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Introduction  

Anyone who has passed by a construction site knows what cement is and 
how it is used. A powder is mixed with water forming a paste, which is 
poured into a mould where it solidifies. 

Cements where a powder is mixed with water are also used in medicine. 
These cements are most commonly used to fill defects in the bone or to rein-
force porous bone to give better support for screws and plates in fracture 
fixation [1]. The cements aid bone healing and give some structural support 
[2].  Typical locations where these cements are used are shown in Fig. 1. 

 
Fig. 1 Locations in the human skeleton where calcium phosphate cements are used 
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In the operating room, the surgeon or the assisting nurse mixes powder with 
water, waits for it to obtain appropriate consistency, places it in the bone 
defect and thereafter waits for it to set. However, things are a bit more com-
plicated in medicine, compared to at the construction site, e.g. due to the 
demands on sterility and that the cement must be biocompatible. This means 
that no contaminants should be in contact with the cement during mixing and 
that biologically safe materials should be used. Most cements are based on 
calcium phosphate (CaP), which are naturally occurring in the body and 
biocompatible [2, 3], but the mixing is still an element of risk. 

An important aspect for the surgeon is the time. To ensure the safety of 
the patient the cement preparation and hardening cannot take too long but on 
the other hand can neither be too short since it needs to allow some time for 
the surgeon to place the cement in a well-controlled way. To comply with 
this need the cements used in medicine have been designed to set within 10-
15 minutes from when the mixing has started. During this time, the cement 
viscosity goes from easily flowing almost like water, to solid. In a procedure 
where these cements are used it is important to be aware of the time since the 
time window for application of the cement is narrow.  

Recently cements were presented that require no mixing[4]. As long as 
the cement powder is not exposed to water, the cement will not set. If the 
powder is mixed with a liquid that does not contain water, it can be delivered 
as a paste in a syringe, ready for injection, so-called premixed cements.  

The work that forms the basis for this thesis has been aimed at eliminating 
the mixing step from the operating room by. By doing this, surgeries could 
be performed more safely, and in a time and cost efficient manner. A pre-
mixed cement has been developed and tested with regard to various key as-
pects. 

In the following introduction calcium phosphate biomaterials will be de-
scribed with an emphasis on self-hardening calcium phosphate cements 
(CPC) and the concept of premixed cements will be introduced more in de-
tail. The following chapters will discuss properties of CPC that are important 
from a clinical point of view and how they can be varied. 

Calcium phosphate biomaterials 
Human bone consists to a major part of calcium phosphate therefore it is 
reasonable to believe that synthetic CaP should be a good replacement mate-
rial for bone. More specifically human bone consists of tiny crystals of a 
CaP called hydroxyapatite (HA) that are kept together by collagen. 

Human bone undergoes constant remodelling to ensure that the mechani-
cal properties of the skeleton are always optimized for the loads it must sup-
port. Briefly, this remodelling is performed by osteoclasts, cells that dissolve 
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bone that is not needed and osteoblasts, cells that produce new bone where 
stronger bone is needed. Due to the chemical resemblance of synthetic CaP 
materials to the natural CaP of the bone the osteoclasts can also dissolve the 
synthetic CaP and the osteoblasts can produce new bone in contact with the 
synthetic CaP [5]. 

A distinction is made between the orthophosphate calcium salts, that con-
tain PO4

3-- ions, and the meta- and pyrophosphate salts that contain PO3
- and 

P2O7
4--ions respectively. The use of the latter two ions as biomaterials is 

limited [6]. In continuation, only calcium orthophosphates are referred to 
when CaP biomaterials are discussed. In Table 1 a list of the most common 
CaP-phases used as biomaterials are listed. 
Table 1 Calcium phosphate compounds used as biomaterials 

Calcium phosphate compound Chemical formula 
Mono calcium phosphate monohydrate 
(MCPM) 

Ca(H2PO4)2-H2O 

Mono calcium phosphate anhydrous 
(MCPA) 

Ca(H2PO4)2 

Monetite or Dicalcium phosphate anhydrous 
(DCPA)  

CaHPO4 

Brushite or Dicalcium phosphate dihydrate 
(DCPD) 

CaHPO4 -2H2O 

Octacalcium phosphate  
(OCP)  

Ca8(H PO4) 2(PO4)4 -5H2O 

α-tricalcium phosphate  
(α-TCP)  

α-Ca3(PO4) 2 
 

β-tricalcium phosphate  
(β-TCP)  

β-Ca3(PO4) 2 

amorphous calcium phosphate  
(ACP) 

Cax(PO4)y-nH2O 

calcium-deficient hydroxyapatite  
(CDHA)  

Ca10-x(HPO4)x(PO4) 6-x(OH) 2-x 
(0<x<1) 

hydroxyapatite  
(HA)  

Ca10(PO4)6(OH) 2 

tetracalcium phosphate  
(TTCP)  

Ca4(PO4) 2O 

 

The first reported test using CaP in vivo were performed in 1920 [7], where 
it was shown that tricalcium phosphate (TCP) in solution could improve 
fracture healing in rabbits. In 1934 mono calcium phosphate (MCP), TCP 
and monetite in powder form were tested [8] with varying results. The first 
time HA was tested in vivo was in 1952 [9]. Since then the research and use 
of CaP has grown significantly [3]. 
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A review of literature on CaP as biomaterials shows that CaP are general-
ly accepted by the human body and are considered to be biocompatible [2, 6, 
10-12]. Commercial CaP-biomaterials are available in different forms, e.g. 
granules, blocs, coatings or cements [3]. CaP granules are used to fill bone 
defects to aid the bone healing without giving any structural support. Rigid 
blocks of CaP, can be used to fill defects with a defined geometrical shape 
and can be made to support more load. For defects that are more complex, 
custom-made implants of CaP can be produced using 3D printing. Due to the 
advantageous biological properties of CaP, coatings of CaP are applied on 
many metallic implants used in bone to improve the bone ingrowth around 
the implants.  
   

Calcium phosphate cements 
To facilitate the use of calcium phosphate researchers in the early 1980s 
developed calcium phosphate cement that could be moulded into any shape. 
In the first publications the CPC were intended for the filling of tooth cavi-
ties, where their superior biocompatibility and resorbability would render 
better results and/or be easier to use compared to the current CaP based den-
tal products[13, 14]. Today the use of CPC in dentistry is limited since the 
CPC does not have the mechanical properties necessary for cavity repairs. 
However, the applications in orthopaedics and maxillofacial surgery are 
many[1]. Here the CPC are used to fill bone defects and the malleability of 
the cements is highly appreciated.  An advantage with the CPC is that they 
can be injected through a syringe thus allowing for minimal invasive sur-
gery, which is very beneficial for infection prevention and patient recovery 
time. This self-setting characteristic of the CPC is based on a dissolution-
precipitation reaction that occurs when the powders are mixed with water. 

Cement chemistry 
The basis for calcium phosphate cement setting is the same as for the ce-
ments used in construction. The setting is caused by a dissolution-
precipitation reaction [15, 16]. A typical CPC formulation consists of one or 
more of the calcium phosphate salts listed in Table 1 that are mixed with 
water. The CaP powders will dissolve upon mixing with the water-based 
mixing liquid. However, the powder to liquid ratio (PL) is chosen so that the 
amount of water does not dissolve all the powder. The water will become 
supersaturated with respect to the certain CaP-salts, depending on the pH of 
the solution. When the water becomes supersaturated, the dissolved Ca2+ and 
PO4

-4 ions will come together to form small crystals that precipitate in the 
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solution. The crystals will accumulate more and more ions from the solution 
causing them to grow. As they grow, they start to entangle into each other so 
that in the end the cement consists only of these crystals, which gives the set 
cement its mechanical properties, see Fig. 2. 

 
Fig. 2 Schematic view of precipitation of crystals causing setting. 

The crystalline phase of the CaP salt that is precipitated, is largely controlled 
by the pH of the solution during setting. The pH in turn is controlled by the 
choice of initial CaP powders and their mixing ratio [16]. Hydroxyapatite 
has the lowest solubility of the CaP compounds in solutions with pH be-
tween ~4.2 and ~9.5[16]. When the pH of the cement liquid is within this 
range, the precipitated crystalline phase will be HA, so-called apatite ce-
ment. In the body, the water (body fluid) has a pH of 7.4, called the physio-
logical pH, and consequently bone consists of HA. In cement formulations 
where the pH of the mixing solution is below 4.2 monetite or brushite will 
form [17]. These cements are generally referred to as acidic cements. 

The first CPC were apatite cements [13, 14]. The first acidic CPC were 
invented in 1985 [18]. After this, more research has been focused on apatite 
cements, which have rendered more products based on apatite cement for-
mulations. In a review by Bohner [19], where the current commercially 
available CPC are presented only 4 out of 32 cements are acidic cements, the 
rest are apatite cements. The apatite cements are in general stronger mechan-
ically and the chemical similarity to the CaP phase encountered in bone is 
probably appealing to the medical industry. However, there are advantages 
with the brushite forming acidic cements that makes them very interesting as 
well. It has been shown that acidic cements are resorbed and replaced by 
bone faster than apatite cements [20], due to their higher solubility in physio-
logical pH. This property of the acidic cements is interesting in order to 
achieve faster healing of the bone. 

The calcium phosphate cements were a step forward facilitating the repair 
of various bone defects. However, the first publications on CPC were pub-
lished 30 years ago and nurses and surgeons are still mixing the powders and 
liquids manually in the operating room. 
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Cement mixing 
A typical commercial CPC today includes an instruction for use, where the 
mixing of the cement is described in steps. Examples of mixing instructions 
for two commercially available CPC are shown in Fig. 3 and Fig. 4. In the 
instructions for use, time intervals indicates how much time can be spent on 
the different steps. The final step is application, where the cement is injected 
into the bone and here the surgeon has limited time. Typically, the surgeon 
has to inject the cement within 3-10 minutes from start of mixing, this time 
is called the working time (WT) of the cement. 

 
Fig. 3 Mixing instructions for ChronOS Inject, Reprinted with permission from Syn-
thes. 
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Fig. 4 Mixing instructions for Norian rotary mixer. Reprinted with permission from 

Synthes. 

With the current commercial CPC, the mixing is performed in the operating 
room using different types of mixing methods e.g. a bowl with a spatula or 
more complicated mixing equipment, see Fig. 3 and 4. Mixing in the operat-
ing room implies two important risk factors: risk of improper mixing and 
risk of infection. Even though the instructions for the cement mixing are 
detailed, there is always a risk for errors, especially due to the time con-
straints before setting. If the cements are not mixed properly, the cement 
might not set or may result in bad mechanical properties and/or the cement 
could become difficult to inject. At best, this will only delay the surgery but 
it could also lead to slower healing if for example the badly mixed cement is 
unable to fully fill out the defect. The risk of infection can cause conse-
quences that are more serious. There is a relation between operation time and 
risk of infection, the longer the procedure takes the higher the risk of infec-
tion [21, 22]. If the mixing could be avoided, there is much to gain in the 
safety of these procedures.  

Premixed cements 

As previously described, the cements start to set when the powder is exposed 
to water. To avoid the time limitation set by the working time Sugawara et. 
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al. [4] replaced the water with glycerol. By mixing the powder with a non-
aqueous liquid, a paste could be obtained without initiating the setting reac-
tion. This method of preparing CPC is called premixed calcium phosphate 
cement (pCPC). The pCPC also needs water to set. When injected, the pCPC 
will be exposed to the body fluid present in the bone. Therefore, the pCPC 
can be delivered to the operating room in a prefilled syringe ready for use. It 
is injected into the defect site in the bone and there the non-aqueous liquid, 
which should be easily soluble in water, diffuses out from the cement while 
water diffuses into the cement causing it to set, see Fig. 5. From hereon the 
conventional water-mixed calcium phosphate cements will be referred to as 
wCPC to distinguish the two preparation methods. A possible pCPC instruc-
tion manual is shown in Fig. 6.  

 
Fig. 5 Schematic cross-section view of premixed calcium phosphate cement setting 

in bone.  

 
Fig. 6 Mixing instructions for premixed cements 
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Aims of thesis 

The aim of this thesis is to describe differences between premixed and wa-
ter-mixed cements and their advantages and drawbacks. The differences will 
be discussed based on results obtained from bench testing of specific cement 
properties as well as in vitro and in vivo studies. 

Key aspects of the cements will be described following the cements 
through a surgical procedure. The procedure can be divided into three stages, 
see Table 2. The first stage, handling, relates to properties of the cement that 
are important before the cement is inside the body. The second stage starts 
right after injection and continues until the cement is fully hardened. After 
this the biological response both immediate and long term is discussed in the 
third stage. 

In the end of the thesis, shelf life of the cements is discussed, which is an 
important aspect although it is not a direct part of the surgical procedure.  

 
Table 2 Important properties for injectable calcium phosphate cement and the ques-
tions to be investigated in this thesis. 

Stage Property Questions to answer 
Handling 
before injection 

Working time -How much time does the surgeon dispose 
of for injection? 

 Injectability -Is the cement easy or difficult to inject? 
 
Hardening  
0-24 hours after  

 
Setting time 

 
-How long time before the patient can  
be moved? 

Injection Final phase 
composition 

-What chemistry will the biology encoun-
ter? 

 Mechanical 
properties 

-How strong is the cement?  
-For what applications can it be used? 

 
Biology,  
0-12 weeks  

 
In vitro 

 
-What is the cellular response? 
 

after injection In vivo -Will the cement be resorbed? 
-Can bone grow onto the cement? 

 
Shelf life 

  
-For how long can the cement be stored? 
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Cement formulations 

If not stated otherwise all cement formulations presented in this thesis con-
sists of the following two powder components; beta-tricalcium phosphate (β-
TCP, Ca3(PO4)2), and monocalcium phosphate (MCP) in a molar ratio of 1:1. 
Both the monohydrate form (MCPM, Ca(H2PO4)2-H2O) and the anhydrous 
form (MCPA, Ca(H2PO4)2) or mixtures thereof have been used. The liquid 
phase used in all cement formulations was glycerol C3H8O3. From this point 
the term pCPC will refer to acidic pCPC. 

As will be shown these cement mixtures form monetite (CaHPO4) after 
setting which gives the total reaction formula for the cement as follows: 

Ca3(PO4)2 + Ca(H2PO4)2-H2O  4 CaHPO4 + H2O  (1) 

In the experimental work for this thesis various cement formulations have 
been evaluated. Presented here are the results from the evaluation of the 
following parameters: powder to liquid ratio, powder particle size and addi-
tion of water or radiopacifier. 
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Handling 

The cements discussed in this thesis are intended to be used in a clinic dur-
ing surgery. To reduce the risk of errors the cements should be predictable 
and easy to use. The handling properties therefore become very important, 
e.g. the consistency of the cement, how well it forms to the shape of the bone 
defect, how easy it is to inject and how long time the surgeon has to place 
the cement.  

Working time 
Paper I 
In the clinical situation, the WT is the time the surgeon disposes to in-
ject/place the cement into the bone defect. Conventionally WT is measured 
using the Gillmore [23] or Vicat [24] needle methods. With the Gillmore 
method a 113.4 g weight with tip diameter 2.12 mm is placed on the surface 
of the cement paste. When there is no visible impression from the needle the 
cement is considered to have reached its working time also called initial 
setting time. The same method is also used for measuring setting time (ST) 
or final setting time. In that case, the needle is heavier and more narrow. 

However, in the case of premixed cements this method is not suitable 
since the setting does not start until the cement is inside the body. Therefore, 
the extrusion force from a syringe was measured at different time points to 
give a better understanding for how the premixed cements behave over time. 

As the experimental work for this thesis progressed it was noted that 
small amounts of water could significantly alter the test results. Therefore, a 
study was set up to investigate the influence of water closely and see how 
water could be used to improve the handling of the pCPC. In Paper I, the 
working time of cement formulations containing 0, 1.7, and 3.4 % of total 
cement weight water were evaluated.  

The results from the study showed that the premixed pastes indeed have a 
very long working time compared to conventionally mixed wCPC. Fig. 7 
shows the extrusion force needed to extrude the cements after 0-3 hours, 
typical WT of commercial wCPC have been included for reference. As seen 
premixed cements with no water added remain injectable for over 3 hours 
and it took 2 weeks in room temperature before the premixed cement 
reached the upper limit of 240 N in extrusion force. However, with the addi-
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tion of only 1.7 w% water to the cement formulation the working time was 
remarkably reduced down to 5.5 hours and with 3.4 w% water the limit was 
reached after 2 hours, which is still long working time compared to commer-
cial cements available today.  

 
Fig. 7 Working time test for 0w%, 1.7w% and 3.4w% water, (n=2), dashed lines 

illustrates working times for commercial CPC (Paper I) 

Injectability 
Papers I & II 
One of the great advantages of CPC compared to other bone void fillers is 
that they offer the opportunity of injection. This allows the surgeon to per-
form minimal invasive surgery, which dramatically reduces risks of infection 
and healing times. Injectability therefore becomes an important part of han-
dling of a CPC. In this work, the injectability describes how easy or hard it is 
to inject the CPC from a syringe.  

The injectability of wCPC is highly related to the working time and there-
fore when injectability of wCPC is evaluated there is strict control over time 
as well [25]. For pCPC injection time is not as important as seen in the pre-
vious chapter and therefore this parameter was left out of the experiments 
performed in Paper II.  

In Papers I and II, the injectability of the cements was evaluated by meas-
uring the extrusion force (EF) from a 3 ml syringe. In Paper I the effect of 
addition of small amounts of water in the formulation was evaluated. Ce-
ments containing 0, 1.7, 3.4, 5.1 and 6.8 w% water were evaluated.  

In Paper II different particle sizes of MCP were evaluated. MCP particles 
ranging from <100 µm to 400-600 µm were obtained by sieving and used in 
the cement formulations. In this paper, different P/L were also evaluated.  

The results from Paper I show that with the addition of 1.7 w% water the 
EF goes down by 64 % from 107 N to 39 N and by another 21 % down to 16 
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N with the addition of 3.4 w% water, see Fig. 8. When adding more water 
the EF was not reduced significantly and it was noted that cement formula-
tions containing more then 3.4 % water had a much shorter working time 
since the EF increased from 16 to 25 when measuring 5 and 9 minutes after 
mixing.  

 
Fig. 8 Extrusion forces for cements with different water content. (Paper I) 

By addition of water to the cement, the total P/L is changed, which could be 
a contributing part to the lower EF. Results from Paper II showed that the 
amount of liquid in the cement considerably affects the EF, see Fig. 9. With 
a shift in P/L from 4.2 to 3.9 the EF was reduced to half from 205N to 100N. 
In Paper I the powder to glycerol ratio was kept constant so the real P/L of 
the mixtures was 4.0, 3.67, 3.39 and 3.15 for mixtures containing 0, 1.7, 3.4 
and 5.1 % water respectively. Thus by comparing the results in Fig. 8 and 
Fig. 9 it can be concluded that the change in P/L is probably the major cause 
of the differences in injectability showed in Paper I. 
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Fig. 9 Extrusion forces for MCP particle sizes 100-200 µm and 400-600 µm with 

different P/L. (Paper II) 

The liquid phase clearly has great influence on the viscosity of the cements. 
As seen from the dashed line in Fig. 8 the relation between EF and P/L does 
not seem to be linear. Similar behaviour can be seen in wCPC, which was 
shown theoretically and experimentally by Bohner and Baroud [26]. It was 
shown that the EF will increase dramatically when the P/L is close to the 
highest P/L that can be used and still have a paste, the so-called plastic limit 
[27]. When the P/L is significantly lower than the plastic limit the changes in 
EF are less dramatic, which corresponds with the results, see Fig. 8. As we 
will see in the following chapters other properties such as setting time and 
compressive strength have a seemingly linear relation to P/L. This is inter-
esting since is allows for fine-tuning of the cement formulations when work-
ing with P/L close to the plastic limit. By lowering the P/L, the injectability 
can be improved significantly without impairing the setting time and 
strength of the cement.  

The powder phase can also be used to control the injectability as seen in 
the results from Paper II. Larger particle sizes improved injectability (lower 
extrusion forces), see Fig. 10. With the same P/L the cements with the larg-
est particle sizes have 63% lower EF of 75 N compared to the smallest parti-
cle size where the EF was 205 N.  
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Fig. 10 Extrusion forces for different MCP particle sizes with P/L = 4.2 (Paper II) 

The importance of particle size has been documented in wCPC and it has 
been shown that smaller particle sizes give lower EF [26]. However, for 
pCPC the results in Paper II show that smaller particle sizes have a negative 
effect on the injectability. With the same volume of particles dispersed in a 
liquid the mean free path (λ) between the particles will be longer with bigger 
particles according to:  

! 

" =
d# VG
(1$VG )

     (2) 

 
Fig. 11 Representation of mean free path (λ) in cement pastes with large or small 

particles. (Paper II) 
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where d, is the MCP particle size and VG is the volume fraction of glycerol 
in the cement paste. Pastes with different particle sizes are illustrated in Fig. 
11. The total area of the CaP particles is the same in A and B and it is obvi-
ous that the mean free path (λ) is larger in A. Larger λ will facilitate the 
particle movement, thus reducing the EF. The mean free path can also be 
related to the plastic limit. With smaller particle sizes, the plastic limit will 
be lowered since a higher VG is required in order to obtain a λ that allows 
particle movement in a paste. For larger grain sizes, the plastic limit is high-
er, thus higher P/L can be used, which will influence other properties e.g. 
setting time and strength. This makes it difficult to determine the optimal 
grain size distribution. 

It can always be discussed which should be the upper limit for injectabil-
ity. Injecting 3 ml of cement manually with a constant force of 240N is diffi-
cult. Therefore, several products available on the market today have special-
ly designed syringes and injection devices, which facilitate the injection, see 
Fig. 12 for examples. The most important feature is that the consistency of 
the paste is constant during application so that the surgeon knows that the 
cement will behave the same during the whole procedure and each time the 
cement is used, which is easily obtained with the pCPC.    

 
Fig. 12 Syringe from Wright (upper) and injection device from Synthes (Lower) 
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Hardening 

As discussed in the introduction, CPC harden or set through a dissolution-
precipitation reaction. In two reviews by Fernandez et. al., the mechanisms 
of dissolution [15] and precipitation [16] in wCPC are described. These pro-
cesses will occur similarly in pCPC since water triggers the reactions. How-
ever, since pCPC does not harden homogenously throughout the cement 
volume, the conventional methods used to observe setting of wCPC does not 
cover all the aspects of setting of pCPC.  

Premixed setting mechanism 
Papers II & III  
Since the pCPC does not contain any water when injected, water must dif-
fuse into the cement from the body fluids for the cement to set in vivo. This 
means that the setting of the pCPC is much dependant on this liquid-
exchange process. This becomes clear when the powder components MCPM 
and β-TCP are mixed with either water or glycerol. The water-mixed formu-
lation will set within a few minutes whereas the premixed formulation will 
take over 20 minutes before the load from the Gillmore needle is supported. 
In the pCPC the water has to diffuse a certain depth into the cement before a 
layer that is thick enough to support the weight is formed.  

In order to observe the formation of this set layer a test method was pre-
sented in Paper III. A split mould cylinder open in one end was filled with 
cement and placed in PBS. After different time points the mould was re-
moved from the liquid and split leaving a set cylinder at the top of the mould 
and unreacted cement in the bottom. The thickness of the set layer was then 
measured and the setting depth controlled by the water-glycerol exchange 
rate could be observed. The method was complemented by measuring the 
amount of remaining glycerol in the pCPC, using thermo gravimetric analy-
sis (TGA) and its phase composition, using XRD. 
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Fig. 13 Setting depth of premixed cement (P/L 3.5) from 30 min to 16 hours in 12 
mm high moulds open at one end. Error bars indicate standard deviation, n=6. 

(Paper III) 

Results from Paper III, showed that the top 1.7 mm of the cement had set 
after 1 hour and thereafter the setting rate of the used cement formulation 
was ~0.65 mm per hour, see Fig. 13. In Paper II, the setting depth after 50 
minutes of a cement containing small particles was 1.55 compared to 1.77 
for a cement with large particles. The larger particle size allows for faster 
water-glycerol exchange, which can be related to the mean free path illus-
trated in Fig. 11. A larger λ means that there is more space between the par-
ticles where the water-glycerol exchange can occur, allowing for the water to 
penetrate faster. 

From the 3 mm sample used for the TGA measurements, 26% of the 
glycerol had diffused out after the first 30 min, see Fig. 14. This corresponds 
to ~0.75 mm in setting depth after 30 min. However, the measured setting 
depth after 30 min was 1.3 mm, Fig. 13. According to the TGA results the 
water/glycerol relation is at most ~60/40 at the depth of 1.3 mm after 30 min. 
However, it is probably lower since it cannot be expected that the wa-
ter/glycerol relation is the same throughout the 1.3 mm layer while the re-
maining 1.7 mm is 100 % glycerol. Thus, it is not necessary for all glycerol 
to be removed in order for the pCPC to set. 
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Fig. 14 Total weight of glycerol remaining in premixed cement injected into 3 mm 
high moulds and placed in PBS for 0 to 16 hours and 8 days. Error bars indicate 

standard deviation, n=3 (Paper III) 

The results from the XRD analysis show a gradual conversion from MCPM 
and β-TCP to monetite, see Fig. 15. After 16 hours, the cement had set 
throughout, however, there was still unreacted β -TCP remaining. After 24 
hours the conversion to monetite was complete. The levels of remaining β-
TCP after 24 hours are comparable to the samples after 2 weeks, see Fig. 19. 
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Fig. 15 XRD analysis of premixed cement after 0, 4, 16 and 24 hours submersion in 
PBS. The letters in the spectra represent the main peaks of MCPM (X), β-TCP (T) 

and monetite (M) 

The water-glycerol exchange rate is an important factor that should be taken 
into consideration when evaluating a pCPC, since this will affect the setting 
time of the cement. Furthermore, when considering pCPC for drug delivery 
this factor could potentially be used to control the release rate of the drug. 

Setting time 
Papers I, II & IV 
When evaluating CPC, the setting time is one of the key properties to deter-
mine. As for the working time, setting time is measured by placing a weight 
on the surface of the cement paste (the needle used for setting time meas-
urement is heavier and more narrow). When there is no visible mark from 
the needle the cement is considered to have reached its final setting time. For 
the clinicians the setting time is important since it determines the waiting 
time from end of injection until the patient can be moved. 

There are numerous publications on how to control the setting time of 
CPC and the most common method is to use additives in the cement formu-
lation. For the apatite cements, additives are chosen to increase the reaction 
rate of the cement [29, 30], which is normally slow when no additives are 
used whereas the fast acidic cement reactions are retarded [31, 32].  
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For pCPC, another dimension is added to the setting time as showed in 
the previous chapter. It is not only the chemistry determining the setting time 
but also the water-glycerol exchange rate is an important factor. In the work 
for this thesis, the influence of the basic parameters of the cement formula-
tions such as P/L, particle size and the effect of addition of was evaluated.  

The results from Paper II and IV show the influence of P/L on the setting 
time. A seemingly linear relation between ST and P/L was observed in Paper 
IV, see Fig. 16. Results from Paper II showed that small changes in P/L from 
4.2 to 3.9, will have small effect on the setting time, see Fig. 16.  

 
Fig. 16 Setting time of pCPC formulations with different powder to liquid ratio. 

Error bars correspond to standard deviation. (Paper II & IV) 

Interestingly there does not seem to be a clear relation between particle size 
and ST, see Fig. 17. For a wCPC smaller particle sizes decrease the setting 
time since the specific surface area becomes larger [33]. In the case of 
pCPC, the larger specific surface area should also contribute to faster setting 
of the cement through higher reaction rate. However, as seen in Paper II 
smaller particle size caused a slower water/glycerol exchange rate, so the 
setting depth grew slower, thus contributing to longer setting time. In addi-
tion, smaller grain sizes resulted in stronger cements. Therefore, in the ce-
ment with smaller particle size, the set layer could be thinner and still sup-
port the load from the needle. As seen from the results, the sum of these 
three factors (reaction rate, water-glycerol exchange rate and strength) be-
came nearly zero for the investigated range of particle sizes. In this range the 
particle size had little or no influence on setting time. Outside this range, the 
particle size will most likely have greater influence on setting time, due to 
changes in mechanical properties. 
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Fig. 17 Setting time for different MCPH particle sizes with P/L = 4.2 (Paper II) 

It is interesting to note that small amounts of water had big impact on the 
setting time (Paper I). The addition of only 1.7 w% of water reduced the 
setting time from ~29 min to ~19 min and with the addition of another 
1.7 w% the setting time was ~14 min, see Fig. 18 

 
Fig. 18 Setting times for cements with different water content. (Paper I) 

This knowledge is important since both MCP and glycerol are hygroscopic. 
If stored and used in a normal laboratory or production environment these 
raw materials could take up water from the surrounding atmosphere. If both 
glycerol and MCP, which are more hygroscopic than β-TCP, take up 3 w% 
of their weight in water this will result in a total water content in the cement 
of 1.74 w% thus altering the properties significantly. 

As discussed previously, the reaction chemistry of the β-TCP /MCP sys-
tem is already very quick when it is mixed with water. Therefore, it is diffi-
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cult to find an additive that would further increase the speed of the chemical 
reactions. Especially since an additive that could increase the reaction rate 
would probably also shorten the cement shelf life. During the four years of 
work for this thesis many additives have been tested but without success. 
Therefore focus should be on finding ways to increase the liquid-water ex-
change rate so that the set layer grows faster, or to increase the mechanical 
strength so that more load can be supported sooner, which are the two fac-
tors that most influence the ST of pCPC. 

Phase composition -Monetite or Brushite? 
Papers III & IV 
There is a discrepancy in the literature regarding which of the two phases 
monetite or brushite is the most stable in an aqueous solution. Similar solu-
bility diagrams have been presented in publications, but in some monetite is 
showed as the most stable phase [15, 34], whereas in others brushite is pre-
sented as the most stable of the two [35]. The diagrams presented in the 
mentioned literature are based on theoretical calculations. In the experi-
mental literature most results show that brushite is formed when β-TCP and 
MCPM are used in wCPC[36]. Interestingly, when the same components are 
prepared as a pCPC, monetite is formed, see Fig. 19. Formation of monetite 
in acidic cement formulations has been observed previously, for example, 
for high MCPM: β -TCP ratios [17, 37] and when setting is performed at 
higher temperatures [38], in dry powder mixtures [39] or when calcium hy-
droxide (Ca(OH)2) is mixed with a phosphoric acid (H3PO4). The tests in 
Papers III and IV were performed to elucidate further under which condi-
tions the two different phases are formed. 

Results from Paper VI, showed that the phase composition is not affected 
by changing the MCPM:β-TCP ratio at 37°C in pCPC, see Fig. 19. Even 
with an excess of β-TCP monetite was the main phase. Whereas, in wCPC 
with an excess of β -TCP brushite was the main phase, thus confirming the 
results from previous publications[17, 37] 
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.  
Fig. 19 XRD analysis of pCPC after 28 days incubation in PBS (upper), cements 

with MCPM:β-TCP ratio 3/7 after 24 h in PBS, pCPC (middle) and wCPC(lower). 
The letters correspond to the main peaks of the phases: B : brushite, M: monetite 

and T:β-TCP (Paper IV ) 

Temperature influenced both the pCPC and the wCPC. Higher temperatures 
promoted the formation of monetite as seen in Fig. 20. However, there was a 
clear difference between the wCPC and the pCPC. The pCPC formed mainly 
monetite down to 20°C and only at 5°C brushite was the dominating phase. 

The differences between the wCPC and pCPC shows that lack of water is 
an important factor, as was showed in the work with dry powder mixtures 
[39]. In Paper I the pCPC with 26/74 glycerol/water ratio monetite was the 
only phase present at 37°C, whereas with only water both phases were de-
tected, see Fig. 20. To elucidate this matter further it would be interesting to 
determine the effect different water/glycerol ratios has on the resulting 
phase.  
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Fig. 20 XRD analysis of: A) Premixed cements with a MCPM/β-TCP molar ratio of 
1/1 after 2 weeks immersion in PBS at 5, 21 and 37 °C. B). Water based cement at 
21°C and at 37°C with a MCPM/β-TCP molar ratio of 1/1 and 30/70. The letters 

correspond to the main peaks of; M:monetite, B:brushite and T:β-TCP. (Paper III) 

From the results, it is clear that a complex combination of temperature, 
MCPM/β-TCP ratio and water amount determine which phase is formed in 
acidic cements. In a study using isothermal calorimetry it was shown that the 
formation of brushite is more exothermal than the formation of monetite at 
37°C [37], which corresponds with the observations that monetite is formed 
at higher temperatures. In the study where calcium hydroxide and phosphor-
ic acid were used, formation of monetite and MCPM was reported, which 
indicates a low pH (MCPM is stable at pH<2) [16]. This confirms that 
monetite tends to form at lower pH, which is the result of an excess of 
MCPM in the cement formulation[17]. In the absence of water, the dehy-
drated monetite is the most stable, which is the case for the pCPC. Further 
analysis is required to elucidate the exact monetite/brushite ratios depending 
on temperature, pH and water presence.   

These cements are intended to be placed in the body and therefore 37°C is 
the most interesting temperature to study. As seen pCPC forms monetite at 
37°C. Keeping set pCPC at 37° in physiological pH does not provoke con-
version into brushite as seen in Fig. 19. Whereas wCPC have shown to form 
both brushite and monetite at 37°C and brushite have shown to transform 
into monetite when stored at 37-40°C [40-42]. In publications were acidic 
CPC have been used in vivo they are referred to as brushite cement, which is 
correct since they are all mixed at room temperature and thus will form 
brushite. However, since the cements are injected before they set, some por-
tions of the cement will set at 37° and some monetite might be formed. 
Therefore, it is probable that there is more in vivo data on monetite then the 
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first overview of the literature shows. Monetite have shown promising re-
sults in vivo [43-47]. Therefore, the information about the complex relation 
between brushite and monetite is interesting, since it indicates that the litera-
ture on brushite could be used to predict the in vivo behaviour of monetite. 

Mechanical properties  
Papers I, II & IV  
Besides offering the possibility to inject, the CPC have the advantage that 
they become solid in the body and will provide some structural support, 
which is not the case when granules of CaP or bone chips are used. Howev-
er, the mechanical properties of the CPC are not considered sufficient for 
load bearing applications such as augmenting of hip joint replacements, 
where polymer based non-resorbable cements are used today. 

When comparing mechanical data reported on apatite cements and acidic 
cements the apatite cements are generally stronger. A review by Dorozhkin 
reported compressive strengths of CPC in the range of 10-100 MPa[10]. The 
highest reported compressive strengths for apatite and acidic cements are 
60 MPa[48] and 52 MPa[49] respectively.  

In the discussion of mechanical properties, it is easy to state that stronger 
is always better. However, this is not necessarily true. One example of this is 
when using polymethylmethacrylate (PMMA) cements for vertebroplasty. 
The high stiffness of the PMMA cements is believed to cause fractures in 
vertebrae close to the vertebra that has been repaired, due to changes in bio-
mechanics [50]. Therefore, the objective of the development of any cement 
should be to obtain mechanical properties similar to the bone tissue the ce-
ment is intended to replace. In the non load bearing indications the mechani-
cal properties of CPC are considered to be appropriate[2]. 

Two parameters used to control the mechanical properties of CPC are P/L 
and particle size. Less liquid in the cement formulation gives stronger ce-
ment [49] since the porosity of the cement is reduced. Controlling the me-
chanical properties with particle size is more complicated since it will need 
optimization of the size distribution of all powders used in the formulation 
[33, 49, 51, 52]. Adding of reinforcing fibers or fillers are also used to im-
prove the mechanical properties of CPC, thus producing calcium phosphate 
concretes [1, 53]. In the work for this thesis, the influence of the first two 
parameters, P/L and particle size on the mechanical properties of pCPC was 
evaluated. 
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Fig. 21 Compressive strength after 24 h of pCPC with different P/L. Error bars 

indicate the standard deviation. (Papers II & IV) 

The results from Papers II and IV confirm that the P/L is directly related to 
the compressive strength of the pCPC as seen in Fig. 21. The compressive 
strength varies from ~2.3 to ~9.8 MPa when changing the P/L from 2.25 to 
4.75. However, by lowering the P/L by 0.3 the decrease in compressive 
strength decreased from 13.4 to 11.7 MPa, which is interesting when finding 
the optimal injectability as discussed previously.   

 
Fig. 22 Compressive strength for pCPC with different MCP particle sizes, P/L = 4.2 

(Paper II) 

In the case of precursor powder particle size in pCPC, a tendency that small-
er particle sizes give higher values in compressive strength, was observed, 
see Fig. 22. However, comparable strengths were obtained with a wide parti-
cle size distribution and 100-200 µm, indicating that further optimization of 
particle size distribution is possible. 
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Both in the case of P/L and particle size the changes in compressive 
strength can be attributed to changes in porosity. As for wCPC higher po-
rosity result in weaker cement[54]. When the glycerol leaves the cement 
during setting, pores are created. Cement with low P/L will be more porous 
and have lower compressive strength. However, in Paper II, where the parti-
cle size was evaluated, the P/L was kept constant. In that case, not only the 
total porosity controlled the mechanical properties. Probably the size of the 
pores also contributed to the lower mechanical strength. The resistance of a 
material to fracture can be expressed by its fracture toughness KC that is the 
materials resistance to brittle fractures, which can be expressed as:  

Kc = Yσc(πa)1/2    (3) 

Where Y a constant depending on the applied load and the specimen size, σ 
is the applied stress and 2a is the length of the largest pore [55]. According 
to equation 3 the largest pore determines the fracture toughness of a cement. 
As seen in the SEM images in from both Paper II and IV the shape and size 
of pores found in set cement resembles the MCP-crystals used in the cement, 
see Fig. 23. It is reasonable to believe that the pores from dissolved large 
MCP-crystals, will not be completely filled with monetite crystals. Thus, 
larger particle sizes will give lower strength, due to remaining pores in the 
set body. 

As for wCPC, the porosity of pCPC is important for the mechanical prop-
erties of the cements, where P/L and grain size are two factors that can be 
altered in order to control the porosity. 

 
Fig. 23 SEM image showing a cross-section of set pCPC and  monocalcium phos-

phate monohydrate crystals. (Paper IV) 
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Biology 

When working with biomaterials it is essential to always asses how the in-
vestigated materials behave in the environment they are intended for, in 
37°C, surrounded by cells, proteins, enzymes and an immunological defence 
designed through millions of years of evolution to find and destroy or isolate 
objects foreign to the body. 

As discussed in the introduction, many calcium phosphates are not for-
eign to the body and the literature proving biocompatibility of CaP both in 
the form of granules or blocs as well as cements is vast [2, 10, 11, 56]. 

This part of the thesis is aimed at studying the influence of adding glycer-
ol to the studied materials. 

In vitro 
Paper V 
Testing the materials in vitro is a first step, to see how cells respond to the 
investigated materials. There are several in vitro studies showing that 
brushite and monetite are not cytotoxic and that they permit proliferation of 
osteoblasts [57-60]. In the mentioned studies, the in vitro testing was per-
formed on pre-set cement, so the cells were not exposed to the cement dur-
ing setting. 

In Paper V the cell viability of human mesenchymal stem cells (MSC) in 
contact with pCPC and wCPC was tested both when the cements were in-
jected directly into the cell media and with pre-set samples. The images in 
Fig. 24 show results from live/dead staining where live cells appear green 
and dead cells are stained red. The results showed that both cements were 
cytocompatible despite causing an initial pH drop during setting.  
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Fig. 24 Images from live/dead staining of cells attached injected to wCPC (A) and 

pCPC (B) after 23 days incubation, (Paper V) 

 
Fig. 25 Cell viabilty of human MSC cultivated on pre-set pCPC (grey) and wCPC 

(black), (Paper V) 

The results from the cell viability analysis from the pre-set samples con-
firmed results from previous publications, showing high cell viability at all 
time points, see Fig. 25. The SEM image in Fig. 26 shows a cell attached to 
the surface of a pre-set pCPC. The elongated cellular protrusions indicate 
that the cell is comfortable and attached to the monetite surface.  
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Fig. 26 SEM image showing flattened cell with elongated cellular protrusions at-

tached on surface of set pCPC (Paper V) 

In vivo 
Papers V, VI & VII 
As discussed, there are several studies showing the biocompatibility of both 
apatite and acidic cements in vivo. In Papers V, VI and VII the in vivo be-
haviour of pCPC formulations were compared with different biomaterials 
used in clinics, exologous bone chips and PMMA-cement in Paper VI and 
wCPC in Paper V and VII. In Paper V, wCPC and pCPC were injected sub-
cutaneously, whereas in Papers VI and VII the tested materials were placed 
in bone defects. In Papers IV and VII, the evaluated pCPC formulation con-
tained ZrO2 particles that were added to improve radiopacity. 

 
Fig. 27 Histology from rat dorsal skin injected with wCPC (A) and pCPC (B) after 

three-weeks (Paper V) 

The results in Paper V showed that the biological response was similar for 
the pCPC and wCPC. No signs of severe systemic inflammatory reactions 
could be observed for any of the two cements. The histology sections in Fig. 
27, show presence of leukocyte cells, which are part of the immune system. 
However, this was expected since the hard cement was in soft tissue, so the 
difference in mechanical properties will cause irritation. Since the amount of 
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leucocytes was not alarming, both of the tested materials were considered 
biocompatible. 

 In Paper VI the pCPC interactions with bone tissue was studied by inject-
ing the cement in a defect in rat vertebra. 

 
Fig. 28 Micro-CT images of operated rat vertebra after 12 weeks, filled with: 
PMMA (upper image), pCPC (middle image), and bone chips (lower image). 

Fig. 28 shows X-ray computed tomography (CT) images of the vertebrae 
after 12 weeks. In the top vertebrae, where PMMA- cement was injected the 
defect was maintained, which was the expected result from this non-
resorbable material. In the bottom vertebra, bone chips were packed into the 
defect, which is a standard method for filling bone defects. After 12 weeks, 
the defect was still more or less the same size and little integration was seen 
between the bone chips and the native bone. Whereas, in the middle verte-
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bra, with pCPC, the defect size had decreased and there seemed to be contact 
between the native bone and the pCPC. 

In Paper VII, pCPC containing ZrO2 was compared to an acidic wCPC 
containing β-TCP-granules, in a formulation similar to the commercially 
available ChronOS Inject [20]. The two cements were injected into bone 
defects in the femur of rabbits. After 2 weeks and 3 months, the response of 
the surrounding tissue towards the cements was analysed.  

Immunohistological analysis was used to measure the presence of pro-
teins indicating early bone formation. The results showed expression of 
RUNX2 (a marker for osteoblast differentiation) in the defect area for both 
materials. Higher expression of RUNX2 was seen for the pCPC than the 
wCPC in all animals (p<0.05), see Fig. 29. It could be speculated whether 
this difference is caused by the presence of glycerol in the pCPC or other 
factors but further investigation is needed before any certain conclusions can 
be drawn. 

 
Fig. 29 Expression of RUNX2 protein in femur bone defect in rabbit, 2 weeks after 

operation, pCPC (grey) wCPC (black). Individual results (upper), mean value (low-
er), error bars represent standard deviation (n= 6). (Paper VII) 

Both the pCPC and wCPC, investigated showed good tissue response, were 
replaced by bone to some extent after 2 weeks and almost completely after 3 
months, see Fig. 30. 



 44 

 
Fig. 30 SEM images of cross-sections of defect in rabbit. (A) wCPC 2 weeks, (B) 
pCPC 2 weeks, (C) wCPC 3 months, (D) pCPC 3 months. Magnification X100. 

(Paper VII) 

These results from Papers V, VI and VII show that the pCPC investigated 
during the work for this thesis is biocompatible and shows good tissue re-
sponse when implanted in bone defects. In all studies, the biological re-
sponse to the glycerol containing pCPC was as good as or better than the 
control materials indicating that pCPC is a promising biomaterial.  



 45 

Shelf life 

Papers I, III & IV 
Another important aspect for all implantable materials is the shelf life. The 
shelf life describes for how long the pCPC can be stored with maintained 
properties. In a study by Gbureck et. al., [39] on dry powder mixtures of β-
TCP and MCPM it was shown that this would react with the humidity in the 
surrounding atmosphere to form monetite. It was found that storage in dry 
atmosphere (argon), cool storage and adding of retardant, would aid in pro-
longing the shelf life for the powder mixtures. 

Similar observations have been made during the work for this thesis. The 
importance of dry raw materials is essential and difficult since both glycerol 
and MCP are hygroscopic. However, as seen from the results in Paper I a 
pCPC can be stored at ambient temperature for up to 2 weeks. 

Results from Paper III also indicate that shelf life is significantly im-
proved by lowering the temperature, where the pCPC stored at 5°C did not 
become solid until after two weeks despite the presence of PBS. When the 
pCPC is stored in prefilled sealed syringes the total amount of water present 
in the cement will be determinant for the shelf life. The fact that brushite, 
which is a dihydrate, tends to form at lower temperatures should also benefit 
the shelf life of the acidic pCPC. At or above ambient temperatures, water is 
a catalyst in the setting reaction, such that when a water molecule has partic-
ipated in one reaction forming monetite it can continue until all cement has 
reacted, see reaction 1. However, at lower temperatures the formation of 
brushite will consume the water, which will become locked up in the crystal 
structure of the brushite according to the reaction: 

Ca3(PO4)2 + Ca(H2PO4)2-H2O +H2O  4 CaHPO4 - 2H2O  (4) 

If MCPA is used instead of MCPM, which was the case in Paper I, the reac-
tion 5 and 6 result at ambient and cool temperatures, respectively:  

Ca3(PO4)2 + Ca(H2PO4)2  4 CaHPO4   (5) 

Ca3(PO4)2 + Ca(H2PO4)2 + 8H2O  4 CaHPO4 - 2H2O  (6) 

As shown, a considerable amount of water is required for reaction 6 to occur. 
For all cement to react it would require 21 w% water in the cement mixture. 
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This can be compared to apatitic pCPC where a mixture of tetracalcium 
phosphate and monetite is commonly used [61, 62], which reacts according 
to the following reaction:   

2Ca4(PO4)2O + 2CaHPO4  Ca10(PO4)6(OH) 2  (7) 

As shown the addition of water is not necessary for the reaction so it could 
continue, as was the case in reaction 1. However, it is common that the reac-
tion is not complete and calcium deficient hydroxyapatite is formed [61, 62] 
according to the following reaction: 

3Ca4(PO4)2O + 6CaHPO4  2Ca9(HPO4)(PO4)5OH + H2O  (8) 

In reaction 8 water is produced, indicating that obtaining sufficient shelf life 
for such a formulation would be difficult, which have been indicated by 
Shimada et. al. [63]. The relation between temperature and final phase of the 
acidic pCPC is advantageous for their shelf life. When preparing the cements 
for Paper IV, a syringe was filled, sealed, and then put in the refrigerator. 
Two years later it was taken out and tested, showing similar properties to the 
published results. Those cement formulations were based on MCPM, which 
means that there was water present that could trigger parts of the cement to 
set. By using MCPA, the amount of water in the mixture is reduced, which 
should allow for a longer shelf life. Time will tell and further testing is need-
ed.  



 47 

Concluding remarks 

Although they are separated in this thesis by chapters, all the aspects dis-
cussed are connected.  It is not possible to change one parameter without 
changing at least one of the others. If something is added that reduces the 
setting time, it is very likely that this additive also affects the shelf life and 
strength. Furthermore, if the cement is made easier to inject, the resulting 
cement will probably have impaired mechanical properties. Therefore, it is 
vital when changing any parameter to investigate which properties it affects 
and how they are affected. P/L for example has great influence on injectabil-
ity when it is high but small influence when P/L is low. At the same time, 
the mechanical properties and setting time have a seemingly linear relation. 
In addition, grain size influences for example the plastic limit and strength. 
These connections complicate the development of the premixed cements but 
the knowledge can be used to optimize pCPC formulations by tailoring the 
right parameters. 

The work in this thesis was focused on acidic pCPC. However, many of 
the results should also be applicable to apatite forming pCPC. Changes in 
particle sizes and P/L for example should have the same influence on inject-
ability and compressive strength regardless of chemistry, whereas the effects 
on setting time would be more difficult to predict although there should also 
be a relation between setting time and mechanical properties for the apatitic 
pCPC. 

It is obvious that the handling is where the pCPC has their biggest ad-
vantages. A wide use of pCPC in the clinics would shorten operation times 
and reduce infection rates to the benefit of both patients and medical staff, at 
the same time, it would cut the costs for these procedures.  

State of the art 

To my knowledge, there are no self-setting premixed calcium phosphate 
cements on the market today. As I see it, there are still limitations in two key 
aspects: setting time and shelf life. Apatite pCPC have documented clinically 
relevant setting times but the chemistry of the apatite pCPC does not seem to 
allow sufficient shelf life. The results from this study present two strategies 
to obtain commercially viable acidic pCPC. 
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By using MCPA and storage at 5°C sufficient shelf life is obtainable. 
However, the setting time must be shortened from the current 25-30 min 
without deteriorating the shelf life. By further optimization of P/L and parti-
cle sizes of both β-TCP and MCPA, this could be achieved. A P/L that is 
close to the plastic limit should be used since this will ensure good control 
over injectability. Optimization regarding particle size should be focused on 
finding distributions that have high plastic limit, using for example bimodal 
particle size distributions. 

The other strategy is to use the addition of water to obtain clinically rele-
vant setting time. As shown, not much water is required and working times 
of several hours can be maintained. However, the shelf life becomes a bigger 
problem. This could be solved by developing a dual paste system with a two-
barrelled mixing syringe. This would not remove the mixing from the oper-
ating room, but the surgery would be facilitated and less stressful. 

Whether the development of premixed cements will take half a step using 
the second strategy, go directly with the first strategy, or find another solu-
tion all together, I don´t know. Nevertheless, I am convinced that within five 
to ten years there will be no mixing in the operating room. 
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Analysis techniques 

Working and Setting time 
Both working time (WT) and setting time (ST) of wCPC are evaluated using 
the same principle. A needle with a certain weight and tip diameter is placed 
on the surface of the cement every n:th minute. The mark from the needle in 
the cement is observed visually. When there is no visible mark from the nee-
dle in the cement it is considered to have reached its WT or ST, depending 
on which needle has been used. The needles used for working time are 
broader and lighter than the needles for setting time, see Table 3. The two 
most common methods are the Gillmore (see, Fig. 31) and the Vicat needles 
methods[23, 24].  
Table 3 Weight and tip diameter for Gillmore needles for evaluating working time 
and setting time. 
Working time Setting time 

 
113.4 ± 0.5 g / 
2.12 ± 0.05 mm 

453.6 ± 0.5 g / 
1.06 ± 0.05 mm 

 

 
Fig. 31 Gillmore needles 

After mixing, the mechanical properties of the cements gradually increase as 
a function of time. From the Gillmore and Vicat methods two points in this 
function will be defined. 
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In this work, the Gillmore needle method was used for setting time meas-
urements in all Papers. In Paper I, where working time was evaluated, the 
injectability was measured as a function of time since this method gave in-
formation that is more relevant for pCPC. 

Injectability 
Injectability of a cement is most commonly expressed as a percentage of 
how much of the cement that could be extruded from a syringe. Alternative-
ly, the injectability can be expressed as the force required to extrude the ce-
ment from a syringe. A syringe is filled with cement and a universal testing 
machine is used to press down the plunger, using either a constant force or a 
constant velocity. When working with wCPC the injectability is often ex-
pressed as a function of time.  

In the work for this thesis, the injectability of premixed was defined only 
as the extrusion force. For premixed cements, the time is not relevant to 
measure. Neither is the percentage of extruded cement. In all performed 
experiments, 100% of the cement was extruded, except when the cement 
paste was too viscous so the syringe used in the experiments broke and no 
cement could be extruded. In all injectability measurements 3 ml disposable 
syringes with a barrel diameter of 8.55 mm and an outlet diameter of 1.90 
mm were used. The mean extrusion force was measured at a crosshead speed 
of 60 mm/min using a universal testing machine (Shimadzu AGS-H). 

Setting depth 

Water-mixed cements set in the entire cement volume upon mixing with 
water. Whereas the outer layer of pCPC sets first and the remaining cement 
sets as water penetrates into the cement. In order to better evaluate the set-
ting of pCPC a method was developed in Paper III where the setting depth 
was measured as a function of time. The method consists of injecting pCPC 
in a cylindrical split mould (12 mm high and Ø 6 mm) open at only one end. 
The filled mould is placed in PBS to initiate setting. Only the top of the ce-
ment is exposed to water, where setting will start. Then the water gradually 
diffuses into the cement. After a certain time the mould is removed from the 
PBS and the mould is split leaving a layer of set cement at the top of the 
mould and loose cement in the bottom. The thickness of the set layer is 
measured at different time points thus determining the rate of the setting dept 
in the pCPC. 
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Thermogravimetric analysis (TGA) 
In thermogravimetric analysis, the sample to be tested is heated while the 
weight is monitored continuously. When a sample consisting of several 
chemical compounds is heated, the different compounds will evaporate at 
different temperature. By measuring the exact weight of the sample at all 
temperatures, the weight proportions of the different compounds can be de-
termined.  

In this work, a TGAQ500 (TA Instruments) was used to determine the 
glycerol content in pCPC after setting in Paper III. A heating rate of 5°C/min 
was used and the weight loss between 110-230°C was measured. 

Compression strength testing 
The compressive strength of a material is the maximum compressive stress 
(σM) that can be applied to a material before failure. This is measured using a 
universal testing machine that applies a load to a sample and the maximal 
load (FM) is recorded. In most literature on CPC, compressive strength 
measurements are performed on cylindrical samples with 6 mm diameter and 
12 mm height. The stress is then be calculated with the following equation: 

σM=FM/A     (8) 

where A is the cross-section area of the sample in the plane that is perpen-
dicular to the applied force. Conventionally, the compressive strength is 
expressed in MPa. 

In the work for this thesis, a Shimadzu universal testing machine was 
used in all Papers, with a crosshead speed of 1 mm/min. In order to reduce 
the effect of small defects in the samples surfaces, a thin plastic film was 
placed between the sample and the crosshead. 

Scanning electron microscopy 
In a scanning electron microscope (SEM), a beam of electrons scans over the 
sample. On the surface of the sample the electrons will either be reflected 
from the surface through elastic scattering (backscattered electrons) or inter-
act with atoms near the sample surface causing other electrons to leave the 
sample surface (secondary electrons). There are different detectors for the 
backscattered and secondary electrons that can be used to obtain specific 
information. Secondary electrons are generally used to obtain topographical 
information about the surface whereas the backscattered electrons can be 
used to give information about the composition of the sample. 



 53 

In this work three SEM’s were used; Paper I & II, Leo 1550 (Zeiss), Pa-
per IV, DSM960 (Zeiss) and Paper VI & VII, Leo 440 (Zeiss). In all papers, 
the secondary electron detector was used. The ceramic materials studied in 
this thesis are not conductive and therefore a thin Au/Pd layer was sputtered 
onto the sample surface to avoid charging effects. 

X-ray diffraction 
X-ray diffraction (XRD) is an analytical technique used to detect, identify 
and characterize crystalline materials. In a crystalline material, the atoms are 
organized in a well-defined structure (in difference to amorphous materials). 
The organization of the atoms creates planes in the material, where the atom-
ic density is higher. When analysing a sample with XRD, x-rays are emitted 
towards the surface of the sample. The x-rays will be scattered in the sample 
and reflected in the densely packed crystal planes. The distance between the 
planes will determine the intensity of the reflected X-rays, due to interfer-
ence of the monochromatic x-rays. Knowing the wavelength of the x-rays (λ) 
and the diffraction angle (2θ) where constructive interference occurs, the 
distance (d) between two crystal planes can be calculated through Bragg’s 
law: 

nλ =2dsinθ     (9) 

where n is an integer. By detecting the intensity in a range of angles a set of 
densely packed planes can be identified through the diffraction pattern. Each 
crystalline compound has its specific set of densely packed atomic planes 
that create a specific diffraction pattern. The diffraction pattern can be used 
to identify the compound. 

In this work a D5000 diffractometer (Siemens) was used for all XRD 
analysis. The compounds relevant for this work have their most characteris-
tic intensity peaks between diffraction angles 20° and 40°. 

Immunohistochemistry 
Immunohistochemistry (IHC) can be used to detect and identify cells or cell 
activities in biological samples. All cells express a wide variety of proteins. 
By detecting these proteins it is possible to determine which cells are present 
in a biological sample. In IHC antibodies are used that will bind to a specific 
protein (e.g. an antigen). The antibodies used can be marked by with en-
zymes that produce color, or fluorescent molecules. The biological sample is 
exposed to the antibodies, that connects to the specific cell proteins and the 
amount of protein can be observed by color or fluorescence intensity.  
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In the work for this thesis antibodies detecting inflammatory reactions 
(IL1R) where used in Papers V and VII. In Paper VII antibodies detecting 
immune response (CD68) and osteoblast differentiation (RUNX2) were also 
used. 

Histology 
In histology, the microscopic anatomy of biological samples is studied. De-
pending on which tissue or biological components that are studied, different 
coloring (staining) techniques are used. One of most common staining tech-
niques is the haematoxylin/eosin that stains cell nucleus (blue), cytoplasm 
(pink), red blood cells (orange/red) and collagen fibers (pink). 

In this work Haematoxylin/eosin staining was used in Papers V & VI. In 
Paper VII Modified Mallory Aniline Blue (MAB) staining, for bone and 
cartilage and Alcian blue van Gieson for cartilage, collagen and bone were 
used. 

Gene expression analysis 
With gene expression analysis, the presence of active gene sequences can be 
detected. Each gene sequence corresponds to a certain proteins so quantify-
ing the expression of the gene sequence in a sample, gives an indication of 
the presence of the specific protein. 

In this work, gene expression analysis was used in Paper VII and the ex-
pression of genes corresponding to proteins; RUNX2, IL1β, collagen I, col-
lagen 2A, and collagen X was measured. 

Electrophoresis 
Electrophoresis is a technique that detects and quantifies the presence of 
different particles or molecules e.g. proteins. The liquid sample containing 
the proteins of interest is placed in an electric field. The size and surface 
charge of the molecules will determine their velocity in the applied electric 
field. By this, the different molecules can be separated and quantified. When 
systemic inflammation is investigated, a blood samples is collected and the 
levels of acute phase proteins indicating immunological response is deter-
mined. 

In this work, electrophoresis analysis of acute phase proteins was per-
formed in Papers V and VII using a Hydrasis 2 System (Sebia).  
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Svensk sammanfattning 

Förblandade kalciumfosfatcement 
Alla som gått förbi en byggarbetsplats vet hur cement fungerar. Ett pulver 
blandas med vatten så att det bildar en formbar massa som hälls ner i en 
form där det stelnar och blir hårt.  

Liknande cement där kalciumfosfat-pulver blandas med vatten används 
även inom medicin. Där används cementen vanligtvis för att fylla ut defekter 
i ben eller förstärka porös benstruktur för att ge bättre stöd för skruvar och 
plattor vid frakturfixering. Områden där dessa cement vanligen används 
visas i Figur 1. 

 
Figur 1 Vanliga områden för användning av kalciumfostat-cement 

I operationssalen blandar kirurgen eller en sköterska pulvret med vatten och 
därefter inväntas att cementet får rätt konsistens för att appliceras. Cementet 
kan sedan injiceras i bendefekten och man väntar tills cementet härdat. Un-
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der operation är det viktigt att allting är sterilt och inget oförutsätt händer 
som kan utsätta patienten för risk. Vid operationer där cement används utgör 
blandningen ett riskmoment. Om blandningen utförs fel kan cementet bli 
svårt att applicera eller inte härda ordentligt. I värsta fall kontamineras ce-
mentet under blandning och ger upphov till en infektion. Blandningssteget är 
tidskrävande och innebär ett stressmoment eftersom de olika stegen måste 
genomföras inom specifika tidsintervall. Beroende på produkt så ska 6 -16 
steg genomföras inom 5-10  minuter och därefter har kirurgen 2-10 minuter 
på sig att applicera cementet. 

För att eliminera detta riskmoment utvecklades cement där glycerol eller 
någon annan ej vattenhaltig vätska blandades med pulvret i stället för vatten, 
så kallade förblandade cement. Genom att använda glycerol fick man en 
pasta som kan fyllas i en spruta som levereras färdigblandad till sjukhuset. 
De förblandade cementen stelnar när de kommer i kontakt med vatten i 
kroppen, se Figur 2, och ger därmed obegränsad tid under operationen för 
applikation. 

 
Figur 2 Schematisk bild över härdande förblandat cement i ben  

Målet med denna avhandling är att beskriva skillnaderna mellan förblandade 
och vattenblandade cement samt deras respektive för- och nackdelar. Ce-
mentens viktigaste egenskaper; hantering, härdning, styrka och biokompati-
bilitet har utvärderats genom bänktester samt studier in vitro och in vivo. 

Arbetet visar att förblandade cement har stora fördelar inom hantering ef-
tersom de har lång arbetstid och har konstant viskositet vilket underlättar 
injicering. Vidare studerades hur förblandade och vattenblandade cement 
skiljer sig vid härdning. I vattenhärdade cement härdar hela cementvolymen 
samtidigt medan förblandade cement härdar utifrån och in då de är beroende 
av diffusion av vatten. För att mäta hur härdningen framskrider genom ce-
mentet, utvecklades en metod där härddjupet som funktion av tid mättes. 
Denna metod ger ytterligare information om hur förblandad cement härdar 
som kan användas för att vidareutveckla cementformuleringar.  

Att härdningen är beroende av diffusion av vatten gör att förblandade ce-
ment härdar långsammare än vattencement. Detta är en nackdel eftersom 
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härdningstiden avgör hur lång tid man vid operation kan vänta innan man 
förflyttar patienten. Tillsats av små mängder vatten kan förkorta härdningsti-
den avsevärt med bibehållen arbetstid på flera timmar. Dock ger detta pro-
blem med förvaringstid.  

Utvärderingen av mekaniska egenskaper visade att förblandade cement 
har liknande mekaniska egenskaper som vattenblandade cement. De meka-
niska egenskaperna hos förblandade cement kan kontrolleras med pul-
ver/vätske -förhållandet och med pulvrens partikelstorlek. 

Biologiskt beter sig förblandad cement jämförbart med material som an-
vänds på sjukhusen idag. Förblandade cement blandade med glycerol är 
biokompatibla och kan resorberas och ersättas av ben. 

De två aspekter som främst begränsar förblandade cements användning 
kliniskt är härdningstid och förvaringstid. Med nuvarande formuleringar kan 
man få det ena men inte det andra. I arbetet föreslås två strategier för hur 
man ska lösa dessa problem. 

-Lång förvaringstid kan erhållas med rätt val av råvaror där mängden vatten 
minimeras. Genom att optimera partikelstorlekar och pulver/vätske förhål-
lande bör det vara möjligt att få kliniskt acceptabla härdningstider. 

-Med tillsats av små mängder vatten kan problemet med härdtid lösas. Pro-
blem som då uppstår med förvaringstid kan lösas genom utveckling av en 
spruta med ett två-kammarsystem där två pastor blandas vid injektion.  

Jag kan inte avgöra om utvecklingen av förblandade cement kommer att gå 
direkt via den första strategin, ta ett halvt steg framåt med den andra strate-
gin eller om någon annan lösning kommer att presenteras. Jag är dock över-
tygad om att blandning av cement inte kommer ske i operationssalen om fem 
till tio år. Vilket kommer att innebära minskade risker för felbehandling och 
infektion samt minskade vårdskostnader. 
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