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A B S T R A C T   

With the increase of global population, people’s life expectancy is growing as well. Humans tend to live more 
active lifestyles and, therefore, trauma generated large defects become more common. Instances of tumour 
resection or pathological conditions and complex orthopaedic issues occur more frequently increasing necessity 
for bone substitutes. Composition of calcium phosphate cements (CPCs) is comparable to the chemical structure 
of bone minerals. Their ability to self-set and resorb in vivo secures a variety of potential applications in bone 
regeneration. Despite the years-long research and several products already reaching the market, finding the right 
properties for calcium phosphate cement to be osteoinductive and both injectable and suitable for clinical use is 
still a sudoku. This article is focused on injectable, porous CPCs, reviewing the latest developments on the path 
toward finding osteoinductive material, which is suitable for injection.   

1. Introduction 

Research in application of calcium phosphate cements (CPCs) for 
bone graft substitution has been conducted extensively since their 
development in 1986 [1]. Different literature sources mention their use 
in dental, craniofacial and orthopaedic applications [2,3]. 

Bone self-repair ability is limited, and typically external intervention 
is needed to repair and regenerate critical size defects in bones. The 
present gold standard for bone reconstruction is still the autograft 
(“transposition of a patient’s bone from a distant region of the body to 
the site of the bony defect” [4]) – anterior iliac crest bone graft, and 
effectiveness of all osteobiologics is measured against it. Allografts, and 
xenografts are also used [3,5–9]. 

With the increase of global population, people’s life expectancy is 
growing as well. Humans tend to live more active lifestyles and, there-
fore, trauma generated large defects become more common. Instances of 
tumour resection or pathological conditions and complicated ortho-
paedic problems occur more frequently [10] and the need for bone grafts 
increases. Limited availability is not the only disadvantage of bone 
grafts. There are other drawbacks such as the requirement for prior 
surgical intervention at the donor site, the risk of the donor site being 

infected or a low rate of resorption of the graft. Also, the bone graft is of 
a shape that demands adjustments to it or to the surgical site in order to 
fit the implant. Ability to eliminate the adjustments to the surgical site 
would help avoid bone loss, surrounding tissue trauma, incomplete 
regeneration of bones and extended time for completing the surgery [1, 
11]. 

Aforementioned circumstances promote research for new bone sub-
stitute materials. The research aims to find bone graft that is of:  

• good biocompatibility in order to be accepted by the patient and not 
lead to adverse consequences,  

• bioactivity so that the bone graft is able to successfully bond with the 
bone tissue surrounding it,  

• osteoinductivity to further bone cell differentiation into osteoblasts. 

Bone graft must be biodegradable or bioresorbable with a proviso 
that degradation products are non-cytotoxic. Significance must also be 
placed on particular physical properties, for example, the bone graft 
should incorporate a porous network of interconnected macro- and 
micropores. The aforementioned properties promote resorption of graft 
and lay the foundation for development of a living tissue, diffusion of 

Abbreviations: Calcium phosphate cements, CPCs. 
Peer review under responsibility of KeAi Communications Co., Ltd. 
* Corresponding author. 

E-mail addresses: agneta.vezenkova@gmail.com (A. Vezenkova), janis.locs@rtu.lv (J. Locs).  

Contents lists available at ScienceDirect 

Bioactive Materials 

journal homepage: www.keaipublishing.com/en/journals/bioactive-materials 

https://doi.org/10.1016/j.bioactmat.2022.01.001 
Received 15 July 2020; Received in revised form 28 December 2021; Accepted 3 January 2022   

mailto:agneta.vezenkova@gmail.com
mailto:janis.locs@rtu.lv
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2022.01.001
https://doi.org/10.1016/j.bioactmat.2022.01.001
https://doi.org/10.1016/j.bioactmat.2022.01.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2022.01.001&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Bioactive Materials 17 (2022) 109–124

110

nutrients and fluid exchange [12,13]. Bone grafts also require me-
chanical strength and firmness; and since solid and dense structures are 
required to provide an increased mechanical strength, a reasonable 
compromise between interconnected porosity and mechanical proper-
ties must be found [12]. 

Current trend in bone and cartilage regeneration encompases the use 
of biomaterials to encourage new tissue formation and to advance 
healing process at the implantation area [14]. Composition of calcium 
phosphate cements (CPCs) is comparable to the chemical structure of 
bone minerals. Their ability to self-set through a low-temperature 
setting reaction and resorb in vivo secures a variety of potential appli-
cations in bone regeneration. CPCs are highly biocompatible (degrada-
tion products serve as a source of calcium and phosphate ions at the 
implant site), as well as osteoconductive and osteoinductive. Also, 
bioactivity, injectability, ability to form a direct bonding with bone [2,3, 
13,15–18] and limited morbidity after surgical procedures [19] are 
properties that have drawn attention to CPCs. Also, calcium phosphate is 
said to lower the infection rate in distal radius fractures [20]. Another 
advantage is that materials containing calcium phosphate are quite easy 
to certify as these are already present in human body [21]. 

Osteoconduction is the ability to act as a scaffold, mechanically 
supporting ingrowth of vessels and new bone from the borders of the 
defect into and onto its surfaces, initiating or inducing new bone for-
mation followed by the reabsorbtion of the mentioned scaffold [22–24]. 
Osteoinduction stimulates osteoprogenitor cells to induce migration and 
differentiation into bone-forming osteoblasts [24,25]. Calcium and 
phosphate ion release is necessary for bone mineralization – Ca2+ and 
PO4

3− ions regulate bone resorption and bone deposition [18,26]. 
Furthermore, keeping the bone scaffold similar to that of natural bone 
provides a desirable environment for cell attachment and proliferation 
[27]. The degradation rate of the ideal bone graft should be at the same 
rate as new bone forms [26], which is a crucial challenge [12]. Chemical 
composition, surface structure morphology, size and porosity of 
biomaterial can be used to control the inflammatory response and 
cell-material interactions that occur [18,28]. CPCs can be classified in 
two main groups – apatites and brushites and the final product of the 
reaction between powder (dry phase) and liquid phase (cement liquid or 
hardening liquid) determines to which of the two groups the cement 
belongs. Apatites can be obtained by a hydrolysis reaction (by using a 
single CaP component) or by an acid-base interaction (in the case of 
more than one CaP component). End products of apatitic CPCs are 
precipitated hydroxyapatite (HAP) or calcium-deficient hydroxyapatite 
(CDHA), whereas of brushites – dicalcium phosphate dehydrate (DCPD). 
The type of reaction is determined by different CaP compounds (such as 
tricalcium phosphate (TCP, Ca3(PO4)2 or HAP (Ca10(PO4)6(OH)2)), 
which contains crystal modifications α-tricalcium phosphate (α-TCP) 
and β-tricalcium phosphate (β-TCP, rhombohedral Ca3(PO4)2)) in the 
powder phase [9,29]. Different forms of calcium phosphates influence 
properties that modify bioactivity. Due to differences in solubility, ion 
release, stability, and mechanical strength calcium phosphates with 
different structure can be applied for different purposes as well as used 
together or mixed with other materials to retouch their disadvantages 
and to focus on their advantages [10,30]. Osteoconductivity of β-TCP 
has proven to have better features than osteoinductivity thereof. It has 
been observed that in the case of β-TCP a new bone is formed starting 
from the surface of β-TCP as osteoclasts resorb it and continues to the 
center of β-TCP [31]. 

An alternative to the implant materials in hardened form is injectable 
bone substitutes that can be employed in problematic surgical sites, 
which have difficult access in an open surgery scenario, and that are able 
to fill narrow and irregular defects [1,32]. The aim is to provide the 
treatment by an injection that would be minimally invasive, therefore 
reducing patient trauma and improving efficacy [33]. Important 
requirement for said injectable materials is the ability to self-set at 
physiological temperatures with no heat release [34]. 

Injectable bone cement (IBC) is a type of material that is in the form 

of a liquid or paste, which can be injected or moulded and solidifies 
taking the shape of implantation site as well as providing mechanical 
support and facilitating the formation of new bone within the defect. An 
ideal IBC for use in treatment of bone defects, particularly in load- 
bearing orthopaedic applications, should be easily injectable and with 
consistent homogeneity throughout the injection, set in appropriate 
time after mixing, have low risk of necrosis, adequate mechanical 
strength, similar stiffness to the surrounding bone, high radiopacity, 
bioactivity and resorption rate similar to that of tissue formation, as well 
as sufficient amount of microporosity and macroporosity [13,35,36]. 

Comparing to presently clinically available injectable bone cements 
CPC shows better bioresorbability rate that facilitates the new bone 
formation comparing to calcium sulphate cements and are much more 
favorable than polymethylmethacrylate (PMMA) which is not bioactive 
and bioresorbable at all [13]. 

Despite CPC formulations already being present on the market, the 
research focusing primarily on the improvement of mechanical prop-
erties and enhanced resorption rate continues [3]. Although CPCs 
showing bioactivity and ability to be injected have been approved for 
clinical use for low load-bearing applications [37] and are successfully 
used in treatment of benign bone tumors [38] such as enchondroma 
[39–41] and are said to be useable for osteoporotic patients [42], they 
do not possess enough tensile and shear strength to be used for high 
load-bearing applications, such as long bone replacement, kyphoplasty, 
vertebroplasty, and fixation of articulating prostheses [16,35]. Recon-
struction of a large size cortical defect using a bone graft substitute is 
still accompanied by additional fixation, such as plates, screws, nails and 
wires [43]. The osteoconductivity of commercially available implants is 
reported to be low [44]. It also must be mentioned that costs of presently 
available commercial implants are much higher than costs of allograft 
[43,45], therefore injectable CPC with good osteoinductivity are 
promising approach of cost-effective bone graft substitute without ne-
cessity to add cells or growth factors, or other components [27,46]. 

2. Brief history of CPCs as bone substitutes 

The time scale illustrated in Fig. 1 starts with the earliest available 
data of study by Gahn, who discovered calcium phosphate in bones in 
1769. Research continued and the structure, composition, properties 
and formation mechanisms of bones were described in detail in the 
London medical dictionary in 1809. And only 18 years later Rose 
(German mineralogist) presented the correct view of the apatite chem-
ical composition. In 1832 a chemical term ‘tribasic phosphate of lime’, 
which fully corresponds to both α-TCP and β-TCP was mentioned for the 
first time [47]. Compounds of calcium phosphate (CaP) have been 
investigated as materials for bone generation since 1920, when the first 
attempt to implant man made calcium orthophosphate (TCP) was per-
formed [47,48]. 

In 1930s scientists noticed that not all types of calcium orthophos-
phates have a real impact on the bone healing process [47,49]. 

1950 was a year when the story of calcium orthophosphate materials 
that are able to self-set started. The term ‘bioceramics’ showed up in the 
abstract of a paper for the first time in 1971. 17 years later, in 1988, 
Kyoto, Japan hosted the first international symposium on bioceramics 
[47]. CaP as layers, coatings and films were first mentioned in 1975, 6 
years later CaP based biocomposites and hybrid biomaterials appeared, 
nanodimensional and nanocrystalline CaP started and the first paper on 
use of CaP as scaffolds was published in 1994 [12,47]. 

In the early 1980s Brown and Chow described new calcium- 
phosphate setting cement [50], which was a start of a broad commer-
cialization of calcium orthophosphate (primarily, HAP) bioceramics as 
materials for use in dentistry and surgery [30,47,51]. CaP suitability for 
drug delivery was mentioned for the first time in 1985 [47]. A year later, 
in 1986 a mixture of HAP and β-TCP was presented as a biphasic form of 
calcium phosphates [52]. The commercialization of apatitic CPCs star-
ted in the 1990s, and after that brushite cements were also introduced in 

A. Vezenkova and J. Locs                                                                                                                                                                                                                     



Bioactive Materials 17 (2022) 109–124

111

the market [15]. The field experienced rapid development in 1996, 
when the Food and Drug Administration approved CPC for repair of 
craniofacial defects in humans [32]. The first study on the injectability 
of a macroporous ceramic scaffold appeared in 2006 [1]. 

If the reader is interested in an extensive study of the history of CPCs, 
authors of this article suggest reading detailed review by Dorozhkin 
[47]. 

3. Porosity 

Interconnected macro-pores within bone substitutes plays a signifi-
cant morphological role of aiding successful and fast bone in-growth 
[11]. Reader should note that the terms micro and macroporosity used 
in this field differ from terms proposed by IUPAC in relation to the 
characterization of porous solids used in other fields such as catalysis 
[3]. Microporosity refers to pores smaller than 100 μm and macro-
porosity refers to pores larger than 100 μm in diameter [35]. “Inter-
connectivity” indicates to what extent pores are connected to each other. 
Interconnected pores provide an efficient way of fluid flow [9]. 

The porosity of calcium phosphate influences bioactivity. With the 
increase of porosity contact with body fluids increases as well, thus 
improving the dissolution rate. The presence of pores on the surface 
improves protein adsorption when pore size is between 20 and 500 μm 
[30,53]. The macroporosity is said to be responsible for promoting both 
biological growth factors in the implant as well as penetration of cells, 
while providing for osteogenesis process to take place on the inside 
surface of the pores [54,55]. It is reported that to be osteoconductive and 
facilitate bony ingrowth and implant fixation an ideal scaffold should 
incorporate macropores of 150–500 μm in diameter (the critical low 
pore size for new bone formation is around 100 μm) [3,56,57] and 
exhibit 60–80% interconnected porosity [26,32]. Pore interconnections 
in the range of 60–100 μm with the optimal interconnection size of 130 
μm are particularly favorable for bone growth [58]. The lack of mac-
ropores limits the extensive use of CPCs [34] due to their slow rate of 
resorption and slow replacement by new bone mainly starting only from 
periphery of the defect [59]. 

Not only the macroporosity is important, microporosity also plays an 
important role as research shows that CaP ceramics without micropores 
were not resorbed and bone ingrowth was slower compared with 

ceramics that had micropores [60]. Also, it is reported that ingrowth of 
mineralized tissue was observed in micropores in size larger than 1–10 
μm, however it must be emphasised that micropores were inter-
connected. It was concluded that mineralized tissue formation was 
driven by the coordinated action of cells within the micropores [61]. 

Presence of both macropores and micropores ensures larger specific 
surface area which is suitable for application of adsorbable substances 
with biological activity, such as growth factors or drugs, thus adding 
functionality to the CPC [53,62,63]. 

Contrary to the closed porosity, which only decreases the mechanical 
properties and does not ensure any desirable effect, interconnected 
porosity with its ability to settle implant to its place by increasing bone 
bonding and favor cell colonization and adhesion, vascularization, bone 
ingrowths and bioresorption is beneficial [12] and is a provision for 
osteoconductivity as well as promotes angiogenesis [26]. 

Instant porosity enables early formation of new bone [62]. 
Methods of creating porosity are mentioned in paragraph Porous 

injectable calcium phosphates of this review. 

4. Mechanical strength of CPCs 

The content of amorphous phase, porosity and grain size are essential 
criterions that determine mechanical properties. Perfect implant would 
not be subjected to the stress forces in the interface of implant- 
surrounding tissue as it would have mechanical properties that are as 
close as possible to the properties of said tissue [12], however me-
chanical properties may differ depending on the mechanical strength the 
bone is exposed to and age, gender and medical condition of the patient 
as well as clinical indication [64]. 

Usually, compressive strength is used as a parameter to determine 
mechanical properties [65], but in some cases also tensile strength is 
measured. These parameters vary depending on the CaP phase – 
apatite-forming CPCs usually have a compressive strength of up to 80 
MPa, but brushite-forming CPCs have smaller values of up to 52 MPa 
[64]. Diverse literature sources reveal that the compressive strength of 
human cortical bone is in the range of 90–230 MPa and for the cancel-
lous bone – 1.5 to 45 MPa [9,15]. 

Denser cements may promote adjacent vertebral fractures. This 
obstacle is especially noteworthy for patients suffering from 

Fig. 1. Time scale of CPCs history as bone substitutes.  
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osteoporosis. Although the stiffness of CPCs is quite like the stiffness of 
human bone (elastic modulus of trabecular bone: 0.05–0.8 GPa), it is 
possible that the elastic modulus of CPCs (apatite-forming CPCs: 0.4–8 
GPa, brushite-forming CPCs: 2–8 GPa) is still too high [64]. 

Several methods are claimed to improve mechanical properties for 
CPCs [13,15,63]:  

• reduction of the porosity and pore size of the CPC matrix,  
• use of smaller particle size of starting materials,  
• use of a high aging temperature,  
• addition of accelerators or retarders to the powder or liquid 

components,  
• use of a dual setting cement system involving the cross-linking of 

polymeric monomers,  
• the reinforcement with fibers,  
• addition of polymers, such as polyacrylic acid, polyvinyl alcohol, 

sodium alginate, sodium polyacrylate, polyelectrolytes, poly-
ethylene oxide,  

• addition of bovine serum albumin,  
• addition of superplasticizers,  
• the reduction of the liquid/powder ratio within the limits of 

workability. 

These methods can be classified in two main groups: methods for 
increasing the fracture energy and methods for reducing the size and 
severity of defects (including pores). As explained before, pores play a 
significant role in the performance of bioactive ceramics, therefore im-
provements of mechanical properties should be directed at increasing 
the resistance to crack propagation [66]. 

Baudín et al. suggests the use of 0–3.84 vol% of functionalized gra-
phene nanoplatelets to improve performance of CPCs. They obtained 
injectable bone substitute and for specimens with graphene addition of 
up to 1.96 vol% strengthening was observed. It was explained that 
improvement was achieved due to crack deflection, bridging and 
branching, the pull-out of the unbroken graphene platelets and inter-
layer sliding between the graphene sheets that form the platelets before 
pulling out [66]. 

A more detailed insight about mechanical properties of CPCs can be 
found in the article by Schröter et al. [64]. 

Many researchers and clinicians have often overlooked the condition 
that using CPCs specifically for bone repair can be completely sufficient 
although CPCs generally have a low mechanical strength [63]. Due to 
high strength ionic bonds CaP are brittle [12], much more brittle than 
cancellous bone, therefore the comparison of the compressive strength 
of the cementious bone substitute with that of cancellous bone is 
meaningless. Furthermore, test samples are usually prepared under 
predetermined conditions in a predetermined shape and then tested 
using predetermined pressure, so the resulting findings cannot be very 
helpful in evaluating whether the considered cement strength will be 
sufficient applying cyclic load in a human body [67,68]. 

Bending and tensile tests are clinically more relevant; however, they 
are usually rarely used due to technical limitations. Paknahad et al. 
developed an experimental protocol to perform the three-point bending 
and tensile test for a CPC matrix. Using their protocol, it is possible to 
predict the bending and tensile responses of the CPC matrix [69]. 

Nevertheless, mechanical properties of the paste, later cement can 
change a lot of times after the injection [67,68]. Moreover, Schmidt 
et al. reported that repair process of rat calvaria bone was not interfered 
by low mechanical strength of the CPC implant [70]. 

Furthermore, attempts to improve the mechanical strength of the 
CPCs affect negatively other important properties such as injectability 
[68], therefore, in order to avoid necessity of the mechanical strength 
improvement, an alternative approach is to develop rapidly resorbable 
bone substitute that can be relatively quickly replaced by new mature 
bone [21,67]. 

5. Injectability 

Even though there already are a lot of known injectable CaP products 
in the market, injectability could still be improved. For example, it is 
advertised that 4.5 ml Norian SRS® branded cement paste which is sold 
as a mixture to be mixed before the operation (monocalcium phosphate 
monohydrate, α-TCP and CaCO3 as a dry phase (cement powder) and 
water and Na2HPO4 as a liquid phase) is injectable ~5 min and it 
hardens within ~10 min after injection. Turns out that only ~3 ml of the 
Norian SRS® are injectable, the rest is unable to extrude from the sy-
ringe [68]. 

Currently there is no uniform opinion among scientists about the 
meaning of injectability. Many authors are certain that injectability is 
related to the injection force that has to be applied to a syringe to deliver 
the cement paste or the weight percentage of the extruded material over 
the initial material under given conditions [35,51,63]. In 2005 Bohner 
and Baroud questioned the existing opinion, stating that previous defi-
nition describes the ease of injection, not injectability and published the 
opinion that creation of a model describing the injectability of CaP 
cement pastes would make the chances of developing injectable cement, 
which is suitable for medicinal application, much higher [71]. Ease of 
injection is strongly dependent on the injection system (e.g. type of sy-
ringe, needle size, injection speed) [13,63], for example, a good 
injectability is favoured by shorter cannulas with a larger diameter, as 
well as slower injection rates [13,71]. Known definition does not take 
into account the quality of the extruded paste in which phase separation 
(also called filter-pressing) may happen, probably causing a deviation of 
the actual composition of the extruded paste from the initial one, 
creating threat to clinical acceptability of the set paste. As a result 
Bohner et al. put forward a concept of the injectability of paste as being 
able to retain homogeneity throughout the process of injection that is 
not dependent on the force applied during the injection [13,63]. 

The main interest why injectable materials have gained attention is 
their ability of filling inaccessible bone defects with an irregular shape 
due to viscosity of the material. It is only acceptable for viscosity to 
change if it is still possible for surgeon to inject the material and after the 
injection the material preserves its form against the influence of body 
fluids [72,73]. The use of injectable materials may also allow to reach 
better clinical results and reduce surgery time, which would be benefi-
cial not only for patient, but also for surgeons who will be no longer 
required to perform long and complex surgeries [73]. 

According to the definition by Bohner et al. an essential factor to be 
improved to obtain injectable material is phase separation. As a paste is 
biphasic mixture consisting of fine powder or granules and a liquid, it 
could be subjected to a phase separation when submitted to a pressure 
gradient (the pressure to be applied to the syringe for the liquid to be 
filtered through the cement particles is lower than the pressure that is 
necessary to inject the paste), resulting in local changes of the paste 
composition, namely, as a pressure is higher closer to the plunger of a 
syringe a liquid flows in the direction of the syringe tip, changing the 
consistence of paste – a wet powder stays on the top of the syringe, but 
close to the tip an excessively liquid paste is created. As mentioned 
process occurs dynamically, the amount of the wet powder increases 
resulting in a plugging of the syringe [67]. In a phase separation scenario 
the liquid content in the extrudate is higher than desirable, which may 
contribute to discharge of the defect zone as well as to negative effect on 
the properties of final CPC [51]. 

Researchers suggest several approaches for phase separation pre-
vention: use of smaller and rounder particles that allows to add lower 
volume of liquid phase, use of additives and adjustment of plastic limit 
[32,67] as well as refinement of the L/P ratio of the paste [74]. As it 
turns out plastic limit measurements could be used to determine the 
injectability of CaP. Furthermore, these measurements are easier to 
conduct than measurements of injectability [71]. 

The injectability adjusting liquid/powder ratio is a factor that affects 
also the initial plasticity of the paste and consequently its setting times 
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[15]. High L/P ratios may cause a prolonged setting time [32,51]. 
There have been sugestions to replace the liquid phase with glycerol 

to improve the injectability [75], but Bohner and Baroud suggests 
hydrogel for this goal, stating that it appears as the most adequate and 
applicable way, as CaP cements must be self-setting in an aqueous 
environment [71]. The use of viscous binders like salts of alginic acid, 
sodium hyaluronate, hydroxypropyl methylcellulose (HPMC), methyl-
cellulose (MC) and ethylene oxide/propylene oxide block copolymers 
such as Pluronic has also been suggested to improve injectability [51]. 
Burguera et al. reported that the incorporation of a HPMC efficaciously 
improved the injectability of the CPC paste [76]. Replacement of the 
liquid phase with a polymeric solution of chitosan and polyethylene is 
reported to give an easily injectable pasty-like consistency material 
[77]. Furthermore, using adjuvants, transformation of the cement into 
an injectable paste is possible without fundamental influence on the 
chemical reactions during setting and hardening [32]. 

Kim et al. suggests improving the injectability of β-TCP cement paste 
by the mechano-chemical modification using ball-milling. Spherical 
particles were obtained, and particle size distribution was broadened, 
and these two factors are thought as aiding the improvement of inject-
ability [78]. 

Ideal mixing procedure of CPC paste does not leave air bubbles by the 
paste. The procedure is significant due to the necessary transfer from 
mixing vessel to a syringe before the injection [68]. Mixing affects the 
setting [79] and complicated or non-reproducible mixing procedures 
limit the use of injectable CaP in surgery [34,55]. 

6. Setting reaction and time 

Another important feature of CPCs is cement setting reaction that not 
only controls cement setting properties, including setting time, but also 
determines the largest number of the physical and biological properties 
of the hardened cement [9,80]. 

For the most part throughout the setting reaction chemical process 
two things occur. One is the dissolution, which involves release of cal-
cium and phosphate ions that create supersaturation within the solution, 
the other is precipitation where the nucleation of the new phase takes 
place, which begins when concentration in the solution reaches critical 
value. Cement hardening occurs due to the association of the precipi-
tated crystals. Furthermore, dissolution and the growth of the new phase 
can transpire simultaneously. Calcium phosphate phases are with 
divergent stability and since the less stable phase will dissolve to 
develop a more stable phase it will alter the composition of the 
precipitated phase. As a result of the CPC setting reaction at pH that is 
higher than 4,2 the most stable of the calcium phosphate phases is 
apatite, but at pH that is lower than 4,2 – brushite [63,64,81]. A basic 
concept of these two phases is clarified in a review article by Ginebra 
et al., cited here as a reference [81]. 

The setting of cement is the result of one of three different reactions, 
which can also be combined: reaction among different CaP compounds 
in an aqueous environment (mainly dissolution/precipitation reaction, 
which can be accompanied by possible hydrolysis of CaP compounds 
and formation of many possible, unstable intermediate products – CaP 
formulations, which dissolve to form more stable CaP phase, as well as 
nucleation and growing of the new phase together with ongoing disso-
lution); reaction between a carboxylic acid and calcium compounds in 
the case of mixture of the powder phase with a liquid containing a 
carboxylic acid; reaction between CaP compounds and aqueous solu-
tions containing polymers [9,63,81]. 

Investigation of the setting of anhydrous dicalcium phosphate 
cement showed that hardening is a complex process: formation of a set 
cement starts with a smooth, homogenous, compact structure; after-
wards it gradually changes to a smooth, homogenous structure which 
coexists with porous, stack-plate crystals agglomerated surface; then 
turns into porous structure and pores continue to grow [82]. 

Setting time is very important handling property of cements. It 

directly affects the clinical procedure [13,67]. If the setting time is too 
long cement pastes may disintegrate when coming into contact with 
physiological fluids or if bleeding occurs due to the failure to achieve 
complete hemostasis [83]. Setting time is defined as the time required 
for the CPC to become strong enough to resist an applied force [13,67]. 

The initial setting time, tI (when paste deforms only with structure 
damage and static pressure of 0.3 MPa is maximum the setting cement 
can support) and the final setting time, tF (when 5 MPa static pressure 
can be supported and no scratches appears touching the cement) can be 
determined by Gillmore needle method. tI is an important parameter as 
during surgical operation the CaP paste must be prepared and delivered 
to the surgical site before reaching tI, which is advised to be in a range of 
3–8 min depending on the type of the procedure. tF should not exceed 
15 min [51,84]. 

The other standardized method to measure the setting time of CPC is 
Vicat needle method that involves a penetration of a standard needle 
into a cement paste. According to the Standard Method NM 65:2003 
(equivalent to ASTM C191-13), the initial time of setting occurs when 
the needle stops at 1 mm from the bottom and the final seting time is 
determined when the needle stops at 38 mm (2 mm from the surface) 
[85]. 

More common method used to measure the setting time is setting 
time measurement with Vicat apparatus according to ISO standard 
1566. “Dental zinc phosphate cement”. The cement is considered set 
when the Vicat needle (weighing 400 g, 50 mm in length, and with tip 
diameter of 1 mm) no longer leaves a visible circular print on the surface 
of the paste [86]. 

Before trying to adjust setting times for injectable CPCs the most 
important aspect to be considered is phase separation – whether it oc-
curs and, if occurs, at what degree it occurs. In the case of injectable 
CPCs the delivery process is the one that is affected the most by the 
setting reaction. This influence could be decreased by developing pre-
mixed CPC that sets only after injection into the body [51]. 

Setting time can be modified changing the particle size of the re-
agents, adjusting the liquid to powder ratio (L/P), adding a nucleating 
agent or growth/nucleation inhibitor, or dissolving adequate additives 
(accelerators or retarders) into the mixing solution, adjusting solubility 
of reagent, adding ions [67,87]. Bohner suggests that use of fine and 
monodispersed reagent powders and thought-out selection of additives, 
especially those that are added to mixing liquid, would aid in better 
control of CPC setting rate [87]. 

CaP enrichment with ions, even in small amounts, have a significant 
impact on the setting time of CPC [88]. For example, β-TCP dissolution is 
inhibited by zinc and magnesium ions. Less soluble reagents are con-
nected with longer setting and reaction time [87]. 

Arkin et al. doped magnesium and strontium with synthesized sem-
iamorphous and crystalline HAP. To develop this cement the powder 
mixture was mixed with Na2HPO4, NaH2PO4, and a carboxymethyl 
cellulose (CMC) solution. They produced a CPC paste with good 
injectability and fast setting time – the conversion from paste to solid 
phase took about 3–4 min after initial setting time. The final product was 
different phases of HAP. Arkin et al. explain that the fast setting was 
attained due to response of acid− base as Mg2+ and Sr2+ ions dissolve 
gradually in the acidic solution and the released cations react with the 
phosphate anions to give acid− base reactions [83]. 

Uskoković et al. investigated iron-doped cements undergoing 
TCP→brushite transformation during hardening, the setting time point 
was detected at 0.31 ± 0.03 h, the hardening time point – at 2 h, and 
cement was completely stabilized after 50 h [89]. 

Optimal self-hardening properties of a cement were obtained by 
doping whitlockite (β-TCP) with copper ions. During the first minutes of 
hardening TCP was transformed to brushite and due to the partial 
replacement of Ca with Cu, formation of apatite as second phase was 
inhibited [90]. 

To have a more comprehensive understanding of the processes 
involved during the various stages of the CPC setting reaction as well as 
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read about the strategies used to monitor and modify CPCs setting rate 
authors suggest reading the feature article by Bohner under reference 
[87]. 

Alteration of setting properties should be viewed in a complex study 
together with other properties like cohesion, biodegradability and 
injectability as modification of the first can modify the latter as well 
[91]. 

7. Cohesion 

Once injected the CaP paste comes in contact with blood or other 
physiological fluids, therefore it becomes unclear whether the properties 
of the extruded part of the paste are still clinically acceptable. Thus, a 
good cohesion is an essential factor of the paste [68]. 

Cohesion which is otherwise named as non-decay ability, anti- 
washout, compliance, swelling or stability [15] is the ability of the 
paste to keep its geometrical integrity and harden in an aqueous solution 
[63,67]. Consequently, in the context of CaP paste cohesion could be 
understood as a struggle between forces acting on the particles and 
forces acting between the paste and the surrounding fluid [63]. 

A poor cohesion has been linked to a poor biocompatibility that may 
result in inflammatory reactions [92] due to microparticles being 
released, as well as lead to setting being prevented [67,84]. The methods 
used to improve injectability may compromise cohesion [93] and poor 
cohesion may prevent clinical use of the implant [94]. 

Conversely, good cohesion is achieved when particles have strong 
attractive forces among them. Consequently, boosting van der Waals 
forces (attractive) and diminishing electrostatic forces (repulsive) can be 
used to improve cohesion. The approach used for this purpose includes a 
decrease of mean particle size and L/P ratio, and an increase of ionic 
strength of the mixing solution. Alternatively, good cohesion may be 
aided using hydrogels i.e., applying them to the mixing liquid to increase 
viscosity [67,95], or raising viscosity by incorporating water soluble 
polymers into the CPC paste [9]. Also cohesion promoters, such as so-
dium alginate, cellulose derivatives, or chitosan derivatives, may be 
added [84]. However, the use of polymers and hydrogels can prolong 
the setting time and decrease mechanical properties of CPCs. Zhong 
et al. suggests the use of oxidized sodium alginate-citric acid (OSA-CA) 
to build covalent bonds between CPC and bone tissue, which is reported 
to lead to good tissue adhesion for CPC [94]. 

8. Osteoinduction, new bone formation and vascularization 

With the term osteoinduction one describes a process of chemical 
stimulation induced conversion of mesenchymal stem cells into osteo-
blasts [26,96]. Osteoblasts are the main functional cells of bone for-
mation and are involved in the synthesis, secretion, and mineralization 
of bone matrix [97] and osteoinduction is responsible for causing 
osteogenesis [26]. 

Not all material types are osteoinductive. Osteoinductivity of CPCs 
depends on material properties, both chemical (stoichiometry, solubil-
ity) and topographical (microporosity, roughness) properties. Also, the 
cell type and the presence of osteogenic supplements have an influence 
on osteoinductivity. Literature demonstrates osteoinductivity in HAP, 
TCP, blends thereof in form of BCP, carbonated apatite (CA) and octo-
calcium phosphate (OCP) [21], but there are differences in the 
osteoinductivities across CaP types: TCP > BCP ~ HAP > ACP. Some 
studies reported that calcium phosphates are osteoinductive even in the 
absence of supplements [53]. 

The exact mechanism of osteoinduction by biomaterials is not 
entirely understood. Review article by Habraken et al. have compiled 
some possible mechanisms in their review article under reference 
number [21]. One of the proposed theories is that release of calcium ions 
during the in vivo degradation/resorption of CPCs promotes osteoin-
duction and new bone formation. Notwithstanding, for bone to start to 
form a relatively stable surface is necessary, therefore a compromise 

between the level of dissolution/reprecipitation process on the material 
surface and the rate of degradation must be found [54]. Schematic 
summary of the hypothesised mechanism is reproduced in Fig. 2. 

Barradas et al. concluded that macrostructure of the CPC should 
promote sufficient supply of nutrients, oxygen and infiltration of cells 
and tissue. Not only macropores are able to facilitate the material 
replacement by the newly formed bone, but also the presence of other 
“protective” areas, such as concavities or channels, or spaces between 
individual particles are beneficial and helps to ensure that bone for-
mation is not disturbed by high body fluid refreshments or mechanical 
forces due to implant movement [54]. 

Porosity and pore sizes also impact vascularization [98] and by 
changing these properties the degree of the immunological reaction of 
the host tissue can be regulated. It has an influence on the formation of 
multinucleated giant cells, which have an impact on degradation too 
[99]. 

Variations in vascularization behaviour can be obtained by changing 
the size of channels. Small vessels were formed in channels with a 
diameter of 250 μm by the expression of the representative angiogenic 
factors HIF1α, PLGF and migration factor CXCR4 and large vessels were 
developed in channels with a diameter of 500 μm by the expression of 
vascular endothelial growth factor (VEGF) [100]. 

It is intended that due to its bioresorbability the pore size and 
porosity of CPC will increase over time in vivo [1]. 

In 2019 Bohner and Miron published a review, proposing mechanism 
for intrinsic osteoinduction of materials. It includes conclusions that 
contradicts with previous views: the mechanism of intrinsic osteoin-
duction is often related to the release of calcium and phosphate ions, but 
current review claims, that it is not caused by an accumulation of but by 
a reduction in the local calcium and/or phosphate ion concentration. 
This is possible if the local consumption of calcium and phosphate ions 
due to the precipitation of carbonated apatite (dahlite) is larger than the 
supply of these ions by diffusion and convection processes (blood sup-
ply). In summary, Bohner and Miron suggest that material is osteoin-
ductive if: 1) it mineralizes in vivo (a “bioactive” apatite layer forms on 
the material); 2) it is porous; 3) the pores are large enough to allow 
blood vessel ingrowth and cell transport into the core of the material; 4) 
blood supply is insufficient to keep physiological calcium and/or 
phosphate ion concentration [101]. 

As the biomimetic apatite layer formation as well as the growth of 
blood vessels into the CPC (usually with a rate of few hundred micro-
meters per day) and providing of bone forming cells takes time intrinsic 
osteoinduction is a very slow process. The formation of bone may take a 
time from few weeks to one year [101]. 

The conclusion of work by Bohner and Miron was supported by 
Maazouz et al., who confirmed that mineralization could be the trigger 
of osteoinduction by testing the hypothesis by Ref. [102], that a quan-
titative approach of the mineralization measurement can be used to 
predict the osteoinduction early in the development process of bone 
graft substitute. Maazouz et al. studied ectopic implantations of bone 
graft substitutes, submitting them to experiments proposed in Ref. [102] 
and comparing their in vivo osteoinductive potential with their in vitro 
predicted potential [103]. 

9. Biodegradability 

With the formation rate of new bone balanced degradation rate is the 
most significant property of bone substitute materials intended for use in 
the clinic [62,68]. If an implant degradates too quickly or too slowly 
regeneration of bone is slowed down [64]. 

Biodegradability is one of the main issues regarding CPCs since due 
to lack of macropores CPCs degradates slowly and biodegradation starts 
from the outer surface to the central part [9]. 

Degradation of CPC can occur by two differing routes: active and 
passive resorption. Active resorption is basically a phagocytosis or an 
intervention of osteoclasts and macrophages, when pH is locally 
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dropped down at values at which CPC becomes soluble [12,104]. Pas-
sive resorption includes dissolution or chemical hydrolysis of CPC [12, 
62]. 

Brushite cements due to brushite solubility in body fluids are mainly 
resorbed by passive mechanism [105], while apatite cements due to 
HAP limited solubility at physiological pH are mostly resorbed by the 
active mechanism and this contributes also to the quite slow resorption 
rate in vivo of these materials [64,104,106]. At pH 7.3 the diminishing 
pattern of TTCP > α-TCP > β-TCP > OHA > CDHA > HAP applies to the 
dissolution rates of monophasic CaP [12]. According to reported disso-
lution rates HAP will remain in human body for a long time after im-
plantation. Contrary to HAP, TCP degradates faster and can be 
considered a successful replacement for bone tissues [29]. 

The phase ratios determine the biodegradation kinetics when 
considering biphasic, triphasic and multiphasic CaP. Moreover, intro-
duction of doping ions can alter solubility and therefore biodegrad-
ability. For example, CO3

2− increases the biodegradability of CDHAP 
and HAP, by increasing apatite lattice disorder favoring crystal disso-
lution [12,107], but Mg2+ or Zn2+ ions lower the biodegradability of 
β-TCP [12]. As mentioned before, porosity also modulates CPC resorp-
tion [81]. When pores are distributed homogeneously and the apatite 
network between the granules is of lower density in vivo degradation 
occurs faster [108]. 

Furthermore, external factors such as site of implantation, blood 
supply or mechanical loads; as well as defect site unrelated factors such 
as gender and age of a patient, their metabolism rate, health conditions 
and social habits, can have an impact on the resorbtion [81]. 

10. Additives 

Many academic sources report different additives used to improve 
the properties of CPCs. Authors of this review article have compiled 
some of the more frequently mentioned additives together with some 
new developments in Table 1 below. 

To further develop this topic readers are advised to read an extensive 
review on functionalized calcium orthophosphates by Dorozhkin [149]. 

Some authors even suggest the use of more than one additive, 

obtaining a hybrid material with improved injectability, anti-washout 
and self-setting properties [150]. It is clear that addition of different 
additives can aid calcium phosphate functionality, however it should be 
noted that additives may have an effect on other aspects of implant 
properties. For example, the use of growth factors should be carefully 
asessed due to their protein nature, high molecular weight and spatial 
arrangement. Furthermore, CaP, especially in nanosize, is reported to 
being able to promote osteogenesis without the additives [18]. 

11. Recent developments in patents 

Scientific publications are not the only source, where to look for new 
developments in a particular field of interest. Recent patents with grant 
date or patent applications with earliest priority date starting from 2017 
were chosen, searching in Espacenet by keywords ‘injectable calcium 
phosphate’, ‘injectable osteoinductive porous calcium phosphate’ and 
‘porous calcium phosphate’. Search results were evaluated, and most 
relevant documents are reviewed in this paragraph. 

Since 2019 a significant drop in the count of filed patents was 
observed, but most probably this is due to the worldwide Covid-19 crisis. 

The vast majority of the relevant patent documents are Chinese 
patent applications (appl.). Especially active in the field of biomaterials 
is SHANGHAI NATIONAL ENGINEERING RESEARCH CENTER FOR 
NANOTECHNOLOGY CO., LTD. The company files applications mostly 
for preparation methods of injectable calcium phosphate bone cements 
that are modified with different additives [151–157]. Another notice-
able player in this field is GUANGZHOU RAINHOME PHARM & TECH 
CO LTD, who has filed patent applications on rapidly-degradable 
injectable type bone cement [158], injectable bone cement capable of 
promoting growth [159] and injectable porous calcium phosphate 
cement [160]. With the latter rather trying to get protection on prepa-
ration method of such cement as well as product directly obtained by 
this method. 

Most popular CaP compound employed in the reviewed patent 
documents is α-TCP [144–151,151,152,152–170], although there are 
some documents that use β-TCP as well [153,159,162–166,172]; in 
some documents ACP also appears [160,166,169,173]. Tendency to use 

Fig. 2. Schematic summary of the hypothesised mechanism of osteoinductive biomaterials proposed by Barradas et al. Reproduced from Ref. [54] with permission.  
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more than one CaP form can also be observed [153,158–160,162–166, 
169,170,172,174]. Pure CaP forms are never used in the newest patent 
literature; they are, for example, modified with PEG cladding photo-
sensitizer IR780 [152], gelatin [153,154,157,161], chitosan [153,155, 
159,173], HPMC [153,170], MC carboxymethylcellulose [171], zirco-
nium phosphate [157], chondroitin sulphate [175], lanthanides [153], 

Table 1 
Frequently mentioned additives.  

Additive Effect Reference 

Citric acid Fluidificant. Reduced mixing time, 
decreased compressive strength 
during initial setting, increased 
compressive strength in final stages of 
the setting; retardation of the 
dissolution precipitation reactions in 
cements; decreased setting time; 
improved injectability, decreased 
porosity 

[15,51,68, 
109] 

Strontium Improved strength, promotion of the 
bone formation, prevention of bone 
resorption, enhanced proliferation of 
human-bone-marrow-derived 
mesenchymal stem cells, enhanced 
mechanical properties 

[83, 
110–116] 

Silicon Formation of bone and cartilage 
systems (the degree of Si doping is 
limited to a maximum of about 2 wt% 
for HAP, in order to prevent the 
formation of other calcium silicate 
phases), faster resorption rate and 
favorable pH 

[117] 

Silicon and sodium Improved degradation and bone 
regeneration ability, and favorable 
pH 

[11] 

Zirconia Improved strength of the cement 
compact 

[78] 

Mannitol Interconnected macroporous 
structure created 

[118] 

Glycerol Increased setting time, setting upon 
contact with body fluids, decreased 
injection pressure, no disintegration 
was observed 

[119] 

Glucose Porogen. Macroporosity with 
interconnected pores generated. 
Pores generated instantly upon 
cement setting. Porosity and pore 
sizes adjustable by changing weight 
percent and particle size of glucose. 

[120,121] 

Polivinylalcohol Increased setting time, improved 
stability of the cement paste during 
storage, improved cohesion 
properties and injectability 

[106] 

Poly(ethylene glycol) 
(PEG) 

Porogen. Pore sizes determined by 
the size of PEG 

[56] 

Poly(D,L-lactic-co- 
glycolic acid) 

Porogen. Delayed porosity with 
homogeneously dispersed pores 
created 

[62,122] 

Hyaluronic acid Hydroexpansivity caused and 
improved mechanical stability, 
regulation of cellular migration and 
inflammatory processes during 
wound repair secondary to bone 
tissue damage, increased rate of bone 
ingrowth to the defect site, ability to 
modulate the inflammatory response, 
osteoconductivity 

[28] 

Collagen Improved bone regeneration, 
biocompatibility and 
osseointegration, controlled adhesion 
of osteoblasts, promoted osteoblastic 
differentiation of bone marrow cells, 
cushioning effect, improved drug 
delivery capacity – decreased initial 
release, improved mechanical 
properties 

[123,124] 

Cellulose Strengthening of the border of the 
bone defect cavity, delayed 
resorption of the implant, promotion 
of longer implant lifetime 

[28] 

Hydroxypropyl 
methylcellulose 

Enhanced filling of bone defects [28] 

Carboxymethyl cellulose Slowed down initial degradation 
process, improved cohesion and 

[62,125]  

Table 1 (continued ) 

Additive Effect Reference 

injectability of CPC, decreased early 
degradation and hence bone 
formation 

Silanized hydroxypropyl 
methylcelluose 

Foaming agent. Shortened initial and 
final setting time, improved quality of 
bone healing. 

[17,126] 

Gelatin Interconnected porosity, good 
cohesion, injectability 

[122,127, 
128] 

Growth factors Bone morphogenetic proteins (BMPs) 
stimulate osteogenesis and promotes 
vascularization, transforming growth 
factor-β regulates cell growth, 
differentiation and immune function, 
platelet derived growth factor 
promotes cellular proliferation and 
VEGF induces angiogenesis 

[18,26,124, 
129] 

Xanthan gum Increased viscosity and imparted 
elasticity to a cement paste, 
facilitating injection and delivery 

[33] 

Chitosan or 
chitooligosaccharide 

Improved bone regeneration, 
antibacterial activity, improved 
strength of CPC, cement elasticity 

[93, 
130–133] 

Sodium alginate Improved cohesion behavior, enabled 
injection directly after preparation, 
no delay in the setting reaction in vitro 

[3] 

Chitosan-alginate 
complex 

Controlled setting reaction, better 
injectability, biocompatibility and 
wash out resistance, enhanced bone 
growth around interface of defect site 

[134] 

Alginate – hyaluronic 
acid microbeads 

Improved injectability, washout 
resistance, and bone formation 

[135] 

Starch together with 
BaSO4 

Reinforcement of CPC [136,137] 

Chondroitin sulphate Enhanced injectability and improved 
anti-washout property, no evident 
effect on the phase, morphology, 
apparent porosity and compressive 
strength of hydrated cement products 

[138] 

Nanomaterials Improved mechanical properties 
(tensile, compressive and shear 
strengths and fracture toughness) and 
osteoinduction abilities of CPCs, 
improved injectability, enhanced 
stem cell performance and bone 
regeneration efficacy, enhanced 
surface energy and protein 
adsorption and influenced integrin 
binding 

[35,139, 
140] 

Copper ions Improved formation of new bone and 
blood vessels, improved bioactivity, 
antibacterial properties, accelerated 
angiogenesis 

[90,124, 
141,142] 

Magnesium Improved injectability, adhesion of 
bone marrow mesenchymal stem 
cells and osteogenic differentiation 
via an integrin-mediated mechanism, 
improved biodegradability and 
promotion of anti-inflammatory 
immunomodulation 

[124,143] 

Manganese ions Improved osteogenesis, increased 
compressive strength 

[29,144] 

Silver ions Excellent antibacterial properties, 
increased compressive strength 

[145,146] 

Ovine whole blood Liquid phase. High cohesiveness and 
injectability, promoted bone 
formation, delayed setting time 

[147] 

Basalt fibres Reinforcement phase. Improved 
toughness of CPC 

[148]  
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strontium [158,169], growth factors [159,176], pore generating pro-
teins [177], or mixed with other biocompatible salts and compounds, 
such as polyanhydride [151], calcium sulphate [158,164,167,168,178], 
sodium phosphate [162], ammonium salt [163], and bioactive glass 
[158,168,171], hydrogel [179] and fibers [172]. In some cases, citric 
acid is used as liquid phase [153,162,169]. 

Reading patent application documents, it should be noted that 
everything that is claimed in the application may not be absolutely new. 
For example, the first independent claim of the Chinese patent appli-
cation reads as “An injectable calcium phosphate ceramic for promoting 
tendon healing, characterized in that the material is composed of cal-
cium phosphate ceramics and natural polymers or derivatives thereof; 
preferably, the natural polymers or derivatives thereof, and the natural 
polymers or the derivatives thereof are collagens and collagen modified 
products.” [180]. The claim is very broad and most probably will not be 
accepted in current wording. Similar situation is with European patent 
application No. 17722590.1. The first claim of the original set of claims 
reads as: “An injectable biomaterial comprising: (a) a solid component; 
and (b) a liquid component comprising a carbohydrate; wherein the 
injectable biomaterial sets and cures to form an apatitic crystal structure 
after mixing of the solid component and the liquid component” [181]. 
Such broad claim may not be accepted in the field that already has quite 
extensive prior art, which is why amended set of claims has already been 
filed for this application and examination is still ongoing. 

Moreover, descriptions and abstracts and even claims, in the case of 
patent application documents not yet examined by patent examiners, 
where it is announced that the respective invention has such relative 
terms as ‘good injectability’ [152–155,160,161,163,168], ‘excellent 
antibacterial properties’ [155,159], excellent osteoconductivity [179], 
excellent mechanical properties [163,167], should be looked at with 
caution, especially in the cases when claims cover a wide range of CaP 
forms like in European patent No. 3254710 [182] or international pat-
ent application CN2019130318W [166]. Although patent documents 
usually contain specific examples of invention that also cover tests on 
injectability, mechanical strenght, setting time, porosity and other 
properties, it is highly questionable, whether with a change of CaP form 
within the scope of invention the same property would be achieved. 
Nevertheless, some patent documents have included pore size [165, 
183], porosity [183], compressive strength [174,181] and injectable 
time [174,181] in patent claims, which is the most important part of the 
patent document, determining the scope of protection. 

Recent patents and their main benefits that are disclosed and ap-
plications for which the patent protection is desired are compiled in 
Table 2. 

Table 2 shows that recently patents have been granted to complex 
compositions with more than two ingredients. Simpler composition 
would be desirable to reduce costs and simplify the preparation and/or 
mixing procedure. 

The large amount of patent applications shows that the field is still 
developing and there is a place left for new research to be done. 

12. Porous injectable calcium phosphates 

Despite the years-long research and several products already reach-
ing the market [68] degradation rate of porous injectable CPCs is still 
slower than the formation of new bones [120]. Calcium phosphates are 
highly porous materials, however, naturally they only contain micro-
pores and micropores are too small to receive osteoid minerals and 
fibrous tissues [56,186]. To increase the surface area for cell attachment 
that is needed for new bone growth and vascularization and to accel-
erate both active and passive degradation it is necessary to incorporate 
interconnected macropores in the structure of CPC [56,120,186], 
furthermore, it is preferable that porosity is instantly generated to 
accelerate the bone formation process [62]. 

Some adjustments in processing parameters are known to have an 
impact on the porosity of CPCs. Examples of these parameters are 

Table 2 
Recent patents and patent applications in the field of injectable, osteoinductive 
CPCs.  

Title Benefit Status Ref 

Preparation method of 
injectable calcium 
phosphate cement modified 
with PEG cladding 
photosensitizer IR780, 
product and application 

Good injectability Appl. [152] 

Preparation method of 
polyanhydride modified 
controllable biodegradable 
calcium phosphate bone 
cement as well as product 
and application thereof 

Controllable biodegradability Appl. [151] 

Preparation method of 
lanthanide-doped injectable 
calcium phosphate bone 
cement as well as product 
and application of bone 
cement 

Good injectability, possibility 
to use as a bone cement with 
fluorescent label 

Appl. [153] 

Preparation method of rapid 
degradation controlled drug 
release injectable bone 
cement and product and 
application of rapid 
degradation controlled drug 
release injectable bone 
cement 

Good injectability and 
prevented brittleness 

Appl. [154] 

Chitosan quaternary 
ammonium salt-modified 
antibacterial calcium 
phosphate bone cement and 
preparation method and use 
thereof 

Good injectability, suitable 
curing time and excellent 
antibacterial performance 

Appl. [155] 

Preparation method of 
injectable bone cement 
modified by medicine 
carrying organic zirconium 
phosphate, and product and 
application thereof 

Improved injectability and the 
collapse resistance of the bone 
cement, slow release of drugs 

Appl. [156] 

Preparation method of nano- 
zinc oxide modified 
antibacterial injectable 
calcium phosphate bone 
cement as well as products 
and application thereof 

Good injection properties, 
proper curing time, and 
excellent antibacterial 
properties 

Patent [157] 

Rapidly-degradable injectable 
type bone cement and 
application thereof 

Porous structure, promoted 
bone cement degradation and 
the ingrowth of bone cells, 
shortened setting time, 
improved compressive 
strength, promoted cell 
proliferation 

Appl. [158] 

Injectable porous calcium 
phosphate cement and 
preparation method thereof 

Good injectability, presence of 
macropores and micropores, 
appropriate setting time, good 
biocompatibility, simple 
preparation method, easy 
operation 

Appl. [160] 

Injectable bone cement 
capable of promoting 
growth and preparation 
method of injectable bone 
cement 

Enhanced mechanical 
performance, good 
antibacterial performance, 
promoted regeneration of 
bone cell tissues 

Appl. [159] 

Method of making injectable 
cements 

Excellent osteoconductivity 
and osseointegration, strong 
bonding to drug molecules 

Patent [179] 

Resorbable radioopaque 
cross-calcium phosphate 
cement for bone plastics 

Simplified composition of the 
radiopaque injected calcium- 
phosphate cement, optimal 
flow and radiopacity 
parameters without the 
introduction of special 
improvement additives, 
increased safety of use 

Patent [184] 

(continued on next page) 
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particle size of the powder phase and the liquid to powder ratio (L/P). As 
particles with smaller size have larger specific surface area, the reac-
tivity of the powder consisting of such particles will be higher. Higher 
reactivity is one of the factors influencing the degree of supersaturation 
in the cement paste. A higher supersaturation degree enhances crystal 
nucleation and therefore more numerous and smaller needle-like crys-
tals are precipitated. When bigger particles are used formation of the 
larger plate-like crystals occurs. As microstructures differ, pore size 
distribution in the set cements differs as well. Using powder with smaller 
particles even with the same L/P ratio smaller pores will be formed [81]. 

Adjusting the L/P ratio also leads to variations in the porosity and the 
pore size distribution of the CPCs. The spaces between particles in the 
blend are smaller when lower L/P ratio is used. In this way a more 
compact structure of crystal agglomerates is generated. In contrast, 
when using larger L/P ratio, the augmented separation between aggre-
gates resulting from the larger distance between original α-TCP particles 
occurs and the total porosity of the cements increases, and larger pores 
are formed [81]. 

The macroporosity can be generated before or after the setting of 
cement. One approach to achieve incorporation of macropores is to add 
gas-generating compounds, for example, hydrogen peroxide or sodium 
bicarbonate that will create gas bubbles during setting. For this 
approach only highly biocompatible porogens shall be used as organism 
may be harmed due to liberation of gas after the cement paste has been 
implanted [120,186]. Furthermore, despite the fact porosity is instan-
taneous, which is positive factor, disadvantages like the lack of control 
on pore size, distribution and interconnectivity exceed advantages 
[122]. 

Another approach is to use biocompatible foaming agents, such as 
proteins [120,186]. It has been shown by Ginebra et al. that the use of 
albumen in aforementioned approach has aided in the development of 
injectable macroporous CPCs, which maintained the open macro-
porosity after injection [186]. Macropores can be incorporated also by 
using liquid droplets that can create pores after a mass transport phe-
nomenon and by the integration of solid particles that dissolve or 
degrade after setting. If the degradation rate of the pores generating 

Table 2 (continued ) 

Title Benefit Status Ref 

Solidifying liquid capable of 
regulating injectability of 
calcium phosphate bone 
cement and preparation 
method and application of 
solidifying liquid 

Simple, rapid and efficient 
preparation method, the 
prepared bone cement has 
strong cohesive force before 
solidification, the liquid and 
solid are not separated in the 
injection process, and the 
injectability and compressive 
strength are both good 

Patent [162] 

Porous brushite-based 
injectable bone filler for 
application in 
vertebroplasty and 
preparation method of the 
bone filler 

Injectability sufficiently high 
enough that cement slurry can 
be injected through a needle 
having a diameter of 10–15 
gauge, a high level of 
reabsorption 

Patent [177] 

Injectable continuous 
antibacterial anti- 
inflammation bone cement 
and preparation method 
thereof 

Slow release effect on anti- 
inflammatory drugs, 
continuous long-acting 
antibacterial and anti- 
inflammation action 

Patent [178] 

Injection type degradable 
high-mineralization-activity 
composite bone cement and 
preparation method thereof 

Improved collapse resistance, 
excellent compressive strength 
and injectability 

Appl. [173] 

Brushite bone cement as well 
as preparation method and 
application thereof 

Excellent mechanical 
properties, controllable curing 
time (can be adjusted to be 
between 10 min and 1 min), 
good injectability 

Appl. [163] 

Bone cement with hyaluronic 
acid 

Significant improvement of 
the physical and mechanical 
parameters of cement 
compositions, as well as other 
clinically relevant properties 

Appl. [164] 

Injectable and moldable 
osteoinductive ceramic 
materials 

Favorable osteoinductive 
properties 

Patent [165] 

Flowable bioactive bone void 
filler 

Osteostimulative, bioactive 
and flowable for injection 
through a syringe 

Appl. [171] 

Self-setting calcium 
phosphate cement with 
independently adjustable 
initial setting time and final 
setting time 

Wider adjustable ranges of the 
initial setting time and the 
final setting time, wider 
adjustable range of pH 

Appl. [166] 

Injectable bone cement 
composition kit containing 
calcium phosphate with 
fiber and preparing method 
of the same 

Compromise between curing 
time, injecting power, and 
large porosity 

Patent [172] 

Porous injectable calcium 
phosphate bone cement 
compound 

Internal pore size 10 μm–50 
μm, porosity of about 60%, 
favorable pore connectivity, 
accelerated degradation of 
bone cement, biocompatibility 
and bone repair capacity, good 
fluidity 

Appl. [175] 

Bone cement with induction 
and degradation 
characteristics and 
preparation method of bone 
cement with induction and 
degradation characteristics 

Excellent compressive 
strength, biocompatibility, 
bone conductivity and bone 
inductivity, and degradation 
speed of the bone cement is 
equivalent to bone growth 
speed. The bone cement can be 
made into different dosage 
forms by control of a liquid- 
solid ratio 

Appl. [167] 

Preparation method of high- 
strength injectable 
polyphase calcium 
phosphate-based bone 
cement 

Excellent injectability, 
collapse resistance, after 7 
days of solidification at 37 ◦C, 
the mechanical compression 
strength reaches 113.68+/ 
7.11Mpa 

Appl. [168] 

Injectable calcium phosphate 
ceramic for promoting 
tendon bone healing and 

Promoted tendon bone 
healing, early fixation 

Appl. [180]  

Table 2 (continued ) 

Title Benefit Status Ref 

preparation method and 
application thereof 

Novel injection self- 
condensing composite 
artificial bone carrying 
rhBMP_2 micro spheres 

Good bone forming 
osteoinductive performance, 
and high mechanical strength, 
good degradation rate 

Appl. [176] 

Strontium ion-mediated self- 
curing calcium phosphate 
bone cement 

Enhanced degradation, 
applicable as a drug carrier 

Appl. [169] 

Developable and injectable 
calcium phosphate bone 
cement, and its preparation 
and application 

Compressive strength ≥9 MPa, 
injectable time ≤8 min 

Appl. [174] 

Osteoinductive bone material Compressive strength greater 
than at least 1 MPa 

Patent [182] 

Methods and compositions for 
the treatment of degenerate 
bone 

Injectable biomaterial Appl. [181] 

Method for producing an 
osteoinductive calcium 
phosphate and products 
thus obtained 

Porous, osteoinductive 
implant material 

Patent [185] 

Macroporous and highly 
resorbable apatitic calcium- 
phosphate cement 

Injectable CPC, that may 
comprise antibiotics, anti- 
inflammatory drugs, anti- 
cancer drugs, drugs against 
osteoporosis, and growth 
factors 

Patent [170] 

Osteoinductive calcium 
phosphates 

Porous, osteoinductive 
implant material having 
interconnected porosity 

Patent [183]  

A. Vezenkova and J. Locs                                                                                                                                                                                                                     



Bioactive Materials 17 (2022) 109–124

119

agent is faster than the one of CPC, a porous scaffold will be obtained 
[120]. 

Grosfeld et al. demonstrated in vivo, that glucose microparticles 
(GMPs) can be used as fast-acting porogen for CPCs. Furthermore, they 
suggest the use of GMPs together with a porogen with later onset of 
forming macroporous structure to provide a gradual replacement of CPC 
by newly generated bone starting from the injection in the bone defect 
[121]. A similar approach has been reported by Lodoso-Torrecilla et al. 
They used polymers as pore generating agents focusing on dual porogen 
system combining the water-soluble polymer with hydrolytically 
degrading polymer [187]. 

Focus is turned on another problem connected with bone substitutes, 
namely, that to guarantee interconnected pore structure, which is 
necessary for successful new bone formation in the volume of the 
implant, large amount (at least 40%) of a porogenic agent must be added 
[120]. Addition of a large amount of porogen often compromises 
injectability of the CPC paste [63,186]. 

To solve the problem both with gas liberation and/or large amounts 
of porogenic agents it is suggested to create macroporous CPCs from 
cement paste that is mixed with pre-prepared foam [63,186]. Im-
provements in the mixing method is important not only because of 
already mentioned reasons, but also because porous injectable CPCs are 
intended for use in surgical operations that would benefit from simple 
preparation methods. Many macroporosity introducing methods like the 
use of mannitol particles, glucose, frozen ice crystals or PEG particles, 
are successful at laboratory, but may not work when done clinically 
[64]. To relieve the mixing procedure Zhang et al. established prepa-
ration method for injectable macroporous CPCs by syringe-foaming via 
hydrophilic viscous polymeric solution, such as silanized-hydroxypropyl 
methylcellulose (Si-HPMC), as a foaming agent. Connected syringes are 
used to foam the viscous liquid phase of CPC and subsequently to mix 
the resulting foam with the CPC paste. The actions involved in this 
process can be provided at room temperature. The porosity of the final 
product can be controlled by regulating the volume of air incorporated 
in the syringe. Scheme showing the preparing process is reproduced in 
Fig. 3. As a result, foamed, easily injectable CPC paste with good 
cohesion properties is obtained. It is also mentioned that this method 
could still be improved [17]. Mostafa et al. used the same method for 
filling surgically induced bone defect in femur bone of a rabbit and 
concluded that “the calcium phosphate cement for injection is 

biocompatible, has the biological properties of bone conduction, and 
can be used to fill the cavity of bone defect” [126]. 

13. Injectable calcium phosphates as drug delivery systems 

A setting reaction in CPCs is not exothermic and CPCs possess porous 
intrinsic porosity, therefore multiple binding sites are provided, and the 
incorporation of different drugs and biological molecules is possible and 
CPCs can be used as a vehicle for drugs [81,131,188–190]. The incor-
poration of active molecules can aid enhancement of the bone regen-
eration capacity of the material or targeting specific skeletal disorders or 
pathologies [81]. Also, such drug delivery approach is useful when 
systemic delivery of the relevant drug is accompanied by adverse side 
effects [189]. 

As implant presence in the human body may result in infections due 
to bacterial colonization [93,191], addition of antibiotics to CPCs 
composition is highly desirable. The antibiotic molecule is usually 
incorporated by adding it directly to the solid or to the liquid phase of 
the cement, negatively affecting mechanical and setting properties of the 
cements. Therefore, the amount of drug that could be added is limited 
[74]. 

Filippo et al. used gentamicin as a well known additive to enable 
materials to display a strong inhibition towards the growth of Gram- 
negative, as well as Grampositive bacteria and to enhance the viability 
of osteoblast-like cells. They employed spray congealed Cutina® HR 
(hydrogenated castor oil) microparticles to add gentamicin sulphate to 
the cement composition. With the protection of microparticles the 
setting times were not lengthened, and the compressive strength was not 
worsened. Furthermore, Filippo et al. reported that all the formulations 
displayed good injectability and cohesion, and no evidence of demixing. 
Injectable formulation was achieved by suitable modification of the 
liquid/powder ratio. Addition of BaSO4 established radiopacity [74]. 

Wu et al. developed an antibacterial and injectable novel CPC- 
chitosan paste containing penicillin-encapsulated alginate microbeads. 
They obtained injectable, biocompatible material with a strength 
matching cancellous bone and potent and lasting antibacterial activity 
[132]. 

CPCs can also be used as carriers of anti-tumor drugs or radioactive 
materials. Injection of such CPCs into patient would give an anti-tumor 
effect and simplify the treatment process, alleviating pain in patients 

Fig. 3. (A) Scheme showing the preparation process of the Si-HPMC hydrogel foam and the foamed CPC paste. Reproduced from Ref. [17] with permission.  
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and reducing side effects [124]. 
With the incorporation of drugs multi-target therapy is possible – 

incorporated drugs can be able to not only treat inflammation, but also 
inhibit bone degeneration [192]. Farbod et al. showed that sustained 
release drugs can also be engineered. With such instruments designing 
chemotherapeutically active bone substitutes, suitable for specific and 
personalized therapeutic needs could become possible. In their reaserch 
they developed chemotherapeutically active injectable CPCs containing 
HAP nanoparticles, loaded with platinum-bisphosphonate (Pt-BP) 
drugs. Farbod et al. concluded that variation of the HAP-binding affinity 
of the Pt-BP complexes as well as the amount of drug-loaded HAP 
nanoparticles can be used for adjusting the drug release kinetics [193]. 

For readers who are looking for a deeper insight into this topic, au-
thors suggest consulting a review by Ginebra et al., cited here as a 
reference [81], the article presents different methods for drug delivery 
in the skeletal system and names valuable developments on this field. 
Another suggestable review [194] provides compilation of studies in 
controlled release of drugs from CPCs and factors affecting and deter-
mining drug release kinetics are revealed. 

14. Conclusions 

Even though CPCs have been studied already since 1986 there has 
remained space for improvements – research is still ongoing and new 
patent applications are filed and protection is granted in this field. The 
main directions to be improved include incorporation of the desired size 
of pores, injectability, osteoinductivity and handling properties, 
particularly mixing. 

Biocompatible porogen that generates macropores of at least 100 μm 
should instantly be used in an amount that is not less than 40% to 
achieve the desirable structure of macroporous CPC with interconnected 
pores, which as reported enhances osteoinductivity. 

An essential factor in the path to develop injectable material is phase 
separation. Several methods like use of smaller and rounder particles 
that allows to add lower volume of liquid phase, use of additives and 
adjustment of the L/P ratio of the paste and plastic limit have been 
proposed as a way to avoid the problem of phase separation. 

As it is always necessary to attain compromise between porosity and 
mechanical properties and as negative influence on other properties 
when trying to improve mechanical properties of CPCs is too significant, 
a way to avoid the attempts to improve mechanical properties of CPCs 
could be osteoinductive bone substitutes that would promote rapid 
resorption of the cement accompanied with new bone formation with 
balanced rate. 

Although the conclusion that CPC could be osteoinductive even 
without the addition of various additives may seem controversial, it is a 
good direction for future research and would favor the simpler compo-
sition of CPC and could potentially reduce the price of the final product 
and render it more available and demanded on the market. 

In future, advancements such as the recipe of injectable biocom-
patible, osteoinductive, porous implant material, suitable for high load- 
bearing applications, with balanced resorbtion and new bone formation 
ratio, which is individually adjustable by loading different drugs or 
active principles and sets only after injection into human body, are 
highly probable since so many research groups are focusing their efforts 
on these problems. Simpler production methods will be developed to 
enhance the use of injectable porous osteoinductive CPCs as implants for 
treating bone fractures and diseases. 
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