.01
0.6 1.20 &+ 0.02 6.41 + 0.21 4.08 £ 0.15 963.29 + 51.72
0.7 1.19 +£ 0.01 7.23 £0.14 4.79 £ 0.16 1097.48 + 85.56
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between these two variables.” Fig. 10b shows the relation of the
¢ as a function of grain size (d). The g¢value had an exponential
relation with d (first order), which can be expressed as g¢ = 1.52
+1.71 x 10" exp —d/0.04. The relationship between the E and
porosity (P) is presented in Fig. 10c. The data distribution dis-
played a linear relationship between the E and P, which can be
expressed as E = 9365.75-185.72P. This equation described that
Young's modulus increased as the porosity decreased. One
porosity unit of 185.72 may affect the E by approximately
9365.75. Statistical analysis showed significant correlations
between the two variables. This is because the P-value in the
analysis of variance is 0.001, which is lower than 0.05.* In
addition, the regression analysis showed that this model
explains 98.02% of the variability in Young's modulus.”

Plots of the . as a function of CaS content at various incu-
bation days from 1, 3, and 7 days of the HAP-xCaS bone
cements are shown in Fig. 11. The initial compressive strength
of the cement samples varied in the range of 3.06-7.23 MPa,
which is in good agreement for the brushite cement.” The ¢, of
all samples increased as the incubation day increased. After 7
days of incubation, the maximum ¢, value of 12.85 MPa was
obtained for the x = 0.7 bone cement sample, which was
~77.73% higher than that of the 1 day of incubation. This also
showed similar behavior observed in previous works.”””* Ding
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Fig. 11 Plots of o. at various incubation days (1, 3, and 7 days) as
a function of CaS content of the HAP—xCaS bone cements.
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et al.”* also found that the ¢, of the tricalcium silicate/glucono-
delta-lactone/calcium sulfate dehydrate or C3S/GDL/CSD
composite cement increased as the incubation time increased.

The comparison properties of the HAP-0.7CaS bone cement
for this work with other existing bone cement are shown in
Table 4. It was found that the lowest setting time was obtained
for the HAP-0.7CaS bone cement. Moreover, the compressive
strength values (after incubation of 1 day and 7 days) of the
current work are considerably high when compared with other
existing bone cement."*’

3.7 Invitro apatite-forming ability and pH behavior tests

Currently, two common methods have been used to test the in
vitro bioactivity of the biomaterials. One method is to evaluate
the apatite-formation ability in the SBF. The other method is to
investigate in vitro bone cell response.”> However, in this work,
the apatite formation on its surface in SBF solution is used to
predict the bioactivity/biocompatibility of a material.”* Wu
et al.”” and Kokubo et al.” also reported that this method can be
used for screening bone bioactive materials before animal
testing, and the number of animals used and the duration of
animal experiments can be remarkably reduced using this
method, which can assist in the efficient development of new
types of bioactive materials. The essential requirement for an
artificial material to bond to living bone is the formation of
bonelike apatite on its surface when implanted in the living
body, and this in vitro apatite formation can be reproduced in
the SBF solution with ion concentrations nearly equal to those
of human blood plasma.”7® To confirm bioactivity, we observed
apatite precipitation on the top of bone cement surfaces over
a specific period after being immersed in SBF. The HAP-xCaS
bone cements were limited to 1 cm” of the active area and were
immersed in falcon tubes containing 40 mL of SBF solution at
37 °C in a water bath.*® After 7 and 14 days of soaking in the SBF
solution, the SEM technique studied each sample again. SEM
micrographs of the HAP-xCa$S bone cements after being soaked
in SBF solution for 7 days, where x = 0.3-0.7 are shown in
Fig. 12. It was found that the addition of CasS helped to improve
the biocompatibility. The SEM images confirmed that the
formation of apatite crystals on the surface of all bone cement
samples significantly increased as the CaS content increased. At
lower CaS content (x = 0.3-0.4), a few precipitated apatite
crystals were observed on the surface of bone cement. However,

Table 4 Comparison the properties of the HAP-0.7CaS bone cements with other existing bone cements

Compressive strength
(after 1 day incubation)

Initial setting

Compressive strength
(after 7 days incubation)

Compound time (min) (MPa) (MPa) Ref.
HAP-0.7CaS 8.04 £ 0.15 7.23 £0.14 12.85 £ 0.15 This work
HAP/CS/HA-Col 21.00 £ 1.20 6.69 £+ 0.52 5.94 + 1.07 57

HAP cement with 1% 12.00 + 1.50 6.00 11.50 13
NaH,PO,-2H,0

HAP cement with 2% 12.00 + 1.50 5.00 10.00 13

NaH,PO,-2H,0
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Fig. 12 SEM micrographs of the HAP—-xCaS bone cements after being
soaked in SBF solution for 7 days, where x = 0.3—-0.7 and magnification
of 3000x and 10 000x.

the tiny flakes of the apatite layer were more precipitated with
higher added CaS content (x = 0.5-0.6). Notably, the apatite
aggregates generally covered all the surfaces of the bone
cement, especially for the x = 0.7 bone cement.

SEM micrographs of the HAP-xCa$S bone cements after being
soaked in the SBF solution for 14 days also showed a similar
trend to that of 7 days of SBF immersion (Fig. 13). With a higher
added amount of CaS content, the apatite layer was more
precipitated and clearly observed. The tiny flakes and needle-
shaped apatite layer fully covered all surface areas for the x =
0.3-0.6 bone cement samples. For the x = 0.7 bone cement
sample, the apatite crystals are observed with a cylindrical
shape and clump to form groups with a cactus shape. Specifi-
cally, with the sample immersed for 14 days in the SBF solution,
apatite crystals grew to form a thicker block on the material's
surface. Therefore, the x = 0.7 bone cement sample exhibited
good biocompatibility in the SBF solution for this work.” The
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Fig. 13 SEM micrographs of the HAP—xCaS bone cements after being
soaked in SBF solution for 14 days, where x = 0.3-0.7 and magnifi-
cation of 3000x and 10 000 x.

bioactivity of these materials was attributed to their composi-
tional and surface characteristics.®” Bioactive substances are
brought into contact with the body's fluids, and apatite begins
to form on the surface of the bone. Evidence of a chemical bond
between the material and the tissue can be seen in forming an
apatite layer on the contacted tissue.” The release of Ca** and
PO,*” ions initiate apatite layer formation due to external pH
changes.?®* Moreover, the release of Ca** and PO,*” ions plays
an essential part in the tissue regeneration process.*

The pH changes measured over time of the HAP-xCaS bone
cements containing different compositions are shown in
Fig. 14. The ionic changes produced pH variation in physio-
logical conditions.*® After immersion in SBF solution for 3-5
days, the pH of all samples slightly decreased to around 6.7-6.9.
The reason for the slight decrease in the pH value at the early
stage after immersion might be attributed to the acidity of the
calcium sulfate and brushite cements. However, the pH value

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Plots of pH as a function of time (days) of the HAP—xCaS bone
cements containing different compositions.

subsequently recovered to around 7.1-7.2 after 7 days of incu-
bation, and the pH increased continuously to nearly 7.5 until 14
days for all compositions. Mendes et al.** also reported that the
pH value in the SBF solution at 37 °C was reduced from 7.4 to
around 6.0 in the first 7 days for the B-TCP/MCPM/Si bone
cement. They found that this pH reduction could be attributed
to the hydration reaction of brushite cements. After 7 days, the
pH value gradually increased and remained constant at around
7.5. This result shows that a slight decrease in pH is not sus-
tained and the pH is normalized to 7.5. In the context of using
this material as an implant, the initial contact with fluid-
buffered connective tissue may help to significantly reduce
the initial pH-lowering effect so that the following pH would not
have a significant effect on the human body.*® From SEM and
microstructure analysis, the study of bioactivity from pH
confirmed the presence of HAP in the examined specimen,*
and the x = 0.7 or HAP-0.7CaS sample exhibited better
biocompatibility than other compositions.” The x = 0.7 sample
also showed the highest mechanical and hardening faster than
other systems. Therefore, the x = 0.7 composition was selected
for further in vivo studies including implantation and histo-
logical analysis in rabbit femur (discussed in the next section).

3.8 Invivo results

3.8.1 Implantation of hydroxyapatite-calcium sulfate bone
cement. As a result of optimization of setting time, injectability,
and good mechanical properties as well as excellent in vitro
apatite-forming ability with good biocompatibility in the SBF
solution, the x = 0.7 (HAP-0.7CaS) composition was selected
and suitable for implantation and histological analysis in rabbit
femur. The x = 0.7 bone cement sample for implantation was
formed into cylinders with a size of 5 mm in diameter x 10 mm
in length and was autoclave-sterilized before implantation.
Under sterile conditions, a 2.5 ¢cm skin incision was made on
each lateral femoral diaphysis with split fascia, and two
implantation holes with a diameter of 5 mm and a depth of
10 mm were drilled using a trephine drill on both femoral
diaphyses, as shown in Fig. 15. After placing the implantation
bone cement, the fascia was sutured. The rabbits were sacrificed
after 2, 4, and 8 weeks, and the femoral diaphysis was then
obtained for histological analysis.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Photographs of (a) the as-prepared implantation hole with
a diameter of 5 mm and a depth of 10 mm on rabbit femur and (b)
implantation holes filled with bone cement samples.

3.8.2 Histological analysis. Our experiments performed
a histological evaluation of new bone formation and inflam-
mation in the defective areas at 2, 4, and 8 weeks post-grafting
HAP-0.7CaS bone cement, as shown in Fig. 16. Histological
analysis is essential for evaluating the availability of biomate-
rials in guiding tissue regeneration and repair.”® This technique
is determined by the shape and size of macromolecules (in and
around the cell), such as proteins, by sectioning, staining, and
examining the sections using a microscope. It is often called
microscopic anatomy. Histology allows the visualization of
tissue structure and possible tissue-specific changes. A
moderate new bone (NB) formation composed of trabecular
bone, surrounding a central medullary cavity containing
connective tissue (CT) and blood vessels, was presented in both
the control and the x = 0.7 bone cement at 2 weeks post-
implantation (Fig. 17). However, mild inflammation was also
found only for 2 weeks.* At 4 weeks post-implantation, no
inflammation, the new bone network was more developed
within the femoral defect, and the newly formed bone became
more mature. More new bone formed around the defect and the
bone cement (BC) particles. Osteoblasts were found peripher-
ally at the bone trabeculae, and occasional osteoblast-like cells

HAP-0.7CaS

Empty control

Fig. 16 Histological preparations of the HAP-0.7CaS bone cement
implantation for 2, 4, and 8 weeks.
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Fig. 17 Histological preparations of spontaneously healed bone defects for 2, 4, and 8 weeks of the HAP-0.7CaS bone cement. BC = bone
cement, NB = new bone, and CT = connective tissue. The arrows mark the transition between the newly formed bone and the connective tissue.

were presented at the granules at 4 and 8 weeks. The histolog-
ical evaluation also indicated that compatibility of the implant
materials with animal tissues is acceptable because only mild
inflammation was observed within and around the implant
sites for 2 weeks. At 8 weeks post-implantation, a large amount
of bone cement remained inside the defect area, and new bone
formation was limited along the implant interface (Fig. 17).
Mild periosteal fibrosis characterized by the proliferation of
fibroblasts and neovascularization was shown in the control
and the x = 0.7 bone cement group at 2 weeks, and moderate
periosteal fibrosis was demonstrated in the x = 0.7 bone cement
group at 4 weeks. However, no periosteal fibrosis was found in
the control group at 4 weeks and in both the control and the x =
0.7 bone cement group at 8 weeks. Normally, the degradation
products are continuously absorbed or excreted from the tissue
as it grows in, and the repaired bone tissue completely replaces
the implanted material, leaving no residual material in the body
when the bone repair is completed. It has to be highlighted that
a delayed or fast biodegradation rate may interfere with the rate
and pattern of new bone formation.>**** For this work, the
bioavailability and dissolvable properties of the CaS compound
could be histologically determined by an increase in the
phagocytic activity of activated macrophages surrounding the
implantation sites. Moreover, activation of osteoblasts, infil-
tration of fibroblasts and the presence of neovascularization are
the hallmarks of activated new bone formation. New bone
formation was histologically observed and completely resolved
at week 4 after implantation. The new bone formation results
confirmed that the x = 0.7 (HAP-0.7CaS) bone cement had good
bioactivity, supporting its use in bone repair applications.

It can be observed that the x = 0.7 sample had the lowest
porosity, water absorption, and setting time. This composition
also has the highest density and mechanical performance,
hardening faster than other systems. Moreover, the x = 0.7 bone
cement also produced a higher ability to induce in vitro apatite

23298 | RSC Adv, 2024, 14, 23286-23302

precipitation and showed good bioactivity. In vivo histological
analysis also confirmed that the x = 0.7 sample exhibited good
biocompatibility. Based on all the above results, this suggests
that the x = 0.7 bone cement has the potential to be a promising
material candidate for bone repair applications, i.e. healing
bone fractures, and bone filling in clinical.

4 Conclusions

In this study, a new biomaterial of HAP-xCaS bone cements
(where x = 0-1) was successfully prepared. The setting time,
injectability, washout resistance tests, phase evaluation, phys-
ical properties, water absorption analysis, microstructure,
mechanical properties, in vitro apatite-forming ability, and pH
behavior of the prepared bone cements as a function of CaS
added content were examined. Implantation of the x = 0.7 or
HAP-0.7CaS bone cement and histological (in vivo) were also
analyzed in this work. The mixed phases of HAP, CaS, brushite,
and gypsum were found in the XRD pattern. The mechanical
properties (o, af, and E) increased as the CaS content increased,
which correlated with all HAP-xCaS bone cements exhibiting
a dense structure. The average grain size decreased as the CaS
content increased. The x = 0.7 bone cement also produced
a higher ability to induce apatite precipitation. Histological
analysis for the x = 0.7 bone cement found that a moderate new
bone formation composed of trabecular bone, surrounding
a central medullary cavity containing connective tissue (CT) and
blood vessels, was presented. More new bone (NB) formed
around the defect and the bone cement (BC) particles for 4-8
weeks post-implantation. Based on our results, this suggests
that the x = 0.7 bone cement has the potential to be a promising
material candidate for biomedical applications with good
bioactivity, injectability, and good mechanical properties,
which are essential for bone repair applications, i.e. healing
bone fractures and filling bone defects in clinical settings.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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