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A B S T R A C T

This study investigated how copper (Cu) incorporation and grain-boundary segregation in β-tricalcium phos
phate (β-TCP) influence microstructure, surface chemistry, and in vitro osteoclastic resorption. β-TCP powders 
containing 0–2.4 wt% Cu were synthesized via precipitation of Cu-substituted calcium-deficient hydroxyapatite 
(CDHA) followed by thermal conversion. Phase composition, chemistry, and microstructure were characterized 
using X-ray diffraction (XRD), inductively coupled plasma mass spectrometry (ICP-MS), scanning electron mi
croscopy (SEM), and X-ray photoelectron spectroscopy (XPS). Dense β-TCP cylinders were fabricated, polished, 
and incubated with primary murine osteoclasts. Osteoclastic resorption was quantified by white-light interfer
ometry (WLI) and ion release analysis. Cu incorporation in CDHA and β-TCP increased proportionally with the Cu 
concentration in the precipitation solution. At low concentrations, Cu substituted for Ca at the Ca(5) site in the 
β-TCP lattice, whereas at higher Cu contents, CuO segregated at grain boundaries. Tartrate-resistant acid 
phosphatase (TRAP) positive osteoclasts were observed on all samples; however, Cu content strongly modulated 
resorptive activity. β-TCP containing 0.1 wt% Cu exhibited deeper and more localized resorption pits, indicating 
enhanced localized osteoclastic activity. In contrast, higher Cu levels progressively reduced resorption, with 
complete inhibition observed at 2.4 wt% Cu. These results identify an optimal Cu doping level near 0.1 wt%. 
While grain-boundary segregation of Cu as CuO was confirmed at higher doping levels, its specific contribution 
to the biological response could not be resolved in this study.

1. Introduction

Bone defects that exceed a critical size require the support of bone 
graft substitutes to enable proper regeneration [1]. While autologous 
bone remains the gold standard, its limited availability and complication 
rates of iliac crest bone harvesting close to 20% [2–4] have led to 
increasing reliance on synthetic alternatives. Among these, calcium 
phosphate (CaP) ceramics such as hydroxyapatite (HA; Ca5(PO4)3OH), 
β-tricalcium phosphate (β-TCP; β-Ca3(PO4)2), and their composites have 
garnered significant attention due to their chemical similarity to bone 
mineral, biocompatibility, and tunable resorption properties [5,6].

Among CaP ceramics, β-TCP is particularly notable for its cell- 
mediated resorption [7–9], which allows a graft substitute to be pro
gressively replaced by newly formed bone at a rate compatible with the 

host's metabolism. Resorption typically begins at grain boundaries [10,
11], suggesting that these regions are chemically less stable than the 
bulk material. Kalita and Bhatt [12] further demonstrated that doping 
HA with zinc (Zn) and magnesium (Mg) accelerates its degradation in 
simulated body fluid (SBF). Given that undoped HA is generally insol
uble in SBF, this implies that grain boundaries, particularly those 
modified by Zn and Mg doping, are more prone to dissolution under 
physiological conditions. However, doping does not universally promote 
degradation; for instance, Mg-doping has been shown to stabilize grain 
boundaries in β-TCP [13], indicating that the effect of dopants can vary 
depending on the material and context.

The mechanisms by which dopants influence grain boundary sta
bility and, consequently, the in vitro and in vivo behavior of the material 
remain poorly understood. A major challenge is the difficulty of 
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accurately characterizing the chemical composition of grain boundaries. 
Solid-state nuclear magnetic resonance can provide indirect insights into 
the chemical species present at these interfaces [14], but it lacks spatial 
resolution. Atom probe tomography, while capable of delivering 
high-resolution compositional data, is technically challenging to apply 
to ceramics and particularly to CaP due to their insulating nature and 
structural fragility [15]. Analysis is further complicated by the possible 
presence of distinct grain boundary phases, known as complexions, 
which may obscure or confound interpretation [16]. Moreover, since 
grain boundaries constitute only a small fraction of the total material 
volume, even trace amounts of dopants can significantly alter their 
composition, potentially leading to substantial changes in biological 
performance.

Copper (Cu) ions are well known for their antimicrobial and anti
bacterial properties, largely due to their inherent cytotoxicity [17–20]. 
At the same time, Cu is an essential trace element that plays multiple 
vital roles in human physiology [21]. It is involved in iron metabolism 
[22,23], defense against reactive oxygen species (ROS) via 
Cu-dependent enzymes [24–26], and the enzymatic crosslinking of 
collagen and elastin through lysyl oxidase (LOX) [27]. Cu also contrib
utes to angiogenesis [28], endothelial cell development [29], and the 
differentiation of mesenchymal stem cells into osteoblasts [30]. 
Accordingly, Cu deficiency has been linked to bone loss [31] and car
diovascular abnormalities [32]. Furthermore, low concentrations of Cu 
(0-8 μM) have been shown to reduce osteoclast viability and resorption 
activity [33]. Excessive Cu levels are harmful; in genetic disorders such 
as Wilson's disease, Cu accumulation in organs like the liver and brain 
can cause neurological and hepatic dysfunction [26,34].

Due to these multifunctional roles, Cu ions have been incorporated 
into bioglasses [35–37] and CaP ceramics [28,38–41] to improve their 
biological performance. Despite ISO standard 13175-3 limiting the 
heavy metal content (including Cu) in commercial CaP to 50 ppm among 
total heavy metals, experimental studies often exceed this limit by 
several orders of magnitude to investigate the effects of Cu across a 
broader concentration range. In β-TCP, Cu is primarily substituted at Ca 
(5) sites in the crystal lattice, with incorporation levels reported up to 
15 mol% [42,43]. Owing to its smaller ionic radius compared to Ca, Cu 
substitution leads to a decrease in lattice parameters and unit cell vol
ume [42,43]. While Cu has generally been associated with enhanced 
osteoblast differentiation [30], Yang et al. observed a reduction in 
alkaline phosphatase activity, a marker of osteoblastic function, along 
with significant inhibition of osteoclast development and activity [41], 
findings consistent with those of Wilson et al. using CuSO4 [44]. More 
recently, Gomes et al. demonstrated good biocompatibility and cell 
adhesion on Cu-doped biphasic CaP (BCP) disks [40].

Despite these findings, the mechanisms underlying Cu's biological 
effects in Cu-doped CaP remain unclear. It is not yet established whether 
these effects result from Cu ion release into the cell culture medium or 
from uptake during resorption of Cu-rich particles or surfaces. Addi
tionally, it is unknown whether Cu segregates at β-TCP grain boundaries, 
which could influence both its release kinetics and biological behavior. 
In other words, the role of Cu segregation at β-TCP grain boundaries in 
controlling osteoclastic resorption has not yet been elucidated. In fact, 
there is to the best of our knowledge no in vitro study looking at the effect 
of Cu-doping on β-TCP osteoclastic resorption.

This study is based on the hypothesis that Cu segregation at the grain 
boundaries of Cu-doped β-TCP plays a key role in mediating its biolog
ical response. Accordingly, the aim of this work was to systematically 
investigate how increasing Cu doping levels affect the physicochemical 
properties of β-TCP, especially grain-boundary chemistry and micro
structure, and to determine how these changes translate into alterations 
in osteoclast-mediated resorption. To address this, five β-TCP composi
tions containing Cu concentrations ranging from 0.0 wt% to 2.4 wt% 
were synthesized, with three independent batches prepared for each 
composition. The powders were characterized using a suite of standard 
techniques, including nitrogen adsorption (BET method), powder X-ray 

diffraction (XRD), inductively coupled plasma mass spectrometry (ICP- 
MS), and scanning electron microscopy (SEM). Dense cylindrical sam
ples were then fabricated from the Cu-doped powders to assess the in
fluence of Cu incorporation on physical properties such as grain size, 
density, and surface chemistry (using X-ray photoelectron spectroscopy 
(XPS)), as well as on osteoclastic resorption behavior. Resorption was 
evaluated using both physical measurements via white-light interfer
ometry (WLI) and chemical analysis through ICP-MS.

2. Materials and methods

Powder synthesis: Cu-doped β-TCP powders were produced by 
thermal conversion of Cu-doped CDHA. The approach was similar to the 
one used for the production of pure CDHA/β-TCP [45,46]. Cu-doped 
CDHA was synthesized via an aqueous precipitation method [47,48]. 
Specifically, 250 mL of a 0.6 M diammonium hydrogen phosphate 
((NH4)2HPO4) solution (Art N◦5596.1, Batch N◦138269744, Carl Roth) 
were added dropwise at 4 mL/min into 250 mL of a 0.9 M Ca and Cu 
nitrate solution. The required amount of Cu(NO3)2⋅xH2O (Art 
N◦229636, Batch N◦MKCC0069, Sigma-Aldrich, Switzerland; assumed 
to be anhydrous) was dissolved together with Ca(NO3)2⋅4H2O (Art 
N◦102123, Batch N◦B1371623, Merck) to yield a precursor solution 
with a [Ca + Cu]/P molar ratio of 1.500 (Table 1). Ratios below 1.50 
were classified as “low”, whereas ratios above 1.50 were classified as 
“high”. During the synthesis, pH was maintained at 8.0 by compensating 
for the drop in pH using a 32 % ammonia solution (NH4OH; Art. No. 
338818, Batch No. SZBF3200 V, Sigma-Aldrich) [49]. A pH value of 8.0 
was selected based on a previous study on the synthesis of chemically 
pure β-TCP powders [46]. That study demonstrated that pH 8.0 provides 
optimal conditions for stabilizing the β-TCP phase while minimizing the 
formation of secondary phases (β-CPP and HA). Specifically, lower pH 
values led to increased β-CPP formation, whereas more alkaline condi
tions promoted the formation of HA as a secondary phase due to the 
higher availability of hydroxyl ions. Following complete addition of the 
phosphate solution, the reaction mixture was allowed to ripen under 
continuous stirring for 48 h at 30 ◦C [49]. The resulting CDHA precip
itate was filtered, rinsed with deionized water, dried at 70 ◦C for 24 h, 
manually ground using a mortar, and sieved to obtain particles 
<500 μm. Finally, CDHA was converted into β-TCP via calcination at 
850 ◦C for 1 h.

The Cu doping levels were selected following a stepwise experi
mental approach rather than a uniformly spaced compositional series. 
Low Cu contents (0.1 and 0.5 wt%) were used to confirm Cu incorpo
ration into β-TCP while maintaining phase purity, whereas a higher 
nominal Cu content (2.4 wt%) was targeted to approach the upper limit 
of Cu incorporation and assess possible excess Cu effects. An interme
diate composition (1.4 wt%) was obtained experimentally to bridge the 
low- and high-doping regimes.

Polished cylinder synthesis: The preparation of β-TCP cylinders fol
lowed procedures previously described [11,49,50]. β-TCP powders were 
first ball-milled in an aqueous medium for 2 h to eliminate agglomerates 
formed during the calcination process. The powders were then filtered, 
dried at 70 ◦C, and dispersed in a 1.0 wt% solution of Darvan C-N 
(ammonium polymethacrylate; R.T. Vanderbilt Co., USA). The resulting 
slurries were further homogenized by ball-milling for 30 min before 
being slip-cast into modified 96-well polystyrene plates (the bottom part 
was cut off; Art. No. 3628, Batch No. 16117017, Costar®, Corning 
Incorporated, USA), which were placed on gypsum blocks to facilitate 
drying. After drying and demolding, dense β-TCP cylinders were ob
tained by sintering the green bodies at 1100 ◦C for 3 h. Importantly, the 
green bodies were placed on stabilized zirconia plates (Composition 
1661, Art. N◦S-3406-0.25, Batch N◦ 08021504, Zircoa, USA) previously 
coated with the same β-TCP powder as the one used for the manufacture 
of the cylinders, to avoid any chemical contaminations from the zirconia 
plate and sample cracking due to differences of thermal expansion with 
the plate. One face of each cylinder was then sequentially ground using 
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silicon carbide (SiC) abrasive papers, followed by polishing with dia
mond suspensions (down to 0.25 μm) and a final polishing using a 
0.2 μm silica suspension. To ensure cleanliness, the polished β-TCP 
cylinders were ultrasonically cleaned in acetone (2 × 5 min) and ethanol 
(1 × 5 min).

XRD: β-TCP powders were characterized by XRD using a Bruker D8 
Advance diffractometer (Bruker AXS GmbH, Germany). The general 
procedure was already described in Ref. [46]. For XRD analysis, β-TCP 
powders were dwelled at 1000 ◦C for 15 h followed by 15 h at 840 ◦C 
[51]. XRD patterns were collected using digitally and Ni-filtered Cu Kα 
radiation (λ = 1.540598 Å) and analyzed via Rietveld refinement with 
Profex (Version 4.0.2) [52]. Scans were performed from 8◦ to 100◦ (2θ). 
The JCPDS file numbers for HA, β-TCP, and β-CPP used for the Rietveld 
refinement analysis are 01-074-0565, 04-008-8714, and 04-009-3876, 
respectively.

ICP-MS: The elemental impurity content in β-TCP powders was 
determined using ICP-MS (Agilent 7700x, Agilent Technologies, USA) 
equipped with an autosampler (SPS 4, Agilent Technologies, USA), 
following the methodology previously described [46,49]. Samples were 
first digested in concentrated nitric acid (HNO3, 69% w/w, ROTI
PURAN® Supra, Art. N◦ HN50.1, Roth, Germany), then diluted 1:100 in 
an acidic matrix solution composed of ultrapure water containing 3% 
HNO3, 2% hydrochloric acid (HCl, 35% w/w, ROTIPURAN® Supra, Art. 
N◦ HN53.1, Roth, Germany), and 0.01% hydrofluoric acid (HF, 47–51% 
w/w, UPATM, Art. N◦ SS52, Romil, UK). Ca and P concentrations were 
determined by calibrating 44Ca and 31P signals using a custom-made 
Ca/P standard solution (500:250 ppm Ca:P, Inorganic Ventures, seri
ally diluted to 5000:2500, 1000:500, 200:100, and 40:20 ppb). 23Na, 
88Sr, 24Mg, and 65Cu signals were calibrated using a certified 
multi-element standard (71A, 10 ppm, Inorganic Ventures, diluted to 
100, 10, 1, and 0.1 ppb). An internal standard (1 ppb In, 1 ppb Sc, and 
0.1 ppb Bi, Inorganic Ventures) was included with each sample to cor
rect for matrix effects and instrumental drifts. Additionally, the Ca/P 
and 71A standards were measured after every 8 samples to compensate 
for mass-dependent calibration drifts over time. Measurement un
certainties (Uk = 2) were calculated for each element based on a 
three-day validation protocol, accounting for pipetting errors, weighing 
inaccuracies, and instrument variability. ICP-MS analysis was also per
formed on the cell culture medium, which was diluted 1:1000 in the 
same acidic matrix. Calibration of 44Ca and 31P was again done using the 
Ca/P standard (diluted to 5000:2500, 500:250, 100:50, 20:10, and 
4:2 ppb). Other elements were calibrated with the 71A standard, as 
previously described. Calibration drifts were corrected using the same 
internal standards and repeated measurements of Ca/P and 71A.

Specific surface area (SSA): The SSA of CDHA and β-TCP powders 
was determined by nitrogen (N2) adsorption at 77 K using a TriStar II 
Plus analyzer (Micromeritics, USA). The Brunauer–Emmett–Teller (BET) 
model was applied using five-point measurements to calculate the total 
surface area, from which SSA was derived. As moisture can significantly 
influence SSA measurements, samples were pre-dried for 3 h at 130 ◦C 
under a constant nitrogen flow using a FlowPrep 060 station (Micro
meritics, USA). To ensure reliable data, a target surface area of 
approximately 10 m2 was aimed for. Accordingly, 0.5 g of CDHA powder 

and 1.5 g of β-TCP were typically used per measurement. In addition, the 
diameter of the elementary particles (assumed spherical) was estimated 
from the specific surface area measurement using the equation d = 6/ 
(SSA • ρ) [μm], where d is the diameter and ρ the density.

SEM: CDHA and β-TCP powders were examined using a field emis
sion SEM (FE-SEM; Merlin, Zeiss, Germany) equipped with a high- 
efficiency secondary electron (HE-SE2) detector. Imaging was con
ducted at an accelerating voltage of 1 kV, with a probe current of 80 pA 
and a working distance of 4.0 mm [46]. For sample preparation, pow
ders were mounted on carbon adhesive tape previously affixed to stan
dard aluminum SEM stubs. To minimize charging effects and enable 
high-magnification imaging, CDHA powders were coated with a thin 
layer of osmium. In contrast, β-TCP powders were observed without 
coating. Similarly, the surfaces of β-TCP cylinders, both before and after 
cell culture experiments, were examined employing the same imaging 
parameters used for powder analysis. Specifically, the cylinders were 
mounted on standard aluminum SEM stubs using carbon adhesive tape 
and coated with a thin layer of carbon.

Grain size: Grain sizes were determined by morphometric analysis of 
backscattered electron (BSE) SEM images using the line intercept 
method. In this approach, straight lines were randomly drawn on the 
micrographs, and the number of intersections with grain boundaries was 
counted. The mean grain size (D) was calculated by dividing the total 
line length (L) by the number of intersections minus one (P − 1). This 
correction accounts for the fact that both ends of the line typically touch 
grain boundaries, meaning that the number of actual grains intersected 
is (P − 1). To ensure statistical robustness, grain size was measured on a 
large dataset: three cylinders were analyzed for each β-TCP batch, with 
three SEM images acquired per cylinder. On each image, approximately 
100 grains were evaluated, yielding a total of 300 grains measured per 
cylinder/batch and hence 900 grains for each Cu composition.

Relative density: The relative density of the β-TCP cylinders was 
determined using the Archimedes' method. Initially, cylinders were 
degassed in an impregnation device (CitoVac, Struers, Denmark) and 
weighed dry (mdry) using a high-precision scale. Subsequently, the 
samples were again degassed and impregnated with isopropanol in a 
beaker to facilitate penetration into open porosity. Density measure
ments were performed using a density determination kit (Mettler 
Toledo, Switzerland) installed on the scale. The beaker in which the 
sample was immersed was filled with isopropanol and tared before 
measurement. Cylinders were removed from the beaker with tweezers, 
gently rolled on a filter paper pre-moistened with isopropanol to remove 
surface excess and then placed in the isopropanol-immersed metal 
holder. After 30 s, the submerged mass (mwet) was recorded. Timing 
during these steps was carefully controlled to ensure reproducibility 
despite isopropanol's volatility. The apparent density (ρ) of each cylin
der was calculated using equation [1] and then expressed as a per
centage relative to the theoretical density of β-TCP, determined from 
X-ray diffraction data. For accuracy, mwet was measured 4–5 times per 
cylinder, and three cylinders were analyzed per batch. The density of 
isopropanol, ρiso, was adjusted based on its temperature during mea
surement, monitored with a Pt100 probe (Art. N◦ 00724, mcs Laboratory 
AG, Switzerland) and a calibrated thermometer (testo 735, Testo, 

Table 1 
Main synthesis parameters of pure and Cu-doped CDHA/β-TCP powders. For the calculation of the (Ca + Cu)/P ratio, it was assumed that x = 0 in the copper nitrate 
composition, leading to a molecular weight for Cu(NO3)2⋅xH2O of Mw = 187.56 g/mol. The Cu nominal content is the Cu/(Ca + Cu) mol% ratio. The samples are 
denominated in the text with their ICP-MS Cu weight fraction.

Cu nominal content [wt 
%]

Cu nominal content [mol 
%]

Sample 
denomination

Ca(NO3)2⋅4H2O 

[g]

Cu(NO3)2⋅xH2O 

[g]

(NH4)2HPO4 [g] [Ca + Cu]/ 
P 
[− ]

Synthesis pH 
[− ]

0.00 0.00 0.0% 53.13 0.000 19.81 
19.81 
19.81 
19.81 
19.81

1.500 
1.500 
1.500 
1.500 
1.500

8.00
0.06 0.10 0.1% 53.08 0.042 8.00
0.61 1.00 0.5% 52.60 0.422 8.00
1.78 2.92 1.4% 51.59 1.232 8.00
3.04 5.00 2.4% 50.48 2.110 8.00
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Switzerland). 

ρ= mdry ⋅ ρiso

mdry − mwet
[1] 

XPS: XPS measurements were performed using an Axis Nova spec
trometer (Kratos Analytical Ltd., UK), equipped with a monochromatic 
Al Kα X-ray source (1486.7 eV), operated at 225 W and an incidence 
angle of 54.6◦ relative to the sample surface. The acquired spectra were 
processed using CasaXPS software (v2.3.14, Casa Software Ltd., UK). 
Peak fitting was conducted for the core-level signals of O 1s, C 1s, Ca 2p, 
and P 2p to accurately determine their binding energies. Charge 
correction was applied by referencing the C 1s peak of aliphatic carbon 
to 285.0 eV. Peak areas were calculated after background subtraction 
and corrected using relative sensitivity factors provided by the 
manufacturer.

Cell culture: Osteoclasts were generated from primary cells accord
ing to the procedure described by Gallo et al. [49] and Le Gars Santoni 
et al. [11]. Bone marrow cells (BMCs) were isolated from the femora and 
tibiae of 6-week-old C57Bl/6J mice and cultured for 24 h in α-minimum 
essential medium (α-MEM; Art. No. 12000, GIBCO® BRL Life Technol
ogies, Switzerland), supplemented with 10% fetal bovine serum (FBS; 
Art. No. F7524, Batch No. 099K3395, Sigma-Aldrich, Switzerland), 1% 
penicillin/streptomycin (P/S; Art. No. 15140, GIBCO BRL Life Tech
nologies, Switzerland), and 30 ng/mL macrophage colony-stimulating 
factor (M-CSF; Art. No. FDP-3005, Chiron, USA). After 24 h, the 
non-adherent osteoclast progenitor cells (OPCs) were collected and 
resuspended in fresh α-MEM supplemented with 30 ng/mL M-CSF and 
20 ng/mL receptor activator of nuclear factor κ-B ligand (RANKL; re
combinant human, Art. No. 310-01, PeproTech, UK). Mature osteoclasts 
were obtained after 5 days of differentiation. Meanwhile, β-TCP cylin
ders were sterilized via dry heat (180 ◦C for 6 h) and placed into 96-well 
plates with their polished surfaces facing upwards. Each cylinder was 
pre-conditioned by coating with 150 μL of 30% FBS in α-MEM and 
incubated for 48 h at 37 ◦C in a humidified atmosphere containing 5% 
CO2. The coating medium was removed prior to seeding. On day 5, 
mature osteoclasts were seeded onto the β-TCP cylinders by adding 
25 μL of cell suspension and 125 μL of medium supplemented with 
30 ng/mL M-CSF, 15 mM HCl (37% fuming; Art. No. 317, Merck, Ger
many), and 20 ng/mL RANKL. As a control, macrophages were differ
entiated from OPCs in α-MEM supplemented with 30 ng/mL M-CSF but 
without RANKL.

Cell culture experiments were conducted in triplicate (n = 3) using 
three distinct β-TCP batches, each with a Ca/P molar ratio near 1.500 
(Table 2). Each experiment involved incubating β-TCP cylinders for 24 h 
under three conditions: no cells (NC), macrophages (MA), or osteoclasts 
(OC). After 24 h of exposure to the cell culture medium, either with or 
without cells, the supernatants were collected, centrifuged (Eppendorf 
5415R, 13,200 rpm, 16,100×g, 10 min), and stored in Eppendorf tubes 
for subsequent analysis by ICP-MS. Osteoclast differentiation was 
confirmed by staining for tartrate-resistant acid phosphatase (TRAP). 
Cells were washed with phosphate buffer solution (PBS), fixed in 4% 
paraformaldehyde (Art. No. 818715, Merck, Germany) in PBS, rinsed 

three times with deionized water, and stained using a commercial TRAP 
staining kit (Art. No. 387A, Sigma-Aldrich, Switzerland). TRAP activity 
was quantified in the resulting cell lysates by the enzymatic conversion 
of p-nitrophenyl phosphate (p-NPP; Art. No. N3254, Sigma, 
Switzerland) to p-nitrophenol in the presence of sodium tartrate and 
sodium acetate. The reaction was terminated with NaOH, and absor
bance was measured at 405 nm (reference wavelength: 690 nm) using an 
Infinite 200Pro spectrophotometer (Tecan Group Ltd., Switzerland). The 
remaining cylinders were cleaned to remove cellular and medium resi
dues. This was achieved by soaking the samples in a PBS-EDTA solution, 
followed by two rinses with distilled water (refreshed between steps), 
and finally drying them with isopropanol to prevent surface dissolution 
during storage. Factors, levels, responses and sample sizes of pure and 
Cu-doped β-TCP cylinders used in the cell-culture experiments are 
indicated in Table 3.

WLI: The surface topography of β-TCP cylinders was analyzed before 
and after cell culture experiments by WLI. Cylinders were examined 
using a non-contact 3D optical profiler (S neox, Sensofar, Spain) 
equipped with a 50 × WLI objective (50 × /0.55DI, CF Plan, Nikon, 
Japan). To expand the field of view to 665 μm × 501 μm, image stitching 
was performed using SensoSCAN software (Version 6.1.3, Sensofar, 
Spain). For each batch of β-TCP, three cylinders were analyzed, with 
three images acquired per cylinder. Image processing and surface 
characterization were conducted using SensoMAP Premium (Version 
April 7, 8341, Digital Surf, France). To define the baseline for analysis, a 
reference (zero) plane was manually selected by identifying non- 
resorbed surface areas. Roughness parameters according to ISO21920- 
3:2021, resorbed area, and resorbed volume per unit surface area 
were then calculated automatically by the software. The mean resorbed 
depth was derived by dividing the resorbed volume per surface area by 
the total resorbed area.

Table 2 
Factors, levels, responses and sample sizes analyzed for each batch of CDHA and β-TCP powders, as well as β-TCP cylinders. Powders were produced in triplicate except 
for the copper-free powders which were produced six times. As such, a total of 18 powders (1 x 6 + 4 x 3) were produced.

Factors Levels Responses

SSA Grain Size Relative density XPS

powders CDHA [Ca + Cu]/P molar ratio (bulk) 1 or 2a n = 18 - - -
Cu content 5

β-TCP [Ca + Cu]/P molar ratio (bulk) 1 or 2a n = 18 - - -
Cu content 5

cylinders β-TCP [Ca + Cu]/P molar ratio (bulk) 1 or 2a - n = 18 n = 18 n = 18
Cu content 5

a For some Cu compositions, there was either at least one batch with a [Ca + Cu]/P molar ratio below 1.500 and one batch above 1.500 (number of levels = 2), while 
for other compositions all the batches had their [Ca + Cu]/P molar ratio below 1.500 (number of levels = 1).

Table 3 
Factors, levels, responses and sample sizes of pure and Cu-doped β-TCP cylinders 
used in the cell-culture experiments. Cylinders were produced with each of the 
18 β-TCP powders.

Factor Levels Responses

TRAP 
Activity

Mean 
resorbed 
thickness

Cell culture 
medium 
(ICP-MS)

Cell culture medium with no 
cells (NC), with 
macrophages (MA) and 
with osteoclasts (OC)

3 n = 3 n = 3 n = 3

[Ca + Cu]/P molar ratio 
(bulk)

1 or 
2a

n = 18 n = 18 n = 18

Cu content 5

a For some Cu compositions, there was either at least one batch with a [Ca +
Cu]/P molar ratio below 1.500 and one batch above 1.500 (number of levels =
2), while for other compositions all the batches had their [Ca + Cu]/P molar 
ratio below 1.500 (number of levels = 1).
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Statistics: As detailed in the supplementary files, the statistical 
methods used in the manuscript include Analysis of Variance (ANOVA), 
post-hoc comparisons with Bonferroni correction, and Dunnett's test. A 
two-sided test was also used to determine the significance of a slope. 
ANOVA was the primary method for determining the statistical signifi
cance of various factors on different responses. Factors analyzed 
included: (A) The Cu content: The weight percentage of Cu in the 
samples. (B) The [Ca + Cu]/P molar ratio: low = “< 1.50”, high = “>
1.50”. (C) The Cell culture type: The conditions with no cells (NC), 
macrophages (MA), and osteoclasts (OC). (D) Repetition: The number of 
experimental runs (n = 3). Responses measured included lattice pa
rameters, unit cell volume, SSA values, grain sizes, relative densities, 
TRAP activity, mean resorbed depth, and various ion concentrations 
(Ca, P, Cu, Na, K, Mg) in the cell medium. When the ANOVA results 
showed a significant difference, post-hoc comparisons with Bonferroni 
correction were used to pinpoint which specific group comparisons were 
statistically significant. The results of these comparisons are often pre
sented with a p-value and an arrow indicating whether the response 
significantly increased (↗) or decreased (↘). The Dunnett's test was 
specifically used to compare the concentrations of Ca, P, and Cu ions 
from different cell culture types (no cells, macrophages, and osteoclasts) 
against a control group, which was the basal concentration in the cell 
culture medium alone.

3. Results

According to ICP-MS and XRD data (Figs. 1 and 2), the synthesis of 
Cu-free and Cu-doped β-TCP was successful, thereby confirming the 
visual impression given by the increasingly blue color of the samples up 
to 1.4 wt% and XPS surface analysis data (Figs. S1 and S2). ICP-MS 
analysis confirmed the presence of Cu in Cu-doped β-TCP (Fig. 1). Cu 
uptake exhibited a strong linear relationship with solution concentration 
(r2 = 0.999), although the Cu relative content in the doped β-TCP was 
only 78% of that in solution, indicating that Cu incorporation into CDHA 
is slightly less favorable than Ca. The mean [Ca + Cu]/P molar ratio 
determined for all synthesized powders by ICP-MS was 1.498 ± 0.003, 
with values ranging from 1.490 to 1.512. In line with ICP-MS, Rietveld 
refinement revealed a linear increase in Cu content within the β-TCP 
phase with rising Cu concentration in the precipitation solution (Fig. 1), 
although the Cu content was markedly lower than the value measured 
by ICP-MS (50% vs 78%). Among the 43 elements analyzed by ICP-MS, 
only trace amounts of Sr (~22 ppm) were detected in the powders, 

indicating a very low level of unintended elemental impurities, in 
particular of heavy metals. On this basis, the reference Cu-free β-TCP can 
be considered highly pure with respect to trace-element contamination.

XRD Rietveld refinement of CDHA powders heat-treated at 1000 ◦C 
for 15 h exposed β-TCP as the dominant phase, with occasional minor 
amounts of β-calcium pyrophosphate (β-CPP; Ca2P2O7) detected 
(Fig. 2a). At the highest Cu loading, a diffraction peak corresponding to 
CuO appeared (Fig. 2b), suggesting the presence of trace CuO. A shift in 
the main β-TCP diffraction peak (Fig. 2c) further indicated partial 
incorporation of Cu into the β-TCP crystal lattice. Cu doping led to a 
significant decrease (p < 0.001) in both lattice parameters “a” and “c” 
(Fig. 3; Table S1), resulting in a notable reduction in unit cell volume 
(Fig. 3c). There was no significant interaction between Cu doping and 
[Ca + Cu]/P molar ratio (Fig. S3). The refinement also indicated that Cu 
substitution occurred preferentially at the Ca(5) crystallographic posi
tion (Fig. 3d).

Cu doping did not significantly alter the morphology of the CDHA 
powders (Fig. 4a–c,e,g), which consisted of agglomerated, globular 
particles with diameters below 100 nm. However, Cu doping notably 
increased the specific surface area (SSA) of the powders, from approxi
mately 100 m2/g to 160 m2/g (Fig. 5a; Fig. S4a; Table S2, Table S3), 
indicating still an influence on the synthesis process. Following thermal 
treatment at 850 ◦C, Cu had no discernible effect on the SSA, which 
decreased to around 6 m2/g (Fig. 5b). An increase of the [Ca + Cu]/P 
molar ratio significantly increased the SSA value (p < 0.0001) (Fig. S4b). 
Morphologically, the thermally treated powders exhibited a typical 
sintered structure, characterized by agglomerated rounded particles 
(Fig. 4b–d,f,h).

Microstructurally, the presence of Cu significantly affected the grain 
size and relative density of sintered samples (p < 0.01; Fig. 5; Fig. 6; 
Fig. S5; Table S4). Cu doping increased the grain size and density, with a 
local maximum at 0.1-0.5% Cu (Table S5). Small radiodense particles 
and particle agglomerates were found at grain boundaries in the samples 
with 1.4 and 2.4 wt% Cu loading (Fig. 6d,e,f). An EDX analysis at 2.4% 
Cu loading demonstrated the presence of Cu oxide (Fig. 6g and h), in line 
with the XRD results (Fig. 2b).

TRAP staining confirmed osteoclast presence (identified as TRAP- 
positive multinucleated cells) on both undoped and Cu-doped β-TCP 
cylinder surfaces (Fig. 7). Qualitative observations suggested a lower 
number of osteoclasts on β-TCP cylinders containing 0.5, 1.4, and 2.4 wt 
% Cu compared to the undoped and 0.1 wt% Cu-doped samples. Addi
tional TRAP stained images (Fig. S6) further illustrate osteoclast 
development prior to and after 24 h of osteoclastic resorption. Quanti
tative analysis of TRAP activity revealed no statistically significant in
fluence of Cu concentration (Fig. 7f) or the [Ca + Cu]/P molar ratio 
(Fig. S7a) on enzymatic activity (Table S6). However, TRAP activity 
levels in control media lacking osteoclasts (i.e., without cells or con
taining only macrophages) were significantly lower (p < 0.001; Fig. S7b; 
Table S7). Qualitatively, the proliferation of osteoclast progenitors 
(OCPs) seemed unaffected or only slightly affected by Cu-doping, 
whereas OCP fusion and activity were decreased.

The SEM micrographs illustrating the surfaces of both undoped and 
Cu-doped β-TCP cylinders, before and after exposure to cell culture 
conditions, are presented in Fig. 8. Before undergoing resorption, the 
surfaces of the cylinders appeared similar, except for the samples con
taining 2.4 wt% Cu, which exhibited increased porosity. When 
immersed in culture media without cells, the cylinders showed slight 
surface dissolution, which became more pronounced with the addition 
of HCl (Fig. 8). This degradation predominantly followed the polishing 
marks and grain boundaries. Comparable surface dissolution was 
observed in samples exposed to macrophages, regardless of Cu content. 
In contrast, cylinders cultured with osteoclasts showed grain resorption 
accompanied by the appearance of aligned needle-like structures on 
their surfaces. This was most evident in both pure β-TCP and the 0.1 wt% 
Cu-doped variants (Fig. 8; Fig. S8). Samples with 0.5 wt% and 1.4 wt% 
Cu doping displayed reduced signs of resorption, while those with 2.4 wt 

Fig. 1. Cu content of Cu-doped β-TCP as measured by ICP-MS (red) and XRD 
(blue). The Cu content is expressed as the copper weight divided by β-TCP 
weight. A nominal Cu content of 3.04 wt% corresponds to a molar content of 
5.00 mol%. The difference between the Cu-content determined by XRD and 
ICP-MS suggests the formation of a Cu-rich secondary phase. (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web 
version of this article.)
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% Cu exhibited only minor dissolution along grain boundaries and 
polishing lines.

Fig. 9 illustrates the post-resorption surface topography of pure and 
Cu-doped β-TCP cylinders, highlighting the relationship between surface 
features and Cu concentration. In these images, green denotes the 
reference plane, while blueish tones indicate recessed areas. For refer
ence, the surface profiles of samples incubated in cell culture medium 
without cells are also provided (Fig. 9). Evidence of osteoclastic 
resorption was observed in cylinders with up to 0.5 wt% Cu, with no 
clear resorption marks in those with higher Cu levels, the blueish 

coloration in those cases corresponded to inherent porosity and/or pores 
possibly created by the loss of CuO agglomerates. Notably, the 0.1 wt% 
Cu-doped cylinders exhibited a morphological shift in the resorption 
pattern with deeper and more localized resorption pits (Fig. 9d).

Osteoclastic resorption of the Cu-doped β-TCP samples was signifi
cantly affected by the Cu content (p < 0.001; Fig. 10a, Table S8). 
Whereas no significant difference could be detected between 0 and 
0.1 wt% doping (Table S9), further addition of Cu led to a significant 
drop of resorption. There was in fact no statistically significant differ
ence of resorption between the groups “no cells”, “macrophages”, and 

Fig. 2. (a) XRD diffraction patterns of Cu-doped β-TCP powders with identification of β-TCP (* symbols) and (● symbols) β-CPP peaks between 25 and 37 ◦2θ (a); (b) 
Appearance of the strongest CuO diffraction peak (PDF No 04-007-1375; 111 peak) on XRD spectra of Cu-doped β-TCP powders with increasing Cu content; (c) peak 
shift due to the increase in Cu content. The β-CPP peaks observed in the 2.4 wt% Cu-doped β-TCP are not representative, since no significant increase in β-CPP content 
is observed with increasing Cu content.

Fig. 3. Evolution of β-TCP (a) lattice parameter “a”, (b) lattice parameter “c”, (c) unit cell volume and (d) Ca(5) site occupancy with the Cu content. The [Ca + Cu]/P 
molar ratio is represented by (●) when below 1.500 and by (◆) when above 1.500. Changes in the lattice parameters, unit cell volume and Ca(5) site occupancy 
were highlighted with linear regressions (black dashed lines). Experimental data was compared with results from Kumar et al. [43] (blue × symbols) and Spaeth et al. 
[42] (green + symbols). Error bars for Cu content represent the uncertainty Uk = 2, while error bars for the lattice parameters, unit cell volume and Ca sites occupancy 
stand for the repeatability (2.77*estimated standard deviation ESD). (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.)
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“osteoclasts” at 0.5 wt%, 1.5 wt%, and 2.4 wt% Cu doping (Fig. S9; 
Table S10), suggesting that osteoclastic resorption was fully inhibited at 
these Cu contents. A strong positive correlation was found between 
resorbed masses calculated via WLI and those derived from ICP-MS 
measurements (Fig. 10b; R2 = 0.75; p < 0.001), confirming consis
tency between the two methods.

Fig. 11 presents the concentrations of Ca, P, and Cu ions in the cul
ture medium following 24 h of cell culture experiments. The levels of Ca 
and phosphate ions were significantly influenced by both the type of cell 
culture (p < 0.001) and the Cu content in the β-TCP cylinders (p < 0.01) 
(Fig. 11; Table S11). Ca and P concentrations were notably higher in 
media containing osteoclasts compared to those with macrophages or no 
cells (Fig. 11a and b; Table S12). Further analysis revealed that for pure 
and 0.1 wt% Cu-doped β-TCP cylinders, Ca and phosphate levels were 
significantly elevated relative to baseline (p < 0.001; Table S13). For the 
0.5 wt% Cu-doped samples, both the Ca and phosphate concentration 
also significantly exceeded baseline values (Fig. 11b; p < 0.04 and 
p < 0.01, respectively).

Cu ion concentration was strongly correlated with the Cu content in 
the β-TCP cylinders (p < 0.001; Fig. 11c; Table S11). Cu levels in Cu-free 

samples were not significantly different from the limit of detection 
(LOD; 0.4 μM), indicating that the samples were either truly Cu-free or 
contained Cu at concentrations close to the detection limit. The Cu ion 
concentration was significantly higher in the medium exposed to 2.4 wt 
% Cu-doped cylinders compared to the baseline (p < 0.001; Table S13). 
Elevated Cu levels were also observed in the 0.5 and 1.4 wt% Cu-doped 
samples (p < 0.01; Table S13). Sodium, potassium, and magnesium ion 
concentrations remained stable across all experimental conditions, 
showing no dependence on cell culture type, Cu content, or [Ca + Cu]/P 
molar ratio (Fig. S10, Table S11).

4. Discussion

This study sought to clarify how Cu incorporation, and any subse
quent grain-boundary segregation, modifies β-TCP surface chemistry 
and microstructure, and how those alterations impact osteoclastic 
resorption. To this end, Cu-doped β-TCP was synthesized via a two-step 
process: first, Cu-substituted CDHA with a [Ca + Cu]/P molar ratio of 
1.50 was precipitated; then, these precursor powders underwent a high- 
temperature phase transformation to yield Cu-doped β-TCP.

Fig. 4. Representative SEM images of undoped and Cu-doped CDHA (left column) and β-TCP (right column). The ICP-MS Cu content is indicated on the images (0%, 
0.1%, 1.4%, 2.4%). The images in (a) and (b) are taken from Ref. [46]. The scale bar in (g) applies to (a), (c), and (e) while the one in (h) applies to (b), (d) and (f).
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The partial substitution of Ca nitrate with Cu nitrate in the solution 
did not significantly alter the precipitation reaction or the appearance of 
the reaction product (Fig. 4). However, the presence of Cu led to an 
increase in the specific surface area (SSA) of the powder, from approx
imately 100 m2/g without Cu to 160 m2/g at the highest Cu doping level 
(p < 0.001; Fig. 5). This trend suggests that Cu either promotes apatite 
nucleation, inhibits crystal growth, or affects both processes, consistent 
with findings from previous studies [53,54]. In contrast, another study 
focused on phosphate removal from wastewater also reported growth 
inhibition by Cu but observed an increase in crystal size [55]. The 
observed suppression of crystal growth could be attributed to the strong 
sorption of Cu ions onto apatite surfaces [56–58]. During heating at 
850 ◦C, CDHA undergoes phase transformation and significant atomic 
diffusion, which promotes particle coalescence and grain growth, 
thereby erasing surface-adsorption effects present at low temperature. 
At this stage, Cu is either incorporated into the β-TCP crystal lattice or 
redistributed, so that it no longer effectively limits grain growth, 
explaining why the SSA of β-TCP powders is not affected by the Cu 
content.

The production of Cu-doped β-TCP by thermal treatment of Cu-doped 
CDHA powders was successful. Increasing the nominal Cu content dur
ing synthesis led to a corresponding increase in the Cu concentration in 
the resulting CDHA/β-TCP powders (Fig. 1). Minor deviations from the 
target [Ca + Cu]/P molar ratio of 1.500 were observed, along with trace 
amounts of secondary phases (HA and β-CPP), whose combined content 
remained below 1.1 wt%. These deviations are primarily attributed to 
batch-to-batch variations and incomplete incorporation of Cu into the 
crystal structure, as discussed above and below. The average Cu incor
poration efficiency, determined by ICP-MS data was approximately 78% 
(Fig. 1).

The water content of the Cu nitrate used in the synthesis was un
known and assumed to be zero, therefore, incorporation efficiencies 
below 100% may partly result from an overestimation of the Cu content 
in the precursor salt. Such an overestimation would also be expected to 
affect the [Ca + Cu]/P molar ratio, specifically a decrease with 
increasing nominal Cu content, which was not observed. Also, the 
limited incorporation of Cu in apatite has already been reported [53,59]. 
Since deviations of the Ca/P molar ratio around 1.50 modifies grain size, 
density, crystallographic structure, and osteoclast response [11,46,60], 

a difference was made in the presentation of the results for powders with 
a [Ca + Cu]/P molar ratio below and above 1.50 (“low” and “high”, 
respectively). The results suggest that the main influencing factor is the 
Cu content rather than the [Ca + Cu]/P molar ratio. This is in particular 
true for the osteoclastic response (Fig. S11).

XRD analysis confirmed that Cu was successfully integrated into the 
β-TCP crystal lattice (Figs. 2 and 3; Table S1). The lattice parameters “a” 
and “c”, as well as the unit cell volume, decreased linearly with 
increasing Cu content (Fig. 3), consistent with Vegard's law [61]. This 
lattice contraction aligns with previous findings [42,43] and is attrib
uted to the smaller ionic radius of Cu2+ compared to Ca2+. Similar 
substitution behavior has been observed for other divalent cations with 
ionic radii smaller than that of Ca2+, including Mg2+ [62] and Zn2+ [63]. 
Structural analyses and theoretical modeling further indicate a prefer
ential substitution of Cu2+ at the Ca(5) crystallographic site within the 
β-TCP crystal lattice (Fig. 3d) [42,43,64]. However, the discrepancy 
between the Cu content measured by XRD, known to provide reliable 
estimates of lattice-incorporated dopants [42], and the higher values 
measured by ICP-MS (Fig. 1) suggests that not all Cu was retained within 
the β-TCP crystal lattice. Consistent with these findings, SEM, XRD, and 
EDX analyses (Figs. 2 and 6b) revealed CuO precipitates localized at 
β-TCP grain boundaries. Bazin et al. [65] demonstrated that CuO sec
ondary phases observed in Cu-substituted CaP can be suppressed or 
eliminated by rapid cooling, whereas slow cooling promotes CuO for
mation at grain boundaries. Similar conclusions were drawn from in-situ 
high-temperature diffraction studies by Bulina et al. [66], who showed 
that Cu can temporarily reincorporate into the CaP lattice at elevated 
temperatures but segregates as CuO upon slow cooling. These results 
suggest that CuO seggregation occurred during the cooling step 
following Cu-doped β-TCP sintering.

In addition to altering the color of the material, first in blue and then 
in dark grey (Fig. S1), Cu doping markedly affected several physical 
properties of the material (Fig. 5; Table S4, Table S5). β-TCP grain size 
initially increased with increasing Cu content, reaching a maximum at 
0.5 wt%, but decreased significantly at higher Cu concentrations (1.4 
and 2.4 wt%) (Fig. 5c; Table S5). The origin of the maximum grain size 
observed at 0.5 wt% doping remains unclear. In contrast, the influence 
of Cu doping on density was less systematic. This variability may be 
partly attributed to the small deviations in the [Ca + Cu]/P molar ratio, 

Fig. 5. Specific surface area (SSA) as a function of the Cu content (a) for CDHA powders and (b) for thermally treated β-TCP powders (1 h at 850 ◦C). (c) Grain sizes 
and (d) relative densities of pure and Cu-doped β-TCP cylinders after sintering as a function of the Cu content. The results are represented by (● symbols) when the 
[Ca + Cu]/P molar ratio is below 1.500 and by (◆ symbols) when above 1.500. Error bars for the SSA and the Cu content (ICP-MS) represent the uncertainty Uk = 2. 
Error bars for the grain size (n = 3; 900 grains) and the relative density (n = 3) stand for the standard deviation. Note that the SSA values for pure CDHA and β-TCP 
powders, grain sizes and relative densities for pure β-TCP cylinders were published by Le Gars Santoni et al. [11].
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which likely obscure the intrinsic effect of Cu on densification 
(Table S4). While most Cu-doped cylinders exhibited slightly higher 
densities, the 2.4 wt% Cu-doped samples showed a marked decrease 
(Fig. 5). This reduction in density could be due to the presence of 
abundant CuO precipitates at grain boundaries (Fig. 6), which hindered 
proper densification during sintering (Fig. 5; Table S5). Comparable 
effects of Cu on grain size and relative density were also reported by 
Nikita et al. in Cu-doped HA ceramics [67]. While they suggested that Cu 
segregation at HA grain boundaries might explain these changes, this 
mechanism was not explicitly demonstrated in their study.

TRAP staining confirmed the presence of osteoclasts on the surfaces 
of both pure and Cu-doped β-TCP cylinders (Fig. 7). Despite clear dif
ferences in resorptive activity, quantification of TRAP activity showed 
no significant differences between pure and Cu-doped samples (Fig. 7f; 
Table S6, Table S7). This lack of correlation between TRAP activity and 
osteoclastic resorption is consistent with previous reports [11,33] and 
indicates that Cu does not inhibit osteoclast formation or survival, but 

rather affects their functional activity.
After 24 h in cell culture medium, the surfaces of the β-TCP cylinders 

showed slight signs of dissolution, occurring predominantly along the 
grain boundaries and polishing lines (Fig. 8), consistent with past ob
servations [11,60]. Although the cell culture solution was supersatu
rated with respect to β-TCP, it can be speculated that the mechanically 
induced surface defects associated with polishing lines possessed 
elevated surface energies and enhanced dissolution kinetics. Following 
osteoclastic resorption, only the pure and 0.1 wt% Cu-doped β-TCP 
cylinders exhibited clear evidence of resorption, characterized by the 
formation of highly oriented needle-like structures on the surface of 
resorbed grains and selective dissolution of grain boundaries (Fig. 8, 
Fig. S8). These needle-like structures are typically aligned along the 
c-axis of the β-TCP crystallographic lattice [49].

In contrast, cylinders with higher Cu contents (≥0.5 wt%) showed 
progressively reduced surface dissolution and ultimately no identifiable 
signs of osteoclastic resorption. These findings were corroborated by 

Fig. 6. Representative SEM-BSE images showing the evolution of the microstructure of dense β-TCP samples as a function of the Cu content. (a) 0%; (b) 0.1%; (c) 
0.5%; (d) 1.4 wt% and (e) 2.4 wt% Cu-doped β-TCP cylinders. (f) Enlargement of the microstructure of 1.4 wt% Cu-doped β-TCP showing some of the crystals at the 
grain boundaries (red arrows). In addition, an SEM-EDX line scan (g) was performed on one of the Cu-rich precipitate in a 2.4 wt% Cu-doped β-TCP cylinders (h), 
showing an increase in Cu content and a decrease in O content as well as a slight decrease in P content. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.)
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WLI imaging (Fig. 9) and quantitative WLI analysis (Fig. 10), which 
demonstrated a significant reduction in resorption for the 0.5 wt% Cu- 
doped samples and an almost complete absence of resorption in the 
1.4 and 2.4 wt% Cu-doped cylinders (Tables S8–S10). In fact, there was 
no significant difference in mean resorbed depth between the groups “no 
cells”, “macrophages”, and “osteoclasts” at 0.5 wt%, 1.5 wt%, and 2.4 wt 
% Cu doping (Fig. S9; Table S10). This Cu-dependent suppression of 
osteoclastic resorption is consistent with previous reports [41,44,68].

The analysis of Ca and phosphorus (P) ion concentrations in the cell 
culture medium corroborated the findings from SEM and WLI mea
surements (Figs. 8–11). Both pure and 0.1 wt% Cu-doped β-TCP cylin
ders released Ca and P at levels higher than baseline, consistent with 
active osteoclastic resorption of the CaP ceramic (Fig. 11, Table S11, 
Table S12). Notably, the 0.1 wt% Cu-doped samples released higher 
amounts of Ca and P than the undoped controls (Table S13), in agree
ment with WLI measurements; however, these differences did not reach 
statistical significance (Fig. 10a). The WLI pseudo-color images (Fig. 9) 
nevertheless revealed a qualitative shift in resorption morphology, 
showing fewer but distinctly deeper pits in the presence of 0.1 wt% Cu.

One possible explanation for this unexpected enhancement of 
localized resorption is a hypoxia-mimicking effect associated with low 
concentrations of released Cu2+. Indeed, hypoxia has been shown to 
simultaneously increase osteoclastic resorption and decrease the resor
bed area [69]. Cu ions has been reported to stabilize HIF-1α and activate 
HIF-1–dependent gene expression under normoxic conditions, thereby 
functioning as hypoxia mimetics in several cell types [70,71]. Such 

Cu-induced HIF-1α activation has also been described in Cu-releasing 
biomaterials, where it promotes pro-angiogenic and stromal responses 
[72], and parallels the hypoxia-mimicking behavior previously 
demonstrated for Co-doped CaP [41]. Thus, even trace Cu release from 
the 0.1 wt% Cu-doped β-TCP may have contributed to a microenviron
ment permissive to deeper, more localized osteoclastic resorption 
despite the overall similar extent of material degradation.

Even in the absence of cells, the Cu release into the cell culture 
medium as measured by ICP-MS increased sharply with the CuO content 
of the β-TCP cylinders (Fig. 11c). ICP-MS detected baseline Cu concen
trations in the medium from either undoped cylinders or those doped 
with 0.1 wt% Cu (i.e. close to the limit of detection (LOD) of 0.4 μM). In 
contrast, Cu concentrations rose by approximately two orders of 
magnitude from ~2 μM at 0.5 wt% Cu to ~0.15 mM at 2.4 wt% Cu 
(Fig. 11c).

These concentrations substantially exceed the reported equilibrium 
solubility of CuO under physiological conditions by two to three orders 
of magnitude [73], indicating that the measured Cu levels cannot be 
explained by simple dissolution equilibria alone.

The collected supernatants were centrifuged prior to ICP-MS analysis 
(16,100×g, 10 min). Under these conditions, isolated CuO particles in 
the size range observed by SEM (Fig. 6f) would be expected to sediment 
efficiently. Nevertheless, ICP-MS inherently quantifies total Cu 
following acid digestion and does not allow discrimination between free 
Cu2+ ions, Cu complexed with constituents of the culture medium, or Cu 
originating from labile or nanoscale solid phases that may not sediment 

Fig. 7. Optical microscope images of TRAP stained osteoclasts on polished, pure and Cu-doped β-TCP cylinders at a doping level of (a) 0, (b) 0.1, (c) 0.5, (d) 1.4, and 
(e) 2.4 wt%; scale bar is 100 μm for all images. (f) Quantification of TRAP activity on pure and Cu-doped β-TCP cylinders after 24 h of cell culture experiment with 
osteoclasts (OC) as a function of the Cu content. The blue background observed in the stained images is due to the intrinsic color change caused by Cu doping 
(Fig. S1). Data were normalized by the mean of TRAP activity values in pure β-TCP cylinders for each cell culture experiment (n = 3). Error bars for the TRAP activity 
represent the standard deviations (n = 3) while they stand for the uncertainty Uk = 2 for the Cu content. Note that among the n = 3 results from the control group, 
n = 2 had already been included in the n = 5 results previously published by Le Gars Santoni et al. 11 (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.)
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Fig. 8. Representative SEM images of the surface of selected pure and Cu-doped β-TCP cylinders (polished), before cell culture experiments, after 24 h in cell culture 
medium with and without HCl, with macrophages and with osteoclasts. The rows show the Cu-doping levels from 0 wt% (bottom row) to 2.4 wt% (top row). The 
columns (from left to right) show the sample surfaces (1st) after initial polishing, (2nd) after contacting the cell medium, (3rd) after contacting the cell medium and 
adding the diluted HCl solution, (4th) after contacting the cell medium, adding the diluted HCl solution, and cultivating macrophages during 24 h, and finally (5th) 
contacting the cell medium, adding the diluted HCl solution, and cultivating osteoclasts during 24 h. The 2 μm scale bar is valid for all the images. Note that SEM 
images for pure β-TCP cylinders were already published by Le Gars Santoni et al. [11].
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completely. Consequently, the measured Cu concentrations should be 
interpreted as total Cu present in the supernatant rather than as a direct 
measure of freely dissolved Cu2+.

As a result, the actual bioavailable Cu2+ concentration in the cell 
culture medium remains difficult to determine. Under the given condi
tions, it is likely constrained by the solubility limits of Cu-containing 
phases. For CuO, reported equilibrium solubility values in aqueous 
media are on the order of 0.1–1.0 μM [73], and the solubility of Cu 
phosphate is similarly low. Accordingly, the ~2 μM Cu2+ detected in the 
medium from the 0.5 wt% Cu-doped cylinders likely overestimates the 
truly bioavailable dissolved Cu2+ fraction, with contributions from 
complexed Cu species or labile solid residues not resolvable by ICP-MS. 

Despite this uncertainty, previous studies have shown that even micro
molar or sub-micromolar Cu2+ concentrations can significantly modu
late osteoclast behavior. For example, Wilson et al. [44] showed that Cu 
sulfate concentrations of 1 μM and above significantly decreased in vitro 
osteoclastic resorption. while Zhang et al. reported inhibition of osteo
clastic resorption at Cu2+ concentrations between 0.1 and 1 μM and 
stimulation at ~0.01 μM [74].

Importantly, irrespective of the precise Cu speciation in the medium, 
osteoclastic resorption was progressively suppressed and ultimately 
fully inhibited with increasing Cu doping of β-TCP. This indicates that 
the biological response correlates robustly with the presence of Cu-rich 
grain-boundary phases rather than requiring a precise quantification of 

Fig. 9. Representative WLI pseudo-color images of the surface of pure and Cu-doped β-TCP cylinders (a, c, e, g, i) after 24 h in cell culture medium (with HCl) with no 
cells (NC) and (b, d, f, h, j) after 24 h of osteoclastic resorption: (a, b) 0 (c, d) 0.1, (e, f) 0.5, (g, h) 1.4, (i, j) 2.4 wt% Cu-doped β-TCP. White arrows show osteoclastic 
resorption zones; black arrows indicate some lines from mechanical polishing and red arrows some porosity in the 1.4 and 2.4 wt% Cu-doped β-TCP cylinders, 
possibly due to the release of CuO particles. Note that image (a) was already published by Le Gars Santoni et al. 11 (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.)
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free extracellular Cu2+ concentrations. Additional fractionation ap
proaches, such as ultrafiltration or ultracentrifugation prior to analysis, 
would be required to further resolve Cu speciation. Taken together, 
these observations indicate that the inhibition of osteoclastic resorption 
at higher Cu doping levels is most plausibly linked to the presence of Cu- 
rich grain-boundary phases, rather than to bulk β-TCP dissolution or to a 
narrowly defined extracellular Cu2+ concentration.

Such a dissociation between total Cu exposure and biological effect is 
consistent with previously reported biphasic Cu2+ responses in osteo
clasts. Specifically, concentration-dependent redox effects have been 
proposed, whereby very low Cu2+ levels promote osteoclastogenesis via 
reactive oxygen species (ROS) signaling, while higher concentrations 
exert inhibitory or cytotoxic effects, potentially through oxidative 
stress–induced suppression or apoptosis [75]. This threshold-like 
behavior is consistent with the results of the present study and may 
explain the morphological shift in the resorption pattern observed in the 
lightly doped (0.1 wt%) β-TCP cylinders.

The central hypothesis of this study was that Cu segregation at the 
grain boundaries of Cu-doped β-TCP plays a key role in mediating its 
biological response. Our results partially support this hypothesis, as 
clear evidence of Cu segregation was observed in the form of CuO par
ticles located at grain boundaries (Fig. 6). Moreover, increasing CuO 
content was associated with complete inhibition of osteoclast resorptive 
activity (Figs. 9 and 10). However, the observed inhibition may not be 
solely attributable to grain-boundary CuO, since Cu ions substituted 
within the β-TCP crystal lattice could also be released during osteoclastic 
attack and contribute to the biological response.

An important question concerns the biologically relevant concen
tration range. In the present study, this appears to correspond to Cu 
doping levels around 0.1 wt%, at which Cu incorporation modified 
osteoclast resorption pattern. This effect is more plausibly attributed to a 
direct modulation of osteoclast behavior than to an increase in β-TCP 
solubility induced by Cu substitution since the Cu-doped platelets 
incubated in SBF do not show increasing levels of dissolution (Fig. 8). 
Nevertheless, in vivo responses may differ substantially due to the 
greater complexity of living systems. Moreover, the rationale for delib
erately increasing β-TCP resorption rates at the much higher levels 
typically reported in the literature [42,43,65,66,74,76,77] warrants 
careful consideration, as several studies have suggested that β-TCP may 
already resorb too rapidly under physiological conditions. Regarding the 
safety of Cu release during the resorption of Cu-doped β-TCP, both ISO 
10993 biocompatibility standards and the United States Pharmacopeia 
(USP 〈232〉) specify a permitted daily exposure (PDE) for Cu of 
300 μg/day for the parenteral route. At a Cu doping level of 0.1 wt%, 
identified in the present study as the optimal concentration, this PDE 
would correspond to the resorption of approximately 300 mg of β-TCP 
per day. This rate likely represents the upper bound of β-TCP resorption 
that would be expected to occur in vivo.

5. Conclusion

This work demonstrates that Cu doping strongly influences β-TCP 
microstructure, grain-boundary chemistry, and osteoclastic resorption 
in vitro. At higher doping levels (≥1.4 wt% Cu), excess Cu segregates to 
grain boundaries as CuO particles and is associated with a complete 
inhibition of osteoclast-mediated resorption. In contrast, at low doping 
levels (≤0.1 wt% Cu), Cu remains incorporated in the β-TCP lattice 
without CuO formation, and its release is triggered primarily by osteo
clastic activity, resulting in a modest enhancement of resorption. While 
grain-boundary segregation of Cu as CuO was confirmed at higher 
doping levels, its specific contribution to the biological response could 
not be resolved. The results highlight a narrow compositional window 
near 0.1 wt% where Cu may influence osteoclastic resorption, while 
avoiding the inhibitory effects observed at higher concentrations. Given 
the complexity of in vivo environments and the ongoing debate over the 
desirability of increasing β-TCP resorption rates, further studies in ani
mal models are warranted to assess the translational relevance of these 
in vitro results.
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Fig. 10. (a) Mean resorbed depth of pure and Cu-doped β-TCP cylinders in contact with osteoclasts as a function of their bulk Cu content. (b) Correlation between 
masses resorbed by osteoclasts on the upper surface of pure and Cu-doped β-TCP cylinders, quantified by white light interferometry (y axis) and by ICP-MS (x axis) 
via phosphate release in the cell culture medium. The Pearson's correlation coefficient r was 0.87, R2 value was 0.75 with p < 0.001. Mean resorbed depth values 
were normalized by those of pure β-TCP cylinders for each cell culture experiments (n = 3). Error bars for the mean resorbed depth represent the standard deviations 
(n = 3), while they stand for the Uk = 2 values for Cu content. The error bars for the resorbed masses correspond to the standard deviations (n = 3). Note that the n = 3 
raw data from the pure β-TCP cylinders were included in the n = 6 data already published by Le Gars Santoni et al. [11].
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