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Introduction

Hydroxyapatite (HAP), as the major 
inorganic component of vertebrate bone, is 
a biodegradable bioactive material with good 
biocompatibility, excellent osseointegration, 
and osteoconductivity, and is widely applied for 
bone tissue regeneration.1-3 Industrial synthetic 
HAP is commonly prepared by hydrothermal 
synthesis using calcium phosphate or calcium 
nitrate as calcium sources. Interestingly, the 
abalone shell is rich in calcium carbonate (> 95%) 
and small amounts of functional trace elements 

(e.g., magnesium (Mg), iron (Fe), copper (Cu), 
etc.), which is expected to provide a rich material 
source for HAP,4-6 and at the same time realise the 
high-value utilisation of discarded abalone shell 
resources to solve the problems of environmental 
pollution and resource waste. However, the 
function of pure HAP is relatively simple, and 
the exploration of structural modification 
and functional features of HAP needs further 
breakthroughs. 

To date, HAP has been successfully prepared in 
various morphologies, such as spherical, needle, 
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Hydroxyapatite (HAP) porous microspheres with very high specific surface 

area and drug loading capacity, as well as excellent biocompatibility, have 

been widely used in tumour therapy. Mg
2+

 is considered to be a key factor in 

bone regeneration, acting as an active agent to stimulate bone and cartilage 

formation, and is effective in accelerating cell migration and promoting 

angiogenesis, which is essential for bone tissue repair, anti-cancer, and anti-

infection. In this study, abalone shells from a variety of sources were used 

as raw materials, and Mg
2+

-doped abalone shell-derived mesoporous HAP 

microspheres (Mg-HAP) were prepared by hydrothermal synthesis as Mg
2+

/

icariin smart dual delivery system (ICA-Mg-HAP, IMHA). With increasing 

of Mg
2+

 doping, the surface morphology of HAP microspheres varied from 

collapsed macroporous to mesoporous to smooth and non-porous, which may 

be due to Mg
2+

 substitution or coordination in the HAP lattice. At 30% Mg
2+

 

doping, the Mg-HAP microspheres showed a more homogeneous mesoporous 

morphology with a high specific surface area (186.06 m
2

/g). The IMHA 

microspheres showed high drug loading (7.69%) and encapsulation rate 

(83.29%), sustained Mg
2+

 release for more than 27 days, sustained and stable 

release of icariin for 60 hours, and good responsiveness to pH (pH 6.4 > pH 

5.6). In addition, the IMHA delivery system stimulated the rapid proliferation 

of bone marrow mesenchymal stem cells and induced apoptosis in MG63 cells 

by blocking the G2 phase cycle of osteosarcoma cells and stimulating the high 

expression of apoptotic genes (Bcl-2, caspase-3, -8, -9). This suggests that the 

abalone shell-based IMHA may have potential applications in drug delivery 

and tumour therapy.
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flower, and rod.7-10 Among them, spherical mesoporous HAP 
has important structural advantages in drug delivery and tumour 
treatment because of its unique mesoporous channels, large 
specific surface area, good biocompatibility, and degradation 
characteristics with pH value.11-13 In addition, by doping or 
substituting HAP with functional ion,14, 15 additional functional 
properties (e.g., targeting,16, 17 anti-microbial properties)18-20 
can be imparted to meet the needs of specific applications. 
The release of Mg2+ from HAP after the doping of metallic 
Mg in HAP could significantly improve the osteoinductivity 
of HAP, and thus promote osteogenic differentiation.21 Mg2+ 
is widely used in cancer therapy, where it can be effective as a 
common immunomodulator and is essential for the immune 
system to fight against cancer and infection.22, 23 However, the 
reported functionally doped HAP are mostly monomorphic 
structures such as needle flakes,24, 25 which are not sufficient 
for application in biopharmaceutical carriers. Designing the 
functionally doped/modified HAP into a three-dimensional 
mesoporous structure is expected to overcome this challenge.

In this study, Mg2+-doped icariin-loaded HAP mesoporous 
microspheres (IMHA) were prepared by hydrothermal 
synthesis using abalone shell as the calcium source to achieve 
the intelligent dual delivery of Mg2+ and ICA. The sodium 
citrate template agent ionises three carboxyl groups, which 
could simultaneously chelate Ca2+ and Mg2+ in solution. Then, 
it exists as nucleation sites during the hydrothermal process, 
adsorbs OH– and PO4

3– in solution, and crystallises oriented 
self-assembly to form MHA mesoporous microspheres (Figure 

1). By the spherical mesoporous structure and high phase 
purity of MHA, a large amount of OH– can be provided for 
hydrogen bonding interactions with the drug ICA, resulting in 
high drug loading. The conformational relationship between 
the doping amount of Mg2+ and the morphological structure 
and function of microspheres was investigated, revealing the 
drug loading and release patterns of the microspheres. Finally, 
the biocompatibility, anti-tumour properties, and mechanism 
of action of microspheres before and after drug loading were 
elucidated.

1 Marine College, Shandong University, Weihai, Shandong Province, China; 2 State Key Laboratory of Mineral Processing, Beijing, China; 3 College of 
Biological Science and Technology, Fuzhou University, Fuzhou, Fujian Province, China
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Figure 1. Schematic representation of the synthesis and release of Mg2+-doped icariin-loaded hydroxyapatite mesoporous 
microspheres. ICA: icariin; IMHA: Mg2+/icariin smart dual delivery system; MHA: Mg2+-doped abalone shell-derived 
mesoporous hydroxyapatite microspheres; SC: sodium citrate.
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Methods

Synthesis of Mg-doped hydroxyapatite microspheres

Abalone shells (Dockyard Ocean Development Co., Ltd., 
Fuzhou, China). were processed according to our previous 
method5 to obtain abalone shell powder. A certain amount 
of abalone shell powder was weighed into the beaker, and 20 
mL acetic acid solution (10 vol%, CH3COOH, 99.5%, Shanghai 
MacLean Biochemical Co., Ltd., Shanghai, China) was added 
to dissolve the abalone shell powder. The mixture was stirred 
continuously until no bubbles were formed. Water was added 
to the supernatant obtained after centrifuging the mixture to a 
volume of 50 mL, and then 50 mL phosphoric acid (H3PO4, 85%, 
0.06 M, 1 mL/min, Shanghai MacLean Biochemical Co., Ltd.) 
was added slowly while stirring. Subsequently, magnesium 
chloride (MgCl2·6H2O, Shanghai MacLean Biochemical Co., 
Ltd.), sodium citrate (10 mL, 0.08 M, Shanghai MacLean 
Biochemical Co., Ltd.), and CO(NH2)2, 6 g, Shanghai MacLean 
Biochemical Co., Ltd.) were added to the solution and stirred 
continuously for 0.5 hour until the precursor solution was 
clear. The additional amounts of MgCl2·6H2O and abalone shell 
powder were adjusted to ensure a molar ratio of (Ca + Mg) to 
P of 1.67 (Additional Table 1). After stirring, the precursor 
solution was poured into the reaction kettle. Hydrothermal 
reaction was carried out under high pressure at 90°C for 40 
hours. Finally, the mesoporous microspheres of Mg-doped 
HAP (Mg-HAP, donated as MHA) were obtained by cooling 
to room temperature, washing by centrifugation three times 
(9000 r/min, 5 minutes), washing once with ethanol (Shanghai 
MacLean Biochemical Co., Ltd.), and drying at 60°C. When 
the addition of Mg2+ is 0%, the prepared MHA is named 
MHA0, or M0 for short. Similarly, when the addition of Mg2+ 
(Mg2+/(Mg2+ + Ca2+) × 100%) is 10%, 20%, 30%, 40%, and 50% 
respectively, the samples are named M10, M20, M30, M40, 
and M50, respectively. It should be noted that the components 
and experimental conditions of M0–50 are the same except for 
the different amounts of Mg2+ and Ca2+.

Synthesis of ICA-loaded MHA microspheres

50 mg of MHA was added to 5 mL of ICA solution (1 mg/mL,  
Xi’an Realin Biotechnology Co., Ltd., Xi’an, China), and 
continuously shaken at 37°C for 48 hours in a constant 
temperature shock incubator. The mixed suspension was then 
centrifuged and washed three times. The precipitate was dried 
in a vacuum at 60°C and protected from light to obtain ICA-
loaded Mg-HAP microspheres (donated as IMHA). 

Characterisation

It was analysed by solid phase X-ray diffraction, field emission 
scanning electron microscopy, transmission electron 
microscopy, Fourier transform infrared spectrometer and 
Renishaw invia Raman microscope. Inductively coupled 
plasma, Asap2460 analyser (Atlanta, GA, USA) and enzyme 
labeling instrument were used for the test.26, 27 The details are 
shown in Additional file 1. 

Element releasing analysis

0.1 g of MHA was immersed in phosphate buffered solution 
(PBS) with a water bath at 37°C. Over the next 28 days, 1 mL of 

solution was collected to monitor the changes in the contents 
of Ca, Mg, and P elements, and fresh PBS was added at the 
regular intervals.5 

Haemolysis performance analysis

All animal experiments in this study followed the Ethical 
Guidelines for the Management and Welfare of Animal 
Experiments at Shandong University (No. 20231012). A 2.5% 
sodium pentobarbital solution was prepared, and New Zealand 
white rabbits (Jinan Xilingjiao Breeding Center, License No. 
SCXK (Lu) 2024-0001) were anaesthetised by intravenous 
injection (1.5 mL/kg) at the ear margin. Venous blood was 
collected with a syringe from the ears of anaesthetised New 
Zealand white rabbits (n = 6, 8 months old, male) and quickly 
added to the centrifuge tube with heparin solution infiltrated 
into the inner wall and stirred gently, and quickly added to the 
centrifuge tube with heparin solution infiltrating the inner 
wall, and stir it slightly. Then the rabbit blood mixture was 
centrifuged 2–3 times (4500 r/min, 10 minutes, 37°C) to collect 
clean red blood cells, and then the collected red blood cells 
were diluted to 5% concentration with normal saline to obtain 
anti-coagulant rabbit blood, which is stored at 4°C for later use.

2 mL anti-coagulant rabbit blood, 2 mL normal saline, 
and different quality MHA were added into four test tubes 
(microspheres concentration gradients were 50, 100, 500, and 
1000 μg/mL), respectively. Anti-coagulant rabbit blood (2 mL) 
was added to distilled water or normal saline as the positive and 
negative control groups of the experiment. The absorbance 
of 2 mL supernatant was measured at 545 nm by ultraviolet 
spectrophotometer (UV-2550, Xiamen Yichen Technology 
Co., Ltd., Xiamen, China). The haemolysis rate of MHA was 
calculated according to equation 1.28, 29

Haemolysis (%) = (optical density (OD)sample – ODnegative control)/
(ODpositive control – ODnegative control) × 100                                           (1)

Construction of ICA standard curve

Before measuring the drug loading and drug release of MHA, 
drug standard curve should be developed to calculate the drug 
loading capacity of microspheres. ICA was used as the sample 
drug in this experiment. The ICA solution was diluted to 10, 
25, 50, and 100 μg/mL. The absorbance of the ICA solution 
was measured using an ultraviolet spectrophotometer (477 
nm), and the ICA concentration-absorbance curve was 
plotted. The linear regression equation of the ICA standard 
curve was obtained by linear fitting (OriginPro 2024SR1), and 
the R-value reflected the degree of fit of the regression line to 
the observed values.

Drug carrying capacity evaluation 

The absorbance of free ICA was measured by spectrophotometer 
(477 nm), and the ICA content in the supernatant was obtained 
by ICA standard curve. The encapsulation rate and drug load 
of IMHA were calculated according to equations 2 and 3, 
respectively.5, 30

ICA entrapment efficiency (%) = (ICAinitial – ICAin supernatant)/
(ICAinitial) × 100                                                                               (2)
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ICA loading content (%) = (ICAinitial – ICAin supernatant)/
(MHAamount) × 100                                                                            (3)

Release behavior study of ICA

10 mg of IMHA was placed in a dialysis bag (8000–14,000 kDa, 
JIELEPU, Changsha, China) and placed in 30 mL PBS with pH 
at 7.4, 6.5, and 5.4, respectively while shaking in a shaking box 
(37°C, 150 r/min). Three parallel experiments were performed 
in each group. 2 mL of supernatant was withdrawn at each time 
for a specified period of time, and the concentration of ICA 
removed was measured at 477 nm, and the amount and rate 
of ICA release were calculated from the ICA standard curve. It 
was worth noting that the ICA contained in the removed PBS 
was also counted when calculating the cumulative drug release.

In vitro biocompatibility evaluation

Generation 3 bone marrow mesenchymal stem cells (BMSCs) 
(Typical Culture Preservation Committee Cell Bank of the 
Chinese Academy of Sciences, Shanghai, China, Serial No. 
SCSP-402, STR: 19375.09.3101RATSCSP402) in good 
condition were selected, the medium was removed, trypsin 
was used to digested and added to complete culture medium 
to make cell suspension, counted and inoculated into sterile 
96-well plates at 5 × 103 cells/well. After 24 hours of incubation 
in the cell culture incubator, different concentrations of MHA 
and IMHA were added and cultured in direct contact with 
BMSCs. After 1, 2, and 3 days of co-culture, Cell Counting Kit-
8 (CCK-8) working solution (10 vol%, Sinopharm Group Ltd., 
Shanghai, China) was added to the well plates, and the OD 
at 450 nm of each well was measured rapidly after 3 hours of 
incubation in the cell culture incubator, and cell viability was 
calculated based on the OD values according to equation 4.5

Cell viability (%) = (ODsample – ODblank)/(ODcontrol – ODblank) ×  
100%                                                                                                    (4)

In vitro anti-osteosarcoma performance 

MG63 osteosarcoma cells (Typical Culture Preservation 
Committee Cell Bank of the Chinese Academy of Sciences, 
Serial No. TCHu124, CSTR: 19375.09.3101HUMTCHu124, 
RRID: CVCL_0426) were cultured with different 
concentrations of MHA and IMHA, and then detected with 
CCK-8, acridine orange (AO)/ethidium bromide (EB) staining 
(Beijing Soleberg Technology Co., Beijing, China), cell cycle 
experiment (Shanghai BestBio, Shanghai, China) and Annexin 
V-fluorescein isothiocyanate (FITC) assay (Shanghai BestBio).5 

CCK-8 assay 

MG63 cells were selected to prepare cell suspension, counted, 
and inoculated into sterile 96-well plates at 5 × 103 cells/well. 
After 24 hours of incubation in the cell culture incubator, 
different concentrations of MHA and IMHA (50, 100, 500, 
and 1000 μg/mL) were added and further incubated in the 
incubator. After 1, 2, and 3 days of co-culture, CCK-8 working 
solution (10 vol%) was added to the well plates, and the OD 
at 450 nm of each well was rapidly measured after 3 hours of 
incubation in the cell culture incubator. The cell viability was 
calculated based on the OD values.

AO/EB staining assay

MG63 cells were cultured with different concentrations of 
MHA and IMHA (50, 100, 500, and 1000 μg/mL) for 48 hours. 
After 48 hours of incubation, AO/EB dual-colour fluorescent 
working solution (10 vol%) was added into the 24-well 
plates for 3–5 minutes, and washed twice with PBS, and then 
observed with an inverted fluorescence microscope (IX-71, 
Olympus Corporation, Beijing, China) under the condition of 
avoiding light.

Cell cycle assay 

After co-culturing of different concentrations of IMHA (50, 
100, 500, and 1000 μg/mL), MG63 cells were trypsin digested, 
PBS washed, and fixated at 4°C overnight in 75% frozen 
ethanol. After fixation, the cells were resuspended in cold PBS 
and RNase A solution was added to the cells in a 37°C water 
bath. The cells were mixed with the propidium iodide solution 
and incubated at 4°C for 30 minutes, protected from light, and 
then analysed by flow cytometry (FACSVerse, BD, Franklin 
Lakes, NJ, USA) within 24 hours. 

Annexin V-FITC assay

MG63 cells were co-cultured with IMHA. Then, the cells were 
digested, washed, resuspended, and counted. 1 × 105 cells were 
stained with 500 μL of 1× binding buffer, 5 μL of Annexin 
V-FITC and 10 μL of propidium iodide staining solution, and 
the reaction was gently blown to mix well and avoided the 
light for 15 minutes, and then the reaction was carried out by 
flow cytometry within 1 hour.

Real-time polymerase chain reaction

MG63 cells were co-cultured with MHA and IMHA 
microspheres with different mass gradients. Total RNA of 
MG63 cells was extracted with Trizol reagent (Shanghai 
Inshore Protein Technology Co., Ltd., Shanghai, China). 
The RNA reverse transcription and reverse transcription-
polymerase chain reaction (preheat 95°C for 1 minute; 35–45 
cycles: 95°C for 20 seconds, 50–60°C for 20 seconds, 72°C 
for 30 seconds) were performed with first-chain reverse 
transcription kit (Shanghai Inshore Protein Technology Co., 
Ltd.) and fluorescence quantitative amplification kit (Shanghai 
Inshore Protein Technology Co., Ltd.). Additional Table 2 
lists the forward and reverse primer sequences of the apoptosis 
genes.31, 32 

Statistical analysis

All data sets were analysed independently and are expressed as 
the mean ± standard deviation (SD). OriginPro 2024SR1 and 
IBM SPSS Statistics 24 software (IBM Corp., Armonk, NY, 
USA) were selected for data analysis. A one-way analysis of 
variance and least significant difference post hoc test were used 
to assess the statistical significance of the data. P < 0.05 was 
considered statistically significant. 

Results

Physicochemical characterization of MHA and IMHA 

microspheres

Scanning electron microscope (SEM) images showed the 
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microscopic morphology of MHA with different doping levels 
of Mg2+ (Figure 2A and Additional Figure 1). When the 
Mg2+ was not doped, the prepared samples showed a spherical 
porous structure, but the crystal collapse on the surface of the 
samples was scattered, and the size of the sample microspheres 
was large, about 6 μm. When the doping amount of Mg2+ 
was gradually increased to 10%, the surface collapse was not 
significantly improved, and the size of the particles was not 
much different from that of M0. When the doping amount 
of Mg2+ is greater than 20%, the crystal growth direction on 
the surface of the microspheres is ordered and tightly bound. 
The surface of M20 microspheres shows a porous oatmeal 
shape, and the particle size decreases to 3 μm. The surface 
of M30 lamellae is upright, dispersed, aggregated, with a 
good morphology, and shows a dispersed flower structure, 
and the diameter of the particles is further reduced to about 
2 μm. When the doping amount of Mg2+ reached 40%, the 
pore structure on the surface gradually disappeared, and the 
bonding became tighter, gradually transforming into a dense 
and smooth spherical structure (M50). From the transmission 
electron microscopy images (Figure 2B and Additional 

Figure 2), it can be seen that when the doping amount of Mg2+ 
is less than 10%, the microsphere surface mostly shows flaky 
and needle-like HAP assemblies, with disorganised growth 
directions. When the doping amount of Mg2+ is gradually 
increased, the surface morphology of microspheres is gradually 
stabilised and tightly bound. The M30 crystal growth direction 
is highly organised, and the surface deposition is compact and 
dispersed, reaching a good equilibrium. The surface of M50 
tends to be smooth, forming a spherical shape with a compact 
surface. The size of microspheres in the M30–M50 group is 
about 2 μm, which is almost one-third of M0. The difference in 
atomic size leads to lattice distortion, with Mg having smaller 
atomic sizes than calcium, which can further cause differences 
in the crystal growth direction, which in turn affects the 
crystallisation of the material.33 The smaller particle size helps 
to achieve a high specific surface area, improve the drug loading 
efficiency, and facilitate cell phagocytosis to enhance the killing 
effect on tumour cells. Selected area electron diffraction shows 
HAP crystal plane streak spacing of 0.344 nm and 0.284 nm, 
which corresponds to the (002) and (211) crystal planes of the 
HAP crystal, respectively (Figure 2C). Selected area diffraction 
shows speckled diffraction rings, which is attributed to the 
good crystallinity and dispersion of Mg particles. Figure 2D 
shows a schematic of Mg2+ doped substituted HAP with Mg 
substitution at CaII sites. Elemental analysis (Figure 2E) 
showed a uniform distribution of Mg and Ca elements in the 
microspheres (M30). It is worth mentioning that the actual 
doping ratio of Mg2+ should be lower than the stoichiometric 
ratio during the preparation process because the doping of 
Mg2+ by Ca2+ in the hexagonal structure of HAP is limited.34

The effect of different Mg2+ doping levels on the HAP phase 
was detected by X-ray diffraction. (Figure 2F and Additional 

Figure 3). All samples were identified as HAP by comparison 
with PDF standard card library (PDF# 09-0432).35 The 
characteristic diffraction peaks of HAP doped with different 
amounts of Mg2+ were shifted (Additional Table 3), 
indicating that Mg2+ was successfully incorporated into the 

HAP lattice, which in turn affected the HAP crystallisation 
(Additional Table 4). Theoretically, the incorporation of 
larger atoms causes the X-ray diffraction peak to shift to the left 
and vice versa.36, 37 However, the diffraction peaks of (002) and 
(211) moved in opposite directions, which may be attributed 
to the presence of macroscopic residual stresses causing 
lattice distortions affecting the movement of the diffraction 
peaks. The existence of lattice distortions can be confirmed 
by further measuring HAP’s crystallinity and crystal size in 
each experimental group. The crystal size of MHA (M1–50) 
is significantly smaller than that of the M0 group (Additional 

Table 4), which further confirms the successful incorporation 
of Mg2+ in the HAP lattice. Since the size of the Mg atoms is 
smaller than that of the calcium atoms, the lattice shrinks when 
the calcium atoms are replaced by the Mg atom, which in turn 
leads to a reduction in the crystal size. 

The Fourier transform infrared spectrometer results (Figure 

2G) showed that the main characteristic absorption peaks of 
MHA were the H-O bond (3431 cm–1) and P-O bond (1034 cm–1),  
which correspond to OH– and PO4

3– of HAP, respectively. The 
appearance of characteristic absorption peaks of CO3

2– (1620, 
1417, and 876 cm–1) are due to the entry of carbonate ions into 
the HAP lattice after the decomposition of CO(NH2)2 during 
the preparation of MHA. The obtained MHA containing partial 
CO3

2– is bio-HAP, it is closer to the human bone component 
and may have better biocompatibility.38, 39 

The M0 and M10–30 all had IV-type nitrogen adsorption-
desorption curves with H3-type hysteresis loops (Figure 3A), 
suggesting that the microspheres have a conical pore structure. 
The specific surface areas of M10–30 were 177.42, 198.34, and 
186.06 m2/g, respectively, which were significantly higher 
than those of the un-doped Mg2+ (115.50 m2/g). The pore 
size distribution curves show that the pore size distribution 
of MHA is broad, which is due to the macroporous structure 
of HAP crystals (Figure 3B and C). In addition, different 
from other MHA samples, the pore size distribution curve 
of M30 has a distinct narrow peak at 30–50 nm, which may 
be due to the mesoporous structure of HAP guided by Mg2+ 
doping, and most of the nanopores of M30 exist in the form 
of mesopores. With the increase of Mg2+ doping, the pore size 
gradually decreases from the macroporous structure of M0 to 
the mesoporous structure of M30. In addition, the addition 
of Mg2+ causes lattice distortion of HAP, and the increase in 
Mg2+ content leads to the decrease of MHA particle size and the 
increase in specific surface area, which helps to improve the 
loading rate of the subsequent ICA and other drugs. The release 
of Mg2+ leads to the partial collapse of the crystal structure of 
HAP and breaks the bond between the loaded drug and OH- 
and other chemical bonding in the HAP, which promotes the 
release of Ca2+ in the HAP and loaded drug, fully utilising the 
role of drug and Ca2+ in bone tissue therapy. According to 
the crystallinity data (Additional Table 4), the crystallinity 
of M30 was significantly higher than that of M20, and the 
internal structure of the microspheres was more tightly bound 
and ordered, which is expected to achieve long-term slow 
release of the drug under the weak acidic environment in vivo 
and contribute to the long-term repair of bone tissue. Based 
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on the above observations and analysis, the M30 samples 
had good surface morphology, orderly crystal growth, high 
crystallinity, small microsphere size, mesoporous structure 
with high specific surface area, which could help to achieve 
high drug loading and release, and could realise the long-term 
and efficient therapeutic effect of MHA microspheres, so the 
M30 samples were selected for subsequent experiments and 
analyses.

The ion release results of Mg-HAP (Figure 3D) showed that 
Mg2+ and Ca2+ were released slowly within 28 days, indicating 
their good stability and controlled sustained release properties. 
Initially, it released Mg2+ and Ca2+ at a faster rate due to its large 
spherical mesoporous pore channel. With the degradation of 
microspheres, the spherical size decreased gradually, resulting 
in a slower release rate of elements. Interestingly, the content of 
Mg was much higher than that of Ca in the inductively coupled 
plasma analysis while Mg content was lower than Ca in the 
energy dispersive spectroscopy energy spectrum test. This is 
mainly due to the distortion of some HAP lattice caused by the 
doping of Mg, and thus this part of HAP is easier to decompose 

and then release Mg2+, while the HAP with no lattice distortion 
is structurally stable, and decomposes slowly, and thus has a 
lower concentration of Ca2+. The high concentration of P in 
the figure is due to the high concentration of P in the PBS. 
The long-term release of Mg and Ca elements is conducive 
to promoting bone repair and tumour control and achieving 
more efficient therapeutic effects.

Drug-loading ability and ICA release behaviour in vitro

By combining the standard curve (Additional Figure 4) 
and the absorbance of the supernatant measured during the 
preparation of the drug-carrying microspheres, the loading 
and encapsulation rates of MHA were calculated to be 7.69% 
and 83.29%, respectively, showing a high drug loading effect. 
It was attributed to its large specific surface area, which could 
provide more OH– to form hydrogen bonds with ICA. The 
IMHA microspheres released ICA continuously over 60 hours 
at different pH values and exhibited a controlled sustained 
release, which was related to their conical mesoporous 
structure (Figure 3E). In the first 10 hours, ICA adsorbed on 

Figure 2. (A) The SEM images of M0–50. (B, C) The TEM images of M0–50. (D) Schematic diagram of Mg-doped 
HAP. Created with Adobe Photoshop and Microsoft PowerPoint 2021. (E) Elemental distribution of M30. Scale bars: 
2 μm (A, E), 50 nm (B), 500 nm, 100 nm and 5 nm (C). (F) X-ray diffraction pattern of MHA with different Mg-doped 
content. (G) Fourier transform infrared spectrometer of M30. a.u.: arbitrary unit; M0–50: the addition of Mg2+ (Mg2+/
Mg2+ + Ca2+) × 100%) was 0–50% in the MHA; Mg: magnesium; MHA: Mg2+-doped abalone shell-derived mesoporous 
hydroxyapatite microspheres; SEM: scanning electron microscopy; TEM: transmission electron microscopy. 
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the surface of the microsphere was first released due to the 
breakage of hydrogen bonds. As time passed, the microsphere 
began to degrade and loosen, and the drug stored in the 
mesoporous channels started to release (Figure 3F). Due to 
the conical structure of the mesoporous channels, less drug 
was stored in the mesoporous channel, so the drug release 
rate decreased. In addition, based on the weakly acidic 
microenvironment around the tumour, the cumulative 
drug release was measured at different pH values (pH 6.4 > 
pH 5.6 > pH 7.4), and the results demonstrated that IMHA 
was significantly pH-responsive and pH-selective (Figure 

3E). A series of studies revealed that HAP has stability 
differences at different pH values.9, 40 When IMHA is in acidic 

condition, the environment contains a large amount of H+, 
which preferentially binds to OH– on the surface of HAP 
and destroys the hydrogen bond formed between OH– and 
ICA. H+ competes with ICA for the active site, resulting in 
a large amount of ICA release. However, when the acidity 
is too strong, it may lead to a change in HAP structural 
stability, which affects the activity of IMHA surface sites, 
and ultimately leads to a decrease in ICA release (pH 6.4 > 
pH 5.6). The results showed that IMHA was released in the 
highest amount under weakly acidic (pH = 6.4) conditions. 
It is noteworthy that the pH selectivity of IMHA30 makes it 
well-suited as an anti-tumour drug delivery system due to the 
weakly acidic microenvironment surrounding tumours.41

Figure 3. (A) Nitrogen adsorption-desorption curve of M0–30. (B, C) The pore size distribution curve of M30. A dashed 
line is marked at 50 nm, which is the maximum pore size of the mesoporous structure. (D) The inductively coupled plasma 
analysis of M30. (E) ICA release concentrations of of M30 at different pH (pH = 5.6, 6.4, and 7.4). (F) Schematic diagram 
of ICA release from IMHA. Created by Microsoft Office PowerPoint 2019 and Adobe Photoshop 2022 software. The 
pore size of 2–50 nm is defined as mesoporous structure. ICA: icariin; M0–30: The addition of Mg2+ (Mg2+/Mg2+ + Ca2+) 
× 100%) was 0–30% in the MHA; MHA: Mg2+-doped abalone shell-derived mesoporous hydroxyapatite microspheres.
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The in vitro biocompatibility of MHA and IMHA

Figure 4A and B show the haemolysis test results of IMHA 
mixed with red blood cells of New Zealand white rabbits 
at different concentrations. Optical photographs showed 
that there was obvious colour stratification occurred in the 
experimental and negative control groups at all concentrations, 
and the supernatant was clear and transparent (Figure 4B). The 
haemolysis rate of IMHA at all concentrations was less than 
5% (Figure 4A), and no haemolysis phenomenon occurred, 
indicating good biocompatibility of the microspheres.

The biocompatibility of MHA and IMHA were evaluated by 
co-culturing with BMSCs (Figure 4C1). BMSCs were co-
cultured with unloaded drug-loaded MHA for 3 days and the 

cell viability were calculated on days 1, 2, and 3, respectively. 
At lower MHA concentrations (50–100 µg/mL), cells 
continued to proliferate compared to the control. When the 
MHA concentration was up to 1000 µg/mL, a decrease in cell 
viability was clearly observed. This indicates that a certain 
concentration of MHA can promote the proliferation of 
BMSCs, while an excess affects the growth of cells. Thereafter, 
BMSCs were co-cultured with IMHA, and the cell growth 
viability of the experimental groups at all concentrations was 
significantly higher than that of the control group (Figure 

4C2), indicating that they both promoted the proliferation 
of BMSCs. Among them, the highest cell viability rate was 
observed at the concentrations of 100 and 500 µg/mL. The 
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results indicated that MHA had good biocompatibility before 
and after drug loading at suitable concentrations and exerted 
its carrier properties and functions.

Inhibition and ablation of MG63 osteosarcoma cells in 

vitro

To explore the anti-tumour effect of microspheres, MHA and 
IMHA were co-cultured with MG63 cells respectively, and 
then AO/EB fluorescence staining and CCK-8 detection were 
performed (Figure 4D and E). Compared with the control 
group, it can be considered that there is little difference in 
the OD value of MHA at all concentrations. However, the 
OD values for each concentration of IMHA were significantly 
lower than those of the control. When the concentration of 
IMHA reached 500 μg/mL, its OD value decreased significantly, 
indicating a dramatic decrease in the number of viable cells. 
According to the more intuitive results of AO/EB staining, 
after 3 days of co-culture with different concentrations of 

MHA, the growth number of MG63 cells was similar, and the 
number of cells decreased under the conditions of 500 and 1000 
mg/L MHA, and some cells were spherical, which indicated 
that MHA environment was not suitable for the growth of 
MG63 cells. After 3 days of co-culture with IMHA, compared 
with the control group, when the concentration of IMHA 
was 50 and 100 mg/L, the number of living cells decreased 
and the cell growth density decreased significantly. When the 
concentration of IMHA reached 500 and 1000 mg/L, a large 
number of orange-red or orange-yellow abnormal dead cells 
were observed, and the number of damaged and apoptotic 
cells increased sharply, which further explained the apoptosis-
inducing effect of IMHA on MG63 cells, which was consistent 
with the experimental results of CCK-8. By comparison, we 
can see that ICA has a high-efficiency damage effect on MG63 
osteosarcoma cells. This indicates that IMHA after loading 
ICA has a good inhibitory effect on MG63 osteosarcoma cells 
and can effectively induce the osteosarcoma cell death.42

Figure 4. (A, B) The haemolysis ratio (A) and appearance (B) of IMHA. (C) CCK-8 cytotoxicity analysis of BMSCs 
cultured with MHA and IMHA. (D, E) CCK-8 cytotoxicity analysis (D) and AO/EB staining (E) of MG63 cells cultured 
with MHA and IMHA on the 3rd day. Scale bars: 200 μm. All data are expressed as the mean ± SD. *P < 0.05, **P < 0.01, 
***P < 0.001 (one-way analysis of variance followed by least significant difference post hoc test). AO: acridine orange; 
BMSC: bone marrow mesenchymal stem cell; CCK-8: Cell Counting Kit-8; EB: ethidium bromide; IMHA: Mg2+/icariin 
smart dual delivery system; MHA: Mg2+-doped abalone shell-derived mesoporous hydroxyapatite microspheres.
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Exploration of anti-tumour mechanism

To further explore the inhibitory mechanism of MG63 
osteosarcoma cells, the double-cell apoptosis, cell cycle, and 
gene expression of IMHA were detected. Annexin V-FITC 
assay results showed that the number of normal cells decreased 
from 95.1% to 52.4% with increasing IMHA co-culture 
concentration, while the number of early and late apoptotic 
cells significantly increased from 1.50% and 2.17% to 38.6% and 
6.69%, respectively (Figure 5A). This indicates that IMHA can 
induce apoptosis, which is gradually enhanced with increasing 
of IMHA concentration. A large number of dead cells in 

cytotoxicity analysis are also the result of apoptosis.43, 44

For a more in-depth study of the causes of apoptosis, cell cycle 
assays were performed (Figure 5B). The G1 peak of MG63 
cells in the blank group was higher (71.7%), while that in the 
G2 phase was lower (17.7%). MG63 cells treated with IMHA 
showed a dose-dependent increase in the G2 phase. When the 
concentration of IMHA reached 1000 μg/mL, the peak of the 
G1 phase decreased to 40.1%, while the peaks of the G2 phase 
increased to 42.5%, indicating that the molecular target of 
IMHA promoting apoptosis of osteosarcoma cells was the G2 
phase, thus affecting cell proliferation and DNA replication.45

Figure 5. (A, B) The cell apoptosis (A) and cycle distribution (B) of MG63 cells cultured with different concentrations of 
IMHA. FITC: Fluorescein Isothiocyanate.
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As shown by the detection of the expression of some apoptotic 
genes in MG63 cells (Figure 6A), different concentrations 
of IMHA effectively promoted the high expression of four 
apoptotic genes (Bcl-2, caspase-3, caspase-8 and caspase-9). 100 
μg/mL of IMHA was slightly less effective on Bcl-2, caspase-3, 
and caspase-8 than the other three concentrations. However, 
the high expression was most obvious when the concentration 
reached 1000 μg/mL, and the expression of the four apoptotic 
genes was significantly higher than that of 50, 100 and 500  
μg/mL. It is also worth noting that the prominent expression 
of caspase-3 and caspase-8 apoptotic genes was higher than 100 
μg/mL at an IMHA concentration of 50 μg/mL, which may 
be based on the selectivity of the drug on the expression of 
apoptotic genes as well as the result of the complex regulation 
of the gene expression pathway. It can be proved that IMHA 
can effectively promote the transformation of MG63 cells to 
G2 phase and inhibit cell proliferation. In addition, IMHA 
achieved apoptosis induction by regulating the expression of 
four apoptotic genes, Bcl-2, caspase-3, caspase-8 and caspase-9 

(Figure 6B). Therefore, the good biocompatibility, Mg2+/ICA 
smart dual delivery and anti-tumour properties of HAP endow 
it with potential applications in drug delivery and tumour 
therapy.

Discussion

Abalone shells with high calcium content were successfully 
converted into Mg-doped HAP mesoporous microspheres 

using hydrothermal synthesis for application as an Mg2+/
ICA intelligent dual drug delivery system. The doping of Mg 
element reduces the size of the HAP mesoporous microsphere 
and increases their specific surface area, thereby improving 
their drug-loading efficiency. 

The MHA mesoporous microspheres can achieve long-term 
stable release of Mg2+ and Ca2+ to promote bone repair and 
tumour control. When MHA was employed as a drug-loading 
vehicle to load ICA for the treatment of osteosarcoma, IMHA 
had excellent controlled-release properties and pH selectivity, 
facilitating drug release in the weakly acidic environment of 
the tumour. In addition, IMHA can effectively promote the 
proliferation of BMSCs and induce the high expression of 
apoptotic genes (Bcl-2, caspase-3, caspase-8 and caspase-9) in 
MG63 cells, simultaneously demonstrating that the material 
is not cytotoxic. Based on the dual action of IMHA on both 
BMSCs and MG63 cells, it is expected to achieve efficient 
treatment of bone cancer and other diseases. However, the 
more intuitive toxicity test, animal application, in vivo and 
ex vivo induction mechanism, pathway of action and gene 
regulation of IMHA have not been clarified yet, and need to be 
further explored and improved in the future.

Therefore, the combination of superior properties such as 
good biocompatibility, controlled sustained drug release and 
anti-tumour activity endows IMHA with potential clinical 
applications in drug delivery and tumour therapy.
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