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Abstract: Carbonated hydroxyapatite (CHA) bone cement is capable of self-setting and

forming structures similar to mineralized bone. Conventional CHA leaves little room for new

bone formation and delays remodeling. The purposes of this study were to develop porous

CHA (PCHA) bone cement and to investigate its physicochemical properties, biocompatibility,

biodegradation, and in vivo bone repair potential. Vesicants were added to modify CHA, and

the solidification time, porosity, and pore size of the PCHA cements were examined. The

cytotoxicity and bone repair potential of PCHA were tested in a rabbit bone defect model and

assessed by x-ray, histological examination, and mechanical testing. The porosity of the

modified PCHA was 36%; 90.23% of the pores were greater than 70 lm, with a calcium/

phosphate ratio of 1.64 and a solidification time of 15 minutes. The PCHA did not affect bone

cell growth in vitro, and the degrading time of the PCHA was two and four times faster in vitro

and in vivo when compared to CHA. In the bone defect model, the amount of new bone

formation in the PCHA-treated group was eight times greater than that of the CHA group; the

compressive strength of the PCHA setting was relatively weak in the first weeks but increased

significantly at 8 to 16 weeks compared to the CHA group. The PCHA has stable

physicochemical properties and excellent biocompatibility; it degrades faster than CHA,

provides more porous spaces for new bone ingrowths, and may be a new form of bone cement

for the management of bone defects. ' 2009 Wiley Periodicals, Inc. J Biomed Mater Res Part B: Appl

Biomater 90B: 886–893, 2009
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INTRODUCTION

Carbonated hydroxyapatite (CHA) bone cement is a rela-

tively new biomaterial that is being developed and used in

implants for orthopedic and dental applications. CHA is ca-

pable of self setting and forming granules of well-defined

geometry in variable sizes and shapes, and it can be filled

into the bone defects/voids of irregular and patient-specific

shape platforms.1–2 Despite its common use, CHA has been

reported to have complication rates that are as high as

32%.2 When failed CHA implants were being removed,

implant fractures had been reported as a potential cause of

failure. One possible explanation is that conventional CHA

has a lower volume of pores, has little room for new bone

to grow into, and is hard to remodel.3

The lack of pores and slow resorption of CHA cement

hinders its wide clinical application. Pore sizes in human

cortical bones are known to range from 1 to 100 lm,

whereas in trabecular bones, pores vary from 200 to

700 lm.4 Pore size from 200 to 400 lm is most suitable

for new bone ingrowths.1,3,5,6 When the pore volume is

above 30%, pores are able to form network connections;
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the biomechanical prosperities decrease when the pore vol-

ume increases, so that the pore volume should be around

30–50% to provide necessary porous connectivity and bio-

mechanical strength7,8 According to scanning electron mi-

croscopy (SEM) results, CHA cement forms small pores

ranging from several micrometers to 30 lm, and these

small pore sizes cannot meet the needs of new bone forma-

tion. The degradation of CHA cement is also a slow pro-

cess, as the resorption relies mainly on surrounding tissue

fluid.9–11 Therefore, modifying CHA cement to form pore

sizes greater than 70 lm is necessary to facilitate optimal

bone formation and rapid material resorption. The purposes

of this study were to develop porous CHA (PCHA) bone

cement and to investigate its physicochemical properties,

biocompatibility, biodegradation, and in vivo bone repair

potential.

MATERIALS AND METHODS

Preparation of PCHA Bone Cement

CHA was prepared as previously reported.2,12,13 CHA pow-

ders were sieved, and particles of 3 to 5 lm diameter, as

measured by laser particle analyzer, were selected. The

vesicant calcium biphosphate [Ca(H2PO4)2-H2O] was

added to the CHA powder at seven different concentrations

of 0, 0.5, 1, 1.5, 2, 2.5, and 3% w/w. Sodium hydrogen

carbonate [NaHCO3],another vesicant, was added to water

for mixing with the newly prepared CHA powders at a

concentration of 0.6 M. The NaHCO3 solution and CHA

powders were mixed at a ratio of 0.4 mL/g at room temper-

ature. After self-setting, the materials were prepared for

further examination.

Mercury Intrusion Porosimetry, Solidification Time, and
pH of PCHA Cement

The microstructure of the newly prepared materials of vari-

ous CHA powder settings, including porosity, pore size,

and pore distribution, were determined by the mercury

intrusion porosimetry method using a Pascal 140/240 poro-

simeter (CE instrument, Wigan, UK) according to the man-

ufacturer’s instructions. All the tests were done at 378C,
100% moisture, and the mean times from five samples

were calculated. To test pH stability, the sample materials

were put in the middle of a 100 mm culture dish with PBS

solution (pH 7.4). The pH of the solution was measured at

1, 5, 10, 20, 30, 60, 120, 600, and 1440 minutes, and a

time curve with pH changes was plotted.

SEM Assay

For SEM examination, the samples were fixed by immer-

sion into 2.5% glutaraldehyde (w/v in PBS solution) for

2 hours, washed with sodium dimethylarsenate buffer (pH

7.4), and then treated with 1% osmium tetroxide (w/v).

Samples were dehydrated in ascending concentrations of

ethanol (30, 50, 70, 90, 95, and 100%) for 10 minutes each

and air dried overnight. The dried specimens were sputter

coated with gold and examined using JSM SEM (JEOL,

Tokyo, Japan).

Rabbit Bone Marrow Mesenchymal Stem Cells (MSCs)
Isolation, Culture, Cytotoxicity, and

Cell Proliferation Assays

Rabbit bone marrow mesenchymal stem cells (BMSCs)

were harvested and cultured in vitro based on established

protocols.14–16 Two grams of PCHA and CHA powder

were separately incubated in 100 mL basal media (HG-

DMEM without phenol red) at 378C, 5% CO2 for 10 days.

Then the media were cleared by centrifugation at 48C,
4000 g for 15 minutes, filtered with a 0.75 lm filter mesh,

and stored at 2208C for future use as conditioned media

for a cytotoxicity assay. The effect of the PCHA and CHA

on MSC proliferation was evaluated using a MTT cell pro-

liferation assay kit (Amersham Biosciences, Buckingham-

shire, UK) according to the manufacturer’s instructions.

Biodegrading Experiments of PCHA and CHA Cement

For in vitro experiments, the columnar PCHA and CHA

specimens (diameter 8 mm; length 14 mm) were prepared,

dried for 48 hours, and weighed. They were then incubated

in 5 mL DMEM at 378C for 12 weeks, and four samples

were collected, dried, and weighed at 2, 4, 8, 12, and

16 weeks. The medium was changed twice a week. For in

vivo implantation experiments, 24 NZW rabbits (8–10 weeks

old, 2–2.5 kg) were randomly divided into four groups, with

six rabbits in each group. One PCHA and one CHA sample

were implanted into the back muscles of rabbits. Six rabbits

were terminated at 2, 4, 8, 12, and 16 weeks following im-

plantation. The specimens were collected and subjected to

weight loss analysis and histological examination. Five speci-

mens from each time point group were subjected to a com-

pression test as described below.

Rabbit Distal Femoral Condyle Bone Defect Model

Forty NZW rabbits (8–10 weeks old, 2–2.5 kg) were ran-

domly divided into five groups with eight rabbits in each

group. With the rabbits under general anesthesia, a 2 cm

cut was made on the lateral aspect of the distal femur on

both legs with the lateral femoral condyle exposed; at the

center of the lateral femoral condyle, a tunnel of 5.5 mm

(diameter) 3 12 mm (depth) was drilled using a 5.5 mm

drill. The tunnel was washed with saline and then immedi-

ately filled with PCHA cement (right femur) and CHA

cement (left femur). Eight animals were terminated at 2, 4,

8, 12, and 16 weeks after surgery. Calcein (30 mg/kg) was

injected intravenously 2 and 5 days before termination. Af-

ter termination, femurs from four animals were prepared

for plastic or paraffin embedding. Femurs from four ani-

mals were collected and carefully cut open at the lateral
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condyle region. The implanted PCHA or CHA materials

were identified under a dissecting microscope, carefully

removed as plugs (tissue blocks) of �5.5 mm 3 12 mm,

and stored at 2808C until mechanical testing.

Mechanical Testing of the PCHA and CHA Plugs

The plugs of PCHA and CHA were obtained from the in

vitro biodegrading tests; the in vivo implantation experi-

ments and the femur bone defect sites from various time

points were subjected to a compression test. Both ends of

the specimens were carefully cleaned to be free from soft

tissue attachments, and the length and diameter of each

specimen was measured and recorded prior to mechanical

testing. Specimens were tested to failure by compression

with force applied at 5 mm/min using a mechanical tester

with a 100 N load cell (Lloyd Instruments, UK). The maxi-

mal resistance to failure was calculated as MPa 5 Maximal

Load/ Surface area of the specimen. In each instance, the

same person carried out the test, and every sample was

coded blind to the investigator.

Histological and Histomorphometry Examinations

For nondecalcified histological examinations, the specimens

were processed and embedded in methyl-methacrylate

(MMA). Slices of 300 lm were cut and grounded to thin

sections of 100 lm and were subject to contact soft x-ray

examination and von Kossa staining for detection of miner-

alization. The newly formed bone labeled by fluorochromes

was revealed by epifluorescent microscopy. For calculation

of the mineral appositional rate, the distance between the

two fluorescent lines labeled by calcein was measured. The

mineral appositional rate was calculated by the distance

between two fluorochrome labeled lines per day. For decal-

cified histological examinations, the specimens were coded

and fixed for 48 hours in 10% buffered formalin, then

placed in 20% formic acid at 48C for 3 weeks to decalcify.

Decalcified samples were processed through graded

alcohols, xylene and embedded in paraffin wax. Sections of

6 lm were cut and stained with haematoxylin and eosin.

RESULTS

Physicochemical Properties of PCHA and Cytotoxicity
Tests of PCHA and CHA

Porosity increased when concentrations of the vesicants

increased, from 21 to 52%. The compressive strength of

the materials decreased with increased porosity [Fig. 1(A)].

Based on the porosity and compressive strength, the No. 4

preparation, in which calcium biphosphate [Ca(H2PO4)

2-H2O] was added to the CHA powder at 1.5% w/w, was

selected as the ideal preparation. The selected PCHA prep-

aration had a porosity of 36% and a compressive strength

of 6 MPa. Results of mercury intrusion porosimetry test for

the No. 4 preparation confirmed that the porosity was 36%

(34–39%) and the size of the pores was normally distrib-

uted, with 90.23% pores greater then 70 lm, 80% of the

total pores between 158 and 394 lm, and the highest num-

bers of pores at the size of 259 lm. The mean pH of all

the PCHA powders was 8.6. The primary solidification

time was 6 minutes for PCHA and 4 minutes for CHA, and

the final solidification time was 15 minutes for PCHA and

13 minutes for CHA. The ratio of calcium to phosphate

was 1.64 for PCHA cement. Conditioned media from

PCHA and CHA powders were added to the rabbit MSCs

culture system, and there was no significant effect on cell

proliferation at all the time points tested when compared to

the blank (control) medium. SEM examinations showed

Figure 1. (A) The porosity of PCHA bone cement of various formu-

lations and the compression strength of PCHA bone cement after

consolidation. The porosity increased when the concentrations of
the vesicants increased, from 21% (No. 7 preparation) to 52%

(No. 1 preparation). The compression strength of the materials

decreased with the increased porosity. Based on the porosity and

compression strength, No. 4 preparation was selected as the ideal
preparation, as it had porosity of 36% and compression strength of

6 MPa. (B) SEM showed that the MSCs attached well on the surfa-

ces of PCHA cement, 3170. (C) The boxed area in B shows that a

cell is entering the pore of the PCHA cement, 3500.
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that the MSCs attached on the surfaces of the PCHA

cement (No. 4 preparation) and grew into the pores of the

PCHA materials [Fig. 1(B,C)].

Biodegrading of PCHA and CHA Cement
In Vitro and In Vivo

Conditioned media from PCHA and CHA powders (50%)

mixed with fresh culture medium were added to the rabbit

MSCs culture system and cultured for 2, 4, 6, and 8 days.

Cytotoxicity of the PCHA on MSCs was examined by

MTT assay, and the results showed that there was no sig-

nificant effect on cell proliferation at all the time points (2,

4, 6, and 8 days) tested when compared to the group with

only blank (control) medium added [Fig. 1(D)].

Twelve weeks after intramuscular implantation, dense fi-

brous tissues grew into the PCHA cement, and the material

was well integrated with muscle tissues [Fig. 2(A)]. In con-

trast, the CHA cement still had smooth surfaces, and there

was little connective tissue growing into the material at

12 weeks after intramuscular implantation [Fig. 2(B)]. The

fibrous membrane surrounding the biomaterial in the PCHA

group formed at 2 weeks, and the thickness of the mem-

brane continued to increase till 12 weeks and remained

unchanged afterwards. The changes of thickness in fibrous

membranes of CHA implants were similar to those of

PCHA implants, but the fibrous membranes were slightly

thinner and their thickness increased slowly from 8 to

12 weeks. The weight loss of the PCHA cement plug was

two and four times faster in vitro and in vivo compared to

the CHA cement plug [Fig. 2(C)].

Repair of Rabbit Distal Femur Condyle Bone Defect
Using PCHA and CHA Cement

Once the PCHA and CHA cements were filled into the

bone defect sites, the CHA cement plug did not change its

radiographic appearance significantly over the 16 week pe-

riod, whereas the PCHA cement plug showed signs of

resorption from 8 weeks and at 16 weeks the plug was re-

modeled and integrated into the surrounding bone without

distinguishable boundaries (Fig. 3). Macroscopically and

Figure 2. (A) At 12 weeks after intramuscular implantation, dense fi-

brous tissues grew into the PCHA cement, and the material was

well-integrated with the muscle tissues. (B) In contrast, the CHA

cement still had smooth surfaces, and there were few connective
tissues growing into the material at 12 weeks after intramuscular im-

plantation. (C–E) Gross samples showed the appearance of PCHA

and CHA plugs following in vivo biodegrading experiments (intra-
muscular implantation) at 4 weeks (C), 8 weeks (D), and 12 weeks

(E). At all time points (4, 8, and 12 weeks) more resorption was

observed in the PCHA plugs than the CHA plugs. (F) Quantitative

data showing weight loss of PCHA and CHA plugs when incubated
with culture medium at 378C in vitro or implanted intramuscularly in

vivo for 4, 8, and 12 weeks. The weight loss of PCHA samples was

almost two times faster in vitro and four times faster in vivo when

compared to the CHA samples.

Figure 3. (A,B) Gross appearances of bone cement plugs in the

femoral condyle defect at various time points as indicated. (A) The

PCHA cement plug started showing signs of resorption from

4 weeks, progressed at 8 weeks, and by 16 weeks, the PCHA
cement plug was barely recognizable inside the bone. (B) In con-

trast, the CHA cement plug did not change significantly over the 16

week period, and it was still clearly identifiable at the end of 16
weeks. (C,D) Radiographs of the femur condyle defect repaired with

PCHA or CHA cement at various time points as indicated. PCHA

cement in the defect site was progressively resorbed over the 16

week period (C), whereas the CHA cement in the defect remained
relatively unchanged in that same period (D).

889POROUS CARBONATED HYDROXYAPATITE BONE CEMENT

Journal of Biomedical Materials Research Part B: Applied Biomaterials



radiographically, the PCHA cement plug started showing

signs of resorption from 4 weeks, progressed at 8 weeks,

and by 16 weeks, the PCHA cement plug was barely recog-

nizable inside the bone. In contrast, the CHA cement plug

did not change significantly over the 16 week period, and it

was still clearly identifiable at the end of 16 weeks on both

gross appearance and radiographs.

Histology and Histomorphometry

In the PCHA group, the fluorescence mineralized zone

appeared from the material edges to the center and

increased gradually with time. In the control CHA group,

fluorescent zones were only seen at the intersection points

between the material and the bone, indicating that there

was a lack of interconnected pores and the new bone was

unable to grow into the material. At all the time points, the

PCHA cement had more new bone ingrowths than the

CHA cement, indicating a superior bone conductive ability

[Fig. 4(A,B)]. New bone was formed inside the pores of

the PCHA cement at 8 weeks following implantation, and

the PCHA cement was remodeled rapidly and replaced by

newly formed bone at 16 weeks following implantation.

Quantification of bone ingrowths showed that the amount

of new bone formation in the PCHA treated group was

eight times greater than that of the CHA group. Quantita-

tive measurements of new bone formation in the bone

defect areas at 16 weeks indicated that 32.20% 6 1.47% of

the defect areas were filled by new bone in the PCHA

group, whereas only 3.91% 6 0.65% of the defect areas

were filled by new bone in the CHA group. The bone for-

mation rate measured by tetracycline dual labeling in both

PCHA and CHA groups was similar, 3.51 6 0.30 lm/day

for the PCHA group and 3.40 6 0.27 lm/day for the CHA

group.

In the PCHA group, the fluorescence mineralized zone

appeared from the material edges to the center and

increased gradually with time. The new bone was arranged

in a disorderly manner, suggesting that new bone was

growing into the material through the interconnected pores

toward to the center [Fig. 5(A,B)]. The bone formation was

in a multicentered manner [Fig. 5(C,D)]. The ring-like

bone islands suggest the formation of Harvard systems

[Fig. 5(D)]. In the control CHA group, fluorescent zones

were only seen at the intersection points between the mate-

rial and the bone [Fig. 5(E-H)], indicating that there was a

lack of interconnected pores and the new bone was unable

to grow into the material. At all the time points, the PCHA

cement had more new bone ingrowths than the CHA

cement, indicting a superior bone conductive ability [Fig.

5(A–C)]. New bone was formed inside the pores of the

PCHA cement at eight weeks following implantation [Fig,

5(I)], and the PCHA cement was remodeled rapidly and

replaced by newly formed bone at 16 weeks following im-

plantation [Fig. 5(J)].

Mechanical Testing

The compressive strength of PCHA bone cement in vitro

was 5.6 6 2.2 MPa prior to implantation, and it reduced to

1.8 MPa after one month in vivo implantation in the bone

defect site. The compressive strength of the CHA bone

cement dropped from 30 MPa (in vitro, preimplantation) to

2.7 MPa after one month in vivo implantation. The reduc-

tion of the compressive strength of CHA bone cement was

greater than that of the PCHA cement. The compression

strength reached its lowest point at four weeks following in

vivo implantation in both the PCH and CHA groups and

gradually increased at 8, 12, and 16 weeks [Fig. 4(C)]. The

increase in strength of the PCHA plug was significantly

greater than that of the CHA plug; PCHA plug strength

reached the normal trabecular bone level at eight weeks,

became greater than that of trabecular bone at 12 weeks,

and returned to trabecular bone level at 16 weeks [Fig.

4(C)]. Although the strength of the CHA plug continued to

increase from 8 to 16 weeks, it was below normal trabecu-

lar bone level at all the time points tested.

Figure 4. (A,B) Histological appearances of PCHA cement (A) and

CHA cement (B) in the femoral condyle defect at 16 weeks. At all

time points, the PCHA cement had more new bone ingrowths than
the CHA cement, indicting a superior bone conductive ability. (C)

The changes of compression strength of the PCHA and CHA

cement plugs after in vivo implantation in the femoral condyle
defect sites over time. At 2 and 4 weeks, the compression strength

of CHA cement was higher than PCHA cement; at 8 weeks the

compression strength was similar for the PCHA and CHA groups,

but both were smaller than that of normal trabecular bone; at
12 weeks, the PCHA cement plug had a higher compression

strength than that of the CHA cement plug and trabecular bone; at

16 weeks, the PCHA had a similar compression strength to normal

trabecular bone.
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DISCUSSION

In 1976, the hydrating characteristic of a-TCP (a-tricalcium
phosphate) was first discovered, and since then, a-TCP has

become the principal constituent for phosphoric acid cal-

cium salt-based bone cement.17,18 Until now, more than

450 formulas were tested,19,20 among which there were

more than 10 formulas that have self-solidification capabil-

ity. Among them, the representative formula was the cal-

cium phosphate bone cement, first reported by Chow and

Brown in 198521 and the carbonated hydroxyl apatite

(CHA) bone cement reported by Constanz et al. in

1996.22,23 In particular, CHA bone cement can form carbon

hydroxyl apatite after solidification, which is similar to nat-

ural bone mineral contents. In the current study, vesicants

were added to the CHA powder to increase porosity and

modify pore sizes. Among the seven PCHA preparation

formulas, a best preparation formula was selected based on

porosity, pore size, pore connectivity, and surface area. The

selected formula gave 36% porosity and good connectivity

between pores, and 90.23% of the pores were greater than

70 lm.

The time taken for solidification of PCHA bone cement

is important for its clinical application. Khairoun et al.12

considered the optimal time for solidification of bone

cement to be 3 to 8 minutes for primary solidification and

around 15 minutes for final solidification. In the current

study, our PCHA has a primary solidification time of

6 minutes and final solidification time of 15 minutes, which

meets the requirements for clinical application. The pH

value may affect the solidification of phosphate bone

cement; lower or higher pH values do not favor carbon

hydroxyl apatite formation. The most suitable pH value is

between 8 and 9.7,8 In the current study, the pH value of

PCHA is 8.6, in contrast to pH 10.8 for CHA, suggesting

that PCHA is a more suitable material for hydroxyl apatite

formation.

Mechanical strength is an important parameter for bone

repair material. Many factors influence the solidification in-

tensity of PCHA and CHA bone cement, such as the parti-

cle size of the powder, material formula, fluid/power ratio,

and amount of vesicants. Among these, porosity has the

biggest impact on the mechanical strength of the material.

The data in this study and others have demonstrated an

Figure 5. Histological appearances of bone cements in the femoral condyle defect at various time

points from 2 to 16 weeks as indicated. (A–D) The PCHA cement at 2 weeks (A), 4 weeks (B), 8 weeks

(C), and 16 weeks (D). (E–H) CHA cement at 2 weeks (E), 4 weeks (F), 8 weeks (G), and 16 weeks (H).
At all the time points, the PCHA cement had more new bone ingrowths than the CHA cement, indicting

a superior bone conductive ability. (A–H), von Kossa staining, original magnification 3100. (I) New

bone was formed inside the pores of the PCHA cement at 8 weeks following implantation. (J) The

PCHA cement was remodeled rapidly and replaced by newly formed bone at 16 weeks following im-
plantation. I and J, von Kossa staining, 3200. (K) Fluorescent microscope showed tetracycline label-

ing, indicating the newly formed bone inside the PCHA cement at 12 weeks, 3100. (L) At 12 weeks, a

tetracycline labeling line was only seen at the interfaces between host bone and CHA cement, 3100.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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inverse ratio between porosity and mechanical strength.

The denser material has better mechanical strength but is

difficult to resorb; porous material is good for bone forma-

tion and biodegradation but has less mechanical strength.

The PCHA formula selected in this study has a similar me-

chanical strength as normal trabecular bone, in that the

compression strength was 5.6 6 2.2 MPa in PCHA cement

and 5 MPa in trabecular bone. The porosity and mechanical

strength need to be balanced for better osteoconductivity

and biodegradation of the material. The clinical biomateri-

als have a porosity between 30 and 50%, which will pro-

vide spaces for new bone formation inside the materials

and also maintain reasonable mechanical strength.5,6 Our

PCHA formula has a porosity of 36% and 90.23% pores

are greater than 70 lm, which is in agreement with that

previously reported for similar bone cement materials.4–7

According to the American standard of testing materials,

all implantable biomaterials must be tested in animals with

subcutaneous or intramuscular implantation to investigate

tissue reactions toward the biomaterials. The assessment

includes encapsulating membrane formation surrounding

the biomaterials and inflammatory cell infiltration. In our

study, we confirmed that there were no inflammatory

responses in the surrounding tissues at the PCHA or CHA

intramuscular implant sites; only some macrophages were

seen around the biomaterials, which may be because of a

foreign-body reaction to the biomaterial.24–26 Fibrous mem-

branes separate the biomaterials from host tissues; this is a

protective reaction toward a foreign body.27 The thickness

of the fibrous membrane is determined by many factors,

including the size, shape, surface structure, chemical com-

position, porosity, and site of the implant.28,29 All the pa-

rameters used in the current experiment for in vivo

implantation tests are the same; the thickness of the fibrous

membranes reflects the biocompatibility of the material.

The porous structure of PCHA allowed body fluids to pene-

trate into the material easily and therefore increased its sol-

ubility for calcium and phosphate. Thus, the stimulation of

the surrounding tissues increased and resulted in thicker

surrounding fibrous membranes in comparison to the CHA

group, where resorption was slow because of lack of po-

rous structures.

Animal models of bone defects are usually used to eval-

uate the bone induction potential of biomaterials.15,30,31

The bone defect should have a diameter greater than 5 mm

to avoid spontaneous healing.14 In the current study, we

chose rabbit femoral condyle trabecular bone region for im-

plantation experiments, and the bone defect diameter was

5.5 mm, which is a well accepted bone defect model.

There are varied reports on the changes of mechanical

properties of calcium phosphate-based bone cement when

implanted in vivo. It was reported that after 1 month im-

plantation in vivo, the compression strength of the bone

cement reduced from 40 MPa to 2.8 MPa, less than that of

trabecular bone.32–34 The compression strength of the bone

cement in vitro is at least two times higher than of that in

vivo; this may be due to the infiltration of blood and tissue

fluid during the solidification process of the bone cement

in vivo.33,34 In the current study, the compressive strength

of the PCHA setting was relatively weak in the first

4 weeks but increased significantly at 8 to 16 weeks com-

pared to the CHA group. At 12 weeks, the PCHA cement

plug had a higher compression strength than that of CHA

cement, and by 16 weeks, the PCHA had a similar com-

pression strength to that of normal trabecular bone. This

can be explained, in that PCHA encouraged bone formation

from 8–12 weeks and increased the compression strength;

at 16 weeks, the new bone was remodeled at the same time

that the PCHA biodegradation resulted in a reduction in

strength back to normal trabecular bone level. In the CHA

group the new bone formation was slow because of the

lack of porosity; hence, strength increased slowly.

In summary, the newly defined PCHA cement has stable

physicochemical properties comparable to CHA bone

cement. The PCHA has good biocompatibility, degrades

faster than CHA, and provides more porous spaces for new

bone ingrowths. Despite the PCHA having relatively

weaker compressive strength at the beginning, it promotes

bone formation and increases compressive strength with

time when compared to CHA bone cement. The PCHA

may be a new form of bone cement that can be used clini-

cally for the management of bone defects.

The authors acknowledge the assistance from Professor
Da-Wei He and his team at the Institute of Chemistry, Beijing,
Chinese Academy of Sciences, for modifying the PCHA bone
cement.
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