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Abstract: The demand of bone grafting is increasing as the population ages worldwide. Although
bone graft materials have been extensively developed over the decades, only a few injectable bone
grafts are clinically available and none of them can be extruded from 18G needles. To overcome
the existing treatment limitations, the aim of this study is to develop ideal injectable implants from
biomaterials for minimally invasive surgery. An injectable composite bone graft containing calcium
sulfate hemihydrate, tetracalcium phosphate, and anhydrous calcium hydrogen phosphate (CSH/CaP
paste) was prepared with different CSH/CaP ratios and different concentrations of additives. The
setting time, injectability, mechanical properties, and biocompatibility were evaluated. The developed
injectable CSH/CaP paste (CSH/CaP 1:1 supplemented with 6% citric acid and 2% HPMC) presented
good handling properties, great biocompatibility, and adequate mechanical strength. Furthermore,
the paste was demonstrated to be extruded from a syringe equipped with 18G needles and exerted
a great potential for minimally invasive surgery. The developed injectable implants with tissue
repairing potentials will provide an ideal therapeutic strategy for minimally invasive surgery to
apply in the treatment of maxillofacial defects, certain indications in the spine, inferior turbinate for
empty nose syndrome (ENS), or reconstructive rhinoplasty.

Keywords: injectable; biomaterials; calcium sulfate hemihydrate; calcium phosphate; minimally
invasive surgery

1. Introduction

Bone grafting is one of the most commonly used surgical methods for bone regen-
eration since bone defects resulting from diseases, trauma, or surgery have become a
significant health issue globally. Over two million bone grafting procedures are performed
annually worldwide, and the demand is dramatically increasing as population ageing
is a serious problem in many countries [1,2]. Although an autologous bone graft is still
considered as the gold standard in terms of better biocompatibility, high bioactivity, and
non-immunogenicity, limited availability and donor site morbidity are the major concerns.

Int. J. Mol. Sci. 2022, 23, 7590. https://doi.org/10.3390/ijms23147590 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms23147590
https://doi.org/10.3390/ijms23147590
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0001-5338-4747
https://doi.org/10.3390/ijms23147590
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms23147590?type=check_update&version=2


Int. J. Mol. Sci. 2022, 23, 7590 2 of 13

Since the risks of disease transmission and an immunogenic response are downsides
of allografts and xenografts, there has been great interest in the use of synthetic biomateri-
als as bone graft implants [3]. Degradable materials such as bioceramics are alternatives
to avoid donor site injury and superior for bone repairs due to their improved biocom-
patibility, osteoconductivity, consistent material properties, and low cost. Among them,
calcium sulfate (CS) and calcium phosphate (CaP) have demonstrated the ability to partially
integrate into bone tissue and stimulate osteoblast growth and have been widely used
in the place of allografts or autografts for several decades [4–9]. CS possesses several
desirable properties including a low curing temperature, rapid setting, biocompatibility,
biodegradability, and promotion of bone healing. Nevertheless, the fast resorption of CS
before new bone formation may result in gaps and negatively affect its clinical outcome.
CaPs are biocompatible, biodegradable, and highly porous materials that possess similarity
in structure to the inorganic composition of bone minerals, and under in vivo conditions it
can transform to hydroxyapatite (HA), which is the dominant mineral phase of vertebral
tooth and bone tissue. Although CaP exerts osteoconductivity to achieve bone regeneration,
it typically lacks mechanical stability, which limits its clinical applications [10].

Although bone graft materials have been extensively developed over the decades, only
a few injectable bone grafts are clinically available and none of them can be extruded from
18G needles [11,12]. An ideal bone graft for minimally invasive surgery should have a good
injectability, a controlled working time/setting time, and an ease of handling and delivery.
In this study, we prepared a novel bone graft substitute by combining the properties of
CS and CaP as a composite bone graft with great injectability, adequate handling, and
mechanical properties that can be used for further development for performing minimally
invasive surgery.

2. Results
2.1. The Synthesis of Calcium Sulfate Hemihydrate (CSH, CaSO4·0.5H2O)

CS has been approved by the U.S. Food and Drug Administration (FDA) as a bone
graft material due to its non-toxicity, superb workability, good biocompatibility, and os-
teoconductivity, and the hemihydrate form of CS (calcium sulfate hemihydrate, CSH,
CaSO4·0.5H2O) is known to be suitable for clinical applications such as a bone void filler
and is widely used in orthopedics and dentistry [5,9,13–16]. In our previous studies, we
have developed a hydrothermal method to produce self-prepared CSH by high vapor
pressure of water [17,18]. Figure 1a shows the rod-like morphology of CSH observed by
scanning electronic microscopy (SEM) and the size of the CSH specimen is smaller than
40 µm. CSH underwent Fourier transform infrared spectroscopy (FTIR) analysis to deter-
mine the functional groups and the results of the FTIR spectra are displayed in Figure 1b,
indicating typical profiles corresponding to the CSH structure. X-ray diffraction (XRD)
analysis was conducted to evaluate the conversion of the calcium sulphate dihydrate (CSD)
phase to the CSH phase after heating in CaCl2 solution, and all of the corresponding XRD
peaks were analyzed according to the Joint Committee on Powder Diffraction Standards
(JCPDS). Figure 1c presents the typical CSH XRD peaks, revealing the presence and the
synthesis of CSH from the CSD phase [19]. The homemade CSH was further used to
produce composite bone materials.

2.2. Altering the Handling Property of CSH/CaP Composite Bone Materials by Citric Acid

The fast resorption of CSH before new bone formation is the main limitation of
this material and it may result in gaps and negatively affect its clinical outcome for the
regeneration of bone. CaPs are biocompatible, biodegradable, and highly porous material
that possess a similarity in structure to the inorganic composition of bone minerals, exerting
osteoconductivity to achieve bone regeneration, but typically lack mechanical stability [10].
Basic CaP cement is relatively stable chemically under physiological conditions and may
still be present even after years in vivo. In this study, we prepared a novel injectable bone
graft substitute by combining the properties of CSH and CaP (tetracalcium phosphate and
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dicalcium phosphate anhydrous; TTCP and DCPA) as a composite bone graft for minimally
invasive surgery. TTCP (Ca4(PO4)2O) was selected because it contains a higher Ca/P ratio
and forms HA under physiological conditions when combined with an acidic calcium
phosphate such as DCPA (CaHPO4) [20].
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Figure 1. Characterization of synthesized CSH: (a) SEM image of CSH shows the rod-like morphology
of CSH; (b) The FTIR spectra presents the typical profiles corresponding to the CSH structure; and
(c) XRD analysis reveals the synthesis of CSH from CSD phase.

To prepare injectable bone graft materials, CSH and CaP (equal amount of TTCP and
DCPA) were firstly combined in a 1:3 ratio as powder components and then mixed with
liquid to form a paste, which can be delivered into defects by injection. Although this paste
could be fully injected from the syringe equipped with 18G needles, the setting time was
longer than 120 min (Table 1, Figure 2). Additives such as citric acid are known to change
the setting reaction and improve the injectability of CaP cements [21,22], thus, various
concentrations (2~20%) of citric acid were added into the powder component to prepare
bone graft materials. As Table 1 shows, the setting time decreased greatly with an increased
concentration of citric acid. When the bone materials were supplemented with 4% to 20% of
citric acid, the setting time was reduced, ranging from 68 min to 31 min. Figure 2 presents
the influence of the content of citric acid on the injectability of the CSH/CaP pastes and the
results indicated that the materials lost injectability when concentrations of citric acid were
10%, 15%, and 20% (Figure 2).

Table 1. Chemical compositions and handling properties of CSH/CaP (1:3) bone graft materials.

CSH/CaP (1:3) Composite Bone Graft Materials

Powder
component

CSH/CaP
+ 0%

Citric Acid

CSH/CaP
+ 2%

Citric Acid

CSH/CaP
+ 4%

Citric Acid

CSH/CaP
+ 6%

Citric Acid

CSH/CaP
+ 10%

Citric Acid

CSH/CaP
+ 15%

Citric Acid

CSH/CaP
+ 20%

Citric acid
L/P 0.2 0.2 0.2 0.25 0.25 0.3 0.4

Working time 97 min 64 min 16 min 15 min 15 min 10 min 8 min
Setting time >120 min >120 min 68 min 39 min >60 min 31 min 40 min
Injectability Yes Yes Yes Yes No No No

CSH: Calcium sulfate hemihydrate; CaP: calcium phosphate; L/P: Liquid/Powder ratio.
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Figure 2. The images show injectability of CSH/CaP (1:3) bone graft materials containing different
concentrations of citric acid tested by 18G syringe injection. The materials lost injectability when
concentrations of citric acid were 10%, 15% and 20%.

2.3. Effects of CSH/CaP Ratio on Mechanical Properties

Next, bone materials with combining equimolar amounts of CSH and CaP (1:1) were
prepared as presented in Table 2, and the setting and mechanical properties were examined
and compared with the CSH/CaP (1:3) composite. Four groups were classified based on
the percent of citric acid (0, 2, 4, and 6%) and all groups were injectable from 18G needles
(Figure 3). The setting time was greatly reduced with the addition of citric acid (4% and
6%, 39 min and 31 min, Table 2). Interestingly, the setting time of the CSH/CaP (1:1) group
(Figure 4a, black bar) was significantly shorter than the CSH/CaP (1:3) group (Figure 4a,
white bar) when the concentration of citric acid was 4% (39 min vs. 68 min, p = 0.044). The
mechanical properties of CSH/CaP paste were tested by a universal mechanical testing
machine. As shown in Figure 4b, the compressive strength was also significantly higher
when the CSH/CaP ratio was 1:1 supplemented with 4% or 6% of citric acid (4% citric acid,
CSH/CaP 1:3 vs. 1:1, 0.16 vs. 0.49 MPa, p = 0.024; 6% citric acid, CSH/CaP 1:3 vs. 1:1,
0.55 vs. 2.11 MPa, p = 0.001). Altogether, CSH/CaP at a ratio of 1:1 was selected for further
optimization of the bone materials.

Table 2. Chemical compositions and handling properties of CSH/CaP (1:1) bone graft materials.

CSH/CaP (1:1) Composite Bone Graft Materials

Powder
component

CSH/CaP + 0%
Citric Acid

CSH/CaP + 2%
Citric Acid

CSH/CaP + 4%
Citric Acid

CSH/CaP + 6%
Citric Acid

L/P 0.2 0.2 0.2 0.2
Working time 61 min 50 min 23 min 15 min
Setting time 117 min >120 min 39 min 31 min
Injectability Yes Yes Yes Yes
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compared with CSH/CaP (1:3) samples.

2.4. Effects of Hydroxyl Propyl methyl Cellulose (HPMC) on the Properties CSH/CaP Composite
Bone Graft Materials

The CaP cement is vulnerable to wash out before hardening occurs. The presence
of additives such as hydroxyl propyl methyl cellulose (HPMC) was previously shown to
affect handling properties, washout resistance, cement hardening behavior, and mechanical
properties of calcium phosphate cements [18,23]; thus, 2% of HPMC was added to the
powder phase of CSH/CaP (1:1) bone materials and examined (Table 3). The setting
time was 54 min or 36 min when CSH/CaP (1:1) bone materials were supplemented with
2% HPMC contained 4% citric acid or 6% citric acid, respectively (Table 3). As shown in
Figure 5, both HPMC added groups showed injectability with either 4% or 6% citric acid.
In terms of HPMC content, the setting time was not changed when it was increased from
0 to 2% (Figure 6a). By contrast, the addition of 2% HPMC significantly enhanced the
compressive strength of the CSH/CaP bone materials (Figure 6b; 4% citric acid, 0% HPMC
vs. 2% HPMC, 0.49 vs. 2.86 MPa, p < 0.001; 6% citric acid, 0% HPMC vs. 2% HPMC, 2.11 vs.
5.85 MPa, p < 0.001).

To further investigate the washout resistant property from HPMC addition, cement
specimens were disintegrated in PBS with agitation for 12 weeks. Surprisingly, from
the degradation results in Figure 7a, it can be seen that the addition of HPMC did not
statistically alter the weight loss of specimens. The pH values of specimens were dropped
from 7.4 (week 0) to around 6.6–7.1 (week 12) and showed no significant difference with or
without HPMC (Figure 7b,c).

In general, CaP cement sets in situ with an intimate adaptation to the defect surfaces
and forms an implant similar to hydroxyapatite. Therefore, the samples fabricated with
equimolar amounts of CSH and CaP (1:1), 6% citric acid and 2% of HPMC were tested by
the XRD method to determine the extent of chemical conversion. Figure 8 presented that
the HAp peaks appeared in the XRD profiles through incubation for 12 weeks, indicating
the transformation of TTCP and DCPD to HAp.

Table 3. Chemical compositions and handling properties of CSH/CaP (1:1) bone graft materials.

CSH/CaP (1:1) Composite Bone Graft Materials

Powder
component

CSH/CaP (1:1) +
4% Citric Acid +

2% HPMC

CSH/CaP (1:1) +
6% Citric Acid +

2% HPMC
L/P 0.2 0.25

Working time 11 min 10 min
Setting time 54 min 36 min
Injectability Yes Yes
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2.5. In Vitro Cytotoxicity of CSH/CaP Paste

To evaluate the cell toxicity of CSH/CaP composite paste (CSH/CaP 1:1, 6% citric acid,
2% HPMC), the specimen was immersed in culture medium and the extract from the bone
material was used for culturing with L929 cells for the MTT test. As Figure 9 shows, the
average cell viability from the extract group was 95.73% (>70%), indicating the CSH/CaP
composite paste shall be considered non-cytotoxic for future applications.
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3. Discussion

One initial objective of this study was to create an injectable and moldable bone graft
from synthetic materials in place of an autograft to avoid invasive surgical procedures and
eliminate donor site morbidity caused by harvesting autografts, especially for minimally
invasive surgeries to treat maxillofacial defects or empty nose syndrome (ENS). We utilized
CSH and CaP as biomaterials to obtain an ideal composite product with biocompatible,
degradable, and osteoconductive properties. The advantage of this material is that it can be
adjusted to the target place with different shapes by a minimally invasive procedure.

3.1. Effects of Citric Acid on Setting Time and Injectability

To control the setting process of CaP cements, several parameters including the particle
size, the composition of the cement reactants, and the additives could be adjusted to alter
their handling and mechanical properties. As Table 1 and Figures 4 and 6 show, supple-
menting with citric acid reduced the working/setting time and improved the compressive
strength of CSH/CaP composite materials. However, the bone graft materials lost their
injectability when the concentration of citric acid was higher than 10%. Citric acid was
proposed to act as a water-reducing agent [21]. Our results match those mentioned in
earlier studies that adding sodium salts of the oligocarboxylic acids (malic, tartaric, and
citric acids) with optimal concentrations to CaP cement caused a liquefying effect combined
with an enhancement of the mechanical strength. It was also hypothesized that citric acid
could improve the injectability and strength of apatite cements because of the reduced
porosity or homogeneous and denser microstructure of CaP cement that worked as the base
of growth and entanglement of apatite crystals [21,24,25]. It is worth mentioning that the
paste developed in this study possesses a great injectability such that it could be extruded
through 18G needles, differing from other published injectable pastes [11,25–27].

3.2. Effects of the Ratio of CSH and CaP

In addition to citric acid, the trends noted in Figure 4b presented that the mixture
ratio of CSH/CaP also influenced the mechanical capacity of the materials. There was
a significant positive correlation between the compressive strength and the ratio of CSH
in the mixture. This finding suggested that while the lack of mechanical strength is a
drawback of CaP, CSH could be a good compatible material to offer further improvements
to their mechanical properties and wider applications [28–30].
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3.3. Effects of HPMC on Anti-Washout Ability and Mechanical Property

Numerous biopolymers, such as sodium alginate, HPMC, hyaluronic acid, chitosan,
and modified starch have been reported to increase the viscosity of bone grafts to improve
the cohesion and anti-washout ability [31–36]. As mentioned in the reports above, small
amounts of these biopolymers could notably improve the cohesion and anti-washout of
CaP cements. Evidence showed that that the handling properties were greatly improved by
the addition of gelling agents such as HPMC, carboxyl methylcellulose (CMC), and chitosan
in TTCP and DCPA [33]. The addition of 1% HPMC notably increased the paste injectability
of dicalcium phosphate dihydrate [11]. HPMC is one of the most commonly occurring
polysaccharides derived from alkali-treated cellulose and is often used as a gelling agent. In
terms of HPMC content, our previous study showed that an increased proportion of HPMC
exerted an anti-washout property of calcium sulfate/calcium phosphate premixed putty,
leading to less decay and larger disintegrating particles [18]. In this study, 2% of HPMC as a
polymer carrier was expected to function as a matrix, increase the viscosity of the paste, and
improve the washout resistance of bone cement. Surprisingly, the addition of 2% HPMC
was found to have no significant effect on the degradation of CSH/CaP paste. Despite
the obscure effect of the anti-washout property in this study, HPMC indeed enhanced the
mechanical strength (Figure 6b), which might be determined by its microstructure. The
relationship between microstructure and mechanical property in this study is worth further
investigation. In addition, an increase in the compressive strength of the CaP cements
could be due to the transformation of TTCP and DCPD to Hap, or partial CSD to Hap [25].
Figure 8 provided the evidence that TTCP and DCPD partially transformed to Hap. Animal
tests with the injectable paste (CSH/CaP 1:1 supplemented with 6% citric acid and 2%
HPMC) will be performed in the near future to further confirm the bone repair effects
in vivo.

3.4. Possible Clinical Applications

The compressive strength of the injectable paste (CSH/CaP 1:1 supplemented with
6% citric acid and 2% HPMC) in this study was around 5.85 MPa, which is similar to that
of human cancellous bone (between 4 and 12 MPa) and is suitable for low load bearing
applications such as the treatment of maxillofacial defects, certain indications in the spine,
reconstructive rhinoplasty, or inferior turbinate for ENS.

ENS is recognized as an iatrogenic condition, most frequently following aggressive
inferior turbinate resection [37–39]. The symptoms are most often referred as the presence
of paradoxical nasal obstruction despite an objectively patent nasal cavity, a lack of airflow
sensation, a feeling of suffocation, nasal dryness, and neuropathic pain [40]. The first line
of management includes nasal moisturization and humidification, supportive therapies of
concomitant medical conditions (e.g., panic, anxiety, and depression) [41,42], and surgery.
Surgical treatment to augment the loss of turbinate volume with temporary fillers, synthetic
implants, and autologous materials has been reported to be an effective method [38,40,43].
Nevertheless, the injectable paste developed in this study exerts a better therapeutic poten-
tial than the current temporary fillers (e.g., hyaluronic acid), not only in strength but also
persistence [25]. Patients could receive submucosal injection of the injectable paste into the
remnant inferior turbinate by a 18G spinal needle to increase tissue bulk via endoscopy un-
der local anesthesia. The non-surgical and minimally invasive turbinate augmentation will
be a great option for patients diagnosed with ENS who are not suitable for an autologous
bone graft, and more patients suffering from ENS can be treated with a very low risk of
side effects. The future works will focus on the osteogenic effects by testing the materials
with osteogenic cell lines such as human primary osteoblast cells, human osteosarcoma,
derived SaOS-2 cells, or the osteoblast cell line MG63. Moreover, a New Zealand rabbit
animal model with bone defects will be established for further investigation.
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4. Materials and Methods
4.1. Calcium Sulfate Hemihydrate (CSH) Preparation

The α-form of CSH (CaSO4·0.5H2O) was prepared by a wet method as described [17].
Briefly, CSD (CaSO4·2H2O; J.T. Baker, Phillipsburg, NJ, USA) was heated at 132 ◦C for
30 min, followed by mixing with 30% CaCl2 (SHOWA Corporation, Osaka, Japan) solution
and the mixture was heated at 132 ◦C for 30 min again. CaCl2 was washed and removed
by water, and the rest was incubated at 132 ◦C for 30 min. After the reaction finished, the
resultant product was dried in oven at 50 ◦C then milled by a high-efficiency ball mill for
4 min (8000 M Mixer, SPEX, Metuchen, NJ, USA).

4.2. Scanning Electron Microscope (SEM)

The morphology of synthetic CSH powder were assessed by SEM using an S-3000H
microscope (Hitachi, Tokyo, Japan) under low vacuum conditions with an accelerating
voltage of 15 kV. Each specimen was covered with gold by a sputter coater (Ion Sputter
E101, Hitachi).

4.3. Fourier Transform Infrared Spectroscopy (FTIR)

The CSH powder was mixed with KBr salt at a 1:100 ratio and prepared as pellets.
The IR spectra of sample pellet were acquired in transmittance mode between the range
of 4000 and 500 cm−1 and recorded using a FTIR spectrophotometer (Spotlight 200i Sp2,
PerkinElmer, MA, USA).

4.4. X-ray Diffraction (XRD)

The X-ray diffraction profiles of specimens were recorded by X-ray powder diffraction
analysis (x’pert3 powder, PANalytical B.V., Almelo, the Netherlands) to investigate the
crystalline phases of synthetic CSH. Cu Kα X-rays were used generated at 45 kV and 40 mA
at a diffraction angle (2θ) varied from 10◦ to 60◦ with a step size of 0.1◦/step and an interval
of 0.2 s/step. The phase composition was checked by means of JCPDS reference patterns.

4.5. CSH/CaP Composite Bone Graft Formulation and Paste Preparation

The composite bone graft materials contained a powder and liquid phase. The basic
powder component was a mixture of CSH and CaP. CaP component consisted of TTCP
(Ca4(PO4)2O) and DCPA (CaHPO4) (Alfa Aesar, Lancashire, UK) in a 1:1 molar ratio.
Homemade CSH powder was then mixed with CaP component (in the ratios of 1:1 or 1:3)
and different concentrations of citric acid and HPMC (both from Sigma, St. Louis, MO,
USA). Distilled water was added as liquid phase and mixed with powder phase described
above to produce paste for further experiments.

4.6. Setting Time Measurement

The self-setting time of prepared CSH/CaP composite bone graft materials was tested
according to the ASTM 266 standard and measured using a Gilmore needle test and
evaluated every 30 s at room temperature (22 ± 1 ◦C). Working time (initial setting time)
was defined when 0.3 MPa was loaded onto the specimen using a needle with no visible
marks on the surface, while 5 MPa was used for evaluating setting time (final setting time).

4.7. Injectability

The injectability of each prepared sample was monitored by whether the paste could
be gently extruded from a 5 mL disposable syringe equipped with an 18G needle.

4.8. Mechanical Compression Testing

To prepare the samples for the compressive strength test, the powder component and
liquid component were mixed under atmospheric conditions at room temperature and
spatulated into stainless steel molds to make cylindrical shapes with a diameter of 6 mm
and a height of 12 mm for the mechanical test. The compressive strength of each sample
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was examined in accordance with ASTM F1633 standards measured at a loading rate of
1 mm/min with a universal mechanical testing machine (Transcell Technology Inc., New
Taipei City, Taiwan). The measurements were performed three times for each group.

4.9. Degradation Test and pH Value Measurement

The prepared CSH/CaP pastes were molded into columns measuring 6 mm in diame-
ter and 3 mm in height and transferred into phosphate-buffer saline (PBS pH 7.4, Gibco,
Thermo Fisher Scientific Inc., Waltham, MA, USA) in an incubator at 37 ◦C for different
time period. The weight loss ratio (washout) was calculated from the formula of the weight
loss of the specimen divided by the weight of initial sample. The pH value for each sample
was obtained at week 1, 2, and 12 from PBS. Each test was repeated for three times and the
average value was calculated.

4.10. Cell Viability

To conduct cell viability assay for medical device, L929 cells (mouse fibroblasts, strain
number BCRC 60091) were suggested by ISO10993-5 standard [44]. L929 cell line was
purchased from the Food Industry Research and Development Institute, Hsinchu, Taiwan.
Cells were routinely maintained in Modified Eagle Medium (MEM, Gibco, Thermo Fisher
Scientific Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS,
Invitrogen, Waltham, MA, USA) at 37 ◦C under 5% CO2 and 95% relative humidity.

To evaluate biocompatibility of bone materials, test samples (CSH/CaP 1:1, 6% citric
acid, 2% HPMC) were firstly extracted following ISO10993-12 standard [45]. Two grams of
test sample was extracted in 10 mL of MEM/10% FBS (extraction ratio 0.2 g/mL) at 37 ◦C
for 24 h and the medium was collected for the treatment of cell viability test. Cell viability
was performed according to ISO10993-5 standard [44]. L929 cells were plated in a density
of 1 × 104 cells/well onto a 96-well culture plate in MEM/10% FBS at 37 ◦C overnight.
On the next day, culture medium was removed, cells were washed with phosphate-buffer
saline (PBS) and cultured in (1) bone material extract described above; (2) MEM/10% FBS
(blank); or (3) MEM/10% FBS containing 10% DMSO (negative control, Sigma, St. Louis,
MO, USA) for 24 h (n = 3 for each treatment). In vitro cell viability test was performed by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide method (MTT). MTT solu-
tion (Sigma, St. Louis, MO, USA) was added into the medium and cells were incubated at
37 ◦C for 2 h. The samples were read by an enzyme-linked immunosorbent assay (ELISA)
reader (Tecan, Männedorf, Switzerland) with a wavelength of 570 nm to obtain OD values.
The viability of L929 cells cultured in MEM/10% FBS without bone material extract (blank)
was set as 100% for the assay. Cell viability higher than 70% was considered non-cytotoxic.

4.11. Statistics

All the data are represented as mean ± SD of three independent experiments. Sta-
tistical difference was evaluated by two-tailed Student’s t-test. A value of p < 0.05 was
considered to be statistically significant.

5. Conclusions

In this study, we developed an injectable and moldable bone graft from CSH/CaP
composite materials with good handling properties, great biocompatibility, and adequate
mechanical strength. Moreover, we demonstrated that the paste could be extruded from a
syringe equipped with 18G needles and exerted a great potential for minimally invasive
surgery. We strongly believe that this study offers useful information for developing and
manufacturing injectable bone graft materials for treating maxillofacial defects, certain
indications in the spine, inferior turbinate for ENS, or reconstructive rhinoplasty.



Int. J. Mol. Sci. 2022, 23, 7590 12 of 13

Author Contributions: Conceptualization, Y.-H.C. and H.-W.F.; methodology, C.-Y.S.; software, H.-
H.T.; validation, I.-C.C. and C.-Y.S.; formal analysis, H.-H.T.; investigation, I.-C.C., C.-Y.S. and H.-H.T.;
resources, H.-W.F.; data curation, I.-C.C.; writing—original draft preparation, I.-C.C.; writing—review
and editing, Y.-H.C. and I.-C.C.; visualization, I.-C.C.; supervision, T.-H.Y.; project administration,
H.-W.F.; funding acquisition, Y.-H.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was sponsored by the Shin Kong Wu Ho-Su Memorial Hospital, grant number
2019SKHADR026.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors are thankful for the technical supports from the Core Facility of
National Taipei University of Technology.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Campana, V.; Milano, G.I.U.S.E.P.P.E.; Pagano, E.; Barba, M.; Cicione, C.; Salonna, G.; Logroscino, G. Bone substitutes in

orthopaedic surgery: From basic science to clinical practice. J. Mater. Sci. Mater. Med. 2014, 25, 2445–2461. [CrossRef]
2. Wang, W.; Yeung, K.W.K. Bone grafts and biomaterials substitutes for bone defect repair: A review. Bioact. Mater. 2017, 2, 224–247.

[CrossRef] [PubMed]
3. Haugen, H.J.; Lyngstadaas, S.P.; Rossi, F.; Perale, G. Bone grafts: Which is the ideal biomaterial? J. Clin. Periodontol. 2019, 46

(Suppl. 21), 92–102. [CrossRef]
4. Barone, A.W.; Andreana, S.; Dziak, R. Current Use of Calcium Sulfate Bone Grafts. Med. Res. Arch. 2020, 8. [CrossRef]
5. Evaniew, N.; Tan, V.; Parasu, N.; Jurriaans, E.; Finlay, K.; Deheshi, B.; Ghert, M. Use of a calcium sulfate-calcium phosphate

synthetic bone graft composite in the surgical management of primary bone tumors. Orthopedics 2013, 36, e216–e222. [CrossRef]
6. Guan, Q.; Sui, Y.; Zhang, F.; Yu, W.; Bo, Y.; Wang, P.; Jin, J. Preparation of α-calcium sulfate hemihydrate from industrial by-product

gypsum: A review. Physicochem. Probl. Miner. Processing 2021, 57, 168–181. [CrossRef]
7. Laurencin, C.; Khan, Y.; El-Amin, S.F. Bone graft substitutes. Expert Rev. Med. Devices 2006, 3, 49–57. [CrossRef] [PubMed]
8. Roberts, T.T.; Rosenbaum, A.J. Bone grafts, bone substitutes and orthobiologics. Organogenesis 2012, 8, 114–124. [CrossRef]

[PubMed]
9. Thomas, M.V.; Puleo, D.A. Calcium sulfate: Properties and clinical applications. J. Biomed. Mater. Res. Part B Appl. Biomater. 2009,

88B, 597–610. [CrossRef]
10. Jeong, J.; Kim, J.H.; Shim, J.H.; Hwang, N.S.; Heo, C.Y. Bioactive calcium phosphate materials and applications in bone

regeneration. Biomater. Res. 2019, 23, 4. [CrossRef] [PubMed]
11. Burguera, E.F.; Xu, H.H.; Weir, M.D. Injectable and rapid-setting calcium phosphate bone cement with dicalcium phosphate

dihydrate. J. Biomed. Mater. Res. Part B Appl. Biomater. 2006, 77, 126–134. [CrossRef] [PubMed]
12. Larsson, S.; Hannink, G. Injectable bone-graft substitutes: Current products, their characteristics and indications, and new

developments. Injury 2011, 42, S30–S34. [CrossRef]
13. Chen, Z.; Liu, H.; Liu, X.; Lian, X.; Guo, Z.; Jiang, H.J.; Cui, F.Z. Improved workability of injectable calcium sulfate bone cement

by regulation of self-setting properties. Mater. Sci. Eng. C Mater. Biol. Appl. 2013, 33, 1048–1053. [CrossRef]
14. Coetzee, A.S. Regeneration of bone in the presence of calcium sulfate. Arch. Otolaryngol. 1980, 106, 405–409. [CrossRef] [PubMed]
15. Hsu, H.-J.; Waris, R.A.; Ruslin, M.; Lin, Y.-H.; Chen, C.-S.; Ou, K.-L. An innovative α-calcium sulfate hemihydrate bioceramic as a

potential bone graft substitute. J. Am. Ceram. Soc. 2018, 101, 419–427. [CrossRef]
16. Lewis, K.N.; Thomas, M.V.; Puleo, D.A. Mechanical and degradation behavior of polymer-calcium sulfate composites. J. Mater.

Sci. Mater. Med. 2006, 17, 531–537. [CrossRef] [PubMed]
17. Chen, I.C.; Su, C.Y.; Lai, C.C.; Tsou, Y.S.; Zheng, Y.; Fang, H.W. Preparation and Characterization of Moldable Demineralized

Bone Matrix/Calcium Sulfate Composite Bone Graft Materials. J. Funct. Biomater. 2021, 12, 56. [CrossRef] [PubMed]
18. Chiang, H.-H.; Su, C.-Y.; Hsu, L.-H.; Yang, M.-H.; Fang, H.-W. Improved Anti-Washout Property of Calcium Sulfate/Tri-Calcium

Phosphate Premixed Bone Substitute with Glycerin and Hydroxypropyl Methylcellulose. Appl. Sci. 2021, 11, 8136. [CrossRef]
19. Wang, Y.-W.; Meldrum, F.C. Additives stabilize calcium sulfate hemihydrate (bassanite) in solution. J. Mater. Chem. 2012, 22,

22055–22062. [CrossRef]
20. Moseke, C.; Gbureck, U. Tetracalcium phosphate: Synthesis, properties and biomedical applications. Acta Biomater. 2010, 6,

3815–3823. [CrossRef]
21. Sarda, S.; Fernández, E.; Nilsson, M.; Balcells, M.; Planell, J.A. Kinetic study of citric acid influence on calcium phosphate bone

cements as water-reducing agent. J. Biomed. Mater. Res. 2002, 61, 653–659. [CrossRef] [PubMed]

http://doi.org/10.1007/s10856-014-5240-2
http://doi.org/10.1016/j.bioactmat.2017.05.007
http://www.ncbi.nlm.nih.gov/pubmed/29744432
http://doi.org/10.1111/jcpe.13058
http://doi.org/10.18103/mra.v8i11.2283
http://doi.org/10.3928/01477447-20130122-25
http://doi.org/10.37190/ppmp/130795
http://doi.org/10.1586/17434440.3.1.49
http://www.ncbi.nlm.nih.gov/pubmed/16359252
http://doi.org/10.4161/org.23306
http://www.ncbi.nlm.nih.gov/pubmed/23247591
http://doi.org/10.1002/jbm.b.31269
http://doi.org/10.1186/s40824-018-0149-3
http://www.ncbi.nlm.nih.gov/pubmed/30675377
http://doi.org/10.1002/jbm.b.30403
http://www.ncbi.nlm.nih.gov/pubmed/16184538
http://doi.org/10.1016/j.injury.2011.06.013
http://doi.org/10.1016/j.msec.2012.11.019
http://doi.org/10.1001/archotol.1980.00790310029007
http://www.ncbi.nlm.nih.gov/pubmed/7387528
http://doi.org/10.1111/jace.15181
http://doi.org/10.1007/s10856-006-8936-0
http://www.ncbi.nlm.nih.gov/pubmed/16691351
http://doi.org/10.3390/jfb12040056
http://www.ncbi.nlm.nih.gov/pubmed/34698233
http://doi.org/10.3390/app11178136
http://doi.org/10.1039/c2jm34087a
http://doi.org/10.1016/j.actbio.2010.04.020
http://doi.org/10.1002/jbm.10264
http://www.ncbi.nlm.nih.gov/pubmed/12115456


Int. J. Mol. Sci. 2022, 23, 7590 13 of 13

22. Zhang, J.; Liu, W.; Schnitzler, V.; Tancret, F.; Bouler, J.M. Calcium phosphate cements for bone substitution: Chemistry, handling
and mechanical properties. Acta Biomater. 2014, 10, 1035–1049. [CrossRef] [PubMed]

23. Blouin, S.; Moreau, M.F.; Weiss, P.; Daculsi, G.; Baslé, M.F.; Chappard, D. Evaluation of an injectable bone substitute
(betaTCP/hydroxyapatite/hydroxy-propyl-methyl-cellulose) in severely osteopenic and aged rats. J. Biomed. Mater. Res. Part A
2006, 78, 570–580. [CrossRef] [PubMed]

24. Barralet, J.E.; Hofmann, M.; Grover, L.M.; Gbureck, U.J.A.M. High-strength apatitic cement by modification with α-hydroxy acid
salts. Adv. Mater. 2003, 15, 2091–2094. [CrossRef]

25. Thai, V.V.; Lee, B.T. Fabrication of calcium phosphate-calcium sulfate injectable bone substitute using hydroxy-propyl-methyl-
cellulose and citric acid. J. Mater. Sci. Mater. Med. 2010, 21, 1867–1874. [CrossRef] [PubMed]

26. Liu, W.; Zhang, J.; Rethore, G.; Khairoun, K.; Pilet, P.; Tancret, F.; Weiss, P. A novel injectable, cohesive and toughened Si-HPMC
(silanized-hydroxypropyl methylcellulose) composite calcium phosphate cement for bone substitution. Acta Biomater. 2014, 10,
3335–3345. [CrossRef] [PubMed]

27. Schlickewei, C.W.; Laaff, G.; Andresen, A.; Klatte, T.O.; Rueger, J.M.; Ruesing, J.; Lehmann, W. Bone augmentation using a new
injectable bone graft substitute by combining calcium phosphate and bisphosphonate as composite—An animal model. J. Orthop.
Surg. Res. 2015, 10, 116. [CrossRef] [PubMed]

28. Boyle, K.K.; Sosa, B.; Osagie, L.; Turajane, K.; Bostrom, M.P.G.; Yang, X. Vancomycin-laden calcium phosphate-calcium sulfate
composite allows bone formation in a rat infection model. PLoS ONE 2019, 14, e0222034. [CrossRef] [PubMed]

29. Cai, Z.; Wu, Z.; Wan, Y.; Yu, T.; Zhou, C. Manipulation of the degradation behavior of calcium phosphate and calcium sulfate
bone cement system by the addition of micro-nano calcium phosphate. Ceram. Int. 2021, 47, 29213–29224. [CrossRef]

30. Smirnov, V.V.; Antonova, O.S.; Goldberg, M.A.; Smirnov, S.V.; Shvorneva, L.I.; Egorov, A.A.; Barinov, S.M. Bone cements in the
calcium phosphate–calcium sulfate system. Dokl. Chem. 2016, 467, 136–139. [CrossRef]

31. Ishikawa, K.; Miyamoto, Y.; Kon, M.; Nagayama, M.; Asaoka, K. Non-decay type fast-setting calcium phosphate cement:
Composite with sodium alginate. Biomaterials 1995, 16, 527–532. [CrossRef]

32. Alkhraisat, M.H.; Rueda, C.; Marino, F.T.; Torres, J.; Jerez, L.B.; Gbureck, U.; Cabarcos, E.L. The effect of hyaluronic acid on
brushite cement cohesion. Acta Biomater. 2009, 5, 3150–3156. [CrossRef] [PubMed]

33. Cherng, A.; Takagi, S.; Chow, L.C. Effects of hydroxypropyl methylcellulose and other gelling agents on the handling properties
of calcium phosphate cement. J. Biomed. Mater. Res. 1997, 35, 273–277. [CrossRef]

34. Liu, H.; Li, H.; Cheng, W.; Yang, Y.; Zhu, M.; Zhou, C. Novel injectable calcium phosphate/chitosan composites for bone substitute
materials. Acta Biomater. 2006, 2, 557–565. [CrossRef] [PubMed]

35. Liu, W.; Zhang, J.; Weiss, P.; Tancret, F.; Bouler, J.-M. The influence of different cellulose ethers on both the handling and
mechanical properties of calcium phosphate cements for bone substitution. Acta Biomater. 2013, 9, 5740–5750. [CrossRef]

36. Wang, X.; Chen, L.; Xiang, H.; Ye, J. Influence of anti-washout agents on the rheological properties and injectability of a calcium
phosphate cement. J. Biomed. Mater. Res. Part B Appl. Biomater. 2007, 81B, 410–418. [CrossRef]

37. Hong, H.R.; Jang, Y.J. Correlation between remnant inferior turbinate volume and symptom severity of empty nose syndrome.
Laryngoscope 2016, 126, 1290–1295. [CrossRef]

38. Bergmark, R.W.; Gray, S.T. Surgical Management of Turbinate Hypertrophy. Otolaryngol. Clin. N. Am. 2018, 51, 919–928.
[CrossRef]

39. Passali, D.; La Rosa, R.; Passali, G.C.; Ciprandi, G. The Empty Nose Syndrome: A pragmatic classification in clinical practice. Acta
Bio-Med. Atenei Parm. 2021, 92, e2021288.

40. Leong, S.C. The clinical efficacy of surgical interventions for empty nose syndrome: A systematic review. Laryngoscope 2015, 125,
1557–1562. [CrossRef]

41. Lamb, M.; Bacon, D.R.; Zeatoun, A.; Onourah, P.; Thorp, B.D.; Abramowitz, J.; Senior, B.A. Mental health burden of empty nose
syndrome compared to chronic rhinosinusitis and chronic rhinitis. Int. Forum Allergy Rhinol. 2022. [CrossRef] [PubMed]

42. Lee, T.J.; Fu, C.H.; Wu, C.L.; Tam, Y.Y.; Huang, C.C.; Chang, P.H.; Wu, M.H. Evaluation of depression and anxiety in empty nose
syndrome after surgical treatment. Laryngoscope 2016, 126, 1284–1289. [CrossRef] [PubMed]

43. Kuan, E.C.; Suh, J.D.; Wang, M.B. Empty nose syndrome. Curr. Allergy Asthma Rep. 2015, 15, 493. [CrossRef] [PubMed]
44. ISO 10993-5:2009; Biological Evaluation of Medical Devices—Part 5: Tests for In Vitro Cytotoxicity. International Organization for

Standardization: Geneva, Switzerland, 2009.
45. ISO 10993-12:2021; Biological Evaluation of Medical Devices—Part 12: Sample Preparation and Reference Materials. International

Organization for Standardization: Geneva, Switzerland, 2021.

http://doi.org/10.1016/j.actbio.2013.11.001
http://www.ncbi.nlm.nih.gov/pubmed/24231047
http://doi.org/10.1002/jbm.a.30721
http://www.ncbi.nlm.nih.gov/pubmed/16739169
http://doi.org/10.1002/adma.200305469
http://doi.org/10.1007/s10856-010-4058-9
http://www.ncbi.nlm.nih.gov/pubmed/20333539
http://doi.org/10.1016/j.actbio.2014.03.009
http://www.ncbi.nlm.nih.gov/pubmed/24657196
http://doi.org/10.1186/s13018-015-0263-z
http://www.ncbi.nlm.nih.gov/pubmed/26205381
http://doi.org/10.1371/journal.pone.0222034
http://www.ncbi.nlm.nih.gov/pubmed/31536540
http://doi.org/10.1016/j.ceramint.2021.07.086
http://doi.org/10.1134/S0012500816040030
http://doi.org/10.1016/0142-9612(95)91125-I
http://doi.org/10.1016/j.actbio.2009.04.001
http://www.ncbi.nlm.nih.gov/pubmed/19409871
http://doi.org/10.1002/(SICI)1097-4636(19970605)35:3&lt;273::AID-JBM1&gt;3.0.CO;2-E
http://doi.org/10.1016/j.actbio.2006.03.007
http://www.ncbi.nlm.nih.gov/pubmed/16774852
http://doi.org/10.1016/j.actbio.2012.11.020
http://doi.org/10.1002/jbm.b.30678
http://doi.org/10.1002/lary.25830
http://doi.org/10.1016/j.otc.2018.05.008
http://doi.org/10.1002/lary.25170
http://doi.org/10.1002/alr.22997
http://www.ncbi.nlm.nih.gov/pubmed/35333009
http://doi.org/10.1002/lary.25814
http://www.ncbi.nlm.nih.gov/pubmed/26667794
http://doi.org/10.1007/s11882-014-0493-x
http://www.ncbi.nlm.nih.gov/pubmed/25430954

	Introduction 
	Results 
	The Synthesis of Calcium Sulfate Hemihydrate (CSH, CaSO40.5H2O) 
	Altering the Handling Property of CSH/CaP Composite Bone Materials by Citric Acid 
	Effects of CSH/CaP Ratio on Mechanical Properties 
	Effects of Hydroxyl Propyl methyl Cellulose (HPMC) on the Properties CSH/CaP Composite Bone Graft Materials 
	In Vitro Cytotoxicity of CSH/CaP Paste 

	Discussion 
	Effects of Citric Acid on Setting Time and Injectability 
	Effects of the Ratio of CSH and CaP 
	Effects of HPMC on Anti-Washout Ability and Mechanical Property 
	Possible Clinical Applications 

	Materials and Methods 
	Calcium Sulfate Hemihydrate (CSH) Preparation 
	Scanning Electron Microscope (SEM) 
	Fourier Transform Infrared Spectroscopy (FTIR) 
	X-ray Diffraction (XRD) 
	CSH/CaP Composite Bone Graft Formulation and Paste Preparation 
	Setting Time Measurement 
	Injectability 
	Mechanical Compression Testing 
	Degradation Test and pH Value Measurement 
	Cell Viability 
	Statistics 

	Conclusions 
	References

