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In the present work, copper whitlockite (Cu-WH, CaigCu,(HPO,4),(PO4)15) was successfully synthesized
and comprehensively characterized, founding the base knowledge for its future studies in medicine, par-
ticularly for bone regeneration. This material is a copper-containing analog of the well-known biomineral
magnesium whitlockite (Mg-WH, Ca;gMg,(HPO,4),(PO4)15). The synthesis of powders was performed by a
dissolution—precipitation method in an agueous medium under hydrothermal conditions. Phase conver-
sion from brushite (CaHPO4-2H,0) to Cu-WH took place in an acidic medium in the presence of Cu®*
ions. Optimization of the synthesis conditions in terms of medium pH, temperature, time, Ca/Cu molar
ratio and concentration of starting materials was performed. The crystal structure of the synthesized pro-
ducts was confirmed by XRD, FTIR and Raman spectroscopy, *H and 3P solid-state NMR, and EPR.
Morphological features and elemental distribution of the synthesized powders were studied by means of
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SEM/EDX analysis. The ion release in SBF solution was estimated using ICP-OES. Cytotoxicity experiments
were performed with MC3T3-E1 cells. The study on thermal stability revealed that the synthesized material
is thermally unstable and gradually decomposes upon annealing to Cu-substituted p-Caz(PO,4), and
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1. Introduction

Synthetic calcium phosphates (CPs) are widely used in medi-
cine for bone regeneration purposes due to their structural
and chemical similarities to natural bone.' Although CPs are
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highly biocompatible and have already demonstrated high
efficiency, one of the directions of research aimed at achieving
the superior performance of CP-based materials considers the
partial replacement of Ca by other ions.” The ion substitution
strategy allows combining the characteristics of CPs with newly
obtained substitution-induced properties: antibacterial,
optical, magnetic, etc.> This approach leads to the develop-
ment of biocompatible multifunctional materials with a wider
application range.”

One of the most promising substituting ions is Cu®". Being
an essential element in the human body, Cu is involved in
numerous physiological functions; however, its relatively high
local concentration is toxic.” This reason limited the develop-
ment and application of Cu-containing biomaterials for a long
time. Nevertheless, in recent years the number of publications
on Cu-modified biomaterials has grown constantly.® The
reason for this increased interest is the nature and specific bio-
logical properties of Cu®** ions. It was confirmed that Cu is
exceptionally useful in the development of materials for ortho-
pedic applications. Cu-doped CPs demonstrate antibacterial
properties, provide angiogenic ability and favor osteogenesis;
these properties represent the key points for ideal biomaterial
integration and the healing process.®

This journal is © The Royal Society of Chemistry 2024
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The majority of the works investigating Cu-substituted CPs
are focused on the most popular synthetic phases including
calcium hydroxyapatite (HA, Ca;o(PO4)s(OH),),” beta-tricalcium
phosphate  (B-TCP,  Caz(PO,),),>'®  brushite  (DCPD,
CaHPO,-2H,0),""** and biphasic CPs (HA + B-TCP)."* For
instance, Cu-doped HA demonstrated an antimicrobial effect
against E. coli and C. albicans.” Cu-containing TCP was deter-
mined to be biocompatible, revealing no cytotoxic effect
regardless of the studied Cu substitution level; moreover, it
showed antibacterial properties against E. coli, E. faecalis,
S. aureus and P. aeruginosa.'’® Cu-loaded DCPD cement was
recognized as a suitable material for bone tissue defect-related
repair in orthopedic surgeries demonstrating good antibacter-
ial properties and cell affinity."

Magnesium whitlockite (Mg-WH, Ca;sMg,(HPO,),(PO4)12)
is an ion-substituted member of the CP family naturally occur-
ring in the human body. Due to the similarity of the crystal
structures of WH and p-TCP, these two names are often used
interchangeably and synonymously; however, the structural
and compositional differences are well discussed in the
literature.""> The data on the presence of Mg-WH in the
human body are rather contradictory. While some authors
claim that depending on the age Mg-WH can constitute a
quite significant part of human hard tissues - up to 25-35%,"®
some research studies show that Mg-WH is found exception-
ally in pathological tissues.'” Nevertheless, synthetic Mg-WH
demonstrated superior biological properties and suitability for
bone regeneration applications.'®'® Considering an ion-substi-
tution strategy and the peculiarities of the WH structure, it
looks reasonable to investigate synthetic materials with the
WH structure, where Mg ions are substituted by other biologi-
cally active small cations. In this light, the first row transition
metal ions appear to be suitable candidates to form WH struc-
tures since their ionic radii are close enough to that of Mg>*
ions.?° To the best of our knowledge, currently there are only a
few published reports regarding the synthesis and characteriz-
ation of transition metal WH, including some on Zn-WH,*'**
Mn-WH,***> and Co-WH?® and a recently published report on
the feasibility of the formation of Cu-WH.>”

The main aim of this work was to comprehensively investi-
gate the peculiarities of the formation of Cu-WH and to study
its structural, morphological and biological properties in
detail. For this purpose, nanodimensional Cu-WH powders
were synthesized via a dissolution-precipitation process under
hydrothermal conditions. The crystal structure and phase
purity were confirmed by powder X-ray diffraction (XRD),
vibrational and 'H and *'P nuclear magnetic resonance (NMR)
spectroscopy. Electron paramagnetic resonance (EPR) was
employed to investigate in depth the structural characteristics.
Scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) were used to study the morphology of
the synthesized materials. The ion release in SBF solution was
estimated using inductively coupled plasma optical emission
spectrometry (ICP-OES). Finally, the cytotoxicity of the devel-
oped Cu-WH samples was evaluated using the MC3T3-E1 pre-
osteoblastic cell line.
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2. Experimental

2.1. Synthesis

Cu-WH powders were synthesized in hydrothermal autoclave
reactors equipped with PTFE liners. For the synthesis, calcium
hydrogen phosphate dihydrate (DCPD, CaHPO,-2H,0, 99.1%,
Eurochemicals) and copper(u) nitrate trihydrate (Cu(NOj),-
3H,0, >98%, Roth) were used as starting materials. In a
typical procedure, appropriate amounts of metal salts were
transferred into 90 mL PTFE liners and dissolved at room
temperature in 50 mL of deionized water by addition of 10 mL
of 1 M phosphoric acid (H3PO,, 75%, Roth). After the complete
dissolution of precursors under constant mixing on a mag-
netic stirrer, a clear blue colored solution was obtained. In a
standard synthesis, the total concentration of metal ions in
the reaction mixture was 0.08 M. Next, concentrated ammonia
solution was added to the reaction mixture in order to adjust
the pH to a certain value. After the addition of ammonia solu-
tion, the instantaneous formation of precipitates was observed.
The PTFE liners were transferred into stainless steel jackets,
screwed tightly, placed into a preheated oven and heated at
different temperatures (110-230 °C) for different periods of
time (1-24 h). In this work, the synthesis time was calculated
from the moment the hydrothermal reactors were placed in
the oven to the moment they were removed to room tempera-
ture. After the synthesis, the reactors were cooled down and
the resulting blue powders were separated from the solution
by vacuum filtering. Afterwards, the powders were washed with
deionized water and dried in the oven at 70 °C.

2.2. Characterization

Powder X-ray diffraction (XRD) data of the synthesized speci-
mens were obtained using a Rigaku MiniFlex II diffractometer
(Cu-Ka, 4 = 1.5419 A) working in Bragg-Brentano (#/26) geome-
try. The data were collected within the 10-100 20 angle range
at a speed of 1° min~". The FullProf Suite was used for struc-
tural refinement (FullProf Suite software version September-
2020).

Fourier transform infrared (FTIR) spectra were obtained
in the range of 4000-400 cm™" with a Bruker ALPHA-FTIR
spectrometer.

Raman spectra were recorded using a combined Raman
and scanning near field optical microscope WiTec Alpha 300 R
equipped with a 532 nm excitation laser source.

Thermal decomposition of the synthesized powders was
analyzed by thermogravimetric analysis (TGA) using a
PerkinElmer STA 6000 Simultaneous Thermal Analyzer. A
dried sample of about 20 mg was heated from 25 to 900 °C at a
heating rate of 10 °C min~" under dry flowing air (20 mL
min™).

Solid-state nuclear magnetic resonance (NMR) experiments
were carried out at 14.1 T on a Bruker Avance Neo 600 NMR
spectrometer operating at 600.3 and 243.0 MHz for 'H and *'P,
respectively, using a 2.5 mm Trigamma MAS probe and
2.5 mm zirconia rotors. The temperature was stabilized at
298 K and the MAS rate was set to 20 kHz. For "H MAS experi-
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ments, a pulse sequence containing two n refocusing pulses
with a delay of 2 ps was employed to eliminate the signal from
the probe background. The 'H 90° excitation pulse was 2.1 ps
and 16 scans were accumulated using a repetition delay of
10 s. For *'P MAS measurements, a saturation recovery pulse
sequence was used. The saturation pulse train consisted of 10
n/2 pulses followed by 100 s delay. The =/2 excitation pulse was
equal to 3.6 ps, and 1024 scans were accumulated. '"H — *'p
CP MAS measurements were performed with 2 ms CP contact
time employing a 100-50% ramp on the "H channel, and 4096
scans were accumulated using a repetition delay of 10 s. 'H
and *'P spectra were referenced respectively to TMS using ada-
mantane (§ (*H) = 1.85 ppm) and 85% H;PO, using ADP
(ammonium dihydrogen phosphate, NH H,PO,, § (*'P)
0.8 ppm).

The electron paramagnetic resonance (EPR) spectra were
recorded on a Bruker ELEXSYS E580 EPR spectrometer
equipped with a Bruker ER4118X-MD5 (pulsed X-band) micro-
wave resonator. High-power pulses were obtained using a 1 kW
TWT (X-band) microwave amplifier. A helium flow cryostat was
used to stabilize the temperature. The operating microwave fre-
quency was set to 9.7 GHz to best match the broad band of the
strongly over-coupled pulsed resonator. All the pulsed EPR
spectra were acquired at 4.5 K. The echo-detected field sweep
(EDFS) spectra were recorded using a Hahn echo pulse
sequence (n/2-7-n-7-echo) with an interpulse delay 7 of 140 ns.
The echo was integrated over a 60 ns time window that was
centered at the maximum of the echo signal. The lengths of
the =n/2- and m-pulses were 8 ns and 16 ns, respectively. For
the two-dimensional (2D) Hyperfine Sublevel Correlation
(HYSCORE)® spectra, the echo amplitude was measured using
the pulse sequence (n/2-7-n/2-t;-n-t,—n/2-echo) with 8 ns and
16 ns lengths for the n/2- and =-pulses, respectively, and a
12 ns detector gate (that is centered at the maximum of the
echo signal). The delays in the pulse sequence are defined as
the differences in the starting points of the pulses. The echo
intensity was measured as a function of ¢, and ¢,, where ¢, and
t, were increased in steps of 16 ns from an initial value of 40
ns and 32 ns, respectively. 256 steps were used for each dimen-
sion. The 8 ns time difference between the initial values of ¢,
and ¢, was set to account for the difference in the lengths
between the =n/2- and =-pulses. This provided symmetric
spectra in both dimensions. The unwanted echoes were elimi-
nated by applying a 16-step phase cycling procedure. The
HYSCORE spectra of the Cu-WH powder sample were recorded
at magnetic field of 334.5 mT with an inter-pulse delay, 7, of
174 ns.

The time domain 2D HYSCORE data were processed using
MATLAB R2023a. A third-order polynomial baseline was sub-
tracted from the resulting time-domain spectra. The corrected
spectra were zero-filled to obtain a [2048 x 2048] matrix and
Fourier transformed using a Fast Fourier Transformation (FFT)
algorithm. The frequency domain spectra were plotted as the
amplitude (absolute value) of the 2D frequency components.

The morphology of the synthesized powders and elemental
distribution were analyzed by scanning electron microscopy
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(SEM) using a Hitachi SU-9000 microscope equipped with an
energy dispersive X-ray spectrometer (EDX).

The elemental composition of the synthesized compounds
was determined by inductively coupled plasma optical emis-
sion spectrometry (ICP-OES) using a PerkinElmer Optima 7000
DV spectrometer.

For the ion release experiment, 0.6 g of Cu-WH powders
was soaked in 30 mL of simulated body fluid (SBF), and the
samples were investigated in triplicate. An SBF solution was
prepared according to the procedure reported by Kokubo
et al.*>® The samples were kept in closed containers in a shaker
incubator (BioSan ES-20/80) at 37 °C for 14 days under con-
stant mixing at 250 rpm. Every day, 1 mL of the solution was
taken from the sample for elemental analysis and replaced
with the same amount of fresh SBF solution to maintain a con-
stant volume. Quantitative determination of the released Cu?"
ions was performed by ICP-OES.

2.3. Invitro cytotoxicity studies

The cytotoxicity of Cu-WH powders was assessed using the
MC3T3-E1 cell line (preosteoblasts). In the extract test, 4500
cells per well were seeded in a 96-well plate with 100 pL of the
cell medium, composed of 89% Alpha Modified Eagle’s
Medium (a-MEM), 10% fetal bovine serum (FBS) and 1% peni-
cillin/streptomycin (P/S). The plates with the cells were incu-
bated overnight at 37 °C under 5% CO, (New Brunswick™ S41i
CO, Incubator Shaker, Eppendorf, Hamburg, Germany).

The Cu-WH powder sample was suspended in 5 ml of fresh
cell medium, resulting in a concentration of 10 mg mL™". After
24 and 48 hours, all the solution was collected from the
samples and replaced with an additional 5 ml of fresh cell
medium. The collected solution was then filtered through a
0.2 pm syringe filter and subsequently used for dilution with
fresh medium - at extract to cell medium ratios of 1:10 and
1:100. The tested concentrations were 0.1 mg mL™" and
0.01 mg mL™". Extract dilutions were immediately applied
onto the preincubated cells (100 pL for each well). Untreated
cells were used as a positive control and 5% dimethylsulfoxide
(DMSO) solution in the medium was applied to cells as a nega-
tive control. There were six replicates for each sample and
controls.

Cell Counting Kit-8 (CCK-8) assay was used to assess the
cytotoxicity of Cu-WH extracts. For both time points, samples
were incubated for 24 h and then 10 pL of CCK-8 solution was
added to the cultivation media in each well and incubated for
1 h at 37 °C under 5% CO,. Absorption at 450 nm was
measured using an Infinite M Nano microplate reader (Tecan,
Minnedorf, Switzerland).

3. Results and discussion

The crystal structure of WH is closely related to that of
B-TCP,"**° which crystallizes in a rhombohedral structure with
the space group R3¢ (#161).>° The crystal lattice of B-TCP con-
tains 5 inequivalent Ca sites and 3 inequivalent P sites. These

This journal is © The Royal Society of Chemistry 2024
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crystallographic positions are distributed between two types of
columns arranged along the ¢ axis: A and B. The A column has
a form of P(1)0,-Ca(4)-Ca(5), whereas in the B column
calcium atoms and phosphate tetrahedra are arranged in the
following sequence: P(3)0,-Ca(1)-Ca(3)-Ca(2)-P(2)O,. The Ca
(1), Ca(2), Ca(3) and Ca(5) sites are fully occupied by calcium,
while the Ca(4) site shows an occupancy factor of 0.5. Each A
column is surrounded by six B columns, and each B column is
surrounded by two A columns on the opposite sides and four
B columns. The Ca®" ions in B-TCP can be substituted by a
variety of other cations. Foreign ions depending on their ionic
radii and substitution levels tend to occupy one or several dis-
tinct Ca sites.>" The crystal structures of natural and synthetic
Mg-WH (Fig. 1) are comprehensively investigated by means
of XRD analysis and neutron diffraction and the difference
between WH and B-TCP structures is explained.'*'*?

To some extent, WH can be considered as an ion-substi-
tuted B-TCP; however, other structural and compositional
differences include metal ion to phosphorus ratio, the pres-
ence of a protonated phosphate group (HPO,>”) and cationic
vacancies. The B columns in both WH and non-substituted
B-TCP are identical; the difference occurs in the A column. The
small cation (e.g. Mg>*, Zn**, and Mn>") in the WH structure
occupies the most energetically favorable six-fold coordinated
Ca(5) site, while the Ca(4) site remains vacant. The protons are
bonded to the P(1)O, tetrahedra, being close to the Ca(4)
site.*

It is known that in an aqueous medium, CPs can transform
from one phase into another phase via a dissolution-precipi-
tation process.”>**** In this process, the pH value, tempera-
ture and presence of foreign ions are among the most influen-
cing factors;*® therefore, the optimization of the synthesis pro-
cedure was performed in a few steps. The XRD patterns of the

B column A column
O ca(2)
A ro o M
N
O cCa(1) o ee
HPO,
b) J—B)—A, O ca(3)
/ / O ca(2)
) W () WS /) h4J PE)
O ca(1) .
Yo
° HPO
o ° I ° Gt
© o o O ca(3)
Ca Mg P O HPO, ) i

Fig. 1 Unit cell of Mg-WH (a); arrangement of columns in the unit cell
(b); arrangement of atoms in structural columns (c).
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synthesized products obtained at different pH values are given
in Fig. 2.

It was found that Cu-WH with no visible secondary phases
can be obtained in a very narrow pH range from 6.4 to 6.5.
At higher pH values, a secondary HA phase was detected;
however, it is worth noting that due to the low crystallinity its
detection was challenging. The obtained HA does not give any
sharp peak and its presence can be observed by the increase of
the background at around 32°. The formation of the additional
HA at higher pH values was expected, since WH, compared
to HA, is a more stable CP phase exactly at relatively low pH.>’
At lower pH values, a copper-rich CazCu;(PO,4), phase was
observed along with Cu-WH. The percentage of this impurity
gradually increased with decreasing pH of the synthesis
medium. It is surprising that the optimal pH range was so
narrow, when compared to the similar synthesis of Zn-WH,
where the optimal pH was determined to be in the range from
5.6 t0 6.2.7

The influence of the reaction time on the formation of
Cu-WH was further investigated; the XRD patterns of the pro-
ducts obtained by performing the synthesis for different
periods of time are shown in Fig. 3.

The as-precipitated powder (without hydrothermal treat-
ment) was identified as DCPD. The gradual phase transform-
ation into Cu-WH was observed by increasing the reaction
time. Although after 1 h of the reaction, Cu-WH was identified
as the major crystalline phase and there were not even traces
of DCPD, the co-existing HA phase was detected instead. The
percentage of HA in the synthesis product decreased with

e —HA
+-Ca,Cu,PO,),

Intensity

pH=58

Ca,,Mg,(HPO,),(PO,),,
ICDD #04-009-3397

Ly I I[N |

! |

10 20 30 40 50 60
2theta (deg.)

Fig. 2 XRD patterns of the synthesis products obtained at different pH
values (T =200 °C, t =3 h, Ca/Cu =9).
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Fig. 3 XRD patterns of Cu-WH powders synthesized for different
periods of time (pH = 6.4, T = 200 °C, Ca/Cu = 9).

increasing reaction time; after 3 h of the reaction, there were
no visible signals corresponding to HA. Longer reaction times
did not result in any detectable changes. Thus, it can be con-
cluded that the synthetic procedure requires at least 3 h. This
value is significantly lower compared to those reported for the
solvothermal synthesis of Mn-WH?>* or Zn-WH>* and compar-
able to the data reported for hydrothermally synthesized Mg-
WH.?*?? On the other hand, previously it was shown that in an
aqueous medium, Zn-WH can be formed just in 1 h.>* The
observed time-dependent phase evolution from DCPD to Cu-
WH suggests that the transformation via a dissolution-precipi-
tation reaction could occur not directly, but in two steps with
an intermediate HA phase. Previously, it was shown by Jang
et al.*’ that under certain conditions HA can be converted into
Mg-WH via a multistep process; however, it is difficult to
compare the phase transformations in certain systems due to
plenty of influencing factors such as pH, temperature,
pressure, chemical composition of the reaction mixture, etc.
Future investigation on the observed phase transformation
process employing in situ X-ray analysis could show the exact
reaction pathway.

Next, the effect of the synthesis temperature on the phase
purity of Cu-WH was studied. The XRD patterns of the pro-
ducts obtained in the temperature range from 110 to 200 °C
are depicted in Fig. S1.T It is evident that Cu-WH was obtained
as the major crystalline phase at all temperatures; however, a
closer look reveals the presence of a small amount of HA as
the secondary phase at lower temperatures. The amount of HA
decreased with an increase of the temperature, indicating that
the synthesis should be performed at a relatively higher temp-
erature, namely 200 °C.

To further investigate the peculiarities of the formation of
Cu-WH, the influence of the concentration of starting
materials was studied. In this experiment, the total metal ions’
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concentration in the reaction vial was varied in the range of
0.02-0.24 M, while in a typical synthetic procedure it was fixed
at 0.08 M. The results of XRD analysis (Fig. S27) revealed that
the concentration had only a limited effect on the phase purity
of the obtained products. Decreasing the concentration to 0.04
M led to the formation of secondary phases (both HA and
CazCu;(P0O,),). There was no significant variation in the width
of diffraction peaks, suggesting that the crystallite size of the
obtained Cu-WH powders was comparable in all cases.

We were also interested if the variable ratio of metal cations
in the initial reaction mixture could lead to the formation of
Cu-WH with a variable metal content. Fig. 4 shows the XRD
patterns of the products obtained using different initial Ca/Cu
ratios.

The results showed 2 different trends. The Cu-rich reaction
mixture (Ca/Cu < 9) resulted in the formation of the secondary
Ca;Cu;(PO,), phase; its percentage in the obtained product
increased with increasing initial Cu concentration. In the case
of Cu-lean reactions (Ca/Cu > 9), the formation of HA along
with Cu-WH was observed. It was observed that the amount of
HA increased gradually with the decrease of the Cu concen-
tration. Based on the results of these experiments, it can be
concluded that the synthesis of Cu-WH with a variable metal
content is impossible under selected conditions. Similar limit-
ations were previously observed for Zn-WH synthesized under
hydrothermal conditions.>*

Rietveld refinement was used to calculate the cell para-
meters of the synthesized Cu-WH (Fig. 5). The refinement was
carried out using a rhombohedral structure (space group R3c)
adopted from Mg-WH.

The results revealed a good agreement between the calcu-
lated and experimental data. The parameter a was calculated
as 10.330 A, while the parameter ¢ was 37.077 A. These values
are slightly lower compared to those previously reported for

+—HA
* - Ca,Cu,PO,),
Ca/Cu = 15|
Ca/Cu=12
Ca/Cu =10
¢
M
.
Ca/Cu=8
.
Ca/Cu=6

Ca,,Mg,(HPO,),(PO,
| | ‘ ICDD #04-009-3397
L 1 1 |. ! Ll 1l ) 1 e

Intensity

A

10 ' 20 30 40 50 60
2theta (deg.)

Fig. 4 XRD patterns of Cu-WH powders synthesized with different Ca/
Cu ratios (pH = 6.4, T=200°C, t = 3 h).
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a=b A 10.330(49)

c A 37.077(08)

v, A 3426.(28)
Peaic, glcm? 3.166
Rp 7.59
Rup 7.59
Rexp 5.26
X 2.09

Intensity (arb. units)
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Fig. 5 Rietveld refinement of the XRD data obtained for Cu-WH (T =
200 °C; t = 3 h; pH = 6.4, Ca/Cu = 9) refined in the space group R3c.
The red circle symbols and the black solid line represent the experi-
mental and calculated intensities, respectively, and the blue line below is
the difference between them. The green tick marks indicate the posi-
tions of the Bragg peaks.

Mg-WH,***° Zn-WH?? and Cu-WH.*” The Rietveld analysis did
not indicate the presence of secondary crystalline phases.
Analogically, as in Mg-WH, small Cu”* ions in the WH struc-
ture fully occupy the Ca(5) crystallographic site, while the Ca
(4) position remains vacant. Although the occupation of the Ca
(4) site by small cations is not typical of the WH structure,*
Konishi and Watanabe reported that Cu®>" ions in Cu-WH
occupy both Ca(5) and Ca(4) sites.>” On the other hand, the
authors also observed a significant contamination of their
product with Mg®" ions. Recent investigations on a closely
related Cu-substituted B-TCP structure did not indicate the
presence of Cu®* ions at the Ca(4) site. According to Spaeth
et al.,® at the maximal substitution level, Cu®>* occupies Ca(5),
Ca(2) and Ca(3) sites. These conclusions were confirmed by a
recent work by Deyneko et al.'® By contrast, Mg>* ions were
shown to occupy both Ca(5) and Ca(4) sites in a heavily doped
B-TCP.*°

As was mentioned above, the crystal structures of WH and
B-TCP (or substituted TCP) are in a close relationship, which
results in the nearly identical XRD patterns of these two
materials; therefore, the reliable identification of WH is
impossible without employing vibrational spectroscopy. In this
context, FTIR and Raman spectroscopy are superior methods
for the characterization of compounds with the WH structure,
since both these methods enable the observation of the
signals from the HPO,>~ group. Only the crystal structure of
WH (not B-TCP) contains this structural unit, which can be
used as a reliable spectral marker.*® The FTIR spectrum of the
synthesized Cu-WH is given in Fig. 6a; the spectral region
from 1500 to 400 cm™' is shown as the most representative.
The shape of the spectrum is similar to those of natural and
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Fig. 6 FTIR spectrum (a) and Raman spectrum (b) of Cu-WH powders
(pH=6.4,T=200°C,t=3h,Ca/Cu=9).

synthetic WH.>**> The spectrum exhibits several absorption
bands: the bands located in the range from 1170 to 930 cm™*
are ascribed to v; and v; stretching modes of PO,, while the
bands ranging from 650 to 410 cm™" correspond to v, and v,
bending modes. The band centered at ca. 920 cm™" indicates
the presence of the HPO,>~ group, confirming that the syn-
thesized material is Cu-WH and not Cu-substituted p-TCP.

The Raman spectrum of the same sample is provided in
Fig. 6b. In this case, a few bands can also be seen and identi-
fied. The bands located in the ranges of 370-495, 520-640 and
990-1170 cm™' correspond to the v,, vy and v; vibrational
modes of the phosphate group, respectively. The most intense
signal peaked at 964 cm™ " is ascribed to the v, vibrational
mode. Finally, the signal located at 920 cm™" is attributed to
HPO,>", which agrees well with the results of the FTIR ana-
lysis. Overall, both spectroscopic techniques agree very well
with the results reported in the literature in terms of the spec-
tral shape and band wavenumbers.>*?*3%!

The "H MAS spectra obtained for the Cu-WH sample before
and after annealing at 500 °C are shown in Fig. 7. The spec-
trum of the as-prepared Cu-WH powder looks similar to those
previously reported for Zn- and Mg-WH.>**° The 'H spectrum
clearly contains a major spectral line at 9.9 ppm, which is
attributed to the HPO,>~ moiety in the Cu-WH crystal structure
(Fig. 1). Additional lines attributed to surface H,PO, and dis-
torted HPO, moieties are seen at 12.3 ppm and 6.2 ppm,
respectively.”” Water in the form of bulk and surface species is
detected at 4.5-1.5 ppm. As can be seen from Fig. 7, annealing
of the sample significantly reduces the amount of the side
phosphate species and water. The linewidth of a line attributed
to Cu-WH decreases two-fold after annealing, which indicates
the formation of the Cu-WH phase with higher crystallinity.
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blue, and additional phosphate species in green.

The presence of a relatively higher amount of water could be
explained by the trapping of water molecules during the dis-
solution-precipitation process.

Fig. 8 depicts the *'P MAS and "H->'P CP MAS spectra of
Cu-WH before and after annealing. It is seen that annealing
significantly reduces the amount of the amorphous/distorted
phase in the sample: before annealing, the signal from the

MAS HPO*

amorphous species

amorphous component highly overlaps with the P(3) signal,
which prevents the accurate spectral assignment. Similarly to
'H data, the lines in *'P data after annealing show narrower
linewidths, indicating the formation of the Cu-WH phase of
higher crystallinity. The *'P MAS spectrum after annealing con-
sists of lines at 2.2, 1.3, and —0.5 attributed to P(2), HP(1)0,*~
and P(3) moieties, which are typical in the WH structure,”*>°

HPO >

annealing

CP MAS
HPO>

P@)

hydrated PO,

annealing

10 5 0 -5
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Fig. 8 3P MAS (upper) and *H-3!P CP MAS (lower) spectra of Cu-WH before and after annealing at 500 °C. Spectral components attributed to Cu-

WH are shown in orange and additional phosphate phases in green.
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and a line at 0.4 ppm, which is an impure phosphate phase.
One more remark has to be made that in comparison with Zn-
and Mg-WH, Cu-WH possesses significantly broader lines
which is due to the paramagnetic nature of the Cu®>* environ-
ment. In the 'H->'P CP MAS spectra, the line assigned to
HPO,*>” is significantly more enhanced, which corroborates
our assignment that the proton is in close vicinity. The line at
—2.8 ppm is assigned to the side phase of hydrated PO,, which
vanishes after annealing.

Taking into account the results of X-ray analysis and
Rietveld refinement (Fig. 5), it can be concluded that the
impurities detected by NMR possess an amorphous nature,
since no secondary crystalline phases were detected by XRD.
This observation also indicates that ss-NMR is a highly useful
method for the comprehensive structural analysis of low-crys-
talline CPs synthesized at low temperatures. Unfortunately,
this technique is rarely employed for the characterization of
materials with the WH structure;*>*%3° this makes the com-
parison of the experimental results almost impossible. Konishi
and Watanabe®® also observed some additional signals in the
"H NMR spectra of Mg-WH, while XRD did not indicate the
presence of secondary phases. The signals in the *'P NMR
spectra were better resolved in their study; however, this might
be caused by different particle sizes and degrees of crystalli-
nity, and the absence of paramagnetic Cu”>* ions. In compari-
son, in a work by the same group focusing on Cu-WH,*’ the
NMR linewidths were comparable to the ones obtained in the
present study.

Since Cu-WH possesses copper ions (Cu®*) in the crystal
structure, the powders were also characterized by EPR spec-
troscopy. We recorded the spectrum of Cu-WH powders by
using pulsed EPR at low temperature. Fig. 9a shows the field
swept spectrum of Cu>".

Line broadening appears due to hyperfine interaction with
nearby copper nuclei. To get more information about the sur-
roundings of the Cu®" paramagnetic center, we used a more
advanced pulsed EPR technique - Hyperfine Sublevel
Correlation (HYSCORE). The basic advantage of the HYSCORE

20,
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Fig. 9 Electron spin-echo magnetic-field-sweep EPR spectrum of Cu-
WH powder. The arrow indicates the magnetic field position of
334.5 mT that was used for the acquisition of the 2D HYSCORE spec-
trum (a). HYSCORE spectrum of the (+, +) quadrant of the Cu-WH
powders. Black dot lines on the top of 3!'P peaks are obtained from
simulation. The spectra were acquired at a temperature of 4.5 K (b).
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technique is the formation of the 2D spectra of off-diagonal
cross-peaks, whose coordinates are nuclear frequencies from
opposite electron spin manifolds. The cross-peaks simplify sig-
nificantly the analysis of congested spectra by correlating and
spreading out the nuclear frequencies. In addition, the
HYSCORE experiment separates overlapped peaks along a
second dimension and enhances the signal-to-noise ratio
through the application of a second Fourier transform.
Hyperfine interactions are comprised of the isotropic Fermi
contact interaction, Ajs,, and anisotropic through-space
dipolar interaction, T; where Aj;,, provides a measure of the
electron spin density at the nucleus, while T reflects the
dipole-dipole interaction between the electron and nuclear
spins and depends on the distance and orientation of the
nucleus relative to the electron spin.*?

In HYSCORE spectrum (Fig. 9b), we observed a pair of off-
diagonal cross-peaks, *'P, at (2.6, 9) and (9, 2.6) MHz in the (+,
+) quadrant of the HYSCORE spectrum. The cross-peaks are
centered at a *'P Zeeman frequency of 5.77 MHz (at a magnetic
field of 334.5 mT) and arise from the hyperfine interactions of
the *'P atom (nuclear spin, I = 1/2) with the Cu®" paramagnetic
center. The separation between the pair of cross-peaks *'P is
~6.4 MHz, which is proportional to the isotropic hyperfine
coupling, Ajs, of the *'P atom. Simulation of peak positions
and shape allowed us to obtain an anisotropic through-space
dipolar interaction, 7, value of ~1.3 MHz. As dipolar inter-
action T depends on the distance r between the two centers,
we also calculated the r value, which is equal to ~0.3 nm. This
value is close to that between the Cu and P(2) atoms in the
WH crystal lattice obtained from the XRD data. Moreover, Cu**
ions were observed in only one crystallographic site, which
agrees with the results of Rietveld refinement.
Additionally, the experimental spectrum in Fig. 9b also reveals
a cross-peak, 'H, on the diagonal (14.3 MHz) which arises
from very weak hyperfine couplings (4js, < 0.1 MHz) of the
effective electron spin (S = 1/2) with surrounding "H nuclei.

The challenging control of the stoichiometry is a well-
known disadvantage of the wet precipitation method, when
employed for the synthesis of multicomponent materials. In
order to check the chemical composition of the synthesized
Cu-WH, the elemental analysis was carried out by means of
ICP-OES. The results are summarized in Table 1. It is evident
that the experimentally obtained values agree well with the
theoretical ones. The Ca/Cu and (Ca + Cu)/P molar ratios were
determined to be very close to the theoretical values, being
only slightly lower.

The morphological features of Cu-WH were investigated by
SEM and STEM. It is known from previous works that the WH

well

Table 1 The results of ICP-OES analysis of Cu-WH (pH = 6.4, T =
200°C,t=3h,Ca/Cu=9)

Determined Determined Theoretical Theoretical

Ca/Cu molar (Ca + Cu)/ Ca/ (Ca + Cu)/
Sample ratio P molar ratio Cu molar ratio P molar ratio
Cu-WH 8.79 1.39 9.00 1.43
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structure tends to form particles of a distinctive rhombohe-
dral, hexagonal or octahedral shape.?"?*37* varying the syn-
thesis conditions in terms of the concentration of starting
materials allows one to control the size and shape of WH par-
ticles.”” The SEM images of Cu-WH powders synthesized using
different concentrations of starting materials are shown in
Fig. 10a and b.

It is seen that the variation of the concentration had only a
limited effect on the morphology of the material. The sample
synthesized using a 3-fold higher concentration of the starting
material consisted of slightly smaller particles (Fig. 10b), com-
pared to those obtained using the standard synthetic con-
ditions (Fig. 10a). Both samples were composed of agglomer-
ated particles of nanoscale dimensions. While most of the par-
ticles showed an irregular shape, a closer look allows us to see
some particles of well-defined rhombohedral and hexagonal
plate-like shapes. The EDS mapping (Fig. 10e-h) indicated a
homogeneous distribution of the constituting elements. There
were no visible agglomerations of some elements in the
absence of others.

It is known that the WH structure is thermally unstable and
decomposes upon annealing,"*® which is a limiting factor for
the fabrication of WH ceramics by conventional routes consid-
ering the annealing at elevated temperatures. Thermally
induced degradation occurs by the transformation of WH into
the mixture of p-TCP and Ca,P,0, (CPP), accompanied by the
release of water:

Ca18M2(HPO4)2(PO4)12 — 6C32_67M0_33(P04)2 + CazP207
+H,0 (1)

Although the thermally induced decomposition of Mg-WH
was previously investigated in detail,*® the stability of the syn-
thesized Cu-WH was studied here in order to determine if the
origin of small cations in the WH structure could influence
the degradation temperature. The results of thermogravimetric

View Article Online
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analysis in the range from room temperature to 900 °C are
depicted in Fig. 11.

It can be seen that the weight loss occurs gradually up to
ca. 700 °C without any drastic drops. Above 700 °C, the
residual mass was nearly constant. The total mass loss was cal-
culated as 4 wt%, while the theoretical weight loss according
to eqn (1) was only 0.8 wt%. This mismatch indicates that the
as-prepared material contains some adsorbed water and/or
other relatively volatile species, which could be trapped during
the dissolution-precipitation process. In general, the behavior
of the TG curve and the total weight loss are comparable to
those observed for Mg-WH?>® and Zn-WH.**

In order to investigate the structural changes and the phase
evolution upon annealing, the as-prepared Cu-WH powders
were annealed at different temperatures in the 500-1000 °C
range with steps of 100 °C. The XRD patterns of the obtained
samples are presented in Fig. 12a.
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Fig. 11 TG/DSC curves of the Cu-WH powder.

Fig. 10

SEM images of the Cu-WH powders synthesized when the initial concentration of metal ions was 0.08 M (a) and 0.24 M (b); STEM image of

Cu-WH synthesized at concentration of 0.08 M (c); SEM image (d) and EDS mapping (e—h) of Cu-WH (pH = 6.4, T = 200 °C, t = 3 h, Ca/Cu = 9).
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Fig. 12 XRD patterns (a) and FTIR spectra (b) of Cu-WH powders annealed at different temperatures.

It is worth noting that the detection of the transformation
of WH into p-TCP is impossible by means of XRD due to their
nearly identical patterns;*® however, XRD is a suitable method
for the monitoring of the formation of secondary phases,
which can serve as an indicator of the thermal decomposition.
The appearance of the secondary crystalline phase starts after
annealing at 600 °C. The newly formed phase was identified as
a-CPP. The formation of this CPP polymorph was rather unex-
pected, since a-CPP is assumed to be a high-temperature poly-
morph;*® nevertheless, its formation could be explained by the
Ostwald step rule.*® It was demonstrated previously that the
amorphous CP (Ca/P ratio 1:1) crystallizes as the a-CPP poly-
morph first; the crystallization temperature was determined as
600 °C.*” The start of the thermal decomposition of Cu-WH
was found to be around 100 °C lower compared to that of Mg-
WH,?® but in good agreement with that of Zn-WH.>' The
thermal treatment at 800 °C resulted in the formation of both
a- and B-CPP, while only p-CPP secondary phase was detected
in the samples annealed at 900 °C and 1000 °C.

FTIR spectroscopy was employed in parallel with the XRD
analysis to monitor the structural changes, since this tech-
nique allows for the detection the HPO,>~ group, which serves
as a spectral marker for the identification of WH. The presence
or absence of this structural unit cannot be detected by XRD.
The FTIR spectra are shown in Fig. 12b. After annealing at
500 °C, there were no obvious spectral changes in terms of the
appearance or disappearance of absorption bands; however,
sharpening of the bands was observed, indicating the increase
of the crystallinity of the material. The formation of a-CPP was
confirmed after the thermal treatment at 600 °C and 700 °C.
The presence and identification of CPP polymorphs can be
easily detected by observing the absorption bands at 726 and
754 ecm™',*® since the FTIR spectra of WH and B-TCP do not

This journal is © The Royal Society of Chemistry 2024

have any bands in this region. The co-existence of two CPP
polymorphs was evident after annealing at 800 °C, while only
B-CPP was observed after the thermal treatment at higher
temperatures. Overall, the results of FTIR spectroscopy agree
very well with the results of XRD analysis; both techniques
confirm that Cu-WH is thermally unstable at temperatures
above 600 °C.

The ion release experiment was performed in order to esti-
mate the release of Cu®" ions into the SBF solution during the
soaking of the as-prepared Cu-WH powder (Fig. 13). The con-
centration of Cu®>* ions monotonously increased during the
soaking. It should be highlighted that the drastic release of

Cu® released (mg/L)

1 2 3 4 5 6 7 8 9

10 11 12 13 14

Time (days)

Fig. 13 Cu?* ion release into the SBF solution.

Dalton Trans., 2024, 53,1722-1734 | 1731


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3dt03756h

Open Access Article. Published on 13 December 2023. Downloaded on 4/5/2026 1:48:17 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Cu”" was observed just after 1 day. Despite the fact that before
the experiment the powder was washed with deionized water,
the possible reason for such a behavior is the release of
soluble trapped Cu-containing species. The maximal concen-
tration of Cu®* ions was determined after 14 days as
25.8 mg L™". Although the ion release from Cu-containing bio-
materials was investigated in various works,">***® it is difficult
to compare the released amounts of Cu because of the highly
varying experimental conditions in terms of Cu content in
materials, the sample form, the ratio of sample mass to solu-
tion volume, the soaking medium, etc.

The comparison of our results with other studies on Cu-
WH is currently limited to one report;*” however, in that study
the experiment was performed under significantly different
conditions in acetate buffer (pH = 5.5) with powder mass to
solution volume ratio being 400 times lower and duration of
monitoring of only 180 min. Recalculating the data indicates a
noticeably higher release reported in ref. 27. In another work,
Deyneko et al.'® investigated the Cu®" release from Cu-doped
B-TCP in Tris-HCl buffer solution. The concentration of Cu**
released from the samples with a similar Cu content
(9.5 mol%) revealed the same trend upon increasing in time;
however, after 30 days of soaking, the concentration was sig-
nificantly lower compared to our study. It is worth noting that
the authors tested the pellets instead of powders, the ion-
release medium of different composition and the mass-to-
volume ratio (0.4 g in 50 mL) was 2.5 times lower compared to
ours. Moreover, the particle size of the initial powders in the
mentioned paper was significantly larger as a result of high-
temperature synthesis. All these factors could influence the
difference in the obtained data. Gomes et al.™® studied the
Cu®" release from pelletized biphasic CPs consisting of HA
and p-TCP. Depending on the phase composition of the tested
samples, the authors determined a comparable or even higher
amount of released Cu®* ions, although the doping level of
starting materials was lower compared to that in our work.
Moreover, the ion release was observed only in the SBF solu-
tion, but not in deionized water. Compared to Zn-WH pre-
pared and treated under similar conditions, the amount of
Cu®" ions observed in this work was around 25 times higher
than that of zZn**.*?

The cell viability of Cu-WH samples was assessed using an
indirect method by collecting extract solutions. Following the
ISO 10993-5:2009 guidelines, the study revealed that none of
the tested Cu-WH extract dilutions demonstrated cytotoxic
effects after 48 h sample incubation, as these experiments
showed cell viability more than 70% (Fig. 14).

Lower cell viability (73.64 + 9.48%) was noted for Cu-WH
extracts at a concentration of 0.1 mg mL™"' after 24 h incu-
bation period with a slight increase at 48-hour incubation
timepoint. A similar trend of viability increase after 48 h was
observed for the extract dilution at a lower concentration of
0.01 mg mL™". Decreased cell viability in the first 24 hours
could be explained by the rapid Cu®" ion release in the
medium. Due to its transition between different oxidation
states, Cu®>* plays a role in numerous physiological processes.
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Duan et al.” investigated the effect of Cu-containing alloy on
osteoblast proliferation and differentiation, indicating that
Cu®" induced the proliferation of osteoblasts at 24 to 72 h
timepoints, explaining the increase of cell viability after 48 h.
Furthermore, Zhang et al.>* observed that the Cu ion concen-
tration is one of the key factors for switching the biological
effects of Cu”* and Cu" from toxicity to activity.

4. Conclusions

In this work, nanodimensional copper whitlockite (Cu-WH)
powders were successfully synthesized by a dissolution-pre-
cipitation method under hydrothermal conditions. The conver-
sion from brushite to Cu-WH occurred in a slightly acidic
medium in the presence of Cu*>* ions and required at least 3 h
at 200 °C. The optimal pH range was found to be very narrow
being from 6.4 to 6.5. The variation of the chemical compo-
sition in terms of the Ca/Cu ratio was impossible under the
selected synthesis conditions; the initial Ca/Cu ratio of 9,
corresponding to the theoretical metal ratio in the WH struc-
ture, was determined as optimal. While XRD and vibrational
spectroscopy did not indicate the presence of any impurity
phase in the as-prepared Cu-WH powders, the NMR studies
revealed the co-existence of amorphous/distorted phosphate
species. The amount of distorted phosphates was reduced sig-
nificantly by annealing the powder at a moderate 500 °C temp-
erature. The Cu®" release from the Cu-WH powder monitored
for 14 days showed a gradually increasing trend with a drastic
release during the first day of soaking. The study on thermal
stability revealed that Cu-WH is thermally unstable and gradu-
ally decomposes to Cu-substituted p-Caz(PO,), and Ca,P,0,
upon annealing above 600 °C. The cell viability study revealed
that none of the tested Cu-WH extract dilutions demonstrated
cytotoxic effects, as all experiments demonstrated cell viability
exceeding 70%.
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