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Introduction: Osteomyelitis is a chronic inflammation of bone due to pathogenic infection mainly by methicillin-resistant Staphylococcus aureus (MRSA). Osteomyelitis can cause severe bone damage and pathologic fractures, which subsequently result in a high physical disability rate. Thus, a therapeutic agent with antibacterial and bone regenerative activities can be effective for managing osteomyelitis.

Methods: We phyto-fabricated gold nanoparticles using plant extract from Desmidorchis retrospiciens (DR-AuNPs) and examined their antibacterial and osteoinductive activities. The biosynthesis of DR-AuNPs was confirmed with several characterization techniques, including scanning and transmission electron microscopy, X-ray diffraction (XRD), energy-dispersive X-ray analysis (EDX), and Fourier transform infrared spectroscopy (FTIR). Biofilm assays and reactive oxygen species (ROS) analysis were used to examine the antibacterial effect of DR-AuNPs. In vitro and ex vivo cell biology assays were used to study the osteoinductive effect of DR-AuNPs.

Results: DR-AuNPs displayed substantial antibacterial activity against MRSA-induced osteomyelitis by increasing ROS production, membrane leakage, membrane permeability, and disruption of surface structure in the MRSA. Several anti-biofilm assays and electron microscopic studies have demonstrated the efficacy of DR-AuNPs in significantly inhibiting the formation of MRSA biofilm. Interestingly, DR-AuNPs were also found to promote the lineage commitment of bone marrow-derived mesenchymal stem cells (BMSCs) into osteoblasts in vitro and to enhance their capacity for ectopic bone formation in vivo without causing any cell toxicity.

Discussion: Our data provide green DR-AuNPs with dual antibacterial and osteoinductive activities, making them a promising bioactive agent for managing osteomyelitis.
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Introduction

Infectious osteomyelitis is an inflammation of the bone and bone marrow, primarily caused by bacterial infection. Several bacteria can cause chronic osteomyelitis, including Staphylococcus aureus, Pseudomonas aeruginosa, Propionibacterium species, Enterobacteriaceae species, Salmonella species, and Streptococcus pneumoniae (Hatzenbuehler and Pulling, 2011). Gram-positive S. aureus accounts for nearly 60% of causative pathogens (Hofstee et al., 2020). Of these, more than 28% are methicillin-resistant S. aureus (MRSA) (Silago et al., 2020), making MRSA a common causative pathogen in this type of infection (Turner et al., 2019). Assuming the MRSA antibiotic resistance, “MRSA infections continue to be a major public health distress”, as described by the latest World Health Organization (WHO) report (World Health Organization, 2021). MRSA commonly displays great resistance to co-trimoxazole, ciprofloxacin, and erythromycin (Singh et al., 2017).

The biofilm-mediated nature of osteomyelitis is significant in medical and experimental situations. Numerous biofilm pathogens are uncultivable and display a different phenotype concerning growth rate and antimicrobial resistance (Junka et al., 2017; Wolcott and Ehrlich, 2008). The struggle in eliminating biofilms with common antibiotics partially clarifies why the great success rates of antimicrobial treatment have generally not yet been recognized for orthopedic infections. The establishment of resistant biofilm pathogens reduced the penetration of antimicrobial drugs into bone, and the adverse actions associated with systemic toxicity (Stoodley et al., 2011).

Osteomyelitis can be divided into three main types: hematogenous osteomyelitis caused by infection through the blood circulation, contiguous osteomyelitis caused by spreading infection from adjacent infected tissues, and secondary osteomyelitis caused by infection associated with vascular insufficiency or neuropathy (i.e., patients with diabetic foot infection) (Zapata et al., 2022; Urish and Cassat, 2020). Binding of S. aureus to bone extracellular matrix and their internalization into bone cells (osteoblasts) via cell surface fibronectin protein allowed them to avoid attack by the host innate immune effectors and systemic antibiotics (Wen et al., 2020). This pathogenic mechanism can lead to reduction of osteoblast activity and increase inflammation-mediated osteoclast activity and consequently impaired bone homeostasis (Gimza and Cassat, 2021).

Osteomyelitis treatment required surgical intervention in addition to antibiotic therapy. The protocols for the treatment are still complicated due to the heterogeneity of the disease and the inconsistency in diagnostic principles. In this context, systemic or local antibiotics administration remains the primary therapy for osteomyelitis (Zapata et al., 2022; Lima et al., 2014). The reduced rate of osteomyelitis recovery can be attributed to increased antimicrobial resistance and decreased antibiotic tolerance due to bacterial intracellular survival in bone microstructure, which promotes the formation of small colony variants and persisters (Gimza and Cassat, 2021; Abdulrehman et al., 2024). The effective treatment of osteomyelitis should include an antimicrobial agent that can avoid the need for surgical removal of necrotic bone tissues.

Several studies showed the promising use of nanoparticles in the diagnosis and treatment of osteomyelitis (Zapata et al., 2022; Snoddy and Jayasuriya, 2016). Gold nanoparticles (AuNPs) made a significant contribution to various biomedical applications, including drug delivery, biological imaging, diagnosis, and treatment of diseases. This is due to their good biocompatibility, easy synthesis, optical properties, and ability to be functionalized (Khlebtsov et al., 2013; Georgeous et al., 2024). AuNPs have shown a high osteogenic capacity to stimulate osteoblast differentiation in vitro and to facilitate bone regeneration in vivo in many studies (Babuska et al., 2022). In addition, the use of AuNPs offers a promising approach to managing infections triggered by multidrug-resistant bacteria (Natan and Banin, 2017).

Plant-based nanoparticles offer many advantages over physical or chemically synthesized nanoparticles, including biocompatibility, low toxicity, surface ligand functionalization, and benefits of bioactive phytochemicals as capping agents (Karnwal et al., 2024). The plant extract-mediated AuNPs biosynthesis was extensively investigated, and several plants were used to biosynthesize gold nanoparticles (Khan et al., 2019).

Desmidorchis retrospiciens (Ehrenb.) belongs to the family Apocynaceae and is an extensively dispersed succulent taxon found in the dry areas of the world (Awadh Ali et al., 2017). The plant is principally distributed in the semi-desert areas of Saudi Arabia and Africa. Conventionally, the people of Saudi Arabia used D. retrospiciens for wound curing; however, no scientific reports demonstrate the wound-healing capacity or antimicrobial action of this plant. Thus, the current study aimed to phyto-fabricate AuNPs using aqueous leaf extract of the wild plant D. retrospiciens (DR-AuNPs) for the first time and to establish their antibacterial and osteo-inductive activities. Our results demonstrate the efficiency of biosynthesized DR-AuNPs in inhibiting MRSA-induced osteomyelitis and endorsing the osteogenesis of BMSCs both in vitro and in vivo.



Materials and methods


Collection of the plant material and preparation of leaf extract

Desmidorchis retrospiciens leaves were collected in April 2023 from Al-Ahsa-Dammam Road, eastern province, Saudi Arabia, at an altitude of 2515 m with a latitude of 28′45″ N and longitude of 83′23″ E. The plant was identified as D. retrospiciens in the Department of Botany and Microbiology, Cairo University, Egypt. The plant's voucher specimen (Desmidorchis retrospiciens: CU. Herb. Bot. 620) was placed at the herbarium.

In our study, fresh leaves of D. retrospiciens were washed with distilled water, then the leaves were air-dried at room temperature (25°C) for 4 days, avoiding direct sunlight exposure to reserve photosensitive phytochemicals. The aqueous leaf extract of D. retrospiciens was prepared using 30 g of fresh leaves. The leaves were washed, dried, cut, and crushed into powder. Then, 200 mL of water was added, and stirred at 50°C for 40 min. After that, the leaf extract was filtered using muslin cloth. The resulting solution was filtered using Whatman No. 1 filter paper to obtain a clear extract. The filtrate was stored at 4°C for further experiments (Supplementary Figure 1).



Gas chromatography-mass spectrometry (GC–MS)

GC–MS analysis was carried out using an Agilent 7,890 gas chromatograph coupled to an Agilent 5,975 quadrupole mass detector equipped with a HP-5MS capillary column. The oven temperature was primarily kept at 45°C, and then increased to 175°C to 250°C. 1.0 μL of leaf extract was injected into the GC injection port.



Biosynthesis and characterization of gold nanoparticles

1.0 mM of Hydrogen tetrachloroaurate (iii) trihydrate (HAuCl4.3H2O) was added to 30 mL of leaf extract. Then, the mixture was heated for 60 min until the color of the solution changed from yellow to ruby red. The biosynthesized AuNPs were separated from the reaction mixture via centrifugation. Finally, the AuNPs were washed, dried, and calcined at 200°C for 3 h (Supplementary Figure 1).

The biosynthesis of DR-AuNPs was primarily characterized using UV-visible (Shimadzu UV-1650, Shimadzu, Kyoto, Japan) spectrophotometer in a wavelength range of 200–800 nm. DR-AuNPs were further characterized using X'Pert PRO XRD and Fourier transform infrared (FTIR) spectroscopy (Perkin Elmer). To evaluate the stability of DR-AuNPs, zeta potential was measured. DR-AuNPs were suspended in sterile deionized water and zeta potential was measured using a Malvern Zetasizer Nano ZS system at a temperature of 25°C (Particle Technology Labs, Downers Grove, IL 60515, USA). The NPs were further examined using field-emission transmission electron microscopy (FE-TEM), energy-dispersive X-ray spectroscopy (EDX), and elemental mapping with a JEM-2100F (JEOL, Tokyo, Japan) instrument, at 200 kV.



Microbiological studies

A methicillin-resistant Staphylococcus aureus (MRSA) ACLT 32571 was used in all microbiological experiments. These bacteria were selected because S. aureus infection is responsible for around 75% of clinical osteomyelitis. MRSA was cultured and maintained on specific media. For liquid culture medium, Mueller–Hinton Broth (MHB) was used to prepare bacterial suspensions, determine minimum inhibitory concentrations (MIC), minimum bactericidal concentrations (MBC), and conduct bacterial growth kinetics assays. For solid culture medium, Mueller–Hinton Agar (MHA) was used for disc diffusion assays and colony-forming unit (CFU) quantification. All media were sterilized by autoclaving at 121°C for 15 min.

Antibacterial activity of DR-AuNPs against MRSA was assessed by disc diffusion test according to the following method (Chandrasekaran et al., 2008). Briefly, 20 μL of DR-AuNPs at different concentrations (12.5, 25, and 50 μg/mL) was soaked on filter paper discs, dried, and placed in a culture plate containing MRSA, and incubated at 37°C for 24 h. The antibacterial effect was evaluated by measuring the diameter of the zone of inhibition. DMSO served as the negative control, while vancomycin (100 μg/mL) was used as the positive control.



Minimum inhibitory concentration (MIC) assay

DR-AuNPs in successively decreasing concentrations (200 to 6.25 μg/mL) were added to microtitre-plates containing Mueller–Hinton broth following the method of Nkere and Iroegbu (2005). Optical densities were assessed at 600 nm using a microplate reader. DMSO was used as negative control, and vancomycin was used as positive control.



Bacterial growth kinetics

Bacterial growth rate was detected using microtitre plates containing 105 colony forming units (CFU/mL) of bacterial cells, loaded with DMSO, vancomycin (100 μg/mL), and DR-AUNPS (50 μg/mL). The optical density at 610 nm was recorded every 3 h intervals over 24 h (Sondi and Salopek-Sondi, 2004).



Live/dead assay (SYTO9/PI staining)

After DR-AuNPs treatment, the MRSA cells were collected, stained with propidium iodide (PI, 25 μM) and SYTO9 (3.4 μM) for 20 min in the dark, and then examined using confocal microscopy (CLSM).



Membrane potential

The modification of the membrane potential was examined using a membrane potential sensitive fluorochrome. After exposure to vancomycin and DR-AuNPs for 6 h, the MRSA cells were collected. The mixture of fluorescent probe DiBAC4 and bacterial suspension assessed using a fluorescence microplate reader (David et al., 2011).



Reactive oxygen species (ROS) examination

ROS assessed by using the Nitroblue Tetrazolium (NBT) method as described (Becerra and Albesa, 2002). Briefly, 100 μL of MRSA (106 CFU/mL) was mixed with Hanks' Balanced Salt Solution (HBSS) and treated with vancomycin or DR-AUNPS (MIC) for 3 h. Then, MRSA suspension was mixed with 500 μL of NBT and incubated for 25 min. One hundred microliter of hydrochloric acid was added to each suspension, and then it was centrifuged. The cell pellet mixed with HBSS and the color detected at 575 nm.



Examination of leakage of ATP (adenosine triphosphate) and AKP (alkaline phosphatase)

AKP and ATP levels were assessed using the ATP and AKP test kits (Jiancheng Biology Engineering Institute, Nanjingjiancheng, China) following the manufacturer's instructions (Guo et al., 2021). Briefly, the S. aureus was cultured to the logarithmic growth stage (OD at 600 nm = 0.5), centrifuged, and washed in PBS. The MIC concentration of DR-AuNPs was mixed with MRSA and incubated in a shaking incubator at 37°C. A bacterial suspension without treatment was used as negative control group. Samples were collected at zero time and every 1 h. Subsequently, they were centrifuged at 3,000 rpm for 20 min. The supernatant was used to measure AKP contents using a kit. Furthermore, S. aureus cells were exposed to 8–64 μg/mL of DR-AuNPs for 1 h to observe the intracellular ATP levels.



SEM and TEM

The alteration of bacterial morphology after treatment with DR-AuNPs was examined using a SEM Inspect F50 (ELECMI, Madrid, Spain) following the method described by Mendoza et al. (2017). TEM was performed as described using a JEM-1400Plus electron microscope (JEOL CANADA, INC), and pictures were collected employing a Veleta side-mounted camera (EMSIS ASIA Pte. Ltd, Singapore).



Anti-biofilm activity of DR-AuNPs
 
Biofilm inhibitory concentration

A polystyrene microtiter plate comprising one mL of TSBS with DR-AuNPs (6.25–200 μg/mL) inoculated with MRSA (106 CFU/mL) for 24 h. Then, planktonic cells were removed, and the biofilm cells were washed with a saline solution and stained with crystal violet solution. The absorbance was measured at 570 nm. The percentage of biofilm inhibition is determined by the following equation:

%of inhibition =  [(control OD570 nm-treated OD570 nm)/                                     control OD570 nm]× 100.

The lowermost concentration of DR-AuNPs, which displayed maximum biofilm repression, was considered as the biofilm inhibitory concentration (BIC) (Valliammai et al., 2019).



Colony-forming unit and Alamar blue test

MRSA cells treated with DR-AuNPs (6.25–200 μg/mL) were diluted and distributed on a plate for CFU quantification. Tryptone Soya Agar (TSA) supplemented with 5% sucrose and Congo Red dye. The medium was prepared by adding 36 g/L of Tryptone Soya Agar, 50 g/L of sucrose, and 0.8 g/L of Congo Red dye. Afterwards, cells were suspended in Alamar blue solution, and fluorescence was detected at 530 and 590 nm for excitation and emission, respectively (Sarker et al., 2007).



Light microscopic examination

For light microscopic investigation, MRSA biofilm was developed on glass/stainless steel slides submerged in TSBS in the presence of DR-AuNPs. Afterward, the slides were washed with saline and stained with crystal violet for 30 min. They were observed under a light microscope at ×400 magnification.



SEM of bacterial biofilm

Diluted human blood Plasma was used. Titanium slides were coated with a plasma solution and incubated at 4°C. Then, the plasma solution was removed, and biofilm was developed on the titanium surface in the presence of DR-AuNPs. Then, the slides washed, fixed with 2.5% glutaraldehyde, dehydrated with ascending concentrations of ethanol, and dried. Finally, the slides were exposed to gold sputtering and examined as described by Walker and Horswill (2012).



Congo red agar assess

Tryptone Soya Agar (TSA) supplemented with 5% sucrose and Congo Red dye. The medium was prepared by adding 36 g/L of Tryptone Soya Agar, 50 g/L of sucrose, and 0.8 g/L of Congo Red dye. Then, DR-AuNPs or DMSO were mixed into the media and added to Petri plates. The bacterial culture was inoculated on the plates and incubated for 24 h. Finally, the plates were examined as described (Knobloch et al., 2002).



Examination of biofilm development in flow conditions

The BioFlux 1000 system was employed to examine the active biofilm development under flow conditions as described (Passos et al., 2021). Primary, the microfluidic channels of the plate were primed with TSBG medium from the inlet wells. The log-phase MRSA cells (108 CFU/mL) were flown into the channels. After the initial attachment of MRSA, DR-AuNPs and vancomycin (MIC) were added. MRSA biofilm formation was automatically monitored for 15 h with BioFlux Montage software 2.3.



Examination of three-dimensional structure of MRSA biofilms using CLSM

MRSA was inoculated into a glass-bottomed dish containing 2 mL of TBSG. The unattached cells were removed, and the developed biofilms were washed with saline and stained with SYTO9 and propidium iodide. A TCS SP8 microscope was used to obtain fluorescent pictures, evaluate biofilm thickness, and examine fluorescence intensities.




Cell cultures and cell viability assay

Mouse bone marrow mesenchymal stem cells (mBMSCs) were isolated from long bones of mice as described (Abdallah et al., 2019). Cells were cultured in RPMI-1640 medium supplemented with 1% penicillin/streptomycin (P/S) and 10% fetal bovine serum (FCS) (Thermo Fisher Scientific GmbH). Cell viability of BMSCs in the absence and presence of DR-AuNPs was measured using MTT cell proliferation assay kit (Sigma-Aldrich) according to the manufacturer's instructions.



Osteoblast differentiation

BMSCs were induced to differentiate into osteoblasts using α-minimum essential medium (α-MEM; Thermo Fisher Scientific GmbH) supplemented with 10 mM β-glycerol-phosphate, 50 mg/mL of vitamin C (Sigma-Aldrich), 10% FBS, and 1% penicillin/streptomycin (P/S). Osteogenic induction was maintained for 12 days, with the medium being changed every 2 days.



Alkaline phosphatase (ALP) activity assay and staining

BMSCs were induced to undergo osteoblast differentiation in 96 96-well plates with or without DR-AuNPs (100 μg/mL), for 1 week. ALP activity was measured as described (Abdallah et al., 2019). CellTiter-Blue® cell viability assay was used to determine cell viability according to the manufacturer's instructions. The value of ALP activity was represented after normalization to the cell viability. For ALP staining, BMSCs were fixed with acetone/citrate buffer (pH 4.2) and stained with Napthol-AS-TR-phosphate solution (Sigma-Aldrich) for 1 h at room temperature (Abdallah and Ali, 2020).



Alizarin red S staining and quantification

BMSCs were induced to undergo osteoblast differentiation for 12 days, fixed with 70% ice-cold ethanol for 1 h at −20°C, and stained with Alizarin red (ALZ) for 10 min at room temperature (RT). For calcium deposition quantification, ALZ was eluted with 10% cetylpyridinium chloride for 1 h at RT, and the absorbance was measured at 570 nm. The data are presented after normalization to cell number.



In vivo bone-formation assay

Mouse BMSCs (5 × 105), either without (control) or with DR-AuNPs (100 μg/mL), were mixed with 40 mg of hydroxyapatite/tricalcium phosphate powder (HA/TCP) with 100 μL of standard growth medium. Mixture of cells with HA/TCP was implanted subcutaneously into the dorsal surface of 2-month-old female immuno-deficient NOD/SCID mice under anesthesia, induced by an intraperitoneal injection of ketamine/xylazine (100/10 mg/kg). Each mouse received four or six implants per treatment. Mice were sacrificed after 8 weeks of transplantation, and the implants were dissected out. Implants were fixed in 4% formaldehyde, decalcified in formic acid for 3 days, paraffin-embedded, and sectioned into 4-μm sections. Sections were stained by eosin/hematoxylin as described previously (Abdallah et al., 2008). The percentage of total bone formation per total implant was measured using the visual scoring method as described (Kaigler et al., 2006).



RNA extraction and quantitative real-time PCR (qPCR)

Total RNA was extracted using the TRIzol single-step method (Thermo Fisher Scientific). cDNA was synthesized from 2 μg of total RNA using the revertAid H minus first strand cDNA synthesis kit according to the manufacturer's instructions (Fermentas, St Leon-Rot, Germany). Gene expression analysis performed by using Applied Biosystems 7500 Real-Time system with Fast SYBR® Green Master Mix (Applied Biosystems, California, USA). β-Actin and Hprt mRNA expression used as reference genes. Gene expression measured by using a comparative CT method [(1/(2delta-CT) formula, where delta-CT is the difference between CT-target and CT-reference] with Microsoft Excel 2007® (Abdallah and Ali, 2019).



Statistical analysis

Values of at least three independent experiments expressed as mean ± SD (standard deviation). Power calculation used for 2-samples with unpaired Student's t-test (2-tailed) assuming equal variation in the two groups. *P < 0.05, and **P < 0.005 were considered statistically significant.




Results


Identification of phytochemical components of D. retrospiciens

GC–MS examination of the leaf extract of D. retrospiciens (Figure 1A) presented 13 peaks, which designated the occurrence of 13 phytochemical components. On assessment of the mass spectra of the components with the NIST library, the most predominant compounds were hydrocinnamic acid (peak value 15.43%) and asarone (peak value 14.40%); afterward, 3-(4-methoxyphenyl) propionic acid (peak value 13.49%) and gamma-asarone (13.15%) (Table 1).


[image: (A) Gas chromatography-mass spectrometry spectrum with peaks labeled with chemical names and retention times. (B) Graph showing absorbance versus wave number for samples at different times (30 to 90 minutes), with an inset of sample vials. (C) X-ray diffraction patterns with two graphs labeled 'b' and 'a', showing intensity versus 2 theta degrees with peaks labeled by crystalline planes.]
FIGURE 1
 Characterization of phyto-fabricated DR-AuNPs using GC–MS, UV-vis spectral, and XRD analysis. (A) GC–MS chromatogram of aqueous extract of D. retrospiciens. (B) UV-vis spectral examination and color intensity of DR-AuNPs at different time intervals of 45 min. The inset displays the color alteration from ruby red to a dark black color. (C) XRD patterns of (a) D. retrospiciens aqueous leaf extract and (b) DR-AuNPs biosynthesized from D. retrospiciens (*bioinorganic components occur in the leaf extract).


TABLE 1  Phytochemicals in the GC–MS-analyzed aqueous leaf extract of Desmidorchis retrospiciens.


	No.
	Compound name
	Retention time (min.)
	Area (%)





	1
	Hydrocinnamic acid
	10.45
	15.43

 
	2
	2,4-Di-tert-butylpheno
	12.50
	1.22

 
	3
	gamma-Asarone
	13.15
	8.83

 
	4
	3-(4-Methoxyphenyl)propionic acid
	13.49
	9.53

 
	5
	beta-Asarone
	13.70
	1.12

 
	6
	Asarone
	14.40
	15.33

 
	7
	Dodecyl acrylate
	14.44
	4.22

 
	8
	1-(2,4,5-Trimethoxyphenyl)propan-2-one
	15.16
	0.65

 
	9
	(1R,4aR,8aR)-7-(2-Hydroxypropan2-yl)-1, dimethyldecahydronaphthalen-1-ol
	16.02
	0.98

 
	10
	n-Hexadecanoic acid
	17.32
	8.23

 
	11
	Oxalic acid, propyl tetradecyl ester
	17.78
	0.97

 
	12
	Phytol
	18.70
	0.45

 
	13
	Octadecanoic acid
	19.17
	3.38








Biosynthesis mechanism of DR-AuNPs

To phyto-fabricate DR-AuNPs, the plant extract of D. retrospiciens was employed as a reducing, stabilizing, and capping agent. The development of DR-AuNPs was followed by the detection of color alteration. The reaction mixture's color change from yellow to ruby red designated the development of AuNPs. This color change happened as a result of the surface Plasmon resonance action (Supplementary Figure 1).



Characterization of phyto-fabricated DR-AuNPs

The UV-visible spectral examination established the biosynthesis and stability of the DR-AuNPs. At a 534 nm wavelength, the optimum DR-AuNPs biosynthesis was investigated at 60°C, pH 7 with 1 mM HAuCl4, and 45 min incubation period (Figure 1B). The reduction of AuCl4− was evident from the color alteration, and the biosynthesis process completed in 90 min, with a ruby-red color indicating the development of DR-AuNPs. The XRD of the leaf extract and DR-AuNPs are displayed in Figure 1C, where no matching peaks are observed for gold metal in the plant extract. However, Figure 1C, b display several Bragg reflection peaks at 38°, 44°, 64°, and 77°, which are indexed by planes (111), (200), (220), and (311), respectively, corresponding to the face-centered cubic orientation of Au. The (111) plane of DR-AuNPs is detected more strongly than other planes. So, it is employed to estimate the particle size of Scherrer's equation as 19 nm. Figure 2A displays the FTIR spectra for aqueous leaf extract of D. retrospiciens and DR-AuNPs. The spectra of plant extract display strong peaks at 3,346 cm−1 (O-H stretch), 2,337 cm−1 (C = N stretch), 1,629 cm−1 (C = C stretch), 1,070 cm−1 (C-N stretch), and 665 cm−1 (C-S stretch). These peaks authorize several constituents of D. retrospiciens leaf extract. The spectra of DR-AuNPs also display all these strong peaks with shift in O-H stretching from 3,346 to 3,305 cm−1 and C-C stretching from 1,629 to 1,647 cm−1. These shifts could be due to the reduction of gold ions to gold-capped phyto-fabricated DR-AuNPs. Zeta potential examination can evaluate the surface charges of NPs and assess the repulsion between the charged particles in colloid state. Peak 1 has an average of −41.3 ± 6.90 mV, and its area represented 98% of the potential distributions. The zeta potential of peak 2 was 21.7 ± 2.70 mV; though, it is only responsible for 2% of the potential distributions. The zeta potential of all the examined NPs was 41.1 ± 7.27 mV (Figure 2B). These results indicated that DR-AuNPs were stable. The FE-TEM pictures presented a perfect morphology of phyto-fabricated DR-AuNPs. The size of DR-AuNPs ranged from 10 to 20 nm with spherical shape (Figure 2C, a and b). The EDX examination of DR-AuNPs presented an optical absorption peak at 2.2 keV (Figure 2D, a), which is the characteristic absorption of metallic AuNPs. Elemental mapping investigation of DR-AuNPs presented great dispersal of Au in the SEM picture of AuNPs pellet solution (Figure 2D, b and c).


[image: (A) FTIR spectra showing two lines labeled a and b across a range of wave numbers and transmittance percentages. Key peaks are marked at specific wave numbers. (B) Zeta potential distribution graph with table, showing negative peaks at various millivolt values. (C) TEM images of nanoparticles; image a shows clustered particles, and image b shows a denser distribution. (D) Comprises an EDX spectrum with peaks at specific energy levels and two microscopy images: b is a black and white nanoparticle image, and c shows a red fluorescence nanoparticle distribution.]
FIGURE 2
 Characterization of phyto-fabricated DR-AuNPs using FTIR, Zeta potential, TEM, and EDX spectrum analysis. (A) FTIR spectra for (a) aqueous leaf extract of D. retrospiciens and (b) phyto-engineered DR-AgNPs. (B) Zeta potential distribution of DR-AuNPs biosynthesized by aqueous leaf extract of D. retrospiciens. (C) TEM pictures of DR-AuNPs at 10 nm (a), at 20 nm (b). (D) EDX spectrum of DR-AuNPs (a), elemental mapping: electron micrograph area of DR-AgNPs (b), spreading of Au element (c).




Antibacterial action of DR-AuNPs

The minimum inhibitory concentration (MIC) of DR-AuNPs against MRSA was determined using a microdilution assay in Mueller–Hinton broth. Our results show that DR-AuNPs inhibited bacterial growth at concentrations ≥50 μg/mL, indicating that 50 μg/mL is the MIC. A dose-dependent increase in the size of the inhibition zone was observed from 12.5 μg/mL, with the greatest size achieved at 50 μg/mL. However, the inhibition zone was not detected in control loaded with DMSO, while vancomycin displayed higher growth suppression (Figure 3A). Additionally, the growth of MRSA treated with DR-AuNPs decreased after 2 h of incubation as compared with the control (Figure 3B). DR-AuNPs at a concentration of 50 μg/mL completely suppressed MRSA. Moreover, the antibacterial activity of DR-AuNPs was confirmed by a Live/Dead fluorescent staining test, where the number of dead MRSA (red) significantly increased after exposure to DR-AuNPs and vancomycin by 82% and 41%, respectively, as compared with control (Figures 3C, D). The aqueous leaf extract of D. retrospiciens (without gold salt) was tested as a control in MIC inhibition assay. It did not exhibit significant antibacterial action against MRSA at the tested concentrations. These results support that the observed effects are primarily due to DR-AuNPs (Data not shown).


[image: (A) Agar plate with five discs labeled one to five, showing zones of inhibition around them. (B) Line graph of optical density at six hundred ten nanometers over time for control, vancomycin, and BADE, with statistical significance indicated. (C) Fluorescence microscopy images of bacterial cells stained with SYTO9 and PI under different treatments: DMSO, vancomycin, and DR-AuNPs, showing varying levels of fluorescence intensity and merging results. (D) Bar graph of relative fluorescence intensity comparing control, vancomycin, and DR-AuNPs, with statistical significance noted.]
FIGURE 3
 Antibacterial activity of DR-AuNPs against MRSA. (A) Disc diffusion assay demonstrating the antibacterial action showing zone of antibacterial inhibition against MRSA by DMSO (negative control) (1), DR-AuNPs (12.5 μg/ml) (2), Vancomycin (positive control) (3), DR-AuNPs (25 μg/ml) (4), and DR-AuNPs (50 μg/ml) (5). Data are represented as the mean zone of inhibition in mm. (B) The bactericidal activity of DR-AuNPs (50 μg/ml) and vancomycin (100 μg/ml) against MRSA. Data are the means ± SD (n = 3). (C) Live/dead (SYTO9/PI) stain pictures of MRSA treated with DR-AuNPs (50 μg/ml) and vancomycin (100 μg/ml) for 6 h using confocal microscopy. Red, dead bacteria. Green signal, living bacteria. PI, propidium iodide. Scale bar = 20 μm. (D) The membrane potential of MRSA exposed to DR-AuNPs (50 μg/ml) and vancomycin (100 μg/ml) for 6 h was assessed by membrane potential sensitive fluorochrome DiBAC4 (mean ± SD, n = 3). **p < 0.005.




Effect of DR-AuNPs on MRSA ultrastructure modification

We studied the effect of DR-AuNPs on bacterial ROS production. Treatment of MRSA with DR-AuNPs resulted in a greater (66%) intracellular ROS accumulation compared to vancomycin treatment (30%), and was significantly higher than the control (Figure 4A).
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FIGURE 4
 Effect of DR-AuNPs on bacterial ROS production. (A) The intracellular ROS levels of the DR-AuNPs and vancomycin-treated MRSA. Data are the means ± SD (n = 3). (B) ATP release in MRSA treated with DR-AuNPs. (C) AkP release in MRSA treated with DR-AuNPs. Values are expressed as mean ± SD (n = 3), **P < 0.005 compared to control. (D) Scanning electron microscopy pictures of MRSA cells treated for 24 h with DMSO (control sample) and MIC or MBC of DR-AuNPs and vancomycin. (E) Ultrastructure of MRSA cells incubated for 30 min with DMSO (negative control). Scale bars =100 nm, vancomycin (positive control, 100 μg/ml). Arrow displays MV. Scale bars = 200 nm, and DR-AuNPs (50 μg/ml). (1) Multi-membrane structures. The insert displays these structures at higher magnification. (2) “Decorated” fibers, inserts on image displays “decorated” fibers at higher magnification. Scale bars = 200 nm. Values are mean ± SD of three independent experiments, **P < 0.005, compared to control. *p < 0.005


We evaluated the differences in ATP levels by MRSA after exposure to various concentrations of DR-AuNPs (6.25–50 μg/mL). DR-AuNPs suppress ATP in MRSA in a dose-dependent manner (Figure 4B). AKP is used as a crucial sign for measuring the integrity of the cell wall. As presented in Figure 4C, DR-AuNPs (50 μg/mL) expressively increase the discharge of AKP after 1 h, as compared to control. Moreover, the discharge of AKP rose to 2.7 King units/g after 6 h of exposure (Figure 4C). Remarkably, DR-AuNPs had a major influence on both ATP and AKP in MRSA compared to vancomycin.

MRSA cells treated with DMSO displayed a spherical form and a preserved cell membrane. Nevertheless, after treatments with DR-AuNPs and vancomycin at their respective MICs for 24 h, the morphology of MRSA was altered as assessed by SEM (Figure 4D). Part of the cell's peptidoglycan structure appeared to be depressed, representing an early destruction. MRSA cells treated with MBC concentrations appeared distorted and crumpled, demonstrating that the intracellular components had been released. There was a reduced number of MRSA cells. It was difficult to find the ones treated with DR-AuNPs, possibly due to the significant destruction of the MRSA peptidoglycan layer and cell membrane. Consequently, cell death and dispassion from the filter holder (Figure 4D). The decrease in cell size and diameter detected could be due to the leak of cytosolic fluids outside the cells. The TEM investigation confirms the action of DR-AuNPs on the morphology of MRSA cells. The ultrastructure of MRSA cells treated with DMSO did not markedly differ from the published data. MRSA cells in ultrathin sections had a shape close to spherical and a diameter of 600–900 nm. Approximately half of the cells displayed the development of septa, indicating cell division (Figure 4E). However, MRSA cells treated with vancomycin were characterized by the development of multi-membrane structures that did not look like mesosomes. These structures are comprised of thin membranes and are found in areas of septum establishment and on ultrathin sections, resembling a loose accumulation of unordered membranes that occasionally comprise electron-dense material (Figure 4E). Interestingly, exposure of MRSA cells to DR-AuNPs resulted in the formation of multilayered membrane structures that differ in form and size. All these structures could be classified into two forms: membranes that were firmly fixed together and had a high electron density; membranes had a normal electron density, and the space between them was filled with a homogeneous substance of normal electron density that looked like the nearby cytoplasm (Figure 4E).



Anti-biofilm activity of DR-AuNPs

DR-AuNPs exhibited a dose-dependent anti-biofilm effect against MRSA, achieving a biofilm suppression of 92% at a concentration of 100 μg/ml, as measured by the crystal violet assay. After this concentration, the biofilm suppression was not significantly increased (Figures 5A, B).
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FIGURE 5
 Anti-biofilm activity of DR-AuNPs against MRSA. (A) Effect of DR-AuNPs on the biofilm development of MRSA as examined by crystal violet staining represented as a percentage of biofilm inhibition. The lowermost pictures display the corresponding crystal violet-stained MRSA biofilm. The error bars indicate standard deviations. The asterisks represent statistical significance (P < 0.05). (B) The growth of MRSA OD 600 nm. The error bars indicate standard deviations. The asterisks represent statistical significance (P < 0.05). (C) Light microscopic pictures (400×) showing the dose-dependent anti-biofilm activity of DR-AuNPs against MRSA. Scale bar = 50 μm. (D) Scanning electron microscopy pictures displaying the decrease of adherence of MRSA on plasma-coated titanium surface after treatment with DR-AuNPs (100 μg/ml) at two magnifications. (E) Congo red test demonstrating the decrease in the synthesis of polysaccharide intracellular adhesion after treatment with different concentrations of DR-AuNPs. Values are mean ± SD of three independent experiments, **P < 0.005, compared to control.


The anti-biofilm activity of DR-AuNPs was additionally evaluated by microscopic examination. Light micrographs revealed a continued decrease in surface coverage with rising concentrations of DR-AuNPs (Figure 5C). In addition, the development of MRSA biofilm in the presence of DR-AuNPs was examined using SEM. The control surface was detected to be enclosed by MRSA biofilm, while a monolayer of detached MRSA cells was detected in the DR-AuNPs-exposed surface (Figure 5D). Moreover, the Congo red agar test revealed that the bacterial cells seemed black in the absence of DR-AuNPs. However, DR-AuNPs treatment progressively repressed the black coloration in a concentration-dependent manner (Figure 5E).



Effect of DR-AuNPs on MRSA biofilm development under flow conditions

The effect of DR-AuNPs on active biofilm formation was investigated employing a BioFlux 1000 system. In the DMSO group, MRSA cells adhered firmly to the bottom of the channel (Figure 6A) and the biomass of the MRSA biofilm progressively increased, reaching a peak at 8.3 h (Figure 6B), with ~32% threshold areas. However, in the channels exposed to vancomycin, biofilm biomass displayed a moderate area. Interestingly, in the DR-AuNPs group, a significant suppression of biofilm development (3% threshold area) was observed and no clear peak was detected (Figures 6A, B).
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FIGURE 6
 Effect of DR-AuNPs on MRSA biofilms. (A) Inhibition of biofilm establishment of the MRSA by DR-AuNPs under a flowing condition (BioFlux 1000 system). The 24-h biofilm developed in the channels was snapped. (B) The amount of biomass was examined in real-time using BioFlux Montage software 2.3. (C) Live/dead staining. Fifty μg/mL of DR-AuNPs, 100 μg/mL of vancomycin, or 0.1% DMSO (negative control) were added to a pre-formed 24 h biofilm of MRSA in fluoroDishes. After 24 h incubation, the biofilm thickness and fluorescence intensities were assessed.




Effect of DR-AuNPs on MRSA mature biofilm and cell viability

CLSM indicated that the mature biofilm of MRSA following exposure to DMSO had an average thickness of 13.3 μm and retained its complete structure. Exposure to vancomycin (MIC) led to an increase in biofilm thickness to 18.9 μm. Furthermore, the quantity of dead MRSA cells in the DMSO and vancomycin groups was about 0.25 and 0.40, respectively. However, it increased to ~0.70 in the DR-AuNPs-treated mature biofilm (Figure 6C). Interestingly, the exposure to DR-AuNPs (MIC) resulted in a significant decrease in average thickness (10.5 μm) and a ruined structure (Figure 6C).



DR-AuNPs stimulate the differentiation of mBMSCs into osteoblast lineage

To study the osteo-inductive effect of DR-AuNPS, we first examined its cytotoxicity on mouse bone marrow-derived mBMSCs. As shown in Figure 7A, DR-AuNPS did not display any cytotoxicity on mBMSCs viability up to a concentration of 100 μg/mL (Figure 7A), as assessed by MTT assay. DR-AuNPS significantly reduced cell viability at a concentration of 200 μg/mL. DR-AuNPS displayed strong in vitro osteoinductive effect as revealed by its stimulatory effect on increasing ALP activity (Figure 7B) and matrix mineralization production (Figure 7C) by mBMSC. In addition, DR-AUNPS upregulated the mRNA expression of early and late bone marker genes as measured by qPCR analysis (Figure 7D). We further examined the effect of DR-AuNPS on enhancing the ectopic bone formation capacity of mBMSCs in vivo. Interestingly, as shown in Figure 7E, treatment of mBMSCs with DR-AuNPS was found to increase their in vivo bone formation capacity in a dose-dependent manner.
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FIGURE 7
 Stimulatory effect of DR-AuNPs on osteoblast differentiation of mBMSCs in vitro and in vivo. (A) Cytotoxicity of DR-AuNPs on primary mBMSCs. The effect of different concentrations of DR-AuNPs on cell viability was assessed using the MTT assay after 48 h of treatment. Dose-dependent stimulatory effect of DR-AuNPs on (B) ALP activity and (C) matrix mineralization of mBMSCs. Cells were induced to osteoblast differentiation in the absence (Ctrl) or presence of different concentrations of DR-AuNPs for 12 days. ALP and Alizarin red staining images are shown. (D) qPCR analysis of the expression of osteoblast marker gene expression in mBMSCs after 12 days of osteogenic induction without or with DR-AuNPs (100 μg/mL). Gene expression was normalized to reference genes and represented as fold change compared to induced cells without DR-AuNPs (E). Histological analysis of in vivo ectopic bone formation by mBMSCs loaded on HA/TCP and treated without or with DR-AuNPs (100 μg/mL) after 8 weeks of subcutaneous transplantation in immunodeficient mice. Implants without cells were used as negative control. The graph shows the quantification of new bone formation as a percentage of the total area. Values represent the mean ± SD of three independent experiments, **P < 0.005, compared to control.




DR-AuNPs exerts osteoinductive activity via stimulating ERK1/2 signaling pathway

We investigated the signaling pathway that regulates the stimulatory effect of DR-AuNPs on osteogenesis. As shown in Figure 8A, DR-AuNPs significantly stimulate the activation of ERK1/2 phosphorylation in a dose-dependent manner during osteoblast differentiation of mBMSCs. On the other hand, the DR-AuNPs did not affect the phosphorylation of other members of the MAPK family, including p38 or JNK proteins, as assessed by Western blot analysis (Figure 8A). The stimulatory effect of DR-AuNPs on ERK1/2 activation was further confirmed by using an ERK1/2 specific inhibitor, U0126 (Figure 8B). Interestingly, blocking of ERK1/2 activation by U0126 during osteoblast differentiation of mBMSCs showed that inhibited DR-AuNPs-induced ALP activity and matrix mineralization by 42% and 63%, respectively (Figures 8C, D). Thus, the osteo-inductive effect of DR-AuNPs is mediated via activating ERK1/2 signaling.


[image: Figure 8]
FIGURE 8
 The osteoinductive effect of DR-AuNPs is mediated by MAPK/ERK signaling pathway. (A) Effect of DR-AuNPs on MAPK-related proteins expression in mBMSCs as measured by Western blot analysis. Cells were induced to osteoblast differentiation in the absence (I) or the presence of different concentrations of DR-AuNPs for 4 h. The graph illustrating the quantification of ERK1/2 band density is shown. (B) Western blot analysis of the inhibitory effect of the specific ERK1/2 inhibitor, U0126, on DR-AuNPs-induced ERK1/2 phosphorylation during osteogenesis in mBMSCs. Cells pre-treated with U0126 (10 μM) and induced with an osteogenic cocktail for 4 h, without (I) or with DR-AuNPs (100 μg/mL). (C) Blocking of ERK1/2 activation by U0126 in mBMSC significantly suppressed the stimulatory effect of DR-AuNPs on osteogenesis as assessed by the quantification of ALP activity and (D) matrix mineralization. Values represent mean ± SD of three independent experiments, **P < 0.005, compared to control non-induced cells.





Discussion

Osteomyelitis is challenging to diagnose and treat due to its biological complexities and the heterogeneity of infectious presentations, as well as its pathophysiology. In this research, we phyto-fabricated AuNPs using extract of D. retrospiciens and established their antibacterial and osteo-inductive activities as a promising bioactive agent for osteomyelitis treatment. Our data provide a novel and promising strategy for treating osteomyelitis using green AuNPs as compared with reported complicated compositions of nanoparticles.

We phyto-fabricated DR-AuNPs for the first time using aqueous leaf extract of D. retrospiciens. Interestingly, D. retrospiciens presented medicinal properties and is known for its antibacterial, antiviral, and wound healing activities (Al-Robai et al., 2022). The GC-MS analysis of D. retrospiciens extract revealed the presence of 13 major bioactive phytochemicals with pharmacological activities, including antimicrobial properties. For example, hydroxycinnamic acid, n-hexadecanoic acid, and 2,4-di-tert-butylphenol displayed antioxidant, anti-inflammatory, and antimicrobial actions (Taofiq et al., 2017; Zhao et al., 2020; Aparna et al., 2012). In addition, asarone presents a wide range of pharmacological activities, including antioxidant, anti-inflammatory, antidiabetic, antifungal, anti-ulcer, anti-allergic, and wound healing activities (Lam et al., 2017). Thus, these phytochemicals could act as green bio-reducing and capping agents for biosynthesis of DR-AuNPs.

DR-AuNPs was established by a strong peak at 534 nm, which is consistent with the described UV-Visible spectral region of AuNPs between 500 and 600 nm (Pashkov et al., 2021). XRD configuration endorsing the crystalline features of DR-AuNPs. The FTIR spectrum of D. retrospiciens leaf extract shows the occurrence of primary phytochemicals, such as carbohydrates, steroids, tannins, alkaloids, flavonoids, and saponins as described by others (Shahat et al., 2005; Madouh and Davidson, 2024). Furthermore, the measurement of the zeta potential of the phyto-fabricated DR-AuNPs proposed that these nanoparticles had higher stability. The EDX examination of DR-AuNPs revealed an optical absorption band at 2.2 keV, which is the distinctive absorption of metal AuNPs (Elavazhagan and Arunachalam, 2011).

Our in vitro data confirmed the antibacterial activity of DR-AuNPs against MRSA-induced osteomyelitis. Several studies have reported that plant-based AuNPs can significantly inhibit the growth of MRSA in vitro. For example, phyto-synthesized AuNPs extracts of Plinia cauliflora, Punica granatum, and Hippeastrum hybridum displayed powerful antibacterial activity against MRSA (Franzolin et al., 2022; Sher et al., 2022).

Several studies have described the design of nano-composition for the treatment of MRSA-induced osteomyelitis with antibacterial and osteogenic capacities. For example, mesoporous silica nanoparticles are reported to reduce the S. aureus biomass, impair biofilm development, and significantly decrease the infection in an in vitro osteomyelitis model (Aguilera-Correa et al., 2022). Additionally, AgNPs-coated stainless steel nails and copper sericin metal–organic frameworks are reported to exert therapeutic effect against S. aureus—prompted osteomyelitis (Wang et al., 2024; Kundu et al., 2022).

The antibacterial action of DR-AuNPs against MRSA might be attributed to the role of DR-AuNPs as a vehicle for plant phytochemicals, which act as capping and stabilizing agents, supporting the dissemination into MRSA cells. AuNPs adhere to the MRSA surface and alter the membrane structural integrity. Finally, nanoparticles penetrate the MRSA cell and interact with its intracellular constituents, damaging it until it cannot perform active cellular processes (Lee and Jun, 2019). Additionally, the alteration of vital signaling transduction, which is essential for the bacterial life cycle, is one of the mechanisms of action of nanoparticles (Masimen et al., 2022). Furthermore, consistent with previously reported data, DR-AuNPs were shown to impair the outer cell membrane of MRSA and thus cause bacterial death (Huynh et al., 2023).

Our data demonstrated the capacity of DR-AuNPs to significantly increase the intracellular ROS production in bacterial cells. Similarly, AuNPs reported to improve the bactericidal activity of methylene blue on MRSA via increasing the accumulation of ROS (Perni et al., 2009). In addition, Au-NPs were shown to induce ROS and to produce free radicals, thus activating irreversible oxidative damage to the bacteria (Durán et al., 2016).

Exploring the anti-biofilm activity of osteomyelitis-infection strains is important for clinicians to understand, assess, and control biofilm-associated orthopedic infections. DR-AuNPs suppressed the in vitro biofilm development of MRSA-induced osteomyelitis via inhibiting the surface adherence of MRSA. In this regard, AuNPs are reported to damage the bacterial biofilm to kill bacteria via different mechanisms, which include interfering with the quorum sensing system and reducing the hydrophobicity index (Manju et al., 2016; Ali et al., 2020).

Our data demonstrated the osteoinductive activity of DR-AuNPs in stimulating the early commitment of BMSCs into osteoblast lineage and enhancing their in vivo ectopic bone formation capacity. Similarly, plant-based Au-NPs reported to significantly enhance osteogenesis. For example, Eucalyptus globulus leaf extract-based Au-NPs and Panax ginseng root extract-based Au-NPs were shown to stimulate the osteogenesis of MC3T3-E1 osteoblast-like cells and BMSCs, respectively (Kepekci et al., 2019; Guan et al., 2021). Interestingly, no data available on the in vivo effect of green Au-NPs on enhancing bone formation. However, many studies reported promising therapeutic effects of conventionally synthesized Au-NPs in bone tissue regeneration. For example, crude enzyme extracts of Bacillus licheniformis-mediated biosynthesized Au-NPs have been shown to facilitate bone regeneration upon integration with scaffold (Singh et al., 2020). A biodegradable hydrogel loaded with Au-NPs demonstrated significant potential in enhancing new bone formation in an in vivo bone defect model (Heo et al., 2014). Thus, this is the first report to demonstrate the osteoinductive potential of plant-based Au-NPs in enhancing ectopic bone formation capacity of BMSCs in vivo.

Several key signaling pathways are involved in the regulation of osteogenesis, bone formation, and bone homeostasis, including TGF-β/BMP, Wnt, Hedgehog, PTH, and MAPK (Wang et al., 2025; Abdallah et al., 2015). The osteoblast differentiation mechanism is mediated by activating MAPK signaling pathway, which is involved in the activation of the key regulatory factor of osteogenesis, RUNX2, and its downstream-related osteogenic markers (Ge et al., 2016; Abdallah et al., 2015; Wang et al., 2025; Xiao et al., 2000). In this context, we demonstrated that the stimulatory effect of DR-AuNPs on osteoblast differentiation of BMSCs is mediated via activating MAPK ERK1/2. Similarly, citrate-reduced AuNPs are reported to stimulate the bone-derived MSCs osteogenesis via activating p38 MAPK (Yi et al., 2010). On the other hand, chitosan-conjugated AuNPs promote the osteogenesis of adipose-derived MSC via activating the Wnt/β-catenin signaling pathway (Choi et al., 2015). Thus, it appears that the regulatory mechanism of osteogenesis by Au-NPs depends on the fabrication method of nanoparticles and the type of cells used.



Conclusion

Osteomyelitis is a chronic inflammation of bone caused by a pathogenic infection. We phyto-fabricate AuNPs using plant extract of D. retrospiciens (DR-AuNPs) and examined their potential as a green strategic therapy for osteomyelitis. Interestingly, DR-AuNPs exhibited antibacterial activity against MRSA-induced osteomyelitis by increasing ROS production, inducing membrane leakage, membrane permeability, and disrupting the surface structure of MRSA. In addition, DR-AuNPs exhibited a significant osteoinductive effect, promoting the osteoblast differentiation of BMSCs in vitro and enhancing their ectopic bone formation capacity in vivo. Thus, our data provided green DR-AuNPs as a promising agent for management of osteomyelitis.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

Ethical approval was not required for the studies on humans in accordance with the local legislation and institutional requirements because only commercially available established cell lines were used. The animal study was approved by Research Ethics Committee, Deanship of Scientific Research at King Faisal University. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

BA: Conceptualization, Funding acquisition, Methodology, Project administration, Resources, Writing – original draft, Writing – review & editing. PR: Formal analysis, Investigation, Methodology, Validation, Writing – review & editing. EA: Conceptualization, Formal analysis, Investigation, Methodology, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. The authors extend their appreciation to the King Salman Center for Disability Research for funding this work through Research Group No KSRG-2024-194.



Acknowledgments

The authors extend their appreciation to the King Salman Center for Disability Research for funding this work through Research Group No KSRG-2024-194.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



Generative AI statement

The author(s) declare that no Gen AI was used in the creation of this manuscript.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1633245/full#supplementary-material



References

 Abdallah, B. M., and Ali, E. M. (2019). 0.5′-hydroxy Auraptene stimulates osteoblast differentiation of bone marrow-derived mesenchymal stem cells via a BMP-dependent mechanism. J. Biomed. Sci. 26:51. doi: 10.1186/s12929-019-0544-7

 Abdallah, B. M., and Ali, E. M. (2020). Butein promotes lineage commitment of bone marrow-derived stem cells into osteoblasts via modulating ERK1/2 signaling pathways. Molecules 25:1885. doi: 10.3390/molecules25081885

 Abdallah, B. M., Alzahrani, A. M., Abdel-Moneim, A. M., Ditzel, N., and Kassem, M. (2019). A simple and reliable protocol for long-term culture of murine bone marrow stromal (mesenchymal) stem cells that retained their in vitro and in vivo stemness in long-term culture. Biol. Proced. Online 21:3. doi: 10.1186/s12575-019-0091-3

 Abdallah, B. M., Ditzel, N., and Kassem, M. (2008). Assessment of bone formation capacity using in vivo transplantation assays: procedure and tissue analysis. Methods Mol. Biol. 455, 89–100. doi: 10.1007/978-1-59745-104-8_6

 Abdallah, B. M., Jafari, A., Zaher, W., Qiu, W., and Kassem, M. (2015). Skeletal (stromal) stem cells: an update on intracellular signaling pathways controlling osteoblast differentiation. Bone 70, 28–36. doi: 10.1016/j.bone.2014.07.028

 Abdulrehman, T., Qadri, S., Haik, Y., Sultan, A., Skariah, S., Kumar, S., et al. (2024). Advances in the targeted theragnostics of osteomyelitis caused by Staphylococcus aureus. Arch. Microbiol. 206:288. doi: 10.1007/s00203-024-04015-2

 Aguilera-Correa, J. J., Gisbert-Garzarán, M., Mediero, A., Fernández-Aceñero, M. J., De-Pablo-Velasco, D., Lozano, D., et al. (2022). Antibiotic delivery from bone-targeted mesoporous silica nanoparticles for the treatment of osteomyelitis caused by methicillin-resistant Staphylococcus aureus. Acta Biomater. 154, 608–625. doi: 10.1016/j.actbio.2022.10.039

 Ali, S. G., Ansari, M. A., Alzohairy, M. A., Alomary, M. N., Jalal, M., Alyahya, S., et al. (2020). Effect of biosynthesized ZnO nanoparticles on multi-drug resistant Pseudomonas aeruginosa. Antibiotics 9:260. doi: 10.3390/antibiotics9050260

 Al-Robai, S. A., Ahmed, A. A. E., Mohamed, H. A., Ahmed, A. A., Zabin, S. A., and Alghamdi, A. A. A. (2022). Qualitative and quantitative ethnobotanical survey in Al Baha Province, Southwestern Saudi Arabia. Diversity 14:867. doi: 10.3390/d14100867

 Aparna, V., Dileep, K. V., Mandal, P. K., Karthe, P., Sadasivan, C., and Haridas, M. (2012). Anti-inflammatory property of n-hexadecanoic acid: structural evidence and kinetic assessment. Chem. Biol. Drug Des. 80, 434–439. doi: 10.1111/j.1747-0285.2012.01418.x

 Awadh Ali, N. A., Al Sokari, S. S., Gushash, A., Anwar, S., Al-Karani, K., and Al-Khulaidi, A. (2017). Ethnopharmacological survey of medicinal plants in Albaha Region, Saudi Arabia. Pharmacognosy Res. 9, 401–407. doi: 10.4103/pr.pr_11_17

 Babuska, V., Kasi, P. B., Chocholata, P., Wiesnerova, L., Dvorakova, J., Vrzakova, R., et al. (2022). Nanomaterials in bone regeneration. Appl. Sci. 12:6793. doi: 10.3390/app12136793

 Becerra, M. C., and Albesa, I. (2002). Oxidative stress induced by ciprofloxacin in Staphylococcus aureus. Biochem. Biophys. Res. Commun. 297, 1003–1007. doi: 10.1016/S0006-291X(02)02331-8

 Chandrasekaran, R., Meignanam, E., Vijayakumar, V., Thiagarajan, K., Subramanian, R., and Premkumar, N. (2008). Investigations on antibacterial activity of leaf extracts of Azadirachta indica A. Juss (Meliaceae): a traditional medicinal plant of India. Ethnobot. Leaflets 12, 1213–1217.

 Choi, S. Y., Song, M. S., Ryu, P. D., Lam, A. T., Joo, S. W., and Lee, S. Y. (2015). Gold nanoparticles promote osteogenic differentiation in human adipose-derived mesenchymal stem cells through the Wnt/β-catenin signaling pathway. Int. J. Nanomed. 10, 4383–4392. doi: 10.2147/IJN.S78775

 David, F., Berger, A., Hänsch, R., Rohde, M., and Franco-LARA, E. (2011). Single cell analysis applied to antibody fragment production with Bacillus megaterium: development of advanced physiology and bioprocess state estimation tools. Microb. Cell Fact. 10:23. doi: 10.1186/1475-2859-10-23

 Durán, N., Durán, M., De Jesus, M. B., Seabra, A. B., Fávaro, W. J., and Nakazato, G. (2016). Silver nanoparticles: a new view on mechanistic aspects on antimicrobial activity. Nanomedicine 12, 789–799. doi: 10.1016/j.nano.2015.11.016

 Elavazhagan, T., and Arunachalam, K. D. (2011). Memecylon edule leaf extract mediated green synthesis of silver and gold nanoparticles. Int. J. Nanomedicine 6, 1265–1278. doi: 10.2147/IJN.S18347

 Franzolin, M. R., Courrol, D. D. S., Silva, F. R. D. O., and Courrol, L. C. (2022). Antimicrobial activity of silver and gold nanoparticles prepared by photoreduction process with leaves and fruit extracts of Plinia cauliflora and Punica granatum. Molecules 27:6860. doi: 10.3390/molecules27206860

 Ge, C., Cawthorn, W. P., LI, Y., Zhao, G., Macdougald, O. A., and Franceschi, R. T. (2016). Reciprocal control of osteogenic and adipogenic differentiation by ERK/MAP kinase phosphorylation of Runx2 and PPARγ transcription factors. J. Cell. Physiol. 231, 587–596. doi: 10.1002/jcp.25102

 Georgeous, J., Alsawaftah, N., Abuwatfa, W. H., and Husseini, G. A. (2024). Review of gold nanoparticles: synthesis, properties, shapes, cellular uptake, targeting, release mechanisms and applications in drug delivery and therapy. Pharmaceutics 16:1332. doi: 10.3390/pharmaceutics16101332

 Gimza, B. D., and Cassat, J. E. (2021). Mechanisms of antibiotic failure during Staphylococcus aureus osteomyelitis. Front. Immunol. 12:638085. doi: 10.3389/fimmu.2021.638085

 Guan, M., Pan, D., Zhang, M., Leng, X., and Yao, B. (2021). The aqueous extract of eucommia leaves promotes proliferation, differentiation, and mineralization of osteoblast-like MC3T3-E1 cells. Evid. Based Complement Alternat. Med. 2021:3641317. doi: 10.1155/2021/3641317

 Guo, F., Liang, Q., Zhang, M., Chen, W., Chen, H., Yun, Y., et al. (2021). Antibacterial activity and mechanism of linalool against Shewanella putrefaciens. Molecules 26:245. doi: 10.3390/molecules26010245

 Hatzenbuehler, J., and Pulling, T. J. (2011). Diagnosis and management of osteomyelitis. Am. Fam. Physician 84, 1027–1033.

 Heo, D. N., Ko, W.-K., Bae, M. S., Lee, J., Lee, D.-W., Byun, W., et al. (2014). Enhanced bone regeneration with a gold nanoparticle–hydrogel complex. J. Mater. Chem. B 2, 1584–1593. doi: 10.1039/C3TB21246G

 Hofstee, M. I., Muthukrishnan, G., Atkins, G. J., Riool, M., Thompson, K., Morgenstern, M., et al. (2020). Current concepts of osteomyelitis: from pathologic mechanisms to advanced research methods. Am. J. Pathol. 190, 1151–1163. doi: 10.1016/j.ajpath.2020.02.007

 Huynh, P. T., Le Tran, K. T., Nguyen, T. T. H., Lam, V. Q., Phan, N. T. K., and Ngo, T. V. K. (2023). Preparation and characterization of spiked gold nanobipyramids and its antibacterial effect on methicillin-resistant Staphylococcus aureus and methicillin-sensitive Staphylococcus aureus. J. Genet. Eng. Biotechnol. 21:121. doi: 10.1186/s43141-023-00589-4

 Junka, A. F., Żywicka, A., Szymczyk, P., Dziadas, M., Bartoszewicz, M., and Fijałkowski, K. (2017). A.D.A.M. test (antibiofilm dressing's activity measurement) — simple method for evaluating anti-biofilm activity of drug-saturated dressings against wound pathogens. J. Microbiol. Methods 143, 6–12. doi: 10.1016/j.mimet.2017.09.014

 Kaigler, D., Wang, Z., Horger, K., Mooney, D. J., and Krebsbach, P. H. (2006). VEGF scaffolds enhance angiogenesis and bone regeneration in irradiated osseous defects. J. Bone Min. Res. 21, 735–744. doi: 10.1359/jbmr.060120

 Karnwal, A., Jassim, A. Y., Mohammed, A. A., Sharma, V., Al-Tawaha, A. R. M. S., and Sivanesan, I. (2024). Nanotechnology for healthcare: plant-derived nanoparticles in disease treatment and regenerative medicine. Pharmaceuticals 17:1711. doi: 10.3390/ph17121711

 Kepekci, A. H., Ergul, Z., Gultekin, A., and Karaoz, E. (2019). The effect of Korean red ginseng on mesenchymal stem cells from healthy and osteoporotic human bone marrow. Int. J. Physiol. Pathophysiol. Pharmacol. 11, 76–82.

 Khan, T., Ullah, N., Khan, M. A., Mashwani, Z. U., and Nadhman, A. (2019). Plant-based gold nanoparticles; a comprehensive review of the decade-long research on synthesis, mechanistic aspects and diverse applications. Adv. Colloid Interface Sci. 272:102017. doi: 10.1016/j.cis.2019.102017

 Khlebtsov, N., Bogatyrev, V., Dykman, L., Khlebtsov, B., Staroverov, S., Shirokov, A., et al. (2013). Analytical and theranostic applications of gold nanoparticles and multifunctional nanocomposites. Theranostics 3, 167–180. doi: 10.7150/thno.5716

 Knobloch, J. K., Horstkotte, M. A., Rohde, H., and Mack, D. (2002). Evaluation of different detection methods of biofilm formation in Staphylococcus aureus. Med. Microbiol. Immunol. 191, 101–106. doi: 10.1007/s00430-002-0124-3

 Kundu, B., Reis, R. L., and Kundu, S. C. (2022). Biomimetic antibacterial pro-osteogenic cu-sericin MOFs for osteomyelitis treatment. Biomimetics 7:64. doi: 10.3390/biomimetics7020064

 Lam, K. Y. C., Yao, P., Wang, H., Duan, R., Dong, T. T. X., and Tsim, K. W. K. (2017). Asarone from Acori Tatarinowii Rhizome prevents oxidative stress-induced cell injury in cultured astrocytes: a signaling triggered by Akt activation. PLoS ONE 12:e0179077. doi: 10.1371/journal.pone.0179077

 Lee, S. H., and Jun, B. H. (2019). Silver nanoparticles: synthesis and application for nanomedicine. Int. J. Mol. Sci. 20:865. doi: 10.3390/ijms20040865

 Lima, A. L., Oliveira, P. R., Carvalho, V. C., Cimerman, S., and Savio, E. (2014). Recommendations for the treatment of osteomyelitis. Braz. J. Infect. Dis. 18, 526–534. doi: 10.1016/j.bjid.2013.12.005

 Madouh, T. A., and Davidson, M. K. (2024). Phytochemical screening and potential effects of Farsetia aegyptia turra seeds: a native desert herb, from Kuwait. J. Trop. Agric. 62, 81–96.

 Manju, S., Malaikozhundan, B., Vijayakumar, S., Shanthi, S., Jaishabanu, A., Ekambaram, P., et al. (2016). Antibacterial, antibiofilm and cytotoxic effects of Nigella sativa essential oil coated gold nanoparticles. Microb. Pathog. 91, 129–135. doi: 10.1016/j.micpath.2015.11.021

 Masimen, M. A. A., Harun, N. A., Maulidiani, M., and Ismail, W. I. W. (2022). Overcoming methicillin-resistance Staphylococcus aureus (MRSA) using antimicrobial peptides-silver nanoparticles. Antibiotics 11:951. doi: 10.3390/antibiotics11070951

 Mendoza, G., Regiel-Futyra, A., Andreu, V., Sebastián, V., Kyzioł, A., Stochel, G., et al. (2017). Bactericidal effect of gold-chitosan nanocomposites in coculture models of pathogenic bacteria and human macrophages. ACS Appl. Mater. Interfaces 9, 17693–17701. doi: 10.1021/acsami.6b15123

 Natan, M., and Banin, E. (2017). From Nano to Micro: using nanotechnology to combat microorganisms and their multidrug resistance. FEMS Microbiol. Rev. 41, 302–322. doi: 10.1093/femsre/fux003

 Nkere, C., and Iroegbu, C. (2005). Antibacterial screening of the root, seed and stembark extracts of Picralima nitida. Afr. J. Biotechnol. 4, 522–526.

 Pashkov, D. M., Guda, A. A., Kirichkov, M. V., Guda, S. A., Martini, A., Soldatov, S. A., et al. (2021). Quantitative analysis of the UV–vis spectra for gold nanoparticles powered by supervised machine learning. J. Phys. Chem. C 125, 8656–8666. doi: 10.1021/acs.jpcc.0c10680

 Passos, T. F., Souza, M. T., Zanotto, E. D., and De Souza, C. W. O. (2021). Bactericidal activity and biofilm inhibition of F18 bioactive glass against Staphylococcus aureus. Mater. Sci. Eng. C Mater. Biol. Appl. 118:111475. doi: 10.1016/j.msec.2020.111475

 Perni, S., Piccirillo, C., Pratten, J., Prokopovich, P., Chrzanowski, W., Parkin, I. P., et al. (2009). The antimicrobial properties of light-activated polymers containing methylene blue and gold nanoparticles. Biomaterials 30, 89–93. doi: 10.1016/j.biomaterials.2008.09.020

 Sarker, S. D., Nahar, L., and Kumarasamy, Y. (2007). Microtitre plate-based antibacterial assay incorporating resazurin as an indicator of cell growth, and its application in the in vitro antibacterial screening of phytochemicals. Methods 42, 321–324. doi: 10.1016/j.ymeth.2007.01.006

 Shahat, A. A., Cuyckens, F., Wang, W., Abdel-Shafeek, K. A., Husseiny, H. A., Apers, S., et al. (2005). Structural characterization of flavonol di-O-glycosides from Farsetia aegyptia by electrospray ionization and collision-induced dissociation mass spectrometry. Rapid Commun. Mass Spectrom. 19, 2172–2178. doi: 10.1002/rcm.2041

 Sher, N., Alkhalifah, D. H. M., Ahmed, M., Mushtaq, N., Shah, F., Fozia, F., et al. (2022). Comparative study of antimicrobial activity of silver, gold, and silver/gold bimetallic nanoparticles synthesized by green approach. Molecules 27:7895. doi: 10.3390/molecules27227895

 Silago, V., Mushi, M. F., Remi, B. A., Mwayi, A., Swetala, S., Mtemisika, C. I., et al. (2020). Methicillin resistant Staphylococcus aureus causing osteomyelitis in a tertiary hospital, Mwanza, Tanzania. J. Orthop. Surg. Res. 15:95. doi: 10.1186/s13018-020-01618-5

 Singh, S., Gupta, A., Qayoom, I., Teotia, A., Gupta, S., Padmnabhan, P., et al. (2020). Biofabrication of gold nanoparticles with bone remodeling potential: an in vitro and in vivo assessment. J. Nanopart. Res. 22:152. doi: 10.1007/s11051-020-04883-x

 Singh, S., Malhotra, R., Grover, P., Bansal, R., Galhotra, S., Kaur, R., et al. (2017). Antimicrobial resistance profile of Methicillin-resistant Staphylococcus aureus colonizing the anterior nares of health-care workers and outpatients attending the remotely located tertiary care hospital of North India. J. Lab. Physicians 9:317. doi: 10.4103/JLP.JLP_8_17

 Snoddy, B., and Jayasuriya, A. C. (2016). The use of nanomaterials to treat bone infections. Mater. Sci. Eng. C Mater. Biol. Appl. 67, 822–833. doi: 10.1016/j.msec.2016.04.062

 Sondi, I., and Salopek-Sondi, B. (2004). Silver nanoparticles as antimicrobial agent: a case study on E. coli as a model for Gram-negative bacteria. J. Colloid. Interface Sci. 275, 177–182. doi: 10.1016/j.jcis.2004.02.012

 Stoodley, P., Ehrlich, G. D., Sedghizadeh, P. P., Hall-Stoodley, L., Baratz, M. E., Altman, D. T., et al. (2011). Orthopaedic biofilm infections. Curr. Orthop. Pract. 22, 558–563. doi: 10.1097/BCO.0b013e318230efcf

 Taofiq, O., González-PARAMÁS, A. M., Barreiro, M. F., and Ferreira, I. C. (2017). Hydroxycinnamic acids and their derivatives: cosmeceutical significance, challenges and future perspectives, a review. Molecules 22:281. doi: 10.3390/molecules22020281

 Turner, N. A., Sharma-Kuinkel, B. K., Maskarinec, S. A., Eichenberger, E. M., Shah, P. P., Carugati, M., et al. (2019). Methicillin-resistant Staphylococcus aureus: an overview of basic and clinical research. Nat. Rev. Microbiol. 17, 203–218. doi: 10.1038/s41579-018-0147-4

 Urish, K. L., and Cassat, J. E. (2020). Staphylococcus aureus osteomyelitis: bone, bugs, and surgery. Infect. Immun. 88:e00932-19. doi: 10.1128/IAI.00932-19

 Valliammai, A., Sethupathy, S., Priya, A., Selvaraj, A., Bhaskar, J. P., Krishnan, V., et al. (2019). 5-Dodecanolide interferes with biofilm formation and reduces the virulence of Methicillin-resistant Staphylococcus aureus (MRSA) through up regulation of agr system. Sci. Rep. 9:13744. doi: 10.1038/s41598-019-50207-y

 Walker, J. N., and Horswill, A. R. (2012). A coverslip-based technique for evaluating Staphylococcus aureus biofilm formation on human plasma. Front. Cell. Infect. Microbiol. 2:39. doi: 10.3389/fcimb.2012.00039

 Wang, L., Ruan, M., Bu, Q., and Zhao, C. (2025). Signaling pathways driving MSC osteogenesis: mechanisms, regulation, and translational applications. Int. J. Mol. Sci. 26:1311. doi: 10.3390/ijms26031311

 Wang, Z., Xu, X., Tao, H., He, G., Zhong, Z., Ma, J., et al. (2024). Antibacterial silver-nanoparticle-coated stainless steel nails for implant-associated osteomyelitis. ACS Appl. Nano Mater. 7, 14829–14843. doi: 10.1021/acsanm.4c02884

 Wen, Q., Gu, F., Sui, Z., Su, Z., and Yu, T. (2020). The process of osteoblastic infection by Staphylococcus aureus. Int. J. Med. Sci. 17, 1327–1332. doi: 10.7150/ijms.45960

 Wolcott, R. D., and Ehrlich, G. D. (2008). Biofilms and chronic infections. JAMA 299, 2682–2684. doi: 10.1001/jama.299.22.2682

 World Health Organization (2021). Global Antimicrobial Resistance and Use Surveillance System (GLASS) report: 2021. Geneva: World Health Organization. Available online at: https://www.who.int/publications/i/item/9789240027336

 Xiao, G., Jiang, D., Thomas, P., Benson, M. D., Guan, K., Karsenty, G., et al. (2000). MAPK pathways activate and phosphorylate the osteoblast-specific transcription factor, Cbfa1*. J. Biol. Chem. 275, 4453–4459. doi: 10.1074/jbc.275.6.4453

 Yi, C., Liu, D., Fong, C. C., Zhang, J., and Yang, M. (2010). Gold nanoparticles promote osteogenic differentiation of mesenchymal stem cells through p38 MAPK pathway. ACS Nano 4, 6439–6448. doi: 10.1021/nn101373r

 Zapata, D., Higgs, J., Wittholt, H., Chittimalli, K., Brooks, A. E., and Mulinti, P. (2022). Nanotechnology in the diagnosis and treatment of osteomyelitis. Pharmaceutics 14:1563. doi: 10.3390/pharmaceutics14081563

 Zhao, F., Wang, P., Lucardi, R. D., Su, Z., and Li, S. (2020). Natural sources and bioactivities of 2,4-di-tert-butylphenol and its analogs. Toxins 12:35. doi: 10.3390/toxins12010035

Copyright
 © 2025 Abdallah, Rajendran and Ali. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Dual function of Desmidorchis retrospiciens-derived gold nanoparticles as antibacterial and osteoinductive agent for treating osteomyelitis



		Introduction



		Materials and methods



		Collection of the plant material and preparation of leaf extract



		Gas chromatography-mass spectrometry (GC–MS)



		Biosynthesis and characterization of gold nanoparticles



		Microbiological studies



		Minimum inhibitory concentration (MIC) assay



		Bacterial growth kinetics



		Live/dead assay (SYTO9/PI staining)



		Membrane potential



		Reactive oxygen species (ROS) examination



		Examination of leakage of ATP (adenosine triphosphate) and AKP (alkaline phosphatase)



		SEM and TEM



		Anti-biofilm activity of DR-AuNPs



		Biofilm inhibitory concentration



		Colony-forming unit and Alamar blue test



		Light microscopic examination



		SEM of bacterial biofilm



		Congo red agar assess



		Examination of biofilm development in flow conditions



		Examination of three-dimensional structure of MRSA biofilms using CLSM









		Cell cultures and cell viability assay



		Osteoblast differentiation



		Alkaline phosphatase (ALP) activity assay and staining



		Alizarin red S staining and quantification



		In vivo bone-formation assay



		RNA extraction and quantitative real-time PCR (qPCR)



		Statistical analysis







		Results



		Identification of phytochemical components of D. retrospiciens



		Biosynthesis mechanism of DR-AuNPs



		Characterization of phyto-fabricated DR-AuNPs



		Antibacterial action of DR-AuNPs



		Effect of DR-AuNPs on MRSA ultrastructure modification



		Anti-biofilm activity of DR-AuNPs



		Effect of DR-AuNPs on MRSA biofilm development under flow conditions



		Effect of DR-AuNPs on MRSA mature biofilm and cell viability



		DR-AuNPs stimulate the differentiation of mBMSCs into osteoblast lineage



		DR-AuNPs exerts osteoinductive activity via stimulating ERK1/2 signaling pathway







		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Generative AI statement



		Publisher's note



		Supplementary material



		References























OPS/images/crossmark.jpg
©

|






OPS/images/logo.jpg
& frontiers | Frontiers in Microbiology







OPS/images/fmicb-16-1633245-g005.gif
b0 Gdolbods ™

@






OPS/images/fmicb-16-1633245-g006.gif
w ®

—
i i

@






OPS/images/fmicb-16-1633245-g003.gif
Time ()






OPS/images/fmicb-16-1633245-g004.gif
IHH l Hﬂﬂﬂ

etitentim

'Cm AN
- :!;‘
b & :






OPS/images/fmicb-16-1633245-g007.gif
IEEER





OPS/images/fmicb-16-1633245-g008.gif
w e






OPS/images/cover.jpg
& frontiers | Frontiers in Microbiology

Dual function of Desmidorchis
retrospiciens-derived gold
nanoparticles as antibacterial and
osteoinductive agent for treating
osteomyelitis





OPS/images/fmicb-16-1633245-g001.gif
[NRRRNANANAN]

| S— _—
_BEe—_=]
[l | A

o | —

3 L . ]
|- -]






OPS/images/fmicb-16-1633245-g002.gif
®)

ook e P






