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Introduction

For decades the complex architecture of bone, and the excel-
lent mechanical properties resulting thereof,1 has proven a great 
challenge for researchers attempting to formulate a bone replac-
ing material that imitates bone both in structure as well as in 
mechanical properties without sacrificing a good bone integra-
tion. The mechanical resistance of bone can be attributed to the 
hard inorganic mineral, calcium deficient hydroxyapatite, in 
combination with the strong organic component, collagen, and 
the intricate structural arrangement of all components of bone.2

There is an increasing demand to find a good material that 
can efficiently heal defects in bone. The first calcium phosphate 
based material used for this purpose was developed in 1920.3 An 
advantage with these materials is their chemical resemblance to 
the mineral phase of bone, which makes them highly biocompat-
ible. Furthermore, due to their chemical resemblance they are 

degraded in the same way as bone.4 However, their inherently 
poor tensile and bending strengths need to be improved in order 
to expand their clinical use.

In the early 1980s the two first calcium phosphate cements 
(CPCs) were presented by LeGeros,5 and Brown and Chow.6 
These cements had an alkaline setting reaction and hydroxyapa-
tite was formed after curing.5,6 Some years later Mirtchi et. al.7 
reported on a new type of bone cement made from β-tricalcium 
phosphate (β-TCP) and monocalcium phosphate monohydrate 
(MCPM). These cements have an acidic setting reaction with 
brushite as the end product (Eqn. 1), and have a short setting 
time of only a few minutes.
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It has been suggested, and tested with good results, that the 
mechanical properties of CPC can be improved by the addition 
of a polymer, which has intrinsic ductile properties, to the liquid 
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Premixed calcium phosphate cements can reduce handling complications that are associated with the mixing of 
cements in the operating room. However, to extend the clinical indication of ceramic cements their mechanical prop-
erties need to be further improved. The incorporation of a polymeric material with intrinsically high tensile properties 
could possibly assist in increasing the mechanical properties of calcium phosphate cement. In this study polymer mic-
roparticles made from poly(lactid-co-glycolide) plasticised with poly(ethylene glycol) 400 (PLGA/PEG microparticles) 
were added in amounts of up to 5 wt% to a premixed acidic calcium phosphate cement. The PLGA/PEG microparticles 
added undergo a shape transformation at 37 °C, which could give a better integration between polymer microparticles 
and ceramic cement compared with polymer microparticles lacking this property. The results showed that the incorpo-
ration of 1.25 wt% PLGA/PEG microparticles increased the compressive strength by approximately 20% up to 15.1 MPa 
while the diametral tensile strength was kept constant. The incorporation of PLGA/PEG microparticles increased the 
brushite to monetite ratio after setting compared with pure ceramic cements. In conclusion, small amounts of PLGA/
PEG microparticles can be incorporated into premixed acidic calcium phosphate cement and increase their mechanical 
properties, which could lead to increased future applications.
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phase of the cement. Most research has been performed on the 
incorporation of poly(acrylic acid) (PAA) into the CPC,8-10 giv-
ing CPCs with compressive strengths (CS) of up to 90 MPa 
and diametral tensile strengths (DTS) of up to 21 MPa, which 
is about a 10-fold increase compared with the plain cements. 
Although these cements show high mechanical properties they 
are not optimal due to the poor resorption properties of PAA, 
and these CPC’s can thus mostly be used as models for other 
composite combinations. It has also been shown that CPCs that 
contain particles of the degradable poly(lactide-co-glycolide) 
(PLGA) show good biological properties;11-13 however, the incor-
poration has been found to decrease the mechanical properties 
of the cement,14,15 which could be due to the poor bonding and 
blending between the cement and polymer particles.

The water-mixed CPCs described herein, have three draw-
backs related to handling properties. First, the stressful, and 
sometimes complicated, mixing in the operating room, which is 
due to the short working and setting times of the water mixed 
cements. Second, during mixing of the powder and the liq-
uid phase in the operating room, there could be discrepancies 
between the cements depending on how well the mixing is per-
formed, which could have effects on mechanical and biological 
properties. Third, due to the short working time of these cements 
a new batch has to be mixed for each new site of operation, which 
increases the cost of both the material and the surgery due to the 
time spent. To overcome these drawbacks several research groups 
have investigated and evaluated the possibility of using premixed 
CPCs.16-18 In most premixed CPCs the powders are mixed with a 
water-miscible non-aqueous liquid, e.g., glycerol16 or low molec-
ular weight poly(ethylene glycol) (PEG),17 forming a paste that 
starts setting in vivo, giving a long working time. The setting of 
the paste first starts when the paste is injected into the body and 
the glycerol or PEG is exchanged for body fluids, i.e., water. The 
long working times of the premixed CPC implies that the paste 
can be delivered directly in a syringe, and, hence, the differences 
between batches would be quite small; furthermore, it enables 
the repeated use of one unit during the entire operation. To the 
authors’ knowledge, no studies have been performed on polymers 
incorporated into premixed CPCs.

The aim of this study was to investigate if microparticles of 
53 kDa PLGA (85:15%, < 100 µm, RegenTec Ltd.) with small 
amounts of PEG 400 added by a hot melt blending technique, 
studied by Dhillon et. al.,19 can be incorporated into an acidic 
premixed CPC and thereby increase its mechanical strength. The 
microparticles investigated herein have a PEG 400 content of 6.5 
wt.%, and a T

g
 of 37 °C,19 equal to normal body temperature. 

When subjected to temperatures of 37 °C, PEG 400 is leached 
out and the T

g
 is increased until the microparticles become com-

pletely solid at 37 °C. During this process, the microparticles 
are molded in the micro environment within which they are 
trapped, giving them the ability to spread and fill voids. This fea-
ture is hypothesized to benefit the mechanical properties unlike 
the previously investigated PLGA particles that have decreased 
the strength of water-mixed CPCs.14,15 The ceramic part of the 
cement investigated in this study is an acidic CPC with the small 
difference that monocalcium phosphate anhydrous (MCPA) is 

used instead of MCPM. MCPA has previously been shown to 
be a good alternative to MCPM in premixed CPCs.20 Glycerol 
was used as the mixing liquid for the premixed CPCs, since it 
gives faster setting times than low molecular weight PEG.17 The 
premixed CPCs were evaluated with regard to their mechanical 
properties, i.e. CS, and DTS, as well as their chemical composi-
tion and microstructure.

Results

Mechanical testing
The addition of small amounts of polymer microparticles 

(1.25 wt%) gave a significant increase in CS (Fig.  1). In fact, 
the maximum value for both CS and DTS was found for com-
positions containing 1.25 wt% polymer microparticles. The 
composition containing 5 wt% microparticles showed the lowest 
strength, both for CS and DTS; however a significant difference 
to 0 wt% was only seen for DTS.

SEM
The polymer microparticles were well incorporated into the 

ceramic matrix, see Figure 2. The small circular holes that were 
visible in the polymer were likely a result of the PEG leaching. 
These holes were not visible on the polymer microparticles before 
incorporating them into the cement (Fig. 2B). It was also appar-
ent that the microparticles had been flattened and spread out 
during leaching of PEG and setting of the cement (Fig. 2A and 
B), due to the setting temperatures above Tg of the micropar-
ticles. Figure 2A also indicated that the polymer had spread in 
between the ceramic particles and a good integration between the 
two phases was visible. No obvious difference between the dif-
ferent compositions was seen. However, not many polymer mic-
roparticles were visible at the edge of failure, strengthening the 
theory that they were well integrated with the ceramic matrix.

XRD
XRD plots showed that the phase composition was quite simi-

lar between the different samples (Fig. 3). The only sample that 
appeared slightly different was the sample containing 2.5 wt% 
polymer microparticles, which showed a clear brushite peak. 
Rietveld refinement showed that all cements contained approxi-
mately 7 mol% β-calcium pyrophosphate (β-CPP), which origi-
nates from impurities in the β-TCP used (Fig. 4). Furthermore, 
all cements contained between 15–18 mol% unreacted β-TCP. 
The only marked difference between groups was seen in the mon-
etite vs. brushite ratio. The brushite content varied from as low as 
2 mol% for the cement without added polymer to 13 mol% for 
the cement containing 2.5 wt% polymer microparticles.

Discussion

This study investigated how the mechanical properties of 
an acidic premixed calcium phosphate cement was affected by 
the addition of small amounts of PLGA/PEG microparticles. 
Unlike other CPC/PLGA composites14,15 the CS for the investi-
gated cements was increased, from 12.6 (±1.5) MPa to 15.1 (±1.7) 
MPa, with the addition of 1.25 wt% polymer microparticles, an 
increase of approximately 20%. The strengths of the cements 
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lay in the range of those of cancellous bone 
(5–15 MPa).21 The DTS on the other hand 
only showed a slight (and not significant) 
increase from 2.2 (±0.4) MPa to 2.4 (±0.2) 
MPa for the same two cement compositions. 
These results can also be compared with the 
strength of cements prepared from only the 
polymer microparticles, which show a CS of 
around 2 MPa.19 Similarly, other systems have 
shown optimums, both for systems contain-
ing polymeric additives as well as for systems 
reinforced with fibers.9,22 Although these 
cements were not as strong as the previously 
mentioned cements prepared with water and 
PAA,8-10 there are two big advantages with this 
type of cement. First, the polymer is both non-
toxic and degradable, and second, by utilizing 
the premixed system, the drawbacks of water-mixed cements, as 
earlier described, can be avoided. The ideal would, however, be 
to further increase the strength of the premixed CPC-polymer 
composite.

It was initially hypothesized that the polymer microparticles 
would be molded into the cement according to Figure 5. In fact, 
the SEM micrographs (Fig. 2) showed a good integration of the 
microparticles in the ceramic matrix, which was likely the reason 
for the increased mechanical strength for one of the cements. 
It was also clear from the SEM micrographs that the polymer 
microparticles were much larger than the brushite and mone-
tite crystallites, which could also have an effect on the resulting 
strength of the cement. Since the polymer microparticles were 
produced by mechanical crushing of a solid piece,19 smaller par-
ticles are hard to produce and the yield is quite low; however, 
smaller particles could possibly increase the strength further, and 
might be good to investigate in future studies.

From the XRD results it could be concluded that the β-TCP 
content measured for all groups was slightly higher than the 10 

mol% excess that was added to the mixtures. However, this was 
not surprising since the fast dissolving MCPA might diffuse out 
from the cement before the proper amount of β-TCP has been 
dissolved and can react to form the end product. Since β-TCP 
has a limited solubility at physiological pH—it needs a lower 
pH to dissolve—and MCPA decreases the pH in the vicinity 
after dissolution, the excess β-TCP will not be dissolved after all 
MCPA is consumed.

It has previously been observed that the main product after 
reaction for premixed acidic calcium phosphate cements is dical-
cium phosphate anhydrous, or monetite,16,20 and not brushite, 
which is seen when MCPM (or MCPA) and β-TCP is mixed 
directly with water. Under physiological conditions monetite 
is the more stable phase; however, the nucleation and growth 
demands high energies, due to the high energies needed to dehy-
drate calcium, and nucleation and growth of brushite is thus 
favorable.23,24 In conditions where an insufficient amount of 
water is present two things can occur with the result of monetite 
being formed after setting. Either nucleation of brushite occurs, 

Figure 1. (A) Compressive strength of all cements. *Significant difference between the connected groups (P < 0.05), i.e., there is a significant difference 
between 0 and 1.25%, and between 1.25, 2.5, and 5%. (B) Diametral tensile strength of all cements. *Significant difference; i.e., 5% is significantly differ-
ent to all others (P < 0.05)

Figure  2. (A) Representative SEM micrograph of a polymer microparticle in a CPC matrix. 
Image is taken on a sample with 1.25 wt% polymer microparticles incorporated. (B) Polymer 
microparticles before incorporation in the cement. Note the different scales in the two 
micrographs.
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which is then decomposed to monetite to release water and con-
tinue the reaction,25 or if no water is present and the temperature 
is high enough to bridge the energy needed for monetite forma-
tion, it is likely that monetite is formed directly. However, in this 
study a large variation of the monetite vs. brushite ratio was seen. 
This could be explained by the PEG enclosed inside the polymer 
microparticles. PEG is highly hydroscopic and due to its high 
molecular weight compared with glycerol it is retained within the 
material for a longer time. In the vicinity of PEG more water will 
be present than anywhere else in the material, thus the brushite 
will not be decomposed to monetite as easily as without the PEG.

Conclusions
This study showed that it was possible to incorporate PLGA/

PEG microparticles into an acidic premixed calcium phosphate 
cement and thereby increase its strength. The compressive 
strength was increased with approximately 20% to 15.1 MPa, 
similar to cancellous bone, while the diametral tensile strength 
was maintained, just above 2 MPa. The SEM micrographs 

showed a good integration of the polymer microparticles with 
the surrounding ceramic matrix. Finally, the incorporation of 
the polymer microparticles was found to increase the brushite to 
monetite ratio in the cements.

Materials and Methods

Cement preparation
For the ceramic part of the cement β-tricalcium phosphate 

(β-TCP, 90% <50 µm, Sigma Aldrich batch no. BCBH 6869V) 
and monocalcium phosphate hydrate (MCPH, Alfa Aesar, >97%, 
90% >200 µm, batch no. 10154036) were used. The β-TCP used 
consists of approximately 90 wt% β-TCP, and 10 wt% β-calcium 
pyrophosphate (results from X-ray diffraction (XRD) and 
Rietveld refinement). In order to decrease the amount of excess 
water in the final paste, the MCPH was dried at 110 °C for three 
days to remove all water,26 resulting in monocalcium phosphate 
anhydrous (MCPA, 100% from XRD and Rietveld refinement). 

Figure 3. Plots showing one representative XRD run for each group. Monetite, brushite, and β-TCP reference patterns are taken from respective PDF file.
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The PLGA/PEG microparticles (6.5 wt% PEG 400) were used as 
received from RegenTec Ltd.

In the cements a 45:55 molar ratio of MCPA and β-TCP was 
used. To the powders 0 wt.%, 1.25 wt.%, 2.5 wt.%, or 5 wt.% 
of PLGA/PEG microparticles was added. Glycerol (anhydrous, 
Sigma, viscosity approximately 1.4 Pa s at RT27) was used as the 
mixing liquid in a powder to liquid ratio of 3.6 g/ml, which gives 
completely injectable CPCs with extrusion forces between 50 and 
65 N through a syringe with an outlet diameter of 1.90 mm. The 

mixing was performed using a vacuum mixer (Twister, Renfert) 
and a homogenous paste was achieved after three minutes of mix-
ing. All cements prepared had a final setting time between 30–35 
min measured with the Gilmore needle method at 37 °C.28

Mechanical testing
For CS measurements cylindrical rubber molds, Ø 6 mm and 

height 12 mm according to ASTM F451 standard,29 were filled 
with cement and immersed in 40 ml of phosphate buffered saline 
(PBS, Sigma) at 37 °C in a sealed container. The samples were 

Figure 4. Composition of all cements after Rietveld refinement of the XRD plots

Figure 5. Conceptual drawing of the composite setting reaction. (1) An exchange of glycerol to water starts when the cement is immersed in body fluids 
at 37 °C. (2) The ceramic grains start to dissolve and since the temperature is around Tg for the polymer it becomes soft and leaching of PEG also starts. 
(3) Precipitation of crystalline brushite occurs from the supersaturated water, molding of polymer continues. (4) All PEG is leached from the polymer 
particle and all ceramic starting material have set to a brushite/monetite cement.
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set and cured in an oven at 37 °C for 24 h, after which they 
were removed from the molds and carefully polished to make the 
samples sides parallel and obtain the correct height. CS was mea-
sured using a universal testing machine (Shimadzu AGS-X), with 
a cross-head speed of 1 mm/min. A thin plastic film was placed 
between the sample and the cross-head in order to reduce the 
effect of potential surface defects from the molding. A minimum 
of 20 samples were made for each group. The DTS samples were 
treated in the same way as the CS samples; however, cylindrical 
rubber molds of Ø 8 mm and height 3 mm were used. A mini-
mum of 23 samples were made for each group.

A statistical analysis was done with IBM SPSS Statistics 19 
(IBM) using one-way ANOVA at a significance level of α = 0.05. 
Tamhane’s post-hoc test for multiple comparisons was used since 
equal variances could not be confirmed for all groups.

Scanning electron microscopy
The microstructure of the cross section of the samples was 

analyzed with scanning electron microscopy (SEM, LEO 1550, 
Zeiss). Before analysis the samples were dried in vacuum for 
three days to remove all remaining glycerol. A thin gold/pal-
ladium coating was subsequently sputtered onto the surface to 
avoid charging of the surface.

X-ray diffraction
The phases after setting of the cements were analyzed using 

X-ray diffraction (XRD) (D8, Bruker) in a theta-theta setup with 
Cu-kα radiation and Ni-filter. Diffraction angles (2θ) of 5–60 
degrees were analyzed at 0.17 deg/min. The samples were thor-
oughly crushed using a mortar prior to analysis and three samples 
were analyzed for each group. The composition of the samples 
was analyzed using Rietveld refinement, with the Rietveld soft-
ware from BGMN. The structures used for the Rietveld refine-
ment was monetite from PDF #04-009-3755,30 brushite from 
PDF #04-013-3344,31 β-TCP from PDF #04-008-871432 and 
β-calcium pyrophosphate (β-CPP) from PDF #04-009-3876.33
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