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ABSTRACT:  
Musculoskeletal infections, particularly osteomyelitis (OM), pose a significant challenge for patients, 

healthcare providers, and the healthcare system overall. 

Osteomyelitis of the jaw is characterized by exposed bone in the mouth that does not heal despite 

adequate treatment. It involves inflammation of the bone cortex and marrow, typically arising in the 

jaw following a chronic infection. 

Given the persistent nature of osteomyelitis (OM), along with its expensive and prolonged treatment 

process and high rates of disability, there is an urgent need for better treatment approaches. While some 

therapies, including vaccines and monoclonal antibodies (mAbs) have been explored, the standard 

treatment for OM continues to rely on identifying bacterial species, using appropriate antibiotics, 

removing implants, performing extensive debridement, and administering systemic antibiotics for 4 to 

6 weeks. However, issues like inadequate local antibiotic concentrations due to local blood supply and 

various bacterial resistance mechanisms often limit the effectiveness of systemic treatments. This 

approach allows for higher concentrations of drugs to be delivered directly to the affected area while 

minimizing side effects. To lower the reinfection rate in chronic osteomyelitis treatment, the drug 

delivery system should be biodegradable, eliminating the need for material removal after therapy. 

Hence the aim of this study was to formulate and evaluate a novel chondroitin sulphate based hydrogel 

containing magnesium oxide nanoparticles for treatment of osteomyelitis.   
 

1. Introduction 

Musculoskeletal infections, particularly osteomyelitis (OM), pose a significant challenge for patients, 

healthcare providers, and the healthcare system overall (1). 

Osteomyelitis of the jaw is characterized by exposed bone in the mouth that does not heal despite adequate 

treatment (2). It involves inflammation of the bone cortex and marrow, typically arising in the jaw following 

a chronic infection (2,3). 

Given the persistent nature of osteomyelitis (OM), along with its expensive and prolonged treatment process 

and high rates of disability, there is an urgent need for better treatment approaches. While some therapies, 

including vaccines and monoclonal antibodies (mAbs) have been explored (4–6) (7)(8), the standard treatment 

for OM continues to rely on identifying bacterial species, using appropriate antibiotics, removing implants, 

performing extensive debridement, and administering systemic antibiotics for 4 to 6 weeks. However, issues 

like inadequate local antibiotic concentrations due to local blood supply and various bacterial resistance 

mechanisms often limit the effectiveness of systemic treatments. 

Hydrogels, especially thermosensitive ones, are regarded as promising options for localized therapy due to 

their ability to be molded, their biodegradability, and their compositional and structural similarities to tissues 

(9)(10). Chondroitin Sulfate (CS) is frequently utilized as a material for tissue regeneration because of its 

antibacterial properties, pain relief benefits, and ability to promote hemostasis. When combined with 

antibiotics, CS can enhance their antibacterial effects and combat bacterial resistance (11). Numerous research 

teams have developed CS-based hydrogels to serve as tissue scaffolds for antibiotic delivery and to support 

tissue repair, including cardiac repair and bone regeneration (12) (13). 
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Nanosystems have recently emerged as alternatives to antibiotics for treating bacterial infections (Qi et al. 

2017). Nanoparticle (NP)-hydrogel drug delivery systems have gained significant interest for their ability to 

minimize burst release, allowing for sustained and continuous drug release over extended periods in vivo (14). 

Literature indicates that various agents, including antioxidants, bisphosphonates, hormones, and other bone 

regenerative materials, play a crucial role in enhancing bone regeneration (15). In both in vitro and in vivo 

studies, the plant-derived polyphenol quercetin has demonstrated a broad range of biological activities, such 

as anticarcinogenic, anti-inflammatory, and antiviral effects, along with the ability to reduce lipid peroxidation, 

platelet aggregation, and capillary permeability (16). 

Pang et al. investigated the impact of quercetin on the differentiation and proliferation of bone marrow 

mesenchymal stem cells in mice. Their findings indicated that quercetin significantly enhanced both the 

proliferation and osteogenic differentiation of these stem cells (17). 

Local therapy is quickly emerging as a promising method for treating various conditions, including tumors and 

osteomyelitis (18). This approach allows for higher concentrations of drugs to be delivered directly to the 

affected area while minimizing side effects. To lower the reinfection rate in chronic osteomyelitis treatment, 

the drug delivery system should be biodegradable, eliminating the need for material removal after therapy (19). 

Hence the aim of this study was to formulate and evaluate a novel chondroitin sulphate based hydrogel 

containing magnesium oxide nanoparticles for treatment of osteomyelitis.  

2. Methodology 

Materials 

Chondroitin sulfate with a viscometric molar mass (Mv) of 22 kDa, the photoinitiator Irgacure 2959 [2-

Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone], and Quercetin were purchased in required quantities 

from Sigma Aldrich Lab, Chennai. 

Preparation of Double Antibiotic Paste 

The formulation of double antibiotic paste (DAP) required equalized quantities (250 mg tablets) of 

metronidazole and ciprofloxacin which were then mixed with distilled water (1 g/mL). 

Green Synthesis of Magnesium Oxide Nanoparticles 

In this study green synthesis of MgO2 nanoparticles was done using beetroot extracts. Two small sized 

beetroots were washed with clean drinking water to eliminate dirt and other impurities present on its surface. 

They were diced into small pieces were dried on a plate under room temperature. The dried pieces were then 

powdered using a grinder mixer. 20 gms of this beetroot powder was added to a beaker of 100 ml distilled 

water which was then boiled and filtered to result in the production of beetroot extract.  

0.0169 grams of 1 millimole magnesium nitrate was added to 50ml of distilled. To this mixture, 50ml of the 

prepared beetroot extract was added. This mixture of beetroot extract and Mg nitrate was placed in an orbital 

shaker for 32 hours. 

The mixture was retrieved from the orbital shaker and equal quantities were poured into six centrifugation 

tubes. The tubes were placed in the centrifugation machine and centrifuged at 10,000 rpm for 20 minutes. 

From each tube, the supernatant liquid was separated and disposed off. The residual contents settled at the 

bottom of each tube (pellet solution) was transferred to a single tube and then refrigerated for future use. The 

pellet solution was spread out on a petri dish, placed in the hot air oven for 8 hours at a temperature of 100 

degrees Celsius. The dried solution obtained after retrieving the petri dish from the oven was scraped out to 

yield MgO2 NPs. 

Preparation of Chondroitin Sulfate Hydrogel 

10% CS was prepared by adding 10mg of CS in 100 ml distilled water. This solution was then methacrylated 

20 times in concentration using methacrylic acid. Double antibiotic paste (DAP), Quercitin and MgO were 

added in previously optimized quantities. This mixture was then crosslinked using the photoinitiator Irgacure 

2959 to result in the formation of a hydrogel.  
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Antibacterial assessment of CS Hydrogel 

For assessing the antibacterial activity of the CS hydrogel , the agar well diffusion method using Mueller- 

Hinton agar (MHA) was employed. The microorganisms S.Mutans, S, Aureus, E. faecalis, and C. albicans 

were inoculated on 0.25 mL of molten MHA on petri plates. Wells of uniform size (6mm) were created on the 

hardened agar. The contents of the test material were carefully impregnated into discs measuring 6mm in 

diameter and then placed with precision on the inoculated agar at concentrations of 25,50, and 100 μL per disc. 

500mg/ml of Amoxicillin was set as the positive control reference for microorganisms. A blank disc was 

employed as the negative control. The zone of inhibition was accurately measured to quantify the antimicrobial 

activity. The solutions were allowed to thoroughly permeate the agar at room temperature for 60 minutes and 

were then incubated for one whole night at 37◦C. These tests were repeated in duplicate and independently 

three times, with the zones of inhibition being measured from the plate bases. 

Statistical Analysis 

The zone of inhibition measurements were entered in a Microsoft Excel sheet and statistical analyses were 

carried out in SPSS software. In order to measure the difference in antimicrobial activity of the hydrogel against 

various microorganisms, the Kruskal Wallis test was utilized. The Friedman test was used to compare the 

antimicrobial activity at various concentrations of test material against the microorganisms. 

3. Results 

The mean zone of inhibition measurements for different pathogenic bacteria Strep. Mutans, Staph. Aureus, E. 

Faecalis, and C. albicans and control antibiotics (Cap. Amoxicillin 500 mg) are presented in Table 1, Figure 

1, and Graph 1. The highest levels of antimicrobial activity was observed against S.Mutans at the concentration 

of 100μl, and the lowest values were observed at the concentration of 25μl for all microorganisms. The overall 

value differed significantly with the antibiotic control except for Streptococcus Mutans at 100 μl.  

Table 1: Zone of inhibition produced by various concentrations of hydrogels 

Test concentration of 

hydrogel 

Zone of Inhibition in mm 

Mean +/- SD 

S.Aureus S.Mutans E.Faecalis C.Albicans 

25μl 8.00 ± 1.00 mm 8.00 ± 0.50 mm 8.00 ± 1.10 mm 8.00 ± 1.20 mm 

50 μl 14.00 ± 1.00 mm 18.00 ± 1.00 mm 14 ± 1.00 mm 9.00 ± 1.00 mm 

100 μl 19.00 ± 1.00 mm 21.00 ± 1.50 mm 19.00 ± 1.50 mm 17.00 ± 1.50 mm 

Antibiotic (Control) 44.00 ± 1.00 mm 24.00 ± 1.00mm 45.00 ± 1.00mm 12.00 ± 1.00mm 

P Value 0.003 0.001 0.004 0.005 

 

Figure 1: Zone of inhibition produced on culture medium against S. Mutans, S. Aureus, E.Faecalis, 

C.Albicans 
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Graph 1: Zone of inhibition produced by various concentrations of hydrogels 

4. Discussion 

Hydrogels are hydrophilic polymer networks that can absorb significant amounts of water, allowing them to 

swell and shrink in a way that enables controlled drug release. Their porous structure and compatibility with 

water make them ideal biocompatible carriers for drug delivery. 

They have a wide range of applications in various biomedical fields, as they can be shaped into different 

physical forms, including nanoparticles, microparticles, slabs, films, and coatings. The United States is the 

largest producer of hydrogels and is anticipated to maintain this status for several more years.(20).  

Hydrogels are innovative and sophisticated drug delivery systems designed to meet specific needs for targeted 

drug delivery and controlled release. They can be manipulated for drug release at the desired location using 

enzymatic, hydrolytic, or environmental stimuli (21). 

However, there are disadvantages to using hydrogels. One major issue is that most drugs are hydrophobic, 

making them difficult to incorporate into the hydrophilic polymer core of the hydrogels. This is a challenge 

since many effective drugs for treating diseases are hydrophobic. Additionally, hydrogels often have weak 

tensile strength, which can lead to premature drug release before reaching the target site. 

Jung et al. conducted an animal study to evaluate the antibacterial effects and bone healing capabilities of an 

in situ gelling alginate (ALG)/hyaluronic acid (HA) hydrogel that contained vancomycin (an antibiotic) and 

bone morphogenetic protein-2 (BMP-2, a growth factor) for treating osteomyelitis. The study showed that the 

ALG/HA hydrogel effectively inhibited the growth of Staphylococcus aureus at the osteomyelitis site and 

promoted bone regeneration without the need for additional bone grafts. (22). 

Tao et al. developed a chitosan-based thermosensitive hydrogel to create a local drug delivery system using 

vancomycin nanoparticles (VCM-NPs) for osteomyelitis treatment. The VCM-NPs demonstrated high 

encapsulation efficiency and drug loading, with values of 60.1±2.1% and 24.1±0.84%, respectively. When 

incorporated into the chitosan gel, the VCM-NPs preserved their particle size and morphology. The hydrogel 

maintained its injectability and thermosensitivity, as confirmed by injectability tests and rheological 

measurements. The VCM-NPs/gel system provided sustained release of vancomycin over a period of 26 days 

(23).  

Zhou et al. developed an injectable carboxymethyl chitosan hydrogel scaffold created through coordination 

bonds for antibacterial and osteogenic applications in osteomyelitis. They found that this hydrogel effectively 

regulated antibacterial responses and promoted osteogenesis in infected environments without the need for 

additional additives.((24).  

In a study by Zhang et al., the effectiveness of vancomycin-loaded silk fibroin microspheres in an injectable 

hydrogel for treating chronic osteomyelitis was evaluated. The hydrogel demonstrated significant antibacterial 

activity against both Escherichia coli and Staphylococcus aureus, maintaining its antibacterial effect for 10 
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days. Injecting the vancomycin-loaded silk fibroin microspheres encapsulated in the hydrogel into the infected 

rat tibia reduced the bone infection and enhanced bone regeneration compared to other treatment groups (25).  

Wei et al. created an antibacterial bone graft by immobilizing levofloxacin hydrochloride-loaded mesoporous 

silica microspheres onto the surface of a porous scaffold. Antibacterial tests showed that the material exhibited 

effective antibacterial activity against both gram-positive (Staphylococcus aureus) and gram-negative 

(Escherichia coli) bacteria. Additionally, biosafety assessments indicated that the material met the necessary 

biosafety standards (26-30). 

Extensive research has been undertaken to address this issue through local drug delivery systems. These 

systems enhance tissue concentration of antibiotics, reduce toxicity, and improve efficacy. Non-biodegradable 

carriers loaded with antibiotics have been successfully utilized for this purpose (18). 

5. Conclusion 

Within the limitations of this study, it can be concluded that formulation of a hydrogel containing 

nanoparticles, antibiotics, and flavonoids can have a synergistic effect on the treatment of osteomyelitis. 

However further studies examining its efficacy in vivo need to be conducted.  
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