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1een synthesis, characterization and antimicrobial activity of iron oxide nanoparticles

2with tigecycline against multidrug resistant bacterial strains
3Abstract

4Objectives[:1]>The current study focused on the green synthesis of iron oxide nanoparticles

5(IONPs) using Salvia officinalis leaf extract, aiming to control nosocomial infections caused by
6drug-resistant bacterial pathogens[.sltfhe nanoparticles were characterized and evaluated for
7antibacterial effectiveness. Methods: The disc diffusion assay was utilized to determine the
8synergistic antibacterial efficiency of the biogenic IONPs against three nosocomial bacterial
9pathogens namely, methicillin-resistant Staphylococcus aureus (MRSA), Escherichia coli and
10Pseudomonas aeruginosa strains. Results and conclusion: The change of color of ferric nitrate

11solution from orange to black color after addition of the extract preliminary indicated the
12formation of biogenic IONPs. The phytosynthesized IONPs were characterized using UV-Vis
13spectroscopy indicating the formation of a broad band at 349 nm. Moreover, X-ray powder
l4diffraction (XRD) analysis revealed the formation of diffraction peaks positioned at 2 theta
15degrees of 24.80°, 33.41°, 35.03°, 41.28° 49.15°, 53.41°, 57.37°, 62.40° and 64.31°,
16corresponding to lattice planes of (012), (104), (110), (202), (024), (116), (214) and (300),
17respectively. The phytosynthesized nanoparticles revealed a high antibacterial activity against
18the concerned pathogens at the concentration of 200 pg/disc with relative inhibitory zones of
1921.14 + 0.16, 17.26 + 0.26, and 20.56 + 0.62 mm, respectively against E. coli, P. aeruginosa and
20MRSA strains. The biogenic IONPs revealed the highest synergistic activity with tigecycline
21antibiotic against E. coli followed by MRSA and P. aeruginosa strains with relative increase in
22fold of inhibition values (IFA) of 1.79, 1.29 and 0.93, respectively. In conclusion, the water

»>
23extract of S. officinalis facilitated the green fabrication of IONPs with distinctive


http://www.plagscan.com/highlight?doc=156313188&source=12&cite=0&hl=textonly#0
http://www.plagscan.com/highlight?doc=156313188&source=1&cite=0&hl=textonly#0
http://www.plagscan.com/highlight?doc=156313188&source=5&cite=3&hl=textonly#3
http://www.plagscan.com/highlight?doc=156313188&source=0&cite=0&hl=textonly#0

24physicochemical properties and synergistic antibacterial activity against the tested nosocomial

25bacterial pathogens.

26Keywords: green synthesis; iron oxide nanoparticles; characterization; antibacterial efficiency;

27tigecycline; synergism

28 ist of abbreviations

29MIC Minimum inhibitory concentration
30MBC Minimum bactericidal concentration
31IMHA Mueller-Hinton agar

32I0ONPs Iron oxide nanoparticles

33TGC Tigecycline

34XRD X-ray Powder Diffraction

351. Introduction

36Antimicrobial resistance is a significant public health issue, causing 1.27 million deaths
37worldwide and an estimated 5 million fatalities in 2019. In the United States, over 2.8 million
38illnesses exhibit antibiotic resistance, with the number of fatalities exceeding 35,000 individuals
39(Hetta et al., 2023). Resistant strains of Escherichia coli are a significant contributor to
40bloodstream and urinary tract infections (UTI) in both community and healthcare settings (Mills
4let al., 2022)f13§epsis is a prevalent manifestation of urinary tract infections caused by E. coli.
42Pseudomonas aeruginosa is an opportunistic human pathogen that can cause severe respiratory
43infections in individuals with compromised immune systemsEO]ft is the causative agent of 10% of

44nosocomial infections and is prevalent in healthcare facilities, particularly in cases involving
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45chronic wounds, urinary tract devices, or respiratory support (De Oliveira et al., 2020).
46Methicillin-resistant Staphylococcus aureus (MRSA) causes over 20% of bloodstream infections,
47with overall mortality ranging from 15-50%. These bacterial strains pose significant threats to

48public health and public health (Kaasch et al., 2014).

49Tron oxide nanoparticles (IONPs) are a significant scientific and technological advancement due
50to their potential applications in gas sensors, catalysis, biosensing, water remediation, high-
51density magnetic recording media, targeted drug delivery, and cancer treatment (Sajid and
52Plotka-Wasylka, 2020). The chemical synthesis of IONPs has potential environmental
53drawbacks, such as the use of toxic solvents and energy consumption (Duan et al., 2015). A
54green chemistry approach has been introduced to synthesize IONPs using plant extracts, which
55include biomolecules like enzymes, vitamins, proteins, amino acids, phenolic compounds, and
56polysaccharides (Al-Otibi et al., 2023). There have been reports documenting the utilization of
57leaf extracts from various plant species, including Sida cordifolia (Pallela et al., 2019), Zea mays
58(Patra et al[.12]§017), Couroupita guianensis (Sathishkumar et al., 2018), Argemone mexicana
59(Arokiyaraj et al., 2013), and Cynometra ramiflora (Groiss et al., 2017). The IONPs have shown
60antibacterial effectiveness at concentrations ranging from 10-20 mg/mL (Shkodenko et al.,
612020). The growth of E. coli, Salmonella Typhimurium, Klebsiella pneumoniae, and
62Staphylococcus aureus was inhibited by the biogenic Fe;O, nanoparticles synthesized using
63Couroupita guianensis extract (Sathishkumar et al., 2018). Salvia officinalis L., a member of the
64Lamiaceae family, has potential therapeutic attributes, including antibacterial, antifungal,
65antioxidant, antiviral, and anticancer effects. The antimicrobial efficiency of the extract derived
66from S. officinalis leaves underscores its potential use in producing bioactive nanoparticles

67(Miraj and Kiani 2016){ e prevalence of nosocomial infections caused by drug-resistant


http://www.plagscan.com/highlight?doc=156313188&source=12&cite=1&hl=textonly#1
http://www.plagscan.com/highlight?doc=156313188&source=0&cite=11&hl=textonly#11

68bacterial strains highlights the need for novel antimicrobial medicines to combat these infections
69in healthcare settings[.o]fhis study aimed to environmentally synthesize IONPs using an aqueous
70leaf extract of S. officinalis. The nanoparticles were characterized using various physicochemical
71techniques, and their antibacterial efficacy against three nosocomial bacterial strains was

72evaluated.

732Materials and Methods
742.1. Preparation of Plant Extract

75The S[.O]c:fficinalis dried leaves were procured at a local market located in Riyadh, Saudi Arabia.
7<I>0Fhe verification of plant samples' identity was conducted by the herbarium affiliated with the
77department of Botany and Microbiology. The dried leaves of S. officinalis underwent a triple
78cleaning method, which including the use of distilled water after an initial wash with tap water.
79Subsequently, the desiccated leaves were subjected to natural air drying in the surrounding
80environment. The leaves underwent a process of pulverization, resulting in the production of a
81finely powdered substance with a consistent texture, achieved by the use of a mechanical
82blender. A flask with a capacity of 500 milliliters was used to accommodate a quantity of 50
83grams of plant powder together with 200 milliliters of distilled water' The flask was exposed to a
B4temperature of 60 °C for a period of 30 minutes using a hot plate?]fhe flask was thereafter
85subjected to continuous agitation for a period of 24 hours at a temperature of 25°C using a
86magnetic stirrer. Subsequently, the combination was subjected to filtration using Whatman filter
87paper (1) to acquire a pure filtrate and eliminate any residual contaminantsgo]lsollowing that, the
88extract was subjected to sterilization through filtering with a 045 pm Millipore membrane filter.

89Following this, the produced extracts were stored at a temperature of 4 °C for future research.

[op . . .
902.2. Biosynthesis of Fe,Os; Nanoparticles
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91Ferric nitrate (Fe(NO3)3.9H,0) of purity > 98% was purchased from Sigma Aldrich, U.K. For
92synthesis of IONPs, 001 M Ferric nitrate (Fe(NO3)3.9H,0) solution will be added to the
93prepared aqueous extract of S. officinalis in a 1:1 proportion. The concentration of the plant
94extract was 7.8 g/L and the reaction was done under room temperature (25°C + 2). Formation of
95black color indicated the formation of IONPs. The reduced solution was centrifuged at 10,000
96rpm for 10 min and supernatant was discarded. The pellets were washed thrice with distilled
97water for removal of impurities. Finally, the biogenic IONPs were dried in an oven at 32 °C,
98yielding a black powder and the reaction yield was detected to be 9.33 mg/ml. The pH of the
99reaction was monitored and seen to rise from an initial value of 1.98, corresponding to the pH of
100the ferric nitrate solution, to a final value of 5.56, representing the pH of the reaction mixture at
101the end of the reaction and after addition of plant extract. According to a recent study by
102 Akintelu et al. (2021), it was found that the synthesis of IONPs using plant extract is not favored
103under extreme acidic and basic conditions. In this context, it was observed that the addition of
104plant extract to the reaction mixture resulted in an increase in pH value, which potentially

105stimulated the formation of biogenic IONPs.
1062.3[.0]15hysic0chemical characterization of the biogenic IONPs

107Different methods were used to analyze the biogenic IONPs, including UV-Vis spectroscopy,
108which was used to assess the optical characteristics of the IONPs. 'The morphology and size
109distribution of the biologically synthesized iron oxide nanoparticles (IONPs) were analyzed
110using a Transmission Electron Microscope (TEM) (model JEM1011, JEOL, Tokyo, Japan)FO]l}n
111addition, the elemental composition of IONPs was evaluated using Energy-Dispersive X-ray
112(EDX) analysis[.o]fn addition, a Fourier transform infrared spectroscopy (FTIR) study was used to

113identify the main functional groups found in the biofabricated IONPs'"The biogenic iron oxide
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114nanoparticles (IONPs) were subjected to X-ray powder diffraction (XRD) analysis to confirm
. . . . . Ld . .
115their crystalline structure and determine their crystal size. The Zeta sizer equipment (Malvern
Bl . .
116Instruments Ltd; zs90, Worcestershire, UK) was used to evaluate the zeta potential value and

117hydrodynamic diameter of IONPs.

1182 4. Evaluation of antibacterial efficiency of the biosynthesized IONPs

119The susceptibility of three nosocomial microbial strains, namely methicillin-resistant
120Staphylococcus aureus (ATCC 43300), Escherichia coli (ATCC 25922), and Pseudomonas

121aeruginosa (ATCC 9027) to the biogenic IONPs was investigated. P. aeruginosa (ATCC 9027)

122and MRSA (ATCC 43300) strains were reported as MDR pathogens in a previous study (Yassin
123et al., 2022). The bacterial suspension was prepared by utilizing a sterile saline solution with a

124concentration of 0.85%. This was achieved by selecting fresh colonies from 24-hour cultures and
125immersing them into the saline solution. To achieve viable bacterial cell count of 1.0 x 108, the

126turbidity of the microbial suspension was adjusted using a 0.5 McFarland standard. The bacterial
127suspension (0.5 mL) was transferred and evenly distributed onto freshly prepared Mueller-
128Hinton agar (MHA) medium. Tigecycline, which was used as standard antibacterial agent, was
129acquired from Sigma—Aldrich (St. Louis, MO, USA). Subsequently, sterile filter paper discs
130(8mm in diameter) were impregnated with tigecycline to attain final concentration of 15 pg/disk,
131serving as positive controls. Furthermore, 8 mm diameter sterile filter paper discs were

132impregnated with 100 and 200 pg of the biosynthesized IONPs following their dispersion in
133methanol solvent. Filter paper discs saturated with methanol alone were employed as negative
134controls. Subsequently, the loaded discs were positioned on top of the seeded layer of MHA
135plates. Following this, the plates were refrigerated for 4 hours to facilitate the diffusion of the

. . . op RN .
136biogenic IONPs through the medium. The measurement of inhibition zones was conducted using
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“P37a Vernier caliper following a 24-hour incubation period at 35 °C. The broth microdilution assay
138was employed to determine the minimum inhibitory concentration of the biogenic IONPs
139produced from the leaf extract of S. officinalis. Furthermore, the determination of the minimum
140bactericidal concentration (MBC) was conducted by culturing the inoculums obtained from wells
141with minimum inhibitory concentration (MIC) over freshly prepared Mueller-Hinton agar
142(MHA) plates@i’hese plates were then incubated at a temperature of 35 °C for a period of
143overnight incubation. Finally, the plates were examined to assess the presence or absence of
144bacterial growth. The minimum concentration of biogenic IONPs at which no bacterial growth

145was observed were recorded as MBC.

1462.5. Determination of synergistic patterns of the biogenic IONPs with tigecycline

147The standard disc diffusion method was employed to assess the combined antibacterial efficacy
1480f biogenic IONPs (200pg/disk) and tigecycline antibiotic (15pg/disk) in a synergistic manner.
149The sterile filter paper discs, measuring 8 mm in diameter, were loaded with 200 pg of IONPs.

150In another group, the discs were impregnated with both the tigecycline antibiotic and IONPs.
151Furthermore, the experimental setup involved the loading of control discs with tigecycline
152antibiotic and methanol solvent, representing the positive and negative controls, respectively.
153Subsequently, the loaded discs were positioned onto the seeded layer of MHA plates, following
154the previously outlined procedure. Subsequently, the percentage of synergism (%) was calculated

155using the equation provided below:

156Synergism (%) = (B~ A)/A x100.

157Whereas, A: referred to the inhibition zone diameter of tigecycline antibiotic and B: referred to

158the inhibition zone diameter of the combined tigecycline and the biogenic IONPs.
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“’59The increase in fold of inhibition area (IFA) value was calculated according to the following
160formula: (IFA) = (B? — A?)/A?, whereas A: referred to the inhibition zone diameter of tigecycline
161antibiotic and B: referred to the inhibition zone diameter of the combined tigecycline and the

162bjogenic IONPs.

oy .. .
1632.6. Statistical analysis

164The study data were subjected to statistical analysis using GraphPad Prism version 8l
165(GraphPad Software, IIIC[.(:PLEI Jolla, CA, USA) through the application of the Tukey test in a
1660ne-way ANOVA with a significance level of 0.05. The experiments were conducted in
167triplicate, and the resulting data were reported as the mean of triplicate measurements * the
168standard error. The particle size distribution histogram, FTIR and XRD pattern were generated

169using OriginPro 2018 software.

1703, Results
1713.1. Green Synthesis of IONPs

(> . . .
172The water extract of S. officinalis leaves was utilized for the green synthesis of IONPs as seen in
173figure 1a. The plant extract of S. officinalis act as a reducing agent of ferric nitrate solution

174resulting in formation of IONPs.

1753.2. UV Spectral Analysis

176UV- Vis spectral analysis of the biosynthesized IONPs revealed the presence of two absorption
177peaks at 244 and 349 nm (figure 1b). However, UV-analysis of the plant extract affirmed the
178formation of UV absorption band at 242 nm. The band noticed at Amsx around 200 could be
179assigned to adsorption of phytochemical constituents as flavonoids, polyphenolic compounds,
180and heteroatoms as N, S, O and unsaturated groups[.o]faken together, the absorption peak found at

181349 nm could be assigned to the surface plasmon resonance of biogenic IONPs.
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1823.3. TEM analysis of the biofabricated IONPs

183TEM analysis was conducted to estimate the shape and size of the phyto-synthesized IONPs. In
184this context, the average particle size was detected to be 42.327 nm (figure 2a). Moreover, TEM
185micrographs revealed that the nanoparticles exhibit a spherical morphology, with certain
186particles exhibiting agglomeration. Particle size distribution histogram indicated that the size of
187the phyto-synthesized IONPs ranged from 10-80 nm in diameter with average particle size of

18842.327 nm (figure 2b).

1893.4. EDX analysis of biogenic IONPs

190The elemental analysis of the phyto-synthesized IONPs was distinguished using EDX analysis.
1911In this context, the characteristic signals of Fe were actually detected at 0.8, 6.4 and 70 keV for
192Fe L,, Fe K, and Fe K, whereas the signals of C and O were detected at 0.3 and 0.5 keV,

193respectively (figure 3). Moreover, the prominent peak of silicon was detected at 1.7 keV, which
194could be allotted to the capping molecules of S. officinalis utilized in the synthesis procedure.
195The carbon peak was accredited to the carbon tape that was used for positioning the biogenic
196I0NPs on the sample holder. Accordingly, the mass percentage (%) of Fe in IONPs was

197recalculated and the detected mass % was detected to be 56.46% after excluding the mass % of C

198element.

1993.5. FTIR analysis of the phyto-synthesized IONPs

200Fourier-transform infrared spectroscopy analysis was conducted to determine the main functional
201groups of the phyto-synthesized IONPs. FTIR spectra of the biologically synthesized IONPs
202exhibited the existence of six absorption peaks at the following wavenumbers: 3434.75, 1627.30,
2031384.17, 1261.97, 1048.24, and 586.21 cm™, correspondingly. (figure 4). The broad band

204detected at 3434[.0}% cm™ could be assigned to O-H stretching of phenolic compounds whereas the
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205peak noticed at 1627% cm might be attributed to C = C stretching vibrations of aromatic
206compounds as flavonoids and polyphenolic Compounds[.O]Additionally, it is worth noting that the
207band detected at a wavenumber of 138417 cm” may be attributed to the stretching vibrations of
208C—H bonds in aldehydes. Similarly, the peaks observed at 1261[@7 cm™ can be attributed to the
209stretching vibrations of C-N bonds in aromatic arnines[.O]}Likewise, the band seen at a
210wavenumber of 1048[.4321 cm™ may be attributed to the stretching vibration of the carbon-nitrogen
211bond in arnines[.oli"he broadband seen at a wavenumber of 586[.?1 cm’' may be attributed to the

212Fe-0 stretching vibration in hematite (Fe,Os).
2133.6. XRD analysis of the biosynthesized IONPs

214XRD analysis affirmed the formation of nine distinct diffraction peaks at 2 theta degrees of
21524.80°, 33.41°, 35.03°, 41.28°, 49.15°, 53.41°, 57.37°, 62.40° and 64.31°, assigned to the lattice

216planes of (012), (104), (110), (202), (024), (116), (211), (214) and (300), respectively (figure 5).

2173.7. Zeta potential and zetasizer analysis of the phyto-synthesized IONPs

218The hydrodynamic diameter of the IONPs synthesized using S. officinalis leaves was detected to
219be 681.4 nm (figure 6A), which was notably higher than the diameter measured by transmission
220electron microscopy (TEM). The biogenic IONPs surface charge was found to be —-5.48 mV

221(figure 6B).

2223.8. Antibacterial effectiveness of the phyto-synthesized IONPs

223The antibacterial effectiveness of the greenly synthesized IONPs was evaluated against E. coli,
224P, aeruginosa and MRSA strains using the disk diffusion method (figure 7). In this setting, the
225biogenic IONPs (200pg/disk) synthesized using S. officinalis extract revealed antibacterial

oy . S
226efficiency against E. coli and P. aeruginosa strains demonstrating relative inhibitory zones of
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22721.14 + 0.16 and 17.26 + 0.26 mm, respectively (Table 1). Moreover, the biogenic IONPs
228revealed antibacterial efficiency against the tested MRSA stain recording relative inhibitory zone
2290f 9.17 + 0.48, 20.56 + 0.62 mm, respectively. However, faint inhibitory zones were detected at
230100 pg/disk against bacterial pathogens. The minimum inhibitory concentration of the phyto-
231synthesized IONPs was detected to be 80 pg/ml against E. coli strain whereas the minimum

232bactericidal concentration was detected to be 160 pg/ml.

2333.9. Synergistic antibacterial effectiveness of biogenic IONPs with tigecycline

234The synergistic antibacterial efficiency of the biogenic IONPs (200 pg/disk) with tigecycline
235antibiotic was estimated using disk diffusion method. In this context, the highest synergistic
236percentage of tigecycline + IONPs combination was detected against 67.15% against E. coli
237strain whereas the lowest synergistic percentage was detected against P. aeruginosa strain, with
238relative percentage of 38.85 %. Moreover, the tigecycline + IONPs combination exposed a
239synergistic antibacterial efficiency against MRSA strain with relative synergism percentage of

24051.6% (Table 2).

2414, Discussion

242The S. officinalis water extract has been found to be a key factor in green fabrication of IONPs, a
243type of iron nanoparticles[.mThe extract, rich in bioactive constituents such as phenolic
244compounds, saponins, tannins, alkaloids, flavonoids, glucosides, steroids, and proteins, has been
245shown to have antibacterial properties against various bacterial pathogens (Ghorbani and
246Esmaeilizadeh, 2017). The antibacterial efficacy of the bioformulated IONPs may be due to the
247capping molecules of the biogenic IONPs, as demonstrated by FTIR analysis (Sulaiman et al.,

op . . . S
2482023)F "The water extract serves as a reducing agent for ferric nitrate solutions, aiding in the
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249formation of IONPs, and as a stabilizing agent, preventing the agglomeration of synthesized

250nanoparticles (Sidhu et al., 2022).

251 The reduction of metal ions is influenced by the surface chemistry of reducing agents, including
252functional groups like -C=C, -OH, -C-N, and -C-H. Bioreduction consists of four stages:
2583 ctivation phase, nucleation phase, growth phase, and termination phase. The activation phase
254involves the gradual formation of nanoparticles, facilitated by biomolecules in the extract. The
255nucleation phase involves crystal development on metal nuclei while being reduced by
256biometabolites[.6]i%educing substances adsorb onto the surface of metal nanoparticles act as
257chelating and capping agents. The subsequent development phase transitions metal ions to zero
258valence oxidation states. The development progression stage involves metallic nanoparticles
259aggregating to achieve various morphologies. In the termination phase, nanoparticles reach their
260final stable shape and are coated with biomolecules, increasing steric repulsion, which is
261believed to mitigate agglomeration issues (Priya et al., 2021). The study focused on the green
262biosynthesis of IONPs using S. officinalis leaf extract, which has been found to be highly
263efficient. The absorption peak at 349 nm was assigned to the biogenic IONPs, and this finding
264was consistent with previous investigations (Devi et al., 2021). XRD data confirmed the
265rhombohedral crystalline structure of the phyto-synthesized IONPs, which corresponds to the
266¢rystalline configuration of Fe,O; (Muthukumar and Matheswaran, 2015). Iron oxide crystals
267with a rhombohedral structure have the highest degree of stability, with Fe*" ions occupying two-
268thirds of the octahedral positions contained by an almost perfect hexagonal close-packed Oxygen

2691attice (Busti et al., 2021).

>
276(}1)ynamic light scattering revealed that the average particle size was higher than that of TEM

271analysis, which can be attributed to the fact that DL.S accounts for both the hydrodynamic size,
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ml}ﬁencompassing both the core size and shell thickness, whereas TEM analysis solely captures the
273core of the IONPs (Arsalani et al., 2018)[.01]Ee negative charge of the biogenic IONPs was
274detected to be —5.48 mV, which signifies that the biogenic IONPs possess the ability to repel one
275another, providing enhanced colloidal stability. Numerous factors contribute to the stability of
276nanoparticles, such as the physicochemical characteristics of the solvent and extract, electrostatic
277interactions, and van der Waals forces. The significance of incorporating hydroxyl (OH)
278functional groups onto the surface of the biogenic IONPs was shown to be essential in the
279production of negative charges on the nanoparticles. TEM micrographs of phyto-synthesized
280IONPs revealed a matrix-like structure, which could be assigned to the capping molecules. The
281Fe element had a detected mass percentage of 42.3%, indicating a slight increase compared to
282the findings of a prior investigation (Ansari and Asiri, 2021). The phyto-synthesized IONPs
283(200pg/disk) of S. officinalis extract revealed antibacterial activity against E. coli, MRSA, and P.
284aeruginosa strains with inhibitory zones ranging from 17.26 + 0.26 to 21.14 + 0.16 mm in
285diameter, respectively. In this setting, the antibacterial activity was significantly higher than that
2860f a prior study which indicated that the biogenic IONPs synthesized using Lagenaria siceraria
287at the concentration of 20 mg/ml exhibited antibacterial efficiency against E. coli strain with
288inhibitory zones of 10mm in diameter (Kanagasubbulakshmi and Kadirvelu, 2017). The
289difference in the antibacterial efficacy of the greenly synthesized IONPs as reported in different
290studies could be attributed to the use of different biological agents during the synthesis process.
291This, in turn, influences the size of the biosynthesized IONPs and also the capping molecules
292present on their surface, both of which collectively impact their antibacterial efficiency. The
293antibacterial properties of IONPs are believed to be influenced by factors such as the oxide form,

294morphology, size, and other physicochemical properties of the nanoparticles.
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295Reactive oxygen species generation is a significant mechanism of toxicity in IONPs, as
296evidenced previously (Zakariya et al., 2022). In this context, ROS exhibit genotoxic properties
297by causing damage to DNA molecules. A decrease in the activity of antioxidant system enzymes
298has been identified as a potential cause for the observed increase in ROS concentration. Metal
29%ions have the capability to form bonds with thiol (-SH), amino (-NH), and carboxyl (-COOH)
300functional groups present in proteins, such as enzymes. This interaction can result in the

301inactivation or partial inhibition of these proteins (Rana et al., 2023).

302The combination of tigecycline and IONPs demonstrated a synergistic effect in terms of
303antibacterial activity against the tested strains. | he findings of this study indicate that the
304biogenic IONPs, at a concentration of 500 pg/ml, exhibited enhanced antibacterial activity
305against the tested strains. The combined action of IONPs (IONPs) with tetracycline resulted in
306larger inhibitory zones, measuring 19, 20, and 28 mm, compared to the inhibitory zones observed
307when using tetracycline alone, which measured 0, 12, and 15 mm, respectively. The biogenic
308IONPs derived from the extract of S. officinalis exhibited a notable synergistic effect with
30%igecycline when tested at a concentration approximately half that of the previous study (Ahmed
310et al., 2021). The potential mechanism underlying the synergistic effects observed when
311combining IONPs with antibiotics could be attributed to the positive charges exhibited by the
312metal nanoparticles and the negative charges possessed by microorganisms. This electrostatic
313attraction between the nanoparticles and microorganisms' likely leads to the oxidation of the
314microorganisms. Furthermore, the nanoparticles release ions that interact with the thiol groups (-
315SH) found on the surface proteins of bacterial cells, ultimately resulting in cell lysisfm!l"he

316concurrent action of IONPs and antibiotics exhibits a synergistic effect, facilitating the efficient
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J17infiltration of antibiotics into bacterial cells owing to the tiny size of the biogenic nanoparticles,

318ultimately leading to bacterial lysis (Patra and Baek, 2017).

3195, Conclusion

320The green production of biogenic IONPs, with potential antibacterial properties, was achieved
321using the aqueous leaf extract of S. officinalis. The spherical nanoparticles, with an average size
3220f 42"$"hm and a surface charge of -5.48 mV, have antimicrobial activity against nosocomial
323bacterial pathogens. These nanoparticles could be used in the production of disinfectants for
324surfaces in hospitals and healthcare settings. The synergistic efficiency of the biogenic IONPs in
325combination with tigecycline antibiotics could reduce antibiotic use, potentially decreasing
326multi-drug resistant pathogens, and improving control of nosocomial infections in healthcare
327facilities.
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346

347Figure legends

348Figure 1a. Green biofabrication of IONPs using S. officinalis extract. (A): Water extract of S.
349officinalis, (B): Ferric nitrate solution, (C): IONPs; Figure 1b. UV-Vis spectrum of the
350biofabricated IONPs (black line) and S. officinalis extract (red line).

351Figure 2. (A) TEM micrograph of the biosynthesized IONPs, (B) Particle size distribution of the
352biogenic IONPs.

353Figure 3. Elemental composition of the biofabricated IONPs.
354Figure 4AFTIR spectrum of the biosynthesized IONPs.
355Figure 5. XRD pattern of the biogenic IONPs.

356Figure G{OJEA)The hydrodynamic diameter of the biogenic IONPs, (B) Zeta potential of the
357biofabricated IONPs.

358Figure 7. Antimicrobial activity of the phyto-synthesized IONPs (IONPs) against E. coli and P.

35%aeruginosa strains.
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369
370Table legends

371Table 1. Antibacterial efficiency of biogenic IONPs (IONPs) against the tested bacterial
372pathogens.

373Table 2. Synergistic antibacterial efficiency of biogenic IONPs (IONPs) with tigecycline against
374the tested bacterial pathogens.
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