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Introduction: A considerable number of morbidities and fatalities occur worldwide as a result of the multidrug resistant micro-
organisms that cause a high prevalence of nosocomial bacterial infections. Hence, the current investigation was conducted to evaluate
the antibacterial potency of green fabricated silver nanoparticles (AgNPs) against four different nosocomial pathogens.

Methods: The flower extract of Hibiscus sabdariffa mediated green fabrication of AgNPs and their physicochemical features were
scrutinized using different techniques. Antimicrobial activity of the biogenic AgNPs and their synergistic patterns with fosfomycin
antibiotic were evaluated using disk diffusion assay.

Results and Discussion: UV spectral analysis affirmed the successful formation of AgNPs through the detection of broad absorption
band at 395 and 524 nm, indicating the surface plasmon resonance of the biofabricated AgNPs. In this setting, the biofabricated
AgNPs demonstrated average particle size of 58.682 nm according to transmission electron microscope (TEM) micrographs. The
detected hydrodynamic diameter was higher than that noticed by TEM analysis, recording 72.30 nm in diameter and this could be
attributed to the action of capping agents, which was confirmed by Fourier Transform Infrared (FT-IR) analysis. Disk diffusion assay
indicated the antibacterial potency of biogenic AgNPs (50 pg/disk) against Enterobacter cloacae, Methicillin-resistant Staphylococcus
aureus, Klebsiella pneumoniae and Escherichia coli strains with relative inhibition zone diameters of 12.82 + 0.36 mm, 14.54 +
0.15 mm, 18.35 £ 0.24 mm and 21.69 + 0.12 mm, respectively. In addition, E. coli was found to be the most susceptible strain to the
biogenic AgNPs. However, the highest synergistic pattern of AgNPs-fosfomycin combination was detected against K. pneumonia
strain recording relative synergistic percentage of 64.22%. In conclusion, the detected synergistic efficiency of AgNPs and the
antibiotic fosfomycin highlight the potential for utilizing this combination in the biofabrication of effective antibacterial agents against
nosocomial pathogens.
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Introduction

Antimicrobial resistance is one of the main intimidations to human health, which leads to higher rates of morbidity and
mortality from hospital and community-acquired infections caused by multidrug resistance bacterial pathogens.' Strikingly,
the US Centers for Disease Control and Prevention (CDC) estimate that the direct healthcare cost in the US has increased by
20 billion dollars as a result of antibiotic resistance.” The high prevalence of multidrug resistant bacterial strains calls for the
development of innovative antibacterial agents to effectively control nosocomial infections in hospitals and other healthcare
settings.” Recent advances in nanotechnology have led to the fabrication of nano-scale particles with strong antibacterial
properties against multidrug resistant bacterial pathogens.* Due to their distinctive characteristics and diverse range of uses,
silver nanoparticles (AgNPs) have attracted a lot of attention from researchers working across several fields in recent years.’
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The majority of chemical procedures for nanoparticles synthesis are excessively expensive and employ hazardous
chemicals that pose a number of concerns to the environment.® On the other hand, the biosynthetic pathway uses plants
and microbes to synthesize nanoparticles that are safe, biocompatible, and environmentally benign for use in biomedical
applications.” In fact, using plant materials can be easier and more advantageous for fabricating nanosilver than using
microbes or chemicals because there is no risk of bacterial or toxic chemical contamination, and using less energy.® It has
been demonstrated that Roselle (Hibiscus sabdariffa L.) possesses a number of bioactivities with medicinal advantages.” In
this context, numerous reports on H. sabdariffa L. have demonstrated that the plant has a potential role on reducing the risk
of hyperlipidemia, hyperglycemia, diabetes mellitus, hypertension, cancer, obesity and inflammation.'® Furthermore,
H. sabdariffa extracts were primarily consists of the phenolic constituents as polyphenolic acid, anthocyanins, flavonoids,
ascorbic acid, malic acid, hydroxyl benzoic acid, etc.'' Accordingly, it is possible to synthesize AgNPs utilizing
H. sabdariffa extracts as a reductant and stabilizer since phenols are important in the reduction of metal ions.'* Recent
study was achieved to investigate the antibacterial activities of AgNPs synthesized utilizing aqueous plant extracts of
Berberis vulgaris, Brassica nigra, Capsella bursa-pastoris, Lavandula angustifolia and Origanum vulgare, demonstrating
that AgNPs of B. nigra and L. angustifolia extracts exhibited the most effective antimicrobial potency against
Staphylococcus aureus CCM 4223, and Escherichia coli CCM 3988 strains compared to the other biosynthesized
AgNPs."? In addition, Citrus limon zest extract mediated green bioformulation of AgNPs which were found to display
potent antimicrobial activity against E. coli, and S. aureus strains.'* The widespread incidence of drug resistance bacterial
strains demands the bioformulation of novel and effective antibacterial combinations.'® In this setting, previous report
demonstrated the green biofabrication of AgNPs utilizing Polygonatum graminifolium leaf extract, detecting the highest
synergistic activity with rifampicin antibiotic compared to kanamycin and ampicillin antibiotics.'® Accordingly, there is an
increasing necessity to investigate new synergistic patterns of other AgNPs-antibiotic combinations to overcome the
widespread incidence of drug resistance strains. A prior study examined the antibacterial effectiveness of AgNPs produced
from Ocimum basilicum L. and H. sabdariffa L. leaf extracts against Salmonella enterica (add ref).'” However, another
report evaluated only the cytotoxic activity of AgNPs generated using H. sabdariffa leaf extract and did not investigate the
antibacterial activity of the synthesized AgNPs.'® As a result, the current study was carried out to determine the
antibacterial activity of green AgNPs synthesized using H. sabdariffa flower extract against four nosocomial bacterial
pathogens, namely methicillin-resistant Staphylococcus aureus (MRSA), E. coli, K. pneumonia, and E. cloacae strains, as
well as the relative synergism between the biogenic AgNPs and fosfomycin antibiotic for the first time.

Materials and Methods

Preparation of Flower Water Extract of H. sabdariffa

In Riyadh, Saudi Arabia, dried flowers of H. sabdariffa were bought from a local market. The herbarium at the Botany
and Microbiology department verified the identification of the acquired plant materials. Hibiscus dried flowers were
washed once with tap water followed by rinsing them with distilled H,O for three times in a row and finally left for
complete dryness. To obtain a fine and uniform powder, the dried flowers of H. sabdariffa were crushed using
a mechanical blender. Fifty grams of the dried flower powder were submerged in 500 mL flask comprising 200 mL
distilled H,O and left for half an hour over hot plate (60°C). Afterwards, the mixture was stirred over a magnetic stirrer
for 24 hr at 25°C and finally the mixture was clarified using Whatman filter paper grade 1 to get rid of any impurities and

gain a clear filtrate. Finally, the extracts were stored for future use in refrigerator at 4°C."°

Biofabrication of AgNPs

Firstly, 10 mL of the flower water extract of H. sabdariffa was added to 90 mL of 1mM of the colorless AgNO; (Sigma-
Aldrich, Missouri, USA) solution. Afterwards, the reduction procedure was successfully achieved by dropwise addition
of 1 M NaOH for the adjustment of the pH value of reaction mixture to 6.9 then the reaction mixture was incubated at
room temperature under dark conditions. The green biofabrication of the AgNPs was monitored visually by a color shift

from red to dark brown color. The biofabricated AgNPs were collected from the bioreduced mixture by centrifugation at
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10,000 rpm for 10 minutes. The recovered AgNPs were then washed three times with deionized water to remove
impurities and finally dried at 80°C in an oven for later physicochemical assessment.*

Characterization of Biofabricated AgNPs

Utilizing a variety of techniques, the physicochemical characteristics of biofabricated AgNPs were examined. After
dispersing the biogenic AgNPs in distilled H,O, the absorbance was measured in the wavelength range of 200-800 nm
using a UV-VIS-NIR spectrophotometer (UV-1601, Shimadzu, Japan), with distilled H,O serving as a blank. The TEM
analysis was performed utilizing a Transmission Electron Microscope (JEOL, JEM1011, Tokyo, Japan) to detect the
morphological characteristics and size distribution pattern of the biogenic AgNPs by producing high-resolution two-
dimensional images at a voltage of 100 kV. In this context, the biogenic AgNPs were rinsed three times with deionized
water then 5 pL of the sonicated AgNPs solution were dropped over a carbon-coated copper grid, and finally allowed to dry
at room temperature for 48 h. Fourier Transform Infrared (FT-IR) Spectroscopy (Shimadzu, Kyoto, IR Affinity 1, Japan) was
conducted to do a spectral study of the biofabricated AgNPs in order to identify the key functional groups responsible for
reduction, stabilization, and capping of silver nanomaterials. In addition, the elemental pattern of the biofabricated AgNPs
was detected utilizing Energy Dispersive X-ray (EDX) analyzer (JEOL, JSM-6380 LA, Tokyo, Japan). Moreover, the X-ray
powder diffraction (XRD) was achieved by diffractometer (SHIMADZU-XRD 6000) using a Cu Ka radiation (A\=1.5406A)
to investigate crystallographic nature of AgNPs whereas the hydrodynamic particle size and net surface charge were
investigated using a zeta sizer instrument (Malvern Instruments Ltd.; zs90, Worcestershire, UK).*!

Antibacterial Screening of Biofabricated AgNPs

Four nosocomial bacterial strains, including Methicillin-resistant Staphylococcus aureus (ATCC 43300), Escherichia coli
(ATCC 25922), Klebsiella pneumoniae (ATCC 700603), and Enterobacter cloacae (ATCC 13047), were utilized to
investigate the biofabricated AgNPs for their antibacterial efficacy. The antibacterial bioactivity of the eco-friendly
prepared AgNPs against the targeted bacterial pathogens was investigated using the standard disk diffusion assay as
described in prior study.”? Briefly, microbial suspensions of different bacterial isolates were prepared by immersing
freshly prepared bacterial inoculums into 0.85% sterile saline solution then adjusted utilizing 0.5 McFarland standard to
accomplish viable bacterial cell count of 1.0x10® cfu/mL. Freshly prepared Mueller—Hinton agar (MHA) plates were then
seeded with 0.5 mL of the microbial suspension. The dried AgNPs were then dissolved in methanol. 8 mm diameter
sterile filter paper disks were impregnated with 50 and 100 pg of the dissolved AgNPs,?* with the methanol solvent-only
disks serving as the negative controls. Conversely, fosfomycin disks (50 pg) plus 50 pg glucose-6-phosphate were used
as positive controls. In this regard, the standard fosfomycin disodium salt hydrate was purchased from Sigma-Aldrich,
USA and stock solution of fosfomycin antibiotic was prepared for subsequent use. The stock solution was prepared by
dissolving of 409.6 mg of fosfomycin salt in 40 mL of distilled water to attain a final fosfomycin concentration of
10.24 mg/mL.** The impregnated disks were placed over the inoculated MHA plates and the plates were then incubated
at 37 °C for 24 h followed by measuring the zone of inhibitions using Vernier caliper. Disc diffusion test was done in
triplicates, and the inhibitory zones were measured and presented as a mean of triplicates + standard error. The minimum
inhibitory concentration (MIC) of the biofabricated AgNPs was investigated against E. coli strain which revealed the
highest susceptibility to the biogenic AgNPs. Broth microdilution assay was conducted to detect MIC of the bioformu-
lated AgNPs utilizing 96-well microtiter plates as reported in previous reports.>* The tested concentrations of AgNPs for
MIC and MBC detection were (5, 10, 15, 20, 25, 30, 35 and 40 pg/mL). As the MIC concentration of AgNPs was
detected to be 15ug/mL, the bactericidal concentration of the bio-prepared AgNPs was investigated by streaking from
MIC wells of AgNPs concentrations (20, 25 and 30 pg/mL) onto freshly prepared MHA plates followed by incubation at
37 °C for 24 h and the lowest AgNPs concentration which showed no bacterial growth was registered as minimum
bactericidal concentration (MBC).

Evaluation of Fosfomycin-AgNPs Synergistic Patterns
The synergistic effectiveness of fosfomycin-AgNPs combination against the targeted nosocomial bacterial pathogens was
investigated using the standard disk diffusion method.*® Fresh MHA plates were prepared and inoculated with 0.5 mL of
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the previously prepared bacterial suspension. Filter paper disks (8 mm in diameter) were filled with AgNPs (15ug/disk)
while another group of disks were filled with both of fosfomycin (50 pg) plus 50 pg glucose-6-phosphate and AgNPs (15
pg/disk) to investigate their combined synergistic action. Positive control disks were loaded with fosfomycin (50 pg) plus
50 pg glucose-6-phosphate whereas negative control ones were filter paper disks loaded with methanol solvent. The
loaded disks were left for dryness then placed over the seeded MHA plates and finally the plates were incubated at 37 °C
for 24 h. The synergistic potency percentage (%) was estimated according to the following formula:

Synergistic percentage = % x 100, where A is the zone of inhibition of fosfomycin antibiotic and B is the zone of
inhibition of fosfomycin-AgNPs combination.*’

Statistical Analysis
The study’s experiments were all carried out in triplicates, and the data were analyzed using GraphPad Prism 8.0
(GraphPad Software, Inc., La Jolla, CA, USA).

Results and Discussion

Green Bioformulation of AgNPs

Green biofabrication of silver nanoparticles was achieved utilizing the water extract of H. sabdariffa extract as seen in
Figure 1. The reduction process revealed the change of the colorless AgNOj; solution to dark brown color after the
addition of the flower water extract of H. sabdariffa (Figure 2). The observed broad peak absorbance, may have been
caused by variations in particle size, which was further validated using the dynamic light scattering technique.?® The dark
brown color formation was reported to be owing to the excitation of the surface plasmon resonance (SPR), which is
a distinctive feature of AgNPs. By the way, the absorption bands noticed at 395 and 524 nm could be ascribed to the
surface plasmon resonance of the biogenic AgNPs (Figure 3).%” The robust UV absorption peak seen at around 242 nm
specified the existence of several organic constituents of the used plant extract which were recognized to interact with
Ag" ions.?® UV spectral data showed the formation of absorption peak with a shoulder at 395 nm and tail at longer
wavelengths, indicating the bioformulation of polydispersed AgNPs. Our findings were in agreement with that of a prior
report which indicated the SPR of AgNPs formulated using aqueous flower extract of H. sabdariffa, demonstrating
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Figure | Green biosynthesis of AgNPs utilizing flower water extract of H. sabdariffa.
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Figure 2 Green biosynthesis of nanosilver utilizing flower water extract of H. sabdariffa. (A) colorless AgNO3, (B) flower extract of H. sabdariffa, (C) dark brown solution

of silver nanoparticles.
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Figure 3 UV spectrum of the biogenic AgNPs formulated utilizing H. sabdariffa flower extract (peak 3: 524 nm, peak 4: 395 nm, peak 5: 242 nm).
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absorption peak at 399 nm.?’ The UV spectra exhibited a broad peak at 524 nm due to the activity of capping agents from
the plant extract utilized in the synthesis technique, which adhered to the surface of the nanoparticles and provided a core
shell-like structure. The presence of various functional groups such as phenols, alcohols, flavonoids, and amides serving
as capping agents of the biogenic AgNPs was confirmed by FTIR analysis. Our findings were consistent with those of
Shivaji et al, 2011, who observed the formation of a broad peak at 524 nm due to the action of these capping agents.*°
Another investigation further affirmed that the observed SPR band at 524 nm might be attributed to the formation of
AgNPs aggregates with increasing the reaction time of AgNPs synthesis.’

Transmission Electron Microscope (TEM) Analysis

Transmission electron microscopy (TEM) analysis was achieved to estimate the shape, size, surface morphology and
topology of the biogenic AgNPs. According to Figure 4, the bulk of biofabricated AgNPs fall within the 20-100 nm size
range. Additionally, the biogenic AgNPs had a polydispersed nature and a spherical form. Particle size distribution
histogram revealed that average particle size of the biogenic AgNPs was 58.682 + 1.96 nm (Figure 5). Our results were in
agreement with that of a previous study which demonstrated the green biosynthesis of AgNPs utilizing Streptomyces
atrovirens, recording average particle size of 58 nm.>> Another investigation reported the bioformulation of green AgNPs

using water root extract of Rumex hastatus, demonstrating average particle size of 58 nm.*>

Elemental Mapping of the Biogenic AgNPs
Energy-dispersive X-ray (EDX) spectroscopy of the biosynthesized AgNPs indicated the presence of the following
elements: silver, chloride, carbon, oxygen and silicon, with respective mass percentages of 74.01, 19.87, 3.01, 2.73 and

Mic HV | Mag Operator Date
JEM 101180 kV[20000 x Mukhtar 06/14/21, 10:37 —200 nm-—
Figure 4 TEM micrograph of the biofabricated AgNPs.
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Figure 5 Particle size distribution histogram of the biogenic AgNPs (number of analyzed particles was 102).

JED-2200 Series

1000

w‘) —

800 —i

700 —

600 —

§ 500

Element (keV) mass% Error%e At% Col

400 — C K 0.277 3.01 0.40 14.93
O K 0.525 273 1.20 10.15
Si K 1.739 0.38 0.27 0.81
CIK . 2621 19.87 0.20 33.32

300 — Ag L 2983 7401 067 40.80
Total 100.00 100.00

200+ oK SiEK S =

CK ]
100 W
‘ ,\,WW
J’V""’"" «“M\,A A
0 —- — = "JF . ,,F"'“;M"‘i"“";’ F”‘“fi‘"“"l’f;ﬁr"‘t*v et o et o b
0.00 1.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00

leV JEOL

Figure 6 EDX spectrum of the biosynthesized silver nanomaterials.
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0.38%, respectively. In this regard, silver atoms were responsible for the strong signals at 2.983 keV, whereas silicon
atoms were accountable for the weak signal at 1.739 keV (Figure 6). The high silver content detected by EDX analysis
demonstrated the high efficacy of the green route of synthesizing silver nanoparticles using water extract of
H. sabdariffa. On the other hand, the other signals observed at 2.621, 0.525 and 0.277 keV were assigned to the
presence of chloride, oxygen and carbon atoms, respectively. In this regard, the noticed carbon traces could be assigned
to the usage of conductive carbon tape through sample processing.>* Moreover, the X-ray emission from the enzymes and
proteins present in the aqueous extract of H. sabdariffa flowers resulted in the detection of other elements as silicon,
chlorine, carbon, and oxygen.*> In addition, the abundance of chlorine (CI7) ions in plants, which were found to be
responsible for maintaining homeostasis and playing a crucial role during photosynthesis, was signified by other
researchers as the reason for the strong peak of Cl— detected by EDX spectrum of the biogenic AgNPs.*
Communally, the odd elements as Si, and Cl apprehended by EDX elemental configuration were reported to be crucial
for the bioreduction of Ag” ions to synthesize elemental silver (Ag”), as well as for capping and stabilizing the
biosynthesized AgNPs.*’

FTIR Analysis of the Biogenic Silver Nanoparticles

FTIR analysis of the biogenic AgNPs indicated the presence of eight absorbing bands at 3430.20, 2919.66, 2846.89,
1630.51, 1381.66, 1034.77, 760.69 and 539.29 cm ' as seen in Figure 7. The strong absorption band observed at
3430.20 cm ™' revealed the O—H stretching of phenolic and flavonoid compounds capped on the biosynthesized AgNPs.
However, C-H stretching of alkanes was observed due to the peaks detected at 2919.66 and 2846.89 cm . In addition,
the intense absorption band detected at 1630.51 cm ' indicated the capping action of amides on the biosynthesized
AgNPs whereas the weak band noticed at 1381.66 cm ' could be assigned to C-H bending of aldehydes (Table 1).
Accordingly, this amide band indicated the possible association between Ag' and proteins through free amino or
carbonyl groups. The spectral data signified the presence of intense band at 1034.77 cm™' which could be assigned to
C-O vibrations of alcohols. The detected C-O band of the biosynthesized AgNPs could be attributed to the capping action

of H. sabdariffa secondary metabolites as demonstrated in a prior investigation.® On the other hand, the weak band
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Figure 7 IR spectrum of the biosynthesized AgNPs.
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Table | Functional Groups of the Biosynthesized AgNPs

No. Absorption Peak (cm™') Appearance Functional Groups Molecular Motion
| 3430.20 Strong, broad Phenolics and flavonoids O-H stretching

2 2919.66 Medium Alkanes C-H stretching

3 2846.89 Weak Alkanes C-H stretching

4 1630.51 Medium Amides C=0 stretching

5 1381.66 Weak Aldehydes C-H bending

6 1034.77 Medium Alcohols C-O stretching

7 760.69 Weak Aromatic compouns C-H bending

8 539.29 Weak, broad Alkyl halides C-ClI stretching

observed at 760.69 cm ' could be assigned to the C-H bending of aromatic compounds whereas the minor band at
539.29 cm ! revealed the molecular vibrations of alkyl halide compound. Collectively, the observed functional groups as
alcohols, flavonoids, amides, and aldehydes act as capping agents of the biosynthesized AgNPs, acting as electron shuttle
by donating electrons to silver ions resulting in the successful formation of silver nanoparticles.*

XRD Analysis of the Biogenic AgNPs

The crystalline phase and orientation of the biogenic AgNPs were detected utilizing X-ray powder diffraction (XRD)
method. Four Bragg peaks at 2 theta (©) angles of 38, 44, 64, and 77° were detected by XRD diffractogram; these peaks
correspond to (111), (200), (220), and (311) miller indices, affirming the synthesis of face-centered cubic (FCC) crystalline
elemental silver, indexed with the JCPDS data 04—0783, indexed with the JCPDS data 04-0783 as seen in Figure 8.*° Our
results were in consistence with those of a prior investigation which demonstrated the green bioformulation of AgNPs
utilizing water extract of Pistacia atlantica seeds, revealing Bragg peaks at 20 angles of 38°, 44°, 64° and 77°, which
confirmed the cubic crystalline structure of the biosynthesized AgNPs.*!
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Figure 8 XRD spectrum of the biosynthesized AgNPs.
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Zeta Analysis of the Bioformulated AgNPs

Dynamic light scattering technique was achieved to detect the polydispersity index (PDI), size distribution and average
hydrodynamic diameter of the biofabricated AgNPs. The International Organization for Standardization (ISO) determined that
monodisperse samples are more likely to have polydispersity index (PDI) value lower than 0.05, whereas samples with a wide
distribution of particle sizes are more likely to have PDI > 0.7 (eg, polydisperse).*> Accordingly, the estimated PDI value of the
biogenic AgNPs was found to be 0.519 (Figure 9), indicating that the synthesized particles were moderately polydispersed. The
green-synthesized AgNPs had an average hydrodynamic size of 72.03 nm, which was larger than the size of AgNPs noticed using
TEM analysis (58.862 nm). This difference could be attributed to the action of the capping agents of H. sabdariffa flower extract,
which result in increasing the hydrodynamic diameter of the synthesized particles. In this regard, the FTIR analysis supported the
findings of the DLS technique, which examined the physical size of AgNPs as well as the capping agents.

Zeta potential analysis of the biogenic AgNPs is an indication of their stability in aqueous solutions. The detected zeta
potential value of the biosynthesized AgNPs was found to be as —23.4 mV as seen in Figure 10. Together, the biogenic AgNPs’
high negative charge revealed that these nanoparticles were negatively charged all over their surface in aqueous solutions,
highlighting their high colloidal dispersivity and long-term stability.*> The presence of bioactive compounds in H. sabdariffa
flower extract, which was demonstrated by FTIR analysis, may be the cause of the noticed negative charge of the biogenic
AgNPs, confirming their ability to repel each other, and highlighting their stability and uniform distribution condition in water.**

Screening of the Antibacterial Potency of the Biosynthesized AgNPs
The bioactivity of the green AgNPs was assessed against four different bacterial strains using the standardized disk
diffusion technique. In this regard, the produced AgNPs were screened at two concentrations (50 and 100 pg/disk) for

Results
Size (d.nm): % Intensity: St Dev (d.n...
Z-Average (d.nm): 72.30 Peak 1: 119.9 93.6 83.75
Pdl: 0.519 Peak 2: 4254 5.0 986.9
Intercept: 0.779 Peak 3: 6.039 1.4 1.095

Result quality : Good

Size Distribution by Intensity

Intensity (Percent)

Size (d.nm)

Figure 9 Size distribution pattern of the biogenic AgNPs using DLS technique.
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Results
Mean (mV) Area (%) St Dev (mV)

Zeta Potential (mV): -23.4 Peak 1: -23.4 100.0 5.56

Zeta Deviation (mV): 5.56 Peak 2: 0.00 0.0 0.00

Conductivity (mS/cm): 0.631 Peak 3: 0.00 0.0 0.00

Result quality :
Zeta Potential Distribution
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Figure 10 Zeta potential analysis of the biogenic AgNPs.

their antibacterial effectiveness against various bacterial strains, whereas fosfomycin antibiotic at a concentration of 50
pg/disk was utilized as positive control. The bioactivity of AgNPs was tested against nosocomial pathogens namely,
E. coli, MRSA, E. cloacae and A. baumannii. E. coli is an evolving nosocomial bacterial pathogen causing issues in
healthcare facilities.*> Numerous illnesses, including UTI, septicemia, pneumonia, newborn meningitis, peritonitis, and
gastroenteritis, are brought on by E. coli.*® In this context, E. coli strain ATCC 25922 revealed the highest susceptibility
to both concentrations of the biosynthesized AgNPs, recording inhibitory zones of 21.69 + 0.12 and 23.18 + 0.36 mm in
diameter, respectively. These findings were higher than those reported in a previous report which indicated the green
bioformulation of AgNPs utilizing water and ethanolic extracts of Andrographis paniculata stem, demonstrating
inhibition zone diameters of 15 and 16 mm at a concentration of 60 pg/disk against E. coli strain, respectively.*’
However, a slight increase in the zone of inhibition was seen when the concentration of AgNPs was duplicated against
the tested strains. These results were consistent with those of a prior study that found that AgNPs had antibacterial
activity against the MRSA strain at concentrations of 50 and 100 pg/disk, with zones of inhibition measuring 15 + 1.0
and 18 £ 0.6 mm, respectively.** On the other hand, severe infections brought on by carbapenem-resistant
Enterobacterales have been linked to high fatality rates, frequently surpassing 40%.*° According to a recent publication,
between March 2018 and March 2021, 116 strains of carbapenem-resistant Klebsiella pneumoniae were isolated from
patients hospitalized in adult intensive care units (ICUs), and another 34 strains were isolated from both pediatric and
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Table 2 Screening of Antibacterial Efficacy of Green AgNPs Against the Tested Bacterial Strains

The Tested Strains Inhibitiory Zone Diameters (mm) -ve Control
AgNPs (50 pg/Disk) AgNPs (100 pg/Disk) Fosfomycin (50ug/Disk)

E. coli 21.69 +0.12 23.18 £ 0.36 23.78 £ 0.12 0.00 + 0.00

E. cloacae 12.82 + 0.36 13.97 £ 0.17 20.16 + 0.41 0.00 + 0.00

K. pneumoniae 18.35 £ 0.24 20.65 + 0.51 9.31 £0.18 0.00 + 0.00

MRSA 1454 + 0.15 16.29 + 0.28 2491 £ 0.27 0.00 + 0.00

Notes: Negative controls refereed to filter paper disks impregnated with methanol solvent only.

neonatal ICUs.”® Interestingly, the antimicrobial potency of the biogenic AgNPs against K. pneumoniae ATCC 700603
strain was 2 fold higher than that of fosfomycin antibiotic at a concentration of 50 pg/disk as seen in Table 2.

Methicillin-resistant Staphylococcus aureus (MRSA) infections generally result in increased health care expenses,
morbidity, prolonged hospitalization time, and decreased quality of life. According to estimates, 170,000 MRSA
infections occur annually in European healthcare systems, resulting in over 5000 mortalities, over 1 million extra
inpatient days, and additional expenses of over €380 million.”' Furthermore, E. cloacae is responsible for up to 5% of
instances of nosocomial pneumonia, 5% of nosocomial sepsis, 4% of nosocomial urinary tract infections, and 10% of
postsurgical peritonitis illnesses worldwide.”® Remarkably, the biogenic AgNPs exposed antimicrobial effectiveness
against E. cloacae ATCC 13047 and MRSA ATCC 43300, recording suppressive zone diameters of 13.97 = 0.17 and
16.29 + 0.28 mm, respectively. The antimicrobial bioactivity data were in agreement with those of Qasim Nasar et al
2019 who indicated that the Seriphedium quettense mediated silver nanoparticles (100 pg/mL) demonstrating that E. coli
strain was the most sensitive strain to the biogenic AgNPs in comparison to the other tested bacterial strains as B. subtilis,
S. aureus, and K. pneumoniae.>”

The minimum inhibitory concentration of AgNPs was tested against the E. coli strain, which showed the highest
susceptibility to biosynthesized AgNPs. In this regard, the MIC of the biogenic AgNPs against E. coli strain was found to
be 15 pg/mL, whereas MBC was found to be 20 pg/mL. Interestingly, the detected MIC value of biogenic AgNPs against
E. coli strain was lower than that detected in a prior report which demonstrated MIC value of 300 pg/mL indicating the
high efficiency of synthesis method followed in our current investigation.”* The biogenic silver nanomaterials utilize
several mechanisms of actions, contributing to their potent antibacterial effectiveness. Here are four of AgNPs’
documented antibacterial effects: (1) adherence to the microbial membrane’s surface, (2) AgNPs disrupt cellular
biomolecules after internalization into bacterial cells resulting in intracellular damage, (3) they cause cellular toxicity
by producing reactive oxygen species (ROS) that create oxidative stress in the cell, and (4) they interfere with the cell’s
signal transduction pathways.>> In this regard, the biogenic AgNPs exposed a higher antibacterial activity against Gram-
negative bacterial strains as E. coli, and K. pneumoniae compared to the tested Gram-positive strain, namely MRSA. The
thickness and configuration of the bacterial’ cell walls also has an impact on the antibacterial activity of AgNPs. AgNPs
are more effective against Gram-negative bacteria like E. coli than Gram-positive bacteria like S. aureus. This is brought
on by variations in how peptidoglycan, a crucial part of the cell membrane, is organized.’® The negatively charged
peptidoglycan layer (30 nm thick) that makes up the cell wall of G+ve bacteria is considerably thicker in these bacteria
than in G-ve bacteria (3—4 nm). Accordingly, G+ve bacteria are less vulnerable to AgNPs because their cell walls are
comparably thicker than those of G-ve bacteria.”” A previous study reported that the size of AgNPs is an important factor
in determining the antimicrobial activity of biogenic silver nanoparticles, which explains the considerable antibacterial
activity of the produced AgNPs measuring 58 nm.>® The small-sized nanoparticles have a high surface-to-volume ratio,
allowing them to engage efficiently with bacterial cells and eventually cause bacterial cell death.

Electrostatic interactions between AgNPs and bacterial cell wall and membranes are reported to cause morphological
changes in membrane structure (Figure 11), which in turn disrupts membrane permeability and respiratory functions via
membrane depolarization, ultimately leading to disruption of cell integrity and cell death. Accordingly, the disruption of
bacterial cell wall and membrane results in the release of its vital contents, such as proteins, enzymes, DNA, ions,
metabolites into the surrounding environment.””
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Figure 11 Proposed antibacterial mechanism of AgNPs against bacterial cells.

Synergistic Antibacterial Efficiency of Silver Nanoparticles with Fosfomycin Against

Different Bacterial Pathogens

The synergistic patterns of the biogenic AgNPs with fosfomycin antibiotic were evaluated using the standardized disk
diffusion assay as seen in Figure 12. The highest synergism percent (64.22%) of fosfomycin — AgNPs combination was
detected against K. pneumoniae strain ATCC 700603, demonstrating suppressive zone of 27.34 + 0.45 mm compared to
9.78 +£ 0.11 mm inhibition zone of fosfomycin antibiotic alone as seen in Table 3. On the other hand, the lowest
synergism percentage (3.32%) was detected against E. cloacae strain ATCC 13047 recording clear zone of 22.98 +
0.15 mm in diameter of AgNPs-fosfomycin combination compared to 22.13 + 0.26 mm of fosfomycin antibiotic only.
However, the inhibition zone around fosfomycin disks in E. cloacae and MRSA plates showed the presence of pinpoint
colonies and this could be attributed to the heteroresistance phenomena which means that the subpopulations of bacterial
cells within a bacterial isolate exhibit higher levels of antibiotic resistance in comparison to the susceptible main
population.®® Interestingly, the inhibition zones of AgNPs-fosfomycin disks revealed no presence of these colonies
which indicated that the AgNPs boosted the antimicrobial efficiency of fosfomycin antibiotic. In addition, the fosfomy-
cin-AgNPs combination also displayed a moderate synergistic potency against both E. coli ATCC 25922 strain recording
suppressive zone of 51.64 + 0.25 mm in diameter with relative synergism percent of 18.35%. Despite the weak and
moderate synergistic activity of AgNPs-fosfomycin combination against E. coli and MRSA strains, the inhibition zones
around fosfomycin disks were significantly higher than those of initial screening test. In this context, the biogenic AgNPs
diffused through the medium and boosted the antimicrobial activity of fosfomycin antibiotic against E. coli and MRSA
strains and this explained the increasing in inhibition zones of fosfomycin antibiotic in synergism test compared to the

initial screening test.
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Figure 12 Antibiogram of the green synthesized AgNPs in combination with fosfomycin antibiotic against different bacterial pathogens.

A previous report confirmed the synergistic antibacterial action of green biofabricated AgNPs utilizing aqueous extract of
Anastatica hierochuntica with bacitracin, ciprofloxacin, tetracycline, and cefixime antibiotics against E. coli strain however
antagonistic activity of biogenic AgNPs combined with ciprofloxacin or bacitracin against S. aureus strain was observed.®’

Table 3 Synergistic Antibacterial Proficiency of Green Silver Nanomaterials with Fosfomycin Antibiotic

The Tested Strains

Inhibition Zone Diameter (mm)

AgNPs
(15 pg/Disk)

Fosfomycin
(50 ug/Disk)

Fosfomycin (50 pg/Disk) +
AgNPs (15 pg/Disk)

-ve Control | Synergism %

E. coli

E. cloacae

K. pneumoniae
MRSA

15.46 £ 0.17
10.96 + 0.34
12.78 £ 0.14
11.56 £0.12

42.16 £ 0.38
22.13 £ 0.26
9.78 £ 0.11
35.24 £ 045

51.64 £ 0.25
2298 + 0.15
27.34 + 045
36.78 + 0.61

0.00 + 0.00 18.35%
0.00 + 0.00 3.32%
0.00 + 0.00 64.22%
0.00 + 0.00 4.18%

Notes: Negative controls refereed to filter paper disks impregnated with methanol solvent only.
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The synergistic mode of action might be due to the fact that both of the biofabricated AgNPs and fosfomycin targeted different
bacterial cellular constituents. In this regard, the generation of reactive oxygen species (ROS), which result in fatal oxidative
damage, is the primary antibacterial mode of action of AgNPs. The ROS such as singlet oxygen (O;), hydrogen peroxide
(H,0,), the superoxide radical (O, ) and the hydroxyl radical (OH) were generated as a result of microbial aerobic
metabolism, which were then neutralized using the antioxidant machinery of microbial cells.®> However, when ROS
generation reaches the threshold that causes the antioxidant machinery in microbial cells to shut down, cellular homeostasis
is lost, which leads to the oxidation of essential cellular components including DNA, lipids, and proteins. The AgNPs
antibacterial mode of action also involves the oxidation of cellular lipids utilizing ROS resulting in disruption of cell
membrane and impairment of its permeability resulting in induction of bacterial cell death.®*

Fosfomycin is a low-molecular-weight phosphonic acid derivative that was first isolated from Streptomyces species.**
Moreover, the physicochemical profile of fosfomycin, which has a low molecular weight (138 Da) and distinctive hydrophilic
qualities along with a negligible affinity for plasma proteins, allows for a wide distribution into a variety of tissues.
Furthermore, fosfomycin antibiotic exposed its antibacterial mode of action through interfering with the initial phases of
peptidoglycan synthesis and thus disrupting the biosynthesis of bacterial cell walls. In detail, fosfomycin is
a phosphoenolpyruvate analogue that inhibits the enzyme enolpyruvate transferase (MurA), which catalyzes the first step in
peptidoglycan biosynthesis, and prevents the formation of N-acetylmuramic acid, which is an essential precursor for the
peptidoglycan cell wall.®> Fosfomycin revealed potential antibacterial activity against E. coli ATCC 25922 strain however
K. pneumoniae ATCC 700603 revealed fosfomycin resistance which was mediated by amino acid variations in MurA
transporters as reported in prior study. *® In addition, E. cloacae ATCC 13047 and MRSA ATCC 43300 strains revealed
heteroresistance to fosfomycin antibiotic which was observed as pinpoint colonies in the inhibition zone around fosfomycin
disk. Interestingly, the biogenic AgNPs boosted the antibacterial potency of fosfomycin antibiotic against the targeted bacterial
pathogens, determining their maximum synergistic efficiency against K. pneumoniae strain ATCC 700603 with synergistic
percentage of 64.22%. Collectively, we proposed that the powerful antibacterial action resulted from fosfomycin’s disruption
of bacterial cell wall synthesis through inhibition of the enzyme enolpyruvate transferase (MurA) and interference with
peptidoglycan synthesis, which in turn caused the cell wall to become weaker and facilitate the internalization of AgNPs,
which act by producing ROS and oxidizing various cellular components, such as DNA, protein, and lipids.

Conclusions

The flower extract of H. sabdariffa facilitated green biofabrication of AgNPs with potential physicochemical features and
a remarkable antibacterial bioactivity against the targeted nosocomial bacterial pathogens. The potential antimicrobial
effectiveness of the biosynthesized AgNPs against the tested strains emphasizes the potential application of these
nanoparticles for the control of nosocomial and drug-resistant pathogens in health care facilities and intensive care
units. The AgNPs-fosfomycin combination showed a high potency against the tested strains so that this combination
could be a promising source of effective antibacterial agents contributing for the successful management of nosocomial
bacterial pathogens in hospitals and health care settings.
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