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ADVANCED MATERIALS FOR MEDICINE 
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Abstract 
Advanced materials for medicine can be represented by 4 large groups: 
ceramics, cements, polymer materials and composite materials. The new 
medical approach in medicine is well known as regenerative medicine. Its 
main principle is as follows: bioconductive matrices support tissue 
ingrowth de novo into the pores, providing space for biological flows, 
vessels and cells, and being resorbable in the process of osteogenesis. 
The most important role in such a technology belongs to the matrix 
material. The biodegradation kinetics should be as close as possible to 
that of new tissue formation. Cements are considered to be of the most 
perspective materials for both to fill bone defects and to produce porous 
matrices. Cements are easy to use during surgical operations, they can be 
shaped in a simple way, their crystal size is generally close to the apatite 
crystal size of the bone. Composite cements consist of polymer and 
calcium phosphate particulate, they combine elasticity of polymer with 
osteconductivity of calcium phosphate. Different polymer-base composite 
films can be used as membranes, they are of great interest too. 
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INTRODUCTION 
Four large groups can represent advanced materials for medicine: ceramics, 

cements, polymer materials and composite materials. The new medical approach in 
medicine is well known as regenerative medicine. Its main principle may be formulated as 
follows: bioconductive matrices support tissue ingrowths de novo into pores, providing 
space for biological flows, vessels and cells, and being resorbable in the osteogenesis 
process. The most important role in such technology belongs to the matrix material. The 
biodegradation kinetics should be as close as possible to that of new tissue formation.  

The apatite and related calcium phosphates have been of remarkable interest to 
materials scientists as well as to physicians due to their composition close to bone tissue. 
Calcium phosphate biomaterials, mainly hydroxyapatite, find many clinical applications in 
the bone defects repair, bone augmentation and metal implants coatings [1,2]. Composite 
materials of calcium phosphates with biopolymers such as polylactides, 
polylactoglycolides, polysaccharides, mainly chitosan, cellulose, starch etc. combine 
benefits both ceramic as well as polymers: such materials possess biocompatibility due to 
their nature and calcium phosphates presence and plasticity due to polymer part of the 
composite. 
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RESULTS AND DISCUSSION 
Ceramic materials for medical applications are an interesting practical field in 

obtaining biomaterials for implant production. Chemical composition of ceramic comprise 
of apatite containing different substituted ions (carbonate, chloride, fluorine, silicon, 
sodium, magnesium etc). There are two different techniques to synthesize the carbonate-
containing apatite [3]. The first group of the techniques involves a substitution of carbonate 
groups for OH- (A-type CHA), generally using ion-exchange mechanism. The second one 
is the incorporation of carbonate ions by the controlled precipitation of CHA from solutions 
containing calcium, phosphate, and carbonate ions. Final reaction product is known to 
depend on the synthesis route, e.g. source of carbonate ions, molar ratio of initial 
components, pH of solution. Generally, the precipitation product is that where carbonate 
groups are substituted for both the hydroxyl (A-type) and the phosphate (B-type) groups, 
being of mixed AB-type CHA. The biological apatite that constitutes bone mineral is 
considered to be of mixed AB-type substitution, as well. The ratio between A and B types 
of substitution depends on the route, even using the same chemical reaction.  

Because of heat treatments are used either to prepare ceramics or to coat metallic 
implant by plasma spraying, the thermal stability of the CHA is the problem of major 
importance [4]. The sintering experiments were performed in various gas atmospheres, 
including nitrogen, carbon dioxide, air, water vapor and wet oxygen. The gas atmosphere 
was revealed to affect the decomposition significantly, the behavior of CHA being 
dependent on the substitution type. However, the study in an equilibrium condition is 
needed as a starting point. Thermal decomposition of four different CHA, prepared by the 
most common techniques applied to synthesize the CHA in practice were examined using 
Fourier transform infrared spectroscopy (FTIR) coupled with matrix isolation technique to 
analyze the carbon oxides released from the condensed to the vapor phase, as the CHA 
decomposition products. The experiments were performed in the wide temperature range, 
up to 15500 C. CHA 1 and 2 were obtained using the precipitation reaction (1): 
10Ca(NO3)2 + 6(NH4)2HPO4 + x(NH4)2CO3 + (8-2x)NH4OH ⇒ 
Ca10(PO4)6-y(CO3)x(OH)2-z + 20NH4NO3 + 6H2O; 2x – 3y – z = 0; 0 ≤ x ≤ 1; 0 ≤ z ≤ 2 (1) 

Another proportion of the initial reagents lead to the formation of CHA3 by the 
reaction (2) 
10Ca(NO3)2 + 4(NH4)2HPO4 + 4(NH4)2CO3 + 4NH4OH ⇒ 
Ca10(PO4)4-y(CO3)4(OH)2-z + 20NH4NO3 + 6H2O; 3y + z = 2; 0 ≤ z ≤ 2  (2) 

The fourth sample was CHA partially substituted by magnesium (CHA 4), which 
has been prepared by the solid-state interaction between calcium oxide, magnesium oxide, 
ammonium hydrogen phosphate and ammonium carbonate according to the reaction: 
9.9CaO + 0.1MgO + 6(NH4)2HPO4 + (NH4)2CO3 ⇒ 
Ca9.9Mg0.1(PO4)6-yCO3(OH)2-z + 14NH4OH + 6H2O; 3y + z = 2; 0 ≤ z ≤ 2 (3) 

The following conclusions may be drawn from the experimental results. 
Decomposition of all CHAs begins at surprisingly low temperature about 4000 C. Gas 
phase contains both the carbon dioxide and the carbon monoxide. Content of CO increases 
monotonously with the increase in vaporization temperature whereas content of CO2 goes 
through a maximum, probably due to its decomposition into CO and O2, position of the 
maximum depend on the composition and chemical prehistory of CHAs. This should be 
taken into account when sinter CHA-ceramics in a protective gas atmosphere. Among the 
studied CHAs, the most stable to the thermal decomposition is CHA 3 which was prepared 
with an excess of carbonate substitution to get B-type CHA. 
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Sodium ions affect to the apatite structure similarly: sodium ions incorporation 
into the apatite structure results the distortion in last one and decrease thermal stability of 
sodium-and-carbonate substituted apatite [4]. 

Ceramic material producing is concerned with high temperature sintering. 
Sintering of thermal unstable material such as carbonate substituted apatite is very 
complicated problem because of its thermal instability. In order to sinter these materials the 
sintering temperature should be decreased by sintering additives using [5]. Alkaline and 
alkaline earth metal carbonates were chosen as sintering additives.  

Spherical ceramic granules were obtained by non-mixing liquids technology [6]. 
Microstructure of the granules is porous, pores are interconnected and their sizes vary from 
1-2 µm to 70-80 µm (Fig.1). 

 

 
Fig.1. Granules microstructure: a – HA, b – CHA1 (0,6% CO3), c – CHA2 (6% CO3), d – 

CHA3 (9% CO3). 

The ceramic structure strongly depends on the carbonate ions concentration: the 
carbonate content increasing leads to the microcrystal shape and size changes. When rising 
carbonate content the crystals shape changes from close to spherical to hexagonal prism. 
Internal space of the granules contains large pores up to 350-400 µm. Antibiotics solutions 
as well as other drugs can be placed into these pores to provide prolonged drug excretion.  

CHA ceramic granules solubility in synthetic body fluid and in physiological 
solution was investigated. It was shown that solubility increases with increase of carbonate 
concentration. The solubility rising benefits more active formation bone tissue de novo. 
Biological experiments in vivo confirm this conclusion. After 2 weeks of implantation bone 
matrix formation on the granule surface occurs slowly. There was a weak cells infiltration 
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inside small granule pores. It can be explained by the fact that the granules surface was 
covered with melted sintering additive. Histological investigations showed that granules 
desorption occur during implantation. With carbonate concentration growth the interstitial 
fluid infiltration inside granules as well as osteoid tissue were observed (Fig.2).  

 

 
Fig.2. Histograms - 2 weeks after implantation, center of the defect: a – HA, b – CHA1 

(0,6% CO3), c – CHA2 (6% CO3), d – CHA3 (9% CO3). 

One should conclude that CHA ceramic is perspective for use as a material for 
regenerative surgery. Cements are considered to be of the most perspective materials for 
both to fill bone defects and to produce porous matrices. Cements are easy to apply during 
surgical operations, they can be shaped in a simple way, and their crystal size is generally 
close to the apatite crystal size of the bone. Composite cements consist of polymer and 
calcium phosphate particulate. They combine elasticity of polymer with osteconductivity of 
calcium phosphate. Different polymer-based composite films can be applied as membranes; 
they are of great interest too. 

Calcium phosphate cements (CPCs) are of great interest as biomaterials for bone 
replacement that are capable of rapid setting to a hard mass, highly biocompatible and 
gradually replaced by new bone in vivo [7]. A number of different combinations of calcium 
phosphate containing compounds have been investigated. Among them, octacalcium 
phosphate (OCP, Ca8H2(PO4)6·5H2O) is considered to be of particular interest [8], since it 
has been reported to be a direct precursor phase during the biomineralization process of 
bones and teeth. The biocompatibility and the osteoconductive nature of synthetic OCP are 
widely acknowledged. Furthermore, recent studies have shown that OCP enhances new 
bone formation, accompanied by its conversion into hydroxyapatite (HA) products and its 
own biodegradation by the osteoclast cells activities.  
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The phase development in the cement system α-TCP – OCP with phosphoric acid 
as a setting liquid was studied. The most promising formulation of α-TCP (60 wt.%) and 
OCP (40 wt. %) is proposed. The cement [7] has the following characteristics: setting time 
10 min, pH=6.7, the compressive strength about 30 MPa, high dissolution rate in an 
isotonic solution and the final wt. % composition of α-TCP/DCPD/HA/OCP equals to 
27/38/20/15. Energy dispersive X-ray diffraction techniques were used for in situ real time 
monitoring of the processes taking place in the cement (Fig.3).  

 

 
Fig.3. Sequence of EDXRD patterns, collected during hardening of the α-TCP-OCP cement 
paste. In the inset, a highlight of the patterns, collected after 10 min and after 75 h, is shown. 

CPC powders and hardening liquid were mixed in a powder-to-liquid ratio L/P 
=2:1 (0.6 g of CPC powder and 0.3 mL of hardening liquid) in a glass mortar for 60 s. The 
obtained pasts were proceeded for further analysis.  

The Energy Dispersive X-Ray Diffraction method was applied to follow in real 
time the structural modifications taking place upon cements hardening, by collecting 
sequences of diffraction patterns. The acquisition time of each pattern was set at 60 s, and 
the overall observation time was up to 75 h. 

The setting reaction in the reported developed CPC formulations progressed 
quickly (3 – 10 min). Whereas for the 50/50 α-TCP/OCP cement, the setting reaction time 
increased dramatically up to 63 min. This can be justified by the difference in solubility 
between OCP and HA increasing upon the OCP conversion: the reaction rate is decreased 
upon the consumption of Ca 2+ and OH− ions (reaction (4)) [17]. 
Ca8H2(PO4)6(OH)2 x 5H2O + Ca 2+ → Ca10(PO4)6(OH)2 + 3H2O + 4H+   (4) 

Two main reactions occur during cement hardening – OCP transformation to HA 
(4) and TCP conversion to dicalcium phosphate dihydrate (DCPD) according to the 
reaction (5): 
α -Ca3(PO4)2 + H3PO4 + 2H2O → 3CaHPO4·2H2O     (5) 
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XRD analysis shows the presence of main phases brushite corresponded to DCPD 
and OCP. FTIR analysis revealed following: OH band from water molecules was observed 
at 3750 cm-1. Another broad H2O band is present in the 1700-1400 cm-1 range. The bands at 
2345 and 2339 cm-1 assigned to the asymmetric stretching mode of the CO2 molecule 
entrapped from the air. Other carbonate absorbance bands, that allow to distinguish OCP 
and HA due to the CHA formation, ν3 CO3 

2- band, should be present in the 1300-1659 cm-1 
region, or otherwise at 1450 and at 1540 cm-1, as in our case. The 1300-550 cm-1 zone, 
containing major part of absorbance bands, is presented: 667 cm-1 - the H2O vibration; 877 
cm-1 - P-O(H) stretching; 965 cm-1 - ν1 PO4 

3- stretching; 1019 cm-1 - ν3 HPO4 
2-. 

Scanning electron microscopy (SEM) morphological studies were carried out 
during hardening (Fig.4). 

 

  

  
Fig.4. Cement samples after mixing: a – 15 min; b – 24 hours; c – 75 hours; d – porous 

cement sample obtained with ammonium carbonate. 
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It is evident that the structure formation is completed to the 75 hours after mixing. 
The phase composition of the cement to this period comprises brushite or DCPD and 
octacalcium phosphate phases. Thus, the new cement poses characteristics suitable for bone 
surgery and due to OCP the cement reveals osteoinductive potencies. 

There are a number of biopolymers suitable for medical applications such as 
polylactides, their copolymers with glycolides, polysaccharides – cellulouse and it chemical 
derivatives, starch, chitosan and so on. The materials from composites of biopolymers with 
calcium phosphates can be used in the form of films and shaped materials. 

The hybrid composite materials (CMs) possess high potential for medical 
applications related to replacement or regeneration of damaged bone tissue. Of particular 
interest are the CMs in the calcium phosphate– biopolymer system, whose structure can be 
organized directly during the synthesis of calcium phosphate in a biopolymer solution 
similarly to biomineralization, i.e., the formation of bone tissue consisting of 
hydroxyapatite nanoparticles and collagen fibrils. The microstructure and properties of 
these CMs depend on the interaction between the mineral and biopolymer phases, which 
determines the conditions of nucleation and the subsequent growth of the mineral phase on 
the functional groups of biopolymer macromolecules [9, 10]. Of interest are CMs with 
chitosan, which is a biocompatible and biodegradable polysaccharide having high 
antimicrobial, chemotactic, and immunostimulating activity [9]. The medium and high 
molecular mass chitosans are soluble in acids; this corresponds to the synthesis conditions 
of calcium phosphates such as dicalcium phosphate dihydrate and amorphous calcium 
phosphate(ACP, Ca3PO4.nH2O), that are possible crystallization precursors of 
hydroxyapatite, the key mineral constituent of the bone tissue.  

Figure 5 and 6 show the comparison of the IR spectra of chitosan, calcium 
phosphates precipitated from aqueous solutions without chitosan, and the corresponding 
CMs [11]. Note that the IR spectra of both CMs are not mere superpositions of the spectra 
of individual components, which may be indicative of interaction processes. These spectra 
show the following specific features. The IR spectrum of chitosan–DCPD shows principal 
bands typical of DCPD [5]: РО4 (ν4) at 576 and 1127 cm–1, (ν1) at 986 cm–1, (ν3) at 873, 
1062, and 1125 cm–1; Н2О at 656, 787 and 1648 cm–1; OH at 1221, 2380, 3163, 3267, and 
3636 cm–1, and also the bands typical of the chitosan spectrum: a broad doublet at 1250–
1400 cm–1, which may correspond to a combination of CN–NH, CH2–OH (1317 cm–1), and 
CH3 (1375 cm–1) bands; the N–H band at 1541 cm–1; the C=O band at 1650 cm–1 (overlap 
with the OH band of DCPD at 1648 cm–1). The shifts and changes in the form of 
characteristic bands of the composite spectrum as compared with the spectra of free DCPD 
and chitosan can be used to gain information about the interaction processes. The following 
distinctive features can be noted for the system in question. The N–H band shifts from 1578 
cm–1 in chitosan (typical of NH2 amino groups) to 1541 cm–1 in the composite (typical of 
the NH group). One more distinctive feature of the spectrum recorded for the composite is 
the presence of a broad band with an unresolved doublet at 1250–1400 cm–1, which may be 
due to broadening and smearing of the CH2–OH (1317 cm–1) and CH3 (1375 cm–1) 
absorption bands. A weak P–O peak at 831 cm–1 can also be noted as the shoulder of the 
more intense peak at 787 cm–1 (H2O constituent of DCPD), which typically appears for 
phosphorylated chitosan. 
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Fig.5. IR spectra: a – composite DCPD-chitosan; b – composite ACP-chitosan. 

 
Fig.6. SEM photo of composite materials: a – DCPD crystals; b – DCPD-chitosan 

composite 

The studies demonstrated that precipitation of DCPD and ACP from chitosan-
containing solutions is accompanied by the reactions of phosphate ions with the radicals 
derived from chitosan molecules according to the phosphorylation mechanism, resulting in 
a decrease in the phosphate particle size. The synthesis in such solutions followed by 
freezedrying can be used to produce porous chitosan–calcium phosphate composite 
materials for medical applications. 

CONCLUSIONS 
Thus, a wide number of calcium phosphate materials suitable for different medical 

applications were developed including osteoplastic surgery, stomatology, combustiology, 
military medicine.  
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