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A B S T R A C T

Although magnesium phosphate cement (MPC) has good biocompatibility and degradability, its poor 
compressive strength and insufficient osteogenic capacity hamper clinical applications. In this study, ultrasound- 
responsive drug-loading nanocapsules composed of melatonin-containing mesoporous silica and a layer of 
Pluronic F127 and hyaluronic acid (HA) are incorporated into the cement to enhance the mechanical and bio
logical properties. The melatonin release rate, which can be controlled by the ultrasound intensity and time, 
reaches 72.45 ± 1.57 % after 7 days at 2 W/cm2. The simulated drug release may be based on reversible cleavage 
and polymerization of F127 under the cavitation effect of ultrasound. The modified cement exhibits a lower 
reaction temperature (31.41 ± 0.79 ◦C), longer solidification time (11.9 ± 0.78 min), higher compressive 
strength (30.19 ± 0.78 MPa), better injectability (90.36 ± 4.01 %), and improved degradation characteristics 
than the pure MPC due to the complexation effect and adsorption action of HA during hydration. In vitro ex
periments confirm the excellent antibacterial properties, cytocompatibility, as well as osteogenic capacity. The 
results reveal an effective strategy to develop multifunctional cement for orthopedic applications.

1. Introduction

As the population ages, the increasing incidence of orthopedic dis
eases such as osteoporosis and fractures has led to a significant demand 
for bone implants in clinical care [1,2]. Autologous and allogeneic bone 
grafts are widely used in bone defect treatment due to their outstanding 
osteogenic capacity, but they suffer from limited sources, immune 
rejection, and infection [3]. Therefore, there is an urgent need to 
develop more suitable artificial materials as alternatives.

Magnesium phosphate bone cement (MPC) is a type of inorganic 
bioceramics that has attracted attention due to its great mechanical 
strength, excellent adhesive properties, and suitable degradation rate 
[4,5]. The cement hardens through the hydration reaction between 

magnesium oxide (MgO) and phosphates [6]. In order to reduce the 
reaction temperature and the toxicity of the products, MgO is usually 
calcined, and potassium dihydrogen phosphate (KH2PO4) is chosen for 
the reaction of MgO + KH2PO4 + 5H2O → MgKPO4⋅6H2O [7]. However, 
owing to the strong concentration gradients in the proximity of the MgO 
grains, the hydration reaction occurs far from equilibrium, resulting in a 
high reaction rate and the release of significant heat [8]. The short 
curing time, vigorous reaction, and limited osteo-inductivity of MPC 
restrict wider applications. It is therefore necessary to use materials with 
retardation function to control the rate, thereby modulating the heat 
release and extend operating time. To meet clinical demands, biocom
patible substances like carboxymethyl chitosan‑sodium alginate 
(CMCS/SA) gel [9], amino acids [10] and silk fibroin (SF) nanofibers 
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[11] have been incorporated into MPC to improve the physicochemical 
properties. Additionally, it is reported that drug-loaded microspheres 
[12] or hydrogels [13] have been introduced into MPC to establish a 
sustained drug release system to encourage osteogenesis. Nevertheless, 
the modification mechanisms of these complexes are rarely discussed, 
and the currently employed sustained release is insufficiently effective. 
Therefore, it is valuable to further investigate the role of integrated 
materials and advances in drug release methods.

Hyaluronic acid (HA) is an acidic glycosaminoglycan composed of D- 
glucuronic acid and N-acetylglucosamine that exists in the human body 
[14,15]. The HA solution is highly viscoelastic and has negatively 
charged carboxyl and hydroxyl groups, which, according to studies on 
similar macromolecules, may adsorb the cement particles and form 
complexes with Mg2+ [16,17]. These two effects produce excellent 
retardation properties. Meanwhile, as a biocompatible polymer, HA is 
widely used in tissue engineering, drug delivery, and orthopedic therapy 
[18–20]. It has been reported to interact with the cellular surface marker 
CD44 to promote cell proliferation and differentiation [21]. Therefore, 
the introduction of HA into MPC enhances the physicochemical and 
osteogenic capacities of bone cement.

Although HA improves the operability of MPC, it still fails to address 
the issue of limited osteogenic capacities. Therefore, this study further 
incorporates ultrasonic-responsive nanoparticles to achieve synergistic 
enhancement. Melatonin is a hormone which inhibits bone loss and 
promotes new bone formation by activating the melatonin receptor 2 
[22]. In order to maintain the stability and activity of melatonin, it can 
be loaded into fibrous nanosilica spheres (KCC-1) [23]. However, the 
release rate of directly doped drugs is high initially but decreases sharply 
subsequently, resulting in short-term effects. Therefore, a stimuli- 
induced drug delivery system has been proposed [24,25]. In this sys
tem, drugs are encapsulated in stimuli-responsive polymers. When the 
drug-carrying capsules are transported to the target site, the polymers 
will be physically altered or chemically disrupted under endogenous 
(pH, enzymes, and temperature) or exogenous (light, ultrasound, and 
magnetic fields) stimuli, consequently opening the encapsulation switch 
to release drugs [26–29]. Among the various stimuli, ultrasound has the 
advantage of being non-invasive, modifiable, and deep tissue penetra
tion, boding well for drug delivery [30,31].

Herein, HA and drug-loaded nanoparticles are incorporated into 
MPC in order to improve the physicochemical properties and osteogenic 
capacity. The nanosilica spheres KCC-1 are loaded with melatonin and 
wrapped with the ultrasound-responsive polymer F127 (HO(C2H4O)a(
C3H6O)b(C2H4O)cH), as shown in Fig. 1. The drug release behavior is 
investigated and the degradation, cytocompatibility, antibacterial 
capability, and osteogenic capacity of MPC and relevant mechanisms are 
determined.

2. Materials and methods

2.1. Materials

Light magnesium oxide (l-MgO, Mw: 40.3 g/mol, 98 %) and potas
sium dihydrogen phosphate (KH2PO4, Mw: 136.09 g/mol, 3 99.0 %) 
were purchased from Sinopharm Chemical Reagent Co., Ltd. Hyaluronic 
acid (Mw: 403.31 g/mol, 3 99.0 %) and tetraethyl orthosilicate (TEOS, 
Fw: 208.33 g/mol, 99 %) were brought from Shandong Xiya Chemical 
Technology Co., Ltd. and 1-pentanol (Mw: 88.15 g/mol, 99 %) was 
produced by Shanghai Samarium Chemical Technology Co., Ltd. Mela
tonin (Mw: 232.28 g/mol, 98 %) was provided by Shanghai Meryer 
Biochemical Technology Co., Ltd. and hexadecyl trimethyl ammonium 
bromide (CTAB, Mw: 364.45 g/mol, 99 %) was obtained from Shanghai 
Macklin Biochemical Co., Ltd. Cyclohexane (Mw: 84.16 g/mol, 99.5 %) 
and 2-[2-(2-hydroxyethoxy)propoxy]ethanol (Pluronic F127, Mw: 
12000 g/mol, 99.5 %) were acquired from Shanghai Aladdin 
Biochemical Technology Co., Ltd. And urea (Mw: 60.04 g/mol, 99 %) 
was provided by Shanghai Yuanye Biotechnology Co., Ltd. All the re
agents were used without further purification and deionized water was 
produced by a Milli-Q water system.

2.2. Synthesis of nanoparticles

KCC-1 was prepared by the surfactant-templated and hydrothermal 
method. TEOS (2.5 g) and 1-pentanol (1.5 mL) were added to cyclo
hexane (30 mL) to form solution A, and CTAB (1 g) and urea (0.6 g) were 
dissolved in deionized water (30 mL) to produce solution B. Solutions A 
and B were mixed and magnetic stirred at 500 rpm for 30 min at room 

Fig. 1. (a) Synthesis of the drug-loaded ultrasound-responsive nanocapsules. (b) Preparation of modified MPC.
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temperature (RT). The mixture was transferred to a Teflon reactor and 
heated to 120 ◦C for 4 h. The precipitate collected by centrifugation was 
washed with deionized water and ethanol, dried, and calcined at a rate 
of 2 ◦C/min to 550 ◦C and held for 6 h to obtain KCC-1. KCC-1 was 
dispersed in a melatonin ethanol solution (5 mM) and magnetic stirred 
at 500 rpm for 5 h. The melatonin-loaded KCC-1 (MK) was obtained by 
centrifugation and drying, while the filtrate was measured for free 
melatonin. The MK was dispersed in the F127 aqueous solution (0.5 
mM) and magnetic stirred at 500 rpm for 30 min to form the F127- 
encapsulated MK (MKF). The UV absorption peaks of melatonin were 
monitored on a dual-beam ultraviolet-visible spectrophotometer 
(UV–vis, TU-1901, China) to establish the relationship between the 
absorbance and concentration and calculate the drug mass. The loading 
capacity (LC) and encapsulation efficiency (EE) were calculated by eqs. 
(1) and (2). 

LC (%) =
m0 − m1

m2
×100% (1) 

EE (%) =
m0 − m1

m0
×100% (2) 

where m0, m1, and m2 are the mass of total melatonin, free melatonin, 
and nanocontainers, respectively.

2.3. Characterization of nanoparticles

The crystal structure of KCC-1 was determined by X-ray diffraction 
(XRD, Rigaku Smart Lab SE, Japan) using Cu-Kα radiation and 2θ of 
10–80◦. Field-emission scanning electron microscopy (FE-SEM, Nova 
Nano SEM 450, USA) and transmission electron microscopy (TEM, Talos 
F200X S/TEM, USA) were used to analyze the morphology and micro
structure. The functional groups and valence states were determined by 
Fourier transform infrared spectroscopy (FTIR, Thermo Scientific 
Nicolet iS10, USA) and X-ray photoelectron spectroscopy (XPS, Thermo 
Scientific K-Alpha, USA). The N2 adsorption-desorption test was con
ducted to measure the Brunauer-Emmett-Teller (BET) surface area, and 
the pore size distribution was calculated according to the Barrett- 
Joyner-Halenda (BJH) method. The particle size distribution was 
analyzed by dynamic light scattering (DLS, Malvern Zetasizer Nano 
ZS90, UK).

Table 1 
RT-PCR primer sequences.

Genes Forward (5′ – 3′) Reverse (5′ – 3′)

Runx2 GACTGTGGTTACCGTCATGGC ACTTGGTTTTTCATAACAGCGGA
ALP TCCGTGGGCATTGTGACTAC TGGTGGCATCTCGTTATCCG
OCN GGTAGTGAACAGACTCCGGC GGCGGTCTTCAAGCCATACT
Col1A1 TTCTGCTGCTAATGTTCTTGACC GGGATGAAGTATTGTGTCTTGGG

Fig. 2. Composition of nanoparticles: (a) XRD spectrum of KCC-1; (b) FTIR spectra of KCC-1, MK, and MKF; (c) XPS spectra of MKF.
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2.4. Ultrasound-induced drug release tests

The MK and MKF nanoparticles were placed in separate dialysis bags 
(MD-10, MW500D, USA) and submerged in the phosphate-buffered sa
line (PBS, pH = 7.4) at 37 ◦C for 7 days. The extracts were then exposed 
to ultrasound (1 Mhz) at different power densities (1.0, 1.5, and 2.0 W/ 
cm2) for 10 min on days 1, 3, 5, and 7. At the predetermined time points, 
the partial solution was taken out for measurement and an equal volume 
of fresh PBS was added. The cumulative release rate (CRR) at time point 
n was calculated by eq. (3). 

CRR (%) =
CnV +

∑n
i=1CiVi

m
×100% (3) 

where Cn is the concentration of melatonin in solution at time point n, V 
and Vi are the volumes of PBS remaining and removed each time, and m 
is the mass of loaded melatonin.

Terephthalic acid (TA) dosimetry was performed to estimate the 
ultrasonic cavitation due to its fluorescent product of 2- 

hysroxyterephthalate ions (HTA). The TA solution was exposed to ul
trasound (1Mhz) at different power densities (1.0, 1.5, and 2.0 W/cm2) 
for 10 min and then determined by fluorescence photometry (F97pro, 
China). To verify the effect of heat generated by sonication, the MKF 
solution was heated to 37, 47, and 57 ◦C, and the drug release was 
monitored. The MW and distributions of F127 before and after soni
cation were determined by gel permeation chromatography (GPC, Agi
lent 1260, USA).

2.5. Preparation of cement

The solid phase of MPC consisted of dead-burned magnesium (d- 
MgO, produced by heating l-MgO to 1700 ◦C) and KH2PO4 with a mass 
ratio of 1.5: 1. They were sieved with an 80 mesh to acquire powder 
particles of ~180 μm after milling. The solid and liquid phases (deion
ized water, 10 mmol/L of HA solution, and 10 mmol/L of HA solution 
with 1 mg/mL of MKF) were mixed with a power/liquid ratio (PLR) of 
20:3.8, stirred into a uniform phase, and transferred to cylindrical 

Fig. 3. Morphology and microstructure of nanoparticles: (a) TEM images of KCC-1, MK, and MKF. (b) SEM images of KCC-1. (c) Surface area, (d) Pore volume and 
pore size, and (e) Particle size distributions of KCC-1, MK, and MKF.
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silicone molds (f9 ́ 15 mm3). After solidification, the specimens were 
cured at RT and 100 % relative humidity for 24 h. The cement samples 
were named MPC, HMPC, and HMMPC, respectively.

2.6. Characterization of cement

XRD was performed to determine the phase composition and FTIR 
was used to analyze the chemical composition. In addition, the surface 
morphology was examined by FE-SEM (FEI-Sirion, USA), and energy- 
dispersive X-ray spectrometry (EDS) was conducted to determine the 
elemental composition.

The setting time of cement was measured on a Vickers meter ac
cording to the National standard GB/T1346–2001. Timing started when 
the two phases were mixed and ended when the test needle sank into the 
cement paste by 0.5 mm. The hydration temperature was recorded by a 
high-precision temperature sensor (DS18B20). The compressive 
strength was determined on a universal testing machine (XQY-II, China) 
at a loading rate of 1 mm/min. The porosity was analyzed by an elec
tronic densimeter (AR-300G) and calculated according to Archimedes' 
principle as shown below: 

Fig. 4. Ultrasound-induced drug release and mechanism of MKF: (a) LC and EE of MK and MKF; (b) UV–vis plots of melatonin in the PBS solution; (c) Cumulative 
drug release from MK and MKF at different ultrasound intensities for 7 d; (d) Drug release from MKF at different temperatures for 10 min; (e) Ultrasound cavitation 
by TA dosimetry; (f) Mn and PD of F127 before and after sonication.

Fig. 5. Schematic diagram of the ultrasound-induced drug release mechanism.
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Porosity (%) =
w2 − w1

w2 − w3
×100% (4) 

where w1 and w2 are the mass of the cement before and after wetting, 
respectively, while w3 refers to the mass of water being drained.

2.7. Conductivity and adsorption effects

The conductivity of the cement sample during the hydration reaction 
was measured by a conductivity meter (DDS-12DW, BANTE, USA). 10 g 
of the solid phase powder and 1.9 mL of liquid phase were added to 200 
mL of deionized water, and the conductivity was recorded per minute. 
To investigate the complexation of Mg2+ by HA, the conductivity of 
MgCl2 solution (5 mmol/L) with varying contents of HA was measured. 
The actual change in conductivity was obtained by subtracting the 
conductivity of HA itself from initial value. The adsorption effect was 

quantified using a total organic carbon (TOC) analyzer (multi N/C 3100, 
Analytik Jena, German). The slurry was pump-filtered when the hy
dration reaction started for 3 min and then the filtrate was assayed for 
the TOC content. The adsorption rate was calculated by eq. (5). 

Adsorption rate (%) =
c0 − c

c0
×100% (5) 

where c0 and c are the TOC contents of the liquid phase and filtrate, 
respectively.

2.8. In vitro degradation

The cement specimens were immersed in the simulated body fluid 
(SBF) at 37 ◦C for 3 weeks with a solid-liquid ratio of 10: 1. The SBF was 
refreshed every other day in the first week and then weekly. The pH of 
the soaking solution was recorded before each change. The compressive 
strength, SEM images, and weight loss ratio (WLR) were assessed after 
vacuum drying.

2.9. Preparation of culture extract

A mixture of bone cement and complete cell/bacteria culture me
dium with a 0.2 g/mL ratio was extracted in an incubator (37 ◦C, 5 % 
CO2) for 24 h. The extract was centrifuged at 4000 rpm for 10 min. The 
supernatant was collected after 0.22 μM membrane filtration.

Fig. 6. Composition and morphology of cement: (a) XRD spectra; (b) FTIR spectra; (c) Element contents by EDS; SEM images of MPC, HMPC, and HMMPC at (d) 
200× and (e) 2000×.

Table 2 
EDS results of MPC, HMPC, and HMMPC.

Sample C 
(wt%)

N 
(wt%)

O 
(wt%)

Mg 
(wt%)

Si 
(wt%)

P 
(wt%)

K 
(wt%)

MPC – – 33.91 14.54 – 23.56 27.99
HMPC 12.38 0.06 29.67 12.85 – 20.48 24.56
HMMPC 13.2 0.08 29.12 11.86 2.37 20.08 23.29
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2.10. Bacteria killing assay

Gram-negative E. coli were used to measure the antibacterial effects 
by the spread plate-counting method. The bacterial suspensions were 
incubated at 37 ◦C overnight in a shaking incubator and diluted to 107 

CFU mL− 1 with the 0.9 % NaCl solution. After incubation for 15 h, the 
mixture was added to cuvettes and immersed for 4 h. 100 μL of the 
bacteria (105 CFU mL− 1) were spread on agar plates and incubated at 
37 ◦C for 15 h. The bacteria-containing plates were photographed and 
the number of new bacteria colonies was counted.

2.11. Cell proliferation and viability

The CCK-8 and Calcein/PI methods were used to monitor the pro
liferation and viability of C3H10 cells. The CCK-8 cells were cultured on 
96-well plates with a complete medium at a density of 1 × 103. The 
original medium was discarded after 1 day, and the extract was added. 
Afterward, on days 1, 3, and 5, 10 mL of the CCK-8 test liquid were 
added to each well, and after incubating in a cell incubator for 1 h, the 
absorbance was recorded on a microplate reader (450 nm). In the 

Calcein/PI method, the cells were cultured on 12-well plates until the 
density reached 80–90 %. The complete medium was removed and the 
plates were cleaned with PBS twice. Calcein/PI was added in a darkroom 
and observed by fluorescence microscopy.

2.12. Apoptosis

The C3H10 T1/2 cells were cultured in 6 wells with a density of 1 ×
106. The original medium was discarded when the cell density reached 
80 %. To determine the degree of apoptosis, the cells were washed twice 
with cold PBS and resuspended in 1 × binding buffer with a concen
tration of 1 × 106 cells/mL. They were transferred to 100 μL of the so
lution (1 × 105 cells) in a 5 mL culture tube. 5 μL of FITC Annexin V and 
5 μL of PI were added. The cells were gently vortexed and incubated for 
15 min at RT in the dark. 400 μL of the 1 × binding buffer were added to 
each tube, and flow cytometry was performed within 1 h.

2.13. ALP/ARS and quantitative analysis

The osteogenic induction fluid consisted of 500 μL of β-glycer
ophosphate (10 mM), 50 μL of dexamethasone (10 nM), and 100 μL pf 
ascorbic acid (50 μg/mL) in 50 mL of the extract. The original medium 
was discarded when the cell density reached 80 %, and then the induced 
medium was added and replaced every 2 days. The cells were cultured 
on a 6-well plate with a density of 2 × 106. The protein samples were 
prepared by the bicinchoninic acid (BCA) method. ARS staining was 
performed quantitatively on a microplate reader by monitoring the 
absorbance at 562 nm. The ALP activity was determined by culturing the 
cells on 96-well plates with a density of 1 × 103. The original medium 

Fig. 7. Handling properties and hydration tests of MPC, HMPC, and HMMPC: (a) Temperature variation curves within 30 min during solidification; (b) Elevated 
temperature; (c) Setting time; (d) Compressive strength; (e) Conductivity within 30 min during the hydration reaction; (f) Influence of HA complexation on the 
conductivity of MgCl2 solution; (g) Adsorption rates of HMPC and HMMPC.

Table 3 
Injectivity and porosity of MPC, HMPC, and HMMPC.

Sample Injection time 
(min)

Injection rate 
(%)

Porosity 
(%)

Density 
(g/cm3)

MPC 5.36 ± 0.71 44.67 ± 5.96 26.81 ± 0.87 2.50 ± 0.04
HMPC 10.03 ± 0.98 83.58 ± 8.14 23.94 ± 0.84 2.60 ± 0.05
HMMPC 10.84 ± 0.48 90.36 ± 4.01 22.71 ± 0.52 2.74 ± 0.06
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was discarded before staining, and the cells were cleaned twice with 
PBS. The lysis solution was added, and the supernatant was collected by 
centrifugation. It was mixed with the detection regent and incubated for 
30 min at RT (dark environment). The absorbance at 405 nm was 
measured on a microplate reader.

2.14. Real-time PCR

The total RNA was extracted from the cells by the Trizol method and 
reverse transcribed into cDNA. Using Gapdh as the internal reference, 
the qPCR experiments were conducted to detect the expression level of 
osteogenic differentiation characteristic genes in the C3H10 T1/2 cells. 
The primers are shown in Table 1.

2.15. Statistical analysis

The data were expressed as mean ± standard deviation, and the 
statistical differences between three or more groups were analyzed by 
one-way analysis of variance (ANOVA) and Bonferroni post hoc. The 
significance of the difference between two groups was determined by 
the t-test. Statistical analysis was conducted using the SPSS software 
19.0, and the statistical significance was defined as *p < 0.05, **p <
0.01, ***p < 0.001.

3. Results and discussion

3.1. Nanoparticles characterization

The composition, morphology, and microstructure of the 

Fig. 8. In vitro degradation of MPC, HMPC, and HMMPC: (a) Compressive strength and (b) Flexural strength on days 0, 7, 14, and 21; (c) WLR on days 7, 14, and 21; 
(d) SEM images on day 21.

Fig. 9. (a) Photographs of gram-negative E. coli growth on MPC, HMPC, and HMMPC with and without 2 W/cm2 ultrasound for 10 min; (b) Bactericidal rates 
calculated by colony plate counting (*p < 0.05, **p < 0.01, and ***p < 0.001).
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nanoparticles were analyzed. The XRD spectrum of KCC-1 in Fig. 2(a) 
shows only one broad peak around 22◦, corresponding to the disordered 
structure of amorphous silica. As shown in Fig. 2(b), the FTIR spectra of 
the three nanoparticles reveal H-O-H (broad band between 3500 and 
3200 cm− 1) as well as Si-O-Si asymmetrical (1104 cm− 1) and symmet
rical (805 and 471 cm− 1) stretching vibrations from mesoporous silica. 
The peaks at 3100–2710 cm− 1 and 1490–1245 cm− 1 of MK and MKF 
indicate C–H groups. The 1556 cm− 1 peak denotes C–N stretching, and 

the N–H bending peak of the amide coincides. The peak at 1212 cm− 1 

stems from C-O-C of the 1,2,4 tri-substituted benzene ring in melatonin. 
XPS is used to determine the chemical states of MKF (Fig. 2c). The survey 
spectrum shows O, Ni, C, and Si. The Si 2p and O 1 s spectra exhibit only 
Si–O (103.45 and 532.89 eV), suggesting physical adsorption to the 
drug and polymer. The C-O-C (286.35 eV) and C–C (284.76 eV) peaks 
in the C 1 s spectrum and N–H (401.45 eV) and C–N (399.61 eV) peaks 
in the N 1 s spectrum confirm the existence of melatonin and F127 in 

Fig. 10. In vitro biocompatibility of C3H10T1/2 cells treated with cement extracts: (a) Live/dead staining; (b) Cell apoptosis by flow cytometry; (c) Cell apoptosis 
rates; (d) CCK-8 analysis (*p < 0.05, **p < 0.01, and ***p < 0.001).
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MKF. The results confirm that KCC-1 nanoparticles are synthesized and 
the drug-loaded nanocapsules are prepared successfully.

The TEM images in Fig. 3(a) depict the microstructure of the nano
particles. The spherical KCC-1 has a radial structure from the center with 
a large number of mesopores and channels. The holes in MK are filled 
with melatonin and the MKF was further entangled with a layer of F127. 
The SEM images of KCC-1 show that the sphere is formed by fibers in a 
3D manner (Fig. 3b), giving rise to a porous morphology. According to 
the N2 adsorption-desorption test, the BET surface area, pore volume, 
and pore size of KCC-1 are 280.74 m2/g, 1.00 cm3/g, and 13.47 nm, 
respectively (Fig. 3c, d), while those of MK and MKF decrease. 
Compared to the other mesoporous silica, KCC-1 has a larger space and 
sufficient sites supported by the fibrous structure for macromolecular 
drug loading and polymer wrapping [32]. The DLS results in Fig. 2(e) 
show that the mean diameters of the KCC-1, MK, and MKF particles are 
441.83, 478.7, and 582.84 nm, indicating the successful packing of 
melatonin and the formation of an F127 film about 70 nm thick.

3.2. Ultrasound-induced drug release assay

The ultrasound-induced melatonin release of MKF is determined by 
UV–vis spectrophotometry. As shown in Fig. 4(a), the LC and EE values 
of MKF are 20.30 ± 0.32 % and 25.47 ± 0.51 %, respectively, and 
slightly lower than those of MK, maybe due to the depletion of mela
tonin during the wrapping of F127. As shown in Fig. 4(b), the absor
bance and concentration are positively correlated. Fig. 4(c) shows the 

cumulative release of melatonin from MK and MKF at various ultrasound 
intensities (0, 1, 1.5, and 2 W/cm2). The plots of MK with and without 
ultrasound are similar, proving the non-ultrasound responsiveness of 
melatonin. The CRR of the first 24 h accounts for more than 80 % of the 
entire 7 d cycle, demonstrating the characteristics of regular drug 
release. In contrast, the drug release efficiency of MKF improves with 
intensity. Particularly at 2 W/cm2, the CRR reaches 72.45 ± 1.57 %, 
which is 28.35 % higher than that at 0 W/cm2. Compared with MK, MKF 
prolongs the effective action period of the drug under the influence of 
ultrasound. This improves the problem associated with premature 
release and short total release time in conventional release systems, thus 
enabling the reduction of the drug dosage and prolonging the duty cycle.

The mechanism of ultrasound-induced drug delivery is related to the 
thermal and mechanical effects produced by ultrasound radiation. The 
thermal effect is caused by the conversion of acoustic energy into 
thermal energy, leading to a phase transition in the thermosensitive 
polymer to release the encapsulated drug [33]. However, according to 
Fig. 4(d), the CRRs of MKF at 37, 47, and 57 ◦C are almost the same, 
demonstrating that the release is temperature-independent. The me
chanical effect denotes the transfer from acoustic energy into mechan
ical energy, primarily associated with cavitation [30]. The cavitation 
effect is evaluated by TA dosimetry, in which the ultrasonic cavitation 
converts hydroxyl groups in TA into free radicals with fluorescent 
property. The resulting product HTA exhibits a fluorescence peak 
around 425 nm. As illustrated in Fig. 4(e), it is indicated by the fluo
rescence intensity of HTA that the cavitation effect is directly 

Fig. 11. Evaluation of the osteogenic properties of MPC, HMPC, HMMPC, and HMMPC (Us): (a) ALP and ARS staining; (b) Quantitative ALP activity; (c) Quantitative 
ECM mineralization by ARS (*p < 0.05, **p < 0.01, and ***p < 0.001).
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proportional to sonication intensity. The GPC test further verifies how 
the cavitation alters F127. Fig. 4(f) shows that the number average 
molecular weight (Mn) of F127 increases from 2375 g/mol to 2731 g/ 
mol, and the polymer dispersity (PD) decreases from 1.205 to 1.14 after 
2 W/cm2 sonication. Cavitation is a phenomenon where gaseous bubbles 
form, grow, and eventually collapse in the liquid during sonication. 
When bubbles burst, shear stress and shock waves are generated, 
resulting in reversible destabilization of the sonic-sensitive polymer 
[34–36]. The change of Mn implies an increase in the length of the 
polymer chain. As PD becomes closer to 1, the MW distribution becomes 
narrower, and the chain lengths are more even. Accordingly, F127 with 
a small MW may be polymerized due to ultrasound polymer synthesis. 
F127 (EOa-POb-EOc) is a triblock copolymer formed by the polymeri
zation of propylene oxide (PO) and ethylene oxide (EO). It has been 
found that block copolymers can be formed through the combination of 
free radicals in 2–4 min by ultrasound [37]. Therefore, in our study, the 
cavitation effect cleaves F127 to produce active radicals EOa⋅, POb⋅ and 
EOc⋅ as initial materials, which may polymerize to form new copolymers 
EOx-POy-EOz with higher MW. The drug escapes from the F127 package 
in this process, as shown in Fig. 5. However, due to the non-block 
copolymer-forming side reactions, the specific mechanism of ultra
sonic reaction remains incomplete and requires further investigation 
through more sophisticated characterizations in the future [38].

In contrast to endogenous responses, the exogenous ultrasound 
response is non-invasive, and the dosage can be controlled by regulating 
the power and duration in clinical practice [39]. Moreover, the advan
tages over other exogenous responses stem from the biological effect 
produced by cavitation [40,41]. The shear force and shock waves 
generated by the bubbles increase the porosity and permeability of the 
cell membrane, thereby enhancing intracellular drug uptake [42].

3.3. Characterization of cement

The phase composition is analyzed by XRD (Fig. 6a). The 
MgKPO4⋅6H2O peaks emerge at 20.974◦, 21.579◦, and 33.278◦, and the 
MgO peaks are at 36.97◦, 42.937◦, 62.316◦, and 78.63◦, demonstrating 
that the crystal structure remains the same regardless of the addition of 
HA and MKF. As shown by the FTIR spectra in Fig. 6(b), in addition to 
O–H stretching (3500–2500 cm− 1) and H2O bending (1630 cm− 1), the 
peaks at 1085 cm− 1, 808 cm− 1, and 549 cm− 1 reveal PO4

3− in 
MgKPO4⋅6H2O. The HMPC and HMMPC samples also show C–H vi
bration (1410 cm− 1). The results are consistent with those obtained by 
EDS in Fig. 6(c) and Table. 2. As shown in Fig. 6(d), holes are obvious on 
the surface of MPC, while those on the other two samples become 
shallower. At the magnification of 2000× (Fig. 6e), the shape of 
MgKPO4⋅6H2O crystals is similar to that of struvite, which is prism 
growing along the b-axis based on the space group symmetry. After the 
addition of HA, the crystals shorten in the b-axis direction and elongate 
along the a-axis, accompanied by a general decrease in size [43]. The 
changes in the crystal morphology can be attributed to the adsorption of 
HA on the growing nuclei, pre-nucleation clusters and crystal surfaces 
[44]. The modified hydration products reduce the porosity and increase 
the compactness of the cement paste.

3.4. Handling properties and hydration reaction tests

As shown by the temperature variation curves in Fig. 7(a), the 
temperature of the cement rises rapidly, and the increasing rate declines 
until reaching the maximum at 7 (MPC) or 10 min (HMPC and HMMPC) 
and finally decreasing slowly to RT. Compared to the initial tempera
ture, the maximum reaction temperature of MPC increases by 11.31 ±

Fig. 12. Relative osteogenic mRNA expressions of Runx2, ALP, OCN, and COL1A1 (*p < 0.05, **p < 0.01, and ***p < 0.001).
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0.46 ◦C (Fig. 7b), while that of HMPC is only 7.58 ± 1.02 ◦C, indicating 
that HA lowers the reaction temperature. According to Fig. 7(c), the 
setting time of MPC is 7.08 ± 0.31 min, and that of HMPC is 11.83 ±
0.47 min. Correspondingly, the injection rate and injection time of 
HMPC are higher than those of MPC (Table. 3). It is clear from the 
HMMPC data that the MKF nanocapsules have little effect on the tem
perature and time of the hydration reaction. Nevertheless, the addition 
of HA and MKF decreases the porosity and increases the density, 
consistent with the SEM images in Fig. 6(d). As the matrix becomes 
denser, the compressive strength of HMPC (27.12 ± 1.53 MPa) and 
HMMPC (30.19 ± 0.78 MPa) is higher, suggesting that the surgical 
applicability of MPC improves (Fig. 7d).

In order to improve the clinical viability of MPC, it is necessary to 
prolong the solidification time and lower the reaction temperature, so 
the hydration reaction process needs to be retarded. The hydration 
process of MPC is divided into three steps [45,46]:

I: MgO dissolves and releases Mg2+ and OH− . Mg2+ undergoes a 
hydrolysis reaction with H2O and creates a positively charged sol (Eqs. 
6–7).

II: The sol reacts with K+ and H2PO4
− to form a loose phosphate gel 

(Eq. 8).
III: The gels saturate and precipitate to form well-connected ceramics 

with unreacted MgO as the nucleation points.
The dissolution and hydrolysis processes in step I are the controlling 

steps in forming MPC, and the acid-base reaction is exothermic. Their 
equations are simplified as below: 

MgO+H2O→Mg2+(aq)+ 2OH− (6) 

Mg2+(aq)+H2O→Mg(OH)
+
(aq)+H+ (7) 

Mg(OH)
+
+K+ +H2PO4

− +5H2O→MgKPO4⋅6H2O+H+ (8) 

Combining the above formula and Fig. 7(e), the conductivities of the 
cement pastes rise rapidly, then increase slowly to the peak, and finally 
decline. Compared to the blank group, the initial rises in the conduc
tivity of the HMPC and HMMPC groups are more gradual, which means 
the dissolution of MgO may be inhibited. The delay in the peak indicates 
that HA retards the saturation of the phosphate sol. The rate of con
ductivity decline slows down in the final stage, suggesting that HA 
probably influences the nucleation and crystallization processes of hy
dration products at step III. The overall changes in conductivity 
demonstrate that HA can inhibit the dissolution of reactants and the 
precipitation and growth of hydration products.

HA is a macromolecular polysaccharide, and according to previous 
research, the possible retardation mechanisms are based on the 
complexation theory and adsorption theory. The complexation theory 
refers to the formation of complexes between Mg2+ and carboxyl and 
hydroxyl groups in HA, which inhibit the hydrolysis reaction and delay 
the precipitation of hydration products [48]. If complexed Mg2+ with 
poor migration ability is generated, the conductivity of the system will 
decrease. From Fig. 7(f), excluding the inherent interference of HA, the 
conductivity of MgCl2 solution decreases as HA concentration increases, 
indicating that HA induces complexation. Meanwhile, the complex ef
fect becomes more pronounced with more hydroxyl and carboxyl 
groups. However, when the concentration reaches 5 mmol/L, the con
ductivity only decreases by 125 μS/cm. This means the complexation 
rate of HA for Mg2+ with the same concentration is only 9.55 %, making 
the complex effect relatively weak. The adsorption rates of HMPC and 
HMMPC obtained from the TOC test are 61.12 ± 1.60 % and 61.75 ±
2.73 %, respectively, implying strong adsorption effects of HA (Fig. 7g). 
It can be inferred that HA adsorbs onto the surface of the MgO particles 
to form a thin film and prevent them from reacting with water. They 
may also cover the surface of the hydration products to inhibit further 
growth, which is reflected in the slowing decrease in conductivity of the 
HMPC and HMMPC groups [49].

3.5. In vitro degradation

The cement samples were soaked in PBS for 21 days to determine the 
in vitro degradation behavior. As shown in Fig. 8(a), the compressive 
strength of the three cement samples keeps rising and reaches maximum 
values of 26.34 ± 2.95, 30.39 ± 4.12, and 32.44 ± 3.41 MPa on day 14 
and then decreases until the 21st day. The trend in flexural strength is 
comparable, with the maximum value of 6.75 ± 0.16 MPa occurring on 
the 14th day in HMPC group (Fig. 8b). After three weeks of immersion, 
the compressive and flexural strengths of all three groups were generally 
higher than initial levels, demonstrating that the bone cements maintain 
stability during this period. As shown in Fig. 8(c), the WLR tends to 
increase overall. The MPC surface is corroded into fibers after 21 days, 
while the other two groups are in better condition (Fig. 8d). The 
compressive strength, flexural strength and WLR of HMPC and HMMPC 
are consistently superior to MPC throughout the immersion cycle, 
indicating the resistance to substrate corrosion. This is probably due to 
higher anchoring strength in the matrix and better cohesiveness with HA 
and MKF incorporation [50]. The change in compressive strength is 
perhaps influenced by two factors. The increase in the first 14 days may 
be dominated by the continuous transformation of hydration products 
and refinement of pores, while the decrease thereafter results from 
prevailing degradation [51,52].

3.6. Antibacterial properties

The antibacterial properties of the cement samples are assessed by 
the plate-counting method. As shown in Fig. 9(a), the largest number of 
colonies is found in the medium of the MPC group. The antibacterial rate 
of the HMPC group is higher than that of the MPC group (Fig. 9b), 
probably due to the ability of HA to retard bacterial adhesion and bio
film formation [53]. After the addition of MKF, the antibacterial ratio 
rises to 76.77 ± 1.06 %, suggesting that melatonin resists gram-negative 
bacteria by inhibiting bacterial citrate synthase [54]. Finally, 91.04 ±
1.44 % of the bactericidal effect is observed from the HMMPC (Us) 
group. The improvement may be attributed to melatonin release upon 
ultrasound treatment and reactive oxygen species (ROS) produced by 
sonodynamic therapy (SDT) [55]. The SDT efficacy occurs only when 
the acoustic sensitizers are combined with ultrasound stimulation to 
produce cytotoxic ROS that kill microorganisms.

3.7. In vitro biocompatibility

The in vitro biocompatibility is evaluated based on the proliferation, 
viability, and apoptosis of C3H10T1/2 cells. According to the fluores
cence microscopy images after live/dead staining in Fig. 10(a), dead 
cells are absent from all the samples, indicating that MPC, HA, and drug- 
carrying nanocapsules are non-cytotoxic. As determined by flow 
cytometry, the cell apoptosis rate is the sum of late apoptotic cells (Q2 
region in the scatter plot) and early apoptotic cells (Q3 region) 
(Fig. 10b). The apoptosis rates of the four groups are smaller than 4 %, 
with the lowest of 2.83 % observed from the HMMPC (Us) group 
(Fig. 10c). This demonstrates that the ultrasonically treated HMMPC 
inhibits apoptosis and is biocompatible in vitro. Furthermore, as shown 
in Fig. 10(d), the cell viability exhibits an overall upward trend during 5- 
day culturing. While the cell activity of the HMPC group and MPC group 
is similar, that of the HMMPC and HMMPC (Us) groups are enhanced on 
days 3 and 5, indicating promoted cell proliferation, with the most 
remarkable effect observed in HMMPC after sonication.

3.8. Osteogenic capacity

ALP staining, ARS staining, and osteogenic gene expression are 
performed to analyze the effects on osteogenic induction. As shown in 
Fig. 11(a), ALP and ARS staining is positive for the C3H10T1/2 cells 
treated with the four groups of cement extracts, indicating enhancement 
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in both early and late osteogenic differentiation. HA, MKF, and ultra
sound treatment significantly (p < 0.001) improve the ALP activity 
(Fig. 11b), especially the HMMPC (Us) showing the highest ALP in
tensity. The ARS absorbance represents the degree of Ca2+ deposition 
and reflects the level of extracellular matrix (ECM) mineralization in the 
late differentiation stage. Similarly, the HMMPC (Us) group shows the 
highest level of mineralization, which is 2.88, 2.12, and 1.24 times 
higher than those of the other three groups, respectively (Fig. 11c). 
Quantification of ALP and ARS indicates that HMMPC (Us) has the 
optimal ability to improve early and late osteoclast differentiation. The 
expression levels of the osteogenesis-related transcription factor Runx2 
and osteogenesis-specific matrix proteins ALP, OCN, and COL1A1 are 
measured. As shown in Fig. 12, the expression levels of these genes in the 
MPC group are comparable after the 7th and 14th days, implying little 
facilitating effects. The expression levels are higher than that of the MPC 
group. In particular, the HMMPC (Us) group shows the most significant 
up-regulation (p < 0.001), suggesting the optimal promotion of osteo
genic differentiation by HA and MKF after the ultrasound treatment.

4. Conclusions

The magnesium phosphate bone cement HMMPC doped with HA and 
ultrasound-responsive melatonin-loaded nanosilica MKF is prepared. 
The complexation and adsorption of HA retards the hydration of 
HMMPC, giving rise to superior physicochemical properties compared to 
conventional MPC. HMMPC has a reaction temperature of 31.41 ±
0.79 ◦C, a setting time of 11.9 ± 0.78 min, and an injectability of 90.36 
± 4.01 %, boding well for surgical applications. The cavitation mecha
nism of ultrasound-triggered drug release is investigated, and drug 
release can be controlled by modulating the intensity and duration of 
ultrasound to improve the effective duration and utilization. In vitro 
assessment corroborates the excellent antibacterial properties, cyto
compatibility, as well as osteogenic capacity. The favorable compressive 
strength, degradation resistance, antimicrobial properties, biocompati
bility, and osteogenesis render it a viable bone substitute. Nevertheless, 
several limitations are presented by this study. Firstly, the potential 
damage that ultrasound cavitation could inflict on surrounding cells and 
tissues requires systematic evaluation. What's more, the long-term reli
ability and stability of cements remain to be tested through fatigue 
performance and dynamic load response. Most importantly, the clinical 
efficacy of HMMPC is still unknown due to the lack of in vivo experi
ments. In summary, while this research reveals an effective strategy for 
developing multifunctional cement for orthopedics, the ultimate clinical 
translation depends on further investigation.
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