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A B S T R A C T

Critical-sized bone defects present a formidable challenge in tissue engineering, necessitating innovative ap
proaches that integrate osteogenesis and angiogenesis for effective repair. Inspired by the hierarchical porous 
structure of natural bone, this study introduces a novel method for the scalable production of ultra-long, copper- 
doped hydroxyapatite (Cu-HAp) fibers, utilizing the rapid gelation properties of guar gum (GG) under controlled 
conditions. These fibers serve as foundational units to fabricate three-dimensional porous scaffolds with a bio
mimetic hierarchical architecture. The scaffolds exhibit a broad pore size distribution (1–500 μm) and abundant 
nanoporous features, mimicking the native bone extracellular matrix. Physicochemical characterization and in 
vitro assays demonstrated that the copper doping significantly enhanced osteogenic and angiogenic activities, 
with optimized concentrations (0.8 % and 1.2 % Cu) facilitating the upregulation of osteogenesis-related genes 
and proteins, as well as promoting endothelial cell proliferation. In vivo studies further confirmed the scaffolds’ 
efficacy, with the 1.2Cu-HAp group showing a remarkable increase in bone regeneration (bone volume/total 
volume ratio: 35.7 ± 1.87 %) within the defect site. This research offers a promising strategy for the rapid 
fabrication of multifunctional scaffolds that not only support bone tissue repair but also actively accelerate the 
healing process through enhanced vascularization.

1. Introduction

Despite significant advances in bone tissue engineering, the chal
lenge of repairing critical-sized bone defects remains unresolved [1]. 
Bone repair is a complex biological process that is regulated by a com
bination of chemical stimuli from the microenvironment and physical 
factors, such as the structure of the extracellular matrix [2,3]. Numerous 
studies have shown that angiogenesis—the formation of new blood 
vessels—is a crucial early step in bone repair. Angiogenesis not only 
supplies the necessary nutrients and oxygen for bone regeneration but 

also creates a favorable microenvironment for the interaction of osteo
blasts and osteoclasts [4]. Thus, constructing an optimal bone tissue 
engineering system that can rapidly induce neovascularization within 
the bone defect area, thereby accelerating the bone repair process, re
mains a pressing challenge.

HAp, a natural mineral component of bone tissue, is recognized for 
its excellent biocompatibility, bioactivity, and osteoconductivity, mak
ing it a promising candidate for bone repair materials [5]. However, 
pure HAp materials have limited potential to promote angiogenesis. To 
address this, many studies have explored loading growth factors such as 
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vascular endothelial growth factor (VEGF) onto HAp scaffolds to 
enhance their angiogenic properties [6,7]. Yet, these approaches are 
hampered by challenges such as maintaining growth factor activity and 
achieving controlled, sustained release [8]. Research has also identified 
that trace elements—like zinc, magnesium, silicon, manganese, and 
copper—play significant roles in modulating cellular behavior, miner
alization, and angiogenesis during bone formation [9]. Among these, 
copper ions have been particularly noted for their critical role in pro
moting angiogenesis and stimulating vascular endothelial cell formation 
[10]. By incorporating copper ions into HAp materials, it is possible not 
only to accelerate angiogenesis but also to achieve sustained copper ion 
release within the material [11]. This sustained release creates a mild 
and persistent chemical stimulation within the microenvironment, 
thereby ensuring effective bone tissue repair.

Cancellous bone is a highly porous, three-dimensionally inter
connected tissue with irregular and complex pore shapes, ranging from 
10 to 600 μm in size. This unique pore distribution allows the bone to 
maintain structural strength while remaining lightweight [12]. Studies 
have shown that the pore structure of the extracellular matrix is a key 
factor in regulating the rapid repair of bone tissue [13]. Large pores 
(>200 μm) facilitate bone mineral deposition and new bone formation, 
while smaller pores (<200 μm) support cell adhesion, migration, and 
angiogenesis [14]. Micropores (<50 μm) are also crucial for immune 
regulation, which is closely linked to osteogenesis [15]. In nature, 
silkworm cocoons are formed from ultra-long silk fibroin fibers that are 
tightly wound in a layered and disordered manner, creating a highly 
porous, three-dimensional network. This structure, with its irregular and 
multiscale pores, supports ventilation and water exchange, resembling 
the porous structure of cancellous bone [16]. Furthermore, the disor
dered fiber structure provides high flexibility and elasticity, allowing for 
localized deformation under external forces while maintaining overall 
structural integrity [17,18]. Inspired by these principles, we hypothesize 
that using a single ultra-long fiber as a structural unit could enable the 
construction of bone-like scaffolds with hierarchical pore sizes and 
interconnected porosity. Additionally, the inherent brittleness of 
ceramic materials necessitates the use of ceramic/polymer composite 
precursors (such as composite gels) to effectively achieve 
three-dimensional fiber winding and assembly, resulting in a 
three-dimensionally interconnected bone-like tissue structure.

Building on this concept, our research successfully developed a 
method for the mass production of ultra-long, continuous copper-doped 
HAp/guar gum (GG) gel fibers by leveraging the strong affinity between 
GG and copper ions in an alkaline environment. These gel fibers exhibit 
excellent transferability and moldability, and they were used as struc
tural units to construct copper-doped hydroxyapatite (HAp) fiber scaf
folds with biomimetic hierarchical pore structures. The hierarchical 
pore architecture of the scaffold, combined with the chemical stimula
tion provided by the sustained release of copper ions, is anticipated to 
significantly enhance the bone repair process. Consequently, we sys
tematically evaluated the physicochemical properties, as well as the 
osteogenic and angiogenic activities, of the porous scaffolds. The results 
indicate that moderate copper doping significantly enhances bone 
repair, offering a novel approach for the rapid fabrication of functional 
hierarchical HAp porous scaffolds.

2. Experimental section

2.1. Preparation of Cu-HAp porous scaffold

The fabrication of copper-doped hydroxyapatite (Cu-HAp) porous 
scaffolds was achieved through a rapid gelation process. All chemicals 
procured from Aladdin Corp. were utilized without additional purifi
cation. The synthesis procedure encompassed the following sequential 
steps: Initially, 4.61 g of Ca(NO₃)₂⋅4H₂O, 0.038 g of Cu(NO₃)₂⋅3H₂O, and 
0.5 g of GG were dissolved in 50 mL of deionized water, yielding solu
tion A. The amalgamation was stirred for approximately 2 h. 

Concurrently, 1.5847 g of (NH₄)₂HPO₄ was introduced into 10 mL of 
deionized water and stirred for 20 min, resulting in solution B. Subse
quently, solution B was slowly dripped into solution An under contin
uous stirring (~300 rpm) for 6 h. Following this, 1.5 mL of the resultant 
solution was injected into a 1 mol/L NaOH solution at a rate of 0.5 mL/s 
using a syringe equipped with a 23-gauge needle. Upon interaction with 
the NaOH solution, an immediate formation of gel fiber occurred. The 
gel fiber was immersed in the NaOH solution for 1 min, after which it 
was transferred to a mold and left undisturbed for 12 h. Subsequently, 
the scaffolds were rinsed with deionized water to eliminate excess NaOH 
and subjected to several rinses before being dried at 35 ◦C for 12 h. The 
dried scaffold were transferred into a muffle furnace (KSL-1400X-A3, 
Hefei Kejing Corp., China). The sintering protocol is illustrated in Fig. s1, 
typically, the temperature was raised to 800 ◦C at a rate of 4 ◦C/min 
under an air atmosphere and held for 2 h to remove organic substances 
from the scaffolds. Subsequently, the temperature was increased to 
1200 ◦C at a rate of 2 ◦C/min, followed by a high-temperature hold for 3 
h, after which the furnace was allowed to cool naturally to obtain the 
final scaffold product. The samples were labeled as 0.8Cu-HAp, 1.2Cu- 
HAp, and 1.6Cu-HAp to signify their respective Cu/Ca mole ratios of 0.8 
%, 1.2 %, and 1.6 %, correspondingly.

2.2. Physicochemical characterization of the scaffold

The microstructure of the fabricated products underwent charac
terization employing field-emission scanning electron microscopy (SEM, 
VFGA3LMu, TESCAN, Czech). Fourier transform infrared spectroscopy 
(FTIR) using a Nicolet Magna 750 spectrometer (Nicolet Magna, USA) 
and X-ray powder diffraction (XRD) using an X’Pert PRO instrument 
(PANalytical Co., Netherlands) were employed to scrutinize the chem
ical composition and crystal structure of the products. Thermal analyses 
were conducted via Thermogravimetry–Differential Scanning Calorim
etry (TG-DSC) using an STA 449 F5 apparatus (NETZSCH, Germany). 
The porous scaffold underwent three-dimensional imaging using a 
micro-computed tomography (micro-CT) scanner (Skyscan 1272, 
Bruker, Germany) with a scanning resolution set at 5 μm, and X-ray 
energy and current at 50 kV and 500 μA, respectively. Following the 
scan, images were reconstructed in 3D using the manufacturer’s soft
ware, and the pore distribution within the sample was analyzed with 
Image-Pro Plus 6.0 software.

2.3. Ions releasing measurement of the scaffolds

To assess the ion release behavior of the scaffolds, concentrations of 
Ca2⁺ and Cu2⁺ ions were determined using inductively coupled plasma 
mass spectrometry (ICP-MS) with a PerkinElmer NexION 350 instru
ment (USA). The experimental setup involved immersing 42 mg of Cu- 
HAp scaffolds with varying Cu concentrations in 20 ml of 0.1 M Tris- 
HCl solution at pH 7.4. The mixtures were placed on a shaker table at 
a constant temperature of 35 ◦C. At specified time intervals, the mixtures 
were centrifuged, and 2 ml of supernatant samples were extracted for 
further analysis. An equivalent volume of fresh Tris-HCl solution was 
added to maintain the total solution volume. Measurements were con
ducted in triplicate for each time point to ensure accuracy and reliability 
of the data.

2.4. Cell culture

To explore the osteogenic potential of the scaffolds and assess the 
impact of copper release on cell growth and differentiation, mouse bone 
marrow mesenchymal stem cells (mBMSCs) and human umbilical vein 
endothelial cells (HUVECs) were used. mBMSCs were obtained from 
ATCC (USA) and cultured in high-glucose Dulbecco’s minimal Eagle 
medium (DMEM) (Biological Industries, Israel) supplemented with 10 % 
fetal bovine serum and 1 % penicillin-streptomycin. HUVECs were 
cultured in low-glucose DMEM (Biological Industries, Israel) with 
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similar supplements and 1 % endothelial cell growth supplement. Both 
cell types were maintained at 37 ◦C in a humidified incubator with 5 % 
CO₂, with media refreshed every 2 days. When cultures reached 90–95 % 
confluence, cells were rinsed with PBS and detached using 0.25 wt% 
trypsin/EDTA solution (Gibco, USA). Detached cells were centrifuged at 
1200 rpm for 5 min, collected, and prepared as a suspension for further 
experiments.

2.5. Cell viability, and proliferation affected by the scaffold and its 
releasing ions

mBMSCs were used to investigate cell viability on Cu-HAp scaffolds. 
Cells were seeded onto scaffolds in 48-well plates at a density of 1 × 10⁵ 
cells per well. Proliferation was evaluated using the Cell Counting Kit-8 
(CCK-8) assay (Dojindo, Japan) and live/dead staining (Yeasen BioTech, 
Shanghai, China). HUVECs were also seeded at the same density and 
proliferation assessed on days 1, 3, and 5. Following a 1-h incubation 
with CCK8 working solution, optical density (OD) was measured at 450 
nm using a multimode microplate reader (Spark, TECAN, Switzerland). 
Samples were also stained with Calcein-AM/PI Double Staining working 
solution (YEASEN, China) and imaged using an inverted fluorescence 
microscope (DMi8, Leica, Germany).

To examine the impact of copper ions released from the Cu-HAp 
scaffold on cell proliferation, the scaffold was immersed in 5 ml of 
DMEM and gently shaken at 72 rpm. At specified time points, 2 ml of the 
extraction solution was taken, promptly replaced with an equal volume 
of fresh DMEM. The collected extraction solution, supplemented with 
fetal bovine serum and additional supplements, was then used to culture 
mBMSCs and HUVECs in 96-well plates at a seeding density of 8 × 10³ 
cells/cm2. Cell proliferation was assessed as previously described.

2.6. Alkaline phosphatase activity determination

mBMSCs were seeded at a density of 2 × 10⁵ cells/well in 6-well 
plates. After attachment, the medium was replaced with osteogenic 
differentiation medium supplemented with 10 nM dexamethasone, 10 
mM β-glycerophosphate, and 50 mM ascorbic acid, along with scaffold 
extracts. Cells were cultured for 7 days, washed with PBS, lysed, and the 
supernatant collected after centrifugation at 12,000 rpm for 15 min. 
Total protein content was determined using a BCA protein detection kit. 
Alkaline phosphatase (ALP) activity was measured using an ALP assay 
kit from Beyotime, China, in accordance with the manufacturer’s in
structions. The detailed procedure is as follows: After osteogenic in
duction, the culture medium was removed, and cells were lysed. 
Substrates and p-nitrophenol from the ALP assay kit were then added to 
the cell lysates, followed by incubation at 37 ◦C for 15 min. ALP activity 
was subsequently measured at an absorbance of 405 nm.

2.7. Alizarin Red S staining and quantitative analysis

To observe calcium nodule formation, mBMSCs were seeded at a 
density of 2 × 105 cells in a 6-well plate. After 24 h, fetal bovine serum 
and osteogenic factors were added to the scaffold extract, and this 
conditioned medium was co-cultured with the cells. The control group 
used osteogenic induction medium without the scaffold extract. After 14 
days of co-culture, the cells were fixed with 4 % paraformaldehyde and 
stained with Alizarin Red solution, followed by washing with deionized 
water. The stained samples were photographed and imaged using an 
inverted microscope. For quantitative analysis, the stained cells were 
treated with 10 % hexadecylpyridinium chloride monohydrate, and the 
absorbance of the supernatant was measured at 562 nm.

2.8. Osteogenic and angiogenic gene expression

RT-PCR was used to evaluate gene expression. mBMSCs were seeded 
at 2 × 10⁵ cells/well in 6-well plates and treated with osteogenic 

differentiation medium supplemented with scaffold extracts. RNA was 
harvested on days 7 and 14 using TRIzol reagent. HUVECs were seeded 
similarly and treated with scaffold extracts, with RNA harvested on days 
4 and 7. cDNA was synthesized, and RT-PCR detected specific genes 
including COL-I, ALP, OC, OPN, Runx-2 for mBMSCs, and VEGF, bFGF 
for HUVECs. GAPDH and β-actin served as housekeeping genes. Gene 
expression was calculated using the 2− ΔΔCT method; the corresponding 
primers are shown in Table s1 and Table s2 (Supporting Information).

2.9. Western blot analysis

Western blotting assessed protein expression related to osteogenic 
and angiogenic properties. mBMSCs and HUVECs were cultured with 
osteogenic differentiation medium and scaffold extracts. Cells were 
lysed with RIPA buffer containing protease inhibitors, and protein ex
tracts were separated by SDS-PAGE and transferred to PVDF mem
branes. Membranes were incubated with primary antibodies against 
RUNX2, OC, COL-I, VEGFA, and housekeeping proteins GAPDH and 
β-actin. Secondary antibodies were applied, and protein bands were 
visualized using ECL detection.

2.10. In vitro HUVECs migration and tube formation assay

To investigate the effect of scaffold extract on HUVEC migration, 
HUVECs were seeded in a 12-well plate, a scratch was made, and cells 
were treated with the growth medium containing the scaffold extract. 
The control group consisted of a normal growth medium without scaf
fold extract. Wound closure was quantified using ImageJ software. Tube 
formation was evaluated by seeding HUVECs with scaffold extract in 
Matrigel-coated wells. After 6 h, images were captured and analyzed 
using ImageJ software.

2.11. In vivo analysis of the scaffold

Animal studies were approved by the Animal Care and Experiment 
Committee of Gannan Medical University. To evaluate bone regenera
tion, a rat cranial defect model was employed. A full-thickness defect 
measuring 5 mm in diameter was surgically created on the side of each 
rat’s skull. Scaffolds with different copper concentrations (0.8Cu-HAp, 
1.2Cu-HAp, and 1.6Cu-HAp) were implanted into the defects. Each 
group included six samples for subsequent analysis. After 12 weeks post- 
surgery, the rats were euthanized, and the tissues were fixed for 24 h. 
The fixed samples were scanned using a micro-computed tomography 
scanner (Micro-CT, X-Cube, Molecubes, Ghent, Belgium), with an image 
resolution set to 20 μm. The scanning parameters included a voltage of 
50 kV and a current of 400 μA, with each projection exposed for 50 ms. 
Three-dimensional reconstruction of the images was conducted using 
the vendor’s software (Molecubes 1.7.6), followed by quantitative 
analysis of the 3D images using image analysis software (VivoQuant 5.1, 
Massachusetts, USA). The samples were then decalcified by immersion 
in a 20 % ethylenediaminetetraacetic acid (EDTA) solution for 18 days. 
Following decalcification, the samples were prepared for histological 
examination. Hematoxylin and eosin (H&E) staining and Masson’s tri
chrome staining were performed on tissue sections according to stan
dardized protocols provided by the manufacturer. To evaluate the 
angiogenic effect of the scaffold material, we performed immunohisto
chemical staining using a CD31 antibody (1:100, Servicebio Corp.). 
Tissue sections were prepared and stained, and results were observed 
under an optical microscope (ZEISS, Germany) to assess CD31 expres
sion as an indicator of vascularization.

2.12. Statistical analysis

All data were presented as mean ± standard deviation (SD). Statis
tical analysis was conducted using one-way analysis of variance 
(ANOVA) followed by post-hoc Tukey’s method for multiple 
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comparisons. The significance levels were indicated by asterisks, with 
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 considered 
statistically significant for all tests. GraphPad Prism 8.0.1 software (San 
Diego, USA) was employed for all statistical analyses.

3. Results and discussion

3.1. Characterization of Cu-HAp scaffolds

In this study, we successfully utilized a rapid gelation strategy to 
fabricate Cu-HAp porous scaffolds, as depicted in Scheme 1. Upon 
contact with the alkaline solution, the GG/HAp/Cu ions mixture system 
promptly gelled, forming continuous gel fibers. These gel fibers were 
then transferred into molds and subjected to drying and calcination 
processes, resulting in the final Cu-HAp porous scaffold. The size of the 
gel fibers was closely linked to the diameter of the injection needle. By 
employing different types of injection needles, gel fibers of varying di
ameters were produced (Fig. s2). Specifically, when using needle types 
18, 22, and 27, the corresponding gel fiber sizes were 1 mm, 0.64 mm, 
and 0.38 mm, respectively, showcasing the adjustable nature of gel fiber 
diameter (Fig. 1a). Moreover, the gel fibers exhibited excellent flexi
bility and transferability. Even after repeated immersion in aqueous and 
alkaline solutions, the structural integrity of the gel fibers remained 
intact (Video S1), ensuring their potential for constructing complex 
structures. This potential was further demonstrated by 3D printing of 
GMU patterns featuring 3D grooves, as illustrated in Fig. 1b. By trans
ferring the gel fibers into these grooves, we could directly fabricate 
complex-shaped 3D porous porous scaffolds. It is important to note that 

excessively large gel fiber diameters could hinder the fiber stacking 
process during molding, while overly small diameters might compro
mise the mechanical strength of the porous scaffold. Therefore, 
following careful screening and optimization, we selected a 23-gauge 
injection needle for subsequent experiments. Building upon this selec
tion, we produced Cu-HAp scaffolds with three distinct copper doping 
concentrations (Fig. 1c). All three scaffold types exhibited porous 
characteristics, with SEM analysis revealing that the fibers were 
composed of stacked nanoparticles. Elemental mapping confirmed the 
homogeneous integration of Cu into the HAp structure, without any 
noticeable segregation phenomena (Fig. s3), The quantitative results 
obtained from Energy Dispersive X-ray Spectroscopy (EDS) analysis 
indicate that the final product of Cu/Ca (molar ratio) is slightly lower 
than the theoretical value. This discrepancy suggests that during the 
reaction process, some of the Cu formed other soluble or insoluble 
products instead of being fully incorporated into the crystal structure of 
HAp [19].

Supplementary data related to this article can be found online at http 
s://doi.org/10.1016/j.mtbio.2024.101370

Afterwards, we delved into examining the impact of copper doping 
concentration on the physicochemical properties of Cu-HAp scaffolds. 
Fig. 2 illustrates our findings: The average pore sizes of 0.8Cu-HAp, 
1.2Cu-HAp, and 1.6Cu-HAp scaffolds were 174.4 ± 13.7 μm, 166.7 ±
6.1 μm, and 171.7 ± 18.5 μm, respectively, indicating that variations in 
copper doping concentration did not significantly alter the pore size of 
the porous scaffold (Fig. 2a, b, 2c). Subsequently, we evaluated the 
thermal decomposition behavior of the three scaffolds through ther
mogravimetric analysis. The results revealed no significant difference in 

Scheme 1. Schematic illustration of a biomimetic hierarchical CuHAp porous scaffold for bone defect reconstruction.
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mass loss during the low-temperature treatment stage (below 400 ◦C) 
among the three scaffolds. However, after sintering at 1200 ◦C, the 
weight loss of the 0.8Cu-HAp scaffold was lower than that of the other 
two groups, suggesting that excessive copper doping concentration 
could impact the stability of the HAp crystal structure [20] (Fig. 2d). 
Further examination showed that the porosity of the three scaffolds 
exhibited no significant difference (Fig. 2e), and their compressive 
strength slightly lower than the compressive strength of human 
cancellous bone (Fig. 2f) [21]. XRD results indicated that the XRD 
spectra of the three scaffold materials matched well with the standard 
PDF card of HAp, suggesting that the introduction of Cu ions into the 
HAp structure did not significantly affect the phase of the product 
(Fig. 2g). Subsequently, we explored the effect of copper doping con
centration on the ion release behavior of the scaffold. Generally, the 
introduction of copper ions into the crystal structure of HAp would cause 
distortion of the HAp lattice structure and accelerate the dissolution of 
the HAp crystal, thereby increasing the rate of ion release. This 
conclusion was supported by the calcium ion release rate of the 
0.8Cu-HAp scaffold being lower than that of the 1.2Cu-HAp and 
1.6Cu-HAp groups (Fig. 2h). However, the copper ion release results 
revealed that the copper ion release rate of the 1.6Cu-HAp scaffold was 
the lowest, while conversely, the copper ion release rate of the 
1.2Cu-HAp scaffold was the highest (Fig. 2i). Possible reasons for this 
phenomenon include: 1) The introduction of copper ions into the HAp 

structure exacerbates the dissolution behavior of the HAp crystal; 2) 
HAp and Cu ions exhibit strong affinity, with Cu ions tightly adsorbed on 
the surface of the HAp crystal in solution, and the stability of this 
adsorption is inversely correlated with the crystallinity of the HAp 
crystal [22]; 3) After Cu ions is introduced into the HAp crystal struc
ture, the stability of the crystal structure weakens, leading to a decrease 
in crystal crystallinity, thereby enhancing the crystal’s adsorption 
behavior to Cu ions in solution [23]. The combined effect of these factors 
results in the lower copper ion release behavior of the 1.6Cu-HAp 
scaffold. However, it is noteworthy that while the Cu ions concentra
tion in the solution is low for the 1.6Cu-HAp scaffold, the surface of the 
crystal may still have a potential cytotoxic effect due to the enrichment 
of a large amount of Cu ions.

3.2. Cell viability, and proliferation affected by the scaffold and its 
releasing ions

The biocompatibility of the Cu-HAp scaffold was assessed using 
BMSCs and HUVECs as research models to examine cell activity on the 
scaffold surface. Following co-culturing with Cu-HAp scaffolds for 3 
days, both BMSCs and HUVECs maintained high levels of activity, with 
no obvious dead cells observed in the field of view, suggesting that the 
introduction of copper ions into the HAp scaffold did not induce sig
nificant cytotoxicity (Fig. 3a and b). Subsequently, the proliferation 

Fig. 1. (a) Optical Images of the gel fibers with different diameters and the corresponding relationship between fiber diameter and injection needle gauge; (b) 
Validation of the three-dimensional shaping performance of gel fibers; (c) Optical microscopy, SEM images, and energy-dispersive spectroscopy (EDS) quantitative 
analysis of Cu-HAp porous scaffolds.
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behavior of cells on the Cu-HAp porous scaffold was investigated (Fig. 3c 
and d). The results indicated a negative correlation between the con
centration of copper ion doping and the proliferation rate of cells. Spe
cifically, the proliferation rate was highest on the surface of the 0.8Cu- 
HAp scaffold, while the 1.6Cu-HAp scaffold exhibited a significant 
inhibitory effect on cell proliferation (Fig. 3c). Moreover, compared to 
BMSCs, HUVECs displayed slightly weaker sensitivity to the copper ion 
content in the scaffold structure. Specifically, for BMSCs, the prolifera
tion rate on the surface of the 1.2Cu-HAp scaffold was slower than that 
on the surface of the 0.8Cu-HAp scaffold, while for HUVECs, there was 
no significant difference in proliferation rate between the 0.8Cu-HAp 
and 1.2Cu-HAp scaffolds (Fig. 3d). This finding aligns with the results 
of Liu et al., who reported that the IC50 value of copper ions for HUVECs 
was 327.9 μM, three times that for BMSCs [24]. Furthermore, the effect 
of ion release from the scaffold on the proliferation behavior of BMSCs 
and HUVECs was investigated (Fig. 3e and f). The results indicated that 
ions released from the 1.6Cu-HAp scaffold significantly inhibited the 
proliferation of BMSCs (Fig. 3e), while there was no significant differ
ence in proliferation rate on the surfaces of the other two groups of 
scaffolds. For HUVECs, there was no difference in proliferation on the 
surfaces of the 0.8Cu-HAp, 1.2Cu-HAp, and 1.6Cu-HAp scaffolds, 
further confirming the better tolerance of HUVECs to copper ions 
(Fig. 3f).

3.3. The osteogenic activity of Cu-HAp scaffolds and its ionic extracts

To assess the impact of Cu-HAp scaffolds on the osteogenic behavior 

of BMSCs, cells were co-cultured with scaffolds, and the expression of 
osteogenic genes and proteins in BMSCs was evaluated. After 7 days of 
co-culture, the 0.8Cu-HAp scaffold demonstrated higher OCN mRNA 
expression compared to the 1.6Cu-HAp scaffold group, while other 
osteogenic genes (OPN, ALP, and Runx2) exhibited no significant dif
ferences among the three groups (Fig. 4a). Extending the co-culture to 
14 days still revealed no significant differences in the expression of other 
genes except for OCN. Further evaluation of early osteogenic factors 
(RUNX2 and COL I) and late osteogenic protein (OCN) secretion un
veiled significant differences. After 7 days of co-culture, the 0.8Cu-HAp 
scaffold group showed significantly higher protein secretion levels of 
RUNX2 and ColI compared to the 1.6Cu-HAp scaffold group (p < 0.05). 
After 14 days, the OCN protein secretion level in the 0.8Cu-HAp scaffold 
group was significantly higher than that in the 1.2Cu-HAp and 1.6Cu- 
HAp scaffold groups (p < 0.05). The ALP activity of m-BMSCs on 
different Cu-HAp scaffolds also exhibited significant differences. The 
0.8Cu-HAp scaffold group markedly enhanced ALP activity compared to 
the 1.2Cu-HAp and 1.6Cu-HAp scaffold groups (p < 0.05). Additionally, 
the ALP activity of the 1.2Cu-HAp scaffold group surpassed that of the 
1.6Cu-HAp scaffold group (p < 0.05). These findings confirm the pro
motion of BMSCs osteogenesis by low-concentration copper-doped HAp 
scaffolds. Previous studies by Wu et al. and Dai et al. have also reported 
similar findings, demonstrating that the introduction of low concentra
tions of Cu ions into calcium phosphate/silicate enhances osteogenic 
gene expression and protein secretion, while higher concentrations lead 
to osteogenic inhibition effects [25,26].

Subsequently, a further investigation was conducted to ascertain the 

Fig. 2. Characterization of the physicochemical properties of Cu-HAp porous scaffolds. Pore size distribution of 0.8Cu-HAp (a), 1.2Cu-HAp (b), and1.6Cu-HAp (c); 
(d) TG curves of the Cu-HAp porous scaffold; porosity (e), compressive strength (f), XRD patterns (g), Ca2+ releasing behavior (h), and the Cu2+ releasing behavior (i) 
of the Cu-HAp porous scaffold.
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potential influence of Cu-HAp scaffold extracts on the osteogenic 
behavior of mBMSCs. The mBMSCs were subjected to treatment with 
scaffold extract-conditioned medium. The results revealed that after 7 
days of culture, the ion microenvironment provided by Cu-HAp scaffolds 
exhibited a certain degree of inhibitory effect on the osteogenic differ
entiation of mBMSCs, particularly evident in the suppression of the OCN 
gene. Notably, apart from the OCN gene, the ionic extract provided by 
the 0.8Cu-HAp scaffold showed no significant disparity in the expression 
levels of osteogenic marker genes such as OPN, ColI, ALP, and Runx2 
compared to the control group. However, for the co-doped copper 
groups, namely the 1.2Cu-HAp and 1.6Cu-HAp scaffolds, their inhibi
tory effects on osteogenesis were significantly intensified compared to 
the control group (Fig. 5a). As the co-culture time prolonged, the 
inhibitory effects of the three scaffold groups on the osteogenic gene 
expression of mBMSCs gradually subsided, and the expression levels of 
some genes were marginally higher than those of the control group, 
indicating a progressive enhancement in the material’s osteogenic 

activity (Fig. 5b). Studies have revealed that copper ions exhibit a 
certain inhibitory effect on the osteogenic differentiation of BMSCs, and 
this inhibitory effect is positively correlated with the concentration of 
copper ions [27]. Considering the ion release results (Fig. 2h and i), it 
was observed that the scaffolds rapidly released high concentrations of 
copper ions in the early stage, while with the extension of culture time, 
the scaffold surface underwent mineralization, leading to an increase in 
the specific surface area of the scaffold [28]. Additionally, the affinity 
between amorphous HAp and copper ions reduced the concentration of 
copper ions in the solution [29]. Consequently, the inhibitory effect of 
the co-culture late-conditioned medium on the osteogenic behavior of 
BMSCs gradually declined. Furthermore, an evaluation was conducted 
on the secretion status of osteogenic-related proteins, such as Runx2, 
ColI, and OCN, in mBMSCs stimulated by conditioned medium. The 
results indicated that the ionic extract provided by the 0.8Cu-HAp and 
1.2Cu-HAp scaffolds promoted the secretion of both early 
osteogenic-related proteins (such as Runx2, ColI) and late osteogenic 

Fig. 3. The biocompatibility characterization of Cu-HAp scaffolds. (a) Live/dead staining of BMSCs cultured on the scaffold surface after 1 day, 3 days, and 5 days; 
(b) Live/dead staining of HUVECs cultured on the scaffold surface after 1 day, 3 days, and 5 days; (c) Proliferation of BMSCs on the surface of the scaffold; (d) 
Proliferation of HUVECs on the surface of the scaffold; (e) Effect of the ionic extracts from the scaffold on the proliferation behavior of BMSCs; (f) Effect of the ion 
extracts from the scaffold on the proliferation behavior of HUVECs.
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marker protein (such as OCN) (Fig. 5c and d). Additionally, the protein 
quantification results further validated the aforementioned conclusions 
(Fig. 5e). Fig. 5f illustrates the effect of scaffold extract on m-BMSCs ALP 
activity, indicating that compared with the 1.2Cu-HAp and 1.6Cu-HAp 
extract groups, the 0.8Cu-HAp scaffold extract group exhibited the 
highest ALP activity, with no significant difference from the control 
group. Moreover, the ARS staining results further confirmed the high 
osteogenic activity of the 0.8Cu-HAp group (Fig. 5g and h). Generally, 
the expression trends of osteogenic genes and proteins should be 
consistent. However, within the cells, the transcriptional level and 
protein expression level are influenced by various factors, including the 
activity of transcription factors, post-transcriptional modifications, and 
protein stability, which may lead to inconsistencies between mRNA 
expression levels and protein expression levels [30]. Additionally, 
studies have shown that low-dose copper doping may promote the 
synthesis of osteogenic-related proteins, leading to an increase in their 
expression levels in cells. However, high-dose copper may lead to pro
tein degradation or decreased stability, resulting in an inhibitory effect 
on protein expression levels [31]. Furthermore, Copper ions play a 
complex role in bone metabolism, and dysregulation of endogenous 
copper can lead to mesenkes disease, characterized by symptoms such as 
osteoporosis and bone fractures [32]. Research indicates that copper 
ions have a dual regulatory effect on osteogenesis. Some studies have 
shown that Cu ions can enhance the proliferation and osteogenic 

differentiation of mesenchymal stem cells [33], while others suggest 
that copper ions promote reactive oxygen species (ROS) accumulation, 
resulting in osteogenic inhibition [34].

This complexity is further evidenced by findings from Rodríguez 
et al., which indicate that copper ions can suppress ALP gene expression 
with minimal effect on its enzymatic activity, and simultaneously pro
mote calcium nodule formation [35]. Typically, mRNA levels correlate 
with corresponding protein secretion; however, exceptions exist, as 
observed by Deng Hongwei’s team, who found that mRNA expression 
does not always align with protein expression, particularly in biological 
regulatory processes [36].

While the osteogenic medium indeed enhances the osteogenic dif
ferentiation of BMSCs, our study emphasizes the role of the HAp scaffold 
in facilitating this process. Future investigations will explore the precise 
tuning of material structure and composition, as well as the potential of 
composite materials, to achieve efficient osteoinductive properties in 
both in vitro and in vivo settings without relying solely on osteogenic 
media.

3.4. The angiogenesis activity of Cu-HAp scaffolds and its ionic extracts

Vascularization stands as a pivotal stage in the process of bone repair 
[37]. Copper ions have been identified as playing a crucial role in 
angiogenesis [38]. Moreover, the sustained release behavior of copper 

Fig. 4. Impact of Cu-HAp scaffolds on BMSCs osteogenic behavior. (a) Osteogenic gene expression after 7 days of co-culturing BMSCs with Cu-HAp scaffolds; (b) 
Osteogenic gene expression after 14 days of co-culturing BMSCs with Cu-HAp scaffolds; (c) Secretion levels of ColI and Runx2 proteins after 7 days of co-culturing 
BMSCs with Cu-HAp scaffolds; (d) Secretion levels of OCN protein after 14 days of co-culturing BMSCs with Cu-HAp scaffolds; (e) Quantitative analysis of ColI, 
Runx2, and OCN proteins; (f) ALP activity measurement after 7 days of co-culturing BMSCs with Cu-HAp scaffolds. *p < 0.05, **p < 0.01, ***p < 0.001.
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ions within mineral scaffolds ensures continuous stimulation, thereby 
fostering in vivo angiogenesis [27]. Consequently, utilizing HUVECs as a 
model, we further explored the impact of Cu-HAp scaffolds and their 
ionic extracts on the vasculogenic behavior of these cells. Western blot 
analysis revealed that after four days of co-cultivation with the scaffolds, 
the protein expression levels of VEGF in HUVECs were higher on 
0.8Cu-HAp and 1.2Cu-HAp scaffolds compared to the 1.6Cu-HAp group. 
Notably, there was no significant difference between the 0.8Cu-HAp and 
1.2Cu-HAp scaffold groups, suggesting an inhibitory effect of the 
1.6Cu-HAp scaffold on HUVECs’ vasculogenic behavior. This inhibitory 
effect persisted with prolonged co-culture time (Fig. 6a). Combining 
these findings with the ion release results, we hypothesize that although 
the copper ion release rate from the 1.6Cu-HAp scaffold is lower than 
that of the other scaffold groups, the concentration of copper ions 
enriched on the scaffold surface may be higher, leading to a heightened 
cytotoxic response when cells are co-cultured with the scaffold.

Cell migration serves as a critical step in wound healing, with 
HUVECs capable of inducing rapid vascular formation at wound sites 
[39]. Hence, we employed a scratch assay to assess the effect of ionic 
extracts from the scaffold on HUVECs’ migration behavior. As depicted 
in Fig. 6b, cell migration was evident in all groups, with the experi
mental groups exhibiting faster migration rates than the control group. 
Interestingly, there was no significant difference among the 0.8Cu-HAp, 
1.2Cu-HAp, and 1.6Cu-HAp groups, which may be attributed to 
HUVECs’ high tolerance to copper ion concentrations and the subtle 
differences in copper ion release concentrations among the three scaf
fold groups.

Furthermore, since the formation of tubular structures by endothelial 
cells constitutes another crucial parameter in functional vascularization 
[40], we evaluated the effect of the ionic extracts from scaffold on the 
tubular structure formation of HUVECs (Fig. 6c). The results indicated 

that the ionic extract from the 1.2Cu-HAp scaffold formed a greater 
number of well-defined capillary-like network structures, while the 
integrity of the network structures in the control and 1.6Cu-HAp groups 
were less satisfactory. Quantitative results corroborated these findings, 
with the ionic extract from the 1.2Cu-HAp group demonstrating the 
most robust promotion of vascularization, consistent with the ion 
release results (Fig. 2i). Additionally, RT-PCR results showed that during 
short-term co-culture, the ion scaffold extracts had no significant effect 
on the expression of angiogenesis-related genes (such as VEGF and 
bFGF) (Fig. 6d); however, with prolonged culture time, the ionic extract 
from the 1.6Cu-HAp group exhibited a promoting effect on VEGF and an 
inhibitory effect on bFGF gene expression (Fig. 6e).

Western blot analysis indicated a close correlation between ionic 
extract of the Cu-HAp scaffold and the secretion of the vascular marker 
VEGF in HUVECs. As illustrated in Fig. 6f, after four days of co- 
cultivation with conditioned medium, the 1.2Cu-HAp group exhibited 
the highest level of VEGF secretion. With continued co-culture time, the 
VEGF secretion level in the 1.2Cu-HAp group gradually declined, while 
that in the 0.8Cu-HAp group remained higher than that in the 1.2Cu- 
HAp and 1.6Cu-HAp groups.

In summary, incorporating an appropriate amount of copper ions 
into HAp scaffolds facilitates the migration, capillary network forma
tion, and vasculogenic behavior of HUVECs. However, high- 
concentration copper doping may lead to significant cytotoxic re
actions, characterized by sluggish cell migration, impeded capillary 
network formation, and reduced secretion levels of vascular marker 
proteins.

Fig. 5. Effects of Cu-HAp scaffold extracts on mBMSCs osteogenic behavior. (a) Osteogenic gene expression at (a) 7 days and (b) 14 days; (c) Col I and Runx2 protein 
expression at 7 days; (d) OCN protein expression at 14 days; (e) Quantitative measurement of the protein expression of Col I and Runx2 at 7 days, and OCN at 14 
days; (f) ALP activity at 7 days; (g) Optical images and (h) quantitative analysis of ARS staining at 14 days.
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Fig. 6. The potential effect of Cu-HAp scaffolds and its ionic extract on the angiogenesis behavior of HUVECs. (a) immunoblotted image for VEGF and β-actin of 
HUVECs co-cultured with Cu-HAp scaffolds for 4 days and 7 days, and the corresponding relative quantitative mearsurement. Angiogenic potential of the scaffold 
extract: (b) Representative images of the scratch wound healing assay of HUVECs treated with conditioned medium and the quantitative analysis of the percentage of 
wound closure; (c) representative microscopy images of the tube formation of HUVECs after treated with the conditioned medium for 24 h and the quantitative 
assessment; RT-PCR analysis of angiogenesis-related gene expressions after 4 days (d) and (e) 7 days of treated with conditioned medium; (f) Immunoblotted images 
for VEGF and β-actin of HUVECs treated with conditioned medium for 4 days and 7 days, and the protein quantification (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001.
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3.5. In vivo evaluation of osteogenic and angiogenic activities of Cu-HAp 
scaffolds

In bone tissue engineering, the formation of new blood vessels and 
bone tissue are crucial indicators for evaluating the osteogenic activity 
of implant materials [4]. To validate the ability of the Cu-HAp scaffolds 
to promote bone tissue regeneration, a rat calvarial defect model was 
used for implantation experiments at 6 weeks and 12 weeks. The bone 
regeneration performance was analyzed through micro-CT and histo
logical staining (Fig. 7).

As shown in Fig. 7a, after 6 weeks of implantation, new bone 
exhibited a growth pattern that crawled along the inner skull beneath 
the defect. Compared to the control group, all scaffold groups signifi
cantly promoted the regeneration of new bone tissue. However, there 
were still evident unrepaired defect gaps in the scaffold groups. After 12 
weeks of implantation, the bone density of all Cu-HAp scaffolds and 
their integration with bone tissue significantly improved, indicating that 

Cu-HAp directly possesses excellent bone regeneration properties 
(Fig. 7b). Furthermore, the analysis of bone mineral density (BMD) 
(Fig. 7c) and bone volume percentage (BV/TV)(Fig. 7d) revealed that 
the amount of new bone formation increased with longer implantation 
times. The bone density and bone volume percentage in the 1.2Cu-HAp 
group were significantly higher than those in the control and 0.8Cu-HAp 
groups, suggesting that a moderate copper content optimally promotes 
bone formation [41].

Histological analysis using Hematoxylin and Eosin (H&E) staining at 
6 and 12 weeks was conducted to evaluate bone tissue formation in Cu- 
HAp porous scaffolds. In the control group, no significant new bone 
formation was observed, primarily consisting of fibrous tissue. However, 
in the Cu-HAp scaffold groups, a small amount of new bone tissue was 
formed around the scaffolds. Notably, the 1.2Cu-HAp group exhibited 
the greatest thickness compared to other experimental and control 
groups, indicating that the 1.2Cu-HAp scaffold is more conducive to 
bone mineral deposition and new bone formation (Fig. s4). After 12 

Fig. 7. The in vivo evaluation of bone regeneration ability of the Cu-HAp porous scaffolds in rat skull defect model. Representative micro-CT images in sagittal and 
cross-section view in different groups after transplation for 6 weeks (a) and 12 weeks (b). (c) Statistical analysis of the newly formed bone mineral density (BMD) for 
6 weeks and 12 weeks (n = 3,*p < 0.05,**p < 0.01,***p < 0.001). (d) Quantitative statistical analyisis of the newly formed bone volume/total volume (BV/TV) for 6 
weeks and 12 weeks.
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weeks of implantation, the 1.2Cu-HAp group still maintained the highest 
thickness, suggesting that the long-term osteogenic activity of this ma
terial is relatively stable(Fig. 8a; Fig. s5 - s8). Additionally, clear new 
bone formation was observed at the interface between all Cu-HAp 
scaffolds and the bone, as well as at the bottom of the scaffolds, 
further confirming the characteristic of new bone crawling growth. 
Compared to the 0.8Cu-HAp and 1.6Cu-HAp groups, the new bone in the 
1.2Cu-HAp scaffolds exhibited more ideal size and continuity (Fig. s7).

Masson staining was used to observe collagen fiber formation in 
different scaffold groups (Fig. 8b). At 6 weeks, the 1.2Cu-HAp group 
showed significantly more collagen fiber formation than the control and 
0.8Cu-HAp groups, indicating good performance in early bone repair 
(Fig. s4). In addition to the observation of immature collagen matrix 
(blue) in the scaffold groups, a small amount of mature collagen matrix 
(red) was also distinctly observed. The mature collagen matrix was 
mainly distributed on the surface of the porous scaffold fibers, indicating 
that the scaffolds facilitate collagen deposition and maturation, that’s 
consistent with previous published results [42]. After extending the 
implantation time to 12 weeks, the collagen fiber content in all Cu-HAp 
scaffolds further increased, with the collagen content in the 1.2Cu-HAp 
group being higher than that in the 0.8Cu-HAp and 1.6Cu-HAp groups 
(Fig. s9 – s12). Additionally, significant mature collagen matrix was 
observed in both the 1.2Cu-HAp and 1.6Cu-HAp groups (Fig. s11 and 

Fig. s12), further supporting the beneficial role of moderate copper 
content in bone repair.

CD31 staining assessed the vascularization in different groups. At 6 
weeks post-implantation, compared to the control group, the 0.8Cu-HAp 
and 1.2Cu-HAp scaffold groups showed a significant acceleration in the 
vascularization process. However, for the 1.6Cu-HAp scaffold, the pro
motion of angiogenesis was weakened. Hence, copper doping at mod
erate concentrations (1.2Cu-HAp) may optimally enhance 
vascularization, as indicated by CD31 expression. However, at higher 
concentrations (1.6Cu-HAp), the effect may be detrimental, potentially 
due to cytotoxicity or other inhibitory effects of copper on endothelial 
cells. At 12 weeks post-implantation, the control group had the least 
vascularization, while the 1.2Cu-HAp showed significantly higher 
vascularization than the control, and 0.8Cu-HAp, with specific amounts 
at 1.2Cu-HAp: 7.27 % ± 0.603 per area, indicating that adequate copper 
content scaffolds effectively promote angiogenesis and thereby enhance 
bone tissue repair. For the 1.6Cu-HAp group, the vascular density within 
the scaffold significantly decreased compared to the 1.2Cu-HAp scaffold 
(Fig. 8c).

It has been reported that copper ions at moderate concentrations 
enhance the osteogenic differentiation of BMSCs [31,43], but also 
stimulate the expression of VEGF, which is essential for angiogenesis and 
subsequent bone repair [25,44]; furthermore, copper ions stimulate the 

Fig. 8. The in vivo evaluation of bone regeneration ability of the Cu-HAp porous scaffolds through histological assays. (a) H&E staining of the regenerated bones 
induced by the Cu-HAp porous scaffolds after transplantation for 12 weeks (NB: new bone; S: scaffold); (b) Masson’s trichrome staining of the regenerated bones 
induced by the Cu-HAp porous scaffolds after transplantation for 12 weeks (NB: new bone; S: scaffold). (c) At 12 weeks post-implantation, representative images of 
CD31 immunochemistry staining of different samples with quantification of the vessel density per area.
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secretion of collagen and other bone matrix proteins by osteoblasts, 
promoting the formation of a robust protein matrix, and improving the 
structural integrity of the regenerated bone tissue [10,38]. Although 
numerous studies have demonstrated that Cu ions can promote angio
genesis by providing a hypoxic environment [45], the potential toxicity 
of Cu ions is an unavoidable factor [46]. This indicates that introducing 
an appropriate concentration of Cu ions into the scaffold is essential to 
balance its biocompatibility, osteogenic activity, and angiogenic 
activity.

These findings collectively demonstrate that Cu-HAp scaffolds, 
particularly those with 1.2 % copper content, significantly enhance both 
osteogenesis and angiogenesis, providing a promising strategy for bone 
tissue engineering applications.

In bone repair, the biomimetic construction of bone-like tissue and 
the establishment of a suitable osteogenic microenvironment are 
essential for accelerating the healing process. Trabecular bone features a 
complex hierarchical pore structure, where variations in pore size 
significantly impact cell adhesion, proliferation, osteogenic differentia
tion, vascular infiltration, and regeneration. By employing biomimetic 
principles, a porous structure resembling trabecular bone can be ach
ieved through the disordered entanglement of individual fibers. How
ever, challenges remain in the mass production of bone-like HAp ultra- 
long fibers and in addressing their inherent brittleness. This study pre
sents a rapid gelation strategy for fabricating HAp/guar gum composite 
fibers, effectively overcoming the scalability issues associated with HAp 
fiber production. These composite fibers demonstrate exceptional 
structural stability, flexibility, and transferability, accommodating 
personalized requirements for constructing hierarchical porous scaffolds 
that mimic bone. Importantly, the proposed construction strategy is 
straightforward and suitable for large-scale production, providing new 
insights for the development of porous scaffold systems utilizing other 
inorganic materials.

4. Conclusion

Here, leveraging the rapid gelation properties of the natural poly
saccharide GG in specific environments, we have constructed ultra-long 
GG/HAp gel fibers. Utilizing these fibers as structural elements, we 
successfully developed HAp porous scaffolds with hierarchical pore 
structures. These scaffolds exhibit excellent features, including 
controllable fiber size, adjustable pore size, and tunable composition. In 
vitro experiments demonstrated that these scaffolds, when doped with 
low concentrations of copper, can promote the adhesion, proliferation, 
and osteogenic differentiation of bone marrow mesenchymal stem cells 
(BMSCs). Additionally, higher copper concentrations are more condu
cive to the expression of angiogenesis-related genes and proteins. A rat 
cranial defect model confirmed that the Cu-HAp scaffold exhibits su
perior bone regeneration performance. By rationally controlling the 
pore size distribution of the scaffold material and incorporating appro
priate concentrations of copper doping to enhance chemical stimulation, 
the osteogenic and angiogenic activities of the HAp scaffold can be 
effectively improved, thereby promoting bone regeneration. This strat
egy may provide new insights for designing and optimizing novel cal
cium phosphate-based functional ceramic scaffolds, paving the way for 
more effective treatments in bone tissue engineering.
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[19] L. Thoraval, E. Thiébault, R. Siboni, A. Moniot, C. Guillaume, A. Jacobs, J.- 
M. Nedelec, G. Renaudin, S. Descamps, O. Valfort, The acute inflammatory 
response to copper (II)-doped biphasic calcium phosphates,, Materials Today Bio 
23 (2023) 100814.

[20] Y.O. Nikitina, N. Petrakova, A. Ashmarin, D. Titov, S. Shevtsov, T. Penkina, 
E. Kuvshinova, S. Barinov, V. Komlev, N. Sergeeva, Preparation and properties of 
copper-substituted hydroxyapatite powders and ceramics, Inorg. Mater. 55 (2019) 
1061–1067.

[21] P. Ammann, R. Rizzoli, Bone strength and its determinants, Osteoporosis 
international 14 (2003) 13–18.
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