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A B S T R A C T

A multitude of autogenous/allogeneic and semi-synthetic bone graft materials have been developed to reconstruct
the defective bone tissue but with high bio-cost and potential environmental pollution. With high calcium content
and several trace elements, chicken eggshells are no longer considered as wastes but attractive sources of high-
value-added biomaterials. This study used chicken eggshells and synthetic hydroxyapatite (HAp) to synthesize
amorphous calcium phosphate (ACP) bone graft materials, namely Control and Eggshell. The physiochemical
characteristics, biosafety, and immunocompatibility of synthetic ACP particles were inspected. Their osteogenic
activity was further investigated in a novel osteoblastic spheroids model. Eggshell ACP particles exhibited ideal
cytocompatibility compared to the control ACP and were more resistant to re-crystallization. In osteoblastic
spheroids, Eggshell ACP mediated typical osteogenic mRNA profiles of MC-3T3-E1 cells, accompanied by the
increased formation of mineralized nodules and boosted synthesis of ECM proteins represented by OPN and
collagen I. This study establishes a promising technique to synthesize stable, safe, and osteoinductive ACP graft
particles from eggshell waste. Furthermore, the osteoblastic spheroids constructed in the present study provide a
more practical model for biomaterial research, which reflect the three-dimensional interaction between host bone
tissue and graft materials more realistically.
1. Introduction

Bone fracture, defect, tooth loss, maxillofacial defect, and deformity
are with high clinical incidence. Endosseous graft materials have been
widely used to reconstruct the normal functions of defective tissue [1].
According to the species origin of the donor, bone graft materials can be
briefly divided into autologous/allogeneic, xenogeneic, and synthetic
materials. Albeit autogenous and allogeneic bone grafts contain
osteoinductive protein and osteoblastic cells capable of synthesizing new
bone and a structural matrix that acts as a scaffold, making it the “gold
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standard” for bone reconstruction, the limited supply, donor-site
morbidity, as well as disease transmission, limit their large-scale
commercialization [1,2]. In contrast, semi-synthetic xenogeneic graft
materials (e.g., calcined xeno-bone) have been involved in a large
number of surgical applications with huge market volume (US$664
million by 2021) [3] due to their ideal biosafety and relatively sufficient
supply. However, most commercially available xenograft materials are
prepared frommammalian tissue (e.g., porcine and bovine bone/tendon)
with heavy bio-cost and highly relevant to the scale of animal husbandry,
which also elicits environmental pollution as well as potential ethical
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issues, especially in less developed areas [4–6]. Therefore, one top pri-
ority of bone graft materials development is to obtain safe, modifiable,
and environmentally friendly novel synthetic biomaterials capable of
replacing autografts/allografts with sufficient supply and ideal osteo-
genic activity.

Regarding the composition of natural bone tissue (~70% of inorganic
compounds, calcium phosphate (CaP) substrate embedded within ~30%
of organic compounds, mainly collagens, etc.) [7], several synthetic CaP
materials were developed and used as bone substitutes or implant coating
materials, with different Ca:P ratios and rates of absorption, such as
crystallized hydroxyapatite (HAp), tricalcium phosphate (TCP), and
biphasic calcium phosphate (BCP, a combination of HAp and β-TCP),
calcium deficient hydroxyapatite (CDHA), and amorphous calcium
phosphate (ACP), etc. [8–10]. As a representative of crystalized CaP
materials, HAp is a synthetic analog of bone apatite and is considered
excellent for improving bone formation [11,12]. However, compared to
bone apatite, the excessive crystallinity and stoichiometry of synthetic
HAp favor its thermostability and mechanical strength at the expense of
solubility [13]. With favorable characteristics, such as structural stabil-
ity, biocompatibility, and high degradation rate, β-TCP has been intro-
duced to prepare BCP materials for compensating the drawbacks of HAp
[14–16].

In addition to the well-studied crystalline CaP materials, ACP has
recently attracted significant attention due to its variable physicochem-
ical properties, excellent bioactivity, and superior biodegradation. ACP
appears initially as a solid phase formed by supersaturation of calcium-
phosphorus solution and specific pH, with a Ca/P ratio of about 1.5
and particle size of 40–100 nm [17,18]. As the precursor of the mineral
phase of CaP and the storage “pool” of calcium and phosphorus, ACP
regulates the speed of bone formation and enhances the mechanical
properties of bone tissue by adjusting Ca/P content in host tissue [19]. In
an aqueous solution, metastable ACP could rapidly dissolve and release
Ca2þ and PO4

3�, followed by the continuous transformation and growth of
HAp (re-crystallization) [20]. Growing in vivo evidence indicates that
ACP could be deposited by intracellular vesicles at the gap zones of
collagen matrix fibrils and mediates the growth of bone apatite as a
precursor phase in rapidly growing bone tissue [21–26]. In vitro studies
reported the presence of ACP in the gap zone of collagen fibrils prior to
the bone apatite-like structure formation [25,27], as well as the miner-
alization of type I collagen [28]. Moreover, Popp et al. reported that ACP
directly supported the growth and differentiation of osteoblastic lineage
cells [29]. ACPmicron-fibers sponge was also proved to have an excellent
osteoconduction and favored the maturation of human alveolar bone
[30]. Compared with HAp, Zr-hybridized ACP particles have shown
higher osteogenic activity than HAp, evidenced by increased prolifera-
tion, ALP synthesis, and OPN production in osteoblastic MC-3T3-E1 cells
[31].

Albeit the synthetic CaP materials can provide an essential inorganic
source of Ca/P and mineralized cores for bone formation, the importance
of trace elements in natural bone tissue (e.g., Mg, Na, Sr, K, Si, Zn, F, Mn,
Fe and B. Etc.) cannot be ignored [32,33], which is known to promote
osteogenesis/angiogenesis [33,34] by mediating the nonstoichiometric
property and calcium-deficiency of CaP substrates in natural bone tissue
[35–37]. Thus, introducing essential trace elements in conventional CaP
substrates is expected to be a potential strategy for obtaining biomimetic
bone grafts. Furthermore, the abundant calcium (94% CaCO3 and 1%
Ca3(PO4)2), Mg2þ (1% MgCO3), and trace amounts of Mg (3472–4500
ppm), Na (1512 ppm), Sr (320–411 ppm), K (524 ppm), and S (589 ppm)
in chicken eggshells, a large-scale (millions of tons every year)
product-specific biomineralized food waste, make them an attractive
precursor for synthesizing the trace element-doped CaP substrates
[38–42]. While many studies on converting eggshells to HAp or β-TCP as
bone tissue engineering (TE) scaffolds, eggshell-derived ACP has
received little attention, mainly because of its metastability [43,44].
Intriguingly, the trace elements in eggshells, particularly Mg and Sr, are
expected to markedly improve the stability of the synthetic ACP through
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a native One-Pot synthesis [44–46].
The traditional in vitro research models for evaluating the bioactivity

of biomaterials are mainly based on 2D cell culture but fail to fully reflect
the multilayer cellular structure of healthy tissue [47,48]. On the con-
trary, a 3D culture system could be an ideal solution for mimicking the
spatial specificity of in vivo tissue during organogenesis and differentia-
tion [48]. Cell spheroids exhibit a 3D multicellular culture system that
provides intrinsic tissue morphology and phenotypic properties identical
to the in vivomilieu [49,50]. As a well-studied model for tumor research,
it has been reported that the cells in spheroids showed higher resistance
against anti-tumor medicine [51,52]. Therefore, it is necessary to intro-
duce 3D spheroids in this study to comprehensively analyze cell-material
interactions and better predict the in vivo bioactivity of grafted materials.
Various strategies can be used to generate spheroids, such as active
generation (rotating flask, low-adherent plates, etc.) [53,54] and passive
generation (hydrogel trapping, microfabrication, magnetic levitation,
shape-guided aggregation) [52,55,56]. Notably, the size of cell aggre-
gates can significantly affect the behaviors of cells inside the 3D spher-
oids because of the nutrient supply and hypoxia [57]. Small spheroids
(actively generated, <250 μm) have a relatively loose structure with
better nutrients/oxygen supply. In contrast, larger spheroids (passively
generated, >600 μm) could maintain more delicate structures but may
face the threat of hypoxic and over-condensed cellular cores at the center
[57]. However, small spheroids are probably not the best choice for
studying the cell-material interactions due to their limited internal space
to accommodate sufficient particle materials. Some physicochemical
stimuli (alginate gel, magnetic beads, etc.) [52,55,56] may be introduced
in the passive generation of spheroids, resulting in unexpected in-
terventions. In addition, although some active generation strategies can
also generate large cell spheroids (1–2 mm, heterogeneous, such as
ClinoReactor-Celvivo), it is difficult for cells to wrap ACP particles
actively due to the different specific gravity of ACP particles and cells.
Therefore, shape-induced generation may be the most suitable strategy
for preparing cell spheroids in this study. This strategy enables the
embedding of ACP particles into large-sized homogeneous cell spheroids
by taking advantage of different sedimentation rates of ACP and cells.

Considering the metastability of ACP synthesized from a conventional
Ca/P double decomposition system, our own-developed dissolution-
precipitation method [58] was employed in this study to synthesize ACP
particles from HAp and eggshells. Such synthetic ACP particles with
improved stability, namely Control and Eggshell ACP, possess similar
dimensions and chemical composition but are distinct in nanostructure
and re-crystallization resistance. A low-cost shape-guided aggregation
technique was applied to establish the 3D osteoblastic spheroids
embedded with Control and Eggshell ACP particles. Comprehensive in
vitro experiments were conducted to systematically examine the
biosafety, immunocompatibility, and osteogenic activity of synthetic
ACP biomaterials. The results obtained in this study enable a promising
strategy for converting large amounts of food waste into
high-value-added synthetic bone graft materials with excellent bioac-
tivity. Furthermore, the osteoblastic spheroids constructed in this study
provided a more practical model for biomaterial research, more realis-
tically reflecting the 3D spatial interactions between host tissue and bone
graft materials.

2. Materials and methods

2.1. Synthesis and sterilization of ACP particles

1) The “control” ACP was synthesized by the previously described
dissolution-precipitation method [58]. First, 10 g of HAp powder
(#04238; Sigma-Aldrich, USA) was added to 600 mL of deionized
water (dH2O) that was magnetically stirred at 200 rpm. After 10 min,
3 M HCl solution (64.46 mL) was added to the obtained HAp sus-
pension that resulted in the dissolution of HAp. 10 min after the acid
was added, the stirring rate of the solution was increased to 600 rpm,
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and 2MNaOH aqueous solution (91.5 mL) was rapidly poured into it.
The pH of the synthesis media increased to ~11.0 and led to the
formation of a white precipitate. After 5 min, the stirring was dis-
continued and the precipitate was filtered and washed on a filter
paper with dH2O. Then the precipitate was transferred to plastic
containers that subsequently were immersed in liquid nitrogen.
Freeze drying was used to remove the excess water from the frozen
precipitate. To synthesize the “Eggshell” ACP, eggshells (provided by
eggs and egg-product producer “Balticovo” (Lecava, Latvia) were
firstly thermally treated at 900 �C for 1 h to decompose the organic
matter and transformed CaCO3 to CaO. Then 5.55 g of the obtained
CaO was added to 600 mL of dH2O that was magnetically stirred at
200 rpm. The addition of CaO resulted in the formation of a white
suspension. After 10 min, 12.47 mL of 4.76 M H3PO4 solution was
added to the suspension. The rest of the synthesis steps starting from
the HCl solution addition step are the same as described in the
“control” ACP synthesis.

2) To avoid unwanted biological and chemical contamination, ACP
particles were cleaned and sterilized before the biological experi-
ments. In brief, ACP particles were resuspended in dH2O (0.1 g/5 ml),
centrifuged at 2400 rpm for 2 min, and the supernatant was
completely discarded. Afterward, ACP particles were resuspended
again in 75% ethanol for 30 min applying an orbital shaker. After
spinning down, the particles were rewashed with absolute ethanol,
filtered with 0.22 μm sterile syringe filter (CLS431224, Corning,
USA), and dried on a heater (45 �C) for 30 min.
2.2. X-ray diffraction (XRD)

XRD patterns of the synthesized ACP particles were collected on a
Malvern Panalytical Aeris (Malvern Panalytical, United Kingdom) XRD
operated at 40 kV and 15mA (Cu tube). Diffraction data were collected in
the range of 10–70 �2θ, with a step size of 0.04 �2θ. The total measure-
ment time for each sample was 30 min.
2.3. X-ray photoelectron spectroscopy (XPS)

The XPS measurements were performed on a Thetaprobe XP spec-
trometer (ThermoFisher Scientific, USA) using monochromatic Al Kα
radiation (hν¼ 1486.6 eV). The analysis area was approximately 400 μm
in diameter. The instrument resolution was 2 eV for the “survey” spectra
and 0.8 eV for the “detail” spectra, as determined by the full width at half
maximum of the Ag 3d5/2 peak obtained on the sputter-cleaned silver.
The spectra were acquired in standard acquisition mode. Charge
compensation using a combination of low-energy electrons and Ar ions
was applied during spectra acquisition. The energy scale was referenced
based on the position of the C 1s peak from C–C/C–H bonds in an
adventitious carbon set to 284.8 eV binding energy. Quantification was
based on the manufacturer's relative sensitivity factors. The treatment of
the spectral data was done in Thermo Avantage 5.99 software (Ther-
moFisher, USA). Peak fitting was performed after subtraction of Shirley
backgrounds.
2.4. Scanning electron microscopy (SEM)

To visualize the surface morphology of the synthesized Control and
Eggshell ACP particles, Tescan Mira\LMU (Tescan, Czech Republic) SEM
was used. The particles were attached to an aluminum specimen stub
with double-sided electrically conductive carbon tape. Before examina-
tion by SEM, the particles were sputter-coated with Au using an Emitech
K550X (Quorum Technologies, United Kingdom) sputter coater. Sec-
ondary electrons were used for the image acquisition at an acceleration
voltage of 5 kV.
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2.5. Transmission electron microscope (TEM)

Control and Eggshell ACP particles were first cleaned in absolute
ethanol with ultrasonication for 30 min and then drop-casted on a lacey
carbon-supported Cu grid, followed by plasma cleaning. To determine
particle size and characterize the morphology of Control and Eggshell
ACP particles, JEM-2100F (JEOL, Japan) TEM with a Schottky field
emission gun operated at 200 kV was used. TEM images and selected area
electron diffraction (SAED) patterns were acquired using a Gatan Orius
200D CCD camera. The particle size (area occupied and mean diameter)
of the Control and Eggshell ACP was calculated by Image-Pro plus 6.0
(Image-Pro Plus, Media Cybernetics, Rockville, USA) software.

2.6. Zeta potential measurements

The synthesized Control and Eggshell particles were resuspended in a
buffer solution with different pH values (300 μg/ml, citric acid-
phosphate buffer, pH 4 to 10). After ultrasonication for 10 min, the
suspensions were transferred into detecting cells, and the zeta potential/
distribution profiles were detected by Zetasizer Nano ZS (Malvern Pan-
alytical, UK).

2.7. Attenuated total reflection Fourier transform infrared spectroscopy
(ATR-FTIR)

The Nicolet iS50 FTIR spectrometer (Thermo Fisher Scientific, USA)
with an in-built all-reflective diamond ATR was used to acquire ATR-
FTIR spectra of the synthesized Control and Eggshell ACP particles. All
spectra were acquired between 400 and 4000 cm�1 by co-adding 64
scans (resolution of 4 cm�1). Before acquiring the sample spectrum, the
background spectrum was collected and then subtracted from each
sample spectrum.

2.8. Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

First, the ACP powders were weighted into a digestion vessel. Then, a
concentrated nitric acid (65%, ChemLab, Belgium) was added to the
powders to dissolve them, followed by appropriate dilution with dH2O.
The vessels were kept at room temperature for at least 20 min to com-
plete the reaction. Then the vessels were capped and transferred to a
Mars 6 (CEM corporation, USA) microwave oven for digestion. The oven
temperature was raised to 150 �C within 30 min and held at 150 �C for
30 min, then cooled to room temperature. After cooling, the vessels were
opened to release the pressure of evolved gaseous products. The samples
were filtered through a filter with a 12–15 μm pore size (Filtres Fioroni,
France), quantitatively transferred to volumetric flasks, and diluted to 50
mL volume with dH2O. An Agilent 7700x ICP-MS (Agilent Technologies,
USA) instrument with a Mass Hunter Workstation software for ICP-MS,
version B.01.03 (Tokyo, Japan), was used for the analysis of elements.

2.9. Re-crystallization dynamics of ACP biomaterials

ACP particles (Control and Eggshell) were resuspended in α-MEM
medium (A1049001, Gibco, USA) with 15% heat-inactivated fetal calf
serum (FCS, 20170-106, Gibco, USA) at 37 �C. After 0.5, 1, 2, 4, 8, 16, 14
h, and 7 days, samples were collected and washed (centrifugation at
2400 rpm for 2 min) with dH2O, 75% ethanol, and absolute ethanol in a
sequence. The ACP particles were then dried overnight on a heater (37
�C) and subjected to TEM, SAED, and XRD analysis to inspect their
crystallization kinetics.

2.10. Specific surface area (SSA) and true density determination

Quadrasorb™ SI Surface Area and Pore Size Analyzer (Quantachrome
Instruments, USA) was used to generate N2 adsorption-desorption iso-
therms of the synthesized ACP particles at �196 �C. Before the analysis,



Q. Ma et al. Smart Materials in Medicine 4 (2023) 522–537
the synthesized ACP particles were degassed in the AUTOSORB Degasser
(Quantachrome Instruments, USA) for 24 h under vacuum at room
temperature. The Brunauer–Emmett–Teller model was used to determine
the SSA of the synthesized particles based on their adsorption isotherms
in the P/P0 range from 0.05 to 0.3 [59].

Micro UltraPyc™ 1200e helium pycnometer (Quantachrome In-
struments, USA) was used to determine the true density of the synthe-
sized ACP particles. The pycnometer was first calibrated with stainless-
steel calibration spheres of known volume. Then, the volume of the
powdered sample was determined by pressurizing the particle-
containing sample cell to a target pressure of 10 psig (pounds per
square inch gauge). The measurement was repeated until the percent
deviation of five consecutive measurements was� 0.1%. The true density
value of the sample was calculated by dividing its weight by the
measured volume of the sample.

2.11. Endotoxin determination of ACP biomaterials

1) Extract preparation: ACP particles (Control and Eggshell) were
treated with sterile endotoxin-free water (TMS-011, Sigma-Aldrich, USA)
and PBS (TMS-012, Sigma-Aldrich, USA) solution, respectively, at the
concentration of 0.1 g/ml. To obtain the extracts, prepared samples were
incubated at 37 �C for 48 h, applying periodical shaking (250 rpm on a
microshaker). 2) Pierce™ Limulus Amebocyte Lysate (LAL) Chromogenic
Endotoxin Quantitation Kit (88282, ThermoFisher, USA) were used to
detect endotoxin level in sample extracts according to the manufacturer's
instructions. In brief, sample extracts and each standard (0.1–1.0 EU/ml)
were added into the designed 96-well plate with the setting of triplicates/
sample. LAL assay was used to treat the samples and standards, and then
the absorbance at 405 nm was measured on a microplate reader (iMark,
Bio-Rad, USA). The endotoxin level in samples was calculated according
to the standard curve.

2.12. Hemolytic toxicity of ACP biomaterials

The study adhered to the tenets of the Declaration of Helsinki. Anti-
coagulated fresh human peripheral blood was obtained and processed
with ethical and institutional approvals and informed consent. For
healthy donors, freshly drawn blood or buffy coats were obtained from
St. Olavs Hospital, Trondheim, Norway. The Regional Ethics Committee
in Central Norway approved the use of blood/buffy coat from healthy
donors, REK# 2009/2245. Ficoll density gradient centrifugation was
conducted to obtain Red blood cells(RBCs). In brief, blood was mixed
with PBS (1:1 v/v) and placed on the layer of Ficoll® 1077 (GE17-1440-
02, Merck, Germany). Obtained samples were centrifuged (1800 rpm at
20 �C for 20 min), and the bottom red pellet (RBCs and granulocytes) was
collected. The human lineage cell depletion kit (130-092-211, Miltenyi
Biotec, Germany) was used to remove granulocytes. The pure RBCs were
gently washedwith centrifugation at 450 rpm and resuspended using two
different assays: 1) Direct contact assay: ACP particles were mixed with
RBCs/cold PBS resuspension (0.1 g/ml, 4 times the original blood vol-
ume). 2) Extract assay: RBCs were resuspended in ACP-PBS extracts
(prepared as described in section 2.11, 4 times of the original blood
volume). Obtained samples were incubated at 37 �C for 0.5, 1, and 2 h
with corresponding autohomelysis control (RBCs in blank PBS) and
positive hemolysis control (RBCs in blank PBS with 1% TritonX-100
(X100, Sigma-Aldrich, USA)). After incubation, the hemolysis test was
immediately performed in a 96-well plate with Hemoglobin Colorimetric
Detection Kit (EIAHGBC, Invitrogen, USA) according to the manufac-
turer's instruction. The absorbance at 570 nm was measured on a
microplate reader. Hemoglobin concentration and hemolysis were
calculated according to the standard curve and the following equation:

Hemolysis ð%Þ¼ Value:Test � Value:Auto
Value:Positive� Value:Auto

� 100%
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Where Value.Test indicates the absorbance value of tested samples; The
Value.Auto indicates the absorbance value of autohomelysis control;
Value.Positive indicates the absorbance value of positive hemolysis
control.

2.13. Biological functions of ACP biomaterials on monocytic THP-1 cells

Human monocytic cell line THP-1(ATCC, USA) was cultured ac-
cording to manufacturers’ instructions. In brief, THP-1 cells were
cultured in phenol red-free RPMI1640 (11835030, Gibco, USA) medium
with 10% heat-inactivated fetal calf serum, 10 mMHEPES, 1 mM sodium
pyruvate, 4500 mg/L glucose, 50 μM2-mercaptoethanol (M6250, Merck,
Germany) and Penicillin (P, 100units/ml)/Streptomycin (S, 100 μg/ml)
at 37 �C with humidified 5% CO2. Cells were passaged when they
reached the density of 1 � 106 cells/ml.

2.13.1. Cytotoxicity of ACP biomaterials
The experimental design was established according to previous

studies, ISO standards, and guidance of the LDH testing kit
(11644793001, Roche, USA) [60,61]. ACP particles were mixed with
RPMI1640 complete medium (0.1 g/ml) and incubated at 37 �C for 48 h
with periodic shaking (250 rpm on microshaker) to obtain the condi-
tioned media (CM). For direct contact assay, cell density was adjusted to
3 � 105 cells/ml with fresh medium and mixed with ACP particles (1
ml/0.1 g); for indirect contact assay, cells were resuspended in CM at the
same density. Prepared samples were incubated at 37 �C for 48 h with
corresponding background control (Blank medium), cell control (THP-1
suspension), and corresponding positive controls (THP-1 cell suspension
with 1% TritonX-100 added 0.5 h before sample collection). The pro-
cedure was followed with sample centrifugation at 1000 rpm and su-
pernatant collection. The lactic dehydrogenase (LDH) activity was
detected with LDH Cytotoxicity Detection Kit as mentioned above. Re-
sults were calculated according to the following equation:

CytotoxicityðTestÞ ¼
Value:Test � Value:Cell

Value:Positive� Value:Cell
� 100%

Where Value.Test indicates the absorbance value of tested samples; Val-
ue.Cell indicates the absorbance value of cell control; Value.Positive in-
dicates the absorbance value of positive toxic control.

2.13.2. Immunocompatibility of ACP biomaterials
Cell culture, ACP stimulation, and sample collection were the same as

described above (section 2.13.1) for the direct and indirect assays. The
level of pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6) and anti-
inflammatory cytokines (IL-4 and IL-10) were detected by ELISA ac-
cording to the manufacturer's instruction (DY210, DY201, DY204,
DY206, DY217B, R&D systems, USA).

2.13.3. Cell proliferation viability
The effects of ACP samples on THP-1 cell proliferation were evaluated

by PrestoBlue (A13261, Invitrogen, USA) with direct and indirect assays.
The preparation of conditioned media was the same as described in
section 2.13.1. For direct contact assay, cell density was adjusted to 3 �
105 cells/ml with fresh medium and ACP particles (1 ml/0.1 g); for in-
direct contact assay, cells were resuspended in CM at the same density.
Obtained samples were incubated at 37 �C for 48 h with corresponding
background control (Blank medium), cell control (THP-1 cells in fresh
medium), and positive control (THP-1 cells with 1% TritonX-100 added
0.5 h before Prestoblue added). After incubation, 1/10th of Prestoblue
solution was added to the cell suspension and incubated for 30 min.
Obtained supernatants were transferred to a 96-well plate (100 μl/well),
and fluorescent intensity at 540/590 nm (excitation/emission) was
determined.
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2.14. Osteogenic activity of ACP biomaterials

2.14.1. Culture and establishment of MC-3T3-E1 3D osteoblastic spheroid
MC-3T3-E1 osteoblastic cells (ATCC, USA) were cultured in α-MEM

medium with 15% FCS and P/S at 37 �C with humidified 5% CO2. Cells
were passaged at 80% confluency.

1) For 3D spheroids establishment: cells were resuspended and their
density of 1 � 106 cells/ml was adjusted. To build the Control cell
spheroids, 200 μl cell resuspension per well was seeded into a U-
bottom non-adherent 96 well plate (BIOFLOAT ™ 96 well plate,
faCellitate, Germany) and cultured for 24 h to obtain osteoblastic
spheroids. To build ACP-embedded spheroids, 200 μl cell resus-
pension per well was seeded in the same BIOFLOAT 96 well plate and
cultured for 0.5 h to allow the preliminary sedimentation of the single
cell layer, followed by adding ACP particles (100 μg/well) and
culturing step for additional 23.5 h to form ACP-embedded osteo-
blastic spheroids. Then, three groups of spheroids were placed into a
new 24-well plate (12 spheroids/well) and cultured in different cul-
ture media: a) growth medium (GM), fresh blank culture medium; b)
VC medium (VC), GM with 50 μg/ml ascorbic acid (A5960, Sigma-
Aldrich, USA); c) osteogenic medium (OM), GM with 50 μg/ml
ascorbic acid, 10 mM β-Glycerophosphate (G9422, Sigma-Aldrich,
USA) and 100 nM dexamethasone (D4902, Sigma-Aldrich, USA).

2) for the 2D culture system: cells were seeded into the 6-well plate at
the density of 2 � 104 cells/ml (4 ml/well) and cultured to 80%
confluency. ACP particles were added to the cell layer to form 3
groups: Control Cells (no ACP particles), Control ACP, and Eggshell
ACP (in the presence of 4 mg ACP/well). Samples were cultured in
GM, VC, and OM as described above.

2.14.2. Real-time quantitative PCR
The ACP treatment and medium grouping were the same as described

in 2.14.1. In brief, 2D cells and 3D spheroids were cultured for 1, 3, 7, and
14 days. mRNA from samples was isolated with RNeasy Mini Kit (74104,
Qiagen, Germany) and reverse-transcribed to cDNA using High-Capacity
RNA-to-cDNA™ Kit (4388950, Applied Biosystems, Thermofisher Sci-
entific, USA) according to the manufactures’ instructions. qPCR
(CFX96TM PCR System, Bio-rad, USA) was performed with TaqMan Gene
Expression Assay, mouse TaqMan probes were all purchased from
ThermoFisher Scientific: ALP (Mm00475834_m1), RUNX2
(Mm00501584_m1), COL1A1 (Mm00801666_g1), OPN
(Mm00436767_m1), OCN (Mm03413826_mH), GAPDH
(Mm99999915_g1, as housekeeping reference).

2.14.3. Extracellular matrix (ECM) mineralization
The ACP treatment and medium grouping were the same as described

in 2.14.1. In brief, cells and spheroids were cultured for 14 days and then
fixed with 60% isopropanol (563935, Sigma-Aldrich, USA) for 1 min.
After rehydration in dH20 for 3 min, the samples were stained with 40
mM alizarin red (ARS, PH 4.1, TMS-008, Sigma-Aldrich, Germany)
aqueous solution for 3 min. After washing with dH2O twice, images were
taken by a microscope. To quantify the mineralized nodules formation
(only 2D culture system), the red stain was dissolved in 10% cetylpyr-
idinium chloride (6004-24-6, Sigma-Aldrich, USA) in 10 mM Na3PO4
(342483, Sigma-Aldrich, USA) and the absorbance was measured at 620
nm on a microplate reader.

2.14.4. Extracellular collagen secretion
The ACP treatment and medium grouping were the same as described

in 2.14.1. In brief, cells and spheroids were cultured for 14 days and then
fixed with 4% paraformaldehyde (PFA, P6148, Sigma-Aldrich, USA) for
20 min. After washing in PBS twice, samples were stained in a 0.1 wt%
Sirius Red (365548, Sigma-Aldrich, USA) in the saturated picric acid
solution (P6744, Sigma-Aldrich, USA) for 18 h. The samples were then
washed with 0.1 M acetic acid (A6283, Sigma-Aldrich, USA), and
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microscope images were taken. For quantitative analysis (only 2D culture
system), stains were eluted in 500 μl elution solution (0.2 M NaOH/
methanol 1:1, S5811 and 34860, Sigma-Aldrich, USA), and the absor-
bance was then measured at 540 nm on the microplate reader.

2.14.5. Immunofluorescent staining and confocal microscope observation
The ACP treatment and medium grouping were the same as described

in 2.14.1. In brief, cells and spheroids were cultured for 7 days and then
fixed with 4 wt % PFA for 20 min. After washing in PBS thrice, samples
were treated with 1% (v/v) TritionX-100 (X100, Sigma-Aldrich, USA) for
20 min, followed by blocking in 1 wt % BSA/PBS solution for 1 h. Then,
the samples were incubated in goat-anti-mouse OPN primary antibody
(Ab) (AF808, R&D systems, USA) and rabbit-anti-mouse collagen I Ab
(ab21286, Abcam, USA) at 4 �C overnight. After incubation, samples
were washed in PBS for 5min on a shaker thrice and subjected to the
incubation of Alexa Fluor™ 488-labelled Chicken anti-Goat secondary
Ab (A21467, Invitrogen, USA) and Alexa Fluor™ 568-labelled Donkey
anti-Rabbit secondary Ab (A10042, Invitrogen, USA) for 1 h at room
temperature. The cell nuclei were counter-stained with DRAQ5 (62251,
Thermo Scientific, USA). After washing with PBS, samples were mounted
and observed by laser scanning confocal microscope (LSCM, SP8, Leica,
Germany).

2.15. Statistical analysis

Unless otherwise noted, experiments were repeated three times, with
three to four replicates in each group. All data were analyzed using SPSS
28.0 (IBM, USA) and are expressed as the mean � standard deviation for
continuous variables. Significant differences between groups were
identified using one-way analysis of variance (ANOVA) followed by a
Student-Newman-Keuls post hoc test for parametric data or a Kruskal-
Wallis test followed by a Dunn's multiple comparison test for non-
parametric data. Differences were considered statistically significant
when p < 0.01. The data were plotted by Origin(Pro) 2022 (for the
materials part, OriginLab Corporation, USA) and Prism 9.4.1 (for the
biological part, GraphPad Software, USA).

3. Results and discussion

3.1. Characterization of ACP biomaterials

3.1.1. FTIR, XRD, and elemental analysis
Similar, broad, superimposed absorption bands were observed in the

FTIR spectra of the Control and Eggshell ACP materials (Fig. 1A). The
spectra contained broad, relatively weak absorption bands in the range of
2400–3700 cm�1 and narrower bands at about 1650, 1480, 1420, 1000,
950, 870, and 550 cm�1. Some background noise could be observed in
the range of 1900–2700 cm�1. Absorption bands at around 550, 950,
1000 cm�1 have been assigned to ν4 PO4

3�, ν1 PO4
3�, and ν3 PO4

3� group
vibrations, respectively [44]. The bands in the range of 2400–3700 cm�1

and around 1640 cm�1 have been associated with O–H stretching and
bending vibrational modes of water molecules, respectively [62]. The
bands in the range of 1420–1480 cm�1 have been attributed to ν3 CO3

2�

vibration, while the band at 870 cm�1 to ν2 CO3
2� and HPO4

2� vibrations
[63,64]. Although CO3

2� containing chemicals were not used to synthe-
size ACP, carbonate ions were detected in their structure. Carbonate ions
could possibly be incorporated into their structure from the synthesis
medium since water quickly absorbs CO2 from the air. Another source of
carbonate ions could be the hydroxyapatite and CaO used to synthesize
ACP. Hydroxyapatite and CaO readily adsorb CO2 from the air. XRD
patterns of the Control and Eggshell ACP were identical (Fig. 1B). Only
two diffused humps that are characteristic of ACP were observed in their
diffraction patterns. Such results proved the chemical composition and
amorphous crystalline form of synthetic ACP particles.

XPS spectra analyzed the elemental composition profile. The peaks of
calcium, phosphorus, and oxygen can be observed in Fig. 1C and D.



Fig. 1. Chemical-Physical characterization of ACP biomaterials. (A) FTIR spectra of Control and Eggshell ACP materials; (B) XRD pattern of Control and Eggshell ACP
materials; (C, D) XPS spectrum of Control and Eggshell ACP materials.
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However, no other trace elements were detected by XPS. Regarding the
relatively high contents of Mg and Sr in natural eggshells [39–42], the
undetected elements may be due to the limited sensitivity of XPS or that
they were hard to form precipitation during ACP preparation. Here,
high-sensitive ICP-MS was employed to measure the presence of trace
elements in both Control and Eggshell ACP. The results in Table .1
demonstrated that more Mg and Sr were detected in Eggshell ACP
compared with Control ACP (Mg: 2.20 � 0.22 g/kg vs. 1.47 � 0.15 g/kg;
Sr: 236 � 24 mg/kg vs. 121 � 12 mg/kg). Mg and Sr are crucial for bone
regeneration and may facilitate the osteoinductivity of ACP biomaterials,
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especially Eggshell ACP [65,66]. Control ACP particles had a higher Fe
level than Eggshell (114 � 11 mg/kg vs. <3.33 mg/kg). High concen-
tration of ferric ions not only diminish the proliferation of osteoblasts
[67] but also abolish their capacity for osteogenic differentiation and
mineralization [68]. The overactivation of osteoclasts induced by ferric
ions also contributed to bone resorption [69]. Other elements, such as As,
Na, and Cu, were also detected in Control and Eggshell ACP. However,
their low absolute concentration or lack of osteogenic activity might not
interfere with the bioactivity of ACP materials.



Table 1
Trace elements of Control and Eggshell ACP materials by ICP-MS.

Control ACP Eggshell ACP

Mg 1.47 � 0.15 g/kg 2.20 � 0.22 g/kg *
Sr 121 � 12 mg/kg 236 � 24 mg/kg *
Fe 114 � 11 mg/kg * <3.33 mg/kg
As 0.021 � 0.002 mg/kg 1.29 � 0.13 mg/kg *
Na 3.13 � 0.31 g/kg * 1.13 � 0.11 g/kg
K <66.7 mg/kg <66.7 mg/kg
Zn <6.67 mg/kg <6.67 mg/kg
Hg <0.033 mg/kg <0.033 mg/kg
Cd 0.034 � 0.003 mg/kg <0.017 mg/kg
Si <2 mg/kg <2 mg/kg
Pb 0.183 � 0.018 mg/kg <0.033 mg/kg
Cu <1.67 mg/kg 2.19 � mg/kg

*p < 0.05.
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3.1.2. SEM observation, TEM ultrastructure, and zeta potential of ACP
particles

As shown in Fig. 2A and B, and C, the synthesized Control ACP con-
sisted of irregularly shaped micron-sized (63.54� 61.66 μm in diameter)
agglomerates of nanoparticles, while the Eggshell ACP consisted of
smaller nanoparticle agglomerates with narrower size distribution
(13.23 � 9.66 μm in diameter). Primary particle size in the agglomerates
of the Control ACP was larger (35.26 � 8.75 nm) compared with that of
the Eggshell ACP (24.51 � 4.93 nm). SAED images of both Control and
Eggshell ACP showed a broad halo ring pattern typical for amorphous
materials.

Considering that the ACP basic units may agglomerate and form large
particles spontaneously, the zeta potentials of both Control and Eggshell
ACP particles were determined. In the pH range from 4 to 10, the Zeta
potentials of both Control and Eggshell ACP particles were less than 25
mV (absolute value) and there was no difference between the two groups
(Fig. 2E). Such evidence indicated that Control and Eggshell ACP parti-
cles have a similar tendency of dispersion dynamics. Moreover, the
agglomeration was also apparent in as-synthesized Control ACP particles
macroscopically. Control ACP particles were hardly disaggregated by
intense ultrasonication, which indicated that more considerable Control
ACP particles were probably formed during the synthesis procedure other
than in storage. The trace elements in Eggshells may contribute to the
improved dispersion of particles.

3.1.3. Re-crystallization dynamics, SSA, and true density of ACP
biomaterials

Compared with the high crystallization and stoichiometry of HAp,
which leads to a relatively slow dissolution [70], the amorphous struc-
ture, hydrated layer, and defects of ACP greatly enhance its solubility. In
particular, the lack of periodic long-range order of ACP allows the for-
mation of structural defects, thereby improving its bioactivity by
increasing the rates of both solubility and bio-resorption [18]. However,
under certain conditions, such as moisture, different organic/inorganic
environment, temperatures, etc., the metastable ACP might easily
re-crystallize to HAp. Our previous work found that ACP has recrystal-
lized during the cold sintering process at high temperatures (150 �C).
Moreover, moisture made this procedure much more accessible with a
greatly reduced temperature threshold (150 �C–100 �C) [71]. As bone
graft materials, ACP particles will not experience high temperatures but
remain embedded in the moist host tissue for a long time. Therefore, the
re-crystallization of ACP biomaterials in a liquid environment at body
temperature was investigated and depicted in Fig. 3. TEM (Fig. 3A)
exhibited that both Control and Eggshell ACP particles kept amorphous
morphology within 8 h in an α-MEM complete medium at 37 �C. After
incubation for 16 h, the basic nano-unit of Control ACP particles had
changed to a “hair-like” ultrastructure. With the increased incubation
time, such a “hair-like” structure becamemore compact. On the contrary,
Eggshell ACP started the re-crystallization after 16 h. In addition, the
nano-crystals of Eggshell ACP showed a different “short needle-like”
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ultrastructure compared with Control ACP. XRD spectra gave us more
details (Fig. 3B). Eggshell ACP started the re-crystallization from 8 h
(with feeble signals), whereas Control ACP started the process from 4 h.
Here we can conclude that the primary crystallization process of Eggshell
ACP occurs between 8 and 16 h, whereas between 4 and 8 h for Control
ACP. SAED quantification (Fig. 1S) also showed a typical “crystalline
shoulder,” as indicated by red arrows. However, due to the different
thicknesses of ACP particles on the TEM copper mesh, images were taken
under slightly different defocus values and need further optimization.
The different resistant capacities of re-crystallization of Control and
Eggshell ACP may be due to the different trace elemental composition in
ACP particles (Table .1). Among them, Mg has been documented to be an
effective inhibitor for the phase transformation of ACP [45,46]. Sr was
also reported to stabilize amorphous minerals [72]. Moreover, it was
proved that Mg and Sr could significantly delay the ACP crystallization
together, compared with independent Mg or Sr [73]. The coexistence of
Mg and Sr led to additional energy barriers for the ACP phase trans-
formation and then provided an improved stabilization on ACP, which
might facilitate the host bone formation [73]. As depicted in Table .2,
Control and Eggshell ACP shared similar true density, but the SSA of
Eggshell ACP was higher than that of Control ACP. Higher SSA provides
more contact interface between materials and bio-components (body
fluid, cells, culture medium, etc.), which may enhance the interactions
between host tissue and implanted materials [74].

3.2. Biosafety of ACP biomaterials

3.2.1. Endotoxin contamination and hemolytic toxicity of ACP biomaterials
A classic LAL assay was performed based on the endotoxin-free PBS

and water to measure the endotoxin contamination in synthesized ACP
particles. As it is shown in Fig. 4 A, the red dot line indicates the lower
detection limit of the LAL Quantitation Kit (0.05 EU/ml). None of the
ACP extracts (PBS or water extracts) showed endotoxin contamination
over the detection limit. Notably, three water extract groups showed
relatively higher endotoxin levels than PBS extract groups, which may be
attributed to the different reaction sensitivity of the LAL assay to water
and PBS. Therefore, it can be concluded here that simple ethanol washing
could remove endotoxin contamination of ACP Particles, which could be
used in further biological experiments.

Direct and indirect assays were conducted to measure the hemolytic
toxicity of ACP biomaterials. Fig. 4B and C showed that ACP extracts
(both Control and Eggshell ACP) did not elicit any hemolysis according to
the auto-hemolysis control (PBS) within 2 h of incubation. However, ACP
particles (both Control and Eggshell ACP) resulted in slight hemolysis
after contact with RBCs shortly (0.5 h). Hemolytic activity increased with
time but reached a plateau after 1 h (maximum hemolysis < 7% at 2 h).
No differences between Control ACP and Eggshell ACP could be observed
at any time point. According to the morphology of ACP particles
(Fig. 1A), the possible reason for such hemolysis may be that the shape
edge of ACP particles injures the vulnerable RBCs. Another speculation
might be that the rapidly increased concentration of Ca2þ and PO4

3þ

dissolved from ACP particles may lead to the damage of RBCs. However,
it could not explain why ACP extracts did not elicit hemolysis.

3.2.2. Cytocompatibility and immunocompatibility of ACP particles on THP-
1 cells

The cytotoxicity of ACP particles was measured by LDH assay, and the
relative cell damage was calculated and plotted according to their cor-
responding positive cytotoxic reference (TritonX-100). Data in Fig. 5
demonstrated that none of the ACP groups (Control or Eggshell, Extracts
or ACP particles) exhibited positive cytotoxicity compared with Blank
medium or internal control (Control THP-1 cells) (Fig. 5B). Such non-
toxic properties of synthesized ACP biomaterials was in accordance
with previous research [75]. In addition, the typical pro-/anti-in-
flammatory cytokines were tested in THP-1 supernatants. According to
the cell control, blankmedium, and detection limitation of ELISA kits, the



Fig. 2. Ultrastructure analysis and zeta potential of ACP microparticles. (A) SEM images of ACP particles, Scale bar ¼ 10 μm; (B) TEM images of ACP particles, Scale
bar ¼ 200 nm; (C) Size of ACP aggregated particles and basic nano-units; (D) SAED images of ACP materials; (D) Zeta potential of ACP particles in different PH value.
*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; ns, no significance.
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results indicated that ACP (particles or extracts) did not elicit any visible
inflammatory response of THP-1 monocytic cells and should be tolerant
to the host immune system. Furthermore, the host inflammatory re-
sponses against CaP materials were widely investigated [76], and HAp
and TCP were reported to elicit host inflammation [77,78]. On the
contrary, few studies on ACP materials' immunocompatibility were
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published, even with some controversial conclusions. For example, Feng
G et al. reported that ACP nanoparticles (NPs, diameter < 150 nm) could
alleviate poly-L-lactic acid implantation-induced host tissue inflamma-
tion in vivo [79]. Another in vitro research reported that ACP NPs facili-
tated M1 polarization of macrophages and thus formed an inflammatory
microenvironment to attenuate host osteogenesis [19]. Nevertheless, the



Fig. 3. Re-crystallization dynamics of ACP biomaterials. (A) TEM inspection of ACP crystallization in aqueous solution at 37 �C from 0.5 h to 7 days; (B) XRD pattern
of ACP crystallization in aqueous solution at 37 �C from 0.5 h to 7 days. Scale bar ¼ 100 nm; Red arrows, characteristic signals of HAp crystalline.

Table 2
Specific surface area and true density of Control and Eggshell ACP materials.

Control ACP Eggshell ACP

Specific surface area 123.1 m2/g 159.6 m2/g
True density 2.50 g/cm3 2.49 g/cm3

Fig. 4. Biosafety of ACP biomaterials. (A) Endotoxin contamination of ACP biomate
(B) Hemoglobin release and (C) Hemolytic activity (%) of RBCs after contacting with A
0.0001; ns, no significance.
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difference in ACP particle size (nanoscale vs. micron-scale) and elemental
composition (Sr [80]) could contribute to the divergence between
different research.

Since the cytokine secretion may be affected by different cell den-
sities, the PrestoBlue assay was employed to measure the viability of
THP-1 cells. As shown in Fig. 6F, ACP extracts and ACP particles (both
Control and Eggshell ACP) led to higher THP-1 proliferation viability
rials, Red dot line, detection limitation threshold of LAL assay kit (0.05 EU/ml);
CP materials or ACP extracts. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p <



Fig. 5. Cytotoxicity of ACP biomaterials. (A) LDH release from THP-1 cells after cultured with ACP particles or ACP extracts for 48 h; (B) Relative cell damage (%) of
THP-1 cells according to LDH activity. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; ns, no significance.

Fig. 6. Immunocompatibility and cytocompatibility of ACP biomaterials: (A–E) Inflammatory secretion and proliferation viability (F) from THP-1 cells after culturing
with ACP powder/extracts for 48 h. (A) TNF-α; (B) IL-1β; (C) IL-6; (D) IL-4; (E) IL-10; (F) THP-1 cell proliferation viability by PrestoBlue assay. Red dot line, detection
limitation threshold of ELISA kit (TNF-α: 15.625 ng/ml; IL-1β: 3.906 ng/ml; IL-6: 9.375 ng/ml; IL4: 31.250 ng/ml; IL-10: 31.250 ng/ml). *, p < 0.05; **, p < 0.01; ***,
p < 0.001; ****, p < 0.0001; ns, no significance.
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compared with the Control THP-1 cell group. The blank medium pro-
duced a weak fluorescent signal, and TritonX-100-induced LDH release
did not affect the PrestoBlue reaction in the culture system (TritonX-100
groups in Figs. 5A and 6F). Intriguingly, direct contact with ACP particles
was likely to suppress THP-1 proliferation compared with ACP extracts,
which may attribute to the limited space and nutrient supply around
THP-1 cells.
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3.3. Osteogenic activity of ACP Particles

3.3.1. Real-time quantitative PCR of osteogenic genes expression
3D spheroids could provide a practical strategy enabling the aggre-

gation of cells/ECM components that mimic the natural bone tissue.
Considering the significantly enhanced osteogenic differentiation of
mouse dental papilla cells in 3D spheroids culture system [81], our
present study established a low-cost strategy to obtain 3D osteoblastic



Fig. 7. Expression of osteogenic genes in MC-3T3-E1 cells in 3D spheroids embedded with ACP particles in different media. mRNA expression level of (A, F, K, P) ALP,
(B, G, L, Q) RUNX2, (C, H, M, R) COL1A1, (D, I, N, S) OPN, and (E, J, O, T) OCN at indicated time points of day 1, 3, 7 and 14. #p < 0.01 vs Control Cells; ^p < 0.01 vs
Control ACP.

Fig. 8. Expression of osteogenic genes in MC-3T3-E1 cells cultured in a 2D system with ACP particles in different media. mRNA expression level of (A, F, K, P) ALP, (B,
G, L, Q) RUNX2, (C, H, M, R) COL1A1, (D, I, N, S) OPN, and (E, J, O, T) OCN at indicated time points of day 1, 3, 7 and 14. #p < 0.01 vs Control Cells; ^p < 0.01 vs
Control ACP.
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Fig. 9. ECM mineralization and collagens secretion of MC-3T3-E1 cells cultured in 3D spheroids with ACP particles embedded and 2D culture system for 14 days. (A)
Alizarin Red S (ARS) staining for mineralized modules in 3D spheroids; (B) Sirius red staining for collagens secretion in 3D spheroids; (C) ARS staining for mineralized
modules in 2D system; (D) Sirius red staining for collagens secretion in 2D culture system; (E) Total OD value and net OD value (after the subtraction of corresponding
OD values in GM condition) of ARS staining in the eluents from the 2D system; (F) OD value of Sirius red in the eluents from the 2D system. Scale bar ¼ 100 μm #p <

0.01 vs. Control Cells; ^p < 0.01 vs. Control ACP.
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spheroids based on non-adherent U bottomwell plates with ACP particles
embedded (Flowchart). The osteogenic inductive effects of ACP bio-
materials on MC-3T3-E1 cells in osteoblastic spheroids and 2D culture
systems were evaluated by qPCR. As plotted in Fig. 7 (Spheroids), oste-
ogenic differentiation was studied under three conditions: GM, VC me-
dium, and OM. In brief, both Control and Eggshell ACP particles
effectively enhanced osteogenic gene expression in spheroids. Especially
OPN (elevated from Day 7–21 during the mineralization of MT-3T3-E1
cells [82]), which was induced as high as 9 folds compared with the
cell spheroids control (Fig. 7D, I, N, S). As an osteogenic maker of
late-stage ECM mineralization, the mRNA level of OCN (elevated after
Day 14 [82]) was also promoted by ACP particles in all media groups on
Day 14 (Figure.7T). Although ALP (elevated on Day 3–14 [82]) expres-
sion was a little bit suppressed on Day 3 and 7, such suppressive effects of
ACP particles greatly reduced with time and reversed to an up-regulative
function at Day14 (Fig. 7A, F, K, P). On the contrary, RUNX2 and COL1A1
expressions were moderately inhibited at all time points. Notably, a high
level of RUNX2 is crucial for the differentiation from mesenchymal stem
533
cells to immature osteoblasts [83]. For further bone maturation (imma-
ture osteoblasts to mature osteoblasts/osteocytes), RUNX2 expression
has to be downregulated [83]. Therefore, ACP particle embedding could
contribute to the maturity of MC-3T3-E1 cells. Albeit a lower level of
COL1A1 might lead to reduced ECM deposition, the level, and arrange-
ment of collagen fibrils in protein level was also essential for ECM
mineralization and was investigated later.

Compared with the 3D spheroid model, the expression of osteogenic
markers in the 2D culture system was different (Fig. 8). Both Control and
Eggshell ACP particles could also promote the OPN expression at an early
stage (Fig. 8D, I). However, such enhancement was weakened and even
reversed to an inhibitive effect after Day 7 (Figure.8N, S). On the other
hand, the suppressive effects of ACP particles on OCN expression on Day
1 were much stronger than that in the spheroids system (Figs. 7E and 8E).
Similar improvement of OCN expression at Day 14 could be observed in
both spheroids and 2D system (Figure.7T and 8T). The spheroids model
and Eggshell ACP were more effective in inducing OCN expression than
Control ACP and 2D culture. In the 2D culture system, more potent



Fig. 10. Confocal microscopic inspection of OPN and collagen I expression of MC-3T3-E1 cells in 3D spheroids with ACP particles embedded and 2D culture system,
respectively. (A) Left panel: OPN and collagen I expression in different culture media in 3D reconstructed images; Right panel: maximal fluorescent projection of OPN
and collagen I in 3D spheroids as shown in left penal; (B) OPN and collagen I expression in different culture media in a 2D culture system. Scale bar ¼ 100 μm.
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inhibition could be found in ALP and COL1A1 expression in ACP-treated
groups than in the spheroids model (Fig. 8A-C). However, their inhibitive
function on RUNX2was weaker than in the spheroids system (Fig. 8G and
Q). The different mRNA expression patterns between spheroids and the
2D model (especially in the early stage) might attribute to the high dis-
solving capability of ACPmaterials. Once ACP particles come into contact
with an aqueous environment, they rapidly start to dissolve, thus
dramatically increasing Ca2þ and PO4

3þ concentrations in the medium.
When encapsulated into the spheroids, When encapsulated inside the
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spheroids, layers of cells could hinder the release of ions from ACP par-
ticles. Conversely, Ca2þ and PO4

3þ ions could disperse in 2D culture
freely, affecting cells not in contact with ACP particles. Such a hypothesis
helps to explain different mRNA expression patterns in spheroids and 2D
cultures [84,85]. In summary, the 3D spheroids system is more friendly
for the osteogenic differentiation of MC-3T3-E1 cells. Both Control and
Eggshell ACP particles could improve the osteogenic differentiation of
osteoblasts. Eggshell ACP exhibited higher osteogenic activity, which
may be due to its size, SSA, and elemental composition.
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3.3.2. ECM mineralization staining and confocal microscope analysis
In addition to the expression of the osteogenic genes, the staining of

ECMmineralization and extracellular collagens was further conducted to
analyze the macroscopic osteogenic functions in spheroids and 2D cul-
ture. The as-build (instantly taken out from U-bottom plates) Control
(693.24 � 76.41 nm) and Eggshell ACP spheroids (715.19 � 89.93 nm)
were more prominent than the Control cells spheroids (483.67 � 58.17
nm) but with a similar sphere shape. However, the spheroids altered their
shape by cultivation on a planar surface. As it is shown in Fig. 9A, Control
cells spheroids had difficulty keeping a round shape in all three media
conditions. The cells on top of the spheroids were prone to “flow-down”
and formed an “oblate” shape with loose intercellular connections. Both
Control and Eggshell ACP embedded spheroids kept an original semi-
spheric shape with condensed cell-materials connection in all media
groups. Red ARS staining could be observed in all ACP-embedded
spheroids rather than Control cells. Smaller mineralized nodules could
also be found around these ACP spheroids in the OM group. The primary
shortcoming of the spheroids ARS staining is the difficulty of dis-
tinguishing ACP particles inside. Therefore, we also set a parallel
experiment to inspect the ARS staining around ACP particles in a 2D
culture model. Abundant ARS staining was found in all ACP groups,
while only a few small red dots were in the Control cells group in OM.
The eluent analysis was conducted to measure semi-quantitatively the
ARS staining of mineralized nodules. The results indicated that ACP
particles improved the mineralized nodule formation effectively
(Fig. 9E). Regarding that ARS staining may interfere with ACP particles
rich in Ca2þ, the absorbance in the GM group (as baseline) was subtracted
from VC and OM. Dramatically, the VC medium worked as the most
efficient medium to induce ECM mineralization (VC > OM > GM).
Similarly, VC medium led to the most collagens secretion compared with
OM and GM (VC > OM > GM). In addition, ACP particles (both Control
and Eggshell) could boost collagen production in all media groups
(except Control ACP in OM, Fig. 9F). It is worth noting that collagen fi-
brils/bundles were formed around ACP particles. Such structure was
similar to the primary network of CaP core/collagen fibrils in natural
bone tissue. Nevertheless, such findings were not in accordance with the
suppressive functions of ACP particles on COL1A1 expression in qPCR
assay (Figs. 7 and 8). One possible explanation could be that the over-
expressed OPN protein promoted the translation of collagen I by sup-
pressing miR-129-5p expression. miR-129-5p directly targets the 3-UTR
of COL1A1 mRNA and exerts inhibitive functions on the post-
transcriptional activities of COL1A1, thereby reducing the production
of collagen I [86]. Moreover, OPN is also essential for the quality of
collagen I fibril formation in bone tissue [87]. The formation of collagen
bundles wrapped around ACP particles may be regulated by the level and
distribution of OPN.

Immunofluorescent staining was performed on osteoblastic spheroids
and 2D culture to clarify the expression and distribution pattern of OPN
and type I collagen. Fig. 10A provided the 3D reconstruction of spheroids
with OPN (green) and collagen I (red) staining. In the GM condition, the
OPN expression was enhanced in Control and Eggshell ACP spheroids.
OPN was found to be mostly located on the surface of ACP particles.
Meanwhile, there was only weak collagen I staining in ACP spheroids
rather than in Control cells. VC medium greatly enhanced the baseline
level of OPN expression in all three groups. However, ACP particles still
induced more OPN expression on their surface. Interestingly, more
intense collagen I staining could be observed in Control and Eggshell ACP
spheroids, partially overlapping with OPN staining (Fig. 10A, Over-
lapped projection). Eggshell ACP induced the most collagen I expression
compared with other groups. Notably, OM did not further improve the
OPN and collagen I expression compared with the VC medium. Since the
spheroids were too thick to inspect the detailed OPN and collagen I
distribution, a 2D culture model was employed to analyze their coloc-
alization. As depicted in Fig. 10B, the VC medium similarly increased the
collagen I expression more than other media. No colocalization of OPN
and collagen I was found in the Control cells group. Control and Eggshell
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ACP induced intense OPN and collagen I deposition on the particle sur-
faces. However, it was worth noting that there was no overlap between
OPN and collagen I of Control ACP in the VC medium.

4. Summary and conclusions

This study developed a dissolution-precipitation method to convert
eggshells into endotoxin-free and immunocompatible ACP particles.
Compared to the Control ACP, Eggshell ACP particles weremore resistant
to re-crystallization and exhibited ideal cytocompatibility. To better
simulate the in vivo environment after the implantation of graft materials,
an ACP-embedded 3D spheroidic model was established. Remarkably,
Eggshell ACP particles induced typical mRNA expression profiles of
osteogenic differentiation in 3D osteoblast spheroids, accompanied by
the increased formation of mineralized nodules and up-regulated syn-
thesis of ECM proteins represented by OPN and collagen I. In conclusion,
our study provides a promising technique to synthesize high-value-
added, osteoinductive ACP graft particles from eggshell waste. Further-
more, the osteoblastic spheroids constructed in this study provide a more
practical model for biomaterial research, which can reflect the three-
dimensional interaction between host bone tissue and graft materials
more realistically.
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