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Abstract: Nanoporous magnesium—zinc—silicon (n-MZS) xerogels with a pore size of ~4 nm,
a surface area of 718 cm*g, and a pore volume of 1.24 cm?/g were synthesized by a sol-gel
method. The n-MZS xerogels had high capacity to load vancomycin hydrochloride (VH) and
human bone morphogenetic protein-2 (thBMP-2), after soaking in phosphate buffered saline
(PBS) for 24 hours (1.5 and 0.8 mg/g, respectively). Moreover, the n-MZS xerogels exhibited
the sustained release of VH and thBMP-2 as compared with magnesium—zinc—silicon (MZS)
xerogels without nanopores (showing a burst release). The VH/thBMP-2/n-MZS system not
only exhibited a good antibacterial property but also promoted the MG63 cell proliferation and
differentiation demonstrating good bactericidal activity and cytocompatibility. The results sug-
gested that n-MZS with larger surface area and high pore volume might be a promising carrier
for loading and sustained release of VH and rhBMP-2. Hence, the VH/rhBMP-2/n-MZS system
might be one of the promising biomaterials for osteomyelitis treatment and bone repair.
Keywords: nanoporous xerogels, sustained release, drugs, osteomyelitis, bone regeneration,
bactericidal activity, cytocompatibility

Introduction

Nanoporous materials have received increasing attention due to their potential
applications in catalysis, separation, sensing, drug delivery, and enzyme
immobilization.'® To date, some studies have reported the design of drug-delivery
systems based on the nanoporous materials for loading therapeutic molecules, such as
chemical drugs, peptides, and proteins.”® As an effective vector-delivering therapeutic
molecules, the nanoporous materials with the pore size of a few nanometers have high
capacity to encapsulate large amounts of drugs/biomolecules.’

Recently, the use of nanoporous materials for bone repair has been proposed, and
the tunable pore size, large surface area, and high pore volume might allow them to
load osteogenic agents and promote new bone regeneration.'®!! Human bone mor-
phogenetic protein-2 (thBMP-2) with strong bone-inducing activity is considered to
play important roles in bone regeneration.'>!* However, the activity of thBMP-2 is
deteriorated by its short in vivo half-life, that is, hBMP-2 can be quickly diluted and
metabolized.!* Therefore, a suitable carrier is required for preventing rhBMP-2 from
degradation and preserving its activity in bone defects.

Osteomyelitis, a type of bone infection, is usually caused by bacteria.” Some
studies indicated that maintaining a sufficient antibiotic concentration at the site of bone
infection was the key to a successful treatment of osteomyelitis. Thus, local antibiotic
administration has been developed to improve the treatment effects.!*"'® In order to
achieve a sustained antibiotic concentration at the site of bone infection, different kinds
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of local delivery systems such as bone cements, bioceramics,
bioglasses, and biopolymer coatings have been developed to
load antibiotics.!*> Vancomycin hydrochloride (VH) is one
of the most effective antibiotics for treating osteomyelitis.
However, traditional therapy including injections and oral
administration has some drawbacks.?® Therefore, in this
study, nanoporous magnesium-zinc—silicon (n-MZS) xero-
gels were prepared, and the loading and release of VH and
rhBMP-2 were investigated. Moreover, the effects of n-MZS
xerogels loading VH and thBMP-2 on antibiosis and MG63
cell behavior were also evaluated in vitro.

Materials and methods
Preparation and characterization
of n-MZS xerogels

The n-MZS xerogels were prepared using the template-
induced sol-gel method.*® The non-ionic block copolymer
EO, PO, EO,, (Pluronic P123, molecular weight =5,800,
Sigma-Aldrich, St Louis, MO, USA) was used as the tem-
plate agent. In brief, 4.8 g of P123 was dissolved in 480 mL
of 0.1 M HCI aqueous solution at 50°C to obtain a white
emulsion. Tetraethyl orthosilicon (Ling Feng Chemical
Reagent Co., Ltd, Shanghai, People’s Republic of China),
Ca(NO,),"4H,0 (3.75 g), and Zn(NO,) -6H,0 (0.75 g) were
then added successively into the aforementioned suspension
and stirred vigorously for 12 hours. After that, the reaction
system was adjusted to pH 9 using ammonia, and placed in
an oven at 120°C for 24 hours. The white precipitate was
collected by filtration, washed with ethanol and deionized
water, and then dried in an oven at 50°C for 24 hours. The
final products were obtained after calcination at 600°C for
5 hours (a ramping rate of 5°C min™'). Magnesium—zinc—
silicon (MZS) xerogels without nanopores were prepared
as a control using the same procedure but without the
addition of P123.

The surface morphology and microstructure of the
n-MZS xerogels were characterized using high-resolution
transmission electron microscopy (HR-TEM, JEM-1400;
JEOL, Tokyo, Japan) and scanning electron microscopy
(SEM, JSM-6360LV; JEOL). The specific surface area, pore
size, pore volume, and pore size distribution were determined
by using Brunauere—-Emmette—Teller (BET) and Barrete—
Joynere—Halenda analyses.

VH loading on n-MZS xerogels

The VH obtained from Shanghai Eighth People Hospital
was dissolved in phosphate buffered saline (PBS, pH 7.4)
solution (10 mg/mL). After the VH solution was diluted into

different concentrations (0.4, 0.2, 0.1, 0.08, 0.06, 0.04, 0.02,
and 0.01 mg/mL), the standard curve of VH was made by
using an ultraviolet absorption spectrometer (at 280 nm).

The VH solution was prepared by dissolving 2 mg of VH
in20 mL of H,O ina tube. Then, 1 g of n-MZS xerogels (MZS
as a control) was added into the tube. The tube was placed in
a refrigerated shaker with a speed of 100 rpm at 37°C. The
solution was centrifuged after 0, 0.5, 1, 2, 4, 8, 12, 24, and
48 hours. The supernatant (0.5 mL) was taken out from the
tube and its absorbance was measured at 280 nm. PBS solution
of 0.5 mL was added into the tube to maintain the constant
volume of 20 mL. The VH concentration was determined
using the standard curve. The drug loading efficacy was
measured as EV = (m /m,) x100%, where EV is the drug
loading efficacy and m, and m, are drug loading mass on the
material and total drug mass, respectively.

rhBMP-2 loading on n-MZS xerogels

The 1 mg/mL rhBMP-2 solution was prepared by dissolving
rhBMP-2 (Shanghai Rebone Biomaterials Co. Ltd, Shanghai,
People’s Republic of China) into 1 mL glacial acetic acid
(0.2%). After the hBMP-2 solution was diluted into differ-
ent concentrations (0.5, 0.4, 0.3, 0.2, and 0.1 mg/mL), the
standard curve of rhBMP-2 was made by using an ultraviolet
absorption spectrometer (at 450 nm).

In all, 1 g n-MZS (MZS as a control) was then added
into 20 mL thBMP-2 solution (thBMP-2=1 mg). The solu-
tion was placed in a refrigerated shaker with a speed of
100 rpm at 37°C. The solution was centrifuged after 0, 0.5,
1, 2,4,8, 12, 24, and 48 hours. The supernatant (0.5 mL)
was collected and its absorbance was measured at 450 nm. In
all, 0.5 mL PBS solution was added to maintain the sample
volume unchanged. The protein concentration was determined
using the standard curve. The protein loading efficacy was
measured as EP = (m /m,) x100%, where EP is the protein
loading efficacy, and m and m, are the protein loading mass
on the material and total protein mass, respectively.

VH and rhBMP-2 release from n-MZS

xerogels

VH release from n-MZS xerogels

Inall, I g VH/n-MZS (VH/MZS as a control) was immersed
in 20 mL of PBS at 37°C with shaking at 100 rpm. At each
time point (0, 1, 2, 4, 8, 12, 24, 48, 72, 120, 168, 240, 288,
and 336 hours), 0.5 mL supernatant solution was extracted
for VH measurement by using an ultraviolet absorption
spectrometer at 280 nm, and the same volume of fresh PBS
was added to the release solution. The cumulative VH release
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amount ratio (the ratio of release amount to the total VH
amount) was calculated by the concentration of PBS super-
natant at each time point using the VH standard curve. In this
experiment, each group had three parallel samples and the
results were expressed as mean + standard deviation (SD).

rhBMP-2 release from n-MZS xerogels

Inall, 1 grhBMP-2/n-MZS (rhBMP-2/MZS as a control) was
placed in the 20 mL PBS solution (pH 7.4). The suspension
was incubated in a refrigerated shaker with a speed of 80 rpm
at 37°C. The 0.5 mL supernatant was then extracted from the
solution. After that, the same amount of fresh PBS was added in
to the solution. The rhBMP-2 quantity in the supernatant
was determined using the Bradford protein assay method.
The released quantity of thBMP-2 was measured at 0, 1, 2,
4,8,12,24,48,72, 120, 168, 240, 288, and 336 hours, and
the absorbance of supernatant was measured at 450 nm. The
cumulative thBMP-2 release was calculated by the concen-
tration of supernatant at each time point using the rhBMP-2
standard curve. The measurement was performed three times
and the results were presented as mean + SD.

VH and rhBMP-2 release from n-MZS xerogels

Inall, I g VH/thBMP-2/n-MZS was prepared by mixing 0.5 g
VH/n-MZS and 0.5 g rhBMP-2/n-MZS homogeneously.
Then, the VH/thBMP-2/n-MZS system was placed in a cen-
trifuge tube (20 mL). Subsequently, 10 mL PBS solution (pH
7.4) was added into the tube. The suspension was incubated
in a refrigerated shaker with a speed of 80 rpm at 37°C. At 0,
1,2,4,8,12, 24,48, 72,120, 168, 240, 288, and 336 hours,
the supernatant (0.5 mL) was collected from the solution
for absorbance measurement, and meanwhile, 0.5 mL fresh
PBS solution was added into the solution. VH quantity and
rhBMP-2 quantity in that were determined as described
earlier. The release curve was made by plotting the release
percentage of VH and thBMP-2 (the ratio of release amount
to the total VH and rhBMP-2 amount), respectively, against
the time. In this experiment, all values presented were the
average of three tests in each group, and the results were
expressed as mean £ SD.

In vitro bacterial inhibition test

Staphylococcus aureus (ATCC 25923, provided by Guan
Yong’s group) was used in this study. Coagulase-negative
Staphylococcus strain was cultured on Trypticase soy
agar (TSA; BD Biosciences, Franklin Lakes, NJ, USA)
medium at 37°C overnight. The culture was sub-cultured
into the required amount for 24 hours. The single strain was

cultured at 37°C for 12 hours in 10 mL of BBL Trypticase
soy broth (TSB).

Single bacterial colony was used to inoculate the samples.
Samples were immersed in 1 mL of TSB (1x10° CFUs/mL)
in the 48-well plate (Costar3548; Costar, Washington DC,
USA) at 37°C for 12, 24, 48, and 72 hours. Samples were
collected at different time intervals, gently washed with
PBS for three times and placed in glass tubes with 0.5 mL of
TSB. The bacteria attached on the samples were dislodged
using ultrasonication (B3500S-MT; Branson Ultrasonics Co.,
Shanghai, People’s Republic of China) for 5 minutes at 50 Hz.
After serially diluted by 10-fold, 0.1 mL of each suspension
was plated onto BBL TSA. The colony-forming units (CFU)
were counted after cultured at 37°C for different time periods.
Three parallel plates were used for each test sample. The mean
numbers of viable bacterial colonies on TSA were calculated.
The n-MZS sample without VH was included as a control.

Cell viability and morphology

The MTT assay was used to evaluate the influences of
samples (VH/rhBMP-2/n-MZS VH/thBMP-2/MZS, n-MZS,
and MZS) on cell viability. The evaluation was conducted
by culturing MG63 cells (Chinese Academy of Sciences,
Shanghai, People’s Republic of China) on the samples in
96-well plates for 1, 3, and 5 days. The MG63 cells were
seeded in 96-well plates by transferring a certain amount of
the cells suspension into each well. The samples were subse-
quently added into the plates at a concentration of 1 mg/mL
and cultured with the cells at 37°C in a 5% CO, incubator
for 1, 3, and 5 days. In brief, 4 mL MTT (Amresco, Solon,
OH, USA) solution (5 mg/mL) was added into each plate
and incubated at 37°C for 4 hours. The culture medium was
extracted, and the solid residues were washed twice with
150 uL PBS. Thereafter, PBS was replaced with an equal
amount (150 uL) of dimethyl sulfoxide (Sigma-Adrich,
St Louis, MO, USA). The plates were vibrated for 15 minutes
to dissolve formazan. Finally, the optical density (OD) was
measured at 490 nm using an ELX Ultra Microplate Reader
(Bio-tek, Winooski, VT, USA).

The morphology of the MG63 cells was examined by
visualizing the filamentous actin of the cytoskeleton using a
confocal laser scanning microscopy (Leica TCS SP2; Leica
Microsystems, Heidelberg, Germany). Prior to the micro-
scopic observation, the samples were pressed into disks
(® 12x2 mm), and 40 uL. rhBMP-2 solution with a concen-
tration of 0.5 mg/mL was added dropwise to the specimens.
The samples were then placed in 24 wells, and the MG63
cells were seeded on the samples at a density of 5.0x10*

International Journal of Nanomedicine 2015:10

submit your manuscript

4073

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Li et al

Dove

cells/well. According to the protocol, the cells were fixed
with 2.5% glutaraldehyde for 15 minutes and permeabilized
with 0.1% Triton X-100 in PBS for another 15 minutes. After
washing with PBS for three times, the cells were incubated
with FITC-Phalloidin (Abcam, Sigma-Aldrich) for 1 hour
and then counterstained with DAPI (Molecular Probe;
Sigma-Aldrich) to observe the nucleus after 10 minutes.
The cell morphologies were visualized using confocal laser
scanning microscopy.

Alkaline phosphatase activity

The alkaline phosphatase (ALP) activity was measured
with the ALP assay in osteogenic medium at 4 and 7 days.
Briefly, MG63 cells (2.5x10* cells/sample) were seeded
on the samples VH/rhBMP-2/n-MZS and VH/rhBMP-2/
MZS in 24-well plates and then cultured at 37°C, and 100%
humidity atmosphere with 5% CO,. At each time point, the
culture medium was removed from the samples and the cells
were washed with PBS. In all, 1 mL Nonidet P-40 (0.2%)
was added to each well at room temperature for 1 hour
to obtain cell lysate. Then, cells were mixed with 50 UL
p-nitrophenylphosphate (Sigma) substrate solution (1 mg/mL,
pH 9) composed of 0.1 mol/L glycine and 0.5 mmol/L MgCl,
in 1 M diethanolamine buffer, and incubated at 37°C for
15 minutes. In all, 100 uL sodium hydroxide (0.1 M) was
added to stop the reaction. Then, the OD value was quanti-
fied with a microplate reader (SPECTR Amax 384; Molecular
Devices LLC, Sunnyvale, CA, USA) at the wavelength of
405 nm. The ALP activity was expressed as OD value per
total protein. The total protein content was determined using
the BCA protein assay kits and a series of bovine serum
albumin standards.

Statistical analysis

All quantitative data were analyzed with Origin 8.0 (Origin-
Lab Corporation, Wellesley, MA, USA) and expressed as
the mean + SD. Statistical comparisons were carried out
using one-way analysis of variance (ANOVA) with the post
hoc test.

Results and discussion

TEM and SEM examination

Figure 1A shows the TEM image of morphology and micro-
structure of the n-MZS xerogels. The n-MZS xerogels pos-
sessed a highly ordered porous structure with a pore size of
4 nm. Conversely as shown in the SEM image in Figure 1B,
the n-MZS xerogels present regular short rod-like particles
without visible pores on the surfaces.

BET analysis

The N, adsorption—desorption isotherms and pore diameter
distribution of the n-MZS are shown in Figure 2. The n-MZS
showed a typical type IV isotherm curve, in which the hyster-
esis loop was clearly evident, implying a highly consistent pore
structure. The BET surface area, pore size, and pore volume of
n-MZS were measured to be 718 m*/g, 4 nm, and 1.24 cm*/g,
respectively. On the contrary, the BET surface area and pore
volume of MZS were 84 m?/g and 0.34 cm®/g, respectively.

VH and rhBMP-2 loaded on n-MZS

xerogels

Figure 3A shows the profile of VH loaded into n-MZS xero-
gels: after immersed in the PBS solution, the amount of VH
adsorbed onto n-MZS xerogels was 1.5 mg/g, three times
than that for MZS xerogels 0.5 mg/g.

11 O

5.00 gm

S-3400N 3.00 kV 4.9“mm x10.0 k SE

Figure | TEM (A) and SEM (B) images of morphology and microstructure of the n-MZS xerogels.
Abbreviations: n-MZS, anoporous magnesium-zinc—silicon; SE, secondary electron signal types; SEM, scanning electron microscopy; TEM, transmission electron microscopy.
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Figure 2 N, adsorption—desorption isotherms (A) and pore diameter distribution (B) of the n-MZS xerogels.
Abbreviations: n-MZS, anoporous magnesium-zinc=silicon; STP, standard temperature and pressure.

Similarly, Figure 3B shows that after 24 hours, the
amount of rhBMP-2 adsorbed onto n-MZS xerogels was
0.8 mg/g, significantly higher than that for MZS xerogels
(0.3 mg/g). The results indicated that n-MZS xerogels had
higher capacity to adsorb VH or hBMP-2 as compared with
MZS xerogels.

Over the past few years, nanoporous materials have
shown the potential applications as drug carriers with
controlled release kinetic because of the tunable pore size,
large surface area, and high pore volume, allowing suffi-
cient incorporation of large quantities of molecules within
the nanoporous structure.** A study has shown that the sur-
face area and pore volume were two key factors responsible
for loading capacity of the drug molecules and subsequent
release profiles.® In this study, the pore size, specific surface
area, and pore volume of n-MZS were of 4 nm, 718 m?/g, and

1.24 cm®/g, respectively. In contrast, surface area and pore
volume of MZS were 84 m?/g and 0.34 cm®/g, respectively.
Undoubtedly, the superiority in microstructure of the n-MZS
xerogels renders them the higher loading capacity of VH or
rhBMP-2 over non-nanoporous MZS xerogels. As a drug-
delivery system, the characteristics of nanoporous material
such as tunable pore size, large surface area, and high pore
volume make it possible to highly efficiently adsorb proteins
and/or drug molecules, and provide sustained release from
the nanostructured matrices.?*?’

VH and rhBMP-2 release from n-MZS
and MZS xerogels

The cumulative release of VH up to 14 days from n-MZS and
MZS xerogels is shown in Figure 4A. Apparently, the MZS
xerogels showed a burst release of VH within 10 hours, and
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° : B - 08+ o }—.—&
[3) 4 . 1
S 1.5 — . " % o f 1
S 5 . c O .
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N T b JoaT
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0.0+ ‘ - , - 0.0+ : . ; .
0 5 10 15 20 25 0 5 10 15 20 25
Time (hours) Time (hours)
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Figure 3 VH (A) and rhBMP-2 (B) loading on n-MZS and MZS xerogels.

Abbreviations: MZS, magnesium—zinc—silicon; n-MZS, nanoporous magnesium—zinc—silicon; rhBMP-2, human bone morphogenetic protein-2; VH, vancomycin hydrochloride.
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Figure 4 VH (A) and rhBMP-2 (B) release from n-MZS and MZS xerogels.

Abbreviations: MZS, magnesium—zinc—silicon; n-MZS, nanoporous magnesium-zinc—silicon; rhBMP-2, human bone morphogenetic protein-2; VH, vancomycin hydrochloride.

VH was almost completely released within 2 days. However,
the n-MZS xerogels significantly prolonged the release
period, and a sustained release was observed in 2 days.

Osteomyelitis remains a serious orthopedic problem
in clinics, and antibiotic therapy represents an important
step for the treatment of osteomyelitis.?® A variety of
drug-delivery systems were developed for the treatment of
osteomyelitis.?’2° However, long-term systemic administra-
tion of antibiotics can be toxic and the antibiosis function
might be limited because the drug concentration around the
bone infection site was difficult to control.’! In this study,
the VH release experiments showed that 75 wt% VH was
released from n-MZS even after 14 days, indicating a clear
sustained release of VH from n-MZS. However, more than
85 wt% of VH was released from MZS within 2 days, indi-
cating that the release of VH from MZS was a quick process
(burst release) limiting the function of VH at an effective dose
in long-term treatment. In a similar manner as demonstrated
in Figure 4B more than 84 wt% rhBMP-2 was released
from MZS xerogels within 3 days, showing a burst release.
Conversely, even after 14 days, only 78 wt% rhBMP-2 was
released from n-MZS xerogels. The results indicated that
the n-MZS xerogels exhibited sustained release behavior of
rhBMP-2 as compared with MZS xerogels.

The rhBMP-2 is the most effective osteoinduction factor
and displays potent osteogenesis activity both in vitro and
in vivo.*? In this study, the VH or rhBMP-2 release profiles
clearly indicated the sustained release of VH or thBMP-2
from n-MZS, whereas MZS showed an initial burst release.
The large amount of VH or rhBMP-2 could be loaded into
n-MZS by a physical adsorption process, which could avoid

initial burst release of VH or rhBMP-2. Therefore, n-MZS
is a very promising carrier for sustained release of VH or
rhBMP-2.

Simultaneous VH and rhBMP-2 release

from n-MZS xerogels

In addition to the study of VH or thBMP-2 loading and
release behavior on n-MZS xerogels, more interestingly, in
the present study we investigated the co-delivery system,
namely, VH/thBMP-2/n-MZS. Figure 5 shows the profiles of
the VH and rhBMP-2 release from the n-MZS xerogels. Both
the VH and rhBMP-2 showed a sustained-release behavior
from the n-MZS xerogels. The results indicated that n-MZS
xerogels exhibited sustained-release behavior of the VH and
rhBMP-2, and there were no clear influence on the individual
release behaviors of VH and thBMP-2.

100
3 “a_ VH
~—" 80- ® rhBMP-2 l
o ) .‘/t—E
2 Lo
2 60
= I
g
s 407,
5
>
£ 20{
=2
o ¥
0 . . . . .
0 60 120 180 240 300 360
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Figure 5 VH and rhBMP-2 release from n-MZS xerogels at different times.
Abbreviations: n-MZS, nanoporous magnesium-zinc—silicon; rhBMP-2, human bone
morphogenetic protein-2; VH, vancomycin hydrochloride.
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In vitro antibacterial activity
The VH/thBMP-2/n-MZS system gradually reduced the
number of attached S. aureus with time (12, 24, 48, and
72 hours) (Figure 6). However, the number of S. aureus
with the VH/thBMP-2/MZS gradually was reduced from
12 to 24 hours but increased from 48 to 72 hours. Clearly, the
VH/rhBMP-2/n-MZS system had a sustained and effective
antibacterial activity, whereas the VH/rhBMP-2/MZS system
exhibited the antibacterial property only at the initial time.
The results showed that the VH/rhBMP-2/n-MZS sys-
tem had good antibacterial properties from 12 to 72 hours.
Apparently, the VH/thBMP-2/n-MZS system, instead of
VH/rhBMP-2/MZS, can maintain a sustained and effective
antibacterial action for a long time, and prevent the forma-
tion of osteomyelitis.

Cell proliferation
Cell proliferation of MG63 cells on both the VH/rhBMP-2/
n-MZS and VH/thBMP-2/MZS systems was assessed using the
MTT assay. Figure 7 reveals that the OD values of the cells on
all the samples increased with time, and the OD values for both
VH/thBMP-2/n-MZS and VH/thBMP-2/MZS systems were
significantly higher than those for n-MZS and MZS without
rhBMP-2 at 1, 3, and 5 days. In addition, the OD value for
VH/thBMP-2/MZS was higher than that for the VH/rhBMP-
2/n-MZS system at 1 and 3 days. However, the OD value for
VH/thBMP-2/n-MZS was significantly higher than that for the
VH/thBMP-2/MZS system at 5 days.

The cell proliferation of MG63 cells on both VH/
rhBMP-2/n-MZS and VH/thBMP-2/MZS systems was
significantly higher than that on n-MZS and MZS without
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Figure 6 The number of viable bacteria on the sample surfaces was counted and
normalized to the counts of n-MZS (control).

Abbreviations: MZS, magnesium-zinc=silicon; n-MZS, nanoporous magnesium—
zinc—silicon; rhBMP-2, human bone morphogenetic protein-2; VH, vancomycin
hydrochloride.
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Figure 7 Proliferation of the MG63 cells on the VH/rhBMP-2/n-MZS (A) and VH/
rhBMP-2/MZS (B) systems at |, 3, and 5 days; n-MZS (C); and MZS (D) xerogels
without VH and rhBMP-2 as controls.

Abbreviations: MZS, magnesium—zinc—silicon; n-MZS, nanoporous magnesium-zinc—
silicon; rhBMP-2, human bone morphogenetic protein-2; VH, vancomycin hydrochloride.

loading thBMP-2, indicating that MZS loading rhBMP-2
could promote cell proliferation because of rhBMP-2,
a growth factor, which has been proved to facilitate cell prolif-
eration and differentiation.*® In addition, the cell proliferation of
MG63 cells on the VH/rThBMP-2/MZS system was higher than
the VH/thBMP-2/n-MZS system at 1 and 3 days which can be
attributed to the initial burst release of hBMP-2 from the VH/
rhBMP-2/MZS system stimulating cell growth. However, cell
proliferation on the VH/rhBMP-2/n-MZS system was signifi-
cantly higher than that on the VH/rThBMP-2/MZS system at
5 days, indicating that n-MZS could provide sustained release
of hBMP-2 to promote long-term cell proliferation. The slow
release of thBMP-2 from n-MZS might be due to the retention
of a large number of rhBMP-2 by the internal nanopores and
preserved its bioactivity. The results indicated that the VH/
rhBMP-2/n-MZS system with sustained-release behaviors of
rhBMP-2 facilitated cell proliferation continuously.

Cell morphology

The cytoskeletal morphology of the MG63 cells cultured on both
the VH/thBMP-2/n-MZS and VH/thBMP-2/MZS systems was
also studied as demonstrated in Figure 8. The spindle-shaped
cells extended and spread well with clearly visible filopodia on
both VH/thBMP-2/n-MZS and VH/thBMP-2/MZS systems.
Moreover, the cell number on the VH/rhBMP-2/n-MZS system
was clearly higher than that on the VH/rhBMP-2/MZS system
at 5 days. In addition, the cell numbers on both VH/rhBMP-
2/n-MZS and VH/thBMP-2/MZS systems were significantly
higher than those on n-MZS and MZS without thBMP-2 at
5 days. The VH/rhBMP-2/n-MZS system exhibited significant
effects on MG63 cell growth among all the groups. The MG63
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Figure 8 Cytoskeletal morphology of the MGé3 cells on the samples for 5 days: VH/rhBMP-2/n-MZS (A) and VH/rhBMP-2/MZS (B) systems; n-MZS (C) and MZS (D) xerogels.
Abbreviations: MZS, magnesium—zinc—silicon; n-MZS, nanoporous magnesium-zinc—silicon; rhBMP-2, human bone morphogenetic protein-2; VH, vancomycin hydrochloride.

cells could extend and spread well when cultured on the VH/
rhBMP-2/n-MZS, n-MZS, and MZS, indicating that all the
samples had good cytocompatibility. More importantly, cell
density on the VH/rhBMP-2/n-MZS system was significantly
higher than that on the other three samples at 5 days, which
could be ascribed to the sustained release of thBMP-2 from
n-MZS. The results strongly suggested that the sustained
release of thBMP-2 from n-MZS exhibited a long-lasting
promoting effect on cell proliferation.

ALP activity

The ALP activity of MG63 cells cultured on VH/rhBMP2/
n-MZS and VH/rhBMP-2/MZS systems was assessed at
4 and 7 days. Figure 9 depicts that the ALP activity on both

VH/thBMP-2/n-MZS and VH/rThBMP-2/MZS systems was
significantly higher than those on n-MZS and MZS without
rhBMP-2 at 4 and 7 days. At 4 days, ALP expressed at
lower levels, and no significant differences were detected
for both VH/rhBMP-2/n-MZS and VH/rhBMP-2/MZS
systems. However, the ALP activity of MG63 cells on VH/
rhBMP-2/n-MZS was significantly greater than that on the
VH/thBMP-2/MZS system at 7 days.

The ALP activity has been used as an early marker for
functionality and differentiation of osteoblasts during in vitro
experiments.***? In this study, the ALP activity of MG63 cells
on the VH/rThBMP-2/n-MZS exhibited significantly higher
levels of expression than that on the VH/thBMP-2/MZS system
at 7 days, indicating that the cells differentiated more quickly
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Figure 9 ALP activity of MG63 cells cultured on VH/rhBMP-2/n-MZS (A) and
VH/rhBMP-2/MZS (B) systems at 4 and 7 days, respectively; n-MZS (C) and MZS
(D) xerogels without VH and rhBMP-2 as controls.

Abbreviations: ALP, alkaline phosphatase; MZS, magnesium-zinc-silicon; n-MZS,
nanoporous magnesium-zinc—silicon; rhBMP-2, human bone morphogenetic protein-2;
VH, vancomycin hydrochloride.

after being cultured on the VH/rhBMP-2/n-MZS than that on
the VH/ThBMP-2/MZS system. This increased ALP activity
probably resulted from a larger quantity of hBMP-2 sustained
release from n-MZS as compared with MZS. The nanoporous
structures of n-MZS with large surface area and high pore vol-
ume offered the possibility of adsorbing or entrapping a large
number of hBMP-2 within the nanopores and on the external
surface. Such materials improved the diffusion of the thBMP-2
macromolecules into the nanoporous structures, whereas the
MZS only adsorbed thBMP-2 on its external surface.

Conclusion

The n-MZS xerogels with a pore size of 4 nm, a surface area
of 718 cm?, and a pore volume of 1.24 cm?/g were synthesized
by a sol-gel method. The results showed that the n-MZS xero-
gels with larger surface area and higher pore volume allowed
sufficient loading of VH and thBMP-2 within the nanoporous
structure by a physical adsorption process. In addition, the
n-MZS xerogels exhibited the sustained release of VH and
rhBMP-2. The sustained release of VH from n-MZS xero-
gels could continuously inhibit the bactericidal attachment
on the samples, showing good bactericidal activity. On the
other hand, the sustained release of rhBMP-2 from n-MZS
xerogels could promote the proliferation and differentiation
of MG63 cells in vitro. It is expected that n-MZS xerogels
could be a promising carrier material for loading and sus-
tained release of drugs/biomacromolecules.
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