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Abstract: Functionalization of biomaterials with specific functional groups is one of
the most straightforward strategies to induce specific cell responses to biomaterials. In
this study, thiol (SH) and amino (NH,) functional groups have been successfully
modified on the surfaces of mesoporous bioactive glass (MBG) scaffolds to form
thiol-functionalized MBG (SH-MBG) and amino-functionalized MBG (NH,-MBGQG)
scaffolds by a post-grafting technique. The effects of functional groups on structure,
physicochemical and biological properties of MBG scaffolds were systematically
investigated. The results showed that the functionalization of MBG scaffolds did not
change their structures, and the SH-MBG and NH,-MBG scaffolds still had
hierarchical pore architecture (macropore of 300-500 um and mesopore of 3.5-4 nm)
and high porosity (84-86%), similar to the MBG scaffolds. Furthermore, the SH-MBG
and NH,-MBG scaffolds possessed similar apatite mineralization ability and
biocompatibility compared to the MBG scaffolds. Importantly, the SH-MBG and
NH,-MBG  scaffolds significantly stimulated adhesion, proliferation and
differentiation of human bone marrow-derived mesenchymal stem cells (hBMSCs).
Therefore, functionalization of MBG scaffolds with SH and NH, functional groups
would be a viable way to tailor the surface characteristics for stimulating biological
responses of hBMSCs, and the functionalized MBG scaffolds would be a promising

bioactive material for bone tissue engineering applications.
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1 Introduction

Currently, tissue engineering, the goal of which is the replacement and repair of
traumatized, damaged, or missing body tissues with biologically compatible
biomaterials, mesenchymal stem/progenitor cells and growth factors, has been paid
more and more attention.! The biomaterials for tissue engineering must be
biodegradable, biocompatible and should be designed to meet both nutritional and
biological needs for specific cell behavior involved in new tissue formation. Stem
cells are an attractive cell source for tissue engineering and regenerative medicine
because they exhibit the capacity to self-renew without loss of their multi-potency and
when presented with specific signals can be driven to differentiate down multiple
lineages.” Bone marrow-derived mesenchymal stem cells (BMSCs) are a potentially
valuable cell source for the engineering of damaged or lost connective tissues due to
their ability to differentiate into the cells that ultimately generate these tissues, such as
adipocytes, chondrocytes, myoblasts and osteoblasts, in the presence of defined
environmental factors. However, the development of useful biomaterials for bone
tissue engineering is limited due to an incomplete understanding of the specific
interface interaction between biomaterials and biological systems. Surface
microenvironment characteristics of biomaterials, such as surface energy, chemistry,
topography and hydrophobicity, are important factors that influencing the adsorption
of various bioactive molecules, hence governing the initial cellular events on the
cell-material interface and regulating a wide variety of biological functions, including

cell growth, migration, differentiation and synthesis of extracellular matrices
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(ECMs).>* Several studies have suggested that alterations to one or more of these
cellular responses at early stages may ultimately result in downstream effects on
phenotype-specific gene expression and functional differentiation.”® Therefore,
developing biomaterials with the capability to instruct stem cells and control their
behavior has a profound effect on the field of bone tissue engineering and will
enhance the efficiency of many conceptual and actual tissue-engineered constructs.’
Recently, surface modification on biomaterials with chemical groups has been used
to develop the controlled drug adsorption and delivery systems.'®'* Also, surface
modification on biomaterials could enhance the growth of hydroxyapatite (HA) on the
surface of biomaterials and formation of fibronectin and vitronectin networks, which
act as an excellent cell support to maintain desirable cell-substrate interactions, to
provide favorable conditions for cell proliferation and to stimulate the osteogenic
differentiation.'*'* The local sustained drug release capability and the improved
bioactive behavior of these biomaterials makes them suitable for bone regeneration.'?
Cui et al. investigated HA nucleation and growth on the electrospun poly(DL-lactide)
(PDLLA) fibers functionalized with carboxyl (COOH), hydroxyl (OH) and amino
(NH>) groups and their combinations, and the results showed that higher densities of
COOH groups, combination of OH and COOH groups with the ratio of 3/7, and
combination of NH,, OH and COOH groups with the ratio of 2/3/5 were favorable for
HA nucleation and growth.13 Toworfea et al. investigated the calcium phosphate
deposition through grafting NH,, COOH and OH-terminal silanes on a fresh silicon

oxide surface, and the enhancement of HA nucleation and growth was determined to
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be more significant on the hydroxylated (OH) surface.'* Ahmed El-Figi et al.
demonstrated that the incorporation of surface-aminated MBG into collagen
hydrogels could significantly improve the physicochemical and mechanical properties
of collagen hydrogel, leading to a favorable environment for stem cell culture for
bone tissue engineering applications.'”> More importantly, Curran et al. produced a
range of clean glass with silane-modified surfaces, such as methyl (CH3), SH, NH,,
OH and COOH, and cultured them in contact with MSCs. The results showed that the
CHs-modified surfaces maintained the MSCs phenotype; the NH, and SH-modified
surfaces promoted and maintained osteogenesis both in the presence and absence of
biological stimuli; the OH and COOH-modified surfaces promoted and maintained
chondrogenesis under both basal and chondrogenic stimulated conditions, but did not
support osteogenesis.16 Phillips et al. also showed that self-assembled monolayers
(SAMs) of alkanethiols on gold functionalized with different functional groups (CHs,
OH, COOH and NH;) had different effect on the pattern of fibronectin adsorption,
which in turn modulates the osteogenic differentiation of MSCs."” Interestingly, the
NH,-SAMs promoted the strongest induction of MSC differentiation along the
osteoblastic lineage. Therefore, cell proliferation and differentiation driven by the
functionalization of biomaterial surfaces with specific functional groups without the
addition of biological stimuli (growth factors, cytokines and other serum proteins)
would be a more attractive proposition in terms of implanting tissue-engineered
constructs into a host that could elicit a specific cellular response.

Mesoporous bioactive glass (MBG) has been synthesized and proved to exhibit
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excellent apatite formation and drug delivery ability compared to conventional BG,
because MBG has high specific surface area, large pore volume and mesoporous
structure. Therefore, there has been a growing interest in MBG as a bioactive material
for bone regeneration.'™ ' To date, many efforts have been made to fabricate 3D
interconnected porous MBG scaffolds, which are beneficial for cell migration,
nutrient delivery, vascularization and eventually bone ingrowth.”*?' Nevertheless, the
surface of MBGs is covered by silanol groups, which is possible to enhance cell
responses to MBG materials through surface functionalization with specific functional
groups.

To the best of our knowledge, no reports can be found on the study of hBMSCs
responses to MBG scaffolds functionalized with different chemical groups. In this
work, MBG scaffolds functionalized with SH and NH, functional groups were
successfully synthesized by evaporation-induced self-assembly process and
post-grafting technique. Furthermore, physicochemical properties of these prepared
MBG scaffolds were characterized, and adhesion, proliferation and differentiation of
hBMSCs cultured on the functionalized MBG scaffolds were systematically

investigated.

2 Materials and methods
2.1. Materials.
Nonionic block copolymer EO,0PO70EOy (P123, Mw = 5800) was purchased from

BASF. Hydrochloric acid (HCI, >36%), tetraethyl orthosilicate (TEOS, 98%), triethyl
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phosphate (TEP, 99.8%), ethanol (99.7%) and calcium nitrate (Ca(NOs3),24H,0, 99%)
were  purchased from  Sinopharm  Chemical = Reagent Co.  Ltd.
3-mercaptopropyltrimethoxysilane (MPTES, >95%) was purchased from Aladdin
Chemistry Co. Ltd. 3-aminopropyltriethoxysilane (APTES, >98%) was purchased
from Sigma-aldrich Co. All chemicals were used without further purification.
2.2. Preparation and surface functionalization of MBG scaffolds.
MBG scaffolds were prepared using co-templates of nonionic block polymer P123
and polyurethane sponges. P123 was used to produce mesopores and polyurethane
sponges were used to create macropores according to our previously reported
method.”? In a typical synthesis process of MBG scaffolds, 4.0 g of P123, 6.7 g of
TEOS, 1.4 g of Ca(NO3),*4H;0, 0.73 g of TEP and 1.0 g of 0.5 M HCIl were
dissolved in 60 g of anhydrous ethanol and stirred at room temperature for 24 h.
Afterward, the polyurethane sponges (20 ppi) were cleaned and completely immersed
in this solution for 10 min. Then they were transferred to a Petri dish and squeezed
out the excess sol, then transferred to a Petri dish and allowed to evaporate at room
temperature for 12 h, the same procedure was repeated 8 times. When the samples
were completely dry, they were calcined at 700 °C (ramp of 2 °C/min) for 8 h to
obtain the final MBG scaffolds (Ca/P/Si = 15/5/80, molar ratio).

The MBG scaffolds were surface-functionalized with SH or NH, groups through a
post-synthesis procedure using MPTES and APTES silanes, respectively. Typically,
500 mg of MBG scaffolds was immersed in 100 ml anhydrous ethanol, 1.5 ml of

MPTES or APTES was then added into the solution, the mixture was stirred at room
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temperature for 48 h. The supernatant solution was discarded and the scaffolds
washed with anhydrous ethanol for 3 times. Finally, the functionalized scaffolds were
dried at 60 °C in vacuum oven for 24 h. The bare, SH and NH, functionalized MBG
scaffolds were named as MBG, SH-MBG and NH,-MBG scaffolds, respectively.
2.3. Characterization of the functionalized MBG scaffolds.
The wide-angle XRD patterns were obtained on a Bruker D8 advance. Scanning
electron microscopy (SEM) was carried out with a FEI Quanta 450 field emission
scanning electron microscope. Transmission electron microscopy (TEM) was
performed with a JEM-2010 electron microscope operated at an acceleration voltage
of 200 kV. N, adsorption—desorption isotherms were obtained on a Micromeritics
Tristar 3020 at -196 °C under continuous adsorption conditions.
Brunauer-Emmett-Tellwe (BET) and Barrett-Joyner-Halenda (BJH) methods were
used to determine the surface area and pore size distribution. Fourier transform
infrared (FTIR) spectra were obtained on a Perkin—Elmer SPE CTRUM 100
spectrometer. Zeta potential measurements were performed on a Malvern zeta sizer
Nano-ZS90. Thermo gravimetric (TG) analysis was carried out on a Perkin—Elmer
Diamond thermobalance between 50 °C and 800 °C under a 20 ml/min N, flow and at
a heating rate of 10 °C/min.

The porosity of the functionalized MBG scaffolds was measured using Archimedes’
principle. Anhydrous ethanol was used as liquid medium. The porosity (P) was
calculated according to the following formulation: P=(Wgai-Wry)/(W sai-Wius) X 100%,

where Wy, is the dry weight of functionalized MBG scaffolds, Wy, is the weight of
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functionalized MBG scaffolds suspended in anhydrous ethanol and W, is the weight
of functionalized MBG scaffolds saturated with anhydrous ethanol.

The compressive strength of functionalized MBG scaffolds (6x6x6 mm®) was
tested using a Zwick static materials testing machine (5 KN) at a cross-head speed of
0.5 mm min™. Five samples were used for replicates of this experiment.

2.4. Ion dissolution and apatite formation of the functionalized MBG scaffolds in
simulated body fluids (SBF).

To investigate the ion dissolution from functionalized MBG scaffolds, SBF with ion
concentrations similar to those in human blood plasma was prepared according to the
method described by Kokubo.”® The functionalized MBG scaffolds were soaked in
SBF at 37 °C for 3 and 7 days, at 200 ml/g of solution volume to scaffold mass, in
accordance with our previous repoﬁ.21 After soaking, all the testing scaffolds were
collected from SBF solution, rinsed with ethanol and then dried at 37 °C. The apatite
formation on the surfaces of the functionalized MBG scaffolds was confirmed by
SEM, energy-dispersive X-ray spectroscopy (EDS) and XRD analysis. The
concentrations of Si, Ca and P ions in SBF solution at predetermined time intervals
were determined by inductively coupled plasma optical emission spectroscopy
(ICP-OES, Perkin Elmer Optima7000DV). Three samples were used for replicate
experiments.

2.5. Cell viability, attachment and proliferation on the functionalized MBG
scaffolds.

Primary human bone marrow-derived mesenchymal stem cells (hBMSCs) were
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isolated as previously described.”* The use of human samples was approved by the
ethical committee of Sixth People’s Hospital, Shanghai Jiao Tong University School
of Medicine. In brief, bone marrow (approximately 7 mL) was carefully collected into
polypropylene tubes containing preservative-free heparin (1000 U/mL). Then, the
marrow was suspended in Dulbecco’s Modified Eagle’s Medium (DMEM) containing
4.5 g/L. glucose (GIBCO, Invitrogen Pty Ltd., Australia), supplemented with 10%
fetal bovine serum (FBS), and antibiotics (penicillin G 100 U/mL; and streptomycin
0.1 mg/mL). The cells were plated into dishes and incubated at 37 °C in a humidified
atmosphere with 5% CO,. Non-adherent cells were removed by changing the culture
medium after 5 days of incubation. After 10 days of primary culture, the cells were
detached and serially subcultured in 25 c¢m? flasks. The medium was changed every
2-3 days. Cells were detached with 0.25% trypsin, 0.1% EDTA and passaged at 80%
confluence. The cells of 4-10th passage were used in the experiments.

The activity of lactate dehydrogenase (LDH) in the culture media released by the
cells cultured on the scaffolds was used as an index of cytotoxicity. Briefly, hABMSCs
were cultured on the MBG, SH-MBG and NH,-MBG scaffolds at an initial density of
10* cells/scaffold for 3 days, then the culture medium was collected and centrifuged,
and the LDH activity in the supernatant was determined by a spectrophotometric
microplate reader (Bio-Rad 680, USA) measured at 490nm absorbance according to
the manufacturer’s instruction (Beyotime).

In order to assess cell adhesion and details of cell/biomaterial interaction, 1x10°
hBMSCs were cultured on the scaffolds in 24-well culture plate. The cells were then

10
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incubated in DMEM (GIBCO, Invitrogen Pty Ltd., Australia) culture medium
supplemented with 10% fetal calf serum (FCS; InVitro Technology, Australia) in
humidified culture conditions. After 7 days, the samples were removed from the
culture wells, rinsed with PBS, fixed with 2.5% glutaraldehyde in PBS for 1 h. The
fixative was removed by washing with buffer containing 4% (w/v) sucrose in PBS
and post fixed in 1% osmium tetroxide in PBS followed by sequential dehydration in
graded ethanol (50%, 70%, 90%, 95%, 100%) and hexamethyldisilizane (HMDS).
The specimens were coated with gold and the morphological characteristics of the
attached cells determined using SEM (FEI Quanta 450).

In order to investigate the proliferation of hBMSCs on the functionalized scaffolds,
a Cell Counting Kit-8 assay (Dojindo Molecular Technologies, Inc. Japan) was used
in this study. Briefly, h BMSCs were cultured on scaffolds at an initial density of 10*
cells per scaffold for 1, 3 and 7 days. Then 360ul of culture medium and 40ul CCK-8
solution was added to each well at each time point and incubated at 37 °C for another
4h. An aliquot of 100ul was taken from each well and transferred to a fresh 96 well
plate. The light absorbance of these samples was measured at 450 nm with a
spectrophotometric microplate reader (Bio-Rad 680, USA). All the results were
demonstrated as the optical density (OD) values minus the absorbance of blank wells.
2.6. Differentiation of hBMSCs cultured on the functionalized MBG scaffolds.
To assess the development of the osteoblastic phenotype of hBMSCs grown on
various types of scaffolds, ALP activity was performed on day 7 and 14 after seeding
1x10° hBMSCs on each scaffold (n = 3). All the experiments were done in triplicate

11
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in 24-well culture plates. At the predetermined time point, culture medium was

decanted and cell layer washed gently three times with PBS followed by washing

once in cold 50 mM Tris buffer, and then cells were lysed in 200pl 0.2% Triton X-100.

Lysates were sonicated after being centrifuged at 14,000 rpm for 15 min at 4 °C. 50 pl
supernatant was mixed with 150ul working solution according to the manufacturer’s
protocol (Beyotime). The conversion of p-nitrophenylphosphate into p-nitrophenol in
the presence of ALP was determined by measuring the absorbance at 405 nm with a
microplate reader (Bio-Rad 680, USA). The relative ALP activity was obtained as the
changed OD values divided by the reaction time and the total protein content.

The expression levels of osteogenesis-related genes (runt-related transcription
factor 2 (RUNX2), osteocalcin(OCN), bone sialoprotein (BSP), bone morphgenetic
protein-2(BMP-2) and collagen type I (COL-1)) were measured using the qRT-PCR.
The cells were seeded at a density of 2x10* cells per scaffold, cultured for 7 and 14
days and harvested using TRIzol Reagent (Invitrogen Pty Ltd., Australia) to extract
the RNA. The obtained RNA was reverse transcribed into complementary DNA
(cDNA) using RevertAid First Strand cDNA Synthesis Kit (Thermo) and the
gRT-PCR analysis was performed on an ABI Prism 7300 Thermal Cycler (Applied
Biosystems, Australia) using SYBR Green detection reagent. The relative expression
of the genes of interest was normalized against the housekeeping gene GAPDH. All
samples were assayed in triplicate and independent experiments were performed. The
mean cycle threshold (Ct) value of each target gene was normalized against the Ct
value of GAPDH. The relative expression was calculated using the following formula:

12
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2-(normahzed average Ct) o 100.

2.7. Statistics

The data were collected from three separate experiments and expressed as means +
standard deviation. The one-way ANOVA and Student—-Newman—Keuls post hoc tests
were used to determine the level of significance and P values <0.05 were considered

to be significant.

3 Results

3.1. Characterization of the functionalized MBG scaffolds.

Fig. 1 shows the representative SEM images of the MBG, SH-MBG and NH,-MBG
scaffolds. All scaffolds exhibited the interconnected macroporous structure with
macropore size ranging from 300 to 500um, and the surface of the pore walls was
smooth. TEM images of the MBG, SH-MBG and NH,-MBG scaffolds are shown in
Fig. 2. Similar to the MBG scaffolds, the SH-MBG and NH,-MBG scaffolds also had
a well-ordered and uniform mesoporous channel structure in the inner of matrix, and
the mesopore size was estimated to be 3-4 nm, suggesting that the functionalization
did not change the mesoporous structure of the MBG scaffolds.

Fig. 3 shows N, adsorption-desorption isotherms of the MBG, SH-MBG and
NH,-MBG scaffolds together with the corresponding pore size distributions. The type
IV isotherms for these scaffolds are typical of a mesoporous structure, and the type
HI hysteresis loops (Fig. 3A) in the mesoporous range are characteristic of cylindrical
pores, in accordance with the p6bmm mesoporous structure.””  After the

13
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functionalization of SH or NH, groups on the surface of MBG scaffolds, the specific
surface areas of the scaffolds decreased from 272 to 206 and 190 ng'l, respectively,
and the pore volume decreased from 0.26 to 0.19 and 0.17 cm’g™, respectively. The
pore size distributions of the MBG, SH-MBG and NH,-MBG scaffolds calculated
from desorption branches using the BJH model were narrow, and peaked at 3-4nm
(Fig. 3B).

Fig. 4 shows FTIR spectra of the MBG, SH-MBG and NH,-MBG scaffolds. After
the MBG scaffolds were functionalized with SH and NH, groups, vibration peaks can
be observed at 2800-3050 cm™ assigned to the stretching bands of C-H and C-C
bonds. Furthermore, the stretching bands at 1400-1600 cmand 2450-2550 cm’
assigned to the N-H bonds for the NH,-MBG scaffolds and the S-H bonds for the
SH-MBG scaffolds, respectively. The results indicated that the SH and NH, groups
have been functionalized on the MBG scaffolds. As shown in Fig. 5, the surface zeta
potential for MBG, SH-MBG and NH,-MBG scaffolds was 5.5+1.9, -10.1+2.6 and
30.6+ 1.8 mV, respectively.

TG analysis further confirmed the functionalization of the MBG scaffolds with SH
and NH; groups (Fig. 6). For the MBG scaffolds, there was only a 1.7% weight loss
between 50 and 800 °C, being mainly associated with the loss of water molecules
(about 50-250 °C) adsorbed onto the surface of the scaffolds and the condensation of
silanol groups (about 250-800 °C). For the SH-MBG and NH,-MBG scaffolds, the TG
curves showed different weight loss behavior compared to the MBG scaffolds. The
SH-MBG and NH,-MBG showed 3.7% and 5.1% weight loss between 250 °C and

14
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550 °C except for the weight loss of water molecules between 50 and 250 °C, which
were attributed to the decomposition of SH and NH, functional groups.

The MBG SH-MBG and NH,-MBG scaffolds had similar interconnected
macropores, and the porosities of them were estimated to be in the range of 84-86%
(Table 1) by using Archimeds’ principle. The compressive strengths of the MBG,
SH-MBG and NH,-MBG scaffolds were estimated to be 68.5+11.4, 67.1+10.5 and
66.0+£10.6 KPa, respectively (Table 1), which were similar to the previously reported
pure MBG scaffolds and doped MBG scaffolds samples (~ 55 kPa).?*?’

3.2 Ion dissolution and apatite mineralization ability of the functionalized MBG
scaffolds.

Fig. 7 shows SEM images and EDS analysis for the MBG, SH-MBG and NH,-MBG
scaffolds before and after soaking in SBF for 3 and 7 days. SEM analysis showed that
before soaking in SBF, the surfaces of three types of scaffolds were smooth (Fig. 7 Al,
B1 and C1). After soaking for 3 days, some spherical particles were deposited on the
surface of these scaffolds due to the apatite mineralization in SBF. The morphologies
of these mineralized spherical apatite particles showed no obvious difference among
the MBG, SH-MBG and NH,-MBG scaffolds (Fig. 7 A3, B3 and C3). After soaking
for 7 days, more spherical particles were deposited on the surface of these scaffolds.
In addition, the thicker apatite layers were deposited on the SH-MBG and NH,-MBG
scaffolds compared to the MBG scaffolds, suggesting that the bioactive kinetics of the
SH-MBG and NH,-MBG scaffolds were faster than the MBG scaffolds. After soaking
in SBF for 3 days, EDS analysis showed the Ca/P ratio of the MBG, SH-MBG and

15
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NH,-MBG scaffolds was 1.17, 1.29 and 1.39, respectively (A4, B4 and C4 in Fig. 7).
At day 7, there were obvious characteristic peaks for Ca and P elements on each EDS
spectrum, and the Ca/P ratio of the MBG, SH-MBG and NH,-MBG scaffolds was
1.40, 1.48 and 1.58, respectively (A7, 7 and C7 in Fig. 7), which were close to the
Ca/P ratio of 1.67 for apatite, indicating the apatite mineralization on the surfaces of
these scaffolds.

Fig. 8 shows wide-angle XRD patterns of the MBG, SH-MBG and NH,-MBG
scaffolds before and after soaking in SBF for 7 days. Similar to the MBG scaffolds,
the SH-MBG and NH,-MBG scaffolds had no diffraction peaks on the patterns except
for a broad reflection at 20=20-35°, which indicates the amorphous phase of the
scaffolds. In comparison, XRD patterns of the scaffolds immersed for 7 days in SBF
showed peaks that corresponded with HA, confirming the apatite formation of the
scaffolds.

The concentrations of Si, Ca and P ions in SBF after soaking the MBG, SH-MBG
and NH,-MBG scaffolds for different periods are shown in Fig. 9. It can be seen that
the concentration changes of Ca, Si and P ions for each type of scaffolds were similar.
The Si concentrations increased with increasing soaking time, while both Ca and P
concentrations increased at the early soaking stage, and then decreased after 1 day. On
the other hand, the SH-MBG and NH,-MBG scaffolds showed a little lower
concentrations of Si, Ca and P ions at the same soaking time compared to the MBG
scaffolds, which might be that the SH and NH, functionalization slightly decreased
the ion release rates due to the barrier role of the SH and NH; functional groups on the

16
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surfaces of the scaffolds.
3.3 Cell responses to the functionalized MBG scaffolds.
To investigate cell responses to the functionalized MBG scaffolds, hBMSCs were
used in this study. The attachment and morphology of hBMSCs on different MBG
scaffolds were observed by SEM (Fig. 10). After 7 days of culture, hBMSCs were
attached to the surface of the pore walls presenting well-spread morphology on each
type of scaffolds. However, more hBMSCs were observed on the SH-MBG and
NH,-MBG scaffolds than the MBG scaffolds. LDH activity can indicate the possible
cell membrane damages resulted from the material cytotoxicity. Fig. 11A shows the
LDH activity of hBMSCs cultured on the MBG, SH-MBG and NH,-MBG scaffolds
for 3 days. Fewer LDH activities were detected in the culture medium with the
SH-MBG and NH,-MBG scaffolds, suggesting higher cell viability and better
biocompatibility for the SH-MBG and NH,-MBG scaffolds. The proliferation of
hBMSCs cultured on the MBG, SH-MBG and NH,-MBG scaffolds for 1, 3 and 7 days
was determined by CCK-8 proliferation assay. As shown in Fig. 11B, all scaffolds
supported hBMSCs’ proliferation, and the proliferation rate on the NH,-MBG
scaffolds was significantly higher than that on the MBG scaffolds at day 1, 3 and 7
(P<0.05). However, only at day 7 the proliferation rate on the SH-MBG scaffolds was
significantly higher than that on the MBG scaffolds.

ALP activity of hBMSCs cultured on the functionalized MBG scaffolds for 7 and
14 days are shown in Fig. 12. The SH-MBG and NH,-MBG scaffolds exhibited a
significant enhanced ALP activity compared to the MBG scaffolds (P< 0.05).

17
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However, there were no significant differences in ALP activity of hBMSCs on the
SH-MBG and NH,-MBG scaffolds (P> 0.05). Cell differentiation of hBMSCs on the
functionalized MBG scaffolds was further evaluated by osteogenic gene expression
determined by the expressions of osteogenic markers RUNX2, OCN, BSP, BMP-2
and CoL-1 at 7 and 14 days (Fig. 13). The results showed that the surface
functionalization with SH and NH, groups on the MBG scaffolds significantly
enhanced the expression levels of osteogenic markers, i.e. stimulating osteogenic
differentiation of hBMSCs on the scaffolds. Furthermore, the NH,-MBG scaffolds

exhibited the highest expression levels.

4. Discussion

In recent years, research topic on cell-surface interactions is great of interesting,
especially in the area of biomaterial researches for therapeutics, diagnostics, and
regenerative medicine.””"” Study on the effect of surface chemical modification on
cellular behavior, such as cell adhesion, proliferation and differentiation, is critical to
assess optimal surface functionalities and cell-surface interactions for tissue
regeneration.4’ ' In this study, we successfully fabricated 3D hierarchically porous
MBG scaffolds, and functionalized them with chemical groups (SH and NH,) by a
post-grafting technique. The functionalized MBG scaffolds maintained the textural
and microstructural characteristics of the MBG scaffolds. Furthermore, the SH-MBG
and NH,-MBG scaffolds still exhibited high specific surface area (206 and 190 m*g™,
respectively) and large pore volume (0.19 and 0.17 cm’ g'l, respectively). These

18
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scaffolds had a hierarchical pore structure with 300-500 um of macropore size, 3-4
nm of mesopore size and 84-86 % of porosity (Fig. 2 and Table 1). In general, the
hierarchical pore architecture and high porosity of the scaffolds are of great
importance for bone regeneration. Pore sizes larger than 100 um enable cell seeding,
tissue ingrowths and vascularisation. Nanopores in the microporous (<2 nm) or
mesoporous (2—50 nm) range allow for molecule transportation for any nutrition,
waste removal and signaling, and promote adsorption of biological agents and cell
adhesion.”®?’ Therefore, the functionalized MBG scaffolds had desirable hierarchical
pore structure for bone regeneration.

Apatite mineralization of bioactive materials plays an important role in the
formation and maintenance of the tissue-biomaterials interface.® By modifying with
different functional groups, the bioactivity of the biomaterials could be improved or
controlled to some extent.> On the other hand, our previous study demonstrated that
MBG materials had superior apatite-forming bioactivity compared to conventional
bioactive glass due to their high surface area and mesoporous structure.” In this study,
the results showed that a thick layer of apatite could be deposited on the surfaces of
the SH-MBG and NH,-MBG scaffolds after soaking in SBF for 7 days, as revealed by
SEM, EDS and XRD analyses (Fig. 7 and Fig. 8). In addition, the releases of Ca, Si
and P ions from the SH-MBG and NH,-MBG scaffolds were similar to those from the
MBG scaffolds (Fig. 9). However, the bioactive kinetics of the SH-MBG and
NH,-MBG scaffolds were a little faster than the MBG scaffolds, although the surface
area and pore volume of the SH-MBG and NH,-MBG scaffolds exhibited a little
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decrease due to the functionalization of SH and NH, groups. This suggested that the
presence of SH and NH, groups on the MBG scaffolds could be beneficial for
enhancing the bioactivity, which was in concordance with previous reports on the
functionalized materials with SH and NH, groups.’"** Sun et al. demonstrated that
the functionalized MBG with NH, groups could promote the formation of spherical
apatite particles, and the bioactivity did not decrease with the decreasing surface
area.”’ Colilla et al. found that amino-polysiloxane matrices containing both SH and
NH, groups could improve the bioactivity of the functionalized bioactive hybrid
materials.”* They proposed that H' transferring from silanols (Si—-OH) to NH, groups
could result in zwitterions-like species (Si-O", H3N") in the solution. These
zwitterions-like species could produce mobile H' that associate/dissociate with the
surface, generating electric conduction to the surface, and hence accelerated the
nucleation and growth of apatite. The accepted mechanism for apatite formation on
MBG scaffolds was that Si-OH groups were formed since the Si—O-Si linkage
became broken in SBF; meanwhile, an exchange took place between Ca”" in the glass
and H' of the solution. Then supersaturated Ca’" in the solution congregated onto the
negatively charged Si—-OH groups, inducing nucleation and growth of apatite.3 > On
the other hand, the SH and NH, groups have much stronger electrostatic interaction
ability than the Si-OH groups, which facilitates to serve as nucleation points for HA
mineralization when soaked in SBF, which might further contribute the better
bone-forming bioactivity of SH-MBG and NH,-MBG scaffolds.

The cell/material interaction has been shown to exert considerable influence on
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adhesion, motility, proliferation and differentiation of bone-forming cells, which are
the important steps that occur before bone mineralization.**** Therefore, the adhesion,
proliferation, ALP activity and osteogenic expression of hBMSCs cultured on the
functionalized MBG scaffolds were systematically investigated in this study. First of
all, potential toxic effect of the surface functionalization on biomaterials to the
surrounding bone-forming cells is critical for clinical applications. By using
photo-induced grafting modification method, Ma et al. introduced OH, COOH or
amide (CONH;) groups onto poly-l-lactic acid (PLLA) membrane surfaces, and they
found that the cytocompatibility of the modified PLLA membranes with OH or
CONH, groups was greatly improved compared to that of the original PLLA
membrane, but the modified PLLA membrane with COOH groups had even worse
cytocompatibility although it possessed a similar hydrophilicity.3 % In this study, LDH
activity in the culture media released by the cells was used as an index of cytotoxicity
and the results suggested that the SH-MBG and NH,-MBG scaffolds had lower
cytotoxicity and better biocompatibility than the MBG scaffolds. Studies
demonstrated that mesoporous materials can cause cell apoptosis duo to their ability
to generate reactive oxygen species (ROS),””™ but certain surface modifications with
functional groups, such as NH, or SH groups, can reduce the cytotoxicity of silica
mesoporous materials.*”*' Therefore, it is possible that the lower cytotoxicity of the
functionalized MBG scaffolds was attributed to the inhibition of ROS generation due
to the SH and NH, functionalization on the MBG scaffolds.

Besides their good biocompatibility, the SH-MBG and NH,-MBG scaffolds also
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enhanced hBMSCs’ adhesion and proliferation capacity (Fig. 10 and 11). It is widely
believed that surface-dependent differences can modulate focal cell adhesion
formation and intracellular signaling cascades, ultimately leading to changes in initial
adhesion and long-term cellular behavior.*>* Keselowsky et al. showed that surface
chemistry-induced changes in fibronectin conformation lead to alterations in binding
of specific integrin adhesion receptors.** ** In particular, osp; exhibits binding
specificity to the conformation of fibronectin created by adsorption on OH and NH;
SAMs. By contrast, both asp; and o3 bind to COOH, while neither displays
specificity for fibronectin conformations formed on CHj;. These differential integrin
binding profiles modulate short-term changes in focal adhesion formation and
activation of intracellular signaling pathways that subsequently lead to alterations in
cell adhesion.*”” In this study, SEM analysis showed that hBMSCs on the SH-MBG
and NH,-MBG scaffolds presented spindle-shape morphology with many filopodia
extensions, which also indicated that these SH or NH, functionalized MBG scaffolds
were not deleterious to hBMSCs with respect to adhesion and spreading. Compared to
the MBG scaffolds, the SH-MBG and NH,-MBG scaffolds provided more compatible
environment for cell proliferation as shown in CCK-8 assay. Arima et al. reported that
functional groups on the substrate surface had an impact on cell adhesion behaviors,
where NH; groups encouraged better adhesion of human umbilical vein endothelial
cells (HUVECs) than OH and COOH groups.*® Okada et al. demonstrated that 1.929
cells dramatically adhered on the NH>-modified TiO,/silicone composite surface, and
the number of cells adhering on the composite sheet increased with the increase in the
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NH, group density.*’ Additionally, cationic NH, groups have been shown to exert a
positive effect on initial cell adhesion and growth.48 Therefore, the SH-MBG and
NH,-MBG scaffolds could remarkably enhance cell adhesion and proliferation
compared to the MBG scaffolds.

To date, a very few studies report on hBMSCs differentiated in vitro into
osteogenic lineages without any exogenous soluble differentiation factor, exploiting
predetermined surface functionalization. Interestingly, our results demonstrated that
the SH-MBG and NH,-MBG scaffolds promoted osteogenic differentiation as
compared to the MBG scaffolds, which was indicated by the enhanced ALP activity
and bone-related gene expression of hBMSCs (Fig. 12 and 13). Previous studies have
shown that surface properties of the MBG materials can be seriously affected by
modifying with functional groups, leading to the changes in bioactive behavior since
it strongly depends on the ion exchange with the hydric environment.'™* Moreover,
high apatite-forming bioactivity promotes osteoblastic activity by absorbing serum
proteins and growth factors to stimulate cell proliferation and differentiation.™
Previously, the NH, and SH-modified surfaces were found to promote and maintain
osteogenesis of hBMSCs both in the presence and absence of biological stimuli.'®>!
Recently, COOH, OH, NH; groups and their combinations functionalized electrospun
fibers were demonstrated to support HA formation on the fiber surfaces, which further
stimulated MC3T3-E1 cells proliferation and osteogenic differentiation.'® Curran et al.
demonstrated that the increased levels of osteogenic markers observed when cells

were cultured in contact with the NH, modified surfaces could be related to an
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increase in vitronectin adsorption to the surface and subsequent focal contact
formation and cell signaling.48 Furthermore, integrin-specific interactions with
fibronectin were proved to be essential for osteogenic differentiation, as incubation
with  Bl-blocking antibodies inhibited differentiation by the MC3T3-El
osteoblast-like cell line on NH, and OH surfaces.”' Therefore, changing the surface
chemistry could control the differentiation pathways of the MSCs. In this study, it
might be presumed that the enhancement of osteogenesis mineralization of hBMSCs
on the SH-MBG and NH,-MBG scaffolds could be attributed to the synergistic effects
of multiple factors, such as the positive influence of reactive functional groups on
serum proteins and growth factors attachment/conformation, which further improved
the HA nucleation, directed bone-forming cells anchorage and movement, and
ultimately inducing signaling pathways that push the population down a long-term
osteogenic pathway.”®> However, the in-depth mechanism that led to the enhanced
hBMSCs adhesion, proliferation and osteogenic differentiation by the presently
fabricated SH-MBG and NH,-MBG scaffolds requires further investigation, and the
bone generation capability of the functionalized MBG scaffolds would be further

confirmed in animal experiments.

5. Conclusion

The functionalized MBG scaffolds with SH and NH, functional groups were
successfully prepared by a post-grafting technique. The functionalized MBG scaffolds
not only had hierarchical pore architecture (macropore of 300-500pm and mesopore
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of 3-4nm) and high porosity (84-86%), but also possessed good apatite mineralization
ability and biocompatibility. Importantly, the SH-MBG and NH,-MBG scaffolds
significantly enhanced hBMSCs’ adhesion, proliferation and differentiation compared
to the MBG scaffolds. This study suggested that the functionalization of MBG
scaffolds with special functional groups is a viable way to tailor surface
characteristics and bioactivity for stimulating biological responses of hBMSCs.
Therefore, the functionalized MBG scaffolds are promising for their potential in bone

regeneration applications.
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Table 1. Structural parameters, porosity and compressive strength of MBG,

SH-MBG and NH,-MBG scaffolds

SBET Vp Rp Porosity =~ compressive strength
Samples
(mg) (em'g) (m) (%) (KPa)
MBG 272 0.26 3.76 84.2+0.8 68.5+11.4
SH-MBG 206 0.19 3.76 85.5+0.4 67.1£10.5
NH,-MBG 190 0.17 3.52 85.9+0.6 66.0£10.6

Fig. 1 SEM analysis for MBG (A), SH-MBG (B) and NH,-MBG (C) scaffolds.

Magnification: X200 for A, B and C.

Fig. 2 TEM images of MBG (A), SH-MBG (B) and NH,-MBG (C) scaffolds.
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Fig. 3 (A) N, adsorption—desorption isotherms and (B) the corresponding pore size

distributions of MBG, SH-MBG and NH,-MBG scaffolds.
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Fig. 5 The surface zeta potential data for MBG, SH-MBG and NH,-MBG scaffolds.
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Fig. 7 Wide-angle XRD analysis for MBG, SH-MBG and NH,-MBG scaffolds before

and after soaking in SBF for 7 days.
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Fig. 8 SEM images for the MBG (A1), SH-MBG (B1) and NH,-MBG (C1) scaffolds
before soaking in SBF; SEM images for the MBG (A2, A3), SH-MBG (B2, B3) and
NH,-MBG (C2, C3) scaffolds after soaking in SBF for 3 days; SEM images for the
MBG (A5, A6), SH-MBG (BS5, B6) and NH,-MBG (CS5, C6) scaffolds after soaking
in SBF for 7 days; EDS analysis for the MBG (A4), SH-MBG (B4) and NH,-MBG
(C4) scaffolds after soaking in SBF for 3 days. EDS analysis for the MBG (A7),
SH-MBG (B7) and NH,-MBG (C7) scaffolds after soaking in SBF for 7 days.
Magnification: x2000 for Al, B1, C1, A2, B2, C2, AS, BS, C5; x20,000 for A3, B3,

C3, A6, B6 and C6.
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Fig. 9 Si (A), Ca (B) and P (C) ion concentrations in SBF solutions after soaking the

MBG, SH-MBG and NH;-MBG scaffolds for various time periods.
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Fig. 10 SEM images of the attachment of hBMSCs cells on the MBG (A), SH-MBG

(B) and NH,-MBG (C) scaffolds after culturing for 7 days.
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Fig. 11 (A) The LDH activity of hBMSCs cultured on the MBG, SH-MBG and
NH,-MBG scaffolds for 3 days. (B) The proliferation of hBMSCs cultured on the

MBG, SH-MBG and NH;,-MBG scaffolds for 1, 3 and 7 days.
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Fig. 12 The ALP activity of hBMSCs cultured on the MBG, SH-MBG and NH,-MBG

scaffolds for 7 and 14 days.
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Fig. 13 Osteogenic gene expression of RUNX2 (A), OCN (B), BSP (C), BMP-2 (D)

and COL-1 (E) for hBMSCs cultured on the MBG, SH-MBG and NH,-MBG

scaffolds analyzed by qRT-PCR for 7 and 14 days.
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