International Journal of Nanomedicine Dove

ORIGINAL RESEARCH

The Antibacterial Effect, Biocompatibility, and
Osteogenesis of Vancomycin-Nanodiamond
Composite Scaffold for Infected Bone Defects

Meng Chen(®'?, Yang Li(®"?%, Wen-Xiu Hou (>, Da-Yong Peng(®"?, Jing-Kun Li"%, Hao-Xuan Zhang(® '

'Department of Orthopedic Surgery, The First Affiliated Hospital of Shandong First Medical University, Jinan, Shandong Province, 250014, People’s Republic
of China; 2Department of Orthopedic Surgery, Shandong Provincial Qianfoshan Hospital, Shandong University, Jinan, Shandong Province, 250014, People’s
Republic of China; 3Department of Spine Surgery, Shandong University Qilu Hospital, Jinan, Shandong, 250000, People’s Republic of China

Correspondence: Hao-Xuan Zhang, Department of Orthopedics, The First Affiliated Hospital of Shandong First Medical University, No. 16766, Lixia District,
Jingshi Road, Jinan, Shandong Province, 250014, People’s Republic of China, Tel/Fax +86531-89268540, Email hoho0605@ |26.com

Purpose: The repair and treatment of infected bone defects (IBD) is a common challenge faced by orthopedic clinics, medical
materials science, and tissue engineering.

Methods: Based on the treatment requirements of IBD, we utilized multidisciplinary knowledge from clinical medicine, medical
materials science, and tissue engineering to construct a high-efficiency vancomycin sustained-release system with nanodiamond (ND)
and prepare a composite scaffold. Its effect on IBD treatment was assessed from materials, cytology, bacteriology, and zoology
perspectives.

Results: The results demonstrated that the Van-ND-45S5 scaffold exhibited an excellent antibacterial effect, biocompatibility, and
osteogenesis in vitro. Moreover, an efficient animal model of IBD was established, and a Van-ND-45S5 scaffold was implanted into
the IBD. Radiographic and histological analyses and bone repair-related protein expression, confirmed that the Van-ND-45S5 scaffold
had good biocompatibility and osteogenic and anti-infective activities in vivo.

Conclusion: Collectively, our findings support that the Van-ND-45S5 scaffold is a promising new material and approach for treating
IBD with good antibacterial effects, biocompatibility, and osteogenesis.

Keywords: antibacterial effect, nanodiamond, scaffold, infected bone defects

Introduction
With the rapid development of mechanization and automation in agriculture, manufacturing, and transportation, the
incidence of malignant accidents has also been increasing yearly. Treatment strategies for various types of open fractures
and bone defects have become increasingly critical.'* As open fractures are caused by severe high-energy trauma,
foreign bodies are often left and accompanied by nerve and vascular injury, and it is difficult to achieve complete
debridement at the initial stage.>* The remaining bacteria in the infected foci gradually spread to the entire bone tissue to
form acute or chronic osteomyelitis, significantly complicating subsequent treatment.> Suppurative osteomyelitis caused
by delayed healing of open fractures is the most dangerous infectious bone disease in osteomyelitis, a severe complica-
tion after a fracture.® The infection focus is often located at the fracture site and gradually spreads to both ends of the
bone. At a later stage, it often forms a dead cavity and causes an abscess in the surrounding soft tissue.” Abscess ruptures
and forms sinus tracts, and simultaneously, osteonecrosis and nonunion repeatedly occur for a long period, eventually
forming infected bone defects (IBD). IBD can cause systemic infections and endanger patients’ lives, thereby increasing
the difficulty of healing.®

The repair and treatment of IBD is a common challenge faced by multidisciplinary fields, such as orthopedics clinics,
medical materials science, and tissue engineering.” '' Current clinical methods for repairing bone defects include bone
lengthening, autologous or allogeneic bone grafting, and bone graft replacement materials, all of which have application
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limitations.'?'* Furthermore, systemic antibiotics have disadvantages, such as low concentrations of local drugs for
infection, easy development of drug resistance, and systemic side effects.'>!'® Therefore, to control existing infections
effectively and prevent possible infections, it is necessary to fill and repair bone defects using drugs that inhibit the
growth and reproduction of pathogenic bacteria in the bone defect.'” Composite bone graft substitute materials with
osteogenic activity and local anti-infective ability to construct a local drug delivery system (DDS) can continuously
provide an effective drug concentration in the infected area. Meanwhile, the blood drug concentration is low, which
cannot easily cause severe systemic toxicity and side effects. The production of drug-resistant bacteria provides
a practical treatment approach for IBD, attracting the attention of orthopedic physicians and scientific researchers.'®'”

Vancomycin hinders cell wall synthesis by interfering with peptidoglycan, an essential component of the bacterial cell
wall structure, and inhibiting the production of phospholipids and polypeptides in the cell wall to exert its bactericidal
effect.?” Vancomycin has a deadly impact on gram-positive bacilli and cocci that are common in IBD, such as
Staphylococcus aureus, Pseudomonas aeruginosa, Klebsiella pneumonia, and Methicillin-resistant Staphylococcus
aureus.*"** However, systemic application of vancomycin can easily cause toxic side effects, such as hearing loss,
respiratory depression, and even liver and kidney damage.”*

Although tissue engineering materials containing vancomycin have been used in the research of orthopedic diseases,
their drug-loading efficiency is not ideal.***> Previous studies have shown that compared with existing drug-carrying
slow-release systems (such as polylactic-glycolic acid), surface-modified nanodiamond (ND) has a more efficient drug-
carrying effect on vancomycin.?® ND is an efficient sustained-release drug carrier.””*® First, the surface of ND can be
designed to modify various chemical functional groups, such as hydroxyl, carbonyl, and ether, which can carry
antibiotics, antitumor drugs, and growth hormones.?* ' We previously functionalized ultrasonically treated ND, exposed
its carboxyl functional group, and then covalently combined it with the hydroxyl functional group of vancomycin through
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an ester bond to successfully prepare ND containing vancomycin.*> Second, ND has stable physical and chemical
properties and good biocompatibility and is exceptionally suitable as a biomedical material.>® Third, the surface effect of
ND result in high drug-loading efficiency, which can prolong the local residence time and improve the bioavailability of
drugs.®* Finally, the composite of ND and other matrix materials to prepare tissue engineered bone can significantly
improve the material properties of tissue engineered bone, such as mechanical properties and wear resistance.>> >’

As an ideal replacement matrix material for bone transplantation, type 45S5 bioactive glass (BG) has good
biocompatibility, osteogenic activity, and degradability and promotes angiogenesis, soft tissue repair and healing.*® *°

In the present study, we prepared a vancomycin-loaded ND-45S5 BG composite tissue engineering bone (Van-ND-45S5
scaffold) using bone tissue engineering technology and nanotechnology. Vancomycin is released during the local filling of
IBD to inhibit common IBD pathogens and exert its osteogenic and angiogenic activities. Theoretically, it can promote the
repair and healing of IBD. Through the extensive use of materials, cytology, bacteriology, and zoology, we explored the
mechanism of action and prognosis of vancomycin-loaded ND-45S5 BG composite tissue engineered bone in the treatment

of IBD. Our findings provide insights into the repair and treatment of IBD.

Material and Methods

Material

ND (NovaBone Products, LLC, USA), PLGA (50:50, MW=22,000, Medisorb, Lakeshore Biomaterials, Birmingham,
AL, USA), and gelatin (Sigma-Aldrich, St. Louis, MO, USA) were used to prepare microspheres and scaffolds. The 45S5
BG powder consisted of SiO, (5 wt%), Na,O (24.5 wt%), CaO (24.5 wt%), and P,Os (6 wt%) (Aladdin Biochemical
Technology Co., Shanghai, China). Vancomycin was purchased from Gold Biotechnology (St. Louis, MO, USA).
Staphylococcus aureus ATCC25923 was acquired from the American Type Culture Collection (ATCC) (Manassas,
VA, USA).

Vancomycin-Loaded ND and Scaffold Fabrication

ND was treated with ultrasound and functionalized by an improved strong acid oxidation method,*' exposing many
carboxyl functional groups on its surface. It was then covalently combined with the hydroxyl functional groups of
vancomycin through an ester bond to prepare the vancomycin-loaded ND. The obtained vancomycin-loaded ND and pure
ND were then washed, freeze-dried for 24 h, and stored at - 20 °C. Absorbable gelatin was used as a porogen to obtain
scaffolds with suitable pore sizes. The vancomycin-loaded ND and pure ND, gelatin microspheres (240 + 32.25 um) and
45S5 BG powder comprising a solid phase with a volume ratio of 1:1:1 were mixed with curing liquid by 3: 1 (g/mL)
ratio. The mixture was sufficiently stirred to form a uniform paste and then injected into a plastic syringe (diameter,
6 mm; length, 6 mm) to obtain porous scaffolds. The fabrication process of vancomycin-loaded ND and the scaffold is
presented in Figure 1.

Polylactic acid-glycolic acid (PLGA) is a mature medical material widely used in medical excipients, drugs, and
active cytokine sustained-release carriers.**** Vancomycin-loaded PLGA microspheres were prepared as described
previously. The same method was used to prepare vancomycin-loaded PLGA-45S5 BG composite tissue-engineered
bone (Van-PLGA-45S5 scaffold) as the control group for follow-up experiments.**

All scaffolds (ND-45S5, Van-PLGA-45S5, and Van-ND-45S5 scaffolds) were lyophilized and stored at - 20 °C until
further use.

Characterization of Vancomycin-Loaded ND and Scaffold

Encapsulation Efficiency

The in vitro release of vancomycin was monitored in PBS solution at 37 °C using ultraviolet-visible spectroscopy at 280
nm.** The amount of vancomycin loaded and released was determined using a standard calibration curve with known
amounts of vancomycin. Moreover, the improved solid-in-oil-in-water (S/O/W) emulsification method was used to
prepare vancomycin-loaded PLGA microspheres as a control group to evaluate encapsulation efficiency.**
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Figure | The fabrication process of vancomycin-loaded ND and scaffold.

Micromorphological Observation
Vancomycin-loaded ND and pure ND were dried in a vacuum drying oven, and their microstructures were observed
under a SU-8100 scanning electronic microscope (Hitachi High-Tech, Tokyo, Japan).

Mechanical Property
The compressive strength of all scaffolds (ND-45S5, Van-PLGA-45S5, and Van-ND-45S5 scaffolds) was measured using
an RGD-5 Test Instruments (Shenzhen, Guangzhou, China).

Porosity Determination

The porosity of all scaffolds (ND-45S5 scaffold, Van-PLGA-45S5 scaffold, and Van-ND-45S5 scaffold) was measured
by micro-computed tomography (micro-CT) (LCT 80, Scanco Medical AG, Bassersdorf, Switzerland). Scaffolds were
scanned at an energy of 3.0 kV, and the data were automatically evaluated using a CT analyzer. The region of interest

(ROI) was monitored as a cube of dimensions 3 mm x 3 mm x 3 mm.

Antibacterial Effect of the Scaffold in vitro

Preparation of the Bacteria

Staphylococcus aureus is the most common pathogen associated with IBD.*® In the present study, the Staphylococcus
aureus ATCC25923 strain was obtained in freeze-dried form from ATCC and used to evaluate the antibacterial effect of
the scaffolds.*” The Staphylococcus aureus ATCC25923 strain was inoculated on the blood plate, followed by incubation
at 37 °C for 24 h. Subsequently, several colonies were picked out and cultivated in MH (Mueller Hinton) broth, and their
concentration was adjusted to 0.5 McFarland bacterial suspension by turbidimeter for standby.

Bacterial Fluorescence Detection

Each group of scaffolds was placed in a 24-well plate containing the MH medium. The prepared Staphylococcus bacterial
suspension was added to each well and incubated. Bacterial fluorescence in each group was detected at 6, 12, 18, and 24
h. The bacteria inoculated onto the scaffolds were fluorescently stained. The fluorescent dye SYSTO9 causes live bacteria
to emit green fluorescence, and propidium iodide (PI) could make dead bacteria emit red fluorescence. The L7012
Invitrogen LIVE/DEAD BacLight Bacterial Viability Kit (Thermo Fisher Scientific, Waltham, MA USA) contained the
two fluorescent dyes simultaneously. According to the manufacturer’s instructions, the bacteria that adhered to the
scaffold surface were stained with SYSTO9 and PI. The inoculated bacteria were observed using a confocal laser

microscope.
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Antibacterial Circle Determination

Each scaffold group was placed in a culture dish containing MH broth. The prepared Staphylococcus bacterial suspension
was added to an MH culture dish and incubated for bacterial culture. The diameter of the antibacterial circle in each
group was measured on days 1, 2, 3,4,5,6,7,8,9, 10, and 11.

Biocompatibility and Osteogenesis in vitro

Density gradient centrifugation combined with adherent culture was used to separate and culture rabbit bone marrow
mesenchymal stem cells (BMSCs). First, the third and fifth generations of cells were inoculated onto the scaffolds for
biocompatibility and osteogenesis in vitro. Briefly, BMSCs were cultivated in an osteogenic medium (DMEM/F12
supplemented with 10% heat-inactivated fetal bovine saline, ten mmol/L B-glycerophosphate, 50 umol/L ascorbic acid,
and 0.1 umol/L dexamethasone) and then seeded in the blank control wells, ND-45S5, Van-PLGA-45S5 scaffolds, and
Van-ND-45S5 scaffolds. Next, a McFarland Staphylococcus aureus suspension (0.5 mL) was added to the initial culture
medium of each group. Subsequently, cells were maintained at 37 °C in a humidified atmosphere containing 5% CO,.

Cell Morphology

The morphology of the cells was monitored after cell suspensions were seeded onto the scaffold surface (3% 10° cells/scaffold).
Following incubation for 7 d at 37 °C in a humidified atmosphere containing 5% CO,, the cell-seeded scaffolds were observed
using scanning electron microscopy (SEM) (GeminiSEM 300, Carl Zeiss Meditec AG, Oberkochen, Germany).

Cell Proliferation

The cytotoxicity and proliferation of cells were detected using a cell counting kit-8 (CCK-8) assay in vitro. Briefly, cells
(4.5%10%/cm?) were seeded on blank control and scaffold-containing wells. Within 2 weeks of cell seeding, cells attached
to the scaffold were washed with PBS and incubated in CCK-8 reagent every other day. The absorbance of each well was
recorded using a microplate reader (Bio-Rad, Hercules, CA, USA) at a wavelength of 450 nm, and the proliferation curve
of the inoculated cells in each group was plotted to evaluate the effect of various scaffolds on the cytotoxicity and
proliferation of cells.

Cell Cycle

The effects of the scaffolds on the cell cycle were assessed by flow cytometry. Briefly, cells (4x10*/cm?) were seeded on
blank control and scaffold-containing wells. Seven days after seeding, the cells were collected, and cell cycle analysis
was performed using a flow cytometer (FACS Calibur, BD, Franklin Lakes, NJ, USA).

Cell Osteogenic Differentiation

The osteogenic differentiation of cells on different scaffolds in vitro was evaluated according to ALP activity. Briefly,
cells (4x10%cm?) were seeded into blank control and scaffold-containing wells. After 7 and 14 days of seeding, cells
attached to the scaffold were rinsed with PBS, centrifuged, and then frozen in cell lysis buffer containing 0.2% Triton
X-100 at —20 °C. The ALP enzyme concentration and total protein content were determined using an ALP assay kit
(Abcam, London, UK) and a commercial total protein assay kit (Pierce, Rockford, IL, USA), respectively, following the
manufacturer’s instructions. ALP activity was defined as the ratio of the enzyme to protein concentration per scaffold.

Cell Mineralization

The mineralization of cells on different scaffolds in vitro was evaluated using Alizarin Red S staining. Briefly, cells
(4x10%cm?) were seeded into blank control and scaffold-containing wells. After 7 days of seeding, the cells were
washed, fixed, and stained using an Alizarin Red S staining kit (Genmed, Boston, MA, USA) following the manufac-
turer’s instructions.

Biocompatibility and Osteogenesis in vivo

Experimental Animal

The Experimental Animal Centre of the First Affiliated Hospital of Shandong First Medical University in Jinan, China,
provided healthy adult New Zealand rabbits. The animal surgical protocols complied with the NIH guidelines for the care
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and use of laboratory animals (NIH Publication No. 85-23 Rev. 1985), which were reviewed and approved by the
Medical Ethics Committee of the First Affiliated Hospital of Shandong First Medical University (Approval
No0.2019S088).

Establishment of an Animal Model of IBD
Sixty age- and weight-matched healthy adult New Zealand rabbits (3 months old) were used as experimental animals. All
animals were housed in a single cage in the same breeding room with controlled temperature and humidity.

After the animals were successfully anesthetized with sodium pentobarbital, a lateral incision was made on the distal
femur, and the lateral femoral condyle was separated and exposed. An orthopedic drill was used to create a bone defect
with a diameter of 6 mm and depth of 6 mm on the lateral femoral condyle. Bone defects were sequentially washed with
hydrogen peroxide and normal saline. After bleeding was stopped using sterile gauze, 7x10° colony-forming units (CFU)
of ATCC25923 Staphylococcus aureus were injected into the bone defect site, and the incision was closed by suture
(Figure 2A).

After four weeks of administration, X-ray and puncture bacteriological examination methods were used to evaluate
the modeling situation (Figure 2B and C), and experimental animals with successful modeling were selected for
experiments in vivo.

Implantation

Successfully modeled New Zealand rabbits were selected for in vivo evaluation. After anesthesia, the animals were
randomly divided into four groups, with ten animals in each. The Sham-Op group was the sham-operation group, and the
incision was sutured. In the group ND-45S5, no vancomycin-loaded ND-45S5 scaffolds were implanted into the infected
defect site. In the group Van-PLGA-45S5, the Van-PLGA-45S5 scaffold was implanted into the infected defect site.
Finally, in the group Van-ND-45S5, the Van-ND-45S5 scaffold was implanted into the infected defect site. After
suturing, the animals were raised under the same conditions and observed daily.

General Behavior of Animals
The mental state, dietary activities, and wound recovery of the animals were observed postoperatively.

Radiographic Evaluation

At 6 and 12 weeks after the operation, five animals in each group were scanned by micro-CT, an area of the same size,
including the implanted scaffold, was selected as the ROI, and changes in bone coverage (BC) and bone mineral density
(BMD) between groups were analyzed.

Histological Evaluation

At 6 and 12 weeks after the operation, after micro-CT scanning analysis, the specimens were trimmed and collected for
hematoxylin and eosin (H&E) staining to observe the formation of new bone tissue and new bone trabecular structures.
Images were obtained using the Olympus RX53 system (Olympus, Tokyo, Japan).

°
7x106 CFU ATCC25923 4

—

Staphytococcurs
Aureus

Figure 2 Establishment of an animal model of IBD (A). A bone defect with a diameter of 6 mm and a depth of 6 mm on the lateral femoral condyle was created, and 7% 10°
CFU of ATCC25923 Staphylococcus aureus was injected into the bone defect site. An animal model of IBD was validated using X-ray and puncture bacteriological
examination methods after 4 weeks of administration. X-ray images showed the formation of a cavity in the femoral condyle with sequestrum (indicated by the arrow) (B);
Staphylococcus aureus was found in a petri dish punctured for bacterial culture (C).

1370  "ees International Journal of Nanomedicine 2023:18
Dove!


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

Dove Chen et al

Evaluation of the Bone Repair-Related Protein Expression

At 6 and 12 weeks after the operation, the specimens were trimmed after micro-CT scanning. The relative protein
expression of VEGF, BMP, collagen I, and proteoglycan related to bone defect repair was detected by Western blot
analysis.

Statistical Analysis

Quantitative data are presented as mean + SD. Statistical analysis was assessed using SPSS (version 20, Chicago, IL,
USA). A single factor analysis of variance (ANOVA) with Bonferroni’s post hoc tests was performed to determine the
statistical significance between experimental groups. Significance was considered at the level of p<0.05.

Results

Characterization of Vancomycin-Loaded ND and Scaffold

The pure ND (8.68 + 3.11 um) and vancomycin-loaded ND (8.90 + 3.52 um) were fabricated by an improved strong acid
oxidation method. Figure 3A shows the microstructures of the pure ND and vancomycin-loaded ND. As a control, the
encapsulation efficiency of vancomycin-loaded PLGA microspheres was approximately 70.10 = 5.67%. However, the
encapsulation efficiency of vancomycin-loaded ND was approximately 87.10 + 7.21%, exhibiting high drug loading
efficiency. Figure 3B indicates that vancomycin-loaded ND had a significant initial burst of vancomycin, of which >47%
was released within the first 7 days. The vancomycin release was nearly complete after 49 days.

Figure 3C presents the scaffolds’ pore size, porosity, and compressive strength. The Van-ND-45S5 scaffold demon-
strated a porosity of 65.87 + 8.22% and a pore diameter of 238.92 + 49.67 um. Overall, there were no significant pore
size and porosity differences among the among the scaffolds. However, of note, the compressive strengths of the ND-
4585 scaffold and Van-ND-45S5 scaffold were 9.25 + 2.14 MPa and 9.34 + 2.01 MPa, respectively, which were higher
than those of the pure 45S5 scaffold and Van-PLGA-45S5 scaffold (p<0.05).

Antibacterial Effect of the Scaffold in vitro

Bacterial Fluorescence Detection

Figure 4A shows that after co-cultivation of the Staphylococcus aureus ATCC25923 strain and scaffolds, there was no
sustained release of antibiotics. ND-containing 45S5 scaffolds were filled with live bacteria showing green fluorescence,
and dead bacteria showing red fluorescence were rarely found from 1-24 h of co-culture. With the extension of the co-

A Pure Nanodiamond Van-loaded Nanodiamond B & 100+
) % 80
s
g 60
2 a0
5
E 20+
e
1 3 5 7 14 21 28 35 42 49
Days
C “Scaffold Type Porosity (%) Pore Diameter (um) Compressive Strength (Mpa)
Pure 45S5 65.9848.13  234.97+55.02 6.82+2.32
ND-45S5 66.22+7.56  235.82+52.17 9.25+2.14
Van-PLGA-45S5  65.71£7.90  243.03+£54.41 5.76+£1.99
Van-ND-45S5 65.87+8.22  238.92+49.67 9.34+2.01

Figure 3 SEM micrographs of the pure ND and Van-loaded ND morphology (A). The drug release profile of Van-loaded ND (B). Each value is meant SD. Summary of
structural and compressive strength of the Van-ND-45S5 scaffolds as compared with the control scaffolds (C).
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ND-45S5

12-Hour

Van-PLGA-45S5

Van-ND-45S5

B

ND-45S5

Figure 4 Bacterial fluorescence detection at |, 6, 18, and 24 h after co-culture of Staphylococcus aureus with scaffolds in each group (A). Scale bar = 150 pm. Bacteria that
emit green fluorescence were SYSTO9-stained live bacteria, while bacteria that emit red fluorescence were Pl-stained dead bacteria. Antibacterial circle determination at |,
2,3,4,56,7,8, 9, 10, and || days after co-culture of Staphylococcus aureus with scaffolds in each group (B).

cultivation time, the number of viable bacteria in the ND-45S5 scaffolds gradually increased, while the number of dead
bacteria gradually decreased. The Van-PLGA-45S5 and Van-ND-45S5 scaffolds were loaded with vancomycin, inhibit-
ing bacterial growth and reproduction. However, due to the higher drug loading efficiency of the Van-ND-45S5 scaffold,
from 1-24 h of co-cultivation, there were fewer live bacteria and more dead bacteria on the Van-ND-45S5 scaffolds than
on the Van-PLGA-458S5 scaffolds as the co-cultivation time was prolonged.

Antibacterial Circle Determination

After co-cultivation of the strains and scaffolds, ND-45S5 scaffolds without antibiotics were quickly surrounded by
bacteria, and no bacteriostatic rings were found (Figure 4B). However, due to the slow release of vancomycin,
antibacterial rings were revealed in both Van-PLGA-45S5 scaffolds and Van-ND-45S5 scaffolds, and from the 1st day
to 11th day of co-culture, the diameters of the antibacterial rings of Van-ND-45S5 scaffolds (33.73 + 3.24 mm) were
significantly larger than those of Van-PLGA-45S5 scaffolds (26.45 + 2.53 mm) (Figure 4B).

Biocompatibility and Osteogenesis in vitro

Cell Morphology

The morphology of the BMSCs on the scaffolds was observed using SEM. Figure 5A shows that the cells were attached
and spread on both scaffold surfaces after 7 days of seeding. However, dense BMSCs were expanded and demonstrated
on the Van-ND-45S5 scaffolds compared to the ND-45S5 scaffolds and Van-PLGA-45S5 scaffolds.

Cell Proliferation

The CCK-8 assay was used to evaluate the cytotoxicity and proliferation of BMSCs on the various scaffolds. Figure 5B
compares cell proliferation between the Van-unloaded and loaded scaffolds after 2, 4, 6, 8, 10, 12, and 14 days of
seeding. With the extension of seeding, BMSCs in the blank control and ND-45S5 scaffolds without antibiotics gradually
decreased in number. However, the OD value for Van-loaded scaffolds increased with increasing seeding time, revealing
that the loaded vancomycin had an antibacterial effect, and the type of scaffold did not affect the viability and
proliferation of BMSCs. Moreover, the OD value for the Van-ND-45S5 scaffolds was significantly higher than that of
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Figure 5 SEM micrographs of cells on ND-45S5 scaffold, Van-PLGA-45S5 scaffold, and Van-ND-45S5 scaffold after 7 days of seeding (A). Cell proliferation of BMSCs was
measured by CCK-8 assay within two weeks after cell seeding within each group (B). The percentage of BMSCs in each phase was measured by flow cytometry at | week
after cell seeding within each group (C). ALP activity of BMSCs cultured on each group of scaffolds at 7 days and 14 days (D). Each value is meant SD. * p<0.05 was
considered statistically significant according to the one-way ANOVA test followed by Bonferroni’s post hoc tests. Cell mineralization of BMSCs was measured by Alizarin red
S staining within | week after cell seeding within each group (E) (magnification: 400x). Scale bar = 150 pm. The positively stained cells on the Van-ND-45S5 scaffold were
significantly more than those on the blank controls, ND-45S5 scaffold, and Van-PLGA-45S5 scaffold.

the Van-PLGA-45S5 scaffolds after four days of seeding in the proliferation test (p<0.05), indicating its good anti-
bacterial activity and biocompatibility. It was worth noting that two proliferation peaks were found in both groups of
cells. Compared to the Van-PLGA-45S5 scaffolds (4-6 days, 10-12 days), the two proliferation peaks of BMSCs on the
Van-ND-45S5 scaffolds (2—4 days, 68 days) appeared earlier.

Cell Cycle

Flow cytometry was used to evaluate the cytotoxicity and cell cycle of BMSCs on the various scaffolds. Figure 5C shows
that significantly more BMSCs in the S and G2 phases were found on the Van-ND-45S5 scaffolds than on the blank
control and other scaffolds by day 7 (p<0.05). This finding also presented that the proliferation index of the Van-ND
-4585 scaffolds was significantly higher than that of the blank control and other scaffolds because of their excellent
antibacterial activity and biocompatibility (Figure 5C).

Cell Osteogenic Differentiation

Osteogenic differentiation was assessed by measuring the ALP activity of BMSCs cultured with different scaffolds.
BMSCs cultured with Van-ND-45S5 scaffolds displayed significantly higher levels of ALP activity on days 7 and 14,
followed by cells cultured with Van-PLGA-45S5 scaffolds (Figure 5D). Moreover, the ALP activity on the Van-ND-45S5
scaffolds significantly increased with the passage of cultivation time (p<0.05). However, no significant differences were
observed in cells cultured with the blank control and ND-45S5 scaffolds, on days 7 and 14 after seeding, indicating low
ALP activity (Figure 5D).
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Cell Mineralization

Figure SE presents that the cell mineralization was assessed by Alizarin red S staining of BMSCs cultured with different
scaffolds. After seeding for 7 days, the mineralization of BMSCs was highly expressed in cells cultured with the Van-ND
-458S5 scaffolds (Figure 5E), suggesting that more BMSCs were differentiated into osteoblasts, followed by cells cultured
with the Van-PLGA-45S5 scaffolds. No stained cells were observed in other groups.

Biocompatibility and Osteogenesis in vivo
General Behavior of Animals
All animals awoke 70 min post-implantation and were immediately weight-bearing. Wound infection was not observed in
the Van-PLGA-45S5 and Van-ND-45S5 scaffold groups. Abnormal gait behavior was observed in most animals (18/20)
after implantation in the Van-PLGA-45S5 and Van-ND-45S5 scaffold groups, whereas all animals recovered within 10
days without special treatment.

However, all animals in the control groups (sham-operation and ND-45S5 scaffold groups) presented with varying
degrees of wound infection and abnormal gait behavior without special treatment.

Radiographic Evaluation
High-resolution micro-CT imaging was performed to assess the formation of new bone trabeculae.

Figure 6A shows the 2D structure at 6 and 12 weeks post-implantation in each group, demonstrating the repair of bone
defects in an infected microenvironment. We confirmed less new bone trabecular formation in the sham-operation group
among the four groups, leaving the unrepaired defect at 6 and 12 weeks (Figure 6A). In the ND-45S5 scaffold group, only
partially absorbed scaffolds and little new bone tissue appeared in the bone defect at 6 and 12 weeks (Figure 6A). Owing to the
loaded antibiotics, the Van-PLGA-45S5 scaffold group revealed scattered new bone trabeculae in the infected defect site at 6
and 12 weeks (Figure 6A). However, in the infected defect site treated with the Van-ND-45S5 scaffold, the quality and
morphology of new bone trabeculae were significantly improved compared with the other groups at 6 weeks. The IBD was
almost completely healed at 12 weeks after implantation (Figure 6A).

Figure 6B and C shows the quantitative analysis of BC (Figure 6B) and BMD (Figure 6C) for each group. Averagely,
7.89 + 3.34% and 12.14 £+ 4.00% of each bone defect were repaired in the sham-operation group at 6 and 12 weeks,
respectively. The ND-45S5 scaffold group demonstrated a BC of 14.68 + 3.54% and 22.91 + 5.69% at 6 weeks and 12
weeks, respectively. The Van-PLGA-45S5 scaffold group presented a BC of 37.12 £+ 6.59% and 56.74 + 7.32% at 6 and
12 weeks, respectively. In contrast, the BC was 49.86 + 7.31% (6 weeks) and 75.15 + 9.32% (12 weeks) in the Van-ND

. 12 weeks

@
3

A Sham-Op ND-45S5 Van-PLGA-45S5 Van-ND-45S5 ] =2 ewests B *

oy

@
3

40

Bone Coverage (%)

»
&
3

N
3
3

g

12 weeks

=]
3

50

Bone Mineral Density (mglcm’)

Figure 6 Micro-CT scan analysis of 2D structure (A), BC (B), and BMD (C) of mineralized tissue formation after operation within each group. A statistically significant
increase in new mineralized tissue appeared within the Van-ND-45S5 scaffold compared with control groups (sham-operation group, ND-45S5, and Van-PLGA-45S5 scaffold
group) in IBD both after 6 and 12 weeks of operation. Scale bar = 3 mm. Each value is meanz SD. * P<0.05 was considered statistically significant according to the one-way
ANOVA test followed by Bonferroni’s post hoc tests.
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-45S5 scaffold group. BMD data revealed that Van-ND-45S5 scaffolds (99.86 + 10.31 mg/cm? at 6 weeks and 175.15 +
16.32 mg/cm3 at 12 weeks) resulted in more new bone trabeculae formed within the IBD compared with other groups.
A statistically significant increase was confirmed in either BC or BMD between the Van-ND-45S5 scaffold group and
other control groups (sham-operation group, ND-45S5 scaffold group, and Van-PLGA-45S5 scaffold group) (p<0.05).

Histological Evaluation
Femoral condyle specimens from experimental animals were retrieved at 6 and 12 weeks postoperatively, and the
formation of new bone tissue was assessed by histological analysis.

At 6 weeks after the operation, there was no evident formation of new trabeculae in the infected defects of the sham-
operation group and the ND-45S5 scaffold group (Figure 7A). In the sham-operation and ND-45S5 scaffold groups,
numerous inflammatory cells and fibrous tissue were found in the infected defect site or the porous scaffolds, whereas
only a small amount of new bone tissue was observed in these two groups (Figure 7A). However, new bone trabeculae
were observed in the Van-loaded scaffold-implanted infected defects (Figure 7A). Degradation of the gelatin micro-
spheres and 45S5 BG matrices, as well as new bone formation, was observed at the outer edge of the scaffold. In the Van-
PLGA-45S5 scaffold group, new bone trabeculae with inflammatory cells and fibrous connective tissue were observed
inside the porous scaffolds (Figure 7A). In the Van-ND-45S5 scaffold group, the degradation of gelatin microspheres
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Figure 7 Micrographs of H&E-stained sections (magnification: 200x) to observe new bone formation at 6 and |12 weeks after the operation or plus the implantation of ND-
45S5 scaffold, Van-PLGA-45S5 scaffold, and Van-ND-45S5 scaffold (A). NB denotes the formation of new bone tissue and new bone trabecular structure, while S denotes
scaffold materials. Western blotting images of the bone repair-related protein expression within each group after 6 and 12 weeks of operation (B). Compared with the sham-
operation group, ND-45S5 scaffold group, and Van-PLGA-45S5 scaffold group, the relative expressions of VEGF, BMP, collagen |, and proteoglycan in the Van-ND-45S5
scaffold group were significantly increased both after 6 and 12 weeks of operation. Each value is meant SD.* p<0.05 was considered statistically significant according to the
one-way ANOVA test followed by Bonferroni’s post hoc tests.
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resulted in porous cavities filled with some inflammatory cells, and more newly formed trabecular bone and fibrous tissue
hyperplasia were detected between the trabecular bone (Figure 7A).

Twelve weeks after the operation, light microscopic images showed no sign of bone healing at the bone defect site in
the sham-operated group (Figure 7A). Similarly, there was no integration between the scaffold and host bone in the ND-
4585 group (Figure 7A). Owing to the lack of sustained release of antibiotics, the inflammatory response at the bone
defect sites in both groups was still severe (Figure 7A). In the Van-PLGA-45S5 scaffold group, mature bone trabeculae
were formed with minimal inflammatory reactions (Figure 7A). With the prolongation of implantation time, the infected
defect treated with the Van-ND-45S5 scaffold healed completely, and the new bone trabecular structure at the defect site
was more mature and dense, while the inflammatory reaction disappeared (Figure 7A).

Evaluation of the Bone Repair-Related Protein Expression

Western blot analysis was used to evaluate the expression of bone repair-related proteins, such as BMP, VEGF, collagen
I, and proteoglycan. The expressions levels of BMP, VEGF, collagen I, and proteoglycan at 12 weeks in all groups were
significantly higher than those at 6 weeks (Figure 7B) (p<0.05). Furthermore, the relative expressions of VEGF, BMP,
collagen I, and proteoglycan in the Van-ND-45S5 scaffold group were significantly higher than those in the sham-
operation group and other scaffolds both at weeks 6 and 12 after implantation (Figure 7B) (p<0.05).

Discussion
As a type of bone defect challenging to heal, IBD is mainly caused by trauma, deformity, infection, and other factors,
which have a high disability and deformity rate, prolonged healing time, and complex healing process, and occupy a lot
of medical resources.*® Moreover, its treatment requires both the healing of bone defects and the killing of infectious
bacteria to maintain the sterile environment of the bone defect.*>-** Therefore, IBD is a common issue faced by many
disciplines, such as orthopedics clinics, medical materials science, and tissue engineering.5 1,52

Autologous bone transplantation is highly safe and considered the gold standard for bone defect repair, but the source
of donors is limited.>*>* However, rejection of allogeneic bone affects fracture healing.’> An increasing number of

56,57

scholars are currently focusing on the preparation of artificial bone repair materials and local drug release

systems.”®>’ Various composite bone scaffolds have achieved varying degrees of results in animal experiments.®*°'
Conventional antibiotic treatment is significantly compromised owing to the pathological structure of bone infections.®
Local antibiotic treatment can achieve a high concentration of local antibiotics in the lesion, effectively killing and
inhibiting the bacteria. Meanwhile, the deficiency of antibiotics in the peripheral blood dramatically reduces toxicity to
internal organs and is safe to use.®® Vancomycin has a deadly impact on common bacteria in IBD, such as Staphylococcus
aureus and Staphylococcus epidermidis.®* Although its sustained-release system has been used in research, the current
drug-loading efficiency is not ideal.*>®

Guided by the treatment needs of clinical orthopedics, this study thoroughly used the knowledge integration of
clinical medicine, medical materials, tissue engineering, and other disciplines to prepare composite tissue-engineered
bone containing a high-efficiency vancomycin sustained-release system through bone tissue engineering technology and
nanotechnology. Based to the literature and previous research, we used an improved acid oxidation method to
functionalize the ND to prepare vancomycin-loaded ND with high drug loading efficiency and compared it with the
existing vancomycin-loaded sustained-release system.*'®” The evaluation indicated that ND had a higher drug loading
efficiency than PLGA, with an encapsulation efficiency of 87%. Vancomycin-loaded ND was mixed with 45S5 BG with
good biocompatibility, osteogenic activity, and degradability. The van-ND-45S5 scaffold could be prepared at room
temperature to maximize the retention of vancomycin efficacy. In vitro evaluation revealed that vancomycin carried by
the Van-ND-45S5 scaffolds could be continuously released for more than 49 days. By adding absorbable gelatin
microspheres (240 £ 32.25 pm) during preparation, we obtained tissue-engineered bone with a suitable pore structure.
According to our recent investigation,** 200-300 um is the most appropriate particle size for new bone ingrowth. In vitro
results showed that all the scaffolds had good dispersion and were homogeneously distributed in the microspheres. The
Van-ND-45S5 scaffold exhibited an average porosity of 65.87%, with a mean pore diameter of 238.92 um. The
mechanical properties of the scaffold could be significantly improved by mixing ND with matrix materials, such as
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45S5 BG. The 45S5 BG scaffold containing ND revealed that adding ND resulted in a higher compressive strength than
the pure 4555 BG scaffold. Moreover, carrying vancomycin did not affect the effect of ND on the mechanical properties
of the scaffold. This finding is consistent with other scholars’ findings.*>*®

Staphylococcus aureus is a common pathogen in IBD.*® In the present study, Staphylococcus aureus ATCC25923 was
selected to evaluate the antibacterial effect of the scaffold in vitro.*” With the extension of the co-cultivation time,
bacterial fluorescence detection implied that the Van-ND-45S5 scaffold had reduced live bacteria and elevated dead
bacteria compared with the other scaffolds. Meanwhile, the diameter of the antibacterial ring of the ND drug-loaded
scaffold in the petri dish continued to maintain a diameter of 33.73 + 3.24 mm. In contrast, the non-drug-loaded scaffold
group did not form antibacterial rings. The diameter of the antibacterial ring in the PLGA drug-loaded scaffold group was
significantly smaller than that in the ND drug-loaded scaffold group. In vitro bacteriological studies confirmed that the
Van-ND-45S5 scaffold had a satisfactory antibacterial effect relying on its efficient drug loading efficiency. Its sustained-
release vancomycin continuously killed Staphylococcus aureus and maintained the antibacterial microenvironment
around the scaffold, reflecting its continuous and effective anti-infective performance.

After the cells were inoculated into each group of scaffolds, SEM showed that the inoculated cells had good activity,
reflecting the excellent biocompatibility of the Van-ND-45S5 scaffold. The cell proliferation curve and cell cycle analysis
showed that the inoculated cells proliferated normally, the cell cycle was normal, and the Van-ND-45S5 scaffold had no
biological toxicity. In vitro cytological studies verified that the Van-ND-45S5 scaffold exhibited good biocompatibility
and osteogenic angiogenesis. Meanwhile, it had no apparent cytotoxicity and did not interfere with cell proliferation and
the cell cycle. In the CCKS assay, two proliferation peaks were observed for the BMSCs on Van-loaded scaffolds. We
believe the first growth peak occurred because early cells were more vibrant. The second growth peak was attributed to
the release of vancomycin from scaffolds, which killed bacteria and maintained a microenvironment more conducive to
cell growth. ND exhibited more efficient drug loading efficiency. The Van-ND-45S5 scaffold completed its antibacterial
activity earlier and maintained a sterile cell growth environment. Therefore, the two small peaks of the cell growth curve
occurred earlier than those of the Van-PLGA-45S5 scaffold.

To evaluate the antibacterial effects of the scaffolds in vivo, we established an efficient animal model of IBD. We
injected 7x10° CFU of ATCC25923 Staphylococcus aureus into the bone defect of experimental animals according to
previous studies.®” This bacterial dose has a high local infection rate and doe is not easily cause systemic toxicity in
animals. Therefore, it has the advantages of high modeling efficiency, low time consumption, and high economic cost.
After four weeks of administration, imaging and puncture bacteriological examinations were performed to evaluate the
modeling situation. We found that 90% of the experimental animals were successfully modeled. Experimental animals
were selected for experiments in vivo. At 6 and 12 weeks after implantation of the scaffold, anesthetized animals were
examined by puncture bacterial smear culture at the bone defect site, and micro-CT scanning was performed to analyze
bone morphometric indices, such as BC and BMD of the local bone defect of the femoral condyle. Micro-CT results
demonstrated that new bone trabeculae were observed around the Van-ND-45S5 scaffold when implanted into the
infected defect site for 6 weeks. Twelve weeks after the operation, the Van-ND-45S5 scaffold formed a bone trabecula
with a mature structure, closely connected with the surrounding bone without an obvious boundary. However, owing to
the lack of local antibiotics, the bacteria quickly multiplied and proliferated after the non-drug-loaded scaffold was
implanted into the IBD. The lesion’s infection environment affected the bone defect’s healing, and the ND-45S5 scaffold
did not exert effective osteogenesis and angiogenesis. The healing of the bone defects at 6 and 12 weeks in this group
was unsatisfactory. Owing to its relatively low drug loading efficiency, the Van-PLGA-45S5 scaffold had less osteogenic
effect than the Van-ND-45S5 scaffold group in the infected environment. At 6 and 12 weeks postoperatively, the bone
trabecular structure around the Van-PLGA-45S5 scaffold was weak and did not connect closely with the surrounding
bone. Obvious boundaries were found between the new bone trabeculae and the Van-PLGA-45S5 scaffold. After
radiographic evaluation, histological evaluation further verified the presence of many new bone trabeculae and angiogen-
esis in the specimens of the Van-ND-45S5 scaffold group. The expression of bone defect repair-related proteins at the
mRNA and protein levels was relatively high in the Van-ND-45S5 scaffold group. Animal experiments have emphasized
that the Van-ND-45S5 scaffold has an excellent antibacterial effect in vivo. Relying on highly loaded vancomycin, it
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could continue to play an antibacterial role in IBD, provide an antibacterial environment, and continuously promote the
healing of bone defects through its osteogenic activity.

Conclusions

A Vancomycin-loaded ND-45S5 BG composite scaffold was prepared using bone tissue engineering technology and
nanotechnology; and then systematically evaluated from the material, cytology, bacteriology, and zoology perspective.
The results confirmed that its material properties could meet the treatment requirements for IBD and have good
antibacterial effects and biocompatibility in vivo and in vitro. In addition, the Van-ND-45S5 scaffold could locally fill
IBD, inhibit common IBD pathogens through slow-release vancomycin, give full play to its osteogenic activity, and
significantly enhance the expression of VEGF, BMP, collagen I, and proteoglycan at the mRNA and protein levels, thus
promoting the repair and healing of IBD and verifying its therapeutic effect in IBD.

This study revealed the therapeutic effect of the Van-ND-45S5 scaffold on IBD and expanded the research and
application of bone tissue engineering and nanotechnology to bone infection-related diseases. The Van-ND-45S5 scaffold
provide new materials and approaches for treating IBD; and has crucial scientific significance and clinical application
value.
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