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Abstract

A new CPC was developed in this study using a B-TCP powder mechano-chemically modified by ball-
milling. The prototype CPC exhibits excellent fluidity for easy injection into bone defects; however, there
is a risk of leakage from the defects immediately after implantation due to its high fluidity. The addition of
poloxamer, an inverse thermoresponsive gelling agent, into CPC optimizes the fluidity. At lower
temperatures, it forms a sol and maintains good injectability, whereas at the human body temperature, it
transforms to a gel, reducing the fluidity and risk of leakage. In this study, the effects of poloxamer addition
of 3, 5, and 10 mass% on the injectability, shape stability, and strength of the prototype CPC were evaluated.
The calculated injectability of the prototype CPC pastes containing three different poloxamer contents was
higher than that of the CPC paste without poloxamer for 15 min at 37 °C. Furthermore, the shape stability
immediately after injection of the three CPC pastes with poloxamer was higher than that of the CPC paste
without poloxamer. After 1 week of storage at 37 °C, the compressive strength and diametral tensile
strength of the CPC compacts containing 10 mass% poloxamer were similar to those of the CPC compact
without poloxamer. Additionally, the CPC compacts containing 10 mass% poloxamer exhibited clear
plastic deformation after fracture. These results indicate that the addition of poloxamer to the prototype
CPC could reduce the risk of leakage from bone defects and improve the fracture toughness with

maintaining the injectability and strength.
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1. Introduction

Calcium phosphates in many different forms exhibit many advantages as biomedical materials, such
as excellent biocompatibility, bioactivity, and osteoconductivity. In particular, calcium phosphate cements
(CPCs) are attractive bone substitutes because of their high injectability into bone defects for minimally
invasive bone repair. However, the strength of injectable CPCs is commonly insufficient; they also leak or
migrate from the injected bone defects. Therefore, an improved strength and immediate and complete
solidification of CPCs after implantation are required for wide-range clinical applications with long
lifetimes and low risks. One of the most commonly used processes for improving the strength of CPC is to
increase the mixing ratio of calcium phosphate powder to the CPC liquid (powder/liquid (P/L) ratio). An
increase in the P/L ratio is also effective in accelerating CPC solidification; however, it reduces the
injectability of the CPC paste before solidification. It has been reported that the mechano-chemical
modification of CPC powder through a planetary ball-milling process exhibited simultaneous
improvements in strength, injectability, and solidification (Bae et al., 2015; Gbureck et al., 2003; Kim et
al., 2021); however, further improvement is required.

One of the commonly used strategies to accelerate the solidification of CPC pastes after injection is
the mixing of CPC and additives, in particular, gelling agents such as gelatin, glycerol, collagen, and
chitosan, for viscosity control (Vezenkova and Locs, 2022). The addition of gelatin to CPCs is known to
improve solidification, injectability of cement paste, and mechanical properties of the set cement, and has
been reported to accelerate the setting reaction (Bigi et al., 2004a, 2004b; Fujishiro et al., 2001; Maazouz
et al., 2017; Shie et al., 2008). The addition of glycerol also greatly improved the injectability of the CPC
paste; however, it increased the setting time and decreased the strength (Leroux et al., 1999). The addition
of chitosan also improved the injectability and strength of CPCs; however, the effect was limited (Leroux
et al., 1999). The concentration of citric acid solution as the liquid component in the CPC influences both
mechanical properties and biocompatibility (Yokoyama et al., 2002). Although gelling agents have been
widely added to CPCs, their effects are not satisfactory. One possible reason is that the above agents
exhibited an increase in the CPC paste fluidity with an increasing temperature. Therefore, to achieve an

adequate fluidity of the cement in the human body, the injection is required to be performed at a temperature



higher than that of the human body with a risk of thermally damaging the tissue. Otherwise, injecting at a
temperature lower than that of the human body enhances the difficulty of injection due to insufficient
fluidity.

In contrast, there are gelling agents exhibiting inverse thermoresponsive properties; they are a sol
phase at lower temperatures and a gel phase at higher temperatures. The CPC paste, including gelling agents,
can be injected into the human body at a lower temperature and will be heated immediately because of the
human body temperature, losing the liquidity and lowering the risk of leakage. Poloxamer is the inverse
thermoresponsive gelling agent of a tri-block copolymer consisting of a central hydrophobic polypropylene
oxide (PPO) block flanked by two hydrophilic polyethylene oxide (PEO) blocks. With a temperature
increase, the copolymer chains aggregate to form a micellar structure owing to the dehydration of the
hydrophobic PPO blocks (Dumortier et al., 2006). It is widely utilized as a surfactant because of its
amphiphilic nature (Nagarajan, 1999; Yu et al., 2012). Biomedical applications based on their excellent
biocompatibility can be widely found in tissue engineering and cell encapsulation (Dogan et al., 2012;
Matthew et al., 2002). Poloxamer is utilized as a pharmaceutical additive because of its low toxicity,
promotion of solubilization, and metabolic stability (Lee et al., 2014a, 2014b). These applications suggest
that the biotoxicity of poloxamer is acceptable for biomedical applications. Moreover, the authors found
research utilizing poloxamer as a surfactant to produce nanostructured HA crystals (Ye et al., 2010, 2012).
It was suggested that poloxamer additives possibly delayed the HA crystal growth speed but did not inhibit
the full transformation to HA crystal (Maazouz et al., 2017). Based on the above advantages, the authors
adopted poloxamer as a gelling agent for CPC in this study. Although there are many potential advantages,
the authors could find only one study utilizing poloxamer as a CPC additive (Maazouz et al., 2017). In the
above, alpha-tricalcium phosphate-based CPC containing 20 mass% poloxamer exhibited excellent
injectability and shape stability; however, the strength of the set CPC was reduced from that of set CPC
without poloxamer. The objective of this study was to investigate the effects of the poloxamer content on
the strength, injectability, and shape stability of the beta-tricalcium phosphate (B-TCP)-based CPC

developed by the authors.



2. Materials and methods

The specimen preparation processes in this study, except the poloxamer addition, mainly followed
those of previous papers by the authors (Bae et al., 2015; Ida et al., 2017; Kim et al., 2021), and are

summarized as follows.

2.1. Preparation of CPC

B-TCP powder (Taihei Chemical Industrial Co. Ltd., Osaka, Japan) was modified using a planetary
ball mill (Pulverisette7, Fritsch, Idar-Oberstein, Germany) and 15 mm-diameter zirconia balls (ditto) to
change the size distribution and crystallinity. Seven balls, B-TCP powder (8 g), and ethanol (4 mL of ethanol
(99.5%)) were placed in a 45 ml-zirconia pot (ditto) and milled at approximately 1000 rpm (motor speed)
for 24 h. The resulting powder (mB-TCP powder) was then dried at 60 °C in an oven for more than 12 h.

To produce the two kinds of mixing solutions, CaCl, (Kento chemical Co. Inc., Tokyo, Japan) and
NaH,PO4 (Wako Pure Chemical Industries, Ltd., Osaka, Japan) were mixed with distilled water to a
concentration of 1.25 M and 0.75 M, respectively, and then filtrated using a PES syringe filter (0.45 um
pore size, 013045S-SFPES, AS ONE Corp., Osaka, Japan). The mB-TCP powder was first mixed with the
CaCl; solution for 5 min and then with the NaH>PO4 solution for 1 min. To clarify the effects of the
poloxamer 407 (2 set of 101 blocks of PEO and 56 blocks of PPO, BASF, Ludwigshafen, Germany) content
on the properties of CPC, it was mixed with the NaH>POj4 solution to a concentration of 0.03, 0.05, and 0.1
g/ml. The mixing ratio of CPC powder to CaCl» solution to NaH,POj4 solution (or mixed solution with
poloxamer) was 5:1:1 (g/mL/mL), that is, the P/L ratio of the mixed pastes were 2.5 g/ml, and the total
Ca/P ratio of the mixing liquid used in this study was 1.67. Hereafter the specimens without poloxamer,
and with 0.03, 0.05, and 0.1 g/ml poloxamer are called mB-TCP, pol-3, pol-5 and pol-10, respectively. The

CPC paste was prepared on a glass slab using a stainless-steel (SUS) spatula.

2.2. Injectability

The injectability of the CPC paste is defined as its ability to extrude through a small hole in a syringe
fitted with a long needle (Dorozhkin, 2013). Approximately 2.8 g of the paste was filled into a disposable
syringe (2 mm inner-diameter opening, 12 mm inner-diameter body, and 10 mL inner volume (Terumo
Syringe, Terumo Corp., Tokyo, Japan)) immediately after mixing and then stored in a refrigerator (7 °C)

for 1 h to enhance the injectability at lower temperature. The syringes were removed from the refrigerator



and the injection test was started immediately at a temperature of 7 °C. Some syringes were placed in an
incubator (37 °C) and stored for 1, 5, 15, 30, and 60 min. They were removed from the incubator and the
injection test was started immediately on the assumption that the temperature was maintained at 37 °C.
The CPC paste was extruded using a universal testing machine and a load cell at a crosshead speed
of 20 mm/min and a maximum force of 300 N. A maximum force of 300 N was selected as the typical
maximum force exerted by a hand on a syringe plunger (Kim et al., 2013). The injectability was calculated

using the following equation:
Injectability (%) = 2L x 100 (1)
y w

where Wey is the mass of the paste extruded from the syringe and W is the initial mass of the paste in the

syringe before injection.

2.3. Mechanical properties evaluation

The compressive strength (CS) and diametral tensile strength (DTS) of the CPC compact were
evaluated as a function of the poloxamer 407 concentration. To produce the test specimen, the cement paste
was filled into silicone (Shin-Etsu Chemical Co. Ltd., KE-1300T) molds using a SUS spatula. To evaluate
the wet strength (strength in the wet condition), the specimen was then stored at 37 °C and at a humidity of
100% for 1, 3, and 5 h in an incubator. To evaluate the dry strength (strength under dry conditions), the
specimen was stored for one week in an incubator, followed by a dehydration process at 50 °C in an oven
for 1 d. The dimensions of the mold for the CS specimens were 3 mm in diameter and 6 mm in height,
while those for the DTS specimen were 6 mm in diameter and 4 mm in height. After drying, the dimensions
of the specimens were determined using a digital caliper. The CS and DTS were evaluated using a universal
testing machine (Autograph AGS-500A, Shimadzu Corp., Kyoto, Japan) and a 1 kN load cell (Type SLBL-

1kN) at a crosshead speed of 10 mm/min. The CS and DTS were calculated using the following equations:

F
C — max
S mx(5)? (2)
2XFmax
DTS = — & 3)

where d is the specimen diameter, Fqx is the failure load, and / is the length of the specimen.

2.4. Characterization of specimens

The phase constitution of the CPC compact after setting was analyzed using X-ray diffractometry



(XRD; MiniFlex, Rigaku Corp., Tokyo, Japan) at a step size of 0.1° with CuKa radiation at 30 kV and 15
mA. Data was collected in the 20 range of 20°-60° in continuous mode with a scan speed of 0.1°/min.

To calculate the porosity of the compacts, the real volume (77) of the compact was measured using a
gas pycnometer (AccuPyc 1330, Micromeritics Instrument, Norcross, GA, USA). The mass of the specimen
(M) was measured using a microbalance after dehydration at 50 °C. The bulk density (Ds), solid density

(Ds), and porosity (P) of the compacts were calculated using the following equations:

M

Db = Txd?xl (4)
M
P (%) =(1-2)x100 (6)

The fracture surfaces of the DTS specimens were gold-coated using an ion-coating apparatus
(Electron Microscopy IB-3, Eiko Engineering Co. Ltd., Tokyo, Japan) and then observed using scanning
electron microscopy (SEM; JCM5700, JEOL Co. Ltd., Tokyo, Japan) and field-emission SEM (FE-SEM;
S-4700, Hitachi High-Tech, Tokyo, Japan).

2.5. Statistical analysis
All data was statistically analyzed using the Steel-Dwass Test in the EZR software (Kanda, 2013) to
compare the mean values of the different groups. The number of specimens (n) was 6, 10, or 12. Statistical

significance was accepted at a confidence level of 0.05.

3. Results
3.1. Injectability and shape stability of CPC paste

Fig. 1 shows the injectability of the mB-TCP, pol-3, pol-5, and pol-10 cement pastes under a
maximum force of 300 N according to the different storage times at 37 °C. All cement pastes containing
poloxamer exhibited an injectability higher than that of mB-TCP up to 15 min, and then exhibited a drastic
decrease in injectability to 30 min. Note that the mB-TCP paste was injectable at 30 min, while injection of

all the cement pastes containing poloxamer was impossible or difficult at 30 min.
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Fig. 1 Injectability of the mB-TCP, pol-3, pol-5, and pol-10 cement pastes under a
maximum force of 300 N according to different storage times at 37 °C

Fig. 2 shows optical images of the mp-TCP, pol-3, pol-5, and pol-10 cement pastes injected after 10
min of storage at 37 °C. Although the injectability after 10 min of storage was the lowest, only the extruded
mp-TCP paste could not retain its injected shape, that is, the shape stability of the mB-TCP paste was lower

than that of the other pastes.

(A) mB-TCP J

(D) pol-10

Fig. 2 Optical images of the mB-TCP, pol-3, pol-5, and pol-10 cement pastes injected
after 10 min of storage at 37 °C

3.2. Phase constitution and properties of the set cement

The XRD profiles of the mB-TCP, pol-3, pol-5, and pol-10 crushed cement compacts after 1 week of
storage are shown in Fig. 3. All the cement compacts, 3-TCP, hydroxyapatite (HA), and zirconia (tetragonal
zirconia (t-zr) and monoclinic zirconia (m-zr)) peaks could be observed in the patterns. The zirconia

contaminations originated from the milling balls and milling pot (Kim et al., 2021).
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Fig. 3 XRD profiles of the crushed mB-TCP, pol-3, pol-5, and pol-10 cement compacts
after one week storage
Fig. 4 shows optical images of the pol-5 cement compacts after the DTS and CS evaluations after 5
h of storage at 37 °C. The specimens did not fracture into pieces and maintained the macroscopic form with

a reduction in height, indicating that the pol-5 compact exhibited plastic deformation.

(C) After CS (B) Before CS (A) After DTS

Fig. 4 Optical images of the pol-5 cement compacts (A) after the DTS evaluation,
(B) and (C) before and after CS evaluation, respectively, after 5 h of storage

Fig. 5 shows the initial wet CS and DTS after 1, 3, and 5 h of storage. The mB-TCP cement compacts
exhibited an accelerated increase in the initial wet CS with an increasing storage time from 3 to 5 h, while
they exhibited a gradual increase in the initial wet DTS values from 1 to 5 h of storage time. In contrast,

the initial CS and DTS values of the pol-5 cement compacts did not increase from 3 to 5 h of storage time.
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Fig. 5 CS and DTS of the cement compacts after 1, 3, and 5 h of storage

Fig. 6 shows the dry CS and DTS of the cement compacts after one week of storage. The CS values
of the mB-TCP, pol-3, pol-5, and pol-10 cement compacts were 37.9, 34.0, 37.4, and 35.4 MPa, respectively.
The DTS values of the mB-TCP, pol-3, pol-5, and pol-10 cement compacts were 5.0, 5.4, 5.1, and 4.9 MPa,
respectively. The CS and DTS values of the cement compacts containing poloxamer were not significantly

different from those of the mB-TCP cement compacts.
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Fig. 6 CS and DTS of the cement compacts after one week of storage



Fig. 7 shows the porosity of the mB-TCP, pol-3, pol-5, and pol-10 cement compacts. The porosity
values were 44, 43, 45, and 46%, respectively. The porosity values were not significantly different.
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Fig. 7 The porosity of the mB-TCP, pol-3, pol-5, and pol-10 cement compacts
after one week of storage

3.3. Morphology of fracture surface of the cement compacts

Fig. 8 shows SEM images of the fracture surfaces of the DTS specimens after one week of storage.
A highly developed needle-shaped or plate-shaped HA crystal network was observed on each fracture
surface. Additionally, the size of the agglomerated granular structure of the HA crystals and the density of
the larger pores on the fracture surface were similar. Fig. 9 shows FE-SEM images of the fracture surfaces

of the DTS specimens after one week of storage. Entangled plate-shaped or needle-shaped crystals were

observed on mB-TCP and pol-10 of fracture surfaces.
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Fig. 8 SEM images of the fracture surfaces of DTS specimens
after one week of storage
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Fig. 9 FE-SEM images of the fracture surfaces of DTS specimens
after one week of storage

4. Discussion
4.1. Injectability and shape stability of CPC paste

The mechanism responsible for the reduced injectability with increasing storage time, shown in Fig.
1, is either HA precipitation in the cement paste or the increase in the cement paste temperature in the
syringe. The cement pastes containing poloxamer showed sufficiently high injectability before storage at
37 °C because the paste was at 7 °C and the poloxamer included was a sol. They drastically lost injectability
due to the poloxamer transforming from a sol to a gel with an increasing temperature from 7 °C to 37 °C.
In contrast, the injectability reduction of the mB-TCP paste was gradual, as compared to that of the cement
pastes containing poloxamer, due to the HA precipitation in the cement paste.

Fig. 2 shows that the injectability of the cement pastes evaluated in this study was different from the
shape stability after injection. Although the cement pastes containing poloxamer exhibited a higher
injectability than the mB-TCP paste, they exhibited a nearly complete retention of their injected shape, that

is, their shape stability at 37 °C was sufficiently high. Therefore, the addition of poloxamer provided the



cement paste with good injectability to bone defects and a low risk of leakage from bone defects.
In this study, the cement pastes containing poloxamer required more than 15 min to lose injectability,
and the pastes could be injected up to 15 min after mixing. To extend the injectable time, if required, storage

at a lower temperature is possibly effective, as suggested in a previous study (Maazouz et al., 2017).

4.2. Phase constitution of cement compacts

Poloxamer block copolymers exist as dissolved monomers in solution at lower temperatures, but they
self-assemble as poloxamer micelles at higher temperatures (Huang et al., 2002). However, the presence of
poloxamer could not be detected as a separate phase in the XRD profiles in this study. Therefore, it was
concluded that the poloxamer addition in this study did not affect the crystal phase constitution of the
cement compacts. Interestingly, the B-TCP peaks of pol-3, pol-5, and pol-10 were relatively higher than
those of mPB-TCP, suggesting that the poloxamer addition suppressed the B-TCP dissolution. A lower [-
TCP dissolution potentially led to less HA precipitation in the specimens. However, clear HA peaks could
also be observed in pol-3, pol-5, and pol-10, suggesting that the poloxamer addition did not inhibit HA
precipitation. These results are similar to the phenomenon reported in a previous study; that is, the addition
of poloxamer delayed the HA crystal network growth during cement setting but did not delay the full
transformation to HA (Maazouz et al., 2017). The mechanism for the inconsistent results of a lower B-TCP
dissolution and clear HA precipitation could not be clarified in this study; however, the results of the set

cement strength suggested that the HA crystal network was sufficiently developed after one week of storage.

4.3. Plastic deformability of cement compacts

The pol-5 cement compact after 5 h of storage exhibited excellent plastic deformability, as shown in
Fig. 4. Generally, high plastic deformability leads to high fracture toughness; however, it is difficult for the
authors to suggest the clinical advantages of high fracture toughness. One potential advantage is that the
set cement in a bone defect can support the bone around the defect and reduce the risk of bone fracture.
Another feature observed in Fig. 4 is the reduced release of small pieces after fracture. Small pieces released
are at risk of migration outside the bone defect. Therefore, the addition of poloxamer can reduce the risk of

leakage not only during injection, but also after setting.

4.4. Strength of cement compacts



Because the strength of poloxamer gel is lower than that of HA precipitates (Bercea et al., 2011; Ruys
et al., 1995), the strength of the cement compacts will be discussed from the viewpoint of the HA crystal
network growth in this section.

Because the set cement requires one day to dehydrate, the XRD profiles of the cement compact after
1, 3, and 5 h storage could not be obtained in this study. However, as the XRD profile after one week of
storage indicated, the B-TCP dissolution was potentially also delayed, resulting in a delay in HA
precipitation. Less HA precipitation leads to a lower HA crystal network growth and to lower CS and DTS
values than mpB-TCP, as shown in Fig 5. In contrast, as shown in Fig. 6, the addition of less than 10%
poloxamer did not decrease the CS and DTS of the cement compact after one week of storage. This result
was consistent with that; that is, the HA precipitation in the cement compacts containing poloxamer after
one week of storage was similar to or enhanced from that in the mB-TCP cement compact, as the XRD
profiles in Fig. 3 exhibited. The above results suggest that the poloxamer in the cement suppressed the
dissolution of B-TCP; however, it simultaneously accelerated HA precipitation and growth of the HA
network.

The less negative effect of the poloxamer addition on the cement compact strength in this study was
different from the result of a previous study (Maazouz et al., 2017). The main reason for this difference
could be the difference in poloxamer content (3% to 10% in this study and 20% in the previous study).
Since HA precipitates and develops a network structure, a small amount of poloxamer is not an inhibitor of
the HA crystal network growth. However, a higher poloxamer content delayed the HA crystal network
growth, and the strength of the cement compacts was reduced. Therefore, it is believed that a poloxamer
content of <10% did not affect the HA network growth in this study. And a 20% poloxamer content possibly
reduced the growth as suggested in a previous study (Maazouz et al., 2017). A quantitative evaluation of
the HA crystal network growth is required to further determine the effect of the poloxamer content on

cement strength.

4.5. Porosity and morphology of the fracture surface of the cement compacts

Interestingly, there was no significant difference between the porosity of the cement compacts with
and without poloxamer, that is, the poloxamer addition did not affect the porosity. Note that the volume of
both the HA precipitation and poloxamer gel were measured as solid constitutions during the porosity

evaluation, and because the contents of Ca and P included were constant, the volume of HA precipitated in



the cement was constant. Thus, the porosity of the cement compact depended only on the volume of the
poloxamer. The water in the poloxamer gel was consumed for the generation of HA from B-TCP and was
removed during dehydration. Thus, after dehydration, the poloxamer gel was transferred to a nearly xerogel
and reduced its volume. This hypothesis suggests that a higher poloxamer content leads to higher porosity.
However, the effect of the poloxamer content was not significant. A potential reason was that the difference
in the poloxamer xerogel volume could not be detected in this study because the volume of the poloxamer
xerogel contained was much smaller than that of the HA crystals. Although there was no significant
difference in the average porosity value, the porosity distribution of the pol-3 cement compact was higher
than those of the other cement compacts. However, the distribution of the pol-3 cement compact CS and
DTS shown in Fig. 6 was similar to those of the other cement compacts. The mechanism of this
inconsistency was not clarified in this study; however, one possible factor is the difference in pore size
distribution because the strength of cement compacts depends on not only the porosity but also the pore
size distribution and pore shape (Kim et al., 2021).

The observation of no clear difference between the fracture surfaces of the cements was inconsistent
with the similar CS, DTS, and porosity. Interestingly, the poloxamer xerogel was not observed on the
fracture surface, either because the content of poloxamer was significantly lower than that of the HA
crystals or the structure of the poloxamer xerogel network was similar to the HA crystal network and could

not be distinguished from one another.

5. Conclusions

The effects of 3, 5, and 10 mass% poloxamer addition on the properties of the prototype CPC using

a modified B-TCP powder were evaluated. The addition exhibited the following effects:

1. The injectability of the prototype CPC stored for 15 min at 37 °C was similar or improved;

2. The shape stability after injection of the prototype CPC stored for 10 min at 37 °C was noticeably
improved;

3. The CS and DTS of the prototype CPC containing 5 mass% poloxamer after 3 and 5 h of storage at
37 °C were significantly lower, while those after one week of storage at 37 °C and after 1 d of
dehydration at 50 °C did not change significantly; and

4. The prototype CPC containing 5 mass% poloxamer after 5 h of storage at 37 °C exhibited obvious

plastic deformation after the CS test.



These results indicate that a prototype CPC containing poloxamer with high injectability and low

leakage risk after injection for minimally invasive surgery was successfully developed in this study.
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