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ABSTRACT: Pyrophosphate is widely used as an iron supplement because of its excellent A
complexation and hydrolysis ability; however, there are few reports on the use of Oﬁ — lQ ;0 o
pyrophosphate in active ionophores for bone repair. In this research, we proposed a simple S ® 20
and efficient ultrasonic method to prepare magnesium—calcium (pyro)phosphate aggregates
(AMCPs). Due to strong hydration, AMCPs maintain a stable amorphous form even at high
temperatures (400 °C). By changing the molar ratio of calcium and magnesium ions, the
content of calcium and magnesium ions can be customized. AMCPs had surface negativity
and complexing ability that realized the controlled release of ions (Ca**, Mg**, and P) and
drugs (such as doxorubicin) over a long period. Pyrophosphate gave it an excellent
bacteriostatic effect. Increasingly released Mg** exhibited improved bioactivity though the
content of Ca’* decreased. While Mg>* content was regulated to 15 wt %, it performed 2o o)e M
significantly enhanced stimulation on the proliferation, attachment, and differentiation (ALP | ”LOJ
activity, calcium nodules, and the related gene expression of osteogenesis) of mouse embryo
osteoblast precursor cells (MC3T3-El). Furthermore, the high content of Mg®* also
effectively promoted the proliferation, attachment, and migration of human umbilical vein endothelial cells (HUVECs) and the
expression of angiogenic genes. In conclusion, pyrophosphate was an excellent carrier for bioactive ions, and the AMCPs we
prepared had a variety of active functions for multiscenario bone repair applications.

Two Theta™

M- Ca**, Mg

Pyrophosphate

1. INTRODUCTION degradability. Mg®" is the fundamental component of the
human body that can, directly and indirectly, promote
osteogenesis and angiogenesis and exert protective effects on
articular cartilage.”® Mg-doped HA could improve the

Pyrophosphate is widely used in electroplating, batteries,
luminescent materials, and food because of its good complex-
ing properties. Iron pyrophosphate, as an FDA-approved iron

supplement, uses the complexing ability of pyrophosphate to solubility of CaPs,” but due to the limitation of ion substitution
improve the availability of iron. However, there are few reports sites, only a small amount of Mg ions can be substituted
on the preparation of materials with excellent bone repair (usually around § wt %).”” Subsequently, it has been found
properties by utilizing the strong ion complexation ability of that MgP cement had better osteogenic ability; however, pure
pyrophosphate. MgP always conducted rapid degradation that hardly matched
The great demand for bone materials continuously the speed of new bone growth. A combination of CaPs and
stimulated a surge of enthusiasm for the preparation and MgPs would be an ideal osteogenic material, as it neutralized
modification of bone repair materials." The main mineral the degradation rate of both materials and added Mg also
composite of human bone is carbonate-substituted hydrox- increased the biological activity.
yapatite accompanied by partial substitution of reactive ions, The concept of magnesium—calcium phosphate is proposed

such as Mg*, Zn**, and Sr**.*’ Pure hydroxyapatite (HA) is
biocompatible with excellent stability in a physiological
environment, which is equivalent to poor absorbability.*
Now, more studies still focus on HA and TCP. Though
different CaPs have been prepared to obtain increased
dissolution performance, such as p-calcium phosphate (f-
CaP), which has been commercialized, it still suffered from
insufficient activity and poor degradation. At the same time, it
has also been proposed to prepare ion-doped CaPs by active
ion substitution to obtain improved biological activity and

in this work, in which the products are in the form of
aggregates to achieve long-term stable release of Mg2+ and
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Ca’ in the physiological environments, thereby continuously
stimulating the proliferation and differentiation of osteo-
blasts.'”"" Pyrophosphates are impressive for their strong
complexation effect, so they are excellent carriers for metal
ions,"”"® such as Fe’*, Ca’*, and Mg**. As a result,
pyrophosphates are possible ion carriers for Ca*" and Mg**
to achieve a long-time stable ion supply for defective bones.
Though two polymorphs of hydrated calcium pyrophosphates
(CaPP: monoclinic and triclinic phases) present a high
inflammatory potential,"* active osteoblasts can eliminate the
side effects by promoting the hydrolysis of pyrophosphate,"
and CaP bone cement mixed with CaPP is found to be
extremely positive for bone formation and growth.'®'
Random complexation of Ca** and Mg** increases the
probability to form calcium—magnesium phosphate and
make the as-prepared phosphate amorphous, and the extra
Mg*" also speeds up the process. The special structure will
expose multiple binding sites to increase the load concen-
tration of metal ions and realize dynamic load and release of
ions. Furthermore, the main skeleton with pyrophosphate is
easily hydrolyzed in vivo, which overcomes the problem that
traditional calcium phosphate is difficult to degrade.

In our previous research,'® we successfully synthesized
magnesium—calcium (pyro)phosphate with two Ca/Mg ratios
and found the products all displayed good osteogenic activity.
When the Ca/Mg molar ratio was at 2, it conducted the best
bioactivity. As the previous study did not show a large
difference in released Mg** concentration, the cell activity
depended more on the total active ion concentration. In this
study, the same preparation method was adopted to prepare
amorphous magnesium—calcium (pyro)phosphate aggregates
(AMCPs), of which the content of Mg and Ca could be
customized. AMCPs were determined amorphous by XRD,
and the agglomerate and complex morphologies were observed
via SEM and TEM. TGA and DSC results demonstrated that
AMCPs had a large amount of adsorption water and structural
water, while Mg®>" had a stronger hydration ability and
indicated high amorphous stability. Furthermore, the measure-
ment and monitoring of Ca®*, Mg®’, and P suggested the
ability to release ions stably in the long term. Bacteriostatic
experiments indicated that AMCPs had a better antibacterial
effect than HA. The results of the CCKS8 and scratch test
showed that AMCPs significantly promoted the proliferation
and migration of MC3T3-E1 cells and HUVECs by regulating
Ca’ and Mg’ content. Alizarin red staining (ARS) and
alkaline phosphatase (ALP) staining/activity showed the
promoting effect of AMCPs on bone differentiation. The
results of PCR demonstrated that AMCPs could increase the
expression of genes related to osteogenesis (Runx2, Col-],
Opn, and Ocn) and angiogenesis (VEGF and bFGF). In
general, AMCPs had better ion loading/release performance
with selectable and adjustable content of active ions, and
customized AMCPs can significantly improve osteogenic and
angiogenic activity, so they are promising as bone defect repair
materials. Notably, the ion regulatory properties of pyrophos-
phate can not only be used in bone repair but also maintain the
stable release of ions to achieve specific biological activity
through the selection and concentration customization of
active ions.

2. MATERIALS AND METHODS

2.1. Reagents and Materials. Potassium pyrophosphate
(K,P,0;), sodium pyrophosphate (Na,P,0,), hydroxyapatite
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(HA), deuteroxide (D,O), and doxorubicin (DOX) were
purchased from Macklin Biochem (Shanghai, China).
Magnesium chloride (MgCl,) was obtained from Bidepharm,
and calcium hydroxide (Ca(OH),) was from Sinopharm
Chemical Reagent (Shanghai, China). a-Minimum essential
medium (a-MEM), Dulbecco’s modified eagle medium
(DMEM), fetal bovine serum (FBS), and antibiotics (penicillin
and streptomycin) were bought from Thermo Fisher Scientific
(Gibco, New York). Ascorbic acid and sodium f-glycerophos-
phate were purchased from Sigma-Aldrich (Shanghai, China),
and dexamethasone was obtained from Solarbio (Beijing,
China). Cell Counting Kit 8 (CCK8), BCIP/NBT Alkaline
Phosphatase Color Development Kit (ALP staining, C3206),
Alizarin Red S Staining Kit for Osteogenesis (ARS staining,
C0148S), Actin-Tracker Green-488 (FTIC, C2201S), and
antifade mounting medium with diamidinophenyl indole
(DAPI, P0131) were all acquired from Beyotime. Escherichia
coli (E. coli), mouse embryo osteoblast precursor cells
(MC3T3-El1), and human umbilical vein endothelial cells
(HUVECs) were provided by Nanjing Medical University.

2.2. Preparation of AMCPs. All the AMCPs were
prepared at a constant molar ratio of (Ca + Mg)/P = 1,
with varied Ca/Mg ratios, by ultrasonic processing. First, 3.3 g
of K,P,0, was dissolved in 150 mL of deionized water. MgCl,
and Ca(OH), were successively uniformly mixed in the
solution above according to the ratio. MgCl, was added first to
form a magnesium pyrophosphate precursor. Ca(OH), was
then introduced and stirred under ultrasound for 4 h. The
reaction process is shown in Figure 1, and the specific amounts
of MgCl, and Ca(OH), and their simple names are shown in
Table 1. When the reaction was finished, the suspension was
filtered, washed with distilled water until neutral, and dried at
50 °C overnight.

2.3. Characterization. The samples were ground to a
particle size of 10—80 um and then tested by X-ray powder

-
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Figure 1. Chemical formula of pyrophosphate and the possible
formula of AMCPs and the preparation procedure.
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Table 1. Amount of the Reaction Reagents and Mg/Ca
Molar Ratio

Mg/Ca
molar
name K,P,0,/g MgClL/g Ca(OH),/g DI water/mL  ratio
ACP 33 0 1.48 150
AIM3CP 3.3 0.425 1.11 150 1/3
A2M2CP 3.3 0.95 0.74 150 1
A3MI1CP 33 1.475 0.37 150 3
AMP 3.3 1.90 0 150

diffraction (XRD, D8-Discover, Bruker, Germany) at a
scanning speed of 0.15 s/step within two theta angles from
10° to 80°. Fourier transform infrared spectrometry (FTIR,
Nicolet iS10, Thermo Scientificc USA) was conducted to
identify the chemical reaction groups with the wavelength of
4000—400 cm™'. A high-resolution confocal Raman rapid
imaging system (Raman, WiTec Alpha300 Access) was used to
measure the Raman spectra of the samples. The laser
wavelength was 532 nm, the output power of the laser beam
was 1 mW, and the spectral range was 200—1800 cm™'. *'P
NMR was recorded using Bruker ARX 400 and 500
spectrometers, and spectra were recorded in ppm (5)
downfield of TMS (5§ = 0) in a deuterated solvent. The
morphology of the as-prepared samples was observed by
scanning electron microscopy (SEM, Sirion, FEI, USA) at an
acceleration voltage of 20 kV and transmission electron
microscopy (TEM, Talos F200X, Thermo Fisher, USA). The
constituents and contents of the elements with stacking and
single states were determined by energy-dispersive X-ray
spectroscopy (EDS, Sirion/Talos). The thermal stability and
phase transition of the product were determined by
synchronous thermal analyzer (STA 449FS5, NETZSCH,
German). The zeta potentials of powders were determined
using a zeta potential analyzer (DT310, DTI).

2.4. In Vitro Bioactivity. Approximately 0.2 g of the
AMCPs was tableted into @ 10 mm X 1 mm and immersed
into simulated body fluid (SBF) at 37 °C for 3 weeks with
daily SBF refreshing for in vitro bioactivity study. The
formulation of the SBF used was described previously.'” The
samples were dried at 37 °C for 2 h and weighed each week.
SEM and FTIR were performed to observe the surface
morphology transition and the functional group changes of the
dried samples while the experiment was finished.

2.5. In Vitro DOX Adsorption and Release. DOX
standard curve setting: DOX (0.000S, 0.001, 0.002S, 0.00S,
0.01, 0.025, 0.05, and 0.1 mg/mL) was prepared with
phosphate buffered saline (PBS) to measure the absorbance
via ultraviolet—visible spectroscopy (UV-2450) at a fixed
wavelength of 480 nm to make an absorption value—
concentration trend line for concentration conversion.

Adsorption. About 10 mg of AMCPs was weighed and
immersed into 10 mL of DOX (0.1 mg/mL) aqueous solution
(PBS, pH 7.4) with a rotational speed of 180 rpm/min at 37
°C for 20 h. After centrifugation, 5 mL of the supernatant was
obtained periodically for the analysis of the residual
concentration of DOX in the solution and refilled with 5 mL
of fresh PBS. Each set of samples was repeated three times.
DOX loading was converted by eq 1, where X; represents the
concentration of DOX with different adsorption times.

Adsorption % = (1 = Y7 5X,_; — 10X,) X 100% ()

Release. The DOX-loaded AMCPs were resoaked in 10 mL
of PBS with pH 7.4 and pH 4.5. DOX from AMCPs was
released via ultraviolet—visible spectroscopy at different time
points. About 5 mL of supernatant was removed for DOX
concentration analysis, and 5 mL of fresh PBS was replenished
each time. The release of DOX in PBS with pH 7.4 and pH 4.5
was calculated by eq 2, where X, means the concentration of
DOX with different release times.

Adsorption %

= (10X, + X7 5%, )/(1 - X 5X,, - 10X,)
x 100% 2)

2.6. lon Release. The suspension of AMCPs was prepared
with PBS (pH 7.4) to the concentration of 3 mg/mL, and the
pH and the concentration of released Ca** and Mg** were
studied at 37 °C for 1, 3, S, 7, 14, and 21 d. Specifically, the
materials were centrifuged to remove all the supernatants for
analysis and then added with fresh PBS. The concentration of
the released Ca** and Mg** was measured by inductively
coupled plasma atomic emission spectrometry (ICP-AES;
iCAP 6000 Series, Thermo, USA). Three replicate samples
were prepared, and the whole experiment cycle lasted 21 d.

2.7. Antibacterial Activity. Each 0.2 g sample was
weighed and pressed into discs (@ 10 mm X 0.5 mm) by
using a tablet machine (YP-2) under 25 MPa. After being
sterilized by 75% ethanol and UV irradiation for 30 min, they
were soaked in 10 mL of sterile PBS for 2 h to remove residual
ethanol. About 3 mL of fresh PBS was replaced and injected
with 100 uL (1 X 10 CFU/mL) of activated E. coli for
coculture for 12 h. Discs with attached bacteria were removed
and immersed in 3 mL of fresh PBS. A vortex oscillator was
used to shake off the bacteria attached to the surface, and 100
uL was removed for gradient dilution. When diluted to a 107*
gradient, 100 uL of bacterial suspension was obtained for
coating with three repeated groups. After 12 h of culture, the
number of bacterial colonies on the plate was observed and
statistically analyzed.

2.8. Cell Proliferation. About S mg of powder was
weighed separately into a 15 mL centrifuge tube. Once
sterilized by UV irradiation, they were dipped into 10 mL of a-
MEM with 10% FBS and 1% antibiotic to prepare the sample
extraction solution with a concentration of 0.5 mg/mL.
MC3T3-E1 cells and HUVECs were separately digested,
counted, and added to a 96-well plate at a concentration of
3000 per well, with each group comprising six parallel pairs.
The cells were cultured with sample extraction solution after
adherence, and activity tests were performed at 1, 3, and S days
with the CCK8 method. In brief, the cells were continued to be
cultured for 1 h after the addition of 20 uL of CCKS8 operating
fluid, and the OD value was determined at 450 nm by using a
microplate reader (TECAN Infinite M200Pro). The results
were processed via statistical analysis.

2.9. Cell Attachment and Morphology. MC3T3-El
cells and HUVECs were separately digested and cultivated in
confocal dishes with 2000 cells, and each group was repeated
three times. When cells were attached to the wall, the material
extract was replaced for incubation. After being cultivated by
the material extract for 24 h, cells were fixed by immunol
staining fix solution (P0098, Beyotime), cleaned by immunol
staining wash buffer (P0106, Beyotime), and stained with
FTIC followed by the guidance of a fluorescent staining kit.

https://doi.org/10.1021/acsomega.4c01660
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Figure 2. Qualitative analysis of AMCPs. (a) XRD curves and (c) Raman spectrum of AMCPs and (d) Raman spectrum of A3MI1CP at three
random locations; (e) 3'P NMR of AMCPs dissolved in deuterium oxide.

After washing twice with immunol staining wash buffer for 5

min per session, cells were sealed with an antifade mounting

medium with DAPIL The morphology of the cells was observed

by laser confocal microscopy (Zeiss, LSM 700).
2.10. Cell Repair and Migration. To explore the repair

and migration ability of HUVECs, 20 000 cells in each well
were dispersed in a 12-well plate, and each sample was
established with three replicate groups. When cell fusion
reached 80%, a 1 mL gun head was used to scratch the bottom

of the culture dish, cell fragments were cleaned with PBS, and

the material extract was exchanged for incubation. The
migration and coverage of HUVECs at the scratch site were
pictured within 2 days, and coverage was calculated with image

J.
2.11. ALP Staining. MC3T3-E1l cells were digested and

seeded in a 12-well plate with a density of 20 000 cells/well
with three replicate groups. The material extract was prepared
when the cell growth density reached 80%. The culture
medium was changed every 2 days until the seventh day of
incubation. ALP staining and ALP activity were performed by
following the instructions of the ALP staining kit and ALP
activity kit from Beyotime.

2.12. ARS for Osteogenesis. MC3T3-El1 cells were grown

in 12-well plates at a concentration of 20000/well. The
material extract was prepared when cell growth density reached
80%. Osteogenic differentiation-inducing fluid consisted of 50
pg/mL ascorbic acid, 10 mM sodium S-glycerophosphate, and
10 nM dexamethasone with or without material extract. The
induction solution was changed every 3 days, and each set was
repeated three times. After 7 days, ARS staining was carried
out according to the kit instructions, and the samples were
observed and photographed under a microscope.

2.13. Osteogenic and Angiogenic Gene Expression.

MC3T3-E1 and HUVECs were cultured in 6-well plates at a
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concentration of S0000/well. The material extract was
prepared when cell growth density reached 80%. After Trizol
cleavage, RNA extraction, reverse transcription, the expression
of osteogenic (runt-related transcription factor 2 (Runx2),
collagen-I (Col-I), osteopontin (Opn), and osteocalcin (Ocn))
and angiogenic genes (vascular endothelial growth factor
(VEGF) and basic fibroblast growth factor (bFGF)) was
detected by real-time RT-PCR on 1 and 7 d, respectively.
Here, Gapdh (glyceraldehyde-3-phosphate dehydrogenase)
was used as the home gene of MC3T3-El. GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) was used as the
home gene of HUVECs. The primer sequences are shown in
Table S3.

2.14. Statistical Analysis. The values shown are the mean
+ SD of at least three replicates. Statistical significance was
assessed by one-way ANOVA or two-way ANOVA, followed
by multiple comparison tests. All statistical analyses were
performed using GraphPad Prism, and P < 0.05 was thought to
be significant.

3. RESULTS

3.1. Characteristic Analysis. First, the XRD result showed
that products obtained from the reaction with different Ca/Mg
molar ratios were amorphous and were similar to those of
Leeuwen et al.>’ (Figure 2a). A crystalline peak of CaCO,
(PDF# 72-1937) appeared and gradually weakened with
increasing Mg2+ concentration, and it disappeared when the
Mg/Ca molar ratio was 3. It was related to the reaction of
Ca(OH), and carbon dioxide in air.

Figure 2b shows the active group of the as-prepared samples.
The peak around 3400 cm™" was classified as the stretching
vibration of H,O and —OH of the samples, whereas the wide
range of 2000—2500 cm™" was the composite vibration of H,0

https://doi.org/10.1021/acsomega.4c01660
ACS Omega 2024, 9, 23724-23740
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and from 1600 to 2000 cm ™' was the plane bending vibration
of —OH.”"** The typical stretching vibrations of P—O—P and
P—O can be found at 400—1000 and 1000—1300 cm™),
respectively.””** Especially, P—O vibration peaks were
broadened and could be attributed to the overlap of PO; at
1143 cm™ and PO,*" at 1090 cm™. A peak at around 1480
cm™' may be due to the stretching vibration of CO;>~ that
dissolved from the air and was involved in the reaction.”> With
the increase of Mg®*, the —OH peak became stronger, and the
P—O—P peak of pyrophosphate gradually became sharp, which
was due to the weakened influence of the Ca—O bond and
surface hydrogen bond formed with reduced particle size.

Figure 2c¢ is the Raman spectrum, and all the samples
showed similar Raman bands. The wide symmetric PO,
stretching vibrations were observed at around 1083, 1076,
1073, and 1072 cm™', respectively. It was the characteristic
spectrum of amorphous pyrophosphate.”® The stretch P—O—P
bridge vibration was observed at around 788, 783, 775, and
768 cm™!, respectively.”® The peaks at 1423 and 1486 cm™!
were the stretching vibrations of CO;*". A blending —OH
vibration appeared at 1549 cm™'. Three randomly selected
positions of ASM1CP showed a uniform Raman spectrum as
can be seen in Figure 2d, indicating that the product was
homogeneous.

Figure 2e detects the phosphate types in the leached liquid,
and the *'P NMR result exhibits two peaks, which are
attributed to pyrophosphate and orthophosphate.””** Com-
pared with potassium pyrophosphate and potassium ortho-
phosphate, the peak position was deviated and was mainly
caused by the binding metal ions.”” According to Table 2,

Table 2. Integral Area of Orthophosphate and
Pyrophosphate and Their Ratios Calculated by *'P NMR

name pyrophosphate (P) orthophosphate (O) P/O
ACP 3.01 0.99 3.04
AIM3CP 3.08 0.92 3.35
A2M2CP 391 1.09 3.59
A3MICP 3.95 1.09 3.62

despite the P NMR difference in the peak intensity, the
pyrophosphate peak integrated area is larger than that of
orthophosphate (about 3—4 times). In addition, the content of
orthophosphate was increased when the Ca/Mg molar ratio
increased, which was also consistent with the variation of
intensity and width of P—O peaks. To sum up, the products
were amorphous pyrophosphates with few phosphates.

3.2. Microstructure and Morphology. Next, the micro-
structure and morphology of products were explored.
Pyrophosphates always form insoluble colloid complexes in
water in combination with most multivalent cations and
improve the solubility of metal ions."”* As shown in Figure
3a, the products exhibited a gelatinous shape. The additional
Mg** changed the morphology of the products, making a more
obvious colloidal appearance. Ca*>* and Mg** were dispersed
uniformly (Figure 3b and Figure S1). The Mg>* concentration
was controllable (S, 10, and 15 wt %) by adjusting the Ca/Mg
molar ratio. When the molar value of Mg** was three times as
abundant as that of Ca**, the content of Mg2+ reached about
15 wt %. In Table S1, the Ca/P molar ratio was not more than
1 and ACP and AIM3CP had similar Ca/P values, but the
molar ratios of total cations to P (other than ACP) were over
1. The molar ratio of O/P was slightly greater than the sum of

the phosphate (P,0,*” and PO,*") and Ca/P, indicating the
reaction of Ca®>" was mainly in the form of a Ca—O bond and
bonding to water molecules. Furthermore, Ca(OH), would
preferentially bind to the phosphate skeleton, and Mg** bound
either covalently or by adsorption. So they exhibited
incremental negative potential as shown in Figure Sa.

Based on the high-resolution morphology images in Figure
3¢, AMCPs exhibited lamellar stacking and cross-linking, so
they were hardly observed as a single particle. The elemental
distribution and content of a single agglomerated particle
(A3MI1CP) in Figure 3d were consistent with those of the
aggregates (Figure 3b). EDS results of a single agglomerated
particle verified Ca** and Mg*" were successfully uniformly
loaded on the nanoparticles.

3.3. Thermal Stability of AMCPs. The thermal stability of
AMCPs was tested with TG-DSC, as shown in Figure 4a, and
the weight change mainly underwent four stages. The first
stage was at 0—200 °C; AMCPs all lost about 20 wt % of
weight, which was due to the removal of large amounts of
surface-adsorption water.”’ The second stage happened at
200—400 °C with about 3 wt % weightlessness; it
corresponded to the loss of some internal bound water.*”
The third stage was during 400—700 °C, and it mainly resulted
from the decomposition of calcium carbonate.’® There was no
mass loss in the fourth stage so that the process was a phase
transformation process, and the opposite thermal transition of
ACP and AMCP was mainly due to the phase transition of
calcium phosphate and magnesium phosphate. While the
AMCPs can be dehydrated at 400 °C, the samples after
calcination were tested by XRD and FTIR. The XRD results in
Figure 4b showed that AMCPs still maintained an amorphous
form at high temperature, and a small number of weak crystal
peaks appeared in ACP. FTIR results (Figure 4c) showed the
water absorption peaks of AMCPs disappeared after
calcination. ACP, AIM3CP, and A2M2CP also had a small
number of carbonate peaks at 1400—1500 cm™, but a single
peak at 550 cm™' indicated that the products were still
exhibiting a pyrophosphate skeleton.

3.4. Controlled Release of DOX and lons (Ca®*, Mg?*,
and P). Then the controlled release ability of AMCPs was
studied as they had been found to have negative potential as
shown in Figure Sa. In addition, pyrophosphate had the
complexation property of metal ions, so it may also have the
ability of ion regulation. DOX was a positive drug and was
selected to explore the drug-loading ability of AMCPs.
Bioactive ions (Ca", Mg“, and P) were monitored to assess
the ion regulation ability of AMCPs.

3.4.1. Drug Load and Release Ability. By reading the
absorbance value measured at 0.5 h, the standard curve was
drawn based on 0.0005, 0.001, 0.0025, 0.005, and 0.01 mg/
mL. The standard curve of absorbance—concentration is
expressed as Y = 21.854X — 0.0052 (R = 0.9996).

AMCPs all showed negative potential in Figure Sa, so they
displayed promising drug loading and release ability. In
factually, AMCPs also have a mesoporous structure. From
the SEM results, the particles showed an irregular topography
with many voids on the surface, and the TEM results indicated
that the surface of the particles appeared to be mesoporous.
According to the BET results in Figure S2, AMCPs all have a
mesoporous structure. ASM1CP had a larger specific surface
area and a large number of mesopores, ACP was with a smaller
specific surface area, and AIM3CP owned the smallest specific
surface area, but both ACP and AIM3CP showed macropores.
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Figure 3. Microstructure and morphology of AMCPs. (a) SEM of AMCPs and (b) EDS of A3M1CP; (c) TEM of AMCPs and (d) EDS of an
A3MICP single agglomerated particle.

A3MICP

(b) (c)
theuni,
L
) MMAU.
oL MWM\. T ——
E = Sy,
R = = Lo AIM3CP ;
3 zZ s 3
4 2 Wiy, =
K g | ; “"“-..;,, A2M2CP =
E 5 bt o T EINEA Lo cad SV
bviste
7] ", — o
= “wMm...wwm,..fﬂﬂﬂ;m — AIM3CP 4
— A2M2CP |
—— A3MICP /
20 30 40 50 60 70 80 4000 3600 3200 2800 2400 2000 1600 1200 K00 400
Two-Theta/® Wavenumber/cm™

0 200 400 600 800 1000
Temperature/°C
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The macropores in ACP were mainly due to the accumulation the adsorption curves show in Figure Sb, all the samples
between particles, and AIM3CP was more due to the facilitated instant adsorption of DOX within 0.5 h (A1IM3CP
accumulation of layered particles. The specific surface area of and A3MICP realized higher instant adsorption) and started
A2M2CP was smaller, and its mesoporous amount was also to enter a dynamic process where the release was greater than
less, which may have the problem of weak drug adsorption. As the adsorption. The ACP demonstrated fairly stable adsorption
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activity with the lowest drug load. After 20 h of shaking at 37
°C, the DOX load on A3MI1CP reached 74.8%. TG-DSC
results of DOX-loaded AMCPs are shown in Figure Sc; the
weight loss curve was similar to that of the drug adsorption
behavior. The mass of the ACP-DOX group decreased slightly
compared with the ACP group, which was mainly due to the
loss of DOX; the weight loss of the A2M2CP—DOX group was
smaller, which was related to the weak adsorption capacity
between A2M2CP and DOX. After the adsorption of DOX by
AMCPs, deionization was used for cleaning; in this process, a
large amount of drug was released in the A2M2CP-DOX
group, so the mass change was smaller. AIM3CP—DOX and
A3M1CP-DOX groups experienced obvious weight loss
changes with similar behavior of DOX, indicating that the
two groups adsorbed more DOX. The sudden drop in mass at
300 °C is mainly due to the decomposition of DOX and the
removal of structural water. However, the rapid weight loss
temperature of A3M1CP—DOX increased correspondingly,
which may be due to the fact that ABM1CP was dominated by
magnesium phosphate, which had a lower thermal decom-
position temperature and contained more pyrophosphate,
which may chemically bind to DOX during the heating
process, so the weight loss temperature increased. The release
curves at pH 7.4 and pH 4.5 are shown in Figure 5d and Se. At
pH 7.4, A3BMICP presented a rapid release in the first 2 h,
whereas rapid release was completed within 0.5 h at pH 4.5.
A3MI1CP maintained a stable and effective release for a long
time, which was better than the release of ACP, AIM3CP, and
A2M2CP (the release was small and slow).

3.4.2. lon Release of Ca**, Mg®*, and P. Figure 6a—6c
showed that Ca®*, Mg**, and P could be stably released from
AMCPs under the combined effect of strong negativity and
complexation. AIM3CP and A3MICP released greater
amounts of Ca** and Mg*, respectively, and A3MICP
released the most phosphate groups. Moreover, Figure 6d
shows the pH regulation ability of AMCPs to keep the solution
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Figure 6. Ion release of AMCPs. (a) Release of Ca®", (b) Mg**, and
(c) P at pH 7.4; (d) pH variety at different points when immersed in
PBS at pH 7.4.

slightly alkaline with immersion in PBS (pH 7.4) for every 7 d,
which indicated that the materials exhibited degradation
behavior.

3.5. In Vitro Mineralization and Degradation Ability.
Subsequently, the in vitro induced mineralization and
degradation abilities of AMCPs were investigated. AMCPs
had a strong attraction to metal ions and could provide more
nucleation sites. Spherical nanoparticles were observed in
Figure 7a, which hinted at the excellent mineralization. A
partial enlargement in the red wire frame verified the in situ
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ion-trapping capacity such that, in addition to precipitation in
combination with the released Ca®* and Mg** with phosphate
groups in solution, mineral particles also grew on the surface of
AMCPs.* "

The elemental distribution of the deposition product of
A3MICP in Figure 7b indicated that the sedimentary products
were dispersed with C and Mg. According to Table S3, the
concentration of C of the mineral products was about 9 wt %,
which was higher than that reacted from air, so it was from the
CO,* in SBF solution, indicating it may be a product with
carbonate and redeposited Mg**. According to the XRD results
in Figure 7c, the products after mineralization were sustained
as amorphous with several weak crystal peaks. After calibration,
the main components of the weak crystal peak were
determined as carbonated hydroxyapatite and hydroxyapatite
and contained some calcium carbonate. When the concen-
tration of Mg** increased, more magnesium hydrogen
phosphate hydrate was produced. Furthermore, FTIR results
in Figure 7d also exhibited intensive PO,*~ absorption peaks of
apatite and the enhanced stretching vibration of CO5>". Mass
fluctuations were not noticeable for 21 d in Figure 7e. The
mass changes of A2M2CP and A3MICP occurred in a
wavelike manner, AIM3CP increased from 14 d, and a mass
increase was observed only in 21 d for ACP. The fluctuating
weight may be an indication of the good degradability of
amorphous calcium phosphate and the inequality of degrada-
tion versus mineralization rates,“’36 but the rate of mineral
growth could generally complement the rate of degradation of
the materials, deepening its significance in the medical field.

3.6. Antimicrobial Activity. Figure 8 shows that AMCPs
all exhibited excellent antibacterial activity compared with
commercial HA, but AIM3CP almost achieved a bactericidal
effect. When the concentration of Mg** further increased, the
bacteriostasis began to weaken. The statistical difference in
colony number is striking in Figure 8b.
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3.7. The Osteogenic Ability of AMCPs. Ca** and Mg**
are two main elements for bone health that will inevitably
promote the proliferation of osteoblasts.'” We found that
AMCPs could release Ca** and Mg*" for a long time, which
would provide long-term effective stimulation on cells. In
addition, the microalkaline environment created by the as-
prepared particles was also a possible factor for cell viability
and migration.”® In order to better fit the in vitro cell
experiment, we also measured the concentration of additional
active ions released in the material extract at the concentration
of 0.5 mg/mL. By collecting the extract daily for ion
concentration testing, it can be seen from Figure S3 that
A3MICP released more Mg** and P, maintaining a daily Mg**
concentration of about 0.5—1 mM. Although its Ca*" were less
released, after 3 days, the Ca’* released by all groups
maintained a small difference. The as-prepared samples
exhibited excellent compatibility with MC3T3-E1 cells from
Figure 9a. Compared with the control, AMCPs could
contribute to the growth of cells at 1, 3, and 5 d. With the
addition of magnesium ions, the proliferative activity of the
cells improved, and A3SM1CP presented better proliferation for
MC3T3-El. In Figure 9b, after 24 h of incubation with the
material extract, MC3T3-El cells grew in clusters with a
spindle shape and showed a natural adhesion state with many
pseudopods. We observed more cells and more lamellipodia
than filopodia for ASM1CP.

AMCPs also exhibited excellent promotion of osteogenic
differentiation. Compared with the control, the sustained
release of Ca** and Mg*" could significantly increase the
activity of ALP and promote osteoblast differentiation. After 7
d of culture, ALP staining in Figure 10a showed that cells
treated with AMCPs all increased ALP activity, and the
staining area of A3MICP was darker and larger, which
represented better ALP activity and was consistent with the
quantitate results of ALP activity in Figure S4. ARS is an

https://doi.org/10.1021/acsomega.4c01660
ACS Omega 2024, 9, 23724-23740


https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c01660/suppl_file/ao4c01660_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c01660/suppl_file/ao4c01660_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c01660/suppl_file/ao4c01660_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01660?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01660?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01660?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01660?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c01660?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Runx2 Col-1
3 £ 3
E . C\;)]:,Irol e 304 * Control *REE
L] AL 3
2 = = ACP —
§ £ & 314 ansce + P
é;_ S % fg o ADMCP »
: ns b4 |. o nl'l
£ ’—_I_ 22-8 us
=0 L 2
o 1 \ g 15
& = 104 2
: r - % 00 i
| I 0 T T : 4 .
: ! I Time/day 7 ! Time/day 7
" :
: |
I & 3 : 25 25 e
} 8| H EEE oas g 7] e Control v
: 1 - 204 | **¥% L PR, I L R
‘ 1 < £ 15 + Anoce 5
! 1 o. s P e a2 C
| L
| A2M2CP  A3MICP £ |lg g 20
I g | 20104 '_I ]
| - " " o 154
1 I -~ S 1
1 - L n'j ; = -
} 1 ] ﬂ » 0.5
o (44
: 1 0.0 T ’ﬁ""" 0.0 T T
' : 1 Time/day 7 1 Time/day 7
| [
| 1
I 1

Figure 10. Evaluation of osteogenic differentiation promoting of AMCPs. (a) ALP staining. (b) ARS results and mineralized nodules appeared
orange or purplish red. All the images were obtained at the same multiple sites. (c) Expression of genes associated with osteogenesis at 1 and 7 d
(ns: no significance, *: P < 0.0S, **: P < 0.01, ***; P < 0.001, ***%; P < 0.0001).

indicator of osteogenic mineralization, and more calcium
deposition reflected by calcium nodules demonstrated a higher
potential to stimulate bone growth in vivo.”” The results in
Figure 10b showed that calcium nodules formed after 14 d by
AMCPs induction solution treatment. Many dark nodules were
observed in the control group, ACP and AIM3CP showed
deep colors, A2M2CP had dense calcium nodules, but
A3MICP exhibited larger nodules.

Runx2, ColI, Opn, and Ocn are important markers of
osteogenic differentiation.” Runx2 is an important gene for
osteogenic differentiation and bone formation expressed at the
early stage of mesenchymal cell differentiation.”’ Opn is a
noncollagenous protein produced by osteoblasts and osteo-
clasts, which is not required for the normal development of
bones.”” Ocn mainly reflects the formation of mineralized
nodules, and Col-I is the main index for osteogenesis.43

MC3T3-E1 cultured for 1 and 7 d was extracted for real-
time PCR detection. At 1 and 7 d, AMCPs could promote the
expression of osteogenesis-related genes as shown in Figure
10c. The promotion effect of ASM1CP on Col-I expression
significantly surpassed that of other groups, and the
acceleration on Runx2 and Ocn was also obviously better
than that of the control group. The expression of Opn was
boosted on 1 d and inhibited on 7 d, but A3M1CP still showed
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the best induction ability, indicating the excellent potential for
bone repair.

3.8. The Angiogenic Ability of AMCPs. It seemed that
AMCPs also displayed good angiogenesis ability such that
AMCPs would contribute to the proliferation of HUVECs
(A3MICP showed the best) as shown in Figure 11b, which
may be a contribution of Mg’*. HUVECs cultured with
material extract could aggregate and grow, protrude many
filopodia, and gradually form a network structure (Figure 11a).
The narrow gap between scratches indicated the self-repair
ability of cells, and the crawling distance and number of cells in
the middle of the scratch represented the migration ability of
cells. As shown in Figure 11, the red dotted line represents the
initial width of the scratch, and the yellow dotted line
represents the width of the remaining scratch after repair.
Compared with the control, AMCPs had a better ability to
promote the migration of MC3T3-El, but only A3MI1CP
induced rapid migration of HUVECs in the scratched part
(Figure 11c and Figure S5). However, from the stacking of
cells in the picture, AMCPs could promote the proliferation of
HUVECs.

VEGF and bFGF are two key factors involved in
angiogenesis, and bFGF can induce the migration, prolifer-
ation, and differentiation of endothelial cells and promote the
expression of VEGE."* VEGF is a highly specific vascular
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Figure 11. Evaluation of angiogenesis capacity. (a) Confocal images of cell fluorescence staining treated for 24 h by material extraction medium
(63x oil, the scale bar is 10 gm). (b) Cell proliferation at days 1, 3, and S cultured by material extraction medium. (c) Cell repair and migration
within 2 days (10X , the scale bar is 100 ym); all the images were obtained at the same multiple sites. (d) Expression of genes associated with
osteogenesis at 1 and 7 days (*: P < 0.05, **: P < 0.01, ***: P < 0.001, **¥*; P < 0.0001).

endothelial cell growth factor that increases cell migration,
proliferation, and angiogenesis of HUVECs. The expression of
VEGF and bFGF increased after 7 d, and A3SMI1CP was still
higher than that of other groups, as shown in Figure 11d.
A3MICP promoted the expression of angiogenesis-related
factors VEGF and bFGF distinctly advantageous over other
groups, implying a positive promotion of angiogenesis. In brief,
AMCPs promoted the rapid release of magnesium ion after
hydrolysis and accelerated the regeneration process of blood

vessels.
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4. DISCUSSION

4.1. The Characteristics, Microstructures, and Com-
ponents of AMCPs. According to the XRD result,
amorphous calcium—magnesium pyrophosphate was synthe-
sized by the ultrasonic method. Kegel et al.*® reported the
preparation and morphological differences of several pyro-
phosphate metal salts. They found trivalent metal ions tended
to be amorphous and additional metal ions would change the
morphology of products. We introduced divalent metal ions
(Ca’* and Mg*") to synthesize the amorphous phosphate and
found the reaction of simple calcium hydroxide with
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pyrophosphate could also form amorphous products. Gelli et
al.*® found that increased Mg®" content and pH value could
both modify the crystal-phase transformation of AMCP. The
presence of Mg®" and alkaline solution may be the reason for
stable AMCPs. FTIR results exhibited similar peaks, and peaks
at 550 cm™" were considered to be a prediction of calcium
phosphate crystallization.*” It gradually split into two peaks as
the CaP crystallized, where a single peak here confirmed a
stable amorphous structure. Then, the morphology of products
was observed by SEM and TEM. All the products had uniform
morphology, and additional Mg®" increased the degree of
agglomeration. The Raman results also showed that the
products were homogeneous. In addition, the as-prepared
AMCPs remained amorphous even when sintered at 400 °C,
indicating excellent biological activity as amorphous CaP has
been reported to have better osteogenic activity.'”** The
identification of phosphate species using liquid-phase *'P
NMR has been reported previously. Cade-Menun et al.*’
summarized the chemical shifts of various inorganic and
organic phosphates and pointed out that the chemical shift of
pyrophosphate is —4 to —5 ppm, the chemical shift of
orthophosphate is 5—7 ppm, and only these two inorganic
phosphates may exist in the relevant shift range. *'P NMR
tested the chemical shifts of potassium pyrophosphate and
potassium orthophosphate respectively to be —6.67 and 7.08
ppm and predicted the products with different Ca/Mg molar
ratios had similar phosphate skeletons, which were pyrophos-
phate-dominated aggregates with a small amount of
orthophosphate. The small amount of phosphate may come
from the hydrolysis of a small amount of pyrophosphate inside
the product caused by the ultrasonic process of sample
preparation.

To explore the possible reaction process, three comparison
groups were set up. One group was CaCl, instead of Ca(OH),
with the final solution pH being more than 10 to investigate
the influence of Ca®, one group was CaCl, instead of
Ca(OH), without pH regulation to consider the effect of
alkaline environment, and another group was pure MgCl,
without Ca** to study the role of Mg**. All the samples were
prepared at the molar ratio of Ca/Mg = 1-3, (Ca + Mg)/P =
1, and with the same process as the AMCPs. As shown in
Figure S6a and Figure S6b, when other reaction conditions
were consistent, CaCl, resulted in amorphous products with
smaller aggregates and lower degrees of cross-linking, its
elements were evenly distributed, and the molar ratio of O/P
was close to P,O,*™ as shown in Figure S6¢; when the ambient
pH was not adjusted (the reaction pH was neutral), the
reaction product of CaCl, was a mixture with few weak crystal
peaks; when reacted with pure MgCl,, it was a large cross-
linked block, and its XRD result was similar to neutral CaCl,.
These comparative experiments indicated that a stable alkaline
environment was a key condition for the reaction, and Mg**
preferred to form crystal sediments in neutral solution.
However, Ca(OH), provided a continuous alkaline condition
to maintain the stable reaction process. In addition, poor
solubility and alkaline environment made Ca® chelate with
pyrophosphate ions mainly as a format of Ca—0,>” so products
reacted from Ca(OH), achieved a greater concentration of O.

Medusa software’' was further used to predict the products
of the entire reaction process. Since the database cannot fully
reflect the complex reaction process, it can only refer to the
tended products under corresponding conditions. By fixing the
pyrophosphate concentration and adjusting the Mg>" concen-

tration and the environmental pH value, the generation trend
diagram of magnesium pyrophosphate was obtained (Figure
S7a), which was used to simulate the main existence form of
the product after adding MgCl, for S min. In a reaction range
of pH 7-9, as the concentration of Mg>" increased, the
product existed from HP,0,*~ to MgP,0,*". During the actual
reaction process, by monitoring the pH of the reaction process,
it was found that after adding MgCl,, the pH of the solution
system was stable at 8. Therefore, after adding Mg>* of
different concentrations, its main form was as the ions.
Subsequently, the reaction product of calcium hydroxide alone
reacted with pyrophosphate was calculated as shown in Figure
S7b. After adding calcium hydroxide, due to the strong
alkalinity of Ca(OH),, the pH of the reaction system directly
rose to 13—14. The combination product with Ca** was
calculated through the software that the products were calcium
hydroxide conjugates of pyrophosphate at higher Ca®*
concentration, which once again confirmed that Ca(OH),
mainly participated in the reaction in the form of a compound.
When calculating the presence of Ca** and Mg** at the same
time in Figure S7¢, the pH of the reaction system was tested to
be mainly at 13.8. By fixing the concentration of
pyrophosphate and the pH value of the reaction solution,
the reaction products were calculated to exist as Ca(OH)-
P,0,*” with some Ca(OH), solid, indicating that Ca*" would
precipitate preferentially. Meanwhile, the electronegativity of
the product increased in an alkaline solution possibly due to
the addition of Ca(OH),, which was also consistent with the
results of the Zeta potential.

After continuous monitoring of the types of phosphate ions
in the solution in the reaction system, it was found in Figure
S8a that after adding Mg2+ for S min, as the amount of
additional Mg®" increased, the peak position gradually shifted
to a lower field. It was consistent with the metal complex
theory and was due to the positively charged Mg**. The ions
reduce the electron density of the central phosphorus element.
Since the reactions were all carried out at the same
pyrophosphate ion concentration, the peak intensity can also
be used to reflect the level of ion concentration. When the
Mg** concentration increased, the pyrophosphate concen-
tration in the solution decreased and then increased.
Combined with the calculation results of Medusa, it can be
predicted that when the Mg®" concentration gradually
increased, the product was mainly the ionic form of
magnesium pyrophosphate, and the pyrophosphate ions in
the solution were mostly complex, resulting in a decrease in the
pyrophosphate concentration in the solution. As the Mg*
concentration continued to increase, the product gradually
crystallized out, releasing part of the pyrophosphate ions, and
its pyrophosphate ion concentration gradually increased. The
peak position only appeared at the negative displacement,
indicating that pyrophosphate was not hydrolyzed to
phosphate in a short period.

After adding a fixed amount of calcium hydroxide and
reacting for 4 h, the concentration and the type of phosphate in
the reaction solution were detected. The peak position of
pyrophosphate shifted collectively to a higher field, and the
shift amount of A2M2CP was smaller, ACP had a similar offset
to AIM3CP (Figure S8b). At the same time, ACP had more
pyrophosphate residues, which was about 1/4 of the original
pyrophosphate concentration, indicating that only about three
shares of Ca** were involved in the reaction. After gradually
decreasing the concentration of Ca(OH),, the residual
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pyrophosphate concentration in the solution gradually
decreased and the pyrophosphate peak of A3MI1CP
disappeared, indicating that the pyrophosphate solution in
this system participated in the reaction. However, the ion
concentration detection in the reaction process in Figure S9
and the optical diagram of the reaction solution in Figure S11
show that the soluble magnesium pyrophosphate in the
solution may account for 1—2 shares of the Mg>*
concentration (between 1 Mg and 2 Mg), as the reaction
solution of 1 Mg to 2 Mg changed from clear to milky
suspension. When gradually increasing the Mg>* concentration,
magnesium pyrophosphate mainly existed in the form of
precipitation. This was also reflected in the addition amounts
of 1 Mg and 2 Mg, which had little effect on the concentration
of pyrophosphate ions, but at the reaction amount of 3 Mg, the
unreacted pyrophosphate ions in the solution decreased
sharply (Figure S9a). After the addition of Ca(OH),, the
concentration of Ca*" in the solution gradually decreased over
time, while the concentration of Mg** in the solution
decreased significantly and remained basically stable, indicating
that the addition of Ca(OH), promoted the precipitation of
complexed magnesium pyrophosphate in the solution. When
the reaction process reached 4 h, the ion concentration of the
solution tended to be stable. AIM3CP and A2M2CP,
A3MICP, and AMP had similar Mg2+ concentrations in their
solutions before adding Ca(OH),. While more Ca(OH), was
added to A1IM3CP, the Mg®" concentration in their solution
was subsequently lower than that of A2M2CP, but in their
solution, the Ca?' concentrations were similar. The Mg2+
concentrations of A2M2CP, A3MI1CP, and AMP were still
similar, and the overall Mg** concentration decreased,
indicating that the complexes in the solution would gradually
form larger agglomerates with the precipitated products. In
addition, pyrophosphate itself had a stronger complexing effect
on Mg**, and Ca(OH), as a reactant also had lower solubility.
Therefore, in theory, Mg>" was more likely to be in the form of
complexes in the solution. In actual reactions, during the
process, it was found that while the concentration of Ca®* in
the solution was decreasing, the concentration of Mg“ in the
solution was also decreasing, indicating that the product was
produced in the form of coprecipitation, and the product was
mainly calcium—magnesium pyrophosphate agglomerates. In
addition, during the test process, there was a slight error in the
results of NMR and ICP. This was mainly due to the difference
between the two pieces of detection equipment. The NMR
results showed rapid changes in pyrophosphate, mainly
because NMR did not detect complexed pyrophosphate, but
ICP detected the ion concentration of complexed pyrophos-
phate.

To verify the main functional structure of the reaction
product clearly, XRD tests were conducted on the reaction
products collected at different time points (Figure S10). The
results were similar to the calculation results of Medusa. After
adding MgCl,, Figure S10a and Figure S10f show that the
product was mainly a variety of hydrate crystals of magnesium
pyrophosphate and remained stable in the solution. When pure
Ca(OH), participated in the reaction, the product gradually
reacted from various hydrate crystals of calcium pyrophosphate
to a uniform amorphous product. As the reaction time was
prolonged, a small amount of calcium carbonate crystals
appeared (Figure S10b), where we also found the stretch
vibration of CO;*~ in FTIR. When Ca’* and Mg** jointly
participated in the reaction (Figure S10c—e), a small amount

of calcium and magnesium pyrophosphate peaks appeared in
the product and then gradually disappeared, indicating that the
product gradually reacted to uniformity, especially in Figure
S10e, where it is shown that completely amorphous products
can be formed after 4 h of reaction. When the product
collected after 4 h of reaction was dissolved in D,0, 'P NMR
was tested after ultrasonic for 10 min. ACP, A1IM3CP,
A2M2CP, and A3MICP detected pyrophosphate and
phosphate at the same time, and pyrophosphate was 3—3.6
times phosphate. While in the entire reaction process there was
no phosphate detected in the solution, and the XRD results of
the products showed pyrophosphate skeletons, FTIR results
predicted possible phosphate groups, so the product had
excellent hydrolysis ability and the hydrolysis process may
initially occur inside the particle. Through the *'P NMR test of
the precipitated ions of AMP products in Figure S12, AMP all
showed complete phosphate hydrolysis, so in the absence of
Ca®', magnesium pyrophosphate was gradually hydrolyzed into
phosphate. While Ca(OH), was added, the interaction of Ca**
and Mg®" can coordinate the hydrolysis speed of each other
and produce phosphate and pyrophosphate at the same time,
which can achieve better biological effects. As a result, the
prepared AMCPs all showed excellent hydrolysis ability,
indicating excellent medical application prospects.

Actually, the similar Ca/P value of ACP and AIM3CP in
Table S1 also indicated the maximum loading of Ca*" was 75%
and the priority replacement of Ca(OH),. It is well-known that
the bond length of Mg—O—P is smaller than that of Ca—O—P,
Mg—O—-P could be wrapped by Ca—O-P,>* and few
unreacted metal ions can be adsorbed on the particle surface.
While Mg** was increased and Ca(OH), decreased, more M—
O—P bonds formed and facilitated the agglomeration of
particles. When Ca/Mg = 1-3, refined particles accumulated
to form a larger specific surface area and obtained more Mg>*
content indicating a better drug-carrying capacity and
osteogenic activity. A3SM1CP showed superior DOX adsorp-
tion and release ability at pH 7.4 and 4.5, which may be due to
the high surface area and relatively weak electronegativity
leading to a more suitable release rate. ACP had the worst drug
release ability but had a similar DOX-loading ability and a
longer DOX function duration compared to our previous
study.'” This may be because AMCPs exchanged cations
adsorbed on the surface with the positive DOX to achieve a
better drug-carrying capacity. CaPP was reported to act as a
trap for foreign ions to exchange with Ca®* and incorporate
inside the granules, and the random network structure enabled
ion release into the solution and vice versa.”> AMCPs were
confirmed to preserve the pyrophosphate skeleton, and this
contributed to a long-term stable release of Ca** and Mg*" and
could continuously capture active ions from solution.
Interestingly, Chen et al>* found calcium phosphate and
calcium pyrophosphate could form stable amorphous nano-
wires in an independent and tightly connected manner. The
phosphate group interacted with the pyrophosphate group,
which was indispensable, so the high stability of AMCP may
have an important role in a small amount of the phosphate
group, and this part of the mechanism may need to be further
studied in the future.

4.2. Antibacterial Properties of AMCPs. In the
application of implant materials, antibacterial property is a
key indicator, which is related to the service cycle and repair
effect of the material, and now it is mainly involved in drug
antibacterials and metal ion antibacterials.”> AMCPs were
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aggregates of calcium and magnesium pyrophosphate hydra-
tion and had stable ion regulation ability of pyrophosphate.
They had better antibacterial properties, and the ability of
pyrophosphates to chelate cations was thought to be
responsible for the bacteriostatic effect.””” AMCPs released
more pyrophosphate that would dope the cations from the cell
membrane and impose an electrostatic force on the cell
structure to kill the bacteria directly,”® so AMCPs displayed
better antibacterial behavior. Additionally, AMCPs could
adjust alkaline environments; they released lots of OH~
originally and high OH™ in the outer cell membrane causing
DNA damage, blocking respiratory proteins, and eventually
causing bacterial death.”” AMCPs all released the pyrophos-
phate, so they behaved better with regard to antibacterial
ability than HA. Interestingly, AIM3CP owned the best
bacterial property as it only provided moderate ion release.
The possible reason was that AIM3CP had lower potential,
and while it released pyrophosphate to chelate metal ions on
the membrane surface of bacteria, the product itself could also
absorb metal cations. In addition, AIM3CP could adjust the
solution environment to be alkane; as a result, the pH of the
solution was larger than the bacteria isoelectric point and E.
coli showed increased electronegativity,ﬁo’61 which increased
the repulsion between the material and bacteria and decreased
the adhesion of bacteria on the surface of the material.’”
Though ACP, A2M2CP, and A3MICP all provided similar
properties, and AIM3CP released less pyrophosphate, the
superior antibacterial ability was attributed to the combination
function of lower surface potential and a more alkaline pH
environment.

4.3. Osteogenic Activity of AMCPs. The stable ions
regulation of Ca®* and Mg®" endowed AMCPs with potential
osteogenic activity. ASMICP had a daily Mg®" release
concentration of about 0.5—1 mM. The cell feeding time
was generally 2—3 days, so the release concentration of Mg*" in
this extract was more than 1 mM, which had obvious cell
activity.”> We did not find the inhibitory effect of
pyrophosphate on osteogenic differentiation as the literature
reported before, which may be because the calcium phosphate
we prepared is a complex cyclic macromolecule that retains
part of the pyrophosphate but does not cause inflammation. It
is also possible that as described in eq 3,' living cells can
produce ATP, which promotes the hydrolysis of pyrophos-
phate, increasing the concentration of surrounding phosphate,
thereby promoting mineralization.

ATP
P,0I” + H,0 < 2P0~ + 2H" 3)

A3MICP regulated a higher concentration of Mg2+, so it
exhibited the best contribution to cell proliferation and
differentiation. Furthermore, it could adjust the surrounding
alkaline microenvironment, which was considered to facilitate
cell proliferation. Meanwhile, magnesium phosphate is more
easily hydrolyzed, which promotes the production of more
phosphate ions and also accelerates the differentiation of bone.

4.4. Potential Angiogenic Activity of AMCPs. Factually,
rapid vascularization is a major challenge for critical-sized bone
defects, and stable release of Mg** is thought to improve
angiogenesis significantly.”* The ingrowth of blood vessels is
crucial for the transport of oxygen and nutrients,”> which can
prevent osteocyte necrosis from hypoxia and create a more
suitable environment for bone repair. A3M1CP loaded Mg** of
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about 15 wt % and realized a dynamic load of Mg** in the
physiological environment to prolong the action time.

5. CONCLUSION

Through ultrasonic agitation, amorphous calcium—magnesium
pyrophosphate was successfully synthesized. The whole
reaction process could be finished within 4 h, and the as-
prepared products all behaved as stable amorphous under high
temperatures. A3M1CP achieved higher Mg** concentration
loading and negative potential that not only realized high
absorption and effective release of drugs but also obtained the
long-term release of Ca®* and Mg”". It also had an alkaline
microenvironment regulation ability, which was beneficial to
antibacterial activity and cell proliferation. A comprehensive
comparison revealed that A3BMICP had better antibacterial
activity than commercial HA. Moreover, the release of Ca**
and Mg’ continued to stimulate the proliferation and
mineralization of osteoblasts. It could also contribute to the
hydrolysis of pyrophosphate, and the increased phosphate
further facilitated osteogenic differentiation. Additionally, the
presence of Mg** accelerated the proliferation and migration of
endothelial cells, suggesting a superior angiogenic ability. To
sum up, ASMI1CP possessed stable amorphous morphology
and displayed excellent mineralization ability and conducted
superior osteogenic and angiogenic activity; it also possessed
antibacterial ability, so it could be a candidate material to apply
in multiscene bone defect treatment. However, due to
experimental design, this project did not involve in vivo
studies. In our future work, A3M1CP will be used as bioactive
substance, together with a polymer binder, to prepare a porous
bone repair scaffold and explore its efficiency of bone healing
and angiogenesis in vivo.
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