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ABSTRACT

The high bioactivity and biocompatibility of hydroxyapatite (HAP) make it a useful bone graft material for bone tissue engineer-
ing. However, the development superior osteoconductive and osteoinductive materials for bone regeneration remains a challenge.
To overcome these constraints, Cu-doped hydroxyapatite (HAP(Cu)) from waste eggshells has been produced for bone tissue
engineering. The materials produced were characterized using Fourier transform infrared spectroscopy, x-ray diffraction, and
photoelectron spectroscopy. The scanning microscopy images revealed that the developed HAP was a rod-like crystalline struc-
ture with a typical 80-150nm diameter. Energy-dispersive x-ray spectroscopy showed that the generated HAP was mostly com-
posed of calcium, oxygen, and phosphorus. The Ca/P molar ratios in eggshell-derived and copper-doped HAP were 1.61 and 1.67,
respectively, similar to the commercially available HAP ratio (1.67). The WST-8 assay was used to assess the biocompatibility
of HAPs with hBMSCs. HAP(Cu) in the media significantly altered the cytotoxicity of biocompatible HAP(Cu). The osteogenic
potential of HAP(Cu) was demonstrated by greater mineralization than that of pure HAP or the control. HAP(Cu) showed higher
osteogenic gene expression than pure HAP and the control, indicating its stronger osteogenic potential. Furthermore, we assessed
the effects of sample-treated macrophage-derived conditioned medium (CM) on hBMSCs' osteogenesis. CM-treated HAP(Cu)
demonstrated a significantly higher osteogenic potential vis-a-vis pure HAP(Cu). These findings revealed that HAP(Cu) with
CM significantly improved osteogenesis in hBMSCs and can be explored as a bone graft in bone tissue engineering.

1 | Introduction and allografts are frequently used for reconstructive manage-

ment of large bone defects. Autografts are considered the gold

Millions of people worldwide suffer from bone defects annually.
Trauma, congenital anomalies, tissue resection due to cancer,
and infection play significant roles in bone loss [1]. Autografts

standard for managing large bone defects. The limited availabil-
ity, prolonged wound drainage, and repeated surgery of the donor
restrict the broad applicability of the autograft process [2, 3]. In

Tejal V. Patil and Dinesh K. Patel contributed equally to this work.

© 2024 Wiley Periodicals LLC.

Journal of Biomedical Materials Research Part A, 2024; 113:37838
https://doi.org/10.1002/jbm.a.37838

10of 15


https://doi.org/10.1002/jbm.a.37838
mailto:
https://orcid.org/0000-0003-2091-788X
mailto:ktlim@kangwon.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjbm.a.37838&domain=pdf&date_stamp=2024-11-29

contrast to autografts, allografts provide an alternative approach
for managing bone defects owing to the availability of a donor site
and lack of morbidity [4]. However, immunological rejection and
risk of contamination can cause serious problems during the al-
lograft process. Therefore, it is necessary to develop cost-effective
approaches for rapid bone regeneration. In this regard, the tis-
sue engineering approach is vital for restoring and maintaining
tissue function using developed biological substitutes. Various
biological substitutes, including calcium sulfate, bioactive glass,
calcium phosphate, and polymer-based grafts, have been utilized
in bone tissue engineering [4-6]. Mehnath and co-workers coated
Ti-6Al-4V with minerals and marine sponges and examined its
osteoinductive potential. They primarily focused on the cytotox-
icity and adhesion of osteoblasts to the developed scaffolds [7]. In
another study, Mehnath et al. developed bone-adhesive hydrogels
for bacterial eradication and osteoblast regeneration. They high-
lighted the antibacterial activity of hydrogels through various
interactions [8]. Xue and co-workers developed biodegradable
multifunctional bioactive glass nanoparticle for photothermal-
chemotherapy and bone regeneration applications. The devel-
oped materials showed excellent stimuli-responsive drug release,
antibacterial potential, and bone-healing ability in rat cranial
defects. However, the developed scaffolds moderately accelerated
the regeneration efficiency [9]. Therefore, it is necessary to de-
velop materials that exhibit multifunctional abilities and acceler-
ate bone-tissue regeneration in a shorter time.

In this context, hydroxyapatite (HAP), with the general formula
Ca,(PO,)(OH), has received significant attention in bone
tissue engineering owing to its superior biocompatibility and
chemical resemblance to bone. They are widely used in implant
coatings, bone substitutes, and drug delivery applications. It
accelerates the new bone formation through biochemical inter-
action with the implant surface [10, 11]. Di-calcium phosphate
dihydrate (DCPD), tri-calcium phosphate (TCP), tetra-calcium
phosphate (TTCP), and octa-calcium phosphate (OCP) are used
in biomedical applications [12]. Among these, HAP and TCP
exhibited superior osteoconductive potential compared to the
other apatites. Additionally, HAP demonstrates a wide range
of pH stability (4-14) at room temperature [13]. Different meth-
ods, including chemical precipitation, sol-gel, hydrothermal,
ultrasonic-chemical, solvothermal, solid-state reaction, and
high-temperature treatment processes, have been explored for
the synthesis of HAP. Each technique has advantages and disad-
vantages compared with other methods [14-16]. Chemical pre-
cursors including calcium and phosphorus have been explored
for the synthesis of HAP. Waste eggshells are the most sustain-
able source of HAP because of their easy availability, low cost,
and rich calcium content [7]. Natural bone minerals have char-
acteristics different from those of synthetic apatites. The natural
bone mineral contains different ions, such as Nat, K*, Sr**, F,
and Mg2*, which influence the bone activities. These ions signifi-
cantly influence bone biomineralization. Pure HAP also shows
inferior bioactivity compared to natural bone [17]. Ions such as
Zn?*, Sr?*, and Mn?* favor osteogenesis, whereas Mg+, Cu*, and
Co?* trigger angiogenesis [10]. It is well-established that osteo-
genesis is limited without angiogenesis and that enhancement
in vascularization is necessary for enhanced osseointegration.
Thus, the development of biomaterials that show superior angio-
genesis and osteogenesis potential is required for bone tissue en-
gineering. The bioactivity and performance of synthetic apatite

can be enhanced by doping with trace amounts of suitable metal
ions [18]. The host cells give the immune response to foreign
bodies, including biomaterials, through immune cells such as
foreign body giant cells and macrophages [19]. Macrophages
play a vital role in fracture healing. Monocytes accumulate in
injured areas and differentiate into pro- or anti-inflammatory
macrophages. These macrophages secrete different proteins and
cytokines that play crucial role in tissue regeneration [20]. The
surrounding microenvironment significantly and profoundly
affects macrophage differentiation.

Considering the vascularization ability of copper, we developed
HAP(E) from waste eggshells through ultrasonication, followed
by the doping of copper into the developed HAP(E) to improve
bone tissue engineering. The developed HAP was characterized
through different spectroscopic techniques, including Fourier
transform infrared spectroscopy, x-ray diffraction, x-ray pho-
toelectron spectroscopy, and thermogravimetric analysis. The
developed HAP exhibited a rod-like crystalline structure. The
biocompatibility and osteogenic ability of the developed HAP
were monitored using human bone marrow-derived mesenchy-
mal stem cells (hBMSCs), a water-soluble tetrazolium 8 (WST-8)
assay, and a real-time polymerase chain reaction. The osteogenic
ability of the developed HAP was also examined in macrophage-
derived conditioned media (CM). Upregulation of osteogenic
gene markers was observed with Cu-doped HAP, indicating its
superior osteogenic potential. To the best of our knowledge, this
is the first study demonstrating the osteogenic potential of waste
eggshell-derived Cu-doped HAP in macrophage-conditioned
media for rapid bone tissue engineering. The antibacterial po-
tential of the developed HAP was also monitored. A schematic
representation of the development of eggshell-derived Cu-doped
HAP in macrophage-conditioned media for potential bone tissue
engineering is shown in Scheme 1.

2 | Experimental Section
2.1 | Materials

The waste eggshells were received from the local supplier. The
ortho-phosphoric acid (H,PO,, 85% Duksan, Republic of Korea)
and anhydrous copper sulfate (CuSO,) (Alfa-Aesar, India) were
used as received without further modifications. The commer-
cially available reagent grade hydroxyapatite (HAP) was pur-
chased from Sigma Aldrich, USA.

2.2 | Synthesis of Pure and Copper-Doped
Hydroxyapatite (HAP)

Eggshell-derived HAP was synthesized as previously reported
with some modifications [13]. Briefly, the waste eggshells
were washed with running water to remove the impurities
and inner membrane, followed by drying at 100°C for 3 days.
Subsequently, the dried eggshells were heated at 300°C for 2h
to eliminate the organic content from the sample, followed
by heating at 900°C for 3h to obtain calcium oxide from the
decomposition of calcium carbonate. The obtained calcium
oxide was treated with the required amount of orthophos-
phoric acid via ultrasonication for 1h. Cu-doped HAP was
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Schematic presentation for fabricating copper doped HAP from eggshells, and their potential applications in bone tissue engineering.

(a) Preparation of eggshell-derived hydroxyapatite HAP(E) and HAP(Cu) through chemical treatment, and (b) Preparation of macrophage-
conditioned media with HAP(Cu) and their plausible applications in bone tissue engineering.

developed by adding 1 wt.% copper sulfate in the calcium oxide
and orthophosphoric acid reaction medium, followed by ultra-
sonication for 1h. The resulting material was filtered and
washed with water. The obtained materials were air-dried at
80°C for 2days. Subsequently, the materials were calcined in
an oven at 900°C for 5h to remove impurities, such as carbon-
ates, and achieve standard HAP. The calcined samples were
used in this study. The details of the processes for simulated
body fluid (SBF) assessment and copper release processes are
provided in the Supporting Information.

2.3 | Characterizations

Fourier transform infrared (FTIR) spectroscopy (Frontier,
Perkin Elmer, UK) examined the prepared HAP's chemical

composition in the 4000-500cm~! measured regions with a
resolution of 4cm™!. The number of scans measured was 64.
The x-ray diffractometer (XRD) (X'Pert PRO MPD, Philips,
Eindhoven, Netherlands) was used to monitor the structural
changes in the pure HAP and HAP(Cu) at an operating volt-
age and current of 40kV and 40mA, with Cu Ka radiation
(A=1.5414 A°), respectively. The thermal property of the pre-
pared HAP and HAP(Cu) was monitored by a thermal anal-
ysis system (TA Instruments, SDT Q600) in the measured
regions of 40°C-600°C with a heating rate of 10°C/min in an
inert atmosphere.

The morphologies of the prepared HAP and HAP(Cu) were
examined by scanning electron microscopy (SEM) (S-4800,
Tokyo, Japan). Elemental analysis was performed using an
energy-dispersive X-ray analyzer (EDX) equipped with an
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SEM instrument. The x-ray photoelectron spectrometer (XPS)
(K-Alphat*, Thermo Fischer, USA) was further used to ex-
amine the developed HAP and HAP(Cu) chemical composi-
tions. The AlKa source recorded the XPS spectra at a constant
pass energy of 150eV. The C,  peak was used for static sam-
ple charge correction of the recorded spectra at 284.8¢eV. The
copper release from HAP(Cu) was assessed using inductively
coupled plasma-optical emission spectroscopy (ICP-OES,
Agilent 5900).

2.4 | Cytotoxicity Examination of HAP

The cytotoxicity of the prepared HAP and HAP(Cu) was mon-
itored using hBMSCs through the WST-8 assay at different
time points (1, 3, and 5days) and concentrations. The primary
culture process for hBMSCs is described in the Supporting
Information section. For this, hBMSCs (0.5 x 10*cells/well)
were placed in a 96-well plate for 24 h to adhere to the plate sur-
face. After that, the old media were changed by different con-
centrations (10, 30, 50, and 100 ug/mL) of sample-containing
media. Groups without sample treatment were used as con-
trols. The medium was replaced every three-day interval. After
incubation, cells were washed with 1 X PBS (2 times) and 10%
WST-8 dye-containing medium was added for 2h to formazan.
The developed formazan was transferred to a new plate, and
absorbance was taken at 450nm using a spectrophotometer
(Infinite M Nano 200 Pro, TECAN, Switzerland). Each treat-
ment was performed in triplicate (n=3). The cell viability of
the control was considered 100%. The cell viability was calcu-
lated using the following equation:

Optical density (OD) at 450 nm of treated group

X 100 %
Optical density (OD) at 450 nm of control ‘

@

Cell viability (%) =

2.5 | Cell Morphology

The morphology of the sample-treated hBMSCs was visual-
ized using an inverted fluorescence microscope (DMi8 se-
ries; Leica Microsystems, Germany) after 24h of treatment.
For this purpose, 2x 10*cells were cultured in 24 well plates
and allowed to adhere to their surfaces. The next day, the cul-
ture media was replaced by a 10pug/mL sample containing
media and incubated for 24h. After The cells were washed
with 1 X PBS (2 times) and fixed with 4% paraformaldehyde for
15min. The cells were again washed with 1 X PBS (2 times) and
permeabilized with 0.1% triton for 10 min, followed by block-
ing with 1% BSA solution for 45min in dark at room tempera-
ture with continuous shaking. The blocked cells were stained
with Actingreen 488 for 30 min, followed by nuclei staining
with 4’,6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI)
for 2min in the dark at room temperature. Excess stain was
removed by washing with 1 xXPBS (4 times) and adding one
drop of mounting media for visualization. Images were cap-
tured using the appropriate filter channels and an inverted
fluorescence microscope.

2.6 | Development of Macrophage-Conditioned
Media (CM)

Macrophage-derived conditioned media (CM) were extracted
using the developed HAP in the presence of Raw 246.7 cells. For
this, 2 10*cells were placed in a 60.0 X 15.0 mm culture dish for
24h to adhere to the surface. After that, the media was replaced
with a 10 ug/mL sample containing culture media and allowed
to interact with cells for 24 h. Then, the soup of the macrophage
cells was collected and used for further experiments. To prepare
working media, 10% conditioned media were added to the sam-
ple containing media. The experimental groups were denoted
as —CM and +CM with and without conditioned media sam-
ples, respectively. Groups without sample treatment were used
as controls.

2.7 | Alkaline Phosphatase (ALP) Activity

ALP activity of the prepared HAP and HAP(Cu) was assessed
qualitatively and quantitatively using hBMSC cells after 7 and
14 days of incubation in osteogenic media in a 5% CO, incubator
at 37°C. For this, hBMSC (2% 10*cells/well) cells were placed
on 24 well plates overnight, then, the old osteogenic media was
changed to a sample containing osteogenic media with 10ug/
mL concentration with and without CM. The medium was
changed every 3days. After incubation, a TRACP and ALP assay
kit (TAKARA, Seoul, Republic of Korea) was used, and quali-
tative analysis was performed using an Alkaline Phosphatase
assay colorimetric kit (Abcam, Cambridge, UK). Evaluation was
performed according to the manufacturer's protocol. The absor-
bance was recorded at 405nm using a spectrophotometer for
quantitative examination.

2.8 | Mineralization Assessment

The mineralization potential of the prepared materials was
monitored using hBMSCs by the Alizarin red staining (ARS)
technique after 7 and 14 days of treatment in osteogenic differ-
entiation media as previously reported with some modifications
[21]. Briefly, cells (2x10* cells/well) were placed in 24 well
plates and allowed to adhere to the surface for 24 h. After that,
the culture media was replaced with a 10 pug/mL sample contain-
ing media. The old media were replaced at 3-day intervals. After
incubation, cells were rinsed with 1xPBS (2 times), fixed with
ice-cold 70% ethanol, and incubated for 15min at room tempera-
ture. Next, the cells were washed twice with 1XxPBS, and the
plate was inverted on tissue paper to remove excess PBS. Then,
1mL ARS (40mM, pH4.2) was added to each well and incubated
for 10min at room temperature. Excess stain was removed by
repeated washing with distilled water, and images were cap-
tured using an optical microscope (Zeiss Optical Microscope,
Wurttemberg, Germany).

The formed minerals were quantified using a destaining solution
containing 10% cetylpyridinium chloride and 10nM of sodium
phosphate (Sigma-Aldrich, USA). The destaining solution was
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briefly added to the stained cells and incubated for 1h. The solu-
tion was transferred to a new well plate and the absorbance was
measured at 562nm using a spectrophotometer. The mineraliza-
tion potentials of the prepared HAP and HAP(Cu) were also exam-
ined with and without the CM. All experiments were performed
in triplicate (n =3), and the results are shown as mean OD = SD.

2.9 | gRT-PCR Analysis

Quantitative real-time polymerase chain reaction (qQRT-PCR)
was performed to assess the expression of osteogenic genes, in-
cluding ALP, osteopontin (OPN), and Runt-related transcription
factor 2 (RUNX2), after 7 and 14days of incubation with the de-
veloped materials in the presence of hBMSCs. Cells (4 x 10*cells/
well) were seeded in 96-well plates and treated with a sample
(10 ug/mL) containing the osteogenic medium for the desired pe-
riods. After incubation, RNA was isolated using TRIzol reagent
(Invitrogen) according to the manufacturer's instructions, and
cDNA was synthesized using reverse transcriptase (SuperScript
IV Reverse Transcriptase, Invitrogen). The purity of RNA and
cDNA was analyzed using a nanodrop of a spectrophotometer
(Infinite MNano 200 Pro; TECAN, Switzerland). The qRT-PCR
analysis was performed in PCR tubes using a Bio-Rad Real-Time
PCR system (CFX96 Maestro Real-Time Systems, Bio-Rad, USA).
The experiment was conducted in 20 uL with 2 1L of cDNA, 10uL
of SYBR green qPCR master mix, 7.6 uL of DEPC water, and
0.2uL of each primer. Gene expression was normalized to that
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (house-
keeping gene). The osteogenic potential of the prepared materi-
als was also examined using CM (10%), a process similar to that
described above. Each experiment was performed in triplicate
(n=3). The oligonucleotide primers used for qRT-PCR are listed
in Table S1.

2.10 | Antibacterial Examination

The antibacterial potential of the prepared materials was eval-
uated using optical density and agar diffusion assays as pre-
viously described [22]. Briefly, a few colonies of Escherichia
coli (E. coli) and Staphylococcus epidermidis (S. epidermidis)
were suspended separately in the nutrient broth and incubated
at 37°C overnight with continuous stirring (200rpm) to gain
the fresh bacteria colonies. The optical density of the newly
grown bacteria optical density (OD) was measured at 600 nm
using a spectrophotometer. The concentration of the cultured
bacteria was adjusted to OD (600 nm)=0.1 before starting the
experiment. Samples with fixed concentration (500ug/mL)
were prepared in nutrient broth, and 100 uL of bacteria were
added. The bacteria were treated with a sample for 6 h at 37°C,
and OD was recorded every hour. After 6 h treatment, the cul-
ture was diluted by serial dilution till 10~> dilution factor and
100 uL of bacteria were spread on nutrient agar plates. The
agar plates were incubated at 37°C to grow colonies. Each ex-
periment and each treatment in a single experiment was per-
formed in triplicate (n=3). Bacterial growth was calculated
using the following equation:

OD(t) — OD(i)

Bacterial growth rate (%) = oDG)

X100  (2)

where OD(t) is the OD value at various time intervals, and OD(i)
is the initial OD value.

2.11 | Statistical Analysis

Statistical analyses were performed using one-way analysis of
variance (ANOVA) with OriginPro 9.0 software to compare the
control and treated groups and Tukey's test was performed for
pair-wise comparison. All data were presented as mean +SDs.
Statistical analyses were performed to compare the control and
treated groups. Statistical significance was set at *p <0.05 and
**p <0.01.

3 | Results and Discussion
3.1 | Characterization of the Prepared HAP

The presence of different functional groups in the prepared
materials was examined using FTIR spectroscopy. The FTIR
spectra of commercially available (HAP(C)), eggshells-
derived (HAP(E)), and copper-doped (HAP(Cu)) are presented
in Figure la. The HAP(E) exhibits absorption peaks at 1090,
1020, 960, 629, 598, and 558 cm™! due the different vibration
modes of the phosphate groups [23]. The absorption peaks in
the 900-1100 cm™! region were assigned to the symmetric and
asymmetric stretching of the phosphate vibration. Whereas the
absorption peaks in the region 500-630cm™ are attributed to
the bending vibration of P—O linkages in phosphate moieties
[24]. The absorption patterns of HAP(E) resembled those of
commercially available HAP(C), suggesting that this method
is appropriate for developing value-added nanomaterials
for the desired applications. The absorption peak (inset) at
3571cm™! in HAP(E) is assigned to the vibration mode of the
O—H stretching [25]. Interestingly, the HAP(Cu) absorption
pattern resembled those of HAP(E) and HAP(C), demonstrat-
ing that no structural changes occurred when Cu was inserted
into the materials. Bee and co-workers also found that the in-
sertion of silver ions had no significant effect on the structural
changes, and exhibited absorption patterns similar to those of
pure HAP [26].

Structural changes in the developed materials were also ex-
amined using XRD, and the diffraction patterns are shown in
Figure 1b. HAP(E) exhibited sharp and similar XRD patterns
to HAP(C) and previously reported materials, indicating the
successful formation of crystalline and pure nanomaterials
[27]. Calcination favors the generation of highly dense crystal-
line HAP. Our group previously reported the transformation of
a less-dense and crystalline HAP derived from eggshells into a
single-phase, dense, and highly crystalline HAP through heat
treatment [13]. Meanwhile, HAP(Cu) exhibited additional dif-
fraction peaks at 34.3° and 37.3° owing to the presence of the
CuO moiety. This result indicated the inclusion of a Cu moiety in
HAP [28]. However, no other remarkable changes in the diffrac-
tion patterns were observed for HAP(Cu), indicating that the in-
clusion of Cu did not introduce any new phases, and that HAP
maintained a single phase. Noori and co-workers also reported
similar results for 3% copper-doped HAP calcined at 850°C for
3 h. Neither copper inclusion nor calcination temperature caused
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FIGURE1 | Characterization of HAP(C), HAP(E), and HAP(Cu). (a) FT-IR spectra of the indicated HAP, (b) XRD patterns of the indicated HAP,
and (c) TGA curves of the indicated HAP in the measured temperature range.

new phases in developed HAP. However, the lattice parameters
increased for 1% Cu-doped HAP because of enhanced network
parameters [29]. Thus, we anticipated that Cu doping would en-
hance the lattice parameters of the prepared materials and allow
them to remain as a single phase.

The thermal stabilities of the developed materials were
evaluated by thermogravimetric analysis (TGA), and the
thermogram curves are presented in Figure 1c. HAP(Cu)
demonstrated slightly enhanced thermal stability vis-a-vis
HAP(C) and HAP(E) in the measured temperature regions.
This slight enhancement in the thermal stability can be at-
tributed to the formation of strong Cu—OH surface groups,
which hindered the loss of adsorbed water. The thermal sta-
bility of a material is significantly affected by its molecular
weight, degree of crystallinity, and chemical structures [30].
However, a decrease in the thermal stability has also been
reported for metal (Cu, Mg, and Zn)-doped HAP, where the
doped metal promoted the decomposition of HAP into TCP
at higher temperatures [31]. The thermal properties provide
valuable information about the lattice and coordinated water,
thermal transition, material stability, and structure. In order
to investigate the impact of copper incorporation into the
HAP(Cu), the ions released within the medium (1XPBS), was
assessed. Figure S1 illustrates a progressive escalation in the
release of copper ions, suggesting a sustained release of cop-
per ions that could potentially enhance the long term effect of
HAP(Cu).

3.2 | Morphological Examination
of the Prepared HAP

The morphologies of the prepared HAP were examined by FE-
SEM. The images are shown in Figure 2a. The prepared HAP
exhibited dense and rod-like crystalline morphology with an
average length of 24.33£1.5, 24.45+2.1, and 53.47+1.3nm
for HAP(C), HAP(E), and HAP(Cu), respectively. HAP(E)
demonstrated a morphology and length nearly similar to those
of HAP(C), suggesting the suitability of the applied method for
converting waste materials into value-added materials. The
HAP(Cu) showed a higher length compared to the HAP(C)
and HAP(E), which can be attributed to the insertion of the
copper moiety in the lattice. The crystal size and surface area
profoundly affect cellular activity, including cell bonding and
development. A larger crystal size and area favor rapid cell
bonding and accelerated regeneration of new tissue [32]. The
EDX spectra and elemental mapping of the prepared materials
are shown in Figure 2b. The appearance of the copper diffrac-
tion peak in the EDX spectrum of HAP(Cu) further confirmed
the assembly of the copper moiety in the prepared nanoma-
terial. The elemental mapping results of Ca, P, O, and Cu in
the EDX area indicated a good distribution in the lattice. The
quantitative elemental distributions of the prepared materials
are presented in Table S2. The Ca/P molar ratio was 1.67, 1.60,
and 1.66 for HAP(C), HAP(E), and HAP(Cu), respectively.
Elemental analysis further verified the insertion of the copper
moiety into HAP.
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FIGURE 2 | Morphological characterization of the prepared HAP (a) FE-SEM images of the indicated HAP (scale bar: 100nm), and (b) EDX

spectra with elemental mapping of the prepared materials.

Figure S2 illustrates the surface morphology (FE-SEM) and
EDS spectra of HAP(Cu) following immersion in the SBF solu-
tion for 3 and 7 days. The images reveal the presence of granular
apatite crystals on the HAP(Cu) surface after 3days of soaking.
Subsequently, after 7days of immersion, a layer of apatite crys-
tals enveloped the HAP(Cu) particle surface. Analysis of the
EDS spectra of the crystal layer on the HAP(Cu) indicated a pre-
dominant composition of calcium, phosphorus, oxygen, sodium,
and magnesium.

3.3 | XPS Analysis

X-ray photoelectron spectroscopy (XPS) was performed to
assess the surface characteristics of the prepared materials.
The low-resolution XPS spectra of the prepared materials are
shown in Figure 3a. The peaks at binding energies of 530.4,
132.3, 283.8, 346.3, and 932.3eV are assigned to Ols, P2p,
Cls, Ca2p, and Cu2p, respectively. The appearance of 932.3eV
further confirmed metal substitution in HAP [33]. The XPS
spectrum of HAP(C) resembles that of HAP(E), indicating a
stoichiometric relationship. The surface sites and directions
significantly affected the XPS binding energies. The higher
resolution spectra of Ols of the prepared HAP(E) is shown
in Figure 3b. Three deconvolution peaks were observed at
530.2, 531.72, 532.62eV for O—Ca, O—P, and O—H groups,

respectively. These peaks shifted slightly towards higher
binding energies in HAP(Cu), suggesting strong interactions
through greater electronic delocalization [34]. The high-
resolution spectra of P2p of HAP are shown in Figure 3c. A
prominent peak in HAP(E) (132.29 eV) was observed due to the
phosphate groups, which shifted to 133.31eV with decreased
HAP(Cu) intensity. The high-resolution spectra of Cls of the
prepared materials are presented in Figure 3d. Three promi-
nent peaks at 283.71, 284.74, and 288.02eV were observed in
HAP(E), which shifted towards higher binding energy posi-
tions in HAP(Cu). These peaks can be assigned to the surface
contamination of C—H/C—C bonds, C—OH/C—0O—C bonds,
and C—O bonds of the adsorbed carbonate groups in the mate-
rials [26]. The high-resolution spectra of Ca2p of the materials
are shown in Figure 3e. Two prominent peaks were observed
in HAP(E) at 346.31 and 349.83 €V for Ca—O and Ca—P bind-
ings, respectively. These peaks were further shifted towards
higher binding energies in HAP(Cu) owing to the greater delo-
calization of the electronic environment. This ionic interaction
of calcium ions with hydroxyl and phosphate groups resem-
bles that of previously reported stoichiometric HAP materials,
showing adequate structure and orientation of the local order
in the prepared materials [35]. The high-resolution spectrum
of Cu2p of the material is shown in Figure 3f. Two prominent
peaks in HAP(Cu) were observed at 932.36 and 952.38 eV for
Cu2p,,, and Cu2p, , of zero-valent copper, respectively [33].
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FIGURE 3 | (a) Low-resolution XPS survey spectra of HAP(C), HAP(E), and HAP(Cu), and High-resolution survey spectra for (b) Ols, (c) P2p,
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FIGURE4 | The assessment of the cytotoxicity of the prepared materials. (a) Cell viability of hBMSC at indicated periods and concentrations with
HAP(C), (b) HAP(E), (c) HAP(Cu), and (d) Fluorescence images of hBMSCs after 24 of incubation in the presence of the indicated materials at 10 ug/
mL concentration. (number of replicates; n =4, *p <0.05, and **p <0.01 and n.s: Not significant).

3.4 | Biocompatibility Assessment

The developed materials should be biocompatible with the im-
plants and have no adverse immune responses [36]. The bio-
compatibility of the prepared materials was monitored with

hBMSCs at different concentrations (10, 30, 50, and 100 ug/mL)
for different periods (1, 3, and 5days), and the results are pre-
sented in Figure 4. Groups without sample treatment were con-
sidered as the control group. The materials that exhibited >70%
cell viability are considered biocompatible as per ISO 10993-5
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classifications [37]. The viability of hBMSCs treated with dif-
ferent concentrations of HAP (C), HAP (E), and HAP (Cu) is
shown in Figure 4a—c. HAP(C) is a well-recognized biocompat-
ible bioceramic that is often used in implants [38]. HAP(C) and
HAP(E) induced similar cell viability after 24h of incubation
at all concentrations. After 24h of incubation, the HAP(Cu)-
treated groups exhibited enhanced cell viability compared to
the control and other treatments (HAP(C) and HAP(E)), indi-
cating their superior biocompatibility. The enhanced cell viabil-
ity in the HAP(Cu)-treated groups after 24h of incubation was
attributed to their rapid degradation into Ca?*, P>+, Cu?*, OH,
and oxyanions of 0%~ which accelerate cellular activity [39].
Guo and co-workers also reported enhanced cell proliferation in
copper-doped HAP-treated groups owing to the release of differ-
ent ions, including Ca?*, P>+, and Cu?, creating favorable micro-
environments for improved cellular activity [40]. Cell viability
further increased in all treatments with increasing incubation
periods (3 and 5days), showing good biocompatibility of the pre-
pared materials. The amount of HAP and the incubation period
profoundly affected cell viability. Among various concentrations
(10, 30, 50, and 100 ug/mL), 10 ug/mL treated groups exhibited
greater cell viability than others. The decrease in cell viability
at higher concentrations is attributed to the formation of more
reactive oxygen species, which adversely affect cellular activity
and lead to a decrease in cell viability. Bazin and co-workers
also reported decreased cell viability at higher concentrations
of HAP due to the formation of reactive oxygen species [10].
Thus, doping eggshell-derived HAP with Cu has been proven
to promote cell proliferation much more effectively than doping
HAP(C) and HAP(E) at lower concentrations.

The fluorescence morphologies of the cultured cells after 1day
of treatment are shown in Figure 4d. The group without any
samples was considered the control group. Here, we took 10 ug/
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—CM

+CM

l""' )
o)
.‘,ﬂ“ T \
‘.M‘:‘ §(4i ‘.'.. ]
S AN
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mL concentration to visualize the effects of HAP on cell mor-
phology due to their superior cellular activity compared to other
concentrations. The cells were healthy and adhered to their sur-
faces. The cells exhibited elongated morphologies with higher
density in HAP(Cu) than that in the other groups, indicating
superior biocompatibility.

3.5 | ALP Activity

Alkaline phosphatase (ALP) plays a vital role in regulating bone
mineralization. It acts as an early signal for cell differentiation in
osteoblast enzymes and is essential for bone mineralization [41].
The qualitative ALP activities of HAP(C), HAP(E), and HAP(Cu)
with hBMSCs after 7 and 14 days of incubation with and without
CM are shown in Figure 5a. Groups without sample treatment
were used as controls. The HAP-treated groups demonstrated
greater ALP activity than the controls, and this was significantly
higher in HAP(Cu) after 14days of incubation, indicating su-
perior ALP activity. The greater ALP activity of the HAP(Cu)-
treated groups was attributed to their rapid decomposition into
different ionic species, including Ca?*, P>, Cu?*, OH-, and ox-
ygen anions of 0>~ which promoted the formation of minerals
and enhanced the concentration of phosphate in the surrounding
area [42]. Osteoblast membranes contain membrane-bound gly-
coproteins that facilitate osteogenesis by hydrolyzing pyrophos-
phates. Pyrophosphates prevent the formation of crystals at the
calcification sites and break down organic phosphate esters, lead-
ing to higher levels of inorganic phosphates. Lin and co-workers
also reported enhanced ALP activity in copper-doped calcium
phosphate cement owing to the release of Cu?* ions, which ac-
celerated the deposition of minerals [43]. Furthermore, the CM-
treated groups exhibited greater ALP activity than the untreated
groups after 14 days of incubation. Compared to the other groups,
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FIGURE 5 | Quantitative and qualitative analysis of ALP activity of hBMSCs in the presence of HAP samples with and without CM after 7 and
14days. (a) ALP staining, and (b) optical density measurements. (number of replicates; n=3, *p <0.05 and **p <0.01 and n.s: Not significant).
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the enhanced ALP activity of the CM-treated groups can be at-
tributed to the higher release of ionic species in the culture media,
which promoted the formation of minerals [44]. The quantitative
ALP activity of the prepared materials after 7 and 14 days of incu-
bation with and without CM is shown in Figure 5b. Cells treated
with CM showed increased ALP activity in all samples, suggest-
ing that the amount of CM in the samples was greater than that
in the pure sample groups. Increased ALP levels indicate ongoing
bone remodeling. Prior research has indicated that the introduc-
tion of metal-doped hydroxyapatite triggers and enhances the
process of mineralization and development of bone tissue [45].
Dopant elements can function as modulators [46]. The increased
ALP activity observed with HAP(Cu) highlights its ability to pro-
mote bone formation, indicating its potential use in stimulating
osteoblast development. ALP functions as a transcription factor
that catalyzes the hydrolysis of phosphate esters to increase phos-
phate levels in specific environments. This action activates cell
differentiation factors that stimulate osteoblasts [47].

3.6 | InVitro Mineralization Efficiency
of Prepared HAP

The in vitro mineralization efficiency of the materials prepared
with hBMSCs was assessed using ARS after 7 and 14days of

(a) Control

HAP (E)

HAP (C)
% i

+CM

incubation with and without CM, and the qualitative results
are shown in Figure 6a. Groups without sample treatment were
used as controls. Greater mineral deposition was observed in
the HAP-treated groups than in the control group, indicating a
superior mineralization potential. Interestingly, the HAP(Cu)-
treated groups demonstrated more mineral deposition than
HAP(C)-and HAP(E)-treated groups after 7 and 14 days of incu-
bation, indicating their enhanced mineralization efficiency. The
higher mineralization efficiency of HAP(Cu) can be attributed
to the presence of Cu?* ions in the medium, which play a signif-
icant role in mineralization and osteoblast function. Cu?* ions
play significant roles in angiogenesis, neuromodulation, and
other metabolic activities [48]. Angiogenesis is closely associated
with osteogenesis. It has been established that the Cu?* ions en-
hanced the angiogenesis and osteogenesis by up-regulating the
expression of hypoxia-inducible factor (HIF-1a) by inhibiting
pyrol hydroxylases [49]. Surface texture also plays a crucial
role in rapid mineralization [50]. Mehnath and co-workers re-
ported enhanced mineralization in HAP-coated scaffolds due
to their favorable surface topography, which facilitates cellular
activity [51].

Furthermore, the CM-treated groups exhibited enhanced

mineralization potential compared with those without CM-
treated treatment after 7 and 14 days of incubation, indicating
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FIGURE 6 | The assessment of the osteogenic differentiation of hBMSC in the presence of the prepared HAP with and without CM at indicated
periods of incubation. (a) The ARS images of hBMSC in the presence of the indicated HAP with and without CM, and (b) optical density of the
destained ARS solution at indicated periods. (number of replicates; n =3, *p <0.05, and **p <0.01. and n.s: Not significant).
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the positive effects of CM on mineralization. The enhanced
mineralization of the CM-treated groups was attributed to
the rapid release of ionic groups in the media and the facili-
tation of mineral deposition. The quantitative mineralization
potentials of the prepared materials with and without CM
after 7 and 14 days of incubation are shown in Figure 6b. The
HAP(Cu)-treated groups showed greater mineralization val-
ues than the control and others after 7 and 14 days of incu-
bation, indicating superior mineral deposition efficiency. The
high mineralization potential is due to high cellular activity,
which facilitates mineralization by cell-mediated deposition
of ECM constituents. The CM-treated groups demonstrated
enhanced mineralization compared with the untreated group,
showing positive effects on osteogenesis. Shi et al. reported
the enhanced mineralization ability of Cu-doped mesoporous
silica nanospheres in CM by activating the Oncostatin M
(OSM) pathway [52].

3.7 | Osteogenic Differentiation of hBMSCs

The quantitative osteogenic potential of the prepared HAP was
examined by qPCR after 7 and 14days of incubation with and
without CM, and the results are presented in Figure 7. Groups
without sample treatment were used as controls. The osteogenic
potential of the HAP(Cu) was assessed at 10 ug/mL due to their
enhanced cellular activity at this concentration. Here, we exam-
ined the osteogenic potential of HAP(Cu) as a control because of
its improved cellular activity compared to other materials. ALP
is significantly expressed in mineralized tissues and is critical
for hard tissue formation [47]. The CM-treated groups showed
greater ALP expression than the untreated groups, indicating

their potential for accelerating hard tissue formation. The
HAP(Cu)-treated groups exhibited significantly enhanced ALP
expression after 14 days of incubation compared to the control
group, owing to their superior cellular activity. These results
indicate that the developed materials have superior osteogenic
potential and can be explored for use in bone tissue engineering
using CM for rapid bone regeneration. The non-collagen bone
matrix protein OPN is another significant osteogenic marker
that controls physiological processes, such as collagen organi-
zation, cell adhesion, migration, and bone mineralization [53].
OPN expression was higher in the HAP(Cu)-treated groups than
in the control group after 7 and 14 days of incubation with and
without CM, indicating better osteogenic potential. OPN plays
a role in maintaining the structural strength of bones and af-
fects factors such as bone density, mineral size, and alignment.
Osteoblasts synthesize OPN during the later phases of osteoblas-
tic maturation, specifically during premineralization. OPN con-
sists of aspartic acid residues (negatively charged motifs), which
may contribute to its strong binding affinity for calcium. Thus,
OPN has been proposed to regulate the formation of calcium
phosphate crystals during mineralization process [54]. RUNX2
is a key regulator for osteogenesis [55]. Its expression was lower
in the HAP-treated groups vis-a-vis control group after 7days
of incubation. However, it was upregulated in the HAP-treated
groups after 14 days of incubation. This was further upregulated
in CM-treated media, owing to better cellular activity. RUNX2,
an essential osteogenic transcription factor, is a hallmark of
early osteogenic differentiation. RUNX2 links multiple import-
ant signaling pathways [56]. The structural integrity of this
protein makes it the master regulator of osteogenesis. RUNX2
domains interact with many proteins and regulate cellular func-
tions through post-translational modifications in response to
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FIGURE 8 | The examination of the antibacterial potential of the prepared HAP against E. coli and S. epidermidis. (a, b) Agar plates images and
(c, d) Bacteria growth rate calculated by their respective OD values at 600 nm. (number of replicates; n=3).

inputs. RUNX2 is a transcription factor that differentiates and
matures osteoblasts and helps create and develop bones.

3.8 | Antibacterial Activity

E. coli and S. epidermidis were used to monitor the antibacterial
potential of the developed materials because of their suscepti-
bility to various infections, including gastrointestinal, urinary
tract, and nosocomial [57]. To effectively address the problem
of bacterial infections during bone healing, which can result in
surgical difficulties and necessitate the removal or replacement
of implanted biomaterials, it is necessary to develop biomateri-
als with inherent anti-infective properties. The agar diffusion
and optical density (OD) tests were conducted using HAP(C),
HAP(E), and HAP(Cu) at a dose of 500ug/mL. The bacterio-
static effectiveness of each sample was evaluated against E. coli
and S. epidermidis after 6h of incubation, and the developed col-
onies are shown in Figure 8a,b. Groups without sample treat-
ment were used as controls. The HAP-treated groups exhibited
fewer bacterial colonies than the control group, indicating the
antibacterial potential of HAP. HAP(C) and HAP(E) exhib-
ited minimal antibacterial activity. In contrast, fewer colonies
were observed in the HAP(Cu)-treated groups, demonstrating
enhanced antibacterial potential. This indicated that the incor-
poration of copper ions into the HAP framework enhanced its
antibacterial properties.

Previous studies have shown that materials containing metal
ions have two possible ways of fighting bacteria: The first in-
volves direct bonding facilitated by electrostatic interactions,
wherein metal ions (carrying a positive charge) adhere to nega-
tively charged bacterial cell wall [58]. The second process is the
impairment of the bacterial cell membrane caused by reactive ox-
ygen species (ROS), such as superoxide (O, "), hydrogen peroxide

(H,0,), and hydroxyl radical (—OH) [59]. The changes in the
OD values with and without HAP after 6h of incubation with
E. coli and S. epidermidis are shown in Figure 8c,d. The control
groups exhibited rapid bacterial growth compared to the HAP-
treated groups. Among these (HAP(C), HAP(E), and HAP(Cu)),
HAP(Cu)-treated groups demonstrated lower bacterial growth
rates and superior antibacterial characteristics. Furthermore,
the heightened activity level can be ascribed to various factors,
including an expanded surface area that enables a more efficient
release of metal ions. As previously stated, HAP(C) and HAP(E)
exhibited limited antibacterial activity. Nevertheless, HAP(Cu)
showed a marginal enhancement in antibacterial efficacy in this
experiment, presumably because of the facilitation of contact by
the inclusion of copper ions. Moreover, the cellular architec-
ture of E. coli facilitates the interaction of nanoparticles with its
surface. These results emphasize the potential of HAP(Cu) as a
highly effective antibacterial agent with promising therapeutic
results against bacterial infections. The findings of this study
will facilitate the development of biomaterials with enhanced
antibacterial characteristics for use in biomedical applications.

4 | Conclusion

Bone grafts have been widely used to promote bone regenera-
tion, and their efficiency depends on their bioactivity and abil-
ity to boost osteogenic activity. HAP is considered an efficient
candidate for treating bone defects due to its inherent chemical
composition, which resembles the bone structure. In addition,
studying this material can enhance its applicability in the devel-
opment of scaffolds. This study helps to understand the osteo-
genic potential of waste eggshell-derived HAP and copper ion
doping. The particle size and chemical composition of eggshell-
derived HAP resembled the commercially available HAP. This
demonstrates that wasted eggshells have a huge market for bone
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implant fabrication. No significant structural changes were ob-
served in HAP(Cu) compared to those in HAP(C) and HAP(E).

The biocompatibility and morphology of the hBMSCs treated
with the samples were demonstrated. HAP(C) and HAP(E)
groups exhibited initial decreases in growth on day 1. However,
the percentage of viable cells increased with time, indicating
that the compatibility increased. In the case of HAP(Cu), the
compatibility and growth of the cells increased significantly
from the initial stage. This indicates that the presence of cop-
per ions enhances bioactivity and maintains cell interactions for
cell survival. The enhanced biocompatibility of HAP(Cu) was
attributed to its ability to stimulate cell adhesion, migration,
and proliferation. The osteogenic efficiency of the developed
materials was monitored in hBMSCs using the ARS technique,
ALP activity, and the expression of osteogenic-associated gene
markers. The HAP(Cu)-treated groups exhibited superior min-
eralization potential and upregulated osteogenic-related gene
markers (RUNX2, OPN, and ALP activity) compared with the
other treatments, indicating enhanced osteogenic efficiency.
Osteogenic efficiency was further enhanced in the CM, show-
ing positive effects on osteogenesis. These findings indicate
that this method is suitable for converting waste eggshells into
value-added materials for rapid bone regeneration, which can be
further accelerated using CM. However, more detailed studies,
including in vivo studies, are required to validate these findings
for practical applications of the materials developed in the per-
sonalized healthcare sector.
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