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Induction of Cartilage Regeneration by Nanoparticles Loaded
with Dentin Matrix Extracted Proteins

Sicong Mao,1 Sainan Wang, PhD,1 Yuting Niu, PhD,2 Jilin Wu, PhD,1 Peipei Jia,1

Jinxuan Zheng, PhD,3 and Yanmei Dong, DDS, PhD1

Due to the limited self-repair capacity of articular cartilage, tissue engineering has good application prospects
for cartilage regeneration. Dentin contains several key growth factors involved in cartilage regeneration. How-
ever, it remains unknown whether dentin matrix extracted proteins (DMEP) can be utilized as a complex growth
factor mixture to induce cartilage regeneration. In this work, we extracted DMEP from human dentin and
improved the content and activity of chondrogenic-related growth factors in DMEP by alkaline conditioning.
Afterward, mesoporous silica nanoparticles (MSNs) with particular physical and chemical properties were com-
posed to selectively load and sustain the release of proteins in DMEP. MSN-DMEP promoted chondrogenic
differentiation of rat bone marrow-derived mesenchymal stem cells with fewer growth factors than exogenously
added transforming growth factor-b1 (TGF-b1). Therefore, MSN-DMEP may serve as a promising candidate
for cartilage regeneration as an alternative to expensive synthetic growth factors.

Keywords: dentin matrix extracted protein, mesoporous silica nanoparticles, transforming growth factor-b1,
chondrogenic differentiation, cartilage regeneration

Impact Statement

Several growth factors embedded in dentin matrix could be involved in cartilage regeneration. This article reports that
alkaline conditioning could improve the content and activity of chondrogenic-related growth factors in dentin matrix extrac-
ted proteins (DMEP). Mesoporous silica nanoparticles (MSNs) with particular physical and chemical properties performed
well in loading and sustained releasing of proteins in DMEP. In vitro and in vivo studies suggest that MSN-DMEP could
be a promising candidate for cartilage regeneration as an alternative to expensive synthetic growth factors.

Introduction

Articular cartilage is a highly specialized tissue that
lacks blood vessels and nerves and has limited self-

repair ability. The repair and regeneration of articular car-
tilage have always been a challenge in clinical practice.1 In
recent years, with deepening research in the fields of cell
biology, biochemistry and bioactive materials, tissue engi-
neering has become a promising solution for cartilage regen-

eration.2 In cartilage regenerative medicine, growth factors
are commonly used to induce chondrogenic differentiation
of stem cells, such as transforming growth factor-b (TGF-b),
insulin-like growth factor (IGF), basic fibroblast growth
factor (bFGF), and bone morphogenetic protein (BMP).3

However, a cocktail of growth factors is required to prop-
erly sequence chondrogenesis, and the delivery of one or
two kinds of growth factors may be insufficient in a repar-
ative procedure.4 In addition, the extraction process of
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recombinant growth factors has strict technical require-
ments, and the processing, preservation, storage, and trans-
portation of growth factors are associated with substantial
costs.

Dentin contains a large number of bioactive molecules
that play an important role in tooth development. It was
reported that a demineralized dentin matrix can induce mes-
enchymal cells derived from embryonic muscle to differ-
entiate into chondrocytes.5,6 This effect may be associated
with the noncollagenous protein in the dentin matrix.7

Dentin matrix extracted proteins (DMEP) is a mixture of
bioactive proteins extracted from demineralized dentin matrix,
including a variety of growth factors, such as TGF-b,8–10

IGF,9–11 bFGF,12 and BMP.13,14 These growth factors have
been confirmed to be important in cartilage development
and metabolism and have a synergistic effect on the induc-
tion of chondrogenesis.15–17 Hence, DMEP may serve as a
suitable biological source of complex growth factor mix-
tures for promoting cartilage regeneration.

In addition, our previous study found that alkaline treat-
ment can activate latent TGF-b in DMEP and promote cell
chemotaxis. Therefore, alkaline conditioning during DMEP
extraction may be a simple and effective way to further
enhance the chondrogenic inductive ability of DMEP.

Bioactive material loading and slow release of target
growth factors to maintain effective concentrations and
durations are important for tissue engineering. As DMEP is
a mixture of proteins, the design of biomaterials should
facilitate the adsorption and release of complex chondrogenic-
related growth factors in DMEP. The physicochemical prop-
erties of biomaterials determine their loading and release
performance.18–20 Mesoporous silica nanoparticles (MSNs)
have the characteristics of high biocompatibility, large spe-
cific surface area, and controllable pore size and have
attracted extensive attention for their application in drug
and protein delivery.21–24 Silicon and silica nanoparticles
dissolve in biological media, leading to a silicic acid by-
product,25,26 which plays a positive role in regulating the
process of bone and cartilage formation.27,28 MSNs with
suitable physical and chemical properties may selectively
load and release these chondrogenic-related growth factors
in DMEP and have potential applications in cartilage tissue
engineering.

In this study, we hypothesized that a modified extraction
protocol could increase the activity and concentration of
chondrogenic-related growth factors in DMEP. By design-
ing MSNs with suitable physicochemical properties, the
complex growth factor mixture in DMEP could be effec-
tively loaded and sustainedly released to synergistically pro-
mote cartilage regeneration.

Materials and Methods

DMEP extraction and analysis

Extraction of DMEP. Freshly extracted, noncarious
human teeth were collected from the Department of Oral
and Maxillofacial Surgery, Peking University School and
Hospital of Stomatology, approved by the Biomedical Eth-
ics Committee of Peking University School of Stomatology.
Soft tissues, cementum, and enamel were removed from
the tooth. The remaining dentin matrices were ground into
powder with the treatment of liquid nitrogen. The dentin

powder was decalcified for 10 min with a 17% EDTA
(Solarbio, Beijing, China) solution (pH 7.4). The dentin
powder was then extracted with phosphate-buffered saline
(PBS; pH 7.4; Solarbio) at 1 g/mL and 4�C for 24 h. The
extracts were dialyzed with distilled water for 24 h. Then,
the freeze-drying process was performed to obtain neutral
solution-extracted DMEP (nDMEP). Basic solution-extracted
DMEP (bDMEP) was obtained with the same protocol,
except that the extracted solution was replaced with sodium
carbonate–sodium bicarbonate buffer (Na2CO3-NaHCO3;
pH 10; Solarbio).

Analysis of growth factors and the total protein concen-
tration in DMEP. The total protein concentrations in
nDMEP and bDMEP were quantified using a BCA kit
(Solarbio). The levels of TGF-b1 and TGF-b3 were assayed
with an enzyme-linked immunosorbent assay (ELISA) kit
(R&D Systems, Minneapolis, MN) according to the kit
instruction manual, except that the sample activation step
was omitted. The concentrations of IGF, bFGF, BMP-2,
BMP-9, and vascular endothelial growth factor (VEGF) were
assayed with ELISA kits (R&D Systems) strictly according
to the manufacturer’s instructions.

Physicochemical and biological characteristics
of selected MSNs

Morphology and structure of MSNs. MSNs were syn-
thesized as described previously.29 Detailed information can
be found in Supplementary Data. The morphology of the
MSNs was investigated using transmission electron micros-
copy (TEM, JEM-1011; JEOL) at an acceleration voltage
of 100 kV. The N2 adsorption–desorption isotherms and
pore size distributions were characterized by using a specific
surface and pore size distribution analyzer (Nova 4200e;
Quantachrome).

Degradation tests of MSNs. MSNs were resuspended in
PBS at a concentration of 1 mg/mL. After 1, 2, and 4 weeks
of incubation in a humidified incubator at 37�C, the samples
were centrifuged at 16,000 rpm to collect the nanoparticles.
The resulting nanoparticles were imaged with TEM. Rat
bone marrow mesenchymal stem cells (rBMMSCs) were cul-
tured with 1 mg/mL of MSN in a CO2 incubator (5% CO2,
37�C) for 1 week. Then, the nanoparticles were collected and
imaged with TEM (the extraction and culturing methods of
rBMMSCs are presented in Supplementary Data).

Cytotoxicity of MSNs. The cytotoxicity of the MSNs
was determined by cell counting kit-8 (CCK-8) (Solarbio)
assay. rBMMSCs were plated in the wells of a 96-well plate
and allowed to attach for 24 h. Culture medium was then
removed, and a medium mixed with MSNs at concentrations
of 0, 0.1, 0.5, 1, and 10 mg/mL was added. After coculture
for 1, 4, 7, and 14 days, 100 mL of 10% CCK-8 reagent was
added to each well and incubated for an additional 2 h. Fi-
nally, the absorbance was detected with a microplate reader
(EnSpire; PerkinElmer) at a wavelength of 490 nm.

Protein loading and release of MSN-DMEP

Cytochrome C (Cyto-C; Solarbio), which has a molecular
weight and isoelectric point similar to those of important

808 MAO ET AL.

D
ow

nl
oa

de
d 

by
 P

ek
in

g 
U

ni
ve

rs
ity

 H
ea

lth
 S

ci
en

ce
 C

en
te

r 
fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 1
1/

25
/2

2.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



growth factors in DMEP (such as TGF-b1, IGF-1 and
bFGF), was selected as the model protein for the evalua-
tion of protein loading and release. The amount of Cyto-C
adsorbed onto MSN and the concentration of Cyto-C
released at different time intervals was analyzed at a wave-
length of 520 nm using a microplate multimodal reader.
Excess DMEP was added to 1 mg of MSNs and incubated
at 4�C for 24 h. After encapsulation of DMEP, the MSNs
were centrifuged and washed three times. All supernatants
and wash solutions were collected. The MSNs fully loaded
with nDMEP (MSN-nDMEP) and MSNs fully loaded with
bDMEP (MSN-bDMEP) were used for the subsequent
in vitro and in vivo experiments. For the quantification of the
encapsulated protein and TGF-b1, a BCA kit and an ELISA
kit against human TGF-b1 were used as described above.

Cell viability of rBMMSCs cultured with MSN-DMEP

rBMMSCs were seeded at a density of 5000 cells/well in
200 mL of mesenchymal stem cell medium (MSCM) into
96-well plates. After 24 h, the medium was completely remo-
ved from each well. Then, 1 mg/mL of MSNs, 1 mg/mL of
MSN-nDMEP, and 1 mg/mL of MSN-bDMEP were added
and incubated at 37�C and 5% CO2. Biocompatibility was
determined by the CCK-8 assay as described previously.

Chondrogenic induction of rBMMSCs

Chondrogenic differentiation was carried out in a pellet
culture system in a chondrogenic inductive medium (CIM;
detailed information in Supplementary Data). We separately
added 10 ng/mL of recombinant TGF-b1 (Novoprotein Bio-
tech, Shanghai, China) and 1 mg/mL of MSN, MSN-nDMEP,
or MSN-bDMEP to the medium of each experimental group
and then formed chondrogenic pellets. Pellets in the TGF-b
group were incubated in CIM with 10 ng/mL of TGF-b1,
while pellets in the other groups were cultured in CIM. The
medium was exchanged every second day over a period of
14 or 21 days.

Gene expression analysis

After 14 days of chondrogenic differentiation induction,
total RNA from chondrogenic pellets was isolated with the
TRIzol reagent (Thermo Fisher Scientific). The isolation
was carried out according to the manufacturer’s manual.
Two hundred nanograms of total RNA (2000 ng) was used
for a reverse transcription reaction with a complementary
DNA (cDNA) reverse transcription kit (TaKaRa). The prim-
ers used to carry out the quantitative PCR (qPCR) analy-
sis were predesigned (Sangon Biotech) (Supplementary
Table S1). Quantitative real-time PCR was performed using
a Qiagen miScript SYBR green PCR Kit on an ABI 7500
instrument (Applied Biosystems) following the manufactur-
er’s instructions. The data were analyzed with the 2-DDCt

method. There were three replicate samples for each group.

Histological staining

After 21 days of culture, the pellets were fixed in 4%
paraformaldehyde solution (Solarbio), dehydrated with an
ascending ethanol gradient, embedded in paraffin, and sec-
tioned into 5-mm-thick slices. Hematoxylin and eosin (HE)
staining was performed according to the standard HE pro-

tocol (Solarbio). The sections were stained with safranin O
(Solarbio) and alcian blue (Solarbio) according to the man-
ufacturer’s instructions.

In vivo study

All animal experiments were approved by the Institu-
tional Animal Care and Use Committee of Peking Uni-
versity Health Science Center. Articular cartilage defects
were created in both knees of New Zealand white rabbits
(weight: 2.0–2.5 kg; n = 3 per group). Rabbits were anes-
thetized with 10% chloral hydrate. Defects of 3.0 mm depth
and 5.0 mm diameter were created in the middle of the
articular cartilage of the femoral trochlea. The rabbits were
randomly divided into four groups as follows: blank group,
nothing was implanted into the defects; collagen (C) group,
60mL of collagen I was implanted into the defects; colla-
gen+MSN (C+S) group, 60 mL of collagen I with 10 mg/mL
of MSN was implanted into the defects; and collagen+MSN-
bDMEP (C+S+D) group, 60mL of collagen I with 10 mg/mL
of MSN-bDMEP (MSNs with maximum loading of
bDMEP) was implanted into the defects. After operation,
joints were closed with suture.

Rabbits were sacrificed at 12 weeks after surgery. The
whole knee joints were dissected and fixed in a 4% para-
formaldehyde solution for 24 h. Subsequently, the tissues
were decalcified with 10% (w/v) EDTA and embedded in
paraffin. Sections were cut at a thickness of 5 mm. Then HE
and alcian blue staining was performed as described above.
Safranin O-fast green staining (Solarbio) was performed
according to the manufacturer’s instructions.

Statistical analysis

SPSS 26.0 software (IBM Corp., Armonk, NY) was used
for data analysis. Measurement data are presented as the
mean – standard deviation. Data were analyzed by one-way
analysis of variance and Student’s unpaired t-test. A p-value
<0.05 was selected as the level of statistical significance.

Results

DMEP extracted in basic buffer increased growth
factor content

DMEP extracted in neutral and basic solutions was ana-
lyzed by BCA and ELISA experiments. There was no sig-
nificant difference in the total protein content of DMEP
extracted in bDMEP (0.232 – 0.063 mg/mL) and in nDMEP
(0.194 – 0.063 mg/mL). Nevertheless, the concentrations of
TGF-b1, bFGF, and IGF-1 in bDMEP were significantly
higher than those in nDMEP. The concentrations of TGF-b1,
bFGF, and IGF in bDMEP were 4.35 – 0.56, 4.58 – 0.92,
and 9.18 – 1.36 ng/mL, respectively. In nDMEP, the con-
centrations of TGF-b1, bFGF, and IGF were 1.32 – 0.62,
1.85 – 0.71, and 4.26 – 1.64 ng/mL, respectively (Fig. 1). In
nDMEP, the concentrations of BMP-2, VEGF, and TGF-b3
were 86.63 – 150.05, 6.63 – 2.81, and 3.23 – 5.60 pg/mL,
respectively, while in bDMEP, the concentrations of BMP-2
and VEGF were 50.27 – 79.90 and 5.43 – 1.42 pg/mL.

TGF-b3 was not detectable in bDMEP, and BMP-9 was
not detectable in either nDMEP or in bDMEP. The concen-
trations of BMP-2, VEGF, and TGF-b3 were not signifi-
cantly different between nDMEP and bDMEP.
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Characteristics of MSNs

Morphology and structure of MSNs. TEM (Fig. 2A, B)
showed that the MSNs were spherical and had a radially
mesoporous structure. The particle sizes of the MSNs were
135.70 – 12.68 nm. The N2 adsorption–desorption isotherm
of MSN (Fig. 2C) exhibits the type IV isotherm and H1
hysteresis loop, indicating a three-dimensional mesoporous
channel structure with a main pore size of 6 nm (Fig. 2D).

Degradation of MSNs. We first investigated the degra-
dability of MSNs by dispersing the particles in PBS for
4 weeks. TEM images showed that after immersion in PBS,
MSNs basically maintained their original morphology, and
the mesoporous structures were still clear at 1–2 weeks,
indicating that MSNs were not significantly degraded
(Fig. 3A–C). After 4 weeks of incubation in PBS, MSNs
showed blurred boundaries, and the mesoporous structure

partially disappeared (Fig. 3D). In contrast, after 1 week of
coculture with rBMMSCs, MSNs showed blurred edges and
collapsed mesoporous structures (Fig. 3E). These results
indicated that MSNs were able to be slowly degraded in
PBS and that the existence of rBMMSCs could accelerate
the degradation process of MSNs.

Cell viability of rBMMSCs cultured with MSNs. The
results of the CCK-8 assay showed that 0.1 mg/mL of MSNs
did not affect the cell viability over 14 days of incubation in
comparison with the control group (0 mg/mL). MSNs at 0.5
and 1 mg/mL decreased the cell number at 1, 4, and 7 days
compared with the control group, but the inhibitory effects
disappeared after 14 days of incubation. In contrast, 10 mg/mL
of MSNs consistently inhibited cell viability over 14 days of
incubation (Fig. 4). Therefore, 1 mg/mL of MSNs was cho-
sen for the subsequent experiments.

FIG. 1. Concentrations of total protein and growth factors in nDMEP and bDMEP. (A) Concentration of total protein.
(B) Concentration of TGF-b1. (C) Concentration of bFGF. (D) Concentration of IGF-1. Each bar represents the mean – SD.
*p < 0.05. bDMEP, basic solution-extracted DMEP; bFGF, basic fibroblast growth factor; DMEP, dentin matrix extracted
proteins; IGF, insulin-like growth factor; nDMEP, neutral solution-extracted DMEP; SD, standard deviation; TGF-b1,
transforming growth factor-b1. Color images are available online.

FIG. 2. Characterization of
MSNs. (A, B) TEM images of
MSNs. (C) Nitrogen adsorption–
desorption isotherms of MSNs.
(D) Pore size distribution curves of
MSNs. MSNs, mesoporous silica
nanoparticles; TEM, transmission
electron microscopy. Color images
are available online.
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Protein loading and release of MSN-DMEP

MSNs were mixed with excess DMEP at 4�C for 24 h.
The maximum loading of total protein of MSNs was 610 –
11 mg/mg in nDMEP and 673 – 53mg/mg in bDMEP
(Fig. 5A). The amount of TGF-b1 loaded in MSNs was 5.23 –
1.31 ng/mg in nDMEP and 16.81 – 3.87 ng/mg in bDMEP
(Fig. 5B). The maximum loading of Cyto-C in MSNs was
442.5 – 19.0mg/mg. After being immersed in PBS at 1 mg/mL,
45.64% – 3.49% of Cyto-C was gradually released from
MSNs in 28 days (Fig. 5C).

Cell viability of rBMMSCs cultured with MSN-DMEP

After 7 days of culture, 1 mg/mL of MSNs decreased the
cell number of rBMMSCs. MSN-nDMEP decreased the cell
number at days 1, 3, and 5, but had no inhibition at day 7.
However, MSN-bDMEP decreased the cell number at days
1, 3, and 5, but increased the cell number at day 7 (Fig. 6).

MSN-DMEP promoted chondrogenic differentiation
of rBMMSCs

The expression of chondrogenic differentiation-related
genes (Acan, Col2, Col10, and Sox9) was detected by real-
time PCR after rBMMSCs were cocultured with MSN,
MSN-nDMEP, and MSN-bDMEP for 14 days. CIM was
used as a negative control, and CIM with 10 ng/mL TGF-b1

was used as a positive control. The MSN-bDMEP group had
the highest expression of Acan compared with the other
groups. The expression of Acan in the MSN-nDMEP group
was significantly higher than that in the control, TGF-b, and
MSN groups. There was no significant difference between
the control and MSN groups in Acan expression (Fig. 7A).
No statistically significant difference was detected in Col2
expression among the control, MSN, and MSN-nDMEP
groups.

The MSN-bDMEP group had a significantly higher Col2
expression than the abovementioned groups, but a signifi-
cantly lower Col2 expression than the positive control
(TGF-b) group (Fig. 7B). Col10 expression did not differ
statistically among the control, TGF-b, MSN, and MSN-
nDMEP groups. The expression of Col10 in MSN-bDMEP
was significantly higher than that in the other groups
(Fig. 7C). The greatest amount of Sox9 expression was
observed in the MSN-bDMEP group, with less Sox9 expres-
sion in the TGF-b and MSN-nDMEP groups than in the
MSN group, and the lowest expression was observed in the
control group (Fig. 7D).

MSN-DMEP promoted cartilaginous matrix formation
of rBMMSCs

The chondrogenic pellets formed by rBMMSCs were
fixed and histologically stained to observe the formation of
cartilage-specific matrix components (Fig. 8). Alcian blue
and safranin O staining showed that the pellets in the con-
trol and MSN groups were looser than those in the TGF-b,
MSN-nDMEP, and MSN-bDMEP groups, and no red-
staining or dark blue-staining matrix was detected. The
positive control (TGF-b) group showed abundant cartilage-
specific matrix with strong red and dark blue staining and a
cartilage-lacuna-like structure, which was characteristic of a
cartilage matrix. MSN-bDMEP stimulation induced chondro-
genic differentiation of rBMMSCs similar to that induced
by TGF-b with strong red and alcian blue staining and
cartilage-specific matrix formation.

The MSN-nDMEP group showed less and uneven carti-
lage matrix deposition than the TGF-b and MSN-bDMEP
groups. The staining in the central region of the pellet was
strong, while light staining was observed in the surface
layer, indicating localized cartilage formation. The results
of histological staining indicated that rBMMSCs in pellets

FIG. 3. Degradation of
MSNs in vitro. (A) TEM
image of MSNs before
degradation. (B–D) TEM
images of MSNs in PBS at
1 week (B), 2 weeks (C), and
4 weeks (D). (E) TEM image
of MSNs cocultured with
rBMMSCs in MSCM at
1 week. MSCM, mesenchy-
mal stem cell medium; PBS,
phosphate-buffered saline;
rBMMSCs, rat bone marrow
mesenchymal stem cells.

FIG. 4. Cell viability of rBMMSCs cultured with MSNs
detected by CCK-8 assay. Each bar represents the mean –
SD. *Indicates a significant difference compared with the
control group (0 mg/mL; p < 0.05). CCK-8, cell counting kit-8.
Color images are available online.
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could differentiate toward the chondrogenic direction and
synthesize a cartilaginous matrix under MSN-DMEP induc-
tion, especially bDMEP.

MSN-bDMEP promoted cartilage regeneration
in articular cartilage defects

Histology staining results at 12 weeks postsurgery are
presented in Figure 9. The HE staining results showed that
in the blank and collagen (C) groups, fibrous tissues were
seen in the defect area, and the thickness was thinner than
the adjacent normal cartilage (Fig. 9A1–4). Alcian blue
staining and safranin O-fast green staining of newly gener-
ated tissue were slight, indicating that the blank group and
C group had a lower proteoglycan and glycosaminoglycan
content. In addition, the collagen fibrils were randomly
arranged (Fig. 9B1–4, C1–4). The collagen+MSN (C+S)
group formed a deeply alcian blue-stained cartilage-like
tissue with cartilage lacuna (Fig. 9A5, A6, B5, B6).

Safranin O-fast green staining showed that the neo-
generated cartilage-like tissue was unclearly stratified and
the chondrocytes and collagen fibrils were arranged ran-
domly. The red staining is slighter than the adjacent normal
cartilage (Fig. 9C5, C6). In the collagen+MSN+bDMEP
(C+S+D) group, the newly formed cartilage-like tissue was
thicker than the other three groups (Fig. 9A7, A8). Alcian
blue staining showed abundant dark blue cartilage matrix
with cartilage lacunae bonding to the adjacent cartilage
(Fig. 9B7, B8). Safranin O-fast green staining showed that
the new cartilage had obvious three zones and the tidemark.
In the superficial zone (SZ), the chondrocytes were flat and

the collagen orientation was parallel to the surface. The
slightest red staining in this zone means that this area had
the lowest concentration of proteoglycans.

The middle zone (MZ) showed round chondrocytes and
randomly arranged collagen fibrils. The intense red staining
indicated abundant proteoglycans. In the deep zone (DZ),
chondrocytes and collagen fibrils are arranged in columns
perpendicular to the joint surface. Tidemark was seen below
the DZ. These results indicated that MSN-bDMEP promoted
cartilage regeneration in vivo.

Discussion

DMEP contains a variety of growth factors related
to cartilage regeneration, such as TGF-b,8,9,11 IGF-1,9,11

IGF-2,10 BMP,13,14 bFGF,12 and PDGF.30,31 Our results
showed that the concentrations of TGF-b1, bFGF, and IGF-1
in DMEP were, respectively, high above 1 ng/mL, while the
concentrations of TGF-b3, BMP-2, BMP-9, and VEGF were
below 100 pg/mL. The dosage of growth factors is related to
their chondrogenesis-promoting effect. It was found that in
an in vitro model, 10 ng/mL of TGF-b1 could induce the
cartilage matrix extracellularly formed abundantly and homo-
geneously, whereas only few of the cartilage extracellu-
lar matrix formed after chondrogenic induction with 1 and
0.5 ng/mL of TGF-b1.32 Moreover, 1 ng/mL of IGF-1 had
no obvious effect of proliferation in BMMSCs, but IGF-1
at the concentration of 10 ng/mL and above facilitated
BMMSC proliferation and reached the optimum condition at
50 ng/mL.33

Solchaga et al. found that 1–10 ng/mL of bFGF promoted
both MSC proliferation and chondrogenic differentiation.34

In addition, Majumdar et al. found that BMP-2 and BMP-9
at the concentration of 100 ng/mL promoted chondrogenic
differentiation of human multipotential mesenchymal cells.35

The minimum effective concentration of growth factors was
approximately above 1 ng/mL, which suggests that TGF-b1,
IGF-1, and bFGF in DMEP might play a major role in
cartilage regeneration. Furthermore, different growth factors
have synergistic effects on chondrogenesis. Studies have
shown a significant increase in cartilage matrix formation
when IGF-1 is combined with the TGF-b superfamily such
as TGF-b1, BMP-2, and BMP-7.33,36 The combination of
TGF-b1 and bFGF was demonstrated to synergistically pro-
mote the chondrogenic differentiation of periotic mesenchyme
in vitro.15 DMEP, as a complex of several growth factors, may
show a superior effect than a single growth factor, providing
new hope for promoting articular cartilage regeneration.

FIG. 5. Protein loading and
release performance of
MSNs. (A) Amount of total
protein in nDMEP and
bDMEP loaded on MSNs.
(B) Amount of TGF-b1 in
nDMEP and bDMEP loaded
on MSNs. (C) Protein release
curve of MSNs. Each bar
represents the mean – SD.
*p < 0.05. Color images are
available online.

FIG. 6. Cell viability of rBMMSCs cultured with MSN-
DMEP detected by CCK-8 assay. Each bar represents the
mean – SD. *Indicates a significant difference compared with
the control group ( p < 0.05). Color images are available online.
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DMEP is usually extracted under neutral conditions.37 In
this study, DMEP extracted in basic solution significantly
increased the concentration of active TGF-b1, IGF-1, and
bFGF compared with that in nDMEP. TGF-b1 is synthe-
sized as latent complexes. The mature TGF-b1 is non-
covalently associated with a disulfide-bonded complex of
the N-terminal remnant of the TGF-b1 latency-associated
peptide (LAP). Human dentin contains both mature TGF-b1
and latent TGF-b1, which bind to LAP.38,39 Changes in pH
can activate the TGF-b homodimer by dissociating LAP,
thereby exerting its biological effects.40 Our previous stud-
ies had tested the effects of alkaline treatment at different
pH on the activation of endogenous latent TGF-b1 and its
biological function, and found that alkaline conditioning at
pH 10 was able to activate endogenous latent TGF-b1, while
the active TGF-b1 may lose its biological activity at pH 11
or above.41 The pH 10-activated endogenous TGF-b1
exhibited good bioactivity by promoting BMMSC recruit-
ment and early differentiation.41

Other studies also reported that an alkaline environment
helps the release of growth factors from the dentin matrix,
such as IGF-1.42,43 IGF-1 could be stable when released in
an alkaline environment (pH 10.1).44 BMP-2, a member of
the TGF-b family, was also reported to be able to retains its
biological activity at pH 7–11.45 In addition, the protein
conformation of bFGF was able to keep stable at pH as high
as 9.0.46 Given the importance of TGF-b, IGF-1, and bFGF

to cartilage regeneration,16 alkaline conditioning might
improve the chondroinductive ability of DMEP. However,
the exact mechanism underlying the effect of alkalinity
on the biological effects of these proteins requires further
investigation.

This study revealed that MSNs were highly efficient
nanocarriers for the loading and delivery of proteins. At
37�C, MSNs could sustainably release *40–50% of the
total loaded protein at 28 days. The physicochemical char-
acteristics of MSNs determine their adsorption capacity for
DMEP. In this study, there were significant differences in
the loading amount of TGF-b1 in bDMEP and nDMEP by
MSN. The ratio of loaded TGF-b1 to loaded total protein in
MSNs was higher than that in the original DMEP extract,
indicating that our designed MSNs with proper physico-
chemical properties can selectively load more TGF-b1 in
DMEP. MSN loaded with chondrogenic-related growth
factors in DMEP may be due to the matched pore size and
electrostatic attraction.

Previous research has found that the ideal pore size of the
material should be three to five times the diameter of the
loaded protein.18 Chondrogenic-related growth factors in
DMEP, such as active TGF-b1, bFGF, and IGF-1, have a
molecular weight between 5 and 20 kDa and a diameter
of *2–4 nm.47–49 The MSNs designed in this study had a
pore size of 6 nm, which is favorable for the loading of the
above growth factors. Moreover, the MSNs had a radial pore

FIG. 7. Chondrogenic differentiation of rBMMSCs cultured with MSN-DMEP for 2 weeks. (A) Acan gene expression (B) Col2
gene expression (C) Col 10 gene expression (D) Sox9 gene expression. *Indicates a significant difference between groups ( p < 0.05).

FIG. 8. Histological staining of chondrogenic pellets was conducted after 21 days of chondrogenic differentiation. Scale
bar = 200mm. Color images are available online.
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structure with a high surface area and negative charges.
These characteristics further enhanced the physical adsorp-
tion of growth factors by MSNs.19,20 The release of DMEP
in MSNs is strongly associated with the degradation of
MSNs.50 MSNs with mesoporous structures have a higher
surface area in contact with water than solid silica particles,
resulting in faster degradation and improved drug release.22

We also found that the degradation rate of MSNs cocul-
tured with rBMMSCs was faster than that in PBS, which
may facilitate the release of loaded proteins and exert their
biological effects. It may be possible to regulate protein
release from silica-based materials through controlled ero-
sion.51 A model protein with a similar size to growth factors
has been successfully used to simulate the loading and
release of the growth factors from MSNs.52 Santos at el.
found that porous silica loaded with different concentra-
tions of model protein shared similar release curves and
the release amount was dose dependent.53 Since MSNs in
the bDMEP group loaded more TGF-b1 than those in the
nDMEP group, MSN-bDMEP should release more TGF-b1
than MSN-nDMEP, but with similar release curves with the
model protein Cyto-C.

It was reported that MSNs possessed low toxicity in vitro
against the various cell lines.54 The major toxicity associ-

ated with silica is due to its surface chemistry (silanol
groups), which can interact with the membrane components
leading to the lysis of cells and the consequent leaking of
the cellular components.55 Mesoporous silica exhibits a
lower toxicity compared with nonporous silica that could be
attributed to the lower density of silanol groups on the sur-
face of these structures.56 In our cell viability experiment,
MSNs at concentration of 0.1, 0.5, and 1 mg/mL exhibited
decreasing cytotoxic activity at day 14. The reason may be
that MSNs degraded gradually and the volume of the pore
spaces increased, which may lead to the reduced surface
silanol density and overall cell-accessible surface.

The present study showed that MSN-bDMEP signifi-
cantly promoted the proliferation of rBMMSCs, the expres-
sion of chondrogenesis-related genes, and the formation
of cartilage-like matrix. These results suggested that MSN-
DMEP could slowly release chondrogenesis-related growth
factors that were maintained at effective concentrations for a
long time. MSN-bDMEP had a better chondrogenic effect
than nDMEP. This may be associated with the increased
concentrations of TGF-b1, bFGF, and IGF-1 in MSN-
bDMEP.

In this study, the use of MSN-bDMEP effectively low-
ered the dose and frequency requirement of TGF-b1. We

FIG. 9. In vivo effects of MSN-bDMEP on cartilage regeneration in a rabbit osteochondral defect model at 12 weeks.
(A1–A8) HE staining. (B1–B8) Alcian blue staining. (C1–C8) Safranin O-fast green staining. Areas indicated in boxes are
magnified below the respective images. Yellow arrows indicate the junction of defect area and normal cartilage. DZ, deep
zone; HE, hematoxylin and eosin; MZ, middle zone; SZ, superficial zone. Color images are available online.
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supplied 10 ng/mL of TGF-b1 every other day in the posi-
tive control (TGF-b1) group, and the total amount of TGF-b1
added was 20 ng per pellet throughout the culture period.
While in the MSN-nDMEP and MSN-bDMEP groups, the
total TGF-b1 loaded in MSNs was *1 and 3 ng per pellet,
respectively, and no repeated administration was needed.
MSN-bDMEP achieved a chondrogenic effect similar to that
of the TGF-b1 group, suggesting that the complex growth
factors in DMEP may have synergistic chondrogenic effects
superior to those of TGF-b1 alone. Using a sustained-release
system to deliver growth factors can achieve chondrogenic
effects similar to the traditional cell pellet culture methods,
but does not require repeated administration and requires a
much lower dose.57

Furthermore, in the initial stage of chondrogenesis, mes-
enchymal stem cells condense and then differentiate into
chondrocytes.58 However, chondrogenic cell pellets with
high cell density are subject to diffusive gradients of metab-
olites, gases, and growth factors, resulting in growth inhi-
bition and spatial differentiation heterogeneity inside the
pellet.59–61 Mixing MSNs into the rBMMSC pellet reduced
its compactness. It is conducive to cell proliferation and the
formation of extracellular matrix. In addition, MSNs within
chondrogenic pellets released chondroinductive stimuli
from inside, which may favor the integral and synchronized
differentiation of cells.

Due to the low stability and rapid diffusion of growth
factors in vivo, maintaining effective local concentrations of
growth factors is important for their biological effects. In the
in vivo study, we used MSNs with fully loaded bDMEP
(MSN-bDMEP) and the maximum concentration of MSNs
that did not affect collagen gelation. Accordingly, the
amount of TGF-b in 60 mL of collagen I with 10 mg/mL of
MSN-bDMEP is *10 ng and the concentration of TGF-b
in C+S+D was about 160 ng/mL, which was the effective
concentration to induce cartilage regeneration in vivo. In
previous studies, TGF-b1 at a concentration of 20–2000 ng/mL
was utilized in vivo and obtained favorable cartilage repair
effects.62–65

The result showed that MSN-bDMEP could induce the
formation of cartilage-like structure in rabbit knee-joint
articular cartilage defect, indicating that MSN-bDMEP was
able to promote cartilage regeneration in situ. The results
of the in vivo study could be corroborated with the results
of in vitro cytology experiments.

In this study, we found that the hypertrophy marker Col10
was highly expressed in the MSN-bDMEP group. Further
research on the optimal concentration of DMEP is needed
in subsequent studies. Simultaneously, modifying MSNs to
obtain relatively stable degradation and release rates is par-
ticularly important to enhance the production of the extra-
cellular matrix of cartilage and inhibit hypertrophy.

Conclusion

DMEP is a mixture of a variety of proteins. In this study,
we improved the extraction of DMEP by basic conditioning,
which increased the content and activity of chondrogenic-
related growth factors compared with the traditional neutral
solution extraction method. Then, our designed MSN with
suitable physicochemical characteristics can load and con-
trol the release of chondrogenic-related growth factors in

DMEP, thereby promoting the chondrogenesis of rBMMSCs.
MSNs loaded with DMEP have the potential to be applied to
cartilage regeneration as an alternative to expensive syn-
thetic growth factors.
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