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Purpose: During treatment of infected bone defects, control of infection is necessary for effective bone repair, and hence controlled
topical application of antibiotics is required in clinical practice. In this study, a biodegradable drug delivery system with in situ gelation
at the site of infection was prepared by integrating vancomycin into a polyethylene glycol/oxidized dextran (PEG/ODEX) hydrogel
matrix.

Methods: In this work, PEG/ODEX hydrogels were prepared by Schiff base reaction, and vancomycin was loaded into them to
construct a drug delivery system with controllable release and degradability. We first examined the microstructure, degradation time
and drug release of the hydrogels. Then we verified the biocompatibility and in vitro ability of the release system. Finally, we used
a rat infected bone defect model for further experiments.

Results: The results showed that this antibacterial system could be completely biodegradable in vivo for 56 days, and its degradation
products did not cause specific inflammatory response. The cumulative release of vancomycin from the antibacterial system was
58.3% =+ 3.8% at 14 days and 78.4% + 3.2% at 35 days. The concentration of vancomycin in the surrounding environment was about
1.2 mg/mL, which can effectively remove bacteria. Further studies in vivo showed that the antibacterial system cleared the infection
and accelerated repair of infected bone defects in the femur of rats. There was no infection in rats after 8 weeks of treatment. The 3D
image analysis of the experimental group showed that the bone volume fraction (BV/TV) was 1.39-fold higher (p < 0.001), the
trabecular number (Tb.N) was 1.31-fold higher (p < 0.05), and the trabecular separation (Tb.Sp) was 0.58-fold higher than those of the
control group (p < 0.01).

Conclusion: In summary, this study clearly demonstrates that a clinical strategy based on biological materials can provide an
innovative and effective approach to treatment of infected bone defects.
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Introduction

Treatment of infected bone defects caused by open fractures or replacement of prostheses has always been a challenge in
orthopaedics.' Infection severely impairs osteogenesis, leading to complications, such as osteomyelitis and infected non-
union.”* Infection causes a persistent state of excessive local inflammation that impairs osteogenic differentiation and
promotes bone resorption.* On the other hand, pathogens can directly inhibit bone repair by damaging the extracellular
matrix and infecting osteoblast.” The standard treatment regimen comprises antimicrobial therapy and bone reconstruc-
tion, with antimicrobial intervention being the primary objective.® Bone reconstruction can only commence once the
infection is effectively controlled. Currently, common treatment methods in the clinic include debridement of the

infection site, systemic administration of antibiotics, and implantation of antibiotic-loaded bone cement.” Bone cement,
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as a targeted drug delivery method, usually has advantages over systemic treatments requiring high doses of antibiotics,
and can easily lead to drug resistance.® Poly (methyl methacrylate) (PMMA) is the main material used in bone
cement.”'® However, studies have shown that antibiotics embedded in the PMMA matrix may be suddenly or only
partially (~10%) released in vivo.''"'* This cannot ensure a sustained effective concentration of antibiotics at the lesion
site and may stimulate antibiotic resistance. Furthermore, sudden release of antibiotics impairs osteoblast function.'® In
addition, non-biodegradable bone cement forms a biofilm in the body, which favors bacterial proliferation and increases
the risk of secondary infection. Therefore, additional surgery is needed to remove the bone cement, causing pain and
increasing the economic burden on patients.'* Therefore, development of a new, biodegradable, and stable local antibiotic
delivery system would be of great significance.

In recent years, various antibiotic delivery systems have been developed and successfully applied to the treatment of
infected bone defects.'>'® Hydrogels represent a suitable drug delivery system due to their well-developed 3D network
structure, which is conducive to drug loading.'” The interconnected porous structure of hydrogels facilitates drug
diffusion. Moreover, the excellent injectability and plasticity of hydrogels facilitate transplantation into the infected
bone defects, enhancing localized therapeutic effects. Additionally, the hydrophilic nature of hydrogels provides
a favorable microenvironment for local tissues and they exhibit good affinity with both tissues and cells.'®"?
However, the rapid swelling and degradation of certain hydrogels can lead to localized explosive release of antibiotics
over a short period.

PEG is a hydrophilic polymer that has found wide-ranging applications in the field of biomedicine as a component of
hydrogels and drug delivery systems.?® This is due to several favorable characteristics, including non-toxicity, non-
immunogenicity, excellent bio-compatibility, and resistance to protein adsorption.”’*> PEG possesses multiple reactive
end groups that provide binding sites for various drugs and materials. The swelling rate and mechanical strength of PEG-
based hydrogels can be controlled by altering the molecular weight and concentration of PEG.>> ODEX is
a biodegradable material used in a variety of applications as it can be metabolized and degraded by human tissues.>*
The aldehyde end groups of ODEX can undergo Schiff base reactions with aminated PEG, resulting in the cross-linking
and formation of stable hydrogel materials. Compared to chemical crosslinkers, Schiff base reactions are non-cytotoxic
and do not require additional crosslinking agents such as initiators or light sources.”*® Additionally, the resulting
hydrogel exhibits enhanced stability, thereby extending the release period and minimizing the potential for explosive
release. The acetaldehyde group in ODEX can form a Schiff’s base bond with the amine group on the tissue surface to
achieve high adhesion to the tissue.”’” Moreover, the degradation and injectability of the hydrogel can be tuned by
adjusting the proportions and concentrations of the two materials. Zhou et al*® firstly constructed a multi-functional
hydrogel system through incorporating PEG-functionalized CuS nanoparticles with surface amino groups into a ODEX
and two-arm PEG-NH,. These hydrogels displayed excellent self-healing and good biocompatibility for application.
However, CU>" will be released from the composite hydrogel in a short time. Experimental results showed that different
types of multi-arm PEG-NH,, the oxidation degree of ODEX and the mass ratio of multi-arm PEG-NH,/ODEX had
profound effects on the degradation time and drug release of implants.?

In this study, we have developed a controlled and biodegradable vancomycin delivery system (Van/Gel) by
incorporating the antibiotic vancomycin, commonly used for treating infectious bone defects, into a PEG/ODEX
hydrogel matrix (Scheme 1). The physicochemical properties and antibiotic release profiles of the system were initially
investigated. Subsequently, the cellular compatibility and antibacterial performance of the system were evaluated in vitro.
Finally, an infectious bone defect model was established to study the in vivo therapeutic efficacy of the antibiotic system.

Materials and Methods

Materials

Dextran was purchased from TCI Co., Ltd. (Shanghai, China), Four-arm PEG-NH, was purchased from Beijing J&K
Co., Ltd. Dulbecco’s Modified Eagle’s Medium (high glucose), penicillin/streptomycin, and fetal bovine serum were
supplied by Gibco Life Technologies (CA, USA). Mouse embryo osteoblast precursor (MC3T3-E1; CRL-2593; ATCC)
cells were purchased from Cellcook (Guangzhou, China). A Cell Counting Kit-8 (CCK-8) assay and calcein-AM-PI
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Scheme | Preparation of polyethylene glycol/oxidized dextran (PEG/ODEX) hydrogels and repair of infected bone defects in rats.

staining kit were purchased from Invigentech (Irvine, CA, USA). A Live/Dead Cell Staining Kit, Live/Dead Bacterial
Staining Kit and Bacterial Viability Assay Kit were purchased from Bestbio (Shanghai, China). 4% paraformaldehyde,
DAPI solution, TRITC-phalloidin were purchased from Solarbio (Beijing, China).

Synthesis of ODEX

First, dextran (2.0 g, 12.3 mmol glucose unit) was placed in a 100 mL dry flask, and dextran was completely dissolved in
distilled water by continuous stirring at room temperature. Then, sodium periodate (792.0 mg, 3.7 mmol) was added and
stirred at room temperature for another 24 hours. Next, the samples were dialyzed with deionized water (MWCO
3500Da) for 3 days. Finally, the liquid obtained from dialysis was placed in cell culture dishes and pre-frozen at —80 °C
in a refrigerator for 24 hours. Subsequently, the uniformly prefrozen samples were loaded into the freezing chamber of
a freeze dryer. Following sealing, the vacuum pump was activated to eliminate moisture through the process of
sublimation. The resultant ODEX was stored in a desiccator.
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Preparation of the Van/Gel

The hydrogels were fabricated by mixing four-arm PEG-NH, and ODEX through the formation of Schiff base. A PBS
solution of vancomycin at a final concentration of 50 mg/mL was first prepared. PEG and ODEX were dissolved into
vancomycin solution at a concentration of 10%, respectively. The Van/Gel were then produced by mixing the two
solutions at a ratio of 2: 1. The method of preparing PEG/ODEX hydrogels was the same as described above, except that
PBS did not contain vancomycin.

Characterization of PEG/ODEX Hydrogels

Scanning Electron Microscopy (SEM)

The structural characteristics of PEG/ODEX hydrogels were studied by Cryo-SEM. Initially, the hydrogels were care-
fully applied onto a sample stage fixed to the Cryo-SEM apparatus using a pipette. Subsequently, the sample underwent
rapid freezing in a liquid nitrogen slush for a duration of 30s. Following the freezing process, the sample was transferred
to a pre-cooled preparation chamber at —140 °C under vacuum conditions for controlled fracturing. Subsequent to
sublimation at —90 °C for a period of 15 minutes, a platinum layer with an approximate thickness of 5 nm was deposited
onto the fractured surface through sputtering. Ultimately, the meticulously prepared sample was introduced into the pre-
cooled Zeiss Sigma300 electron microscope set at =140 °C for meticulous observation and imaging. At the same time,
we observed the elemental composition of hydrogels by using an energy disposable spectroscope (EDS).

Infrared Spectrum

The synthesized hydrogels were analyzed using an infrared spectrometer (THERMO FISHER NICOLET 6700). The
infrared absorption spectra of the sample were obtained by directly placing a small amount of the test sample above
a diamond crystal using the point-to-point sampling technique. The OMNIC sampler was tightened with appropriate
pressure, and the infrared beam underwent attenuated total internal reflection within the crystal. The infrared absorption
spectrum of the sample provided structural information about its organic components.

Rheological Behavior

Rheological experiments were performed on a Physica MCR 301 Rheometer (Anton Paar). The mixture of 10wt%
ODEX (100 pL) and 10wt% four-arm PEG-NH, (200 pL) was placed between parallel plates of 25 mm diameter and
with a gap of 0.3 mm at 37 °C. A frequency of 1 Hz and strain of 1% yielded a linear viscoelastic response. The storage
modulus (G”) and loss modulus (G”) were measured. The outer edge of the sample was coated by a thin layer of silicon
oil to prevent evaporation of water during measurements.

Equilibrium Swelling Ratio

The equilibrium swelling ratio was detected by recording the change in wet weight during incubation in PBS at pH 7.4.
The mass of the original wet hydrogels was recorded as W,. The hydrogels were then incubated in PBS at 37°C. At
different time points, the hydrogels were extracted from the PBS, and the quality was recorded as W,. The swelling rate
was calculated as (W—W;)/Wj x 100%. Repeat measurements of at least three independent samples were made to ensure
reproducibility.

In vivo Degradation Analyses

For in vivo degradation studies, 0.5 mL hydrogels were surgically implanted under the skin of the back of rats. After the
rats were sacrificed at the specified time points of 1, 4, 7, 14, 21, 28, 35, 42, 49 and 56 days, the remaining hydrogels
were collected for photo-graphing and quality measurement. At the same time, the skin in contact with the hydrogel was
subjected to hematoxylin-eosin (H&E) staining to observe whether the hydrogels caused an inflammatory response
in vivo.

Vancomycin Release Study

Transferred the prepared 1mL the Van/Gel into a dialysis bag (MWCO 10000Da), sealed it securely, and then placed it
into a centrifuge tube containing 5 mL PBS. The centrifuge tube was placed in an incubator shaker at a constant
temperature and a speed of 120.0 r/min. Collected 200 pL of soaking solution on days 1, 4, 7, 14, 21, 28, 35, 42, 49, and
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56, respectively. Subsequently, added 200 pL of fresh PBS and continued with agitation. The concentration of
vancomycin in the soaking solution was measured by an ultraviolet spectrophotometer (Shimadzu Company, Japan) at
a wavelength of 280nm.

Cox Vavx (T )
A =
X C() x V

Ax represents the cumulative emission rate on the xth day; C, represents the concentration of vancomycin in the
hydrogels on 0 day, and in this experiment, C, is set at 50 mg/mL; V represents the total volume of the soaking solution,
and in this research, V is defined as 5 mL; Cx represents the concentration of vancomycin in the soaking solution on the
xth day; v represents the total volume of soaking solution collected at each time point, and in this study, v is specified as
0.2 mL; x-1 represents the predetermined time point for the collection of soaking solution immediately before the
xth day; C; represents the concentration of vancomycin in the soaking solution on the tth day.

In vitro Experiment

Cell Proliferation and Cell Viability

To study the bio-compatibility of the Van/Gel, calcein-AM/PI staining and the CCK-8 assay were performed. MC3T3-E1
cells were seeded at 5x10° cells/mL on a control group (Con), a pure hydrogels group (Gel), and the Van/Gel in 24-well
plates. For the CCK-8 assay, MC3T3-El cells were co-cultured with hydrogels for 1, 3, and 7 days. At each time point,
the medium was replaced in each group, and 10% of the medium volume of CCK-8 reagent was added and incubated for
2 hours in the dark. Absorbance was subsequently monitored at a wavelength of 450 nm.

For calcein-AM/PI staining, after incubating at 37 °C for 1 day and 3 days, a working solution of calcein-AM/PI stain
was prepared according to the manufacturer’s instructions. After immersion for 15 minutes at 4 °C in the dark, the
working solutions were re-moved, and the samples were washed twice with PBS to eliminate redundant staining. The
stained cells were observed under a fluorescence microscope.

Hemolysis Assays

Hemolysis assays were performed according to the previous studies.>® Red blood cells were isolated from fresh rabbit
blood and diluted to 2% with 0.9% NaCl solution. Diluted red blood cells (1 mL) were mixed with 0.9% NacCl solution
(1 mL) as the negative control and DI H,O (1 mL) as the positive control. Then Gel and Van/Gel (100 uL) were mixed
with diluted red blood cells (I mL) to form the experimental samples. Three hours later, the absorbance of the
supernatants at 541 nm was determined on a microplate reader.

Antibacterial Agar Experiment

Escherichia coli (E. coli) (ATCC25932) and methicillin-resistant Staphylococcus aureus (MRSA) (ATCC43300) were
selected to detect the antibacterial properties of the Van/Gel. First, the cultured E. coli and MRSA were diluted to about
1x10® CFU/mL. The 0.8 mL bacterial suspension was evenly spread on an agar culture dish. Then the same volume (30
puL) of Gel and Van/Gel was placed on the agar plate. After incubation for 24 hours, the size of the inhibition of zone
(ZOI) was observed.

Bacterial Vitality

In order to further quantify the antibacterial performance of the Van/Gel, a growth curve experiment of a co-culture of
bacteria and hydrogels were carried out. First, the same volume (1 mL) of Gel and Van/Gel were formulated separately in
bacterial culture tubes. Then, the suspension of E. coli and MRSA (1 x 10® CFU/mL, 3 mL) was uniformly inoculated
into a bacterial culture tube. The group containing only bacterial suspension was the control group. All groups were
cultured at 37 °C, 100.0 r/min. Samples (100 pL) were collected at 0, 4, 8, 12, 24, 36, and 48 hours after culture. The
optical density of the bacterial suspension was read at 600 nm using a microplate reader. In order to observe the number
of colonies after 24 hours of culture, the bacterial suspension was diluted and the diluent (100 pL) was evenly coated on
the agar plate. The plate was placed in an environment of 37 °C and the colonies were photographed using a digital
camera. The number of bacteria was analyzed using Image J software.
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At the same time, in order to observe the vitality of bacteria, bacteria cultured for 24 hours were stained with bacterial
live/death staining. The bacteria in each group were collected by centrifugation and washed three times with 0.85%
sodium chloride solution to remove the excess medium. Then stained with live/dead bacterial staining kit according to
the manufacturer’s procedures, and the bacterial staining results were observed under a fluorescence microscope.

Animal Experiment

Development of an Infected Bone Defect Model

All procedures involving rats adhered to the “Guidelines for the Ethical Review of Laboratory Animal Welfare” provided
by the Institutional Animal Care and Use Committee of Jilin University (Changchun, P. R. China, NO. KT202106016).
A rat femoral infected bone defect model was established for the in vivo experiment. Thirty-three 6-week-old male
Wistar rats were randomly divided into defect (3 rats) and infection (30 rats) groups. In the defect group, only the femur
defect was treated. To establish an infected bone defect model, the rat was placed in an induction chamber and subjected
to an induction dose of 4% isoflurane at a rate of 1.0 L/min until reflex loss occurred, followed by a maintenance dose of
2% isoflurane at a rate of 0.2 L/min. The surgical incision was made 1.5 cm below the right greater trochanter of femur,
and the soft tissues were gently separated to expose the femur. A 2.5 mm diameter rotary head was used to rotate the
femur, and a curved needle was used to remove part of the bone marrow. At the same time, 0.1 mL of 5% sodium
morrhuate was injected into the bone marrow cavity. Then a gel sponge with the same size was placed into the bone
marrow cavity and sealed with bone wax (Figure S1). The gel sponge was preincubated in a 1x 10" CFU/mL suspension
of MRSA. The wound was closed with an absorbable suture. No antibiotics were used postoperatively.

At 1, 2, 3, and 4 weeks after bacterial implantation, the wound condition of each rat was observed and wound healing
was evaluated. Four weeks after bacterial implantation, three rats were sacrificed, and the femur was fully exposed and
completely removed along the original surgical incision approach. The removed rat femur was fully ground and
pulverized, placed in a beaker filled with PBS, shaken (1200 r/min) and rinsed for 5 minutes. Then, 100 pL solution
was inoculated on an agar plate and cultured at 37 °C for 24 hours to observe whether bacteria could be cultured. At the
same time, the cultured bacteria were subjected to Gram staining.

Implantation of the Van/Gel

Four weeks after the first surgery, debridement surgery was performed. The femur was re-exposed in the same surgical
manner, and all nonviable soft tissues were completely excised. Then, the wound was washed with iodophor disinfectant
and 0.85% NaCl solution. In the process of debridement, obvious infection can be observed. Finally, the syringes were
used to inject 0.3 mL sterile the Gel and Van/Gel into the femoral defect of rats. The skin was then sutured. The Con
group only underwent thorough debridement without injection of any material.

Assessment of Therapeutic Effect

Four and eight weeks after the second operation, three rats in each group were sacrificed. The femur was fully exposed
and completely removed along the original surgical incision approach. The femur was fully ground up and pulverized,
placed in a beaker filled with PBS, shaken (1200 r/min) and rinsed for 5 minutes. Then, bacterial culture was performed
and the number of bacterial colonies was observed after 24 hours of culture at 37 °C.

Imaging Analysis

In order to evaluate bone regeneration, the intact femur was collected 8 weeks after implantation, and the samples were
examined by micro-computed tomography (micro-CT). The scanning parameters were as follows: 90 kV voltage, 114
mA current, and a pixel size of 18 um. The bone defect area was selected as the region of interest (ROI) for 3D
reconstruction and parameter analysis. To further evaluate the quality of bone in-growth, the BV/TV, Tb.N, Tb.Sp and
trabecular thickness (Tb.Th) of the ROI were analyzed and compared among the groups.

Biomechanical Analysis
The samples were mounted in potting blocks filled with Wood’s metal and compressive stiffness was assessed with an
MRTP-0.2NM force transducer (Interface) interfaced with an ELF 3200 (Bose) mechanical testing system running
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WinTest7. In addition, we evaluated the torque-to-fault angle. A continuous ramp function of 3°/s was applied and the
highest recorded torsion angle was recorded.

Histological Analysis

All specimens were fixed in 4% paraformaldehyde solution for 1 week and decalcified with 17% EDTA solution for 5
weeks. Sagittal slices with a thickness of 3.0 um were made and stained with H&E and Masson’s trichrome to observe
local tissue morphology and bone regeneration and integration. In addition, to evaluate infection around the bone defect,
Giemsa staining was performed to check for bacterial contamination.

Statistical Analysis

The data from three independent experiments are presented as the mean + standard deviation (SD) and used for
statistical analyses. Student’s #-test or one-way analysis of variance was performed to determine the variation between
groups using SPSS 26.0 software (SPSS Inc., Chicago, USA). Statistical significance was set at p < 0.05 (¥p < 0.05,
**p < 0.01, *¥**p < 0.001).

Results and Discussion

Characterization of the Van/Gel

Following the aldehyde titration method reported previously, the degree of oxidation of the ODEX was determined to be
30%.*! The sustained-release system carrier was prepared by crosslinking the four-arm PEG-NH, with ODEX
(Figure 1A). The PEG/ODEX hydrogels exhibited good gelling properties at room temperature (Figure 1C). Under
ambient temperature conditions, the mixture of two solutions can form the PEG/ODEX hydrogels within 1 minute.
Consequently, we can prepare the Van/Gel on the surgical table based on the injury site, which is crucial for hydrogel
storage and reducing surgical exposure time.

The infrared spectrum of hydrogels is shown in Figure 1B. The broad peak at 3341 cm™' corresponds to the stretching
vibration of the hydroxyl O-H groups in PEG and ODEX. The vibration peak at 1637 cm ' comes from the stretching
vibration of the C=0O double bond of the aldehyde group on ODEX and the C=N bond of the Schiff’s base reaction.

The rheological properties of the hydrogels were further characterized. As shown in Figure 1D, the G’ was higher
than the corresponding G”, which means that hydrogels can return to their original state and maintain their shape after
being deformed. This is crucial for applications of hydrogels in tissue engineering and drug delivery as it can help to
provide support and stability.**

To explore the morphological nature of the cross-linking structure, the hydrogels were imaged using SEM to reveal
a homogeneous and highly porous structure that formed channels, with pore size ranging from 60 to 100 pm (Figure 1E).
This porous structure guaranteed vancomycin loading and controlled release. In addition, these channels could benefit
oxygen and nutrient transportation, thereby improving cell survival and communication, which has important value for
biological applications.**>*

EDS surface scanning results showed that the main components of the hydrogels were Na, C, O, and Cl, and all these
elements were uniformly distributed (Figure 1F). Na and Cl were assumed to be components of PBS. The EDS point
scanning results showed that the two most common elements of the hydrogels were O and C, in that order (Figure 2A).

The swelling characteristics of the hydrogels under physiological conditions were investigated. The hydrogels could
reach swelling equilibrium in about 24 hours, and the maximum swelling rate was about 32.5% + 2.8% (Figure 2B).
Furthermore, the hydrogels maintained their original shape during swelling. This physical and chemical stability is ideal
for implantation.®> Such a swelling rate contributes to maintaining the stability of hydrogels to a certain extent,
preventing excessive swelling or disintegration during usage. Additionally, a moderate swelling rate facilitates precise
control over drug release, ensuring the stability of the release rate and thereby contributing to the maintenance of
therapeutic effectiveness.’®

Amino groups and aldehyde groups commonly form functional chemical bonds in hydrogel materials.’” Amino
groups can undergo Schiff base reactions with aldehyde groups, forming crosslinking structures and achieving stabiliza-
tion of the hydrogels. This chemical bond is advantageous for controlled synthesis and customized design of
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hydrogels.*®>° Although the hydrogel we designed cannot be injected, it can be gelled in situ at the defect site. Therefore,
we can still accurately place the hydrogel inside the bone marrow cavity.

The time course of degradation of PEG/ODEX hydrogels in rats is shown in the Figure 2C. In the preliminary
experiments, we assessed the degradation rate of the hydrogels in vivo by gauging its size through tactile
examination beneath the rat’s skin. We observed a relatively slow degradation rate, and it was only after 56 days
that the hydrogels became non-palpable. Consequently, we opted for longer intervals to monitor the degradation
progress of the hydrogels. The hydrogels had strong water absorption and swelling capacity, and the weight of the
implant increased to 0.87 £ 0.09 g on the third day. With the passage of time, the weight of residual hydrogels in
rats gradually decreased. The hydrogels were almost completely degraded after 56 days of implantation (Figure S2).
This process of degradation was relatively slow and uniform, which would facilitate sustained drug release. Previous
studies indicated that individual imine bonds were unstable in aqueous environments.*® However, when multiple
imine covalent bonds are interconnected within the matrix network constituting the hydrogel, their stability is

significantly enhanced.*' The bone repair process imposes requirements on the degradation time of locally implanted

10234 "= International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com/get_supplementary_file.php?f=448876.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Sun et al
A 8000 B 60
0]
6000 < 407
o) o
= 5
34000 @ 20-
O (@]
£
2000 2 o]
= Na Pt Cl v
0- P W . 20 - -
0 1 2 3 5 0 12 24 36
KeV Time (h)
C 1.2 D 100
9
- o
5 0.9 > 751
‘O n
3 o
2 06 2 50+
£ heo]
®© 50
e ©
C 0.3 S 954
(0'd
S
O
(8]
0 v T v T v T v T < 0 T T T T T T T
0 14 28 42 56 0 14 28 42 56
Time (d) Time (d)
E 0od 1d 4d 7d 14 d
o Zr ¥ e e A I S KR
=y ‘Amm 200pm Zﬂm 200pm 200pm
21d 28 d 35d 42d 49 d

200pm

~ 200pm

200um

200um

2004m
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materials. Prolonged occupation of the implant can hinder the growth of new bone tissue, leading to delayed fracture
healing.*? In the case of infection, bone repair may be delayed; hence, when treating infected bone defects, a slower
degradation rate of the implant may be preferable.

For evaluation of inflammation, skin was stained with H&E. As shown in Figure 2E, neutrophil granulocytes
aggregated around skin tissue during the first week at the incision used for hydrogel implantation. Inflammation gradually
diminished with time after implantation, which demonstrated that the PEG/ODEX hydrogels possessed good biocompat-
ibility in vivo.
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Sustained Drug Release

The release profile of vancomycin is shown in Figure 2D. We studied drug-releasing kinetics over a 56-day period
consistent with the time course of degradation and demonstrated a relatively sustained release profile. The total release
percentage of vancomycin on the first and the third days was 10.4% + 0.7% and 31.3% = 3.8%, respectively, which
represented slightly rapid initial release. Over the next 14 days, drug release increased to 58.3% =+ 3.8%, illustrating
satisfactory sustained release. By the 35th day, the drug released from the Van/Gel was 78.4% =+ 3.2%, after which little
drug was released from the Van/Gel.

The vancomycin embedded in the PEG/ODEX hydrogels matrix was primarily released into the surrounding
environment through two mechanisms: free diffusion of the drug and release upon degradation of the material *>**
Analyzing the degradation curve of the PEG/ODEX hydrogels in conjunction with the drug release curve revealed that
during the initial 7 days, the degradation rate of the PEG/ODEX hydrogels was relatively slow, and the release of
vancomycin was primarily governed by free diffusion. During this period, vancomycin located in the surface layer was
released more easily into the surrounding environment at a relatively faster rate. Furthermore, as indicated by the
swelling experiments and in vivo degradation results, the PEG/ODEX hydrogels had strong water absorption and
swelling capacity, which allowed vancomycin to easily diffuse out of the gel. The early rapid release phase allowed
the drug to quickly reach an effective concentration in a short time, which facilitated the antibacterial effect of the drug-
loaded hydrogels and did not affect subsequent sustained release of the drug. After the 7th day, there was a noticeable
acceleration in the degradation rate of the PEG/ODEX hydrogels, and the release of vancomycin was predominantly
governed by the degradation of the material. This allowed the vancomycin located within the hydrogels to be released
into the surrounding environment. As the material degraded, the content of vancomycin gradually decreased, leading to
a reduction in both the amount and rate of drug release.

In this study, we engineered the Van/Gel with a concentration of 50 mg/mL vancomycin, and applied 1 mL of the
hydrogels lem® of the environment. Based on the drug release kinetics, the Van/Gel exhibited an average release of
approximately 5.2 mg of vancomycin on the first day (10.4%). Subsequently, the average daily release rate was
approximately 2.5%. This maintained the concentration of vancomycin within the microenvironment at around
1.2 mg/mL. This concentration still significantly exceeds the minimum inhibitory concentration of vancomycin, making
it crucial for the eradication of infections.*> When infection exists, normal bone repair will not exist.*® Therefore, we
chose a higher concentration of vancomycin as much as possible. According to previous studies, 50 mg/mL vancomycin
could restore the infected site to a sterile state as soon as possible.*’ It was reported that a concentration of vancomycin
over 5.0 mg/mL leads to toxicity in corneal endothelial cells.** The vancomycin released by the Van/Gel reached
a concentration of 5.2 mg/mL only on the first day, entering a subsequent slow-release phase where the local vancomycin
concentration significantly decreased. In addition, during subsequent cell proliferation experiments, we did not observe
any toxicity in cell performance from the Van/Gel. Therefore, to promptly eliminate the infection, we opted for this
concentration of vancomycin.

Non-Toxic Effects on Cell Proliferation and Viability

The CCK-8 assay was performed to quantitatively evaluate the effect of the Van/Gel on cell proliferation. In Figure 3B,
cells in each group exhibited favorable growth within 7 days. No significant differences were noted in the number of cells
among the various groups at days 1, 3, and 7, which indicated that the Van/Gel had a negligible effect on cell
proliferation.

The effect of the Van/Gel on cell viability was assessed via calcein-AM/PI staining. As shown in Figure 3A, living
cells stained with calcein-AM emitted green fluorescence, while dead cells stained with PI emitted red fluorescence. The
staining of living MC3T3-E1 in each group increased from days 1 to 3. No significant differences were noted in the
number of living cells among the Con, Gel and Van/Gel groups.

In order to further verify the biocompatibility of the Van/Gel, a hemolysis test was performed. As shown in
Figure 3C, Gel and Van/Gel did not cause obvious hemolysis. The hemolysis rate in all groups was < 5%, which
indicated that the hydrogels were compatible with the cells.
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Figure 3 Biocompatibility of the Van/Gel in vitro. (A) Representative image of calcein-AM/PI staining; (B) CCK-8 analysis of MC3T3-E| cells number; (C) Hemolysis of the
Gel and Van/Gel. All values are expressed as mean + SD, n = 3.

Excellent cell compatibility is the basis for in vivo applications. Cell proliferation and cell activity are important
indicators for evaluating whether a sustained-release system has favorable biological characteristics.*>>° The above
results confirmed that the Van/Gel had no significant effect on cell proliferation and cell activity. The system thus meets

the criteria for use in vivo.

Antibacterial Properties of the Van/Gel

After confirming the cytocompatibility of the Van/Gel, this study also evaluated the antibacterial effect of the vanco-
mycin release system. E. coli and MRSA are common species causing osteomyelitis.’'> To verify the in vitro
antibacterial effect of the vancomycin release system, an antibacterial agar experiment was first performed. As shown
in Figure 4A, an obvious ZOI was observed in the Van/Gel group when compared with the Gel group. The diameter of
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Figure 4 Antibacterial ability of the Van/Gel in vitro. (A) The ZOI of the Gel and Van/Gel groups (The red circle represents ZOl.); (B) Bacterial coating experiment after 24
hours co-incubation; (C) The growth curve of E. coli within 48h; and (D and E) Quantitative analysis of bacterial coating experiment; (F) The growth curve of MRSA within
48h. (***p < 0.001). All values are expressed as mean * SD, n = 3.

the ZOI for MRSA group was approximately 1.37 cm, while for E. coli group, it was approximately 1.25 cm. However, in
the Gel group, the appearance of ZOI was almost non-existent. This result initially confirmed the ability of the complex
system to eliminate infection.

As shown in Figure 4B, after 24 hours solid culture of bacteria in each group, we found that both the Con and
Gel groups were overgrown with bacteria, while the number of colonies in the Van/Gel group was significantly
less. For image analysis, the concentration of E. coli was approximately 9.23 + 0.21x10® CFU/mL in the Con
group and about 9.10 £ 0.12x10® CFU/mL in the Gel group, both of which were significantly greater than in the
Van/Gel group (0.43 + 0.11x10® CFU/mL) (Figure 4D). The concentration of MRSA was approximately 4.73 =+
0.47x10° CFU/mL in the Con group and about 4.60 + 0.21x10° CFU/mL in the Gel group, which were
significantly greater than in the Van/Gel group (Figure 4E). These results demonstrated the antibacterial effect
of the Van/Gel.

We evaluated the in vitro antibacterial efficacy of the vancomycin release system by measuring absorbance to assess
bacterial proliferation. As shown in Figure 4C—F, the Van/Gel had no obvious antibacterial effect for the first 8 hours. As
the release of vancomycin increased, the absorbance decreased significantly after 12 hours, indicating that the Van/Gel
was beginning to perform well. The Con and Gel groups of bacteria grew and multiplied normally. During the initial 8
hours, bacteria might have undergone an exponential growth phase, while the release rate of the Van/Gel medication was
insufficient to reach the MIC required for bacterial suppression, thus failing to effectively inhibit bacterial growth.*> As
time progressed, the growth rate of bacteria gradually slowed down, eventually reaching a plateau phase. At that point,
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the concentration of vancomycin released through free diffusion also gradually increased, effectively eliminating
bacteria.

Figure SA-C shows more intuitively the viability of each group of bacteria. After 24 hours of co-culture,
almost no dead bacteria (red) were observed in the Con and Gel groups, while most of the bacteria in the Van/
Gel group had died. For image analysis, it was found that the mortality rate of E. coli in the Van/Gel group was
65.47% =+ 2.9%, and the mortality rate of MRSA bacteria was 83.77% + 1.9% (Figure 5B-D). The initial release
of vancomycin from the antibacterial hydrogels was sufficient to inactivate all MRSA in the system, so they could
not continue to proliferate. However, the inhibitory effect of antibacterial hydrogel on E. coli was somewhat
different.

Considering that vancomycin belongs to the glycopeptide class of antibiotics, its primary mechanism of action
involves blocking the synthesis of peptidoglycan, a polymer that constitutes bacterial cell walls, leading to cell wall
damage and bacterial death.’® The relatively thin cell wall of MRSA makes it easier for vancomycin to penetrate and exert

its effects. In contrast, E.coli has a cell wall composed of components such as lipopolysaccharides, making it structurally
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Figure 5 The viability of each group of bacteria. (A) Representative image of E. coli activity and (B) quantitative analysis; (C) Representative image of MRSA activity and (D)
quantitative analysis. (***p < 0.001). All values are expressed as mean = SD, n = 3.
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more complex and potentially more resistant to vancomycin penetration.”* Therefore, vancomycin’s antibacterial effect
may be more pronounced against MRSA.

The above results indicate that Van/Gel can remove E. coli and MRSA by releasing an effective concentration of
vancomycin. Compared with the most widely used PMMA bone cement in clinical practice, the hydrogels we applied not
only had a favourable degradation curve, but also excellent antibacterial properties.’>>® Thus, it can be regarded as
a reasonable substitute for PMMA bone cement.

Animal Experiment

After 1 week of bacterial implantation, we observed inflammatory reactions near the wounds of the rats. Four weeks later,
pyorrhea occurred near the wounds, and a sinus tract appeared in some of them (Figure S3). At this time, the rat femur
specimens placed in bacterial culture, which yielded positive results (Figure S4A). Bacterial Gram staining experiments
showed that the infection was caused by Gram-positive bacteria (Figure S4B). The above results indicated that the rat
model of the infected bone defect was successfully established.

Our formulation allows for in situ polymerization of the hydrogel that adheres to the exposed tissue and
fracture surfaces, which is important for treating complex infective fractures. To test for an antibacterial effect
in vivo, the number of bacteria in each group was determined by the plate coating method. As shown in
Figure 6A and B, the number of colonies in the Van/Gel group was significantly lower than in the Con and
Gel groups, both 4 and 8 weeks after material implantation. It is worth noting that at 8 weeks, almost no bacteria
were cultured in the Van/Gel group. This indicates that Van/Gel can effectively control bacterial growth at the site
of infection.

After 8 weeks of implantation, rat femur specimens were collected for micro-CT scanning. The 3D images
revealed the bone defects in each group. There was no obvious sign of bone defect healing in the Con and Gel
groups. The bone defects in the Van/Gel group were largely healed and bone regeneration was clearly present. Two-
dimensional images also confirmed this trend (Figure 6C). In order to further evaluate bone repair, we calculated the
relevant parameters of the femoral ROI by 3D reconstruction of the scanned image. The 3D image analysis of the
Van/Gel group showed that the BV/TV was 1.39-fold higher (p < 0.001), the Tb.N was 1.31-fold higher (p < 0.05),
and the Tb.Sp was 0.58-fold higher than those of the Con group (p < 0.01). The results of the Gel group were
similar to those of the Con group (Figure 6D-F). The micro-CT results indicated that bone defects in the infectious
microenvironment did not regenerate effectively in the Con and Gel groups, while the Van/Gel could significantly
improve bone formation.

As shown in Figure 6G, at 8 weeks, the compressive stiffness of the Van/Gel group had increased by 2.99-fold
(p <0.001) compared with the Con group, and by 2.65-fold compared with the Gel group (p < 0.001). The highest
torsion angle of the Van/Gel group had also increased by 2.09-fold (p < 0.01) compared with the Con group and
increased by 2.93-fold compared with the Gel group (p < 0.01) (Figure 6H). Therefore, in the rat model of
fracture infection, the Van/Gel cleared infections and supported fracture repair leading to recovery of bone
mechanical properties.

H&E and Masson staining of the decalcified femur specimens showed histological morphology of the femur in detail.
The results of H&E staining showed that there was still inflammation and disordered arrangement of tissue fibres in the
Con and Gel groups at 8 weeks after the operation. Compared with the Con and Gel groups, inflammation was better
controlled in the Van/Gel group (Figure 7A). Masson staining showed formation of new bone in the Van/Gel group, and
there were a large number of osteoblasts around the bone tissue (Figure 7B). In the Giemsa staining image of the Con and
Gel groups, a large number of bacteria were observed (indicated by red arrows), showing that the infection was not under
control. However, few bacteria were observed in the Van/Gel group (Figure 7C). Thus, sustained release of vancomycin
can effectively remove bacteria at the site of infection, transforming the bone defect site into a sterile microenvironment
for osteogenesis.”’

Infection negatively affects bone tissue in patients, and a persistent inflammatory environment can inhibit
bone tissue regeneration.’® Therefore, we established a rat model of an infected bone defect to verify the
therapeutic effect of the Van/Gel in vivo. Clearing infection is the primary requirement for bone repair in
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Figure 6 Assessment of therapeutic effect in vivo. (A and B) Bacterial coating experiment after hydrogel implantation for 4 weeks and 8 weeks; (C) Representative 3D
images and cross-sectional images of bone defects and (D) volume fraction (BV/TV); (E) trabecular number (Tb.N); (F) trabecular separation (Tb.Sp); (G) compressive
stiffness for each group, and (H) the highest torsion angle for each group. (*p < 0.05, **p < 0.01, ***p < 0.001). All values are expressed as mean * SD, n = 3.

infected bone defects. Bacterial exotoxins and enzymes can directly impair osteocytes and surrounding tissues,
leading to bone marrow necrosis and destruction of bone tissue.’”®® If the lesion continuously experiences an
infected microenvironment, local osteogenic ability is almost non-existent.®' In this study, the composite material
was found to have no impact on cell adhesion and proliferation. Moreover, it showed no toxic effects in vivo and
effectively eradicated infections through sustained local antibiotic release, thereby enhancing the local micro-
environment of bone defects. Additionally, the Van/Gel was biodegradable and eliminated the need for secondary
surgery. In summary, the Van/Gel demonstrated the potential to treat infected bone defects.

International Journal of Nanomedicine 2024:19 hetps: 10241

Dove:


https://www.dovepress.com
https://www.dovepress.com

Sun et al Dovepress

A Con Gel Van/Gel

2mm 2mm 2mm

Giemsa

Giemsa

Figure 7 Histological staining of femoral defects in rats. (A) H&E staining of rat femur, with the red borders in the upper row of images indicating the location of the
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Conclusion

In this work, PEG/ODEX hydrogels were prepared by Schiff base reaction, and vancomycin was loaded into them to
construct a drug delivery system with controllable release and biodegradability; and then comprehensively evaluated
from the material, cytology, bacteriology, and zoology perspective. The system had suitable physical and chemical
properties, with vancomycin continuously releasing for 35 days, maintaining a concentration of approximately 1.2 mg/
mL within the surrounding environment of bone defects. In vitro experiments, the drug delivery system exhibited good
compatibility and satisfactory antibacterial effects against E. coli and MRSA. In the rat model of an infected bone defect,
the Van/Gel provided excellent therapeutic efficacy, with bone repair clearly occurring after the infection was effectively
controlled.

This study revealed the therapeutic effect of the Van/Gel on infected bone defect and expanded the research and
application of bone tissue engineering for conditions associated with bone infections. The Van/Gel provides new
materials and methodologies for treating infected bone defect, bearing crucial scientific significance and holding
substantial value for clinical applications.
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