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A B S T R A C T   

The substituted (Ca2+/Cu2+), and co-substituted (Cu2+/Zn2+), (Cu2+/Sr2+), and (Sr2+/Mn2+) β-tricalcium 
phosphate (β-TCP)-based Ca3-2x(MˊMˊˊ)x(PO4)2 (M = Zn2+, Cu2+, Mn2+ and Sr2+) solid solutions have been 
synthesized using solid-state route. The powder X-ray diffraction study shows the formation of β-TCP-type 
structure as the main phase in all solid solutions. The crystal structures and chemical compositions were 
approved using Fourier-transform infrared (FT-IR) absorption spectra and energy-dispersive X-ray spectrometry 
(EDX) data, respectively. The unit cell parameters and volume of as-synthesized samples directly depend on the 
radius of the incorporated ions. The limits of the single-phase solid solutions were found based on the possible 
occupation of the crystal sites in β-TCP structure. For the divalent ions with small radii, such as Cu2+ or Zn2+, the 
limit composition was found as Ca2.571Mˊ0.429–xMˊˊx(PO4)2 for Mˊ and Mˊˊ – Cu2+ and Zn2+. The enlargement of 
the unit cell by incorporation of Sr2+ allows to extend the limit of solid solutions up to Ca2.5Sr0.5–xMˊx(PO4)2 for 
Mˊ – Cu2+ or Mn2+. The antibacterial properties were studied on 4 bacteria (S. aureus, P. aeruginosa, E. coli and E. 
faecalis) and 1 fungus (C. albicans). It has been showed that co-doped Ca2.5Sr0.25Cu0.25(PO4)2 sample exhibits the 
highest antimicrobial activity resulting in 92%, 96% and 96% inhibition growth rate for S. aureus, P. aeruginosa 
and E. faecalis, respectively. The antimicrobial properties are strongly related to the occupation of the crystal 
sites in the β-TCP structure by doping ions.   

1. Introduction 

Among phosphates which can be used in the modern tissue engi
neering whitlockite-based materials (Ca18Mg2(HPO4)2(PO4)12) [1] are 
of great importance due to their higher stability in acidic environment, 
better osteogenic activity, higher resorbability [2], etc., than other 
phosphates, such as hydroxyapatite Ca10(PO4)6(OH)2 (HAP) or brushite 
(CaHPO4⋅2H2O). Natural mineral whitlockite and synthetic β-Ca3(PO4)2 

(β-TCP) are isostructural and have very similar properties. The 
hydrogen-containing whitlockite-type compounds can be synthesized 
only under the pressure in the autoclaves [3]. The difficult synthetic 
route of whitlockite-type phases limits their application in medicine. At 
the same time β-Ca3(PO4)2 can be simply obtained both by solid-phase 
[4,5] and precipitation from solution [6] methods. In addition, 
various mono-, di-, and trivalent ions can be doped into the β-TCP 
without significant distortion of the structure. The incorporation of 
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small (Mg2+, Zn2+, Cu2+) and large (Sr2+, Ba2+) divalent ions into the 
β-Ca3(PO4)2 structure is of great biological interest. The presence of such 
ions in the β-TCP host noticeably changes the functional properties. 
Strontium has a beneficial effect on bone regeneration [7], Zn2+ affects 
on the antibacterial properties, resorbing activity of mature osteoclasts 
[8], and bone mineral formation. Currently, lots of studies are devoted 
to the substitution of Ca2+ in the initial β-TCP host by mono-, di-, and 
trivalent ions [4,9–13] in order to achieve new biologically active ma
terials with outstanding functional properties. Co-substitutions strategy 
in the β-TCP host is expected to offer the combined advantages provided 
by the presence of two (or more) ions in the structure. Co-doping in the 
β-TCP can combine various effects, such as, antibacterial and 
anti-inflammatory activities with stimulation of bone cells in Zn2+/Ag+

pair [14], osteoclastogenesis and osteoclastic resorption [15] in 
Sr2+/Mg2+ pair, for instance. The previously studied co-doped β-TCP 
compounds are listed in Table 1. 

There is a large number of studies on the di- and trivalent ions sub
stitutions in the β-TCP host and bioactive properties of these solid so
lutions. The summarized data on the co-doping ions in the β-TCP 
structure are shown in Table 1. We also provided calculated formulas 
from the literature experimental selection formulas, and the observed 
chemical compositions obtained by given energy-dispersive X-ray 
analysis (EDX) or inductively coupled plasma – optical emission spec
trometry (ICP-OES) data in Table 1. It can be seen from the available 
data that there is no universal choice in concentration of doping ions, 
moreover, different methods are applied to biological studies. So, it is 
rather difficult to compare the properties of the different compounds. 
Furthermore, the studies of such substitutions are not always carried 
out, taking into account the crystal chemical consideration of the β-TCP 
structure and the maximum structure capacity to the substitutions of 
various divalent ions. Most often, researchers overestimate the possible 
limits of calcium substitution for other cations in the β-TCP structure 
(Table 1). The limits of Ca2+ substitution by Zn2+, Cu2+, Mn2+, and Sr2+

using crystal chemistry and previously published data are substantiated 
in the Discussion. We also provide our comments on the limit compo
sitions of solid solutions and the expected phase composition along with 
the analysis of the reference data on the properties of substituted tri
calcium phosphates (Table 1). 

To the best of our knowledge, there are no studies on co-doping 
Cu2+/Zn2+ or Sr2+/Mn2+ in the β-TCP structure. Also, there were no 
yet provided antimicrobial activity study on Cu2+/Sr2+ co-doping 
β-TCP. The comparative data on the effect of Ca2+/Cu2+, Cu2+/Zn2+, 
Cu2+/Sr2+, and Sr2+/Mn2+ co-doping ions on the bioactive properties of 
solid solutions with the β-TCP structure are presented in this work for 
the first time. 

2. Experimental 

2.1. Sample preparation 

To evaluate the antimicrobial activity of different compositions the 
following substituted and co-substituted samples were prepared: β-TCP 
(1), β-TCP-Cu (2), β-TCP-Cu + Zn (3), β-TCP-Cu + Sr (4) and β-TCP-Mn 
+ Sr (5) (Table 2). The samples (1)–(5) (Table 2) were synthesized using 
a high temperature solid-state reaction. The initial reagents of «analyt
ical grade » purity were used: CaO freshly calcined at 900 ◦C, Cu(NO3)2, 
Mn(NO3)2, Zn(NO3)2, Sr(NO3)2 and (NH4)2HPO4 purchased from Sigma- 
Aldrich. The quantities of the initial reagents were calculated according 
to equations (1)–(3).  

3CaO +2(NH4)2HPO4 → Ca3(PO4)2 + 4NH3 +3H2O                           (1)  

2.5CaO + 0.5Cu(NO3)2 +2(NH4)2HPO4 →                                                

Ca2.5Cu0.5(PO4)2 + 3.6NH3 +3.9NO2 + 3.2H2O                                  (2)  

2.8CaO + 0.1 M(NO3)2 + 0.1 M′(NO3)2 + 2(NH4)2HPO4 →                        

Ca2.8М0.1M′
0.1(PO4)2 +4NH3↑ + 0.4NO2↑ + 3H2O↑                            (3) 

Where М – Cu2+ or Mn2+, and M′ – Zn2+; Sr2+. 
After sintering, the samples (1)–(5) were calcinated at 1200 ◦C (the 

duration of the heat treatment was 4 h). 

2.2. Experimental description 

Powder X-ray diffraction (PXRD) data were collected on a Thermo 
ARL X’TRA powder diffractometer (Bragg–Brentano geometry, Scintil
lator detector, CuKα radiation, λ = 1.5418 Å, Thermo Fisher Scientific, 
Waltham MA, USA). PXRD data were collected at room temperature 
over 2θ range between 5◦ and 65◦ with a step interval of 0.02◦. The 
phase analysis was performed applying Crystallographica Search-March 
program (version 2.0.3.1) and JCPDS PDF-2 database. The quantitative 
phase analysis was done by means of the Rietveld method and 
JANA2006 software [30]. Crystallographic data, including the space 
group (SG) and unit cell parameters, were used as initial parameters 
along with the atomic coordinates of β-Ca3(PO4)2, Ca3Cu3(PO4)4, 
Zn3(PO4)2 and Ca2P2O7. The background was refined with a 
fifteenth-order polynomial. The peak profile was refined by a modified 
Pseudo-Voigt function. The unit cell parameters were refined, whereas 
the atomic coordinates were not. After the last refinement, a good 
agreement was observed between the experimentally obtained and the 
calculated PXRD patterns. 

The Fourier-transform infrared (FT-IR) absorption spectra of the 
synthesized compounds in middle IR were obtained on FSM 1201 FTIR 
spectrometer in the wavenumber region 4000–400 cm− 1 with the 
spectral resolution better than 2 cm− 1 using a standard KBr disk tech
nique. The IR attenuated total reflection (ATR) spectra in the far- 
infrared region were registered using Bruker IFS 125HR Fourier spec
trometer with ATR module. A powdered sample was put on a diamond 
crystal of ATR module, and then pressed it. The spectral resolution was 
2 cm− 1. 

Scanning electron microscopy (SEM) observations were performed 
using a Tescan VEGA3 scanning electron microscope equipped with an 
Oxford Instruments X-Max 50 silicon drift energy-dispersive X-ray 
spectrometry (EDXs) system with AZtec and INCA software. Samples 
were coated with a thin layer of carbon for SEM examinations. SEM 
images were acquired using secondary electron (SE) imaging and 
backscattered electron (BSE) imaging technique. The local cation 
composition of disk fragments was determined by SEM-EDX. The EDX 
analysis results were based on the MgK, ZnK, SrK, MnK, CaK and PK edge 
lines. The oxygen content was not quantified by EDX. 

Antibacterial activities of all as-synthesized samples (1)–(5) 
(Table 2) were examined. To evaluate the antimicrobial activity the 
samples were autoclaved at 121 ◦C for 20 min at a pressure of 1.1 bar. 
The powder was diluted 1:1000 (w/v) in BHI broth (Brain Heart Infu
sion, DIFCO, Sparks, USA). The effect of each compound was evaluated 
towards the growth of 5 different microorganisms 4 bacteria (S. aureus, 
P. aeruginosa, E. coli and E. faecalis) and 1 fungus (C. albicans). The 
experiment was performed by growing the microorganisms in the 
presence of the different compounds, in slow stirring, the bacteria at 
37 ◦C, while the fungus at 24 ◦C. After 24 h, the growth of the micro
organisms was evaluated by reading with a Biophotometer D30 
(Eppendorf, Hamburg, Germany) the OD600nm of the microorganism 
growth medium. The experiment was carried out in triplicate and the 
results are expressed as the mean ± standard deviation (SD). 

3. Results and discussion 

3.1. PXRD study 

Fig. 1 shows parts of PXRD patterns of the as-prepared (1)–(5) 
samples. The analysis of the data is presented in Table 2. According to 
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Table 1 
Co-doped with different ions β-TCP structures and calculated expected and observed formula along with features of the crystal structure and physical or biological properties.  

Doping 
ions 

%, substitution Calculated Expected formula 
The limit compositions were calculated by us using 
crystallochemical and literature data on the limits 
of substitution of calcium for other cations 

Formula from the data (EDX or ICP-OS) Crystal structure features. 
Our comments are in italics font. 
х, y – concentration of the host or dopant ions, 
respectively, in CaxMy(PO4)2 

Physical or biological enhancement by doping 
ions 

Ref 

Sr2+/ 
Zn2+

From Sr2+:Zn2+

(1.20:1.20) mol% to 
Sr2+:Zn2+ (4.8 :4.8) 
mol% 

Ca2.688Sr0.156Zn0.156(PO4)2 

Ca1.752Sr0.624Zn0.624(PO4)2 

For some compositions, the substitution limit for 
Zn is violated. The limiting composition is 
described by the formula 
Ca0.428Sr2.286Zn0.286(PO4)2 

Ca2.693Sr0.153Zn0.154(PO4)2 

Ca1.756Sr0.625Zn0.619(PO4)2 

Decreasing of the unit cell parameters. 
Preferentially occupation in M4 (Sr2+) and 
M5 (Zn2+) sites from the Rietveld 
refinement. 
Compositions with x(Ca) < 2.571 and y 
(Zn2+)>0.286 (2.2 mol.%) must contain 
impurity phase 

The thermal stability of β-TCP was significantly 
improved by co-doping. 
Co-substituted β-TCP did not display better 
mineralization ability than pure β-TCP. 

[16] 

Sr2+/ 
Zn2+

1.0 wt% Sr2+ +0.25 
wt% Zn2+

Ca2.723Sr0.037Zn0.24(PO4)2 

The limiting composition is not violated. 
The limiting composition is described by the 
formula 
Ca0.428Sr2.286Zn0.286(PO4)2 

Not provided Decreasing of the unit cell parameters. 
substitution results in the higher density. 
The composition expected to be single-phase. 

Co-doping influences on the grain size of the 
crystallites and the samples have higher 
crystallinity. 
Insignificant effect on initial cell attachment was 
detected. However, the formation of osteoclast- 
like-cells was noticed after 8 days of culture on all 
co-doped β-TCP substrates. 

[17] 

Sr2+/ 
Mg2+

From Sr2+:Mg2+

(2.00:2.00) mol% to 
Sr2+:Mg2+

(4.00:4.00) mol% 

Ca2.88Sr0.06Mg0.06(PO4)2 

Ca2.76Sr0.12Mg0.12(PO4)2 

The limiting composition is not violated. 
The limiting composition is described by the 
formula 
Ca0.428Sr2.286Mg0.286(PO4)2 

Ca2.86Sr0.06Mg0.08(PO4)2 

Ca2.77Sr0.11Mg0.12(PO4)2 

Decreasing of the unit cell parameters. 
The co-doped compositions expected to be 
single-phase. 

Co-doping increases the β→α-TCP transition 
temperature. 
The samples have higher densification rate. 
The reduction of the grain sizes as well as the 
more homogenous grain size distributions was 
detected. 

[18] 

Sr2+/ 
Cu2+

From Sr2+:Cu2+

(0.63:0.63) mol% to 
Sr2+:Cu2+

(2.52:2.52) mol% 

Ca2.836Sr0.082Cu0.082(PO4)2 

Ca2.345Sr0.328Cu0.328(PO4)2 

For some compositions, the substitution limit for 
Cu is violated. The limiting composition is 
described by the formula 
Ca0.428Sr2.286Cu0.286(PO4)2 

Ca2.844Sr0.077Cu0.079(PO4)2 

Ca2.337Sr0.329Cu0.334(PO4)2 

Decreasing of the unit cell parameters. 
Preferentially occupation in M4 (Sr2+) and 
M5 (Cu2+) sites from the Rietveld 
refinement. 
Compositions with x(Ca) < 2.571 and y 
(Cu2+)>0.286 (2.2 mol.%) must contain 
impurity phase. 

The deposition of the co-doped samples on the 
titanium alloy and heating up to 1000 ◦C resulted 
in no phase changes and the uniform deposition in 
the coating confirmed by the Rietveld refinement. 

[19] 

Mg2+/ 
Cu2+

From Mg2+/Cu2+

(0.63:0.63) mol% to 
Mg2+/Cu2+

(2.52:2.52) mol% 

Ca2.836Mg0.082Cu0.082(PO4)2 

Ca2.345Mg0.328Cu0.328(PO4)2 

For some compositions, the substitution limit for 
(Cu2++Mg2+) is violated. The limiting 
composition is described by the formula 
Ca2.714(Mg,Cu)0.286(PO4)2 

Ca2.84Mg0.085Cu0.075(PO4)2 

Ca2.324Mg0.334Cu0.342(PO4)2 

Decreasing of the unit cell parameters 
The occupation in the M5 site (Mg2+ +

Cu2+). 
Compositions with x(Ca2+) < 2.571 and y 
(Cu2++Mg2+)>0.286 
(2.2 mol.%) must contain impurity phase. 

Co-existence of the ions in the structure facilitated 
the contact of Cu2+ ions with the cell wall and 
thus enabling their damaging effect to the 
bacterial cell. 
The effect of the antimicrobial activity was tested 
on S. aureus and E. coli and it was rising with the 
increasing of the concentration of Mg2+/Cu2+

The hemolysis rate of less than 5% was 
determined. 

[20] 

Mg2+/ 
Mn2+, 
Zn2+

and 
Fe3+

10 mol% Mg2+ +1 
mol% of Mn2⁺, up to 
3.75 mol% of Zn2⁺ 
and more than 2 mol 
% of Fe3⁺ 

Ca2.535Mg0.3Mn0.14(FeZn)0.01(PO4)2 

Ca2.525Mg0.3(MnFeZn)0.05(PO4)2 

Ca2.515Mg0.3(MnFe)0.07Zn0.01(PO4)2 

For studied compositions, the substitution limit for 
dopant ions is violated. The samples expected to 
contain impurities. 

Ca2.87Mg0.09(MnFe)0.04Zn0.05P2O2.78 

Ca3Mg0.09(MnFe)0.02Zn0.03P2O2.6 

Ca3.04Mg0.09(MnFe)0.02Zn0.05P2O2.6 

The stoichiometry is violated in the 
calculated formulas from the EDX data 

Formation of β-TCP and hydroxyapatite as 
the main crystalline phases. 
Compositions with x(Ca2+) < 2.571 and y 
(Mg2++Mn2++Zn2++Fe2+)>0.286 must 
contain impurity phase. 

Improving of the mechanical properties due to 
dense microstructure and good defined grain 
boundaries along with the absence of a cytotoxic 
effect was detected in the co-doped samples. 

[21] 

Zn2+/ 
Fe3+

From Zn2+:Fe3+

(1:1) mol% 
To Zn2+:Fe3+ (5:5) 
mol% 

Ca2.94Zn0.03Fe0.03(PO4)2 

Ca2.70Zn0.15Fe0.15(PO4)2 

For the composition (Zn2+:Fe3+) (5:5) mol% 
substitution limit is violated. The limiting 
composition is described by the formula 
Ca2.643(Zn + Fe)0.286(PO4)2 

Ca2.94Zn0.03Fe0.03(PO4)2 

Ca2.70Zn0.16Fe0.14(PO4)2 

The occupation in the M5 site (Fe3+ + Zn2+) 
confirmed by the Rietveld refinement. 
Compositions with x(Ca2+) < 2.571 and y 
(Zn2++Fe2+)>0.286 must contain impurity 
phase. The limit of β-TCP structure formation 
at x(Zn2++Fe2+)<5 mol% of dopant ions. 

The cytotoxicity study revealed non-toxic nature 
of the co-doped samples by in vivo assay using 
zebrafish (Danio rerio). 

[22] 

Zn2+/Ag+ Zn2+/Ag+

(2.87:2.87) mol% 
Ca2.44Zn0.373Ag0.373(PO4)2 

The substitution limit is violated. The limiting 
Ca2.21Zn0.26Ag0.36(PO4)2 The PXRD study recognized all the samples 

as single β-TCP phase. 
Smooth spherical morphology was 

The study shows the 99.8% inhibition of E. Coli 
growth in the co-doped sample while in the single- 
doped Ca2.5Ag0.38(PO4)2 and Ca2.32Ag0.75(PO4)2 

[23] 

(continued on next page) 
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Table 1 (continued ) 

Doping 
ions 

%, substitution Calculated Expected formula 
The limit compositions were calculated by us using 
crystallochemical and literature data on the limits 
of substitution of calcium for other cations 

Formula from the data (EDX or ICP-OS) Crystal structure features. 
Our comments are in italics font. 
х, y – concentration of the host or dopant ions, 
respectively, in CaxMy(PO4)2 

Physical or biological enhancement by doping 
ions 

Ref 

composition is described by the formula 
Ca2.571Zn0.286Ag0.286(PO4)2 

confirmed by TEM method. 
The co-doped sample with x(Ca2+) < 2.571, y 
(Zn2+) >0.286 and y(Ag) > 0.286 contains 
the impurity phase. 

phosphates the 82.5% and 99.9%, respectively, 
inhibition was revealed. 

Ag+/Zn2+

Ag+/ 
Cu2+

Ag+:Zn2+ (9.09:15) 
mol.% 
Ag+:Cu2+ (9.09:15) 
mol.% 

Ca2.42Ag0.27Zn0.45(PO4)2 

Ca2.42Ag0.27Cu0.45(PO4)2 

The substitution limit by Zn2+ and Cu2+ ions is 
violated. The limiting composition is described by 
the formula 
Ca2.571Zn0.286Ag0.286(PO4)2 

Ca2.571Cu0.286Ag0.286(PO4)2 

Not provided The limit of β-TCP structure formation at 
9.09 mol.% of dopant ions 
(Ca2.60Ag0.27Zn0.27(PO4)2 or 
Ca2.60Ag0.27Cu0.27(PO4)2) revealed by 
PXRD. 
At 12 mol.% the impurity Ca3Cu3(PO4)4 was 
detected. 
The co-doping ions Cu2+ and Zn2+ occupy 
the Ca5 site. 
Decreasing of the unit cell parameters up to 
9.09 mol.% 
The leaching concentrations of Ag+ ions 
were decreasing with the rising of co-doping 
ions content. 
The appearance of the impurity phase 
corresponding to excess the substitution limit x 
(Zn2+)≤ 0.286, x(Cu2+) ≤0.286 and y(Ag+) 
≤0.286. 

The increase of the antimicrobial activity with the 
amount of divalent metal ions Cu2+ and Zn2+

were tested on E. coli and S. aureus. 
Ag+/Zn2+ and Ag+/Cu2+ co-substitutions display 
low cytotoxicity. 

[24] 

Dy3+/ 
Gd3+

From Dy3+:Gd3+

(1.09:1.12) mol.% 
To Dy3+:Gd3+

(4.38:4.42) mol.% 

Not provided 
For some compositions, the substitution limit for 
(Dy3++Gd3+) is violated. The limiting 
composition is described by the formula 
Ca2.571(Dy + Gd)0.286(PO4)2 

Ca2.568Dy0.142Gd0.146(PO4)2 

Ca1.284Dy0.569Gd0.575(PO4)2 

The substitution limit of ~4.35 mol% was 
found. The excess of Dy3+/Gd3+ ions leads 
to formation of DyPO4 and GdPO4 phases 
Compositions with x(Ca) < 2.571 and y 
(Dy3++Gd3+)>0.286 must contain impurity 
phase. 

The photoluminescence properties were 
improved due to effective energy transfer process. 
The cell viability and in vitro imaging revealing 
that Gd3+ and Dy3+ co-substituted β-Ca3(PO4)2 

did not have a significant cytotoxic effect, making 
them a potential candidate for optical imaging 
and MRI and CT agents 

[25] 

Mn2+/ 
Ni2+

Mn2+:Ni2+

(0.45:0.90) mol.% 
Mn2+:Ni2+

(0.90:0.45) mol.% 

Ca2.825Mn0.059Ni0.117(PO4)2 

Ca2.825Mn0.117Ni0.059(PO4)2. 
The limiting composition is not violated. 
The limiting composition is described by the 
formula 
Ca2.714(Mn + Ni)0.286(PO4)2 

Ca2.825Mn0.113Ni0.037(PO4)2 

Ca2.765Mn0.057Ni0.106(PO4)2 

The impurity HAP phase was detected 
according to PXRD data. 
The co-doped samples with x(Mn2++Ni2+)≤
0.286 expected to be single-phase. The presence 
of HAP is related to the synthesis conditions. 

Co-doped samples did not possess effective 
antimicrobial activity against E. coli, P. aeruginosa, 
S. aureus, E. faecalis, C. albicans, C. tropicalis. 
The bone regeneration was superior in 
Ca2.825Mn0.059Ni0.117(PO4)2 than in 
Ca2.825Mn0.117Ni0.059(PO4)2. 

[26] 

Ni2+/ 
Fe3+

From Ni2+:Fe3+

(1.25: 1.25) mol.% 
to Ni2+:Fe3+ (6.25 : 
6.25) mol. % 

Ca2.905Ni0.038Fe0.038(PO4)2 

Ca2.530Ni0.188Fe0.188(PO4)2 

For all compositions, the substitution limit for 
(Ni2++Fe3+) is violated. The limiting composition 
is described by the formula 
Ca2.643(Ni + Fe)0.286(PO4)2 

Ca2.906Ni0.037Fe0.038(PO4)2 

Ca2.535Ni0.183Fe0.188(PO4)2 

The full occupation of the M5 site and partly 
occupation of the M4 site by (Fe3+ + Ni2+) 
ions was confirmed by the Rietveld 
refinement. 
The decreasing of the unit cell parameters. 
The co-doped samples with x(Ca2+) < 2.571 
and y(Ni2++Fe3+)>0.286 must contain 
impurity phase. 
The impurity phases were detected in all 
samples. 

Superior magnetic features and pronounced 
hyperthermia effect was detected. 
Fe3+/Ni2+ co-substitutions display negligible 
toxicity. 

[27] 

Fe3+/ 
Co2+

From Fe3+:Co2+

(1.25: 1.25) mol.% 
to Fe3+:Co2+ (6.25 : 
6.25) mol. % 

Ca2.905Co0.038Fe0.038(PO4)2 

Ca2.530Co0.188Fe0.188(PO4)2 

For all compositions, the substitution limit for 
(Co2++Fe3+) is violated. The limiting composition 
is described by the formula 
Ca2.643(Co + Fe)0.286(PO4)2 

Ca2.906Co0.037Fe0.038(PO4)2 

Ca2.529Co0.188Fe0.189(PO4)2 

The full occupation of the M5 site and partly 
occupation of the M4 site by (Fe3+ + Co2+) 
ions was confirmed by the Rietveld 
refinement. 
The decreasing of the unit cell parameters. 
The co-doped samples with x(Ca2+) < 2.571 
and y(Co2++Fe3+)>0.286 must contain 

The study shows the inhibition of E. Coli S. aureus 
growth. 
A hemolytic rate <5% was observed for all 
investigated compositions. 

[28] 

(continued on next page) 
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PXRD phase analysis, compositions (1) and (4) were single-phase. Their 
PXRD patterns contain reflections belonging only to the β-Ca3(PO4)2- 
type structure [31]. PXRD patterns of compositions (2), (3) and (5) also 
contain Zn3(PO4)2, Ca3Cu3(PO4)4 or Ca2P2O7 impurity phases (Table 1) 
in addition to β-Ca3(PO4)2 reflections. To estimate the quantity of phases 
in (2), (3) and (4) samples, it was assumed:  

1) in Ca3–xZnx(PO4)2 [32], Ca3–xCux(PO4)2 [33] and Ca3–xSrx(PO4)2 
[34] the solid solutions are formed with the maximum possible 
concentration of Zn2+, Cu2+ and Sr2+, respectively, or Zn2++Cu2+, 
Cu2++Sr2+ and Mn2++Sr2+, respectively; 

2) these solid solutions have the β-Ca3(PO4)2-type structure. The for
mulas for limit compositions in Table 2 are marked in bold. It should 
be noted that samples (3) and (4) contained very small amounts of 
impurity phases (≤3.2% (w)). Such quantities of impurities should 
not significantly effect on the antimicrobial activity. 

The obtained results of the quantitative phase analysis are in a good 
agreement with the FT-IR data (see below). The unit cell parameters and 
volume (Table 2) of the as-synthesized samples directly depend on the 
radii of the introduced ions. These parameters for β-TCP and β-TCP-Cu 
are comparable with the results reported previously on pure β-TCP [35] 
and Cu-doped β-TCP phosphate Ca9Cu1.5(PO4)7 [33], respectively. The 
substitution Ca2+ → Cu2+ led to noticeable decreasing of the unit cell 
parameters, according to smaller ionic radius of Cu2+ (rVI = 0.73 Å) 
compared to Ca2+ (rVI = 0.73 Å) [36] (Table 2). Further, β-TCP-Cu 
sample can serve as a reference for evaluating the changes of the unit cell 
parameters for co-doped samples. The impurity Ca3Cu3(PO4)4 phase was 
taken into account during the Le Bail decomposition. Therefore, it does 
not contribute or distort on the refined parameters for β-TCP-Cu. In 
β-TCP-Cu+Zn the unit cell parameters are similar to β-TCP-Cu since the 
ionic radius of Zn2+ (rVI = 0.74 Å) is very close to Cu2+. According to 
Ref. [20], the ions with small ionic radii can be only located jointly in the 
octahedral M5 site of the β-TCP structure (see Fig. 6 below). The limit of 
the β-TCP structure formation in Ca3-xMx(PO4)2 was found to be x ≤
0.429 (or x ≤ 1 in Ca10.5-xMx(PO4)2, when Z = 6) (Table 1). In 
β-TCP-Cu+Zn the substitution limit for (Cu2++Zn2+) was violated. So, 
the excess of Zn2+ ions formed the impurity Zn3(PO4)2 phase (Table 2). 

The noticeable increasing of the unit cell parameters was found in 
β-TCP-Cu+Sr sample (Table 2). According to Ref. [19], the preferential 
occupation of Sr2+ ions is in the M4 site, while Cu2+ ions are located in 
the M5 site. The incorporation of Sr2+ ions results in the enlargement of 
the coordination polyhedra, and leads to growth of the unit cell. This 
enlargement along with the absence of competition in occupation of the 
M5 site, avoids carrying out co-substitutions to a greater extent. This fact 
is confirmed by the absence of impurities in β-TCP-Cu+Sr sample. The 
co-doping was performed up to 8.3 mol.% of each Cu2+ and Sr2+ ions 
(Table 2). 

The difference in the ionic radii value of Mn2+ (rVI = 0.84 Å) [36] 
and Cu2+ results in the enlargement of the unit cell parameters in 
β-TCP-Mn+Sr in comparison with β-TCP-Cu+Sr (Table 2). In this case, 
the co-doping of Mn2+ along with Sr2+ ions allows to obtain β-TCP 
structure without of impurities of different phosphate phases. 

3.2. SEM observations 

SEM images of the as-synthesized samples are shown in Fig. 2. The 
shape and the morphology of the particles are close to each other. The 
decreasing trend of the particles size in the co-doped samples can be seen 
in comparison with single doped β-TCP-Cu (Fig. 2). An EDX analysis of 
the samples was used to confirm the chemical composition and the 
presence of Cu2+/Sr2+/Mn2+/Zn2+ ions in the solid solutions. The 
measurements were performed for 8 points of each crystallite sample. 
Using EDX, the Ca : Cu: Sr : Mn : Zn : P ratios have been obtained which 
were close to the expected bulk composition. The results of EDX analysis 
are shown in Table 3 as the obtained chemical compositions along with Ta
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the expected. Fig. 3 shows the enlarged SEM images (at 10 μm resolu
tion) of the particles. The excess of the ionic species Cu2+ and Zn2+

concentration deposits at the surface of the larger particles along with 
the isthmuses between them. 

3.3. FT-IR spectroscopy 

The FT-IR spectra of the synthesized samples are shown in Fig. 4. 
Infrared spectroscopy is a useful tool for the rapid evaluation of the 
resulting phase mixtures. It allows to reveal pyrophosphate phases, 
admixture and the presence of HAP or Ca(OH)2 OH-group. However, if 
the mixture consists of different orthophosphates, for example β-TCP, 
apatite, Cu3(PO4)2 or Zn3(PO4)2, the overlapping both in stretching and 
in bending vibrations of PO4

3− units takes place, and the phase identifi
cation on IR spectroscopy data is difficult or even impossible. 

Four spectra of the samples synthesized using high temperature 
solid-state reactions are very similar due to the predominance of β-TCP 
phase (Fig. 4). However, one of them (β-TCP-Cu+Sr) corresponds to 
pure β-TCP phase [5] and the other three spectra contain weak bands of 
Ca2P2O7. The bands of νs P – O – P bridges are located at different 
wavenumbers for β-TCP-Mn+Sr (752 cm− 1) and for β-TCP-Cu+Zn (729 
cm− 1). This may indicate different modifications of the calcium pyro
phosphate Ca2P2O7 as an admixture: α-Ca2P2O7 in β-TCP-Mn+Sr and 
β-Ca2P2O7 in β-TCP-Cu+Zn [37]. 

Compared with the spectrum of the co-doped samples, the IR spec
trum of β-TCP-Cu does not contain the bands of pyrophosphates. The 
bands of small admixture of Ca3Cu3(PO4)2 the fully overlapped by β-TCP 
bands and could not be revealed in IR spectrum. It should be noted that 
IR spectrum and quantitative X-ray analysis confirm the presence of 
Ca2P2O7 in β-TCP-Cu+Zn and β-TCP-Mn+Sr samples. 

The region 4000–1300 cm− 1 are free of absorption bands, which 
means the absence of any H2O molecules or OH− groups in crystal 
structures of mixed phases. 

3.4. Antibacterial activity study 

The obtained experimental data show that the incorporation of Cu2+, 
Zn2+, Mn2+ and Sr2+ ions into the β-Ca3(PO4)2 structure always inhibits 
the growth of various organisms. The growth (%) and growth inhibition 
(%) of each microorganism with respect to the different compositions of 
compounds are detailed in Table 4 and Fig. 5. 

4. Discussion 

For understanding the obtained biological properties, it is advisable 
to consider the crystal chemical features of calcium substitution for 
divalent ions during the formation of solid solutions with β-TCP-type 
structure. In the β-Ca3(PO4)2 structure (space group (SG), R3c, Z = 21), 
Ca2+ ions occupy five crystallographic sites M1, M2, M3, M4 and M5 
[31]. Eight-fold M1, M2, M3 and six-fold M5 positions are completely 
occupied by Ca2+ cations. The six-fold M4 site is half occupied by Ca2+

cations. Taking these structural features into account, the crystal 
chemical formula of the β-Ca3(PO4)2 structure can be written as follows: 
Са(1)3Са(2)3Са(3)3Са(4)0.5□(4)0.5Са(5)□(6)(РО4)7 (Z = 6). The struc
ture is built up by two columns ….-PO4-Ca(4)-Ca(5)-□(6)-PO4- … (type 
A column) and ….-PO4-Ca(1)-Ca(3)-Ca(2)-PO4- …. (type B column). 
Columns A and B form two layers (Fig. 6). 

One of the layers is built only from columns of type B (Fig. 6a) and in 
the second layer – columns A and B alternate (Fig. 6b). Calcium cations 
in the M1, M2 and M3 sites have eight oxygen atoms each in the nearest 
environment (Fig. 7) with an average distance d<Ca–O> = 2.505 Å, 2.486 
Å and 2.536 Å, respectively. Fig. 7 include the average distances in the 
M1-M3 polyhedra for β-Ca3(PO4)2 [35] Ca9.5Cu(PO4)7 [38], 
Ca9.615Mn0.885(PO4)7 [39] and Ca9Cu1.5(PO4)7 [33] structures. In the 
M4 position, the Ca2+ ion has three oxygen atoms in the nearest envi
ronment at a distance of 2.538 Å. Other oxygen atoms are removed (dCa 

(4)–O = 3.041 Å and 3.222 Å) (Fig. 8). 
In the M5 position, the Ca2+ ion has an octahedral environment with 

d<Ca(5)–O> = 2.263 Å (Fig. 8). In this octahedra, the Ca–O distance is less 
than the sum of the ionic radii [36] of calcium and oxygen (1.00 Å 
(rVICa2+) + 1.40 Å (rVIO2− ) = 2.4 Å), which creates the stress in the 
structure. When Ca2+ (rVI = 1.00 Å) is replaced by an ion with a smaller 
radius, for example, Cu2+ (rVI = 0.73 Å), the stress in the structure can be 
removed, and the structure becomes more stable. The M5–O distances in 
structures with Cu2+ and Mn2+ decrease (Fig. 8). The M4–O distances in 
Ca9.5Cu(PO4)7 [38] and Ca9.615Mn0.885(PO4)7 [39] structures also 

Table 2 
Initial mixtures, refined phase composition and results of the quantitative phase analysis for prepared samples.  

N◦ Abbreviation Composition of initial mixture Refined Phase composition wt% (JANA 2006) a, Å c, Å V, Å3 

1 β-TCP β-Ca3(PO4)2 β-Ca3(PO4)2 100 10.439(1) 37.395(5) 3526.1(2) 
2 β-TCP-Cu Ca2.5Cu0.5(PO4)2 Ca2.571Cu0.429(PO4)2 

Ca3Cu3(PO4)4 

97 
3 

10.334(9) 37.141(7) 3434.4(3) 

3 β-TCP-Cu+Zn Ca2.5Cu0.25Zn0.25(PO4)2 Ca2.571Cu0.257Zn0.172(PO4)2 

Zn3(PO4)2 

Ca2P2O7 

96.4 
2.6 
1 

10.337(6) 37.189(8) 3442.1(5) 

4 β-TCP-Cu+Sr Ca2.5Cu0.25Sr0.25(PO4)2 Ca2.5Cu0.25Sr0.25(PO4)2 100 10.347(9) 37.271(7) 3449.5(2) 
5 β-TCP- Mn+Sr Ca2.5Mn0.25Sr0.25(PO4)2 Ca2.5Mn0.25Sr0.25(PO4)2 

Ca2P2O7 

99 
1 

10.355(2) 37.284(3) 3455.7(8) 

*- phase with the β-Ca3(PO4)2-type structure are marked in bold. 

Fig. 1. PXRD patterns of β-TCP-Cu, β-TCP-Cu+Zn, β-TCP-Cu+Sr and β-TCP- 
Mn+Sr samples along with PDF#2 70–2065 card (β-Ca3(PO4)2). The asterisks 
mark the impurity Ca2P2O7, Ca3Cu3(PO4)4 and Zn3(PO4)2 phases. 
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decrease in contrast to Ca9Cu1.5(PO4)7 [33] (Fig. 8). 
The Ca2+ → Cu2+ substitution in the β-Ca3(PO4)2 structure [31] re

sults in the formation of Ca10.5–xCux(PO4)7 solid solutions [33,40,41]. 
Nord [41] has found that solid solutions exist in the range of composi
tions with 0 ≤ х ≤ 1.25. Belik et al. [33] showed that solid solutions are 
formed in 0 ≤ х ≤ 1.5 range. Romdhane et al. [42] investigated solid 
solutions Ca10.5–xCux(PO4)7 only in 0 ≤ х ≤ 1 composition range. The 
distribution of Cu2+ ions over the crystallographic sites in the 
β-Ca3(PO4)2 structure (Z = 21, SG R3c) [31] (β-Ca10.5(PO4)7, Z = 6) was 
studied by UV-VIS and EPR [40,42] methods, single Rietveld [33,38,43] 
refinement, and Rietveld and EPR [44] methods. Romdhane et al. [42] 
suggested that Cu2+ ions are located in the M3 sites. The catalytic ac
tivity study of Ca10.5–xCux(PO4)7 (0 ≤ х ≤ 1) [40] suggested that Cu2+

ions occupy two sites: M4 and M5 in the β-Ca3(PO4)2 structure. In this 
case, the Cu2+ ions in the M4 positions play the main role in catalytic 

processes. According to structural studies of Ca9.5Cu(PO4)7 (sintered at 
973 – l173 K with subsequent slow cooling), Cu2+ ions are completely 
located in the M5 sites [17,24]. When Ca9.5Cu(PO4)7 was quenched from 
1173 K into the air, a different distribution of Cu2+ was observed [33]. In 
this case, M5 sites are occupied by 0.79Cu2+ + 0.21Ca2+. The remaining 
amount of Cu2+ ions are located in the M4 sites. Yanov [44] et al. also 
have noted the presence of impurity amounts of Cu2+ in the M4 positions 
in Ca10Cu+(PO4)7. It follows from the above data that the location of 
Cu2+ ions in the β-Ca3(PO4)2 structure depends significantly both on the 
preparation method and on the Cu2+ concentration in the sample. 

Taking into account the crystal-chemical features of the β-Ca3(PO4)2- 
type structure, it can be expected that Cu2+ will replace Ca2+ in the M5 
sites upon Ca2+ → Cu2+ substitution in Ca10.5–xCux(PO4)7 (0 ≤ х ≤ 1). 
Such substitution corresponds to the crystal chemical formula Ca(1)3Ca 
(2)3Ca(3)3Ca(4)0.5□(4)0.5Ca(5)1–xCu(5)x(PO4)7. The limit composition 

Fig. 2. SEM images of β-TCP-Cu, β-TCP-Cu+Zn, β-TCP-Cu+Sr and β-TCP-Mn+Sr samples.  

Table 3 
Chemical composition of the synthesized samples obtained by EDX data. The values are given with a relative error of 0.05%.  

Abbreviation Formula of initial 
mixture 

Nominal 
Dopant(s)/(Ca 
+ dopant(s)) 
(percentage) 

Calculated formula from EDX 
data 

EDX 
Dopant(s)/(Ca 
+ dopant(s)) 
(percentage) 

EDX (Ca2+ +dopant (s))/P, 
(molar ratio) 

β-TCP β-Ca3(PO4)2 0 Ca2.99(PO4)2  1.495 
β-TCP-Cu Ca2.5Cu0.5(PO4)2 16.7 mol.% Ca2.61Cu0.39(PO4)2 13 mol.% 1.5 
β-TCP- 

Cu+Zn 
Ca2.5Cu0.25Zn0.25(PO4)2 8.3 mol.% Cu2+ and 8.3 mol. 

% Zn2+
Ca2.23Cu0.31Zn0.35(PO4)2 10.3 mol.% Cu2+ and 11.7 

mol.% Zn2+
1.445 

β-TCP-Cu+Sr Ca2.5Cu0.25Sr0.25(PO4)2 8.3 mol.% Cu2+ and 8.3 mol. 
% Sr2+

Ca2.40Cu0.27Sr0.24(PO4)2 9 mol.% Cu2+ and 8 mol.% 
Sr2+

1.475 

β-TCP- 
Mn+Sr 

Ca2.5Mn0.25Sr0.25(PO4)2 8.3 mol.% Mn2+ and 8.3 mol. 
% Sr2+

Ca2.5Mn0.26Sr0.24(PO4)2 8.7 mol.% Mn2+ and 8 mol.% 
Sr2+

1.5  
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in Ca10.5–xCux(PO4)7 (x = 1) is described as Ca9.5Cu(PO4)7 
(Ca2.714Cu0.286(PO4)2). It was found that the Cu2+ ions are located in the 
M5 sites [38,43] in this composition. It can be assumed that Cu2+ occupy 
the M5 sites in Ca10.5–xCux(PO4)7 (0 ≤ х ≤ 1) as in Ca9.5Cu(PO4)7 
(Ca2.714Cu0.286(PO4)2) [38,43] since the X-ray diffraction characteristics 
(a, c, and V) vary linearly [33] in Ca10.5–xCux(PO4)7 at 0 ≤ х ≤ 1 (slow 
cooling to room temperature). However in Ca10.5–xCux(PO4)7 (0 ≤ х ≤ 1, 
quenching into air) Cu2+ occupy the M4 and M5 sites. 

In Ca10.5–xCux(PO4)7 in the range 1 ≤ х ≤ 1.5, the crystallographic 
characteristics also change linearly, however, with different trends 

compared to 0 ≤ х ≤ 1 compositions [33]. It is expected that Cu2+ ions 
occupy M4 and M5 sites at 1 ≤ х ≤ 1.5 Ca10.5–xCux(PO4)7 since it was 
approved in the limit composition Ca9Cu1.5(PO4)7 
(Ca2.571Cu0.429(PO4)2) [33]. The corresponding crystal chemical for
mula is Са(1)3Са(2)3Са(3)3Са(4)0.5-хCu(4)x□(4)0.5Са(5)1–хCu 
(5)x(РО4)7. Previously, using the Rietveld refinement it was shown that 

Fig. 3. SEM images β-TCP, β-TCP-Cu+Zn and β-TCP-Cu+Sr samples at 10 μm resolution.  

Fig. 4. FT-IR spectra of β-TCP, β-TCP-Cu, β-TCP-Cu+Zn, β-TCP-Cu+Sr and 
β-TCP-Mn+Sr samples, magenta asterisks – the bands belong to α- and/or 
β- Ca2P2O7. 

Table 4 
Antibacterial test performed on β-TCP, β-TCP-Cu, β-TCP-Cu+Zn, β-TCP-Cu+Sr 
and β-TCP-Mn+Sr. In this experiment, the different microorganisms were 
considered positive controls of the experiment. The table shows the OD 600 nm, 
the standard deviation, the % growth, and the % growth inhibition. The reported 
values are expressed as mean values ± standard deviation of 3 independent 
experiments.  

Samples OD 600 nm SD % growth % inhibition 

S. aureus 
CTR+ 0.87 0.02 100.0 0.0 
β-TCP 0.62 0.05 71.8 28.2 
β-TCP-Cu 0.46 0.04 52.9 47.1 
β-TCP-Cu+Zn 0.35 0.03 40.1 59.9 
β-TCP-Cu+Sr 0.07 0.02 8.1 92.0 
β-TCP-Mn+Sr 0.37 0.01 42.2 57.8 

P. aeruginosa 

CTR+ 0.85 0.03 100.0 0.0 
β-TCP 0.52 0.09 60.7 39.3 
β-TCP-Cu 0.41 0.02 47.8 52.2 
β-TCP-Cu+Zn 0.18 0.01 20.7 79.3 
β-TCP-Cu+Sr 0.04 0.02 4.5 95.5 
β-TCP-Mn+Sr 0.06 0.02 7.1 92.9 

E. coli 

CTR+ 1.03 0.17 100.0 0.0 
β-TCP 1.01 0.11 97.9 2.1 
β-TCP-Cu 0.74 0.11 72.3 27.7 
β-TCP-Cu+Zn 0.67 0.08 64.8 35.2 
β-TCP-Cu+Sr 0.36 0.01 35.2 64.9 
β-TCP-Mn+Sr 0.83 0.31 81.0 19.0 

E. faecalis 

CTR+ 0.53 0.07 100.0 0.0 
β-TCP 0.43 0.07 81.5 18.5 
β-TCP-Cu 0.33 0.01 62.8 37.2 
β-TCP-Cu+Zn 0.12 0.04 22.6 77.4 
β-TCP-Cu+Sr 0.02 0.01 3.7 96.3 
β-TCP-Mn+Sr 0.17 0.01 32.6 67.4 

C. albicans 

CTR+ 0.46 0.05 100.0 0.0 
β-TCP 0.39 0.06 85.8 14.2 
TCP-Cu 0.20 0.01 43.6 56.5 
β-TCP-Cu+Zn 0.23 0.05 49.1 50.9 
β-TCP-Cu+Sr 0.13 0.05 29.1 70.9 
β-TCP-Mn+Sr 0.27 0.06 58.1 41.9  
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M = Mn2+, Zn2+ ions in Ca9.5M(PO4)7 [45] completely occupy the Ca(5) 
octahedral sites, as in the analogous Cu2+-doped compounds. The phase 
diagrams studied in Ca3(PO4)2–Zn3(PO4)2 [46], ZnO–CaO–P2O5 [47] 
systems and in Ca3–xZnx(PO4)2 [32] solid solutions revealed that Ca9.5Zn 
(PO4)7 is the limit composition during the Ca2+ → Zn2+ replacement in 
β-Ca3(PO4)2. 

In the β-Ca3(PO4)2-type structure the manganese ions Mn2+ occupy 
the M5 sites in Ca9.615Mn0.885(PO4)7 [39] and Ca9.5Mn(PO4)7 
(Ca2.714Mn0.286(PO4)2) [48]. The existence limit of Ca3–xMnx(PO4)2 

solid solutions has not been established yet. Since Ca9.5Mn(PO4)7 
(Ca2.714Mn0.286(PO4)2) composition has been reliably characterized 
[48], it can be stated that Ca3–xMnx(PO4)2 solid solutions exist at 0 ≤ x 
≤ 0.286 range. 

The Ca2+ → Sr2+ substitution in Ca3–xSrx(PO4)2 solid solutions occurs 
in a wide range 0 ≤ x ≤ 2.286 with the formation of non
centrosymmetric phases (0 ≤ x ≤ 1.286, SG R3c), centrosymmetric 
phases (1.857 ≤ x ≤ 2.286, SG R3 m) and two-phase region (1.429 ≤ x ≤
1.714, SG R3c + R3 m) [34]. Non-centrosymmetric and centrosymmetric 
phases are very difficult to distinguish by X-ray diffraction due to the 
similarity of the PXRD patterns. For this reason, it can be assumed that 
solid solutions are formed for compositions with 0 ≤ x ≤ 2.286. How
ever, in the presence of anomalies in the properties of Ca3–xSrx(PO4)2 
solid solutions, their symmetry and the regions of existence of 
non-centrosymmetric and centrosymmetric phases must be taken into 
account. The distribution of Sr2+ ions over crystallographic sites was 
studied only for the following compositions Sr1.75Ca1.25(PO4)2:Eu2+

[49] and Ca2.87Sr0.13(PO4)2 [50]. It should be noted that in 
Sr1.75Ca1.25(PO4)2:Eu2+ [49], Sr2+ ions occupy the M1, M2, M3 and M4 
sites jointly with Ca2+ ions. Nevertheless, the distribution of Sr2+ in 
Ca2.87Sr0.13(PO4)2 [50] was determined incorrectly. The authors 
claimed the occupation of small octahedral M5 sites [50] by large Sr2+

ions with rVI = 1.18 Å [36] ionic radii. 
There are no reliable data on the distribution of Sr2+ ions over crystal 

sites in Ca3–xSrx(PO4)2 with the β-Ca3(PO4)2. However, such data are 
known for isostructural Ca3–xPbx(VO4)2 [51] solid solutions. Since the 
ionic radii of Sr2+ (rVIII = 1.26 Å) and Pb2+ (rVIII = 1.29 Å) differ 
insignificantly, it can be assumed that in Ca3–xSrx(PO4)2 and 
Ca3–xPbx(VO4)2 solid solutions, the distribution of Sr2+ and Pb2+

through the crystal sites will be similar. Taking this assumption into 
account, we can state that Sr2+ ions jointly with Ca2+ will occupy only 
M4 site in Ca3–xSrx(PO4)2 at 0 ≤ x ≤ 0.143. In the limit composition 
Ca2.857Sr0.143(PO4)2 the M4 sites are completely occupied by Sr2+. For 
compositions with x > 0.143, the Sr2+ ions will predominantly occupy 

Fig. 5. Study of the growth of S. aureus, P. aeruginosa, E. coli, E. faecalis, C. 
albicans at 37 ◦C for 24 h in the presence of β-TCP, β-TCP-Cu, β-TCP-Cu+Zn, 
β-TCP-Cu+Sr and β-TCP-Mn+Sr. The bacterium grown on its own represents 
the positive control of the experiment. The graph shows the mean values OD 
600 nm ± standard deviation of 3 independent experiments. 

Fig. 6. Projections of β-Ca3(PO4)2 structure along [210]: layers with only B columns (a); layers with A and B columns (b).  
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the M3 site and less amounts will be located in the M1 and M2 sites. The 
M4 site is half-occupied by Sr2+. In the case of strontium and copper 
co-doping in the β-Ca3(PO4)2 structure, it was shown that Cu2+ cations 
are located in the M5 sites, and Sr2+ cations occupy the M4 sites [19]. 

The incorporation of Sr2+ ions along with the divalent metal ions 
allows to extend the existence limit of a solid solution due to the 
enlargement of the unit cell. The unit cell parameters and volume of co- 
doped compounds directly depend on the radii of the incorporated ions. 

In Sr2+/Mn2+ and Sr2+/Cu2+ samples the single-phase compounds were 
observed at x = 0.25 in Ca3–2x(SrMˊ)x(PO4)2, Mˊ = Mn2+ or Cu2+ ac
cording to occupation of the different M4 and M5 sites in the structure 
by Sr2+ and Mˊ, respectively. According to the previous data [19,49–51] 
Sr2+ ions are located in M1–M4 sites in β-TCP. Moreover, with an in
crease in the Sr2+ concentration, the M4 sites are firstly populated 
(half-occupied), followed by the M1, M2 and M3 sites by Sr2+. The 
crystal chemical formula of β-TCP-Cu+Sr (Ca2.5Cu0.25Sr0.25(PO4)2 Z =

Fig. 7. Alternation of СаО8 polyhedra in the β-Ca3(PO4)2-type structure along with the average distances in the M1-M3 polyhedra for β-Ca3(PO4)2 [35] Ca9.5Cu(PO4)7 
[38], Ca9.615Mn0.885(PO4)7 [39] and Ca9Cu1.5(PO4)7 [33] structures. 

Fig. 8. Polyhedra of M4 and M5 sites in the β-Ca3(PO4)2-type structures.  
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21) can be shown as Са(1,2,3)8.625Sr(1,2,3)0.375Sr(4)0.5Cu0.875(5)С 
а0.125(5)(РО4)7 (Z = 6). Thus, in β-TCP-Cu+Sr the strontium ions are 
placed as 2.25Sr2+ (in each M1, M2, M3 sites) and 3Sr2+ (M4 sites), 
respectively. The occupancy (ai) of M5 is ai = 5.25Cu2+ + 0.75Ca2+. So, 
the absence of competition in the location in the crystal structure allows 
to incorporate higher concentrations of active antibacterial Cu2+ ions. 

It can be concluded that the Cu2+ cations location (M5 or M4 sites) 
depends on the treatment conditions and concentration of Cu2+ ions. 
The location of Sr2+ cations (M1, M2, M3 and M4) depends only on its 
concentration. The Zn2+ and Mn2+ cations in the studied compounds can 
occupy solely the M5 site. Earlier, structural factors and the preparation 
conditions of doped and co-doped phases with the β-Ca3(PO4)2-type 
structure were not taken into account during the antibacterial activity 
studies [33,34,38,44,49]. 

In the case of co-doping samples with small divalent ions, such as 
Zn2+, Mg2+, Cu2+, Mn2+, these ions are competing in the occupation of 
the octahedral M5 site, and the excess of the doping ions forms the 
impurities. This fact is responsible for the appearance of the impurity 
Zn3(PO4)2 phase in Zn2+/Cu2+ co-doped sample β-TCP-Cu-Zn. 

The combination (location) of two different ions in the M5 and M1, 
M2, M3 and M4 sites significantly booster the antibacterial properties. 
This is confirmed by the fact that the single-doped β-TCP-Cu sample 
exhibits one of the smallest inhibition activities among the investigated 
phosphates. The inhibition activity reaches 56.5% for C. albicans, while 
it was only 27.7% for E. coli. 

The co-doped phosphates exhibit enhanced antimicrobial properties 
with respect to the various microorganisms. The minimal growth of the 
bacteria and fungus was observed in all experiments using β-TCP-Cu+Sr. 
It should also be noted that this composition is single-phase, and the 
concentration of Cu2+ was the highest among co-doped samples. The 
increasing of antimicrobial activity in β-TCP-Cu+Sr is related to the 
incorporation of Sr2+ and stimulation of Cu2+ ions. It follows from the 
above analysis that substitution by Sr2+ into the M1–M4 positions 
noticeably affects antimicrobial activity. In addition, the combination of 
ions in the M5 and M1–M4 sites also has a significant effect on antimi
crobial properties. The combination (location) of Cu2++Sr2+ ions in the 
structure provides the highest antimicrobial activity. The inhibition rate 
of β-TCP-Cu+Sr reaches 92.0, 95.5, 64.9, 96.3, 70.9% on S. aureus, P. 
aeruginosa, E. coli, E. faecalis and C. albicans, respectively. 

The other phosphates show the selective character of their efficacy 
against individual microorganisms. Since the Zn2+ and Cu2+ ions are 
located in the same M5 sites in β-TCP their different antimicrobial ac
tivity apparently is related to their electronic structure. The best results 
were obtained for P. aeruginosa and E. faecalis with the inhibition rate at 
79.3% and 77.4%, respectively. Therefore, these results confirm the 
assumption that active dopant ions must be located in different crystal 
sites for providing higher antimicrobial activity. So, β-TCP-Cu+Sr in
hibits bacterial growth better than β-TCP-Cu+Zn. 

The composition β-TCP-Mn+Sr shows the least efficiently against 
microorganisms. The co-substitution by Mn2++Sr2+ ions into the β-TCP 
structure is accompanied by the appearance of the lowest antibacterial 
activity (excluding the bacterium P. aeruginosa) and reaches only 19.0%, 
41.9% and 57.8% on E. coli, C. albicans and S. aureus, respectively. The 
absence of significant antibacterial activity was previously observed in 
Mn2+-doped TCP compounds [26], however it can promote cell viability 
[52] and pre-osteoblastic proliferation and differentiation [53]. 

The antimicrobial activity of the ions is probably due to damage to 
the cytoplasmic membrane, the denaturation of proteins and damage to 
the DNA of the microorganisms. The exact mechanism of the activity of 
metal ions is still unknown, but the simultaneous presence of different 
ions generally increases antimicrobial activity due to the combination of 
actions. In fact, as evidenced by the experiments, the association of 
different ions had a stronger effect on the inhibition of the growth of 
microorganisms rather than single ions. 

5. Conclusions 

The substituted Ca2+/Cu2+, and co-substituted Cu2+/Zn2+, Cu2+/ 
Sr2+, and Sr2+/Mn2+ β-TCP-based phosphates have been synthesized 
and their antibacterial properties were studied. The X-ray diffraction 
studies show the formation of β-TCP-type structure as the main phase. 
The analysis of the chemical compositions in correlation with the 
structural features of the β-TCP structure has been done. It has been 
established that single phase Ca3-2x(MˊMˊˊ)x(PO4)2 solid solutions can be 
formed only at x ≤ 0.286, where Mˊ and Mˊˊ – divalent metal ions, such 
as Zn2+, Mg2+, Cu2+, Mn2+, etc. The incorporation of Sr2+ ions along 
with the divalent metal ions allows to extend the existence limit of a 
solid solution due to the enlargement of the unit cell. 

It was shown that all synthesized phases have an antibacterial effect. 
The minimal growth of the bacteria and fungus was observed in all ex
periments using β-TCP-Cu+Sr with the highest concentration of Cu2+

ions among all studied samples and separate occupation of crystal sites. 
The phosphates with joint occupation of M5 site show the selective 
character of their efficacy against individual microorganisms. So, the 
active dopant ions must be located in different crystal sites for providing 
higher antimicrobial activity. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

The work was partially supported by the bilateral project CNR (Italy) 
- NSFC (China) 2021–2022. I.F.V. is grateful for financial support of the 
Russian Science Foundation (Project No. 22-23-00278). The technical 
support of Mr. Marco Ortenzi, Mr. Massimo Di Menno Di Bucchianico 
and Mr. Luca Imperatori is gratefully acknowledged. The X-ray study 
was carried out in accordance with the state of the Russian Federation, 
state registration number 122011300125-2. 

References 

[1] R. Gopal, C. Calvo, J. Ito, W.K. Sabine, Crystal structure of synthetic Mg- 
whitlockite, Ca18Mg2H2(PO4)14, Can. J. Chem. 52 (1974) 1155–1164, https://doi. 
org/10.1139/v74-181. 

[2] G. Kazakova, T. Safronova, D. Golubchikov, O. Shevtsova, J.V. Rau, Resorbable 
Mg2+-containing phosphates for bone tissue repair, Materials 14 (2021) 4857, 
https://doi.org/10.3390/ma14174857. 

[3] D.V. Deyneko, S.M. Aksenov, V.A. Morozov, S.Y. Stefanovich, O.V. Dimitrova, O. 
V. Barishnikova, B.I. Lazoryak, A new hydrogen-containing whitlockitetype 
phosphate Ca9(Fe0.63Mg0.37)H0.37(PO4)7: hydrothermal synthesis and structure, 
Zeitschrift Fur Krist. - Cryst. Mater. 229 (2014), https://doi.org/10.1515/zkri- 
2014-1774. 

[4] E. Boanini, M. Gazzano, C. Nervi, M.R. Chierotti, K. Rubini, R. Gobetto, A. Bigi, 
Strontium and zinc substitution in β-tricalcium phosphate: an X-ray diffraction, 
solid state NMR and ATR-FTIR study, J. Funct. Biomater. 10 (2019), https://doi. 
org/10.3390/jfb10020020. 

[5] A. Altomare, R. Rizzi, M. Rossi, A. El Khouri, M. Elaatmani, V. Paterlini, G. Della 
Ventura, F. Capitelli, New Ca2.90(Me2+)0.10(PO4)2 β-tricalcium phosphates with 
Me2+ = Mn, Ni, Cu: synthesis, crystal-chemistry, and luminescence properties, 
Crystals 9 (2019) 288, https://doi.org/10.3390/cryst9060288. 

[6] I.V. Fadeeva, D.V. Deyneko, K. Barbaro, G.A. Davydova, M.A. Sadovnikova, F. 
F. Murzakhanov, A.S. Fomin, V.G. Yankova, I.V. Antoniac, S.M. Barinov, B. 
I. Lazoryak, J.V. Rau, Influence of synthesis conditions on gadolinium-substituted 
tricalcium phosphate ceramics and its physicochemical, biological, and 
antibacterial properties, Nanomaterials 12 (2022) 852, https://doi.org/10.3390/ 
nano12050852. 

[7] E. Bonnelye, A. Chabadel, F. Saltel, P. Jurdic, Dual effect of strontium ranelate: 
stimulation of osteoblast differentiation and inhibition of osteoclast formation and 
resorption in vitro, Bone 42 (2008) 129–138, https://doi.org/10.1016/j. 
bone.2007.08.043. 

[8] Y. Yamada, A. Ito, H. Kojima, M. Sakane, S. Miyakawa, T. Uemura, R.Z. LeGeros, 
Inhibitory effect of Zn2+ in zinc-containing β-tricalcium phosphate on resorbing 
activity of mature osteoclasts, J. Biomed. Mater. Res., Part A 84A (2008) 344–352, 
https://doi.org/10.1002/jbm.a.31265. 

D.V. Deyneko et al.                                                                                                                                                                                                                             

https://doi.org/10.1139/v74-181
https://doi.org/10.1139/v74-181
https://doi.org/10.3390/ma14174857
https://doi.org/10.1515/zkri-2014-1774
https://doi.org/10.1515/zkri-2014-1774
https://doi.org/10.3390/jfb10020020
https://doi.org/10.3390/jfb10020020
https://doi.org/10.3390/cryst9060288
https://doi.org/10.3390/nano12050852
https://doi.org/10.3390/nano12050852
https://doi.org/10.1016/j.bone.2007.08.043
https://doi.org/10.1016/j.bone.2007.08.043
https://doi.org/10.1002/jbm.a.31265


Ceramics International 48 (2022) 29770–29781

29781

[9] F. Salamanna, G. Giavaresi, D. Contartese, A. Bigi, E. Boanini, A. Parrilli, R. Lolli, 
A. Gasbarrini, G. Barbanti Brodano, M. Fini, Effect of strontium substituted β-TCP 
associated to mesenchymal stem cells from bone marrow and adipose tissue on 
spinal fusion in healthy and ovariectomized rat, J. Cell. Physiol. 234 (2019) 
20046–20056, https://doi.org/10.1002/jcp.28601. 

[10] K. Spaeth, F. Goetz-Neunhoeffer, K. Hurle, Cu2+ doped β-tricalcium phosphate: 
solid solution limit and crystallographic characterization by rietveld refinement, 
J. Solid State Chem. 285 (2020), 121225, https://doi.org/10.1016/j. 
jssc.2020.121225. 

[11] I.V. Fadeeva, M.R. Gafurov, I.A. Kiiaeva, S.B. Orlinskii, L.M. Kuznetsova, Y. 
Y. Filippov, A.S. Fomin, G.A. Davydova, I.I. Selezneva, S.M. Barinov, Tricalcium 
phosphate ceramics doped with silver, copper, zinc, and iron (III) ions in 
concentrations of less than 0.5 wt.% for bone tissue regeneration, Bionanoscience 7 
(2017) 434–438, https://doi.org/10.1007/s12668-016-0386-7. 

[12] I.V. Fadeeva, B.I. Lazoryak, G.A. Davidova, F.F. Murzakhanov, B.F. Gabbasov, N. 
V. Petrakova, M. Fosca, S.M. Barinov, G. Vadalà, V. Uskoković, Y. Zheng, J.V. Rau, 
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