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Mesoporous bioactive glass (MBG) is widely used in bone tissue repairing and

drug loading. However, burst release of drug and poor compatibility with other

materials limited its application. It is an effective way to modify MBG with a

polymer brush to improve the properties. Herein, an alginate-modified MBG

was prepared, and then, the effects of ALG on the properties of MBG were

investigated. The results demonstrate that ALG could improve the drug loading

efficiency, prolong drug release times, and make orderly deposition of apatite

on the surface of MBG. Furthermore, MBG@ALG significantly promoted the

osteogenic differentiation of MC3T3-E1 cells, demonstrating that surface

modification of MBG by ALG can improve its properties, which will further

broaden the application of MBG in tissue engineering.
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1 Introduction

Bioactive glass (BG) is widely used in bone tissue engineering scaffold (Vallet-Regi

and Salinas, 2021) and polymer composites for bone regeneration (Zhao et al., 2021) due

to its excellent biocompatibility and osteogenic properties. Mesoporous bioactive glass

(MBG) not only possesses the advantages of BG but also showed superior in vitro bone-

forming bioactivities (Rahaman et al., 2011; Schumacher et al., 2021), high porosity, and

specific surface area. Therefore, MBG has been widely used as a drug delivery system

(Lopez-Noriega et al., 2010) for the treatment of bone tissue diseases; for example, various

functional molecules, such as small molecule drugs (alendronate) (Ravanbakhsh et al.,

2019) and growth factors (BMP-2, VEGF) have been loaded into MBG (Kim et al., 2016;

Schumacher et al., 2017). However, the poor binding ability with other materials

(Kargozar et al., 2019), burst release of drugs, and easy formation of protein crowns

in biological media (Pontremoli et al., 2020; Sharifi et al., 2022) have limited the

application of MBG. Therefore, it is of much importance to tailor the properties of

MBG to improve its applications.
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The surface of nanomaterials play critical roles in many

physical and chemical processes, while the surface ligands or

molecules binding to the surface are essential components of

nanomaterials and affect its interactions with other materials or

biological systems (Kango et al., 2013; Boles et al., 2016), and thus

many works have been carried out to tune the surface of

nanomaterials with organic ligands and polymer brushes

(Boles et al., 2016; Heinz et al., 2017). As for MBG, the

surface molecules or polymer brushes may work as

gatekeepers and tune its drug delivery ability, for example,

various molecules, such as 3-aminopropyltrimethoxysilane

(Wang et al., 2018) and poly-L-glutamic acid (Das et al.,

2021) have been used to enhance its drug loading efficiency

and prolong the drug release time. In addition, the surface

polymer brushes may have great effect on the bioactivity of

MBG (Kargozar et al., 2019), which will greatly affect the

biomineralization of the apatite and the binding ability of

MBG to tissues. For example, poly (amidoamine) (PAMAM)

dendrimer-coated mesoporous bioactive glass nanoparticles

(MBG) (PAMAM@MBG) were prepared and used for

treatment of dentine hypersensitivity (Bae et al., 2019), while

the results demonstrated that the PAMAM@MBG had excellent

mineralization ability and showed a better occluding effect for

dentinal tubules than that of MBG. In addition, the surface

modification of nanomaterials improves the phase

compatibility between nanomaterials and polymer matrix, and

thus improves the mechanical properties of polymer composites

(Kango et al., 2013). For instance, polydopamine has been coated

on the surface of MBG, which greatly improves the mechanical

properties of MBG/PLLA scaffolds (Xu et al., 2018). Generally, it

has been an effective method to graft polymers or organic

molecules on the surface of MBG to improve its charming

properties. However, it is still a great challenge to modify the

surface of MBG with mild conditions and improve multiple

performances of MBG simultaneously.

Alginate (ALG) is an anionic polymer with good

biocompatibility and low toxicity, and has been widely applied

in biomedical applications (Lee and Moone, 2012). ALG can be

tethered on the surface of nanomaterials to improve the colloidal

stability of various nanobuilding blocks. For example, ALG-

modified SiO2 (Yan et al., 2019), carbon nanotubes (Yao

et al., 2021), and upconversion nanoparticles (Cao et al.,

2020) show good colloidal stability and biocompatibility.

Furthermore, the ALG molecules can also reduce protein

adsorption to nanomaterials and inhibit the formation of

protein crowns. Mooney’s group prepared cysteine-

functionalized ALG--derived polymers as stabilizers to coat

the surface of gold nanoparticles (GNPs), which increase the

stability of the GNPs and reduce the adsorption of proteins on

GNPs (Kodiyan et al., 2012). In addition, ALG has

immunomodulatory effect, which can accelerate the wound

healing by promoting the anti-inflammatory polarization of

macrophages (Bygd and Bratlie, 2016; Kerschenmeyer et al.,

2017). In addition, the ALG polymers contain multiple

reactive groups, such as hydroxyl and carboxyl groups, which

could be an ideal candidate for the further functionalization of

materials with special functions, for example, cell targeting

ligands and therapeutic drugs (Ahmad Raus et al., 2021).

Therefore, it is definite that ALG as a polymer brush can

greatly alter the biological properties of nanomaterials. Herein,

if ALG was combined with MBG, the advantages of both the

materials may have synergistic effect and realize the

improvements of the multifunction of MBG.

In this work, ALG was grafted on MBG (MBG@ALG) via a

simple method (Figure 1), and all the reactions were conducted at

mild temperature and no toxic solvents were used. In addition,

the method is universal and can be used to modify the surface of

other kinds of nanomaterials and improve their properties. In

addition, the effect of ALG on drug loading efficiency, bioactivity,

biocompatibility, and osteogenic properties of MBG were

investigated. The results demonstrated that ALG brush can

enhance drug loading efficiency, prolong drug release time,

promote the orderly deposition of apatite, and improve

osteogenic performance of MBG, having a positive effect to

improve the performance of MBG and broaden its application

in bone tissue engineering.

2 Materials and methods

2.1 Materials

Hexadecyl trimethyl ammonium bromide (CTAB, 98%),

tetraethyl orthosilicate (TEOS), triethyl phosphate (TEP),

calcium nitrate tetrahydrate (Ca(NO3)2.4H2O), ammonium

hydroxide (NH3.H2O), and ethanol were purchased from

Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China.).

Sodium alginate (ALG, the viscosity of ALG (1%, Brookfield

LV, 20°C) is 350–550 cP), 3-aminopropyltrimethoxysilane

(APTES), ethyl-3-(3-dimethylaminopropyl) carbodiimide

hydrochloride (EDC), N-hydroxysuccinimide (NHS, 98%),

and sodium alginate (98%) were purchased from Aladdin

Scientific Co., Ltd. (Shanghai, China). Acridine orange/

ethidium bromide was purchased from BestBio Co., Ltd.

(Shanghai, China). The MTT kit and Alkaline Phosphatase

Color Development Kit were purchased from Beyotime Co.,

Ltd. (Shanghai, China). Alizarin Red S (ARS) staining was

purchased from Solarbio Co., Ltd. (Beijing, China).

2.2 Methods

2.2.1 Preparation of MBG@ALG
First, MBG was synthesized by a reported method

(Ravanbakhsh et al., 2019). Briefly, 0.7 g of CTAB was

dissolved in 33 ml of water under stirring, and then 10 ml of
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ethyl acetate was added. 30 min later, 7 ml of aqueous ammonia

(3 mol. L−1) was added. 15 min later, 3.6 ml of TEOS, 0.36 ml of

TEP, and 2.277 g of Ca(NO3)2.4H2O were sequentially added to

the abovementioned mixture at every 30 min interval. The

solution was vigorously stirred for another 4 h, the precipitate

was collected by centrifugation, and then washed three times with

ethanol and water in turn. The raw product was dried at 60°C for

24 h and then calcined at 650°C for 6 h to obtain MBG.

Second, 0.3 g of MBG and 0.6 ml of APTES were added in

100 ml of ethanol, and then the mixed solution was refluxed at

80°C for 24 h. The precipitate was collected by centrifugation,

washed three times with ultrapure water, and freeze-dried to

obtain MBG@NH2.

Third, 0.25 g of ALGwas dissolved in 50 ml of water and stirred

for 24 h, then 0.2399 g of EDC and 0.1439 g of NHS were added in

the solution and stirred for 2 h. 0.25 g of MBG@NH2 was added in

the abovementioned solution and stirred for 24 h and then

centrifuged and washed with deionized water and lyophilized.

2.2.2 Characterization
The weight loss of different samples was measured by using a

thermal gravimetric analyzer (TGA, Perkin Elmer, TGA 4000,

United States). The crystalline structure was measured on X-ray

diffraction (XRD, SmartLab 9 KW, Japan). The morphology of

different samples was observed using a transmission electron

microscope (TEM, JEOL, JEM-2100, Japan) and scanning

electron microscope (SEM, Thermo Fisher Scientific, Apero C

HiVac, United States).

2.2.3 Drug loading and release
Simvastatin (SIM) was used as amodel drug. Briefly, 10 mg of

MBG and MBG@ALG was dispersed in 10 ml of ethanol, and

5 mg of SIM was added and stirred for 24 h, respectively. Then,

the supernatant was centrifuged and the absorbance value at

238 nm of the supernatant was measured. The mass of SIM in the

supernatant was calculated using the measured SIM standard

curve. The loading efficiency (%) and drug content (%) were

calculated using the following formula:

Loading ef f iciency (%) � (weight of drug inMBG/initial weight of drug) × 100%,

Drug content (%) � (weight of drug inMBG/weight of MBG) × 100%.

in vitro drug release of SIM from MBG and MBG@ALG was

performed by the dialysis bag diffusion method. 2 mg of MBG

and MBG@ALG loaded with SIM was suspended in 2 ml of

phosphate-buffered saline (PBS, pH7.4) and introduced into the

dialysis bag. The dialysis bag was kept at 30 ml of PBS containing

20% ethanol and transferred to constant temperature shaker. At

each time point (1, 3, 12, 24, 24, 48, and 96 h), 2 ml of the release

medium was taken out and replaced with equal amounts of fresh

medium. The amount of released SIM was evaluated by

ultraviolet-visible (UV) analysis at a wavelength of 238 nm.

FIGURE 1
Schematic illustration of the construction of MBG@ALG (A) and reaction scheme (B).
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2.2.4 Bioactivity test in simulated body fluids
An SBF (simulated body fluid) solution was first prepared

according a reported method (Kokubo and Takadama, 2006),

and then 20 mg of MBG and MBG@ALG powder were soaked in

20 ml of SBF at 37°C for 7 days in a shaking incubator. The SBF

was refreshed every 24 h. Then, SEM was conducted to evaluate

apatite formation.

2.2.5 Biocompatibility test
The samples were irradiated under UV for 2 h, and then added

into a culture medium. The concentration was diluted with a culture

medium to 500, 250, 125, 50, and 25 μg/ml 100 μl of the culture

medium containing MC3T3-E1 cells at a density of 8 × 104 cells/mL

were seeded into a 96-well plate and incubated for 24 h for cell

attachment. Subsequently, the culturemediawas replacedwith 100 μl

of materials at concentrations of 500, 250, 125, 50, and 25 μg/ml.

After the cells were coincubated with nanoparticles for 24 h, the

medium was sucked out and PBS was added for washing several

times, then the MTT reagent (10 μl) mixed with 100 μl of fresh

mediumwas added to each well. After 4 h of incubation, themedium

was removed and 150 μl of DMSO was added to fully dissolve the

formazan, and then the OD value at 490 nm was measured.

AO/EB (Acridine Orange/Ethidium Brmide) staining was used

to further detect the apoptosis of MC3T3-E1 cells. 100 μl of culture

media containing MC3T3-E1 cells at a density of 8 × 104 cells/mL

were seeded into a 96 plate and incubated at 37°C under atmosphere

of 5% CO2 for 24 h. Subsequently, the culture media was replaced

with 100 μl of fresh medium containing samples at various

concentrations of 500, 250, 125 μg/ml. After 24 h co-incubation,

fresh medium was used to wash each well several times, and then

AO/EB reagent was added to each well for 30 s. Finally, the survival

of cells was observed by fluorescence microscopy.

2.2.6 Osteogenesis differentiation
100 μl of culture media containing MC3T3-E1 cells at a

density of 1 × 104 cells/mL were seeded into a 96-well plate

and incubated at 37°C under atmosphere of 5% CO2 for 24 h.

Subsequently, the culture media was replaced with 100 μl of

medium containing samples at concentrations of 250 μg/ml.

After 7 and 14 days, PBS was used to wash the plate several

times, and the cells were fixed with 4% paraformaldehyde for

30 min. Then, the cells were stained with Alkaline Phosphatase

(ALP) Color Development Kit and Alizarin Red S (ARS)

Staining.

3 Results and discussion

3.1 Characterization of different samples

MBG was spherical, mono-dispersed, and porous particles

(Figures 2A,B), the diameter of MBG was 222 ± 19 nm

(Figure 2C). When ALG was grafted on the surface of MBG,

a polymer coating could be clearly observed on the surface of

MBG (Figures 2D,E), and the mean diameter of the MBG@ALG

was 232 ± 22 nm (Figure 2F), which demonstrated that ALG was

successfully grafted onto the MBG surface.

In the FT-IR spectrum of MBG, the peaks at 1,080 cm−1,

806 cm−1, and 1,633 cm−1 (Figure 3A) were ascribed to Si–O–Si,

O–Si–O, and Si–OH bands, respectively (Yan et al., 2017). For

the spectrum of MBG@ALG, a new peak located at 944 cm−1 was

corresponded to the C─O stretching, which was derived from

ALG (Ding et al., 2021), demonstrating that ALG was

successfully anchored onto MBG. The XRD patterns displays

a wide-angle diffraction peak centered at 2θ = 20.4°, which was

attributed to the amorphous nature of pristine MBG. After ALG

was grafted, the wide-angle diffraction peak did not change,

which is in consistence with the pattern of MBG (Figure 3B),

demonstrating that the original crystalline structure of MBG

remains unaltered after ALG surface modification. The TGA

results showed that the weight loss of MBG@ALG was 24.7%,

which consist of 5.2% weight loss of absorbed solvent before

150°C and 19.5% weight loss of the ALG between 150 and 800°C

(Figure 3C). The 13.4% weight loss of MBG was due to the

absorption of the solvent. The results show that the ALG coating

was successfully prepared on the MBG surface.

The N2 adsorption isotherms and pore size distribution of

MBG, MBG@NH2, and MBG@ALG demonstrated the

characteristic of mesoporous (Figure 4). The surface area, pore

volume, and pore diameter of MBG were 196 m2/g, 0.55 cm3/g,

and 11.3 nm (Table 1), respectively. After being treated with

APTES, the surface area, pore volume, and pore diameter showed

some changes, and the corresponding results of MBG@NH2 were

found to be 171 m2/g, 0.458 cm3/g, and 10.7nm, respectively.

When ALG polymer chains were grated with MBG@NH2,

evident changes of the surface area, pore volume, and pore

diameter of MBG@ALG were found, and the results were

162 m2/g, 0.427 cm3/g, and 10.5 nm (Table 1), respectively,

much smaller than that of MBG, further demonstrating that

ALG was successfully grafted on the surface and have an evident

affection on its physical properties.

3.2 Drug loading and release assays

The surface can significantly alter the drug loading efficiency

and the drugs release time, and various surface molecules are

found to be very useful for improving drug delivery (Cui et al.,

2020). SIM was selected as a model drug, the loading efficiency of

MBG was 24.5% (Xiao et al., 2019a; Xiao et al., 2019b). After ALG

polymer chains were grated on the MBG, the loading efficiency

was found to be improved, and the result was 31.2% (Figure 5A).

The drug content of MBG and MBG@ALG was 12.2% and 15.6%,

respectively (Figure 5B). The results demonstrated that ALG

polymer chains can significantly improve the drug loading

efficiency of MBG.

Frontiers in Bioengineering and Biotechnology frontiersin.org04

Yao et al. 10.3389/fbioe.2022.994925

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.994925


The drug release curves of MBG and MBG@ALG can be

divided into three stages (Figure 5C). In the first stage, a burst

release could be observed in the curves of MBG and MBG@ALG,

which can be ascribed to the adsorbed SIM on the surface of

MBG and MBG@ALG, rapidly diffusing into the solution. In the

second stage, the release velocity of the SIM was significantly

lower than that of the first stage, while this period of drug release

is resulted from the SIM molecules which have entered the

mesoporous channel, and therefore it takes a long time for the

drug molecules to diffuse into the solution. However, when

compared with the drug release curves in the second stage, it

can be found that the release rate of SIM fromMBG is faster than

that of MBG@ALG. This is because the ALG polymer chains on

the surface of MBG@ALG can hinder the diffusion of the SIM. In

the third stage (after 48 h), the drug release rate decays to nearly

zero, which means that, in this stage the drug diffusion and drug

adsorption is dynamically balanced.

Furthermore, as shown in Figure 5C, in the second stage,

there was an evident linear region both in the curves of MBG and

MBG@ALG (shown in the rectangle), the drug release rate is

FIGURE 2
TEM images of MBG (A,B) and MBG@ALG (D,E). Particle size analysis of MBG (C) and MBG@ALG (F).

FIGURE 3
(A) FTIR spectra of MBG and MBG@ALG, (B) XRD patterns of MBG and MBG@ALG, and (C) TGA curve of MBG, MBG@NH2, and MBG@ALG.
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linear with time, which is consistent with the zero-order kinetics

(Marcos Luciano, 2015). In addition, on considering the porous

structure of MBG and MBG@ALG, we try to use the Higuchi

model to describe the release of SIM, the relationship between

drug release amount and the square root of time was calculated

and shown in Figure 5D, showing linear relationships and

equations, implying that the release profiles can be explained

via the Higuchi model, and this result is also consistent with the

published work about MBG (Xiao et al., 2019a; Zhu and Stefan,

2019). All these results may demonstrate that ALG modification

can improve the drug loading efficiency of MBG and prolong the

drug release time without affecting its release mechanism.

3.3 In vitro bioactivity

The surface ligands have great influence on mineral deposition,

such as defining the mineral-deposition site and affecting the

morphology of apatite (Meldrum F, 2008; Gordon and Joester,

2011). The SEM images showed both MBG and MBG@ALG are

spherical nanoparticles with a particle size of about 200 nm

(Figures 6A,B). After treated in SBF, many irregular apatite plates

are formed around MBG (Figure 6C), which may be that the

released Ca2+ increases the concentration of Ca2+ around MBG,

inducing nucleation and the growth of apatite. Generally, due to the

biodegradation ability of MBG, when the MBG samples were

immersed into the SBF solution, the mineralization behaviors

also happens and this may be a dissolve-regrowth scheme. After

the ALG polymer chains were grafted on MBG, compared with

MBG that treated with SBF for 7 days, a regular and tightly arranged

plate structure can be observed on the surface of the MBG@ALG

(Figure 6D). Since SBF were used as a mineralization medium, the

ALG can chelate Ca2+ from the solution and induce nucleation as

crystal seed, therefore, orderly growth of apatite on the surface of

MBG@ALG formed, in addition, the amount of plate apatite of

MBG@ALG (Figure 6D) is much more than that of MBG

(Figure 6C), demonstrating that grafting of ALG can control the

morphology and accelerate the mineralization of apatite, which may

broaden the application of MBG in bone tissue engineering.

3.4 Biocompatibility test of MBG and
MBG@ALG

MBG and MBG@ALG show excellent biocompatibility, even

when the concentration of the materials reached to 500 μg/ml.

FIGURE 4
N2 adsorption–desorption isotherms (A) and pore-size distribution (B) of MBG, MBG@NH2, and MBG@ALG.

TABLE 1 Summary of the including specific surface area, pore volume, and pore size as determined from N2 adsorption–desorption isotherms.

Sample Specific
surface area (m2/g)

Pore volume (cm3/g) Pore size (nm)

MBG 196 0.552 11.3

MBG@NH2 171 0.458 10.7

MBG@ALG 162 0.427 10.5
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FIGURE 5
(A) Loading efficiency of MBG and MBG@ALG, (B) drug content of MBG and MBG@ALG, (C) release curves of MBG and MBG@ALG, and (D) the
linear relationship between drug release and the square root of release time at the Higuchi model release phase.

FIGURE 6
SEM image of MBG (A) and MBG@ALG (B). SEM image of MBG (C) and MBG@ALG (D) after treated with SBF for 7 days.
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FIGURE 7
(A) Cell viability of MC3T3-E1 cells after being cocultured with MBG and MBG@ALG. (B) AO/EB staining fluorescence images of MC3T3-E1 cells
after being cocultured with MBG and MBG@ALG. (Bar = 100 μm n = 5, *p < 0.05, **p < 0.01)

FIGURE 8
(A) ALP staining after MC3T3-E1 cell was cocultured with MBG and MBG@ALG for 7 days. (B) ARS staining after MC3T3-E1 cell was cocultured
with MBG and MBG@ALG for 14 days. (C) ARS staining quantification after 14 days. (Bar = 500 μm, ***p < 0.001)
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When the concentration was 25 μg/ml, the cell viability of MBG

and MBG@ALG was 108% and 127%, respectively. At the

concentration of 50 μg/ml, the cell viability of MBG and

MBG@ALG was 117% and 125% (Figure 7A), respectively.

These indicate that MBG and MBG@ALG can significantly

promote cell proliferation at low concentrations, and the cell

viability of MBG@ALG is significantly higher than that of MBG

at the same concentration. When the concentration of MBG was

100 , 250 , and 500 μg/ml, the cell viability was 104%, 96%, and

100%, respectively. When the concentration of MBG@ALG was

100 , 250 , and 500 μg/ml, the cell viability was 107%, 94%, and

95%, respectively (Figure 7A). MBG and MBG@ALG showed

good compatibility at these concentrations, and the effects of

MBG and MBG@ALG on cell viability at these concentrations

were not significantly different.

AO/EB staining further verified the excellent

biocompatibility of MBG@ALG (Figure 7B). The cells

survived well after being cocultured with the material (green

fluorescence), with only a few apoptotic cells (red fluorescence).

These results of MBG@ALGwas biocompatible and can promote

cell proliferation at low concentrations.

3.5 Osteogenesis differentiation of
MC3T3-E1 cells

MBG has good osteoconductivity and osteoinductive

properties, which can promote the osteogenic differentiation

of cells. ALP, an early marker of osteogenic differentiation

and mineralized nodules-a late marker of osteogenic

differentiation, were detected by ALP staining and ARS

staining, respectively. After the cells were cocultured with the

MBG andMBG@ALG for 7 days, respectively, the purple color in

the MBG@ALG group was significantly stronger than that in the

MBG group (Figure 8A), indicating that the cells in the MBG@

ALG group expressed more ALP. This result demonstrated that

MBG@ALG has a great effect on promoting the early osteogenic

differentiation of MC3T3-E1 cells. After 14 days of coculture, the

ARS staining images and quantification date showed that the

number and density of mineralized nodules in the MBG@ALG

group were higher than those in the MBG group (Figures 8B,C),

indicating that MBG@ALG had an excellent effect on promoting

extracellular matrix mineralization. These results demonstrate

that the surface modification of ALG promotes both early

osteogenic differentiation and late osteoblast maturation,

which will further broaden the application of MBG.

4 Conclusion

In this work, an ALG-modified MBG was successfully

prepared (MBG@ALG), while the ALG chains on the

surface of MBG could improve the drug loading efficiency

and restrain the drug release speed. Furthermore, MBG@ALG

showed excellent biocompatibility and could promote the

osteogenic differentiation of cells, demonstrating that the

surface functionalization of MBG with ALG has a

significant impact on its properties, which may promote

the further application of MBG in drug delivery and bone

tissue engineering.
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