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Bone morphogenetic protein-2 (BMP-2) is considered as one of the most effective and extensively used 

growth factor to induce osteoblast differentiation and accelerate bone regeneration. Dexamethasone (Dex) 

with suitable dosage can enhance the BMP-2-induced osteoblast differentiation. To strengthen this 10 

synergistic osteoinductive effect, a pH-responsive chitosan-functionalized mesoporous silica 

nanoparticles (chi-MSNs) ensemble was fabricated for dual-delivery of BMP-2 and Dex. The MSNs are 

prepared by a CTAB-templated sol-gel method, and further coated by chitosan via the crosslinking of 

glycidoxypropyltrimethoxysilane (GPTMS). The small Dex is encapsulated in the mesopores and the 

large BMP-2 is incorporated into the chitosan coating. These chi-MSNs can quickly release BMP-2 in a 15 

bioactive form and then can be efficiently endocytosed and further realize a controlled release of Dex 

with the decreased pH value into/in cells. With the synergistic action of BMP-2 and Dex outside and 

inside the cell, this dual hybrid delivery system can significantly stimulate osteoblast differentiation and 

bone regeneration in vitro and in vivo. Together, this dual-delivery strategy for osteogenic protein 

delivery may enhance clinical outcomes by retaining the bioactivity and optimizing the release mode of 20 

the drug/protein. 

1. Introduction  

Diseases involving bone defects and bone loss are a major 

clinical and public health problem, especially in elderly 

population. Regulation of bone formation and turnover is a 25 

complex process involving many paracrine, endocrine, and 

autocrine growth factors.1, 2 Bone morphogenetic protein-2 

(BMP-2), a member of the transforming growth factor beta (TGF-

β) superfamily of proteins, is considered as one of the most 

notable cytokines with the ability to induce osteoblast 30 

differentiation and enhance bone formation and regeneration.3-5  

Dexamethasone (Dex), one of the earliest known and most 

readily available glucocorticoids, is proven to be an effective 

stimulator to enhance the BMP-2-induced osteoblast 

differentiation.6, 7 This synergistic effect of BMP-2 and Dex are 35 

greatly dependent on the cell line and the dosage of Dex. For 

example, BMP-2 and appropriate dosage of Dex could 

cooperatively increase alkaline phosphatase levels in mouse 

C3H10T1/2 pluripotent stem cells8 and modulate osteoblast 

differentiation in bone mesenchymal stem cells (bMSCs).9  40 

Presenting BMP-2 in a surface-associated fashion can better 

mimic the native physiology and potentially enhance its effective 

delivery and biological effects.10, 11 Substantial investigations 

have confirmed that BMP-2 requires combination with a 

biomaterial matrix to attain maximal efficacy. Meanwhile, as a 45 

member of TGF-β, BMP-2 first binds to the specific BMP 

membrane receptors, and then initiates the downstream signal 

transduction pathways inside cells 5. That is to say, an ideal 

matrix for BMP-2 could not only promote efficient non-covalent 

immobilization, but also encourage proper presentation of the 50 

receptor-binding portion to the surface of the targeted cells. As 

another stimulator, Dex induces osteoblast differentiation in 

typical time- and concentration-dependent manners.6 More 

importantly, Dex exerts its osteoactivity via binding to the 

glucocorticoid receptor within the cellular cytosol.12 Therefore, to 55 

promote osteoblast differentiation efficacy, Dex must be 

transported intracellularly and then release in a controlled 

manner. Several researchers have, in fact, developed carriers to 

facilitate the cellular uptake of Dex.13, 14 However, the “premature 

release” often limits the efficacy and undesirably increases the 60 

dosage of Dex. Inspired by the above, we hypothesize that a dual-

delivery system, which can bind BMP-2 in a bioactive form and 

dissociate it to bind with the specific cellular receptors at the 

injured site, and simultaneously transport Dex into the cell and 

further release it in the cytosol, should be a more favorable 65 

platform to potentiate the synergistic effect of BMP-2 and Dex.  

Currently, co-load and co-delivery two or more agents, such as 

genes, proteins or therapeutic drugs, with complementary or 

synergistic effect are attracting tremendously interests in 

nanomedicine to achieve combined therapy.15 The key for such 70 
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therapy is to design dual delivery system that can deliver drugs to 

desirable sites or control the release behavior of varied drugs 

independently. Due to the uniform and tunable pore structure, 

versatility in surface functionalization, and better cellular 

membrane-penetrating capacity, mesoporous silica nanoparticles 5 

(MSNs), especially within the 100 - 200 nm range, have been 

widely used as advanced nanocarriers for intracellular delivery.16-

19 In particular, with the unique parallel pores and openings, 

MSNs-based stimuli-responsive “zero-order release” and 

controlled release systems have been developed.20, 21 Chitosan, 10 

with a strong response in near-neutral or slightly acidic pH 

ranges, can be utilized as a good candidate for pH-responsive 

MSNs-based drug delivery.22-26 Meanwhile, the “NH2-” of the 

chitosan and the BMP-2 can form a hydrogen bond to achieve 

non-covalent immobilization of BMP-2. Furthermore, this 15 

polysaccharide can stimulate osteoconductivity and enhance 

mineralization.27, 28 Therefore, we hypothesize that a chitosan-

nanogated MSNs may be a promising nanocarrier for targeted 

delivery and combined therapy of BMP-2 and Dex.  

 20 

Fig. 1 (A) Schematic of synthesis of Dex/BMP-2@chi-MSNs and 

controlled release of BMP-2 and dexamethasone (Dex) from Dex/BMP-

2@chi-MSNs; (B) TEM and (C) High resolution transmission electron 

microscopy (HRTEM) images of MSNs; (D) TEM and (E) HRTEM 

images of chi-MSNs. Scale bar = 200 nm in the TEM images of MSNs 25 

and chi-MSNs; scale bar = 100 nm in the HRTEM images of MSNs and 

chi-MSNs. 

Based on the above rationale, in this work, a BMP-2- and 

Dex-loaded chitosan-functionalized MSNs (Dex/BMP-2@chi-

MSNs) was fabricated to enhance bone regeneration. We first 30 

took advantage of the hydrophobic nanochannel of the MSNs to 

load sparingly soluble Dex. And then, the hydrophilic chitosan 

was coated onto the MSNs surface followed by the adsorption of 

BMP-2 molecule (as depicted in Fig. 1A). In this ensemble, 

chitosan capped onto the outlet of the MSNs was not only as a 35 

matrix to immobilize BMP-2, but also as a “gate-like” ensemble 

via the cross-linking of glycidoxypropyltrimethoxysilane 

(GPTMS) to achieve pH-responsive release of entrapped Dex 

within the cell. Under physiological conditions, BMP-2 was 

quickly dissociated from the surface of chi-MSNs, while Dex was 40 

still entrapped in the channels because of the coverage of chitosan 

at the pore ends. After being endocytosed into cells, with the 

decreasing of the pH value and the changing of dispersing states 

of the chitosan, the encapsulated Dex was then released into the 

cytosol. Consequently, BMP-2 and Dex exerted osteoblast 45 

differentiation effects outside and inside the cell simultaneously. 

Using rat bone mesenchymal stem cells (bMSCs) as the model 

cell line, we investigated the intracellular release of drugs, and 

the synergistic combination efficacy of Dex/BMP-2@chi-MSNs. 

We also investigated the in vivo osteoinductive effect and bone 50 

regeneration efficacy of Dex/BMP-2@chi-MSNs in a mouse hind 

limb muscle pocket model by using micro-computed tomographic 

(µCT) imaging and histological analysis. For comparison, BMP-

2, BMP-2+Dex, and BMP-2+Dex loaded with MSNs (Dex/BMP-

2@MSNs) were prepared and assessed.  55 

2.  Materials and methods 

2.1  Materials 

Fluorescein isothiocyanate isomer I, 

glycidoxypropyltrimethoxysilane (GPTMS), dexamethasone 

(Dex) and 3-(4,5-dimethylthiazol-2-yl)-2,5 -diphenyltetrazolium 60 

bromide (MTT) were all purchased from Sigma-Aldrich (CA, 

America). Cetyltrimethyl ammonium bromide (CTAB) and 

tetraethyl orthosilicate (TEOS) were from Shanghai Lingfeng 

Chemical Reagent Co. Ltd. (Shanghai, China). Chitosan was 

purchased from Shanghai Kabo Reagent Co. Ltd. (Shanghai, 65 

China). Ammonium hydroxide was from Sinopharm Chemical 

Reagent Co. Ltd. (Shanghai, China), and dimethyl formamide 

(DMF) was from Shanghai Chemical Reagent Co. Ltd. 

(Shanghai, China). DAPI was purchased from Beyotime Biotech 

Co. Ltd. (Jiangsu, China). All cell-culture related reagents were 70 

purchased from Gibco (Grand Island, NY). 

2.2  Preparation of mesoporous silica nanoparticles (MSNs) 

Mesoporous silica nanoparticles were prepared by a typical 

CTAB-templated sol-gel method29 with minor modification. The 

pH value of 500 mL deionized water was adjusted to 75 

approximately 11 with 26.4 mL ammonium hydroxide (29 wt% 

NH3 in water). The temperature was raised to 50 oC, and then 

0.56 g CTAB and subsequent 2.9 mL TEOS were added with 

rapidly stirring. After 2 h, the sample was centrifuged and washed 

twice with distilled water and ethanol. The CTAB template was 80 

removed by successive thermal degradation treatments at 550 oC 

under atmospheric air for 4 h, after which the sample was allowed 

to slowly cool to room temperature. 

2.3  Preparation of chitosan modified mesoporous silica 

nanoparticles (chi-MSNs) 85 

The synthetic procedure to produce the chitosan modified 

mesoporous silica nanoparticles is showed as following steps. 0.5 

g of chitosan (average molecular weight of 3.0 × 104 g·mol-1, 

90% deacetylation) was dissolved in 50 mL of aqueous 2% acetic 

acid solution (HAc) under strongly magnetic stirring to obtain a 90 

sticky solution. 0.5 mL aliquot of 20% GPTMS in ethanol 

solution was added into 20 mL aliquot of the 1% chitosan 

solution (referred to as 1:40 GPTMS/chitosan in this study). The 

solution was mixed in a sealed plastic bottle and then allowed to 
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stay at room temperature for at least 24 h. 0.25 g MSNs were 

dispersed in 25 mL of chitosan/GPTMS solution and then stirred 

at room temperature for at least 8 h. the as-synthesized solid was 

filtered, washed with deionized water, and then dried under 

vacuum to get chi-MSNs. 5 

2.4  Characterization 

The FTIR spectrum was measured by ATR on Nicolet 380 

(Thermo, USA). X-ray diffraction patterns were obtained in a 

RINT2000 vertical goniometer (Rigaku, Japan) using Cu Kα 

irradiation. Surface analysis of the materials was performed by 10 

nitrogen sorption isotherms in a Micromeritics ASAP2010 

sorptometer (Micromeritics, USA). The surface areas were 

calculated by the Brunauer-Emmett-Teller (BET) and the pore 

size distributions were obtained by the Barrett-Joyner-Halenda 

method. TEM and high-resolution TEM (HRTEM) were 15 

performed on a transmission electron microscope (JEM-2100, 

Japan) with a field emission gun operating at 200 KV. The zeta 

potential and hydrodynamic radius of the nanoparticles were 

studied with a particle size analyzer Malvern Nano HT Zetasizer 

(Malvern, UK). UV-visible spectroscopy was carried out with a 20 

UV/Vis spectrometer (Sunnyvale, CA). 

2.5  Drug loading into/onto chi-MSNs 

0.25 g MSNs was dispersed in 5 mL anhydrous ethanol and 

then 50 mg Dex was added. The suspension was sonicated for 5 

minute and kept in a shaker at room temperature. After 4 h 25 

impregnation, 25 mL of chitosan/GPTMS solution was added 

into the above solution and the reaction was continued at room 

temperature for another 8 h. Dex-entrapped chi-MSNs were 

filtered and washed twice with deionized water, and then dried 

under vacuum to obtain Dex@chi-MSNs. The loading of Dex by 30 

MSNs and chi-MSNs are 29 mg/g and 35 mg/g, respectively. 

FITC-entrapped chi-MSNs nanoparticles (FITC@chi-MSNs) 

were prepared by the same method. 

To prepare Dex/BMP-2@chi-MSNs, a certain amount of 

Dex@chi-MSNs was further redistributed in BMP-2 solution (E. 35 

coli-derived, Rebone, Shanghai, China) (50 µg/mL) and stayed 

for 4 h. Then the solution was filtered and the BMP-2-loaded 

nanoparticles (Dex/BMP-2@chi-MSNs) were freeze dried and 

stored at 4 oC for later use. 

       Dex/BMP-2@MSNs was prepared by similar steps. 0.25 g 40 

MSNs was dispersed in 5 mL anhydrous ethanol and then 50 mg 

Dex was added. The suspension was sonicated for 5 minute and 

kept in a shaker bath for 4 h at room temperature. Then the solid 

was filtered and washed twice with deionized water, and then 

dried under vacuum to obtain Dex@MSNs. The subsequent steps 45 

were similar to the fabrication of Dex/BMP-2@chi-MSNs. BMP-

2@chi-MSNs was fabricated as followed: a certain amount of 

chi-MSNs was distributed in BMP-2 solution (50 µg/mL) and 

stayed for 4 h to absorb the BMP-2. Then the solution was 

centrifuged and the nanoparticles were collected. Finally the 50 

precipitated nanoparticles were lyophilized and weighted until 

use. The loading of BMP-2 by MSNs and chi-MSNs are 120 µg/g 

and 248 µg/g, respectively. 

2.6  In vitro Dex and BMP-2 release 

100 mL PBS with various pH values were used for evaluating 55 

the Dex release from the pore voids of the chitosan-

functionalized materials (Dex@chi-MSNs and Dex/BMP-2@chi-

MSNs). For example, a dialysis bag loaded with 20 mg 

Dex@chi-MSNs (or Dex/BMP-2@chi-MSNs) was placed into a 

ZTY Auto Temperature sink (Jiangsu, China) filled with PBS 60 

solutions at a certain pH. The system was then maintained in 

circulation and at 37 oC for 80 min. The release of Dex from the 

pore voids to the PBS was monitored via UV-Vis spectrum 

measurement with the band of the drug centered at 242 nm.  

To investigate the in vitro release profiles of BMP-2 from chi-65 

MSNs and MSNs, the BMP-2@chi-MSNs, Dex/BMP-2@chi-

MSNs and BMP-2@MSNs nanoparticles were separately put into 

a centrifuge tube containing 1 mL PBS solution (pH = 6.0/7.4). 

The tubes were incubated at 37 oC for 24 h. At the end of each 

time point, the suspension was centrifuged and 0.5 mL of the 70 

release medium was collected. Then 0.5 mL fresh PBS solution 

(pH = 6.0/7.4) was added into it immediately. Because a certain 

amount of protein was extracted from the release fluid and could 

not be reflected in the later sampling point, a corrected method30 

was used to calculate the actual amount of BMP-2 release from 75 

carrier materials. BMP-2 concentration was determined using a 

BMP-2 ELISA kit (PeproTech, Rocky Hill, NJ ). 

2.7  Cell culture 

Rat bMSCs were flushed out of the femora and tibias of rats 

with Dulbecco’s modified Eagle’s medium-low glucose (DMEM-80 

LG, Gibco) by a 5-mL syringe. The cells were seeded in 37.5 cm2 

flasks containing MEME-LG supplemented with 10% fetal 

bovine serum in a humidified atmosphere with 5% CO2 at 37 oC, 

and the medium was changed every 3 days. When reached 80% 

confluency in the flasks, the cells were trypsinized with 0.25% 85 

trypsin/0.03% ethylene diamine tetraacetic acid (EDTA) and 

expanded into a plate as passage 1. All assays were performed on 

second passage cells after enlarged cultivation. 

2.7.1  Cytotoxicity assay 

The cytotoxicity of MSNs and chi-MSNs was evaluated with 90 

an MTT assay. The bMSCs were plated into 24-well plates at a 

density of 1.5 × 104 cells/well in 1.0 mL culture medium and 

incubated for 24 h. Afterwards, the culture medium was removed 

and the cells were washed with PBS twice, then each well was 

added with 1.0 mL medium with different particles at different 95 

concentrations of 50, 100 and 200 µg/mL. The MTT assay was 

performed following the standard protocol after incubating cells 

for 1, 3 and 5 days. 

2.7.2  Determination of alkaline phosphatase (ALP) activity 

The bMSCs were seeded into 24-well plates at 5 × 104 100 

cells/well in DMEM-LG. After 24 h cell adhesion, the culture 

medium was replaced with 1.0 mL DMEM-LG containing 

different concentrations of synthesized nanoparticles. At day 7, 

14 and 21, the culture medium in wells was aspirated. Then about 

200 µL of 1% Nonidet P-40 (NP-40) was added into each well at 105 

room temperature and incubated for 1 h. 50 µL of the obtained 

cell lysate was added to 96-well plates, 50 µL of 2 mg/mL p-

nitrophenylphosphate (Sangon, Shanghai, China) substrate 

solution composed of 1 mmol/L MgCl2·6H2O and 0.1 mol/L 

glycine was added. Then it was incubated at 37 oC for 60 min. 110 

The reaction was quenched by 100 µL of 0.1 N NaOH, and the 

ALP value was quantified at a wavelength of 405 nm using a 
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microplate reader (SPECTRAmax 384, USA). ALP activity was 

expressed as 405 nm O.D. value per min per mg of total protein. 

Protein concentration was determined using the BCA Assay Kits 

(Beyotime, Jiangsu, China), with bovine serum albumin as the 

standard. 5 

2.7.3  Measurement of mineralization 

A mineralized extracellular matrix was stained with Alizarin 

red S to determine the bone mineralization. The bMSCs were 

plated in 24-well plates at 1.0 × 104 cells/well and adhered for 24 

h. After that, the culture medium was replaced with 1.0 mL 10 

DMEM containing different concentrations of inducers or 

materials containing inducers. The cells were cultured for 14 and 

21 days, and the culture medium was replaced every 3 days. At 

the end of incubation, cells were washed with PBS and fixed with 

cold 1% glutaraldehyde (w/v) in PBS for 10 min. Fix cells were 15 

stained with 1% Alizarin Red (Major Biotech, SH, China) for 10 

min. Then the cells were rinsed with ultrapure water and the 

mineralization pictures were captured with inverted light 

microscope. 

2.7.4  Real-time reverse transcription polymerase chain 20 

reaction (real-time RT-PCR) analysis 

The bMSCs were seeded in 6-well plates at 8 × 104 cells/well 

in DMEM-LG. Then the cells were cultured with DMEM-LG in 

the presence of different inducers. At 4 and 7 days, the total 

cellular RNA was extracted using Trizol reagent (Takara, Tokyo, 25 

Japan) according to the manufacturer’s instructions. First-

stranded cDNA was synthesized with PrimeScript RT reagent Kit 

(Takara, Tokyo, Japan). Subsequently, cDNA was diluted ten-

fold in sterile distilled water and 4 µL aliquot of the diluted 

cDNA was subjected to real-time RT-PCR using SYBR Premix 30 

Ex TaqTM (Takara, Tokyo, Japan). Real-time RT-PCR was 

performed in a 10 µL solution containing 1 × PCR buffer, 4 µL 

aliquot of the diluted cDNA, 1 × SYBR Premix Ex Taq (5 µL), 

0.2 µM (0.4 µL) of each primer (forward and reverse), and 0.2 µL 

ROX Reference Dye (50×). The conditions of real-time PCR 35 

were as follows: 95 oC for 30 sec followed by 40 cycles at 95 oC 

for 5 sec and 60 oC for 34 sec. Real-time PCR was performed by 

a Bio-Rad real-time PCR system (Bio-Rad, Hercules, CA, USA) 

on markers of ALP, runt-related transcription factor 2 (Runx2), 

collagen I (Col I), osteocalcin (OCN) and osteopontin (OPN). 40 

The forward and reverse primer sequences used in this study are 

listed in Table S1. 

2.8  Enhanced cellular uptake of drugs in the presence of chi-
MSNs 

Dex is a kind of hydrophobic glucocorticoid and used 45 

clinically as an anti-inflammatory agent. In order to track the 

cellular uptake of drugs, a hydrophobic green dye, Fluorescein 

isothiocyanate isomer I (FITC), was selected as a model drug. 

2.8.1  Cellular uptake of FITC 

bMSCs were plated at a density of 3 × 104 cells/well on 50 

chamber slides with DMEM-LG. After 24 h, the medium was 

supplemented with free FITC, FITC loaded with chi-MSNs 

(FITC@chi-MSNs). The loading efficiency of FITC was nearly 

14% and the concentration of the FITC entrapped hybrid 

materials added to the cells was 100 µg/mL as the same as the 55 

concentration of free FITC. After 4 h incubation, the cells were 

washed with PBS (pH = 7.4) twice, then re-incubated for 30 

minutes in PBS containing 3.7% formaldehyde and followed with 

57.0 mM DAPI. After incubation, the solution was removed and 

the slides were covered with 50% glycerol in water. The DAPI-60 

stained nuclei and FITC were monitored with CLSM (Nikon, 

Japan). 

2.8.2  Flow cytometry analysis 

bMSCs were plated at a density of 2.0 × 105 cells per well in 

35 mm Corning dishes and incubated for 24 h. After attachment, 65 

the cells were cultured with medium containing free FITC or 

FITC@chi-MSNs, respectively. The concentrations of FITC and 

FITC@chi-MSNs were similar to the cellular uptake experiment. 

After 4 h incubation, these cells were washed with PBS (2×) and 

then harvested by trypsinization. The cells were centrifuged, 70 

rinsed with PBS and resuspended in PBS at a concentration of 1.0 

× 106 cells/mL. Then the cells were immediately analyed with a 

flow cytometer at an emission wavelength of 530 nm for FITC. 

2.9  Exploration of the mechanism of BMP-2@chi-MSNs-
induced enhanced osteogenic differentiation in vitro 75 

The conformation and bioactivity of the free BMP-2, BMP-2 

released from MSNs at pH 6.0 and 7.4, BMP-2 released from chi-

MSNs at pH 6.0 and 7.4 were investigated to explore the BMP-

2@chi-MSNs-induced excellent osteogenic differentiation. The 

concentration of BMP-2 for test was 2 µg/mL in each group. The 80 

Far-UV circular dichroism (CD) spectrum is an effective method 

for investigating the secondary structure of proteins.31 In our 

study, we used CD analysis to detect the changes of the 

secondary structure and conformation of BMP-2. The free BMP-

2, BMP-2 released from MSNs at pH 6.0 and 7.4, BMP-2 85 

released from chi-MSNs at pH 6.0 and 7.4 were analyzed at 25 oC 

in a 1.0 mm path length quartz cell with a time constant of 0.25 s 

and a scan rate of 100 nm/min using a spectropolarimeter (Model 

J-715, Tokyo, Japan). The bandwidth was 1.0 nm and 5 scans 

were accumulated. The effect of loaded materials and pH on 90 

BMP-2-induced ALP activity was also studied. The bMSCs were 

cultured in 24-well plates for 24 h. After attachment, the cells 

were separately cultured with medium containing free BMP-2, 

BMP-2 released from MSNs at pH 6.0 and 7.4, BMP-2 released 

from chi-MSNs at pH 6.0 and 7.4. At day 7, 14 and 21, the ALP 95 

activity was determined. To determine the ALP activity 

histochemically, after 7-days-cultivation, cells were fixed with 

1% glutaraldehyde for 10 min on ice, washed with PBS, and 

incubated with 0.5 mL BCIP/NBT Alkaline Phosphatase Color 

Development Kit (Beyotime, Jiangsu, China) for 30 min at 37 oC. 100 

Stained cells were imaged with TE-2000U inverted light 

microscope (Nikon, Japan). 

2.10  Ectopic bone formation in vivo 

The animal experiment adhered to the NIH guidelines for the 

care and use of laboratory animals (NIH Publication No. 85-23 105 

Rev. 1985) and was approved by the Research Center for 

Laboratory Animal of Shanghai University of Traditional 

Chinese Medicine. Four implants groups were prepared: (1) 

Gelfoam loaded with 15 µg of BMP-2 (BMP-2); (2) Gelfoam 

loaded with 15 µg of BMP-2 and 20 µg of Dex (BMP-2+Dex); 110 

(3) Gelfoam loaded with MSNs containing 15 µg of BMP-2 and 
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20 µg of Dex (Dex/BMP-2@MSNs); (4) Gelfoam loaded with 

chi-MSNs containing 15 µg of BMP-2 and 20 µg of Dex 

(Dex/BMP-2@chi-MSNs). These materials were freeze dried, 

and stored at -20 oC until used. Forty-eight male mice (4 weeks 

old, Silaike Inc. Shanghai, China) were anesthetized by 5 

intraperitoneal injection of pentobarbital (0.06 g/kg). The mice 

were divided into 4 groups and implanted with the Gelfoam into 

right thigh muscle pouches. At 2 and 4 weeks after implantation, 

the mice were sacrificed with an overdose of pentobarbital and 

the implants were harvested.  10 

2.10.1  Micro-computed tomography (µCT) 

The bone formation was evaluated with µCT scan images 

(eXplore Locus SP, GE, USA). A voltage of 80 kV and current of 

80 mA were used in all scans. Projection images were taken at 

0.4° increments over 360°. Bone radiomorphometric analysis was 15 

performed by using GE Microview ABA 2.1.2 software. The 3D 

images were finally redigitized with a 16-bit data format, 

proportional to the measured attenuation coefficients of the 

voxels. The amount of bone formation was quantified as the bone 

volume and tissue mineral density within the defined VOI 20 

(volume of interest) in each defect site.  

2.10.2  Histological analysis 

After fixation with 4% neutral buffered formalin for 48 h, the 

ectopic bone samples were decalcified in 12.5% EDTA, 

dehydrated in a graded series of alcohol, and embedded in 25 

paraffin. Serial 10-µm thick sections from each group were 

stained with hematoxylin/eosin (HE) after decalcification and 

observed microscopically. 

2.11  Statistical analysis 

All numerical data were expressed as the mean ± standard 30 

deviation. Statistical analysis was performed with one-way 

analysis of variance (ANOVA). A value of p < 0.05 was 

considered as statistical significance.  

3. Results and Discussion 

3.1 Design and synthesis of chi-MSNs 35 

In order to develop a pH-responsive chi-MSNs delivery system, 

mesoporous MCM-41 nanoparticles of about 100 - 200 nm 

diameter were prepared and further coated with chitosan via the 

cross-linking of GPTMS (Fig. S1). Our data are in full agreement 

with this notion. The physicochemical properties of the MSNs 40 

and chi-MSNs were compared. The morphologies and 

microstructures of the prepared MSNs and chi-MSNs were 

clearly revealed by TEM. As shown in Fig. 1B, the mesoporous 

nanoparticles were uniform spherical nanoparticles with a mean 

diameter of approximately 130 nm. In addition, the streak 45 

structural features and highly ordered mesoporous network with a 

hexagonal array could be clearly observed from the HRTEM 

image of the synthesized nanoparticles (Fig. 1C), which was a 

characteristic feature of MCM-41-type MSNs. After 

functionalized with chitosan, the nanoparticles were found to 50 

have a typical core-shell structure, and the typical mesoporous 

channels (with alternate black and white stripes) could be found 

in the HRTEM images of chi-MSNs (Fig. 1E). The chi-MSNs 

showed much better dispersibility (Fig. 1D and Fig. 2A). The 

FTIR spectra for both MSNs and chi-MSNs displayed 55 

transmission peaks at about 1084 cm-1, 803 cm-1, and 462 cm-1, 

which were assigned to the characteristic stretching vibrations of 

the Si-O bond (Fig. 2B).32 In addition, the increased specific band 

of chi-MSNs could be attributable to the vibration of C-H bond.33 

60 

 
Fig. 2  Characterization of as-prepared MSNs and chi-MSNs. (A) The 

dynamic light scattering (DLS) results of both materials, (B) FTIR spectra 

of MSNs, chitosan and chi-MSNs. (C) Small-angle powder XRD of 

MSNs and chi-MSNs from 2θ = 1-8°. (D) Wide-angle powder XRD of 65 

MSNs and chi-MSNs from 2θ = 10-80°. (E) Nitrogen 

adsorption/desorption isotherms of MSNs and chi-MSNs. 

 The ordered mesoporous structure was confirmed by small-

angle XRD measurements (Fig. 2C). In this figure, the prepared 

MSNs exhibited a typical MCM-41-type structure34 with three 70 

well-resolved diffraction peaks assigned as (100), (110), and 

(200) reflections. After modified with chitosan, a relatively weak 

peak of 2.80° could be found in the diffraction patterns, with the 

concomitant loss of the (110) and (200) reflections.  Fig. 2D 

revealed that the chitosan-modified and unmodified MSNs both 75 

are amorphous structure. In the liquid nitrogen isotherms (Fig. 

2E), the unmodified MSNs exhibited a type IV isotherm by 

IUPAC classification.34 However, after coated with chitosan, the 

N2 sorption isotherms of chi-MSNs showed a relatively flat 

isotherm, accompanied by a loss of hysteresis loop. After being 80 

modified, the surface area of chi-MSNs calculated by the Barrett-

Joyner-Halenda (BJH) method decreased from 960.7 m2·g-1 of 

MSNs to 131.8 m2·g-1 (Table 1), and the pore volume also 

decreased from 0.98 cm3·g-1 to 0.16 cm3·g-1. The pore size 

decreased to almost zero, which means the pores were completely 85 

blocked by chitosan wrapping. The increase of zeta potential 

from -22.3 mV to +22.5 mV also confirmed the successful 

functionalization of MSNs by chitosan. From the results of TGA 

(Fig. S2), the chitosan content in chi-MSNs is about 35%. 

 90 
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Table 1. Nitrogen adsorption/desorption isotherms and ζ-
potential measurement data of MSNs and chi-MSNs samples. 

Sample BET 
surface area 

(m2/g) 

Pore 
volume 
(cm3/g) 

Pore 
size 
(nm) 

ζ-potentials 
(mV) 

MSNs 960.7 0.98 2.7 -22.3 
chi-MSNs 131.8 0.16 - +22.5 

3.2 Cellular response to the MSNs and chi-MSNs 

  In order to explore the biocompatibility and feasibility of the 

dual delivery carrier, cell proliferation and differentiation of the 5 

MSNs and chi-MSNs were first investigated in bMSCs. 

According to the MTT measurement (Fig. S3A), cell proliferation 

was significantly increased after incubated with chi-MSNs 

compared to that with MSNs at each time point. Furthermore, by 

determining the typical marker of osteoblast differentiation of 10 

ALP activity, it was demonstrated that the ALP activities of the 

chi-MSNs groups greatly improved with the increase of the 

concentration of chi-MSNs. Specifically, from Fig. S3B, the 

group with 200 µg/mL chi-MSNs showed the highest ALP 

activity at day 21. The results suggest that the chi-MSNs facilitate 15 

the proliferation of bMSCs and differentiation of bMSCs to 

osteoblasts. According to the previous studies, this good long-

term biocompatibility and enhanced in vitro osteoinductivity of 

chi-MSNs may be related to the natural properties of chitosan.23, 

26  20 

3.3 Release and bioactivity of the BMP-2 from chi-MSNs  

Highly efficient delivery and preservation of the bioactivity of 

BMP-2 are extremely crucial for appropriate use of BMP-2.31, 35 

The in vitro release kinetics of BMP-2 was studied by immersing 

the BMP-2-loaded MSNs and chi-MSNs into the PBS solution. 25 

As shown in Fig. 3A and Fig. S5, BMP-2 from MSNs or chi-

MSNs all exhibited a quick ‘initial burst’ release followed a 

relative slow release. In contrast, in the initial 6 h, the release of 

BMP-2 from MSNs (about 60% ~70% release) was obviously 

slower than that from the chi-MSNs (over 80%), but after 6 h 30 

release, similar slopes/release rates were observed on all groups.  

We think this slight difference of BMP-2 release from varied 

MSNs-based nanocarriers results from the different functional 

groups on the mesopore surface and their diverse electrostatic 

interactions with BMP-2. BMP-2 is a positively charged protein 35 

at pH of 6.0 or 7.4. But the zeta potentials of MSNs and chi-

MSNs are -22.3 and +22.5 mV. In the BMP-2-induced 

osteogenesis process, the initial protein burst release after 

implantation is preferable to achieve a fast start up of 

osteogenesis, and the sustainably released protein is necessary to 40 

maintain a local BMP-2 concentration for a sufficient period.  

Compared the release of BMP-2 from chi-MSNs with and 

without Dex, it can be seen that    Dex have little effect on the 

release behavior of BMP-2 from the chi-MSNs. Our previous 

investigation reported that the cellular uptake of MSNs 45 

nanoparticles with about 100 - 200 nm mainly occurred in the 

initial 4 h.36 Therefore, before entered into the cytoplasm, most 

BMP-2 was released into the surrounding environment.  

 To test the bioactivity of BMP-2 released from MSNs and 

chi-MSNs, ALP expression was measured quantitatively. From 50 

Fig. 3B, it could be seen that the bMSCs treated with BMP-2 

released from chi-MSNs showed higher ALP activity than the 

cells treated with BMP-2 from MSNs. At the specific time point, 

the ALP activity of BMP-2 released from chi-MSNs at pH 6.0 

was similar to that released at pH 7.4, indicating that pH was not 55 

the main factor influencing the ALP activity of BMP-2 in this 

experiment. The histochemical analysis (Fig. 3C) stained with the 

BCIP/NBT ALP Color Development Kit also revealed that cells 

treated with BMP-2 released from chi-MSNs both at pH 6.0 and 

pH 7.4 exhibited high ALP activity, which proved that chi-MSNs 60 

was an effective carrier of BMP-2.  

 
Fig. 3  In vitro release profiles and bioactivity of BMP-2 from MSNs-

based carriers. (A) Cumulative release of BMP-2 in phosphate buffer 

solution (PBS) at pH 6.0 and 7.4. (B) Alkaline phosphatase (ALP) 65 

activity of BMP-2 released from different carriers. bMSCs were cultured 

for 7, 14 and 21 days with free BMP-2, BMP-2 released from MSNs, and 

BMP-2 released from chi-MSNs at pH 6.0 and 7.4. (C) ALP activity was 

histochemically detected using BCIP/NBT Alkaline Phosphatase Color 

Development Kit after culture for 7 days. (D) Far-UV CD spectra of free 70 

BMP-2 and BMP-2 released from MSNs and chi-MSNs at pH 6.0 and 

7.4. 

To further explore the differences in bioactivity between 

BMP-2 released from various carriers, the conformations and 

secondary structures of BMP-2, BMP-2 released from MSNs, and 75 

BMP-2 released from chi-MSNs at pH 7.4 and 6.0 were measured 

by circular dichroism (CD) spectroscopy (Fig. 3D). The free 

BMP-2 in PBS manifested an intense positive peak at 195 nm and 

two minus peaks at 208 nm and 220 nm corresponding to α-helix 

of BMP-2. BMP-2 released from chi-MSNs at pH 7.4/6.0 showed 80 

slightly enhanced minus peaks, which suggest an increased α-

helix of BMP-2. In contrast, for the BMP-2 released from MSNs, 

the two minus peaks were weakened, indicating reduction of the 

α-helix. The secondary structure compositions of BMP-2 released 

from MSNs and chi-MSNs at pH 7.4/6.0 in PBS were determined 85 

(Table S2). After being absorbed and released from MSNs, 

compared with the free BMP-2, the percentages of the α-helix 

and β-sheets/β-turns of BMP-2 decreased at both pH 6.0 and pH 

7.4. However, the α-helix of BMP-2 released from chi-MSNs 

increased to 15.4% at pH 6.0 and 15.7% at pH 7.4. The changes 90 

in the folding structure of BMP-2 from MSNs were all bigger 

than those from chi-MSNs at pH 6.0 and pH 7.4. Previous studies 

have demonstrated that hydrophobic interactions between a 

polypeptide/protein and an inorganic surface might result in 

deactivation of the polypeptide/protein due to the collapse of its 95 

secondary or tertiary structure.37, 38 Therefore, from this 
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viewpoint, the desirable conformation and bioactivity of BMP-2 

might be related to the hydrophilic surface of the chitosan.  

3.4 Controlled release and intracellular uptake of Dex  

Considering the fact that the targeted receptor of Dex resides 

within the cytosol of the cell, the “zero-order release” in the 5 

delivery process and subsequent pH-triggered release after 

cellular uptake by cells are expected for the carrier. In this 

experiment, pH-responsive regulation efficiency of these hybrid 

materials was investigated using two kinds of PBS solutions at 

different pH values. As shown in Fig. 4A, when the pH value of 10 

PBS was 6.0, Dex was released almost immediately from the 

chitosan-modified MSNs. In particular, nearly 85% Dex was 

released within 60 min. However, almost no drug release from 

chi-MSNs was detected when the pH value of PBS was raised to 

7.4, which confirmed absence of leakage of the entrapped drug 15 

and a good coating efficiency of the chitosan. We can also found 

that Dex released from Dex@chi-MSNs and Dex/BMP-2@chi-

MSNs exhibited a similar release behavior (Fig. S6).  

Furthermore, changes in release behavior with changes in 

pH are shown in Fig. 4B. In the initial 30 min, there was no drug 20 

released when the pH of the release medium was 7.4. When the 

pH was suddenly changed to 6.0 with 1 M HCl at 30 min, 

significant release of Dex was detected. After 10 min, the pH was 

set back to 7.4 and as a result, the release of Dex significantly 

decreased. The repeatability of the experiment was verified by a 25 

second switching, and a similar result was observed. What is 

more, Dex release profile from unmodified MSNs (Fig. S7) has 

demonstrated that the pH-sensitive released of Dex was due to the 

gating effect of chitosan. 

 30 

Fig. 4  In vitro release curves and intracellular uptake of Dex. (A) Release 

of Dex from chi-MSNs at pH 6.0 and 7.4. (B) Partial Dex release from 

chi-MSNs as a function of pH variations. (C) Confocal microscopy 

images of cellular uptake of FITC in bMSCs with free FITC and 

FITC@chi-MSNs after 4 h. (D) Flow cytometry analysis of bMSCs 35 

incubated with free FITC and FITC@chi-MSNs after 4 h incubation. 

To demonstrate the role of pH value played in the open/close 

of the pore of MSNs and the ensuing controlled release of Dex, 

the nitrogen adsorption/desorption isotherms of chi-MSNs 

immersed at pH 6.0 and 7.4 were measured and the results were 40 

showed in Fig. S8. The BET surface area of chi-MSNs was 152.1 

m2·g-1 at pH 7.4 while it was increased to 547.9 m2·g-1 after the 

nanoparticles were immersed into PBS at pH 6.0 for 30 min 

(Table S3). It is well-accepted that the charged chitosan chains 

exhibit loop and tail conformations on a surface, depending on 45 

the pH value of the surrounding environment. The loop 

conformation can be formed by deprotonation of primary amino 

groups on chitosan under physiological conditions, while the tail 

conformation can be formed with protonation at pH below its 

isoelectric point.39 Therefore, by reversible transformation of 50 

different dispersing states of chitosan at the physiological pH of 

body fluids (or the extracellular environment) and at acidic pH 

(around 6.0 and 5.0 in the intracellular early endosomes and late 

endosomes/lysosomes), a desirable on/off switching function can 

be achieved.   55 

Next, we used fluorescein isothiocyanate isomer I (FITC, a 

hydrophobic green dye) as a model drug40 to investigate the 

cellular uptake of drugs in the presence of chi-MSNs. From the 

confocal laser photographs (Fig. 4C), after 4 h exposure, it is 

evident of a large amount of FITC in the cell in the presence of 60 

chi-MSNs in bMSCs. The flow cytometry analysis results (Fig. 

4D) also confirmed the higher fluorescent intensity of the bMSCs 

internalized with FITC@chi-MSNs, almost 12-fold higher than 

that of free FITC-internalized. These qualitative and quantitive 

results revealed that, as expected, the chitosan-modified MSNs 65 

could serve as efficient carriers for enhanced intracellular release 

of Dex.   

3.5 Osteogenic differentiation and mineralization of bMSCs 
with Dex/BMP-2@chi-MSNs 

To examine whether the synergistic osteogenic differentiation 70 

efficacy of BMP-2 and Dex could be promoted by the chi-MSNs 

carrier, the ALP activity and cell mineralization were   detected. 

From Fig. 5A, it was found that after incubated with a medium 

containing BMP-2 and Dex, the ALP activities all increased 

significantly at appointed culture days in contrast with the 75 

control. For the comparison, the Dex/BMP-2@chi-MSNs group 

displayed much higher ALP activity than the Dex@chi-MSNs 

and the BMP-2@chi-MSNs.  On the other hand, for the combined 

Dex and BMP-2 groups, the ALP activity of the Dex/BMP-

2@chi-MSNs group was obviously higher than that of the Dex-80 

BMP-2 and the Dex/BMP-2@MSNs. These results revealed the 

enhanced osteoblast differentiation capacity of the targeted-

delivery system of Dex/BMP-2@chi-MSNs. 

 

 85 
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Fig. 5  Effect of BMP-2, BMP-2@chi-MSNs, Dex, Dex@chi-

MSNs, BMP-2+Dex, Dex/BMP-2@MSNs and Dex/BMP-2@chi-

MSNs on ALP activity for 7, 14 and 21 days (A) and 

mineralization (B) in bMSCs cultured at day 14 and 21. (BMP-2 5 

is 2 µg/mL and Dex is 100 nM, *p < 0.05, **p < 0.001, compared 

with control; #p < 0.05, ##p <0.001, Dex/BMP-2@MSNs vs. 
Dex/BMP-2@chi-MSNs).  

Mineralization patterns examined by Alizarin red S staining 

(Fig. 5B) indicated that at day 14, mineralization of all the 10 

experimental groups is not obvious. However, after 21 days 

incubation, cells treated with Dex/BMP-2@chi-MSNs showed 

greater speckled patterns, indicative of mineral nodule formation, 

than the other groups. 

The gene expression of osteogenic transcription factors and 15 

osteoblast markers were also measured with real-time RT-PCR 

assay. From Fig. 6A, it was found that the mRNA expression 

levels of ALP were increased significantly after incubated with 

Dex/BMP-2@chi-MSNs. Similar to the results obtained in ALP 

gene expression analysis, the mRNA expression of Runx2 (Fig. 20 

6B) and OPN (Fig. 6C), also significantly increased in bMSCs 

cultured with Dex/BMP-2@chi-MSNs, in contrast with those 

cultured with BMP-2, BMP-2 + Dex, and Dex/BMP-2@MSNs. 

Collagen I mRNA expression (Fig. 6D) was significantly 

increased by Dex/BMP-2@chi-MSNs treatment during the 25 

culture period, but the OCN mRNA expression (Fig.6E) was 

significantly increased by both Dex/BMP-2@chi-MSNs 

treatment and Dex/BMP-2@MSNs treatment. 

 
Fig. 6  Effect of BMP-2, BMP-2@chi-MSNs, Dex, Dex@chi-MSNs, 30 

BMP-2+Dex, Dex/BMP-2@MSNs and Dex/BMP-2@chi-MSNs on the 

expression of osteogenic marker gene ALP (A), Runx2 (B), OPN (C), Col 

I (D), and OCN (E) in bMSCs cultured at day 4 and 7 by real-time RT-

PCR analysis. (BMP-2 is 2 µg/mL and Dex is 100 nM, *p < 0.05, **p < 

0.001, compared with control; #p < 0.05, ##p <0.001, Dex/BMP-35 

2@MSNs vs. Dex/BMP-2@chi-MSNs). 

3.6 Ectopic bone formation in mice 

In order to further investigate the osteogenic capacity of 

Dex/BMP-2@chi-MSNs in vivo, we evaluated ectopic bone 

formation in the thigh muscle pouches of mice. The digital photos 40 

(Fig. 7A) and 3D µCT restructured images (Fig. 7B) showed that 

there was obvious bone formation in all four groups at 2 weeks 

and 4 weeks. The Dex/BMP-2@chi-MSNs induced significantly 

more ectopic bone formation than the other groups within 2 

weeks and 4 weeks. The generated bone volumes (Fig. 7C) and 45 

tissue mineral density (Fig. 7D) were also calculated to evaluate 

the bone formation. The results demonstrated that the Dex/BMP-

2@chi-MSNs group contained the highest bone volume at both 2 

weeks and 4 weeks. Compared to other groups, the bone volume 

of the Dex/BMP-2@chi-MSNs group increased nearly 100% at 4 50 

weeks. Interestingly, in comparison to the findings obtained at 2 

weeks, the bone volumes of BMP-2 and BMP-2+Dex groups had 

decreased at 4 weeks, while that of MSNs and chi-MSNs 

containing BMP-2 and Dex had increased at 4 weeks. 

Furthermore, there was no significant difference between the 55 

tissue mineral densities of the four groups at 2 weeks. However, 

the tissue mineral densities of Dex/BMP-2@chi-MSNs and 

Dex/BMP-2@MSNs were significantly higher than the other two 

groups at 4 weeks (p < 0.05). 
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Fig. 7  Ectopic bone formation induced by BMP-2 and Dex in vivo. 

Digital photos (A) and 3D µCT images (B) of new bone formation with 

different implants after 2 and 4 weeks post-implantation. Quantitative 

analysis of regenerated bone volume (C) and tissue mineral density (D) 5 

from 3D µCT images was performed by using GE Microview ABA 2.1.2 

software. (The dosages of BMP-2 and Dex are 15 µg and 20 µg, *p < 

0.05, compared with BMP-2 group at 4 weeks). 

For histological evaluations of the ectopic bone formation, 

histological staining with H&E was performed to compare tissue 10 

morphology and composition of the ectopic bone at 4 weeks (Fig. 

8). Bone tissue that was found in all four groups indicated 

moderate bone formation with BMP-2. A large amount of fibrous 

tissue was observed only in the BMP-2-treated groups. After the 

ectopic osteogenesis for 4 weeks, large numbers of lipocytes in 15 

the BMP-2+Dex-treated group were observed, which was 

referred to as medulla ossium flava.35 However, in the Dex/BMP-

2@MSNs group, a large amount of trabecular bone as well as red 

bone marrow was observed, while the amount of trabecular bone 

was the greatest in the Dex/BMP-2@chi-MSNs group.  20 

 
Fig. 8  Histological evaluation with H&E of ectopic bone formation at 4 

weeks. (F: fibrous tissue, L: lipocytes, B: bone, TB: trabecular bone, BM: 

bone marrow). 

Since small Dex drugs mainly locates in the mesopores and 25 

large BMP-2 are loaded into the chitosan coating, our synthesized 

Dex/BMP-2@chi-MSNs reveal desired release of BMP-2 and 

Dex outside and inside the cells. As anticipated, the above in 

vitro and in vivo results obtained here indicate that the dual-drug 

delivery system fabricated here can indeed enhance the 30 

synergistic effect of BMP-2 and Dex in osteoblast differentiation 

of bMSCs cells in vitro and trigger osteogenesis in the mouse 

hind limb muscle pocket model. Based on the previous 

investigations and the results presented here, a simple model is 

proposed, as illustrated in Fig. 9. Functionalization of chitosan on 35 

the outer surface not only endows nanoparticles with good 

dispersibility, biocompatibility, and cellular uptake, but also 

makes it favorable to maintain the effective bioactivity of loaded 

protein. Once in the physiology environment, BMP-2 is quickly 

released from the ensemble and binds to its specific cell surface 40 

receptors. After that, Dex is effectively taken up by cells in the 

presence of chi-MSNs and forms complexes, binding to its 

receptor in the cytosol. Consequently, BMP-2 activates 

downstream Smad signaling effect outside the cell and Dex 

initiates the osteoblastic differentiation inside the cell 45 

simultaneously, resulting in an enhanced osteoblastic 

differentiation.  

 
Fig. 9  Schematic diagram of Dex/BMP-2@chi-MSNs on osteoblast 

differentiation. (1) BMP-2 is quickly released and then activates the 50 

downstream Smad signaling by binding to specific cell surface BMP 

receptors. (2) Dex is delivered into cell by the endocytosed chi-MSNs and 

is released by pH-triggered chitosan changing in the lysosomes. Finally, 

BMP-2 and Dex induce and regulate osteoblast differentiation outside and 

inside the cell together, resulting in the enhnaced bone regeneration. 55 

Conclusions 

In this study, we have successfully synthesized a pH-

responsive chitosan-functionalized MSNs dual-delivery system 

for targeted delivery of BMP-2 and Dex to enhance bone 

regeneration. The small Dex is loaded in the mesopores and the 60 

large BMP-2 is incorporated into the chitosan coating. The 

resulting chi-MSNs carrier demonstrates an enhanced co-loading 

capability of both BMP-2 and Dex, persistent bioactivity of 

BMP-2, and efficient intracellular and ensuing pH-responsive 

controlled release of Dex in cytosol. It shall be highlighted that 65 

the Dex/BMP-2@chi-MSNs dual-drug delivery system displays 

enhanced osteoblast differentiation of bMSCs cells in vitro and 

bone formation in vivo, which provides preclinical data for the 

potential applications of dual-delivery mode of drug/protein in 

promoting bone formation and bone defect repair. 70 
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A proton-triggered chitosan-functionalized MSNs ensemble is fabricated to enhance 

the cellular uptake of dexamethasone and maintain the osteoinductive activity of 

BMP-2. It can indeed enhance the synergistic effect of BMP-2 and dexamethasone in 

osteoblast differentiation in vitro and in vivo. 
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