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Purpose: Osteomyelitis, particularly chronic osteomyelitis, remains a major challenge for
orthopedic surgeons. The traditional treatment for osteomyelitis, which involves antibiotics
and debridement, does not provide a complete solution for infection and bone repair.
Antibiotics such as vancomycin (VCM) are commonly used to treat osteomyelitis in clinical
settings. VCM use is limited by a lack of effective delivery methods that provide sustained,
high doses to entirely fill irregular bone tissue to treat infections.

Methods: We engineered a chitosan (CS)-based thermosensitive hydrogel to produce
a VCM-nanoparticle (NPs)/Gel local drug delivery system. The VCM-NPs were formed
with quaternary ammonium chitosan and carboxylated chitosan nanoparticles (VCM-NPs) by
positive and negative charge adsorption to enhance the encapsulation efficiency and drug
loading of VCM, with the aim of simultaneously preventing infection and repairing broken
bones. This hydrogel was evaluated in a rabbit osteomyelitis model.

Results: The VCM-NPs had high encapsulation efficiency and drug loading, with values of
60.1£2.1% and 24.1£0.84%, respectively. When embedded in CS-Gel, the VCM-NPs main-
tained their particle size and morphology, and the injectability and thermosensitivity of the
hydrogel, which were evaluated by injectability test and rheological measurement, were
retained. The VCM-NPs/Gel exhibited sustained release of VCM over 26 days. In vitro tests
revealed that the VCM-NPs/Gel promoted osteoblast proliferation and activity against
Staphylococcus aureus. In vivo, VCM-NPs/Gel (with 10 mg vancomycin per rabbit) was
used to treat rabbits with osteomyelitis. The VCM-NPs/Gel showed excellent anti-infection
properties and accelerating bone repair under osteomyelitis conditions.

Conclusion: The reported multifunctional NPs hydrogel system for local antibiotic delivery
(VCM-NPs/Gel) showed bone regeneration promotion and anti-infection properties, demon-
strating significant potential as a scaffold for effective treatment of osteomyelitis.
Keywords: vancomycin, chitosan, nanoparticles, injectable hydrogel, osteomyelitis

Introduction

Osteomyelitis is an inflammatory bone disease that is caused by an infecting
microorganism and leads to progressive bone destruction and loss.! Osteomyelitis
can be caused by various pathogens, such as Gram-positive pathogens, Gram-
negative pathogens, and Mycobacterium tuberculosis. However, it is primarily

caused by Gram-positive staphylococci, which account for ~75% of the cases.””
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Infection increases the patient’s recovery time and can
cause other morbidities, adding to the financial burden on
the patient and the healthcare system.

Osteomyelitis can be classified into three subforms;
acute, sub-acute, and chronic. Acute and sub-acute osteo-
myelitis occur in children and elderly people as a result of
a microbe being present in the blood.>* Chronic osteo-
myelitis commonly presents with open fractures, diabetes,
and other diseases and is becoming more widespread.
Chronic osteomyelitis can induce bone defects, osteone-
crosis, and lead to a high recurrence of secondary
infection.”® Therefore, treating chronic osteomyelitis is
often challenging as both the infection and subsequent
bone repair must be addressed.

Antibiotic treatments using drugs such as levofloxacin’
and vancomycin (VCM)® are the traditional choice for
treating osteomyelitis to control bacterial infection.”
Treating osteomyelitis by oral or intravenous administra-
tion of systemic antibiotic therapy, can be effective.'’
However, the effectiveness of some antibiotics as antimi-
crobials have limitations that include poor penetrability,
which prevents the drug from reaching the minimum inhi-
bitory concentration (MIC) level in bone tissue.'""'? In
addition, high doses of antibiotics administered systemi-
cally can induce serious side-effects such as ototoxicity
and nephrotoxicity. Given these limitations, there is a clear
need for the development of delivery carriers for con-
trolled VCM release to improve its antimicrobial activity
and reduce side-effects.

Local therapy is rapidly developing as a promising tool
for the treatment of several diseases such as tumors and
osteomyelitis.*!* This approach can promote the availabil-
ity of high concentrations of drug at the disease site and
can reduce side effects. To reduce the reinfection rate of
chronic osteomyelitis therapy, the drug delivery material
should be biodegradable to eliminate the need to remove
the material after treatment.

Several materials, such as Genta-Coll and Palacos,
provide local antibiotic delivery for chronic osteomyelitis
therapy and are currently used in clinics.” In a previous
study, our group constructed a solid VCM drug delivery
system for osteomyelitis treatment using poly(trimethylene
carbonate).'* Although this kind of local antibiotic deliv-
ery system was biodegradable and effective in treating
osteomyelitis, its administration was inconvenient and it
could not completely fill irregular bone tissue in vivo,
which may lead to incomplete antibacterial effects and
bone regeneration.

Hydrogels, particularly thermosensitive hydrogels, are
considered promising candidates for partial application of
local therapy owing to their moldability, biodegradability,
and compositional and morphological similarity to
tissues.'>'® The variety of hydrogels with different mate-
rial that people have worked on with regards to drug
delivery for bone tissue engineering, such as polymer
material'” and short peptides.'®'” Thermosensitive hydro-
gels, usually in free-flowing sol states with good inject-
ability at a low or room temperature, injected into the
target site, the drug-loaded systems can spontaneously
turn into semisolid gels, acting as sustained release depots
of drugs and fully fill the damaged area.”® Chitosan (CS) is
commonly used as a tissue regeneration material owing to
its antibacterial, pain relief, and hemostasis properties.' "'
CS can be combined with antibiotics to enhance their
antibacterial effects and fight bacterial resistance.” Many
research groups have prepared CS-based hydrogels as
tissue scaffolds for the delivery of antibiotics and to pro-
mote tissue repair such as cardiac repair and bone
regeneration.”” > In addition, CS and glycerol phosphate
disodium salt (GP) could be prepared as a thermosensitive
hydrogel that has a low viscosity at lower critical solution
temperature and turns into a gel state at higher critical
solution temperature to fill irregular bone sites.”® Drug
release from CS-gels commonly follows physical diffusion
in which the drug cumulative release time only reaches
1-5 days.?’*® However, clinical antibiotic treatment of
osteomyelitis is longer than 4 weeks. Therefore, we need
to develop a new CS-based hydrogel drug delivery system
to extend antibiotic release times.

Nanosystems have been recently developed as alterna-
tives to antibiotics for the treatment of bacterial infections.
However, these advanced systems are limited by system
administration and subsequent side effects.”’ Nanoparticle
(NPs)-hydrogel drug delivery systems have received much
attention for reducing the burst release to achieve sustained
and continuous release over long periods in vivo.***! CS-
based NPs are more commonly used as a drug carrier to
treat a number of diseases because of their biocompatibility
and low toxicity. In a previous study, we prepared VCM-
loaded N-trimethyl chitosan (TMC) NPs from TMC/tripo-
lyphosphate, which demonstrated activity against
Staphylococcus aureus in vitro.>> However, the drug load-
ing of the NPs was low, approximately 5.84+0.2%, leading to
dissatisfactory dosage in an in vivo study. A novel, high

VCM loaded, CS-based NPs design that can attain the
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required dosage after embedding in a hydrogel is therefore
required for an in vivo study.

We hypothesize that the positive charge of quaternary
ammonium chitosan (QAC) and the negative charge of
carboxylated chitosan (CC) can drive the electrostatic
adsorption-driven assembly of nanoparticles and produce
high encapsulation efficiency and drug loading of the
water-soluble drug VCM. To prolong its anti-infection
activity and promote bone repair, a bioinspired strategy
using CS and GP to form a thermosensitive hydrogel (CS-
Gel) and incorporate the VCM-NPs into the CS-Gel was
used to construct the injectable thermosensitive VCM-NPs
/Gel drug delivery system. The mechanism of the thermo-
sensitive nanosystem from sol to gel and its application
were presented in Scheme 1. We expected that VCM-NPs
would achieve a high VCM loading efficiency and the
VCM-NPs/Gel would achieve localized, controlled and
sustained release of VCM and uniform filling of bone
defects, ultimately realizing anti-infection treatment and
bone repair for osteomyelitis.
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Materials and Methods

Materials

CS (MW:600 kDa, DD: 85%), QAC (MW: 100 kDa, DD:
90%), and CC (MW: 50 kDa-150kDa based on viscosity;
DD: 80%) were purchased from Zhejiang Golden-Shell
Pharmaceutical Ltd. (China). VCM was purchased from
Dalian Meilun Biotech Co., Ltd. (China). a-Glycerol phos-
phate disodium salt (a-GP), B-glycerol phosphate disodium
salt (B-GP), and fluorescein isothiocyanate (FITC) were pur-
chased from Sigma Aldrich (USA). Phalloidin was purchased
from Yeasen Biotech Co., Ltd. (China). S. aureus and osteo-
blasts (OB) were obtained from Zhejiang Academy of
Traditional Chinese Medicine and use was approved by the
internal institutional review board.

Preparation and Characterization of the
VCM-NPs

The NPs were prepared by self-assembly driven by elec-
trostatic adsorption. Briefly, CC and QAC were dissolved

! . :
@)

Electrostatic jL. <M
crosslinking — ..“ “

VCM-NPs

. ; ;--~
TS o = j °® :: .
: &1 ; $e\0 Ant.lbaCtenal

Scheme | Schematic diagram of VCM-NPs/Gel for osteomyelitis therapy.
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in deionized water at a concentration of 1 mg/mL. The
VCM was dissolved in a CC solution with the different
weight ratio of VCM/(QAC+CC) (1:1, 1:1.5, 1:2, 1:3), and
then CC solution were added dropwise to the QAC solu-
tion and mixed immediately under magnetic stirring. The
average size and zeta potential of the NPs were measured
using a Zeta Sizer Nanoparticle Analyzer (Malvern, UK).
The morphology of the NPs was evaluated using transmis-
sion electron microscopy (TEM).

The drug loading and encapsulation efficiency of
VCM-NPs were determined by ultrafiltration (10 KDa)
of the samples at 15,000 rpm for 30 min, followed by
high-performance liquid chromatography (HPLC). The
absorbance was measured at 230 nm. The drug loading
(DL) and encapsulation efficiency (EE) of VCM was cal-
culated by:

EE = (Wtotal drug — Wfrcc drug)/Wtotaldrug x 100%

DL = (Wtotal drug — Wfrcc drug)/ Wtotal materials X 100%

The stability of the VCM-NPs was investigated in phos-
phate-buffered saline (PBS; 10% fetal bovine serum [FBS],
pH 7.4) at room temperature.*®> The size of the NPs was
measured at different time points.

Preparation of VCM-NPs/Gel

CS powder was dissolved in 0.1 M acetic acid at room
temperature to obtain a homogeneous CS solution with
a concentration of 2.5%. Next, a-GP and B-GP (50%, w/
v) were dissolved in deionized water and VCM-NPs were
incorporated into the GP solution under gentle stirring.
Finally, the GP/NP mixture was slowly added dropwise
to the CS solution in an ice bath and the mixture was
stirred for 15 min. The final solution was incubated at
37°C and the VCM-NPs/Gel hydrogel was formed.

Characterization of the VCM-NPs/Gel
Gelation Time

The gelation time of the hydrogel was measured using the
vial inversion method. The hydrogel components at the
above concentrations were mixed in a glass sample vial
and incubated at 37°C immediately after mixing. The
gelation time refers to the time required for no flow to
be observed for each formulation.

Scanning Electron Microscopy Analysis (SEM)
The surface morphology of the hydrogel was characterized
by SEM. The hydrogels were prepared using the above

method and then the hydrogel samples were frozen in liquid
nitrogen, and then freeze-dried under vacuum at —70 °C for
48 h to ensure that water was sublimed sufficiently. The
freeze-dried samples were sputter coated with gold.** Both
the surface and cross-sectional morphologies were exam-
ined. SEM images of the hydrogel samples were recorded
using a scanning electron microscope (SU8010, Hitachi,
Japan) at 5 kV of acceleration voltage, room temperature,
and scan speed with TV model (25/30 s/frame).

Swelling and Biodegradation Study
The freeze-dried hydrogels were immersed in PBS (pH
7.4) at 37°C with shaking at 100 rpm. At designated time
points, the hydrogels were removed from the PBS, wipe
off the liquid from the surface of hydrogel with tissue
paper, and weighed.>

The biodegradation behavior of the hydrogels was
examined in an incubating shaker. Briefly, the freeze-
dried hydrogels were immersed in a 0.5 mg/mL lysozyme
solution at 37°C with shaking at 100 rpm. At designated
time points, the hydrogels were freeze dried and weighed.
Changes in the surface morphology were examined
by SEM.

The swelling ratio and degradation ratio were calcu-
lated using the following equation:

Swelling ratio = (W, — Wy)/ W4 x 100%

Degradation ratio = (Wgq — W, )/Wg4 x 100%

where Wy is the weight of the dry hydrogel at t=0, W, is
the weight of the swollen hydrogel at time t, and W, is the
weight of the dry degraded hydrogel at time t.

Rheological Measurement

Rheological measurements of the hydrogels were per-
formed using a rheometer (Viscotester IQ AIR, HAAKE,
Germany) with a 60 mm diameter plate geometry with
a gap of 1 mm. The hydrogel solutions were added to
the plate of rheometer at 25 °C and then plate with tem-
perature range of 25-45 °C at a heating rate of 0.5 °C/min.
The variations of storage (G") and loss (G") modulus were
measured under constant strain (0.1%) and frequency
(1 Hz).

In vitro VCM Release Profile

The release profile for the hydrogel was examined in pH 7.4
PBS media. Briefly, hydrogels were immersed in 4 mL of
PBS at 37°C with shaking at 100 rpm. At designated time
points, 1 mL of media was removed from each tube and
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fresh media was added. The concentration of VCM in the
removed aliquots was determined using HPLC equipped
with a Diamonsil C;g column (250 mm X 4.6 mm, 5 um)
(mobile phase: methanol/potassium dihydrogen phosphate
buffer (pH 3.2 and 25 mmol/L) 20:80; flow rate: 0.7 mL/
min; detection A: 230 nm).

The VCM-NPs/Gel solution was placed in a test tube
and immersed in a water bath at 37°C to form a gel. Then,
4 mL of PBS buffer was added to the test tube and
incubated at 37°C with shaking at 100 rpm. At predefined
time intervals, the release media was withdrawn from the
test tube and the collected VCM-NPs were detected using
a Zeta Sizer Nanoparticle Analyzer.

Cell Proliferation

The VCM-NPs/Gel was tested by a CCK-8 assay. OB cells
(obtained from Zhejiang Academy of Traditional Chinese
Medicine and use was approved by the Laboratory Animal
Ethics
Chinese Medicine) were seeded in 96-well plates at 5x10%/
well and cultured overnight. Each group was added to cells
at concentrations of 10, 40, and 80 pg/mL VCM. After 24
h and 72 h, 20 pL of CCK-8 was added to each well. After
further incubation for 3 h, the absorbance of each well was

Committee, Zhejiang Academy of Traditional

measured at 450 nm using a microplate reader.

Alkaline Phosphatase (ALP) Expression
OB cells were seeded in 12-well plates at 1x10°/well and
cultured overnight. VCM-NPs and VCM-NPs/Gel were
added to produce different concentrations of VCM (10,
40, and 80 pg/mL). After 4 d and 7 d, cells were lysed and
the expression of ALP was measured at 520 nm using
a microplate reader according to the instructions of the
ALP kit (Nanjing Jiancheng Bioengineering Institute). In
addition, the total protein concentration was measured
using a BCA kit and the ALP activity (per unit/protein)
was calculated.

In vitro Antibacterial Activity

Antibacterial Activity Test

S. aureus (ATCC 96) was cultured in Luria-Bertani broth
at 37°C overnight at 120 rpm in a shaking incubator until
the optical density of the culture medium reached 0.5 at
600 nm. We comprehensively determined the antibacterial
activity of the VCM-NPs/Gel using a turbidity test, the
diameter of inhibition zone (DIZ) test and the antibacterial
effect on the infected OBs.

Turbidity Test

The antibacterial activity of the hydrogels was examined
with S. aureus using a turbidity test. The hydrogels were
extracted with PBS because gels system work slowly and
sustain release of VCM. Then, the extract liquid with
different
S. aureus. PBS was used as a negative control. The cul-

drug concentrations was incubated with
tures were cultivated overnight in a 37°C incubator shak-
ing at 150 rpm. The optical density of these suspensions
was measured at 600 nm on a microplate reader

(Multiscan, Thermo, USA).

DIZ Test

To evaluate the antibacterial effects of the hydrogels, the
zones of growth inhibition of the test bacteria were mea-
sured using an agar disk diffusion assay.’® Briefly, pre-
pared sterile agar plates and sterile filter disks (round
sterile filter paper) were immersed in PBS or extract liquid
for 2 h. Four filter disks were then plated on the surface of
each agar plate, and the samples were subsequently incu-
bated in a biochemical incubator with an atmosphere of
5% CO, at 37°C for 24 h. In addition, for longer cultures
against S. aureus, the VCM/Gel and VCM-NPs/Gel were
evaluated using an Oxford cup test.** The hydrogels were
removed to fresh inoculated agar plates daily. The DIZ
values were measured using a Vernier caliper and the
antibacterial effects were positively related to the DIZ
values.

Antibacterial Effect on the Infected OBs

OB cells were cultured in RPMI 1640 medium supple-
mented with 10% FBS at 37°C in a humidified atmosphere
containing 5% CO, and cells at passage four were used.'*
S. aureus and OB cells were cocultured to simulate an
in vivo infection. Briefly, S. aureus cells were labeled with
100 pg/mL FITC for 4 h, following a previously described
protocol with some modification, and the OB cells were
seeded into 24 well plates and cultured overnight.
Approximately 1x10° CFU/mL of S. aureus was added
to cells to induce intracellular infection and cells were
incubated for 2 h in a CO,-free incubator. VCM, VCM
NPs, and VCM-NPs/Gel with VCM concentrations of 10,
40, and 50 pg/mL were then added. The osteoblast
nucleus was stained with DAPI and cytoskeletal f-actin
with rhodamine phalloidin using a previously described
protocol. The number of S. aureus cells was determined
from four randomly selected images using Imagel
software.
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Animal Surgery Protocol

The animal experiments were performed according to pro-
tocols reviewed and approved by the Laboratory Animal
Welfare Ethics Committee, Zhejiang Academy of
Traditional Chinese Medicine. Male New Zealand White
rabbits aged 3 months old and weighing 3.0+0.2 kg were
housed in individual cages under air-controlled conditions
(20°C+1°C and 12 h/12 h light/dark illumination cycles).
The model was prepared by creating a 2-mm diameter hole
in the tibia of each animal and successively injecting 0.1 mL
of the S. aureus suspension (Kanin strain, 1x10® CFU/mL)
into the medullary cavity of the right tibia, as previously
reported.>” The rabbits were divided into the following
VCM/Gel, VCM-NPs/Gel,
calcium sulfate (VCS, previously reported preparation
The rabbits in the VCM/Gel and VCM-NPs/Gel groups
were subjected to debridement of necrotic tissue by creating

and vancomycin-
37)

groups;

two adjacent 4.8-mm diameter holes in the bone, scraping
and cleaning the tissue between the two holes, and then
implanting the hydrogel (10 mg vancomycin per rabbit).
The surgical process of the implant procedure is shown in
Figure 1. The rabbits in the model group and control group
were housed under the same conditions with no treatment.

After 4 weeks of infection, and 4 and 8 weeks after treat-
ment; inflammatory indices in serum, such as highly sensitive
C-reactive protein (CRP) and white blood cell (WBC) count
were determined using a blood biochemistry analyzer
(HITACHI 7020, Tokyo, Japan). At the end of the experiment,
the tibia specimens were examined by micro-computed tomo-
graphy (micro-CT) (SkyScan 1172 micro-CT scanner; Bruker,
Zurich, Switzerland). Scores for the ratio of bone volume/
tissue volume (BV/TV), as well as the bone mineral density
(BMD), were obtained directly from the 3D model.

The tibia samples were fixed in 10% EDTA, dehy-
drated, and then embedded. The tissue blocks were sec-
tioned into S5-um thick specimens and stained with
hematoxylin and eosin (H&E) for morphologic analysis.

Punch

Debride

The sections were also pre-treated and stained for IL-6
(1:100; Abcam Ltd., Cambridge, UK).

Statistical Analysis

All data are presented as mean + standard deviation based
on at least three measurements for all results. Statistical
analysis was conducted using GraphPad Prism software.
The significance was evaluated using a Student’s #-test and
P<0.05 was considered statistically significant.

Results and Discussion

Preparation and Characterization of the

VCM-NPs

The particle size and zeta potential of the blank NPs gradually
decreased with increasing QAC/CC (w/w), which is likely
a result of the increasing CC content of the formulation
(Figure 2A). The increase in negatively charged CC increase
the condensing effect with QAC. The properties of the VCM-
NPs changed as the weight ratio of VCM/(QCA+CC) chan-
ged, and the optimal formulation of VCM-NPs was VCM/
(QAC+CC) 1:1.5 (w/w), which produced VCM-NPs with
a particle size of 182.4+8.8 nm, a zeta potential of 20.9+1.5
mV, EE of 60.1+2.1%, and DL of 24.1+0.84% (Table 1). The
result showed that the higher VCM content (VCM/(QAC
+CC) =1:1) resulted in larger sizes and lower EE of VCM-
NPs because the drug loading capacity of the NPs is limited.
Additionally, the lower VCM content (VCM/(QAC+CC) =1:2
or 1:3) resulted in lower EE of VCM-NPs. We think that VCM
is a water-soluble drug and a low concentration of VCM
increases the distance between VCM molecules, which
increases the difficulty of encapsulating VCM by NPs in the
process of electrostatic adsorption of QAC and CC to package
VCM. The EE and DL were greater than a previous report of
other VCM-loaded delivery systems, including liposomes
(32.65%, 2.18%),>® niosomes (50.47%, 19.0%),*° and
micelles (35%, 4.5%), respectively.*” The VCM-NP assembly

Implant Sew up

Figure | Surgical implantation process, including debriding of necrotic tissue, punching two adjacent 4.8-mm diameter holes, implanting the hydrogels, and sewing up.
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Figure 2 The physical characteristic of VCM-NPs. (A) Changes of size distribution and zeta potential of NPs following various weight ratio of QAC/CC; (B) size histogram;
(C) zeta potential; (D and E) TEM image of blank NPs and VCM-NPs; (F) serum stability.

was further optimized by changing the VCM dissolution
media (Table 2). The particle size and zeta potential of the
VCM-NPs showed a slight increase compared with the blank
NPs (Figure 2B and C). The TEM images showed that blank
NPs and VCM-NPs were spherical with a uniform size dis-
tribution, and the size of the blank NPs and VCM-NPs was
approximately 140 nm (Figure 2D and E). The particle sizes
and polydispersity indices (PDIs) showed little change for

Table | The Characteristic of Nanoparticles (n=3)

Size (nm) | Zeta (mV) | EE (%) DL (%)
Blank NPs 175.6£10.2 | 18.5+2.8 ns ns
VCM-NPs* | 252.5£8.5 19.0£0.5 40.6£1.5% | 20.1£1.2%
VCM-NPs® | 182.4+8.8 20.9+1.5 60.1+2.1% | 24.1+£0.84%
VCM-NPs | 180.8£7.6 21.7+£3.0 45.8+3.5% | 26.0£0.73%
VCM-NPs? | 191.8+6.8 22.2+2.1 44.2+5.8% | 13.5£0.97%

VCM-NPs over 72 h incubated with 20% FBS (Figure 2F),
indicating that there was little evidence of nanoparticle aggre-
gation when incubated with serum. However, necrotic bone
and irregular bone tissue, which require 4 weeks of antibiotic
treatment, are also challenges in osteomyelitis treatment.'%'*
Therefore, it was necessary to further construct a VCM-NP-
based local delivery system for sustained release of VCM to

optimize the therapeutic approach.

Table 2 The Characteristic of VCM-NPs with VCM Dissolved in
Different Media (n=3)

Size (nm) | Zeta (mV) | EE (%) | DL (%)

VCM-NPs* | 180.5+63 | 21.8+1.3 30.142.5% | 12.0£0.99%
VCM-NPs® | 182.4+8.8 | 20915 60.142.1% | 24.120.84%
VCM-NPs® | 182.8+5.6 | 20.0+I.4 35.742.6% | 14.3%1.04%
VCM-NPs® | 184.8+49 | 21.4%I.1 50.2+4.8% | 20.1%1.93%

Note: > ® © Nanoparticles were prepared with different weight ratio of VCM/
(QAC+CC) (I:1, I:1.5, 1:2, 1:3, respectively).

Note: * ® © 9 VCM-NPs were prepared which the VCM dissolved in QAC, CC,
QAC and CC (I:1), QAC and CC (2:1), respectively.
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Preparation and Characterization of the
VCM-NPs/Gel

Scaffolds are commonly used in tissue engineering of bone
for local delivery of antibiotics to improve therapeutic
efficacy and reduce systemic toxicity.*' Therefore, in this
study, we developed a novel local delivery system based
on VCM-NPs loaded into injectable hydrogels composed
of CS and a, B-GP, demonstrating sustained drug release
and improved bioactivity. The CS/GP/NPs mixtures were
translucent and slightly viscous liquids (sols) at room
temperature and had good injectability (Figure S1).
Moreover, they solidified into semisolids (gels) at physio-
logical temperature (Figure 3A) because of CS-GP elec-
trostatic attractions between the ammonium and phosphate
groups.*? The formulation of the hydrogel was optimized
to reduce the gelation time. As shown in Figure 3B,
examination of the gelation times for various ratios of
CS/B-GP showed that higher concentrations of B-GP lead
to a shorter gelation times. The gelation time can be
further reduced by adding a-GP (Figure 3C). This techni-
que is similar to a previous report.** The gelation time of
the VCM-NPs/Gel was slightly increased with NP loading
compared with the VCM/Gel (Figure 3D). VCM-NPs/Gel
exhibits desirable gelation behavior for clinical applica-
tions because the sol-to-gel transition temperature is
between room temperature and physiological temperature.

As shown in Figure 3E-G and Figure S2, below 30°C,
the blank gel and NPs/Gel exhibited low values ofn, G’, and
G", and G" greater than G', implying good flowability. As
the temperature increased, a rapid increase of several orders
of magnitude in m, G', and G" occurred and G’ was greater
than G", indicating the in situ formation of physical hydro-
gels. Interestingly, after NPs were embedded in the gel, the
gelation time and rheological properties of G’ and G” also
showed changes compared with the blank gel. These find-
ings may be the result of the strong intermolecular hydrogen
bonding of the NPs and gel or a weaker electrostatic inter-
action between NPs and the polymer network.** All of the
results show that the VCM-NPs/Gel is stable and has good
mechanical properties.

The results for hydrogel swelling are shown in Figure 3H,
indicating the hydrogels with and without NPs displayed
high water uptake, and the swelling ratio was ~6 for the
blank gel and VCM/Gel. When the NPs were loaded, the
water uptake capacities of the NPs/Gel and VCM-NPs/Gel
showed no significant change compared with the blank gel,
which suggests that all hydrogels have abundant pores to take

up large amounts of water.*> As shown in Figure 3I, the
VCM/Gel and VCM-NPs/Gel exhibited excellent degrada-
tion in the lysozyme solution and that presence of NPs did
not affect the hydrogel degradation. SEM was used to
observe structural changes following treatment with enzyme.
Following the incubation time, the structure of the gel chan-
ged and even the net structure of the gel was no longer
detected (Figure 4), which suggests that the VCM-NPs/Gel
has good biodegradability.

SEM was used to observe the microstructure of the
prepared hydrogel.*® The microstructure of the VCM-NPs
/Gel also has a porous network (Figure 3J) similar to that
of VCM/Gel (Figure 3K), which facilitated the sustained
drug release, the entry of cells, and the exchange of nutri-
ents. The particle size and morphology of the VCM-NPs
were further observed using high-power field SEM (Figure
3L). The particle size of the VCM-NPs observed by SEM
was ~200 nm, which is similar to the findings of dynamic
light scattering and TEM, suggesting that VCM-NPs
remain integrated in the gel structure.

Drug Release

The drug release properties of VCM-NPs, VCM/Gel, and
VCM-NPs/Gel were evaluated in PBS. The release of VCM
was measured over a period of 25 days. As shown in
Figure 5A, VCM was released from VCM/Gel, VCM-NPs,
and VCM-NPs/Gel in a controlled manner, with the VCM-
NPs/Gel in particular exhibiting well-controlled release over
the 25 days. VCM-NPs, VCM/Gel, and VCM-NPs/Gel all
displayed a markedly higher drug release in the initial 10 h,
showing cumulative VCM release of approximately 56.6%,
48.9%, and 23.5%, respectively. This indicated that the VCM
on the hydrogel surface was released as soon as the gel was
immersed in the medium. The release of VCM from VCM-
NPs/Gel was sustained and a total release of 65% was
achieved within 26 days, which meets the clinical demand
of drug administration time.*’ Furthermore, the particle sizes
in the supernatant of the release medium were 195.7 nm (PDI
0.221) and 204.5 nm (PDI 0.119) on days 1 and 10, respec-
tively (Figure S3). We confirmed that VCM-NPs can release
slowly from the gel network and then release VCM, which is
similar to results in a previous report.***® Based on the release
results and the degradation of the hydrogel, the mechanism of
release from VCM-NPs/Gel is thought to be a combination of
diffusion and erosion, which sustained the drug release.
Therefore, the CS/B-GP/a-GP hydrogel is an ideal drug carrier
for controlled drug release, and the hydrogel loaded with
VCM-NPs shows significant potential for biomedical fields,
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including as materials for soft tissue defect repair and cell
scaffolds.

In vitro Cytotoxicity

Hydrogels are also used as cell scaffolds to accelerate cell
proliferation. The primary requirement of scaffolds in tissue
engineering is low toxicity. As shown in Figure 5B and C, the
VCM and VCM-NPs groups did not show obvious cytotoxi-
city with different concentrations of VCM (10, 40, and 80
pg/mL) at 24 and 72 h, only VCM-NPs with high VCM

concentrations exhibited slight cytotoxicity, which may be
caused by the positively-charged NPs. Some studies have
suggested that CS/GP hydrogel may inhibit cell proliferation
owing to the concentration of GP.** The VCM/Gel and
VCM-NPs/Gel group did not promote OB cell proliferation
with different concentrations of VCM at 24 h. At 72 h, VCM/
Gel and VCM-NPs/Gel samples showed a significant
increase in OB cell proliferation with dose dependence.
The gel may act as a cell scaffold providing a conducive
space and environment for growth or CS may promote OB
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Figure 4 SEM images of the surfaces of VCM/Gel and VCM-NPs/Gel after incubation in PBS 7.4 aqueous medium at 37°C with O days, 10 days and 20 days. Note: SEM
images of VCM/Gel and VCM-NPs/Gel (0 d) were same as Figure 3 (J, K) duo to clear comparative analysis of gel surfaces changes with degradation.

cell proliferation, which is similar to a previous study in
which Lu®® administered intra-articular injections of a CS
solution and the cartilage density significantly increased. The
function of OBs is also a key factor of bone repair and thus
we tested the ALP activity of OB cells. VCM-NPs with
different concentrations did not change the ALP activity of
the OB cells at 4 d (Figure S4) and 7 d, which is in agreement
with the OB cells proliferation results. After treatment with
VCM-NPs/Gel, the ALP activity of the OB cells showed
a significant increase and the ALP activity was expressed
as 179.2, 198.4, and 218.6 king unit/gprot after treatment
with 10, 40, and 80 pg/mL VCM concentrations of VCM-
NPs/Gel for 7 d, respectively (Figure 5D). The VCM-NPs
/Gel was not only cytocompatible but also conducive to OB
cell proliferation, making it an ideal scaffold for bone
regeneration.

In vitro Antibacterial Activity

Because the occurrence and treatment of osteomyelitis are
generally accompanied by a high incidence of bacterial
infection, antibacterial treatment is a key element of osteo-
myelitis therapy.* As shown in Figure 6A, VCM, VCM-
NPs, and VCM-NPs/Gel exhibited good activity against
S. aureus in a concentration-dependent manner. Efficacy
against S. aureus was observed in the following order,
VCM-NPs/Gel>VCM-NPs>Free VCM, because aqueous
extracts of VCM-NPs/Gel contain VCM and CS, and CS
can also damage the cell walls of the bacteria.”' Figure 6B

shows that an inhibition zone was observed for the VCM,
VCM-NPs, and VCM-NPs/Gel groups and was dose-
dependent in all cases, similar to the findings of the turbi-
dimetric analysis. Interestingly, VCM-NPs showed greater
activity against S. aureus than VCM, which may be
because of the positively charged NPs that were effective
in binding to the negatively-charged cell membrane of the
bacteria, leading to leakage of the intracellular components
and bacterial death.’? The Oxford cup method of DIZ
testing was used to illustrate the sustained release and
prolonged antibacterial activity of the gel system (Figure
6C and D). Before the hydrogels were loaded with VCM
or VCM-NPs, they did not exhibit antibacterial effects
against S. aureus (Figure 6C a-b and Figure S5). The
inhibition zone of the VCM/Gel showed a sudden and
significant decrease at day 5 and showed no effect against
S. aureus at day 10 as a result of rapid VCM release
(Figure 5A). In comparison, the VCM-NPs/Gel showed
prolonged activity against S. aureus of more than 20
days, which suggested that the VCM-NPs/Gel had more
sustained and stable antibacterial properties. Figure 6E
shows the bacterial colonies cultured with VCM, VCM-
NPs, VCM/Gel, and VCM-NPs/Gel at days 1 and 15.
At day 1, there were few visible bacterial colonies for all
groups, with their numbers of bacterial colonies in the
following order: VCM< VCM/Gel< VCM-NPs/Gel<
VCM-NPs. At day 15, the number of bacterial colonies
order was substantially different at VCM-NPs/Gel< VCM/
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Gel< VCM< VCM-NPs< Control. This result also sug-
gests sustained release of VCM and prolonged antibacter-
ial activity in the VCM-NPs/Gel.

We investigated the ability of the antibiotics to eradi-
cate S. aureus from infected OBs while preserving their
osteogenic potency.'* As shown in Figure 7, following 2
h of coculture, labeled bacteria became visible inside the
infected OBs, while after 24 h of incubation of infected
OB with VCM, VCM-NPs, and VCM-NPs/Gel, the num-
ber of bacteria visible both inside and outside the cells was
significantly reduced compared with the model group.
Compared with the free VCM-treated samples, VCM-
NPs samples showed a decrease in the S. aureus inside
the OBs because the OBs uptake of NPs was higher than
that of the free drug. In addition, when the VCM-NPs/Gel
concentration was increased, the bacteria visible both
inside and outside the cells decreased.

In vivo Anti-Infection Capability

Animal models are necessary to demonstrate osteomyelitis
therapy in vivo.>® Rabbit is one of the most commonly used
species for osteomyelitis-related studies as they have suffi-
ciently large bones to tolerate surgical trauma and a similar
temperature sensitivity to that of humans, which enhances
the applicability of the evaluation. In our study, we chose
rabbit as a model animal and used 1x107 CFU to stimulate
osteomyelitis in the model, as in our previous report.'**’
Four weeks after infection with S. aureus, white and yellow
pus was discharged from the rabbit leg wounds, similar to the
representative symptom of chronic osteomyelitis observed in
clinics. CRP and WBC are important indicators of bacterial
infection and provide a basic method for clinical diagnosis.
Compared with the control group, the levels of CRP and
WBC were higher in the model group at the end of the 4th
week following infection with S. aureus (Figure 8A and B).
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However, 4 and 8 weeks after treatment with VCM/Gel,
VCM-NPs/Gel, and VCS, both antibiotic delivery systems
significantly reduced the CRP and WBC levels compared
with the model group. At the end of the 4th week post-
treatment, the level of WBC in the VCM-NPs/Gel group
was less than that for the VCM/Gel and VCS groups. The
level of CRP in the VCM-NPs/Gel group decreased

significantly compared with the VCM/Gel group, however
there was no significant difference compared with the VCS

group.

Radiographic Data
In a typical bone regeneration process, scaffolds placed in
bone defect sites can lead to rapid initiation of efficient cell
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recruitment, adhesion, proliferation, and osteodifferentia-
tion, which are important for bone regeneration and bone
remodeling.*>> Eight weeks after treatment, the tibia pla-
teau of the VCM-NPs/Gel group appeared flatter than that of
the VCM/Gel group. The images of the 3D reconstruction in
Figure 8C indicate a progressive increase in bone volume at
the end of the 8th week post-treatment with VCM/Gel,
VCM-NPs/Gel, and VCS, while it tended toward bone loss
in the model groups. In addition, the tibia plateau in the VCS
group seemed flatter than that of the VCM/Gel and VCM-
NPs/Gel groups. The micro-CT indices (Figure 8D and E)
showed that the BV/TV and BMD decreased further and
were significantly lower in the model group than in the
VCM/Gel, VCM-NPs/Gel, and VCS groups. In addition,
the BV/TV and BMD were markedly higher in the VCM-
NPs/Gel group than in the VCM/Gel group. These results
suggest that the VCM-NPs/Gel promotes bone healing.

Histopathological Analysis

The untreated animals of the model groups showed severe
osteomyelitis, exhibited polymorphonuclear leukocyte
infiltration, fibrotic tissue with a high number of prolifera-
tive lymphocytes, and some plasma cells.*’” The animals

treated with VCM/Gel, VCM-NPs/Gel, and VCS showed

fewer inflammatory cells than the model group (Figure
9A). After modeling, infection with S. aureus caused
a decrease in the number of bone trabeculae; however
the VCM/Gel, VCM-NPs/Gel, and VCS groups showed
less pronounced decreases than the model group (Figure
9C and D). The number of OBs per trabecular bone area
(NOb/TAr) and the number of OBs per bone perimeter
(NOb/Bpm) were reduced in the control group, as the OBs
were in a static state. A pronounced decrease in NOb/TAr
and NOb/Bpm was induced by S. aureus; however this
decrease was mitigated by the VCM/Gel, VCM-NPs/Gel,
and VCS treatments, although NOb/Bpm in the VCM-NPs
/Gel group showed no significant difference in the VCS
group.

To more sensitively detect infection and inflammation, IL-
6 was combined with CRP and WBC. IL-6 is a multifunction
cytokine related to cancer, infection, and obesity. As shown in
Figure 9B and E, significantly decreased rates of integrated
optical density/area (I0D/area) for IL-6 were observed for the
VCM/Gel, VCM-NPs/Gel, and VCS groups compared with
the model group and this was more pronounced in the VCM-
NPs/Gel and VCS groups. Therefore, the VCM-NPs/Gel
showed the ability to enhance osteogenesis and also control
infection both in vitro and in vivo.
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Conclusion

In this study, we demonstrated a simple and effective local
drug delivery system based on VCM-NPs, which have
high EE and DL of VCM, loaded into a CS/GP thermo-
sensitive hydrogel for treatment of S. aureus-induced
chronic osteomyelitis. Not only did the VCM-NPs/Gel

system sustain VCM release over 26 day and offer excel-
lent injectability and thermosensitivity, the system also
promoted OB proliferation and prolonged activity against
S. aureus. Furthermore, the in vivo study showed that the
implantation of VCM-NPs/Gel in a rabbit model resulted
in anti-infection activity and promoted OB proliferation at
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the bone defect site. We believe that this multi-function
drug delivery system could be a promising strategy for
promoting bone regeneration and preventing or treating
infection, which may open new avenues for the healing
of osteomyelitis and bone defects/fractures.
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