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Abstract Lev/MSNs/n-HA/PU has been proved to be a novel scaffold material to treat bone
defect caused by chronic osteomyelitis. We have previously identified that this material can
effectively treat chronic osteomyelitis caused by Staphylococcus aureus in vivo. However,
the potential mechanisms of antibacterial and osteogenic induction properties remain unclear.
Thus, for osteogenesis property, immunohistochemistry, PCR, and Western blot were per-
formed to detect the expression of osteogenic markers. Furthermore, flow cytometry and TU-
NEL were applied to analyze MC3T3-E1 proliferation and apoptosis. For antibacterial property,
the material was co-cultivated with bacteria, bacterial colony forming units was counted and
the release time of the effective levofloxacin was assayed by agar disc-diffusion test. More-
over, scanning electron microscope was applied to observe adhesion of bacteria. In terms of
osteogenic induction, we found BMSCs adherently grew more prominently on Lev/MSNs/n-
HA/PU. Lev/MSNs/n-HA/PU also enhanced the expression of osteogenic markers including
OCN and COL1a1, as well as effectively promoted the transition from G1 phase to G2 phase.
Furthermore, Lev/MSNs/n-HA/PU could reduce apoptosis of MC3T3-E1. Besides, both Lev/
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MSNs/n-HA/PU and n-HA/PU materials could inhibit bacterial colonies, while Lev/MSNs/n-HA/
PU possessed a stronger antibacterial activities, and lower bacterial adhesion than n-HA/PU.
These results illustrated that Lev/MSNs/n-HA/PU composite scaffold possess favorable
compatibility in vitro, which induce osteogenic differentiation of MSCs, promote proliferation
and differentiation of MC3T3-E1, and inhibit apoptosis. Moreover, clear in vitro antibacterial
effect of Lev/MSNs/n-HA/PU was also observed. In summary, this study replenishes the poten-
tial of Lev/MSNs/n-HA/PU composite scaffold possess dual functions of anti-infection and
enhanced osteogenesis for future clinical application.
Copyright ª 2019, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
Introduction

Chronic osteomyelitis remains a catastrophic and chal-
lenging problem in clinics.1,2 Treatment of chronic osteo-
myelitis not only requires radical debridement that would
resulting in large bone defects, but also demands high-
dose, prolonged intravenous antibiotic therapy, which
brings much severe systemic adverse effects but may not
able to maintain minimum inhibitory concentration.3

Therefore, management of bone defects and implementa-
tion of appropriate antibiotic therapy are crucial issues to
deal with the refractory osteomyelitis.

Although antibiotic-loaded polymethylmethacrylate
(PMMA) is the gold standard biomaterial against
osteomyelitism,4e7 it bears serious shortcomings including
limited and irregular antibiotic release, incompatibility
with many types of antibiotics, demand a second surgery to
remove and lack of bone regeneration or conduction.8,9

Thus, design and construction of alternative, biodegrad-
able materials to deliver antibiotics locally and promote
osteogenesis have been given high priority. Extensive
biodegradable and resorbable materials have been
explored preclinically or used clinically for local antibiotic
delivery, and the only apparent merit of these materials
over PMMA is the potential to reduce the number of sur-
geries to date. Similarly, we also designed a novel biode-
gradable antibiotic delivery system, aimed to achieve the
synergistic effect of antibacterial and osteogenesis in the
treatment of osteomyelitis. Nano-hydroxyapatite (n-HA) is
considered to be the one of the most promising material for
the treatment of bone defects as its similar structure to
normal bone. Such structure makes good mechanical
properties and biocompatibility of n-HA.10,11 Polyurethane
(PU) is widely used in bone tissue engineering due to its
good biodegradability, biocompatibility, and osteo-
inductive properties.12 Moreover, mesoporous silica nano-
particles (MSNs) are currently widely used in bio-
nanotechnology and nanomedicine to encapsulate biolog-
ical small molecules, chemical drugs, DNA, or siRNAs.13e16

In addition, Levofloxacin can be effectively encapsulated
in MSNs as its small molecular weight, turn out to be ideal
choice for local releasing.17,18 We combined Levofloxacin
loaded MSNs with porous n-HA/PU composite scaffold and
developed a novel biodegradable antibiotic materialdLev/
MSNs/n-HA/PU.
Our previous in vivo studies have demonstrated that
Lev/MSNs/n-HA/PU composite scaffold can effectively
inhibit the process of chronic osteomyelitis soon after im-
plantation, provided mechanical support for bone repair,
and the degradation of the biomaterial contributed to new
bone formation,19 which indicated that this novel synthetic
scaffold may provide a solution for the treatment of chronic
osteomyelitis. In this research, our aimed to further explore
the osteogenic activity and antibacterial ability of this
novel material in vitro.

Materials and methods

Fabrication of composite scaffold

Both n-HA/PU and Lev/MSNs/n-HA/PU materials were syn-
thesized by Sichuan University. Briefly, the n-HA/PU com-
posite porous scaffold were successfully manufactured
using the situ foaming method.20 To further synthesize Lev/
MSNs/n-HA/PU, n-HA/PU was immersed in the solution
containing 0.5wt% chitosan (CS) and 2% (w/w) acetic acid
for 20 min, next in the Lev/MSNs suspension for 30 min,
then dried in a vacuum oven at 40 �C.19

For agar disc-diffusion assay, uniform piece
(1 mm � 6 mm � 5.5 mm) of different scaffold materials
were prepared. For bacterial colony forming unit counting
experiments and MTT assay experiments, material extracts
were prepared in a way that the materials
(10 mm � 6 mm � 6 mm) were immersed in 5 ml phosphate-
buffered saline (PBS). PBS was changed on daily basis and
the extracts were collected.

All materials were sterilized by the gamma Co-60 ray
irradiation.

Cell isolation and culture, microbial strains

All research involving animals was approved by The First
Affiliated Hospital of Chongqing Medical University. Bone
marrow mesenchymal stem cells (BMSCs) were isolated
from bones of Sprague Dawley rats limbs and cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
FBS and PS (100 units/ml penicillin, 100 mg/ml strepto-
mycin) at 37 �C in humidified atmosphere of 5% CO2. In the
control group, BMSCs were inoculated into a 24-well culture

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Osteogenic and antibacterial dual functions of Lev/MSNs/n-HA/PU 195
plate and were adjusted to a density of 105 cells/ml in co-
cultured group. The cell droplets were added dropwise to
the material until they were no longer absorbed. After 4 h
of incubation at 37 �C, 0.5 ml fresh medium was gently
added alongside the wall of the plate, and the osteogenic
induction medium was replaced every 2 days.

The murine pre-osteoblastic MC3T3-E1 cell was pur-
chased from ATCC (Manassas, VA, USA) and cultured in a-
MEM with 10% FBS and PS (100 units/ml penicillin, 100 mg/
ml streptomycin) at 37 �C in a 5% CO2 incubator.

The bacterial strains Escherichia coli (E. coli) ATCC25922
and Staphylococcus aureus (S. aureus) ATCC25923 were
obtained from ATCC. Unless otherwise specified, all re-
agents were purchased from Thermo Fisher Scientific
(Waltham, MA, USA).

Antimicrobial activity in vitro

The activity of this novel material against E. coli ATCC25922
and S. aureus ATCC25923 in vitro was determined according
to disc diffusion method and colony forming unit (CFU)
enumeration method.

E. coli ATCC 25922 and S. aureus ATCC 25923 stock
cultures were sub-cultured into fresh Luria Broth (LB) me-
dium at 37 �C with shaking. To obtain working cultures, a
loopful of culture was inoculated into LB and incubated
overnight at 37 �C. After 24 h of incubation, the cultures
were then diluted in medium to adjust the cell density to
approximately 1.0 � 105 CFU/mL, which was determined at
600 nm using the UVevisible spectrophotometer.

In disc diffusion method, 200 mL of bacterial suspension
(1.0 � 105 CFU/ml) was first seeded on LB broth agar plates,
and then uniform pieces (1 mm thick, 6 mm length and
5.5 mm width) of different scaffold materials were pre-
pared and subsequently placed on E. coli and S. aureus
culture plates. The plates were incubated for 24 h at 37 �C.
The relative antibacterial effect was found by measuring
the zone of inhibition (ZOI) around each specimen with a
digital caliper. Counting the number of colony formation
was also used for determining antibacterial activity. Pre-
vious bacterial suspension (1.0 � 105 CFU/ml) was diluted
1:100 in fresh LB broth, followed by addition of Lev@MSNs/
n-HA/PU and n-HA/PU, and the tubes were then incubated
with 220 rpm agitation in an orbital shaker at 37 �C and for
24 h. After the overnight co-culture with samples, co-
culture suspension was collected and diluted 10000-fold,
100 mL bacterial suspensions were uniformly spread onto a
LB agar plate and incubated under 37 �C for 24 h. The
bacterial growth on the plate was visualized directly.

Quantitative real-time PCR

After 14 days of incubation, total RNA from osteoblasts grew
on different scaffold materials was isolated using the TRIzoI
reagent and reversely transcribed into cDNA as per the
manufacturer’s protocol in the treatment group (Lev@MSNs/
n-HA/PU composite scaffold) and the control group (n-HA/
PU composite scaffold and negative control group). The
expression of osteogenesis-related genes, including Osteo-
calcin (OCN) and type I collagen gene (COL1a1), were
measured with a quantitative real-time polymerase chain
reaction (qRT-PCR) detection system and analyzed by using
the gene-specific primers (Table S1).

Western blot

After the osteoblasts were seeded onto scaffold for 14
days, total cell protein was extracted by RIPA cell lysis
reagent and subjected to Western blot. The protein con-
centration was determined with a BCA Protein Assay kit
(Thermo scientific, Rockford, Illinois, USA) according to the
manufacturer’s instructions. The b-actin was used as an
internal standard. Briefly, protein samples were mixed in a
5 � loading buffer and loaded into SDS-PAGE, and trans-
ferred electrophoretically to polyvinylidene difluoride
(PVDF) membranes. The PVDF membrane was washed in
TBST and then blocked with 5% skim milk blocking solution
for 2 h at room temperature. Subsequently, the membranes
were incubated with COL-I antibody (Cell signaling Tech-
nology, 1:1000) or b-actin antibody (Cell signaling Tech-
nology, 1:1000) at 4 �C overnight, and followed by
incubation with secondary antibody labeled with horse-
radish peroxidase-labeled (Beyotime, Jiangsu, China) at
room temperature for 2 h. Enhanced chemiluminescence
(ECL) was captured by a Millipore ECL system (Millipore,
USA).

Immunohistochemistry analysis

Immunohistochemistry were performed for ALP, OCN, and
OPN proteins detection as previously study described. After
co-cultured for 14 days, cells were digested in 0.5% trypsin
and seeded on slides at 2 � 104 cells/ml. After the cell’s
adherent, osteogenic induction medium was added to
continue cultivation for 3 days. After fixation cells in 4%
paraformaldehyde for 10e20 min, slides were incubated
with goat serum to block non-specific binding, following
incubation with primary antibody (ALP, 1:100; OCN, 1:50;
OPN, 1:100) overnight at 4 �C. Subsequently, HRP conju-
gated secondary antibody (dilution ratio 1:50) was applied
to the slides for 30 min at room temperature. The negative
control replaced the primary antibody with PBS.

MTT analysis

The MTT assay was performed to evaluate cell proliferation
activity within different materials. Briefly, after 2, 4 and 7
days of co-culture, MC3T3-E1 cells were digested and
seeded in 96-well cell culture plates, and adjusted to
1.0 � 105 cells/ml. After 24 h, the culture medium was
removed and MTT solution was added and incubated for 4 h.
After the cultivation, supernatant was discarded, and
150 ml dimethyl sulfoxide (DMSO) were added and shaken
for 10min. The absorbance was measured at 490 nm. Mea-
surements were repeated at least 3 times in each group
were performed at each time point.

SEM analysis

MC3T3-E1 cells were seeded on different scaffold materials
(1 mm thick and 7 mm diameter) with 4.0 � 104 cells and
incubated in complete medium at 37 �C for 7 days, then the
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medium was removed and the scaffold materials were
rinsed twice with PBS and processed for SEM analysis (SEM,
JSM-7500F, JEOL, USA).

Flow cytometry analysis

MC3T3-E1 cells and materials were co-cultured for 14 days,
and the cells were digested and fixed, following resuspend
in 0.5 mL of propidium iodide and incubated at 37 �C for
30 min. Red fluorescence was detected at a wavelength of
488 nm using a flow cytometer (BD Biosciences, San Jose,
CA, USA). Simultaneously, light scattering was detected.

TUNEL assay

After 14 days of co-culture, cells were digested and seeded
on slice for 24 h. TUNEL imaging assays were performed
according to the manufacturer’s protocol (Roche, Stock-
holm, Sweden). Briefly, cells were fixed with 4% para-
formaldehyde for 20 min, then incubated in TUNEL reaction
mixture (50 mL per well) for 60 min at 37 �C, following in-
cubation with 50 mL convert-POD at 37 �C for 30 min.
Labeled cells could be directly detected by bright-field
microscopy after 3,30-diaminobenzidine (DAB) exposure
followed by hematoxylin QS counterstaining.

Statistical analysis

All statistical analyses were performed using SPSS software
(Version 21, IBM, USA). The data are expressed as the
mean � standard deviation (SD). One-way analysis of vari-
ance (ANOVA) was performed to analyze inter- and intra-
group differences, and Student’s t-test was used to
compare between any two groups. P < 0.05 was considered
as statistically significant.

Results

In vitro biocompatibility

For explore the biocompatibility of Lev/MSNs/n-HA/PU
materials in vitro, BMSCs were seeded at glass slides, n-
HA/PU and Lev/MSNs/n-HA/PU materials. After 7 days of
culture, electron microscopy scan was used to examine the
adhesion and the proliferative activity of BMSCs. The re-
sults showed that BMSCs could effectively grow on n-HA/PU
and Lev/MSNs/n-HA/PU materials. In particular, the pros-
thetic foot and pseudopodia in Lev/MSNs/n-HA/PU material
groups were exhibited more extension, compared with that
in the n-HA/PU group (Fig. 1A).

We further explored whether the material will release
some cytotoxic substances that may affect cell prolifera-
tion activity. In vitro, we co-cultured BMSCs with Lev/
MSNs/n-HA/PU materials, n-HA/PU materials, and negative
control. After 2, 4, and 7 days, the effect of material on
cell proliferation activity was detected by MTT assay. The
experimental results showed a significant time-dependent
increase of cell proliferation activity at each time point.
And BMSCs on the Lev/MSNs/n-HA/PU material showed
similar cell proliferation activity as the control and the
n-HA/PU materials groups. Interestingly, the cell viability in
the Lev/MSNs/n-HA/PU material group after 7 days of cul-
ture showed a tendency of decrease compared to the
control group and the n-HA/PU material group (Fig. 1B).
In vitro osteogenic performances

Differentiation property
Our previous studies found that Lev/MSNs/n-HA/PU can
effectively repair bone defects in a rabbit model of chronic
osteomyelitis and promote local new bone formation. To
further investigate the osteogenic induction of Lev/MSNs/
n-HA/PU materials in vitro, we isolated primary rat BMSCs
and co-cultured with the material. After 14 days, immu-
nohistochemistry was used to determine the expression of
osteogenic differentiation-related molecules. We found
that the expression of ALP, OCN, and OPN increased more
significantly in the Lev/MSNs/n-HA/PU material group
compared with that in the negative control and n-HA/PU
groups during osteogenic differentiation process (Fig. 2).
Similarly, the expression of CON and COL1a1, the late
osteogenic differentiation markers, were analyzed by qPCR
and Western blot. The results showed that the mRNA
expression of OCN and COL1a1 in n-HA/PU material group
was higher than that in the control group, while the
expression of COL1a1 protein was not statistically signifi-
cant different. Significantly, mRNA transcription of OCN and
COL1a1 and expression of COL1a1 protein were elevated in
the Lev/MSNs/n-HA/PU material group compared to the
control and n-HA/PU material groups (Fig. 3). These results
indicate that Lev/MSNs/n-HA/PU material can significantly
induce osteogenic differentiation of BMSCs in vitro.

Osteogenic capability
To elucidate the mechanism by which Lev/MSNs/n-HA/PU
material promotes osteogenic differentiation, we also co-
cultured pre-osteoblast MC3T3-E1 in vitro with the scaffold
material. After 14 days of co-culture, the split cycle of pre-
osteoclast MC3T3 E1 was analyzed by flow cytometry. Over-
all, we found that most of the cells were in the G1 and S
phases of the cell cycle. However, cells co-cultured with Lev/
MSNs/n-HA/PU material were more in S and G2 phases than
the control and n-HA/PU material groups (Figs. 4A and B).

The effects of Lev/MSNs/n-HA/PU materials on
apoptosis of pre-osteoblast MC3T3-E1 were further exam-
ined. We found no significant difference in the apoptosis of
the MC3T3-E1 pre-osteoblasts between the control group
and the n-HA/PU material by TUNEL assay. However, Lev/
MSNs/n-HA/PU materials can significantly reduce MC3T3-E1
apoptosis (Figs. 4C and D).

In vitro antibacterial property
Our previous experiments found that Lev/MSNs/n-HA/PU
scaffold materials can significantly treat S. aureus-induced
chronic osteomyelitis in rabbit tibia. To further confirm the
antibacterial property of Lev/MSNs/n-HA/PU scaffold ma-
terials, we used bacterial agar plate to examine the effect
of Lev/MSNs/n-HA/PU scaffold materials on bacterial
growth. Bacteria and materials were co-cultured and
spread evenly on LB agar plates overnight. The results
showed that Lev/MSNs/n-HA/PU material can significantly



Figure 1 Effect of novel Lev/MSNs/n-HA/PU composite scaffold materials on biocompatibility and proliferation of BMSCs.
(A) SEM micrographs of the BMSCs adhesion in different materials for 7 days. (B) MTT assay for proliferation of BMSCs cultured with
different materials at 2, 4 and 7 days. Each experiment was repeated three times. “*” means P < 0.05.
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inhibit the growth of both E. coli and S. aureus, there was
no E. coli CFU, and only two S. aureus colony forming units
(CFU) per 100 mL of culture. While there were 8129 E. coli
CFUs and 22552 S aureus CFUs per 100 mL of culture in the n-
HA/PU material group, which indicated that Lev/MSNs/n-
HA/PU material had significantly inhibited growth of bac-
terial colony forming units (CFUeB) (Fig. 5A and B).

Lev/MSNs/n-HA/PU scaffold materials also lead to for-
mation of larger size of ZOI. Based on the analysis of the ZOI,
there was an obvious ZOI around both Lev/MSNs/n-HA/PU
materials after co-cultured with S. aureus and E. coli for
24 h, while the value of ZOI in the n-HA/PU material group
was no longer visible, which indicated that Lev/MSNs/n-HA/
PU materials were able to inhibit bacterial growth (Fig. 5C
and D). These results could be due to the porous structure of
n-HA and PU degradability in Lev/MSNs/n-HA/PU materials,
as well as the controlled release of MSN-based system.

Antibacterial adhesion performance
We also tested in vitro the adhesion of E. coli and S. Aureus
on Lev/MSNs/n-HA/PU scaffold. The SEM results showed that
a large amount of both E. coli and S. aureus could adhere to
n-HA/PU materials, while only a small fraction of S. aureus
without E. coli adhered to Lev/MSNs/n-HA/PU materials
(Fig. 6), which indicated that Lev/MSNs was able to inhibit
microbial adhesion or viability of S. aureus and E. coli.
Discussion

Management of bone defects caused by chronic osteomy-
elitis remains a century-long, troublesome problem. In
clinical practice, we have experienced periods of systemic
application of large amounts of antibiotics and currently
antibiotics loaded PMMA beads or spacers are widely used.
Notably, PMMA remains deficient due to non-degradation
that requires surgical removal, which would leads to large
bone defects or local bacterial biofilms formation which
can provide a substratum for bacterial colonization, causing
recurrence of secondary infections.21e23 Especially the
amount of antibiotic released decreases over time and
eventually becomes ineffective.23 These disadvantages of
antibiotics loaded PMMA have led to the pursuit of alter-
native, degradable delivery devices, and the development
of novel material with multiple biological functions (such as
osteogenesis, antibiosis) has been more powerful develop-
ment and has led to the most important technological ad-
vancements in recent.24e27

Hydroxyapatite (HA) resembles the main inorganic
component of biological apatite (mineralized tissues) and
has high biocompatibility, which in combination with its
non-toxicity and, most importantly, osteoconductive prop-
erties makes it an asset for biomaterial engineering.28e30

HA materials have been widely used as a component of
hybrid biomaterials. Facing chronic osteomyelitis, one
major concern in the field of orthopaedic, recent de-
velopments of materials engineering are focused on de-
livery antibiotics directly into the affected bone. HA-based
materials are frequently chosen as the system matrix for
antibacterial drugs. Porous structures of HA could be used
as temporary scaffold for newly formed osseous tissue.31,32

Moreover, it has further uses in polymer bone composite
materials, not only as a bioactive material but also as a
provider of desirable mechanical properties.29,30 Similarly,



Figure 2 Immunohistochemistry assay of osteogenic markers for composite scaffold materials. BMSCs were cultured on different
scaffold materials for 7 days and next on slides for 3 days. They were subjected to immunohistochemistry assay of the expression of
ALP (A), OCN (B) and OPN (C). The negative control was added with PBS instead of primary antibody (D). Black bar represents
100 mm.

Figure 3 Q-PCR and Western-Blot assay of osteogenic markers for composite scaffold materials. BMSCs were cultured on
different scaffold materials for 14 days. RNA was isolated and subjected to qPCR analysis of the expression of OCN and COL1a1 (A)
in osteoblast cells. The expression of COL1a1 was detected by Western-Blot (B, C). “*” means P < 0.05.
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Figure 4 Effect of novel Lev/MSNs/n-HA/PU composite scaffold materials on proliferation and apoptosis of MC3T3-E1. (A)
MC3T3-E1 was cultured on different scaffold materials for 14 days and digested for assay of flow cytometry. (B) The percentage of
cell proliferation cycles treated with different materials. (C) TUNEL assay for evaluation of apoptosis of MC3T3-E1 co-cultured with
different materials for 14 days. (D) The percentage of TUNEL positive cell treated with different materials, and black arrows
represent positive cells. Each experiment was repeated three times. “*” means P < 0.05.

Figure 5 The antibacterial effect of novel Lev/MSNs/n-HA/PU composite scaffold materials. (A) Bacterial colony formation after
treatment with material extracts at 1 st and 12 th day, and (B) Number of bacterial colony units. (C) The zone of inhibition (ZOI)
around n-HA/PU and Lev/MSNs/n-HA/PU scaffold materials. (D) The diameter of ZOI around the materials. Each experiment was
repeated three times. Representative results are shown. “*” means P < 0.05 compared with n-HA/PU group.
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MSNs also gained wide popularity over the recent years,
which has uniform and tunable pore size, easy independent
functionalization of the surface, internal and external
pores and the gating mechanism of the pore opening,
making it a versatile and promising carrier.33 A mesoporous
silica nanoparticles/hydroxyapatite (MSNs/HA) hybrid drug
carrier, which not only enhanced the biodegradability of
silica, but also has high drug loading efficiency.32 MSNs
composed into Nano-hydroxyapatite material (MSNs/n-HA)
structure contains mesopores and during the initial drug



Figure 6 The adhesive effect of novel Lev/MSNs/n-HA/PU composite scaffold materials on E. coli and S. aureus. Scanning
electron microscope (SEM) was used to detect the adhesion of Escherichia coli (upper) and Staphylococcus aureus (lower) to the
composite scaffold materials n-HA/PU (A-B), and the adhesion to novel composite scaffold materials Lev/MSNs/n-HA/PU (C-D).
Representative results are shown.

200 Z. Kuang et al.
loading period, levofloxacin penetrates the pores of the
MSNs where it coats the surfaces and its porous network.
The levofloxacin contained in these porosities will be
released gradually. Hence, the process of polymeric matrix
composites containing drug carrying particulate matter can
be thought to proceed in progressive dissolution process.

Previously, our research group developed a novel
biodegradable antibiotic materialdLev/MSNs/n-HA/PU
composite scaffold, which were manufactured by loading
levofloxacin on nano-mesoporous silica and then com-
pounding with n-HA/PU.19,34 We expect this novel scaffold
materials to have large-scale loading of antibiotics with
sustained release, biocompatibility, degradation and bone-
inducing performance.34 Our previous studies have
confirmed that the composite scaffold could be used to
treat chronic osteomyelitis caused by S. aureus in rabbits.19

Apparently, the composite scaffold are not cytotoxic in
animals, and there is degradation around the composite
scaffold, as well as a large amount of new bone formation
and defect healing. To further explore the osteogenesis-
induction and antibacterial of this material, we further
explored its in-vitro potential osteoinductive and antibac-
terial properties. As a result, we found that this novel
scaffold materials can inhibit bacterial growth and bacte-
rial adhesion in vitro effectively, but also induce osteogenic
differentiation of BMSCs, promote proliferation and dif-
ferentiation of MC3T3-E1 and inhibit apoptosis progress.

Repair and regeneration processes in chronic osteomy-
elitis can be enhanced by using synthetic scaffold mate-
rials, which promoting osteoblast proliferation and
differentiation.35,36 Bone regeneration requires biocom-
patibility to mimic the environment of the extracellular
matrix of natural bone tissue, osteoblasts, and signaling
molecules for tissue differentiation and vascularization.
Renaissance of bone tissue needs scaffold having biocom-
patibility that simulates the extracellular matrix (ECM)
niche of natural bone, osteogenic cells as well as signaling
molecules aimed at specific tissue differentiation along
with vascularization of host bed.37,38 New bone develop-
ment at the site of malfunctioning areas needs numerous
series of processes like adhesion of osteogenic cells, as well
as its survival and proliferation.

The differentiated process from osteo-progenitor cells
or undifferentiated stem cells into osteoblast is integrated
between the scaffold and host bone.36 Besides, it has been
verified that nano-ceramics having smaller pores environ-
ment could stimulate osteochondral formation followed by
osteogenesis as well as vascularization.39e41 The dissolution
products of scaffold materials are found to up-regulate
genes controlling osteogenesis.42 Hence, many approaches
have been made for application of nanotechnology in
regenerative medicine, nanofiber scaffolding, and modifi-
cation of nano-topography of scaffold. Similarly, our results
illustrated that Lev/MSNs/n-HA/PU, as a novel nano-
hydroxyapatite composite scaffold, could induce expres-
sion of specific markers of osteogenic differentiation. Un-
satisfactorily, the tangible substances of dissolution that
induce osteogenic differentiation in our study was not
further investigated.

Further, Moorthi et al in his study reported that bioglass
at nano scale induces the expression levels of cyclins C and
E to stimulate the osteoblasts to go in cell cycle activation
phase.43 Furthermore, it might decrease growth cycle
passing G1 and S phases following fast entrance addicted to
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G2 phase by the improved dissolution of silicon and calcium
forming the nanoceramics, leading to heightened osteo-
blast proliferation.44 In our study, we found Lev/MSNs/n-
HA/PU could effectively enhance the transition from G1
phase to S phase of cells, rapidly arrest at G2 phase and
promote proliferation and differentiation. Simultaneously,
it will reduce apoptosis of osteogenic cells. These might be
the dual role of mesoporous silica and nano-
hydroxyapatite, which provides a relatively better patch-
ing environment for cell proliferation and differentiation.
Mechanistically, it has been found that calcium silicate (CS,
CaSiO3) coating over inert substrates leading to release of
SiO3 ions addicted to the biological fluid resulting in its
hydrolysis to HSiO3

- ions along with Ca2þ ions initiating
numerous cellular actions and endorses improved cell
attachment, proliferation and differentiation.45 Exactly,
Our composite scaffold also contain MSNs and is capable of
releasing it stably, which may be related to its ability to
significantly induce osteogenic differentiation, and addi-
tionally n-HA possess properties similar to structure of
natural bone matrix, which can further induce cells to
attachment, subsequently proliferation and
differentiation.

In this study, we identified that Lev/MSNs/n-HA/PU
composite scaffold materials could induce osteogenic dif-
ferentiation of BMSCs, promote proliferation and differen-
tiation of MC3T3-E1, and inhibit apoptosis, which also have
stronger antibacterial properties in vitro compared with n-
HA/PU, it can effectively inhibit bacterial growth and
bacterial adhesion in vitro. In summary, the results of this
study replenish the potential of Lev/MSNs/n-HA/PU mate-
rials with dual functions of anti-infection and enhanced
osteogenesis for future clinical applications.
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1255e1262.

24. Gong M, Huang C, Huang Y, et al. Core-sheath micro/nano fiber
membrane with antibacterial and osteogenic dual functions as
biomimetic artificial periosteum for bone regeneration appli-
cations. Nanomed Nanotechnol Biol Med. 2019;17:124e136.

25. Zhao Q, Yi L, Hu A, Jiang L, Hong L, Dong J. Antibacterial and
osteogenic activity of a multifunctional microporous coating
codoped with Mg, Cu and F on titanium. J Mater Chem B. 2019;
7(14):2284e2299.

26. Zhao C, Zeng Z, Qazvini NT, et al. Thermoresponsive citrate-
based graphene oxide scaffold enhances bone regeneration
from BMP9-stimulated adipose-derived mesenchymal stem
cells. ACS Biomater Sci Eng. 2018;4(8):2943e2955.

27. Shi R, Gong M, Chi C, et al. Nano twin-fiber membrane with
osteogenic and antibacterial dual functions as artificial peri-
osteum for long bone repairing. J Biomed Nanotechnol. 2019;
15(2):272e287.

28. Markovi�c S, Veselinovi�c L, Luki�c MJ, et al. Synthetical bone-like
and biological hydroxyapatites: a comparative study of crystal
structure and morphology. Biomed Mater. 2011;6(4), e045005.

29. Ridi F, Meazzini I, Castroflorio B, Bonini M, Berti D, Baglioni P.
Functional calcium phosphate composites in nanomedicine.
Adv Colloid Interface Sci. 2017;244:281e295.
30. Wang C, Wang Y, Meng H, et al. Research progress regarding
nanohydroxyapatite and its composite biomaterials in bone
defect repair. Int J Polym Mater Polym Biomater. 2016;65(12):
601e610.

31. Elkassas D, Arafa A. The innovative applications of therapeutic
nanostructures in dentistry. Nanomed Nanotechnol Biol Med.
2017;13(4):1543e1562.

32. Szurkowska K, Laskus A, Kolmas J. Hydroxyapatite-based ma-
terials for potential use in bone tissue infections. Hydroxyap-
atite: Adv Compos Nanomater e Biomed Appl Technol Facets.
2018;109.

33. Narayan R, Nayak U, Raichur A, Garg S. Mesoporous silica
nanoparticles: a comprehensive review on synthesis and recent
advances. Pharmaceutics. 2018;10(3), e118.

34. Wei J, Wang Y, Jiang J, et al. Development of an antibacterial
bone graft by immobilization of levofloxacin hydrochloride-
loaded mesoporous silica microspheres on a porous scaffold
surface. J Biomed Nanotechnol. 2019;15(5):1097e1105.

35. Arvidson K, Abdallah B, Applegate L, et al. Bone regeneration
and stem cells. J Cell Mol Med. 2011;15(4):718e746.

36. Chiara G, Letizia F, Lorenzo F, et al. Nanostructured bio-
materials for tissue engineered bone tissue reconstruction. Int
J Mol Sci. 2012;13(1):737e757.

37. Allo BA, Costa DO, Dixon SJ, Mequanint K, Rizkalla AS. Bioac-
tive and biodegradable nanocomposites and hybrid bio-
materials for bone regeneration. J Funct Biomater. 2012;3(2):
432e463.

38. Amini AR, Laurencin CT, Nukavarapu SP. Bone tissue engi-
neering: recent advances and challenges. Crit Rev Biomed Eng.
2012;40(5):363e408.

39. Zeimaran E, Pourshahrestani S, Djordjevic I, Pingguan-
Murphy B, Kadri NA, Towler MR. Bioactive glass reinforced
elastomer composites for skeletal regeneration: a review.
Mater Sci Eng C. 2015;53:175e188.

40. Martin RA, Yue S, Hanna JV, et al. Characterizing the hierar-
chical structures of bioactive solegel silicate glass and hybrid
scaffold for bone regeneration. Philos Trans R Soc A Math Phys
Eng Sci. 2012;370(1963):1422e1443.

41. Hong Z, Reis RL, Mano JF. Preparation and in vitro character-
ization of novel bioactive glass ceramic nanoparticles. J Bio-
med Mater Res Part A: Off J Soc Biomater e Jpn Soc Biomater
e Aust Soc Biomater e Korean Soc Biomater. 2009;88(2):
304e313.

42. Gerhardt L-C, Boccaccini AR. Bioactive glass and glass-ceramic
scaffold for bone tissue engineering. Materials. 2010;3(7):
3867e3910.

43. Moorthi A, Parihar P, Saravanan S, Vairamani M,
Selvamurugan N. Effects of silica and calcium levels in nano-
bioglass ceramic particles on osteoblast proliferation. Mater
Sci Eng C. 2014;43:458e464.

44. Sun JY, Yang YS, Zhong J, Greenspan DC. The effect of the ionic
products of Bioglass� dissolution on human osteoblasts growth
cycle in vitro. J Tissue Eng Regenerat Med. 2007;1(4):281e286.

45. Wang X, Zhou Y, Xia L, et al. Fabrication of nano-structured
calcium silicate coatings with enhanced stability, bioactivity
and osteogenic and angiogenic activity. Colloids Surfaces B
Biointerfaces. 2015;126:358e366.

http://refhub.elsevier.com/S2352-3042(19)30086-8/sref14
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref14
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref14
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref14
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref14
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref15
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref15
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref15
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref15
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref16
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref16
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref16
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref16
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref16
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref17
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref17
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref17
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref17
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref18
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref18
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref18
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref18
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref18
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref19
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref19
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref19
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref19
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref20
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref20
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref20
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref20
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref20
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref20
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref21
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref21
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref21
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref21
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref22
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref22
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref22
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref22
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref23
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref23
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref23
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref23
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref23
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref24
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref24
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref24
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref24
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref24
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref25
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref25
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref25
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref25
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref25
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref26
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref26
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref26
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref26
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref26
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref27
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref27
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref27
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref27
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref27
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref28
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref28
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref28
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref28
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref28
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref28
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref29
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref29
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref29
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref29
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref30
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref30
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref30
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref30
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref30
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref31
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref31
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref31
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref31
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref32
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref32
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref32
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref32
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref32
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref33
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref33
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref33
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref34
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref34
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref34
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref34
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref34
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref35
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref35
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref35
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref36
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref36
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref36
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref36
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref37
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref37
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref37
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref37
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref37
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref38
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref38
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref38
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref38
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref39
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref39
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref39
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref39
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref39
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref40
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref40
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref40
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref40
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref40
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref40
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref41
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref41
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref41
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref41
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref41
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref41
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref41
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref41
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref42
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref42
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref42
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref42
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref43
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref43
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref43
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref43
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref43
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref44
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref44
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref44
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref44
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref44
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref45
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref45
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref45
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref45
http://refhub.elsevier.com/S2352-3042(19)30086-8/sref45

	Osteogenic and antibacterial dual functions of a novel levofloxacin loaded mesoporous silica microspheres/nano-hydroxyapati ...
	Introduction
	Materials and methods
	Fabrication of composite scaffold
	Cell isolation and culture, microbial strains
	Antimicrobial activity in vitro
	Quantitative real-time PCR
	Western blot
	Immunohistochemistry analysis
	MTT analysis
	SEM analysis
	Flow cytometry analysis
	TUNEL assay
	Statistical analysis

	Results
	In vitro biocompatibility
	In vitro osteogenic performances
	Differentiation property
	Osteogenic capability
	In vitro antibacterial property
	Antibacterial adhesion performance


	Discussion
	Funding
	Authors contribution
	Conflict of Interests
	Conflict of Interests
	Acknowledgements
	Appendix A. Supplementary data
	References


