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Abstract
Premixed calcium phosphate cements (pCPC), where glycerol is used instead of water as mixing liquid, present 

better handling characteristics than water-based cements. However, the setting mechanisms of pCPC have not been 
described thoroughly. The aim of this paper is to increase the understanding of the setting mechanism of pCPC. The 
investigated cement starts to set when glycerol is exchanged with water via diffusion of glycerol out to the surrounding 
body fluid and water into the material. To better understand the water-glycerol exchange a method was developed 
where the setting depth of the cement was measured over time. Thermo gravimetric analysis (TGA) was used to 
determine the liquid exchange rate during setting. To study the influence of temperature on the crystalline end product, 
pCPC and water-mixed calcium phosphate cement (wCPC) were set at different temperatures and analyzed with 
X-ray diffraction (XRD). The setting depth measurements showed that the set layer of the pCPC grew with a speed
proportional to t0.51 at 37°C. TGA results furthermore showed that less than 10% of the glycerol remained after 16
hours. Setting of pCPC at different temperatures showed that mainly brushite was formed at 5°C, a mixture of brushite 
and monetite at 21°C and mainly monetite at 37°C. It furthermore showed that brushite was the main phase after
setting of wCPC, but some monetite was present in these cements. The study presents a new method for evaluation
of pCPC that increases the understanding of their setting mechanism. Furthermore, the XRD results indicate that
storage at 5°C could improve the shelf life of acidic pCPC.
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Monetite; Brushite

Introduction
Calcium phosphate cements (CPCs) has gained widespread 

clinical use as bone void fillers since their introduction in the early 
1980’s [1-3]. Their chemical resemblance to bone allows the CPCs 
to integrate well with bone tissue. It furthermore allows a controlled 
resorption coupled to a fast bone in growth, the speed of which highly 
depends on both cement composition and porosity [4,5]. The setting 
mechanism is basically the same for all CPCs; one or more calcium 
phosphate salts are mixed with water, then the calcium salts dissolve 
and the water becomes supersaturated with respect to calcium and 
phosphate ions, which results in the precipitation of crystallites [6]. 
The precipitated crystallites grow and aggregate, causing the cement 
to set; resulting in hardened cement consisting of nano- to micrometer 
sized aggregated crystallites. The majority of the commercially used 
cements are delivered with separated powder and liquid phases, or 
as two separate liquids containing dissolved calcium phosphate salts 
[7,8]. However, these products require mixing in the operating room; 
giving rise to limited working times, expensive mixing equipment, 
higher risk of infection, and risk of improper mixing. In an attempt 
to solve this problem, premixed calcium phosphate cements (pCPC) 
have been proposed [9]. For this type of cements the mixing step is 
moved from the operating room to the production stage where the 
control can be more rigorous. The powder phase is here mixed with a 
non-aqueous liquid, e.g- glycerol or poly ethylene glycol [9,10] instead 
of water. The setting of pCPC will therefore not theoretically start until 
the cement paste comes in contact with water. In an in vivo application 
this means that the setting reaction is started when the non-aqueous 
liquid diffuse out from the cement and is replaced with water from the 
body fluids, i.e, after cement injection or implantation. PCPCs have 
been evaluated in vivo showing good biocompatibility [11,12]. This 
type of premixed calcium phosphate pastes has been made from both 
basic [13] and acidic [14] calcium phosphate mixtures. When mixed 
with water, the basic CPCs normally precipitate into hydroxyapatite, 
while acidic CPCs normally form brushite as the set phase [15,16]. 
However, when the acidic CPCs have been prepared as premixed pastes 

the resulting phase after setting has been shown to be mainly monetite 
[14,17,18]. It is argued that the method of premixing the cements will 
cause a higher acidity locally in the cement, which could explain the 
formation of monetite instead of brushite [19]; however, this has not 
to the authors’ knowledge been studied explicitly. Although the pCPCs 
have unlimited working times there are still issues preventing the 
pCPC from replacing wCPCs on the market; shelf life and setting time 
being key aspects that needs improvement before commercialization. 
One problem related to shelf life of the acidic pCPC is the premature 
reaction of the two starting powders (i.e., beta-tricalcium phosphate 
(β-TCP), and monocalcium phosphate monohydrate (MCPM) reacts 
to form dicalcium phosphate anhydrous (DCPA or monetite)) due 
to presence of small amounts of water in the starting materials [20]. 
To prolong this unwanted reaction it is important to investigate the 
difference in phase composition during setting of the acidic pCPC in 
high (i.e., body 37°C), respective low temperatures (i.e., room storage 
21°C, and fridge storage 5°C).

In the literature available today the same methods are used for 
evaluating pCPCs and wCPCs. Although it is similar there are also 
large differences; mainly related to the setting behavior. In pCPC the in 
vivo exchange between glycerol and body fluids (water) plays a major 
part of the setting rate and will ultimately control the setting time and 
mechanism of pCPC. This means that the pCPC setting start from the 
outside, where a set shell first is formed, and is moving inwards as 
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water penetrates into the bulk of the pCPC. This compared to wCPC 
where the setting starts simultaneously throughout the entire cement 
volume. This major difference between pCPCs and wCPCs causes a 
problem when measuring setting time according to ASTM standards 
with the Gillmore [21] or Vicat [22] needle methods. Both methods 
measures the time it takes for the cement to resist a specific load, which 
for pCPCs is more related to achieving a thick enough surface layer to 
resist this specific load, rather than the entire bulk material achieving 
a specified strength.

To improve the properties of pCPC, their setting mechanisms need 
to be better understood; furthermore, methods of evaluating pCPCs 
more explicitly need to be developed. The aim of this work is to evaluate 
the setting mechanisms of an acidic pCPC and present simple methods 
that can be used for further evaluation of pCPCs.

Methods
Cement preparation

pCPC was prepared by mixing the two calcium phosphate 
powders; β-tricalcium phosphate (β-TCP, Sigma Aldrich, Germany) 
and monocalcium phosphate monohydrate (MCPM, Scharlau, Spain) 
with glycerol (anhydrous, Mw=92 g/mol, ρ=1.26 g/cm3, Sigma Aldrich, 
Germany) twice for 50 seconds using a vacuum mixer (Twister, Renfert, 
Germany). Paste stuck to walls and paddle was added to the rest of 
the paste between mixing steps. The calcium phosphate powders used 
had particle sizes of, β-TCP, 90% <50 µm, and MCPM, 90% <200 µm. 
The β-TCP powder contained 90 wt% β-TCP and 10 wt% beta-calcium 
pyrophosphate (β-CPP), and the MCPM starting material contained 
93 wt% MCPM and 7 wt% monetite, established by XRD and Rietveld 
refinement. The starting powder composition and powder to liquid 
ratio (P/L) of the evaluated pCPC was chosen since this pCPC show a 
high injectability (close to 100%) and good mechanical properties (12.3 
± 0.9 MPa) and is thus relevant for clinical use.

Glycerol content

Thermogravimetric analysis (TGA) was used to analyze the amount 
of remaining glycerol after immersion in phosphate buffered saline 
(PBS) solution. pCPC paste was prepared as previously described; β-TCP 
and MCPM were mixed in a 1:1 molar ratio and glycerol was added 
to achieve a P/L of 3.5 g/ml. The samples were prepared by injecting 
the paste through a 3 ml disposable syringe with a barrel diameter of 
8.55 mm and an outlet diameter of 1.90 mm into cylindrical molds; 
(Ø 6 mm and height 3 mm) open at one end. The moulded samples 
were subsequently immersed in 20 ml of PBS (0.01 M phosphate buffer, 
0.0027 M potassium chloride and 0.137 M sodium chloride, pH 7.4) at 
37 °C and stored in a sealed container for 30 min, 1, 2, 4, 7 and 16 hours, 
and 1 week. To obtain adequate sample size for the TGA the samples 
were divided into two equal pieces from which one was analyzed with 
the TGA. The measurements were performed on a TGAQ500 (TA 
Instruments, USA) with a heating ramp of 5°C/min up to a maximum 
of 350°C. A sample containing pure glycerol was analyzed as a control, 
showing that glycerol started to evaporate at 110°C and that all glycerol 
had evaporated at 230°C. The amount of glycerol remaining in the 
samples after immersion in PBS was calculated from the weight loss 
between 110 and 230°C [23]. Three samples were prepared for each 
time point. The Korsmeyer-Peppas model of diffusion [24], normally 
used to describe drug release, was used to describe the diffusion of 
glycerol from the samples. Note that Korsmeyer-Peppas model is valid 
up to a release of 60% and the long term results were thus not fitted to 
the model.

Setting depth

The setting depth of the cement was investigated to evaluate the 
time it takes for water to penetrate into the bulk of a sample. Cement 
paste was prepared as previously described with a β-TCP and MCPM 
molar ratio of 1:1 and a glycerol content adding up to a P/L of 3.5 g/ml. 
The pCPC was injected into cylindrical Teflon® split molds, (Ø 6 mm 
and height 12 mm) open at one and immersed in 100 ml of PBS at 37°C. 
To eliminate water penetration from the sides the Teflon® molds were 
placed in a silicone rubber casing leaving only the top of the sample 
exposed to the PBS. The setting depth was measured after 30 min, 1, 2, 
4, 7 and 16 hours. When opening the split molds there was a clear limit 
between hard cement close to the exposed mold opening and unreacted 
cement paste. The setting depth was measured by gently removing the 
unreacted paste by hand and measuring the thickness of the hardened 
cement cylinder using a micrometer caliper (Mitutoyo, Japan), n=6 for 
all time points.

Final phase composition

In order to investigate the effect of temperature on the final phase 
composition, pCPC with P/L of 3.5 g/ml was allowed to set at three 
different temperatures. For comparison wCPCs were also prepared and 
investigated similar to the pCPC. The wCPC contained the same starting 
powders as the pCPC but the glycerol was exchanged for distilled water 
and the P/L was lowered to 2.5 g/ml in order to obtain a workable paste. 
Since previous studies have shown that an excess of MCPM in wCPCs 
lead to the formation of monetite due to low pH [25], three different 
MCPM to β-TCP molar ratios were investigated for wCPC (i.e., 1:1, 
7:3 and 3:7), while the pCPC only was investigated in a 1:1 molar ratio. 
Samples prepared in 7:3 and 3:7 ratios were only set at 37°C, while the 
1:1 molar ratio was tested at 5°C (only pCPC), 21°C and 37°C. The 
samples were stored in PBS at the desired temperatures for 24 hours 
before phase analysis was performed. Since setting of wCPC at 37°C 
occurs almost instantly, all components for theses mixtures were kept 
at 37°C before mixing. Samples were analyzed using X-ray diffraction 
(XRD, D8 Advanced, Bruker, USA) in a theta-theta setup with Cu-
Kα irradiation and nickel filter. Diffraction angles (2θ) 5-60 degrees 
were analyzed in steps of 0.034 degrees with 0.75 second per step and 
a rotation speed of 80 rpm. The phase composition was analyzed with 
Rietveld refinement using BGMN software. The reported values are an 
average of four measurements with the repeatability (2.77 x standard 
deviation) according to ASTM E177-13 [26] Structures used for the 
refinement were; monetite from PDF #04-009-3755 [27], brushite from 
PDF #04-013-3344 [28], β-TCP from PDF #04-008-8714 [29], β-CPP 
from PDF #04-009-3876 [30] and MCPM from PDF #04-011-3010 [31].

Results
Glycerol content

The amount of glycerol present in the pCPC paste before setting 
was 27 (± 1.8) wt% of the total sample weight, according to the TGA 
measurements (with the theoretical value being 26.3 wt%). The diffusion 
of glycerol to the surrounding PBS between the start of the experiment 
until seven hours has been fitted to the Korsmeyer Peppas model of 
diffusion showing a coefficient of 0.45 (Figure 1). A release by 83% of 
glycerol was seen during the first seven hours after submersion in PBS, 
after which the tablets contained only 4.6 (± 0.7) wt% of glycerol. After 
16 hours there were 2.1 (± 0.6) wt% glycerol remaining in the samples 
and after 8 days still 1.3 (± 0.1) wt% glycerol were left.
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Setting depth

The penetration of water into the pCPC causes the cement to set 
from the outside and in. The surface was set after roughly 30 min. 
However, since the water needs to diffuse into the cement bulk before 
the cement fully sets, it took take several hours before the bulk volume 
had set. The setting depth was also fitted to Korsmeyer Peppas model 
and the exponent was found to be 0.51 (Figure 2). In the first 30 minutes 
the top 1.3 (± 0.1) mm of the cement had set and after 1 hour the set 
layer was 1.7 (± 0.1) mm. After 16 hours all samples had set throughout 
the 12 mm.

Final phase composition

The influence of setting temperature on the resulting phase of the 
CPCs can be seen in Figures 3 and 4. In all compositions approximately 
4-5 wt% of β-CPP is seen, coming from the β-TCP used, which had 
10 wt% β-CPP present. The β-CPP is insoluble in water and is thus 
not participating in the setting reaction. Furthermore, some unreacted 
β-TCP was present, which indicated an incomplete setting reaction 
for all cements. When pCPC was set at low temperature (5°C) mainly 

brushite was seen, with only small amounts of monetite (4 (±1) wt%) 
present. At room temperature, both brushite (38 (± 2) wt%) and 
monetite (47 (± 3) wt%) were present, and at 37°C mostly monetite 
and only small amounts of brushite (9 (± 2) wt%) were seen. The wCPC 
also showed a higher tendency to monetite formation at 37 °C than at 
room temperature (6 (± 1) wt% vs. 16 (± 1) wt% for wCPC set at 21°C 
and 37°C, respectively). However, brushite was the main phase for all 
wCPC, except the wCPC containing an excess of MCPM (7:3 ratio) 
where no brushite was present.

Discussion
The results from glycerol content and setting depth measurements 

show how the setting process of premixed cement clearly differs from 
the setting of water based cement. In the conventional wCPC the entire 
cement volume starts to set simultaneously, whereas in the case of the 
pCPC the setting of the cement depends on the diffusion of water into 
the cement. As seen in Figure 2, this is a process that takes several hours 
before the total cement volume has set. It is well known that reacts fast 
when mixed with water and additives (e.g- pyrophosphates [32,33], 
glycolic acid [34] and citric acid [34,35]) are thus needed in wCPC in 
order to delay the setting.

The diffusion of glycerol from the samples followed the Korsmeyer 
Peppas model with the coefficient being 0.45, corresponds to a Fickian 
diffusion mechanism for cylindrical tablets [36]. Since Korsmeyer 
Peppas model only is valid up to a 60% release [36] it is not unexpected 
that the diffusion from the samples after seven hours (83% release) is 
no longer corresponding to the fitted curve (Figure 1). The decrease in 
release rate can be due to many factors, such as matrix changes during 
setting, resulting in smaller pores for the glycerol to penetrate, the lower 
concentration difference between the sample and the surrounding 
solution, and the fact that the PBS was not changed during the extent 
of the experiment.

Although the water-glycerol exchange between 7 hours and 16 
hours was much slower than before 7 hours, the setting rate increased 
drastically after 7 hours (Figure 2). The authors have previously shown 
that only small amounts of water is needed to induce a setting reaction 
[17]. Furthermore, Gbureck et al. [20] showed that some setting actually 
can occur even without water due to the presence of non-evaporable 
water, this reaction is especially active at high temperatures. This 
means that not all glycerol has to be diffused out from the sample for 
the reaction to occur and explains the drastically faster setting towards 
the end of the experiment. To increase the initial growth rate of the set 
layer in pCPC, focus should be on increasing the water to mixing liquid 
exchange rate. This could be achieved by choosing a mixing liquid that 
is more miscible with water than glycerol, e.g- propylene glycol, which, 
with its lower viscosity and molecular size, could possibly allow faster 
water penetration. Another method could be to increase the particle 
size of the powder components, by this the mean distance between 
the individual powder particles would increase, which would facilitate 
water penetration.

As previously explained, the most widely used methods for 
measuring setting times of CPCs (Gillmore [21] or Vicat [22] needle) 
only measures the setting on the surface of the cement. When measuring 
the setting time of a pCPC the cement will be considered to have set 
when a layer of cement thick enough to carry the weight of the needle 
has been formed. pCPC with similar compositions show setting times 
(Gillmore needle method) around 30-60 minutes [18,19]; however, at 
this point most of the cement is still unreacted. Therefore, the authors 
consider that the method presented for evaluating the setting depth of 
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Figure 1: Weight fraction of glycerol diffused out from a premixed cement 
injected into 3 mm high moulds open at one end and placed in PBS for 0 
to 16 hours. Results fitted against Korsmeyer Peppas model until 7 hours. 
Standard deviation for n=3 are around 0.02 for all points, and is too small 
to be visible in the figure.
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Figure 2: Setting depth of premixed cement from 30 min to 16 hours in 
12 mm high moulds open at one end. Standard deviation for n=6 was less 
than 0.1 and is not visible in the figure. Trend line is fitted to the first five 
measure points.
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antibiotics since it could allow for a better knowledge and control over 
the drug release.

As seen in the results from the XRD analysis the brushite/monetite 
ratio in an acidic CPC depends on several factors. It is know that wCPC 
with an excess of MCPM will produce monetite to a larger extent [25], 
which was also seen within this study (Figures 3 and 4). However, this 
was previously shown not be the explanation to the monetite formation 
in premixed cements since monetite is the predominant phase in pCPC 
formulations even with an excess of β-TCP [19]. Previous publications 
on acidic pCPC have reported that the cements form monetite at 37°C 
[14,19] in accordance with the results in the present study. Although, 
monetite is the more stable phase in water, the activation energy for 
nucleation of brushite is lower than for monetite, and brushite is 
thus initially formed in all cements [37]. The formation of monetite 
(CaHPO4) instead of brushite (CaHPO4-2H2O) has previously been 
explained by the lack of water in the premixed cement causing a two 
step reaction where brushite is first formed and then dehydrated into 
monetite [20], see Eq. (1).

β-Ca3(PO4)2 + Ca(H2PO4)2 -H2O + 7H2O                     (1)

→ 4CaHPO4 -2H2O → 4CaHPO4 +8H2O

This reaction was suggested by Gbureck et al. [20], where a dry 
mixture of MCPM and β-TCP transformed into monetite during 
long time storage. The results presented in the present study indicate 
that the combination of lack of water and temperature is important 
in determining which phase is formed. If the low water content alone 
would cause the monetite formation, there would have been monetite 
present also in the pCPC set at 5°C; however, only small amounts of 
monetite was seen at this temperature, which likely comes from the 
starting MCPM powder containing 7 wt% monetite. This indicates 
that the dehydration of brushite to monetite is energy consuming, 
and that some heat is needed for the dehydration to occur. In a study 
made by Grover et. al. [38] where a β-TCP/phosphoric cement was 
investigated, a similar temperature dependence for the formation 
of brushite or monetite was reported; at 37°C the main phase after 
reaction was brushite and at 55°C the main phase was monetite. 
Furthermore, studies have reported dehydration of brushite, forming 
monetite, at 37°C in PBS [15,39,40]. In the present study it was shown 
that brushite, in fact, can be formed also in the premixed system, but 
only at lower temperatures than in the water mixed system. In pCPC, 
brushite and monetite were present in almost equal amounts at room 
temperature, and at 5°C mostly brushite was present (Figures 3 and 4). 
These results are important for the storage of acidic pCPC, since they 
predict that a long shelf life could be obtained if no water is present in 
the formulation and the cement is kept at low temperatures. According 
to the results in this study a prefilled syringe with pCPC stored at 5°C 
would form brushite in the presence of water. Any water present in 
the syringe (e.g- non evaporable water and moist present during pCPC 
preparation) would be trapped in the brushite molecule (CaHPO4-
2H2O) since no decomposition to monetite and release of water (eq.1) 
is seen at these low temperatures. By using the anhydrous form of 
MCPM (monocalcium phosphate anhydrous, MCPA) instead of 
MCPM, in the formulation, the amount of water would be minimized, 
potentially further increasing the shelf life. However, a long-term shelf 
life study needs to be performed in order to confirm this.

Recently the interest in monetite based products has grown after 
in vivo studies have shown promising results [12,41,42]. The results 
from the present study in combination with previous literature show 
that cements that are considered to form brushite can also transform 
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the premixed cements is an important complement to the setting time 
measurements when evaluating premixed cements. The method is also 
interesting if the cements are combined with drugs such as BMP2 or 
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into monetite at 37°C. Such cements have been researched extensively 
both in animal studies and clinically [43-45]. This indicates that the 
literature on brushite could be used to predict the in vivo behavior of 
monetite.

Conclusions
A new method for the evaluation of premixed cements improving 

the understanding of premixed cement setting has been developed. 
Deeper insights into the relationship between the brushite and monetite 
reaction mechanisms and chemistry have been attained through the 
determination of phase compositions after setting of both premixed 
and water-based formulations. The results show that premixed acidic 
cements could obtain a longer shelf life if stored at low temperatures 
and that acidic cements could form monetite in vivo when delivered 
in a premixed format. The setting depth measurements and glycerol 
diffusion studies clearly show that setting of premixed cements is 
initially controlled via the diffusion of water from the surrounding 
environment into the cement. However, other factors, e.g- elevated 
temperature, are increasing the setting rate towards the end.
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