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Biogenic silver nanoparticles
optimization using Plackett-
Burman design and its synergistic
effect with cefotaxime against
multidrug resistant clinical isolates

Hanzala Khan%23, Anum Gul*3*, Zainab Najam® & Taqdees Malik?

The rise in antibiotic resistance has created an urgent need for alternative strategies to combat
multidrug-resistant (MDR) bacterial infections. Silver nanoparticles (AgNPs) possess unique
antibacterial properties, making them a promising option in biomedical applications. This study
explores the green synthesis of silver nanoparticles (AgNPs) using Citrus sinensis peel extract and
their synergistic potential with cefotaxime against multidrug-resistant (MDR) clinical isolates. For
the optimization of AgNPs synthesis, Plackett-Burman experimental design (PBD) was implemented
that demonstrated incubation time, temperature and extract: AGNO, ratio as significant factors. The
UV-Vis spectroscopy analysis revealed a characteristic absorbance peak of CS-AgNPs at 470 nm. The
size of biosynthesized AgNPs was analyzed using Scanning Electron Microscopy (SEM), that showed
size range of 50-60 nm with spherical shaped morphology. Fourier Transform Infrared Spectroscopy
(FTIR) analysis found different functional groups involved in the stabilization and capping of AgNPs,
as indicated by the peaks at 2925 cm™, 1630 cm™2, 1100 cm™ and 1016 cm™ revealing —CH stretching
aliphatic carbon, the carboxyl group, OH group and C-O-C group, respectively. The cytotoxicity of
the synthesized CS-AgNPs and its synergistic effect with cefotaxime (CTX) antibiotic was analyzed
with MTT assay. The combination of CS-AgNPs and CTX showed significant decrease in cytotoxicity
compared to CS-AgNPs alone. Antibacterial activity of CS-AgNPs against MDR clinical isolates

was performed using minimum inhibitory concentration (MIC) method. The MIC of CS-AgNPs was
observed within 3.125-12.5 pg/ml range. Synergism assay of CS-AgNPs with CTX was also evaluated
to determine the fractional inhibitory concentration (FIC) index. Clinical isolates (E. coli), S-11, S-14,
S-16, S-19, and S-20 showed FIC in the range of 0.162-0.402 indicating synergism whereas, S-04, S-06,
S-10, S-15 and S-21 showed the FIC in the range of 0.644-0.804 indicating the additive effect. The MDR
E. coli clinical isolates S-11, S-16, S14, S-19 and S-20 demonstrated 65-85% biofilm inhibition which
was significantly (p<0.001) high in all tested isolates. Significant (p<0.001) eradication of preformed
biofilm in the range of 60-78% was also observed in S-16 clinical isolate.
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Antimicrobial resistance (AMR) is a major global health concern, affecting human health worldwide. As per
global burden estimates, bacterial AMR was associated with approximately 4.95 million deaths worldwide in
2019, with 1.27 million deaths directly attributable to bacterial AMR!. The rise of multidrug-resistant (MDR)
bacteria presents a significant global health challenge, particularly in underdeveloped regions where antibiotic
overuse is widespread®. As a result, infections such as foodborne illnesses and pneumonia have become
increasingly difficult to treat>.

Bacteria have different mechanisms that contribute to the development of resistance against available
antibacterial agents. Some of the mechanisms commonly found in bacteria are efflux pump, transportation of
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genes and production of inactivating enzymes*~’. Additional approach adopted by microbes against antibiotic
effect is the biofilm formation by which the penetration and diffusion of antibiotic is not easy®~!°. Additionally,
bacterial biofilm are capable to resist higher concentration of antibiotics in contrast to planktonic bacteria®. As
bacteria are acquiring resistance rapidly, the development of improved antimicrobial compounds and alternative
therapeutic approaches are urgently needed.

Nanotechnology is a rapidly growing research field which proves its potential as an alternative therapeutic
approach. Recent literature shows that nanoparticles possess promising antibacterial potential against MDR
bacteria that can be used alone or alongside existing antibiotics. Nanoparticles (NPs) are extensively used
and have numerous applications in the healthcare, industries, diagnostics, and medicine!!. Bacteria develop
resistance by using multiple mechanisms due to which various antibiotics are no more effective in treating
pathogenic infections'?. Resistance towards nanoparticles has not been reported yet, therefore researchers are
showing interest in the production of unique nanoparticles having antibacterial potential'®. Nanoparticles range
in size from 1 to 100 nm and exhibit antibacterial activity along with other unique physicochemical properties
and also facilitate targeted drug delivery with increased effectiveness!*!. Several metals have been used recently
in nanoparticle production like silver, platinum, gold, copper, and selenium!*, Different synthesis methods,
including physical, chemical, and biological, are being utilized to produce these nanoparticles. Among different
approaches, the biological method is eco-friendly approach to produce NPs as compared to the other methods
that uses toxic reactants and generates products with lethal and harmful side effects'®!8. In biological approach,
the synthesis of nanoparticles by using medicinal plants are broadly explored. During NPs synthesis, the
phytochemicals found in the plants function as reducing, stabilizing, and capping agents, therefore contributing
to different biological and medical applications. Among various nanoparticles, silver nanoparticles (AgNPs)
have been highlighted for their effective antibacterial properties and are extensively used for coating on medical
devices, preparation of wound dressings and gels'®.

Citrus sinensis, one of the citrus species, (commonly known as orange or sweet orange) is frequently used as
fresh fruit or in the form of orange juice, and its peels contributes to approximately 50% of its weight?°. Citrus
sinensis have compounds like phenol and flavonoids which are reported for their antioxidant and antibacterial
activities and are involved in the reduction and capping of the AgNPs?*!-23. AgNPs are powerful harmless
antimicrobial compound that affect various microbes, even at lowest concentrations?*?. Silver nanoparticles
with various shapes like spherical and hexagonal demonstrates significant antibacterial activity against MDR
bacteria®.

Optimization of AgNPs synthesis is also very important as various factors like temperature, time, pH, and
concentration of AgNO; affect the synthesis method”. Optimization using single factor at a time approach takes
alot of time and increases the overall cost. In comparison to single factor optimization, the Design of experiment
(DOE) approach is an efficient statistical program for randomized testing with optimization of two or more
than two factors involved in the study design?®. The total number of factors and levels of each factor are used to
classify the design. This type of design permits the investigation of multiple factors eliminating the requirement
of large number of trials®. It is a very efficient design that allows the collective optimization of all relating
factors to overcome the challenges of single factor optimization method®®. Optimization by DOE gives greater
synthesis yield, lower variability in process and cut down overall cost*!. Numerous studies have documented the
optimization of AgNPs synthesis through the Plackett-Burman Design (PBD) of experiment?2.

The antibiotic Cefotaxime which belongs to third generation of cephalosporin is one of the most important
antibiotics in treating various microbial infections>. However, there are various microbes that have developed
resistance against this antibiotic through multiple mechanisms. In these resistance mechanisms, one mechanism
is the production of beta lactamase enzyme by gram negative pathogens, specifically E.coli**. The global increase
in antibiotic resistance presents a considerable challenge, undermining the effectiveness of widely used antibiotics
against prevalent bacterial infections. The 2022 Global Antimicrobial Resistance and Use Surveillance System
(GLASS) report showed higher level of resistance among common bacterial pathogens. In 76 countries, the
median resistance rates are concerning, with 42% of E. coli strains resistant to third-generation cephalosporin.
This growing resistance is complicating the treatment of common infections!. According to the 2022 National
Institute of Health (NIH) report, clinical isolates from laboratories across Pakistan identified E. coli as the most
frequently reported pathogen, exhibiting 77% resistance to cefotaxime™®.

Therefore, based on the literature mentioned above, the aim of the study is to optimize the green synthesis of
AgNPs using Citrus sinensis peel extract using Plackett-Burman Design and to evaluate its synergistic antibacterial
and antibiofilm effects with cefotaxime. To the best of our knowledge. This study provides a novel approach by
integrating green synthesis, statistical optimization, and synergistic antibacterial strategies to combat multidrug
resistance. The combinatorial approach holds significant promise for enhancing the therapeutic potential of
antibiotics against resistant pathogens, addressing the global challenge of antimicrobial resistance.

Results and discussion

The study focused on synthesizing and characterizing silver nanoparticles (CS-AgNPs) using Citrus sinensis

peel extract and assessing their cytotoxicity, antibacterial and antibiofilm activity against MDR clinical isolates.
Factors which are involved in the synthesis were selected using PBD design of experiment which were used

for the synthesis of AgNPs.

Optimization of CS-AgNPs synthesis using Plackett-Burman design (PBD)

Four factors (Incubation Time, Temperature, AgNO, conc and Ratio of plant extract to AgNO,) were used for
analysis In this study, a total of 39 runs were generated using PBD from above mentioned four factors using
statistical software Minitab 21 as shown in Table 1. The Plackett Burman design displayed vast differences in OD
of CS-AgNPs at 470 nm. The lowest OD of CS-AgNPs was 0.079 whereas the highest OD was 1.461.
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Run order | Incubation temperature | AgNO, concentration | Incubation time | Ratio of CS extract to AgNO, | Mean OD | Standard Error of Mean (SEM)
1 50 5 0.5 10 0.097 0.006364
2 50 1 0.5 1 0.2255 0.003536
3 50 1 4 10 0.457 0.002828
4 50 1 4 1 0.7135 0.000707
5 30 5 4 10 0.6585 0.001414
6 50 1 4 1 0.634 0.011314
7 50 5 0.5 10 0.1105 0.001414
8 30 1 0.5 1 0.204 0.005657
9 30 1 0.5 1 0.209 0.023335
10 30 5 4 10 0.2035 0.002121
11 30 1 4 10 0.094 0.002121
12 30 5 0.5 1 0.2335 0.008485
13 50 1 4 1 0.5085 0.006364
14 30 5 4 10 0.1355 0.014849
15 50 1 0.5 1 0.239 0.002828
16 50 1 0.5 1 0.2285 0.002828
17 50 5 0.5 10 0.1135 0.009192
18 30 1 4 10 0.467 0.023335
19 30 5 4 1 0.4215 0.02687
20 50 5 0.5 10 0.1175 0.000707
21 50 5 4 1 1.3755 0.000707
22 30 5 0.5 1 0.2095 0.000707
23 50 1 4 10 0.369 0.009192
24 40 3 2.25 5.5 0.1105 0.000707
25 30 5 4 1 0.4215 0.001414
26 40 3 2.25 5.5 0.1015 0.012021
27 30 1 0.5 1 0.205 0.009192
28 40 3 2.25 5.5 0.1 0.001414
29 50 1 4 10 0.383 0.018385
30 30 5 0.5 1 0.2235 0.001414
31 30 1 0.5 10 0.0905 0.003536
32 30 1 4 10 0.083 0.006364
33 50 5 4 1 1.249 0.015556
34 50 5 4 1 1.461 0.001414
35 50 5 0.5 10 0.096 0.011314
36 30 1 0.5 10 0.074 0.002121
37 30 1 0.5 10 0.08 0.000707
38 30 5 4 1 0.573 0.001414
39 50 5 0.5 10 0.0975 0.000707

Table 1. Plackett Burman design (PBD) outcome.

The normal plot of standardized effects indicated the significance of the factors. Incubation time,
temperature, and ratio of CS-extract to AgNO, were found to be significant factors at 95% confidence level
whereas concentration of AgNO, was non-significant as shown in Fig. 1a.

The classification of factors that affect the AgNPs synthesis were analyzed by the Pareto chart. The Pareto
chart showed three significant and one insignificant factor influencing the CS-AgNPs synthesis as represented
in Fig. 1b.

In the normal probability plot as shown in Fig. 1c, the variables present adjacent to the straight line indicated
that the data generated by Plackett Burman design showed normal distribution.

The main effect plot determined the effect of each factor at different levels in the synthesis of CS-AgNPs. The
optimized values generated by the main effect plot included the 4 h of reaction incubation time which led to the
maximum synthesis than the 0.5 and 2.25 h, the extract: AgNO, ratio of 1:1 resulted in the maximum synthesis
rate as compared to the 1:5 and 1:10 ratio. The incubation temperature of 50 °C and 5 mM AgNO, concentration
also showed the highest effect on the synthesis of CS-AgNPs as shown in Fig. 1d. The study by Oviedo et al. also
reported similar findings that increasing the temperature till 50 °C increased the AgNPs synthesis®*®. Moreover,
study by Ali et al. reported that AgNPs synthesis was improved when a mixture of silver nitrate and plant extract
was used in equal ratio®’.
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Fig. 1. Plackett-Burman Experimental Design Plots. (a) Normal plot of Standardized Effects. (Response is

OD 470, a=0.05). (b) Pareto Chart of Standardized Effects. The size of the bar shows their influence in the
CS-AgNPs synthesis. (c) Normal Probability Plot. Plot shows the normal distribution of the data generated by
the Plackett Burman design analysis. (d) Main Effect Plot. The plot indicates the effect of all four parameters on
synthesis.

Synthesis of CS-AgNPs

The biosynthesis of CS-AgNPs was achieved by mixing the peel extract of Citrus sinensis with silver nitrate
according to the optimized parameters following PBD analysis (Fig. 2a) Following the incubation period, the
appearance of brown color indicated that CS-AgNPs had been synthesized, as depicted in Fig. 2b. The increase
in incubation time resulted in the better CS-AgNPs synthesis that can be identified with the color change from
light yellow to brown as a result of excitation of surface plasmon vibration®. Similar results have been reported
in the literature where change in color from yellow to brown was observed as indicative of successful AgNPs
synthesis®>4°,

Characterization of Citrus sinensis silver nanoparticles

UV-Vis spectroscopy of CS-AgNPs

A peak in the range of 400-500 nm confirmed the synthesis of AgNPs, with maximum absorbance recorded
at 470 nm. The overlapping spectra of silver nitrate, CS-extract and synthesized CS-AgNPs are represented in
Fig. 3. A similar surface plasmon resonance (SPR) peak was reported in previous studies that showed typical SPR
peak for spherical AgNPs between 400 and 500 nm3>1-43,

Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX)
The SEM analysis reported circular shaped CS-AgNPs, with average size of 50-60 nm. Previous studies have
reported the synthesis of AgNPs with similar size and shape. For instance, Mittal et al. synthesized spherical
AgNPs (30-50 nm) from leaf extract of Tinospora cordifolia, while Margarita et al. reported ~50 nm AgNPs
synthesized from orange peel extract, corroborating the findings of this study***°.

In EDX, further confirmation of nanoparticles formation was done by identifying the presence of elemental
silver. A sharp peak of silver was observed at 3 keV in EDX as shown in Fig. 4. This confirmed the presence of
CS-AgNPs as silver typically shows this specific peak at 3 keV*>46,
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Fig. 2. (a) Biosynthesis of CS-AgNPs. (b) Synthesis of CS-AgNPs. (A) Silver nitrate solution (B) CS-Extract
(C) Synthesized AgNPs after 4 h incubation.

Fourier transform infrared spectroscopy (FTIR)

Various peaks were generated by FTIR which were similar in both CS-extract and CS-AgNPs. The peak at
2925 cm™! indicated —~CH stretching of aliphatic carbon, 1630 cm™ indicated the carboxyl group, 1100 cm™
revealed the -OH group and 1016 cm™' represents C-O-C as shown in Fig. 5. The identification of similar
functional groups in AgNPs spectra demonstrated the involvement of these groups in stabilization and capping
of AgNPs. These outcomes are in line with the findings from earlier studies that reported the presence of carboxyl
and phenol functional groups in orange peels*”.

Cytotoxicity assay

The cytotoxic effect of tested compounds were interpreted as per ISO 10993-5:2009 standard guidelines,
according to which the cell viability <70% is considered as a cytotoxic effect®”. The cytotoxic effect of CS-AgNPs,
CTX and their synergistic treatment against normal fibroblast cells were represented in Fig. 6. The results
demonstrated that the viability of cells decreased with increasing concentration of CS-AgNPs, whereas CTX
showed decreased toxicity with increased concentration (Fig. 6a). However, the combination treatment showed
that the combination 3, 4, 5, 6, and 7 have synergistic effect showing decrease in cytotoxicity as compared to CS-
AgNPs alone at respective concentrations (Fig. 6b).
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Fig. 3. UV/Vis spectra: The overlapping spectra shows blue, red and green lines representing the spectra of CS
extract, silver nitrate and synthesized AgNPs. The CS-AgNPs showed maximum absorbance at 470 nm.
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Fig. 4. SEM-EDX analysis of CS-AgNPs. (a) SEM Analysis of CS-AgNPs shows the spherical shaped and
smaller size NPs. (b) EDX of CS-AgNPs indicating the sharp peak of silver at 3 keV.

Characterization of clinical Isolates

All clinical isolates were identified on selective and differential media, followed by gram staining, microscopy,
and biochemical characterization. Out of twenty-three isolates, two isolates showed golden yellow color
colonies on MSA media plate due to Mannitol salt fermentation by the bacteria that represented the presence of
Staphylococcus aureus (Supplementary file).On MacConkey media, two isolates showed large pink color mucoid
colony, indicative of the presence of Klebsiella pnuemoniae (Supplementary file). Only one isolate showed pink
color colonies on MacConkey agar due to the utilization of lactose present in the medium which indicated
the presence of Enterobacter (Supplementary file). On Eosin Methylene Blue (EMB) agar, the fermentation of
lactose leads to the production of acid, which causes the eosin dye to combine with the methylene blue indicator,
resulting in a characteristic green metallic sheen. Eighteen isolates showed green metallic sheen on EMB plates
which is the characteristic property of E. coli (Supplementary file). Biochemical test results indicated that the
predominant clinical isolates were S. aureus, Klebsiella pnuemoniae, Enterobacter and E. coli.

Antibiotic susceptibility of clinical isolates
Before the initiation of nanoparticles assays against MDR, it was important to validate the sensitivity pattern of
the isolates. Following CLSI (2020) standard guidelines, antibiotic susceptibility testing was performed using the
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Fig. 5. FTIR spectra. The figure shows the peaks of different functional groups in (a) Citrus Sinensis (CS)
extract and (b) AgNPs synthesized by the reduction of silver nitrate with the Citrus sinensis.

disc diffusion method. After incubation, plates were observed for clear zone around the disc and the diameter
of inhibition zone was measured. The resulted data was then reported as sensitive, intermediate, and resistant as
shown in Table 2. Out of twenty-three isolates (S1-S23), a total of twenty-one (91%) isolates were MDR strains
and two were non MDR strains. Results of antibiotic susceptibility are shown in Fig. 7.

In our study multidrug resistance in E. coli has been reported similar to the research work done in Indus
hospital, Karachi®®. In 2018, a report published on antimicrobial resistance in Pakistan mentioned that the major
challenges that contribute to the resistance of available therapeutic options include the collection of irrelevant
registered product, inaccurate advertisement, wrong antibiotic prescription, self-medication and preference
of valuable broad spectrum drug®'. A study conducted at National Medical Center on antibiotic susceptibility
pattern of pathogen reported that the Gram negative E.coli was the most frequently isolated bacteria in different

diagnostic specimens®.

Antimicrobial activity of AGQNPs

Minimal inhibitory concentration (MIC) of CS-AgNPs

Among twenty one MDR clinical isolates, nine isolates (S-02, S-04, S-06, S-07, S-10, S-15, S-16 S-17, and S-21)
showed lowest MIC value of 3.125 ug/ml of CS-AgNPs, whereas six clinical isolates (S-01, S-05, S-08, S-11, S-14
and S-19) were inhibited by 6.25 ug/ml concentration of CS-AgNPs and only five clinical isolates (S-03, S-09,
S-13, S-18 and S-20) showed MIC value of 12.5 pg/ml among all the tested concentrations of CS-AgNPs (Table
3). The results demonstrated that Gram negative bacteria exhibit greater susceptibility to AgNPs in contrast to
gram positive bacteria. Similar outcomes were observed in a study conducted with Cannabis sativa mediated
AgNPs**. In Gram negative bacteria, presence of thin cell membrane and negatively charged lipopolysaccharide
layer favors the AgNPs adherence and penetration inside the cell. In contrast to this, the thick cell wall in
Gram-positive bacteria hinder their interaction with AgNPs**~>’. The presence of functional groups on the
AgNPs surface like phenol and aromatic compounds from the CS extract may also be involved in the potential

Scientific Reports |

(2025) 15:18742 | https://doi.org/10.1038/s41598-025-01524-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

(a) 60- vz Control
% % w# CS-AgNPs
z 2 % / o wm CTX
w 9 7 7
Sul P lp’ | 7
=2 TR
T RATE M

P Concentration (pg/mL)
t Combination
g % V% 7 Groups
S 401 % % o
1 7
OOOZ:"'(&;&?”;Q;O"%;\\9j;xo«+§@@*z;+@t»"x‘b
"9‘8 R o?quog?‘&i §g %ygé»&qu y‘o}\qu

Concentration (png/mL)

Fig. 6. Cytotoxicity Analysis. The graph shows cytotoxic effect of (a) CS-AgNPs and CTX and (b) their
synergistic effect on BJ cell line.

antibacterial and antibiofilm activities of CS-AgNPs. These phytochemicals can be associated with CS-AgNPs
stabilization. The study by Onitsuka et al. reported that the antimicrobial activity of the AgNPs was enhanced
due to the polyphenols present in the plant extracts that work as reducing and stabilizing agents®.

Minimum inhibitory concentration (MIC) of cefotaxime

The four isolates S-04, S-06, S-15, and S-16 showed bacterial inhibition at lowest concentration of 125 pg/ml
CTX, whereas the isolates, S-10, S-11, S-19, and S-21 were inhibited by 250 ug/ml CTX. Only two isolates S-14
and S-20 showed inhibition at 500 pug/ml concentration and S-17 and S-05 showed complete inhibition against
all concentrations (125, 25, 500 and 1000 pg/ml). In rest of the clinical isolates (S-01, S-02, S-03, S-05, S-07, S-08,
S-09, S-12, S-13, and S-18), MIC was not observed at all the tested concentrations of CTX (Table 3).
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Fig. 7. Percentage of MDR and Non-MDR strains among the twenty-three clinical isolates.

Sample | MIC of CS-AgNPs (ug/ml) | MIC of CTX (ug/ml)
S-01 6.25 -

S-02 3.125 -

S-03 12.5 -

S-04 3.125 125

S-05 6.25 Sensitive to all conc
S-06 3.125 125

S-07 3.125 -

S-08 6.25 -

S-09 12.5 -

S-10 3.125 250

S-11 6.25 250

S-12 - -

S13 12.5 -

S-14 6.25 500

S-15 3.125 125

S-16 3.125 125

S-17 3.125 Sensitive to all conc
S-18 12.5 -

S-19 6.25 250

S-20 12.5 500

S-21 3.125 250

Table 3. Minimum Inhibitory concentration (MIC) of CS-AgNPs and Cefotaxime (CTX).

Synergism assay of antibiotic CTX in combination with CS-AgNPs

Out of twenty-one isolates, only ten isolates (S-04, S-06, S-10, S-11, S-14, S-15, S-16, S-19, S-20 and S-21) were
selected for synergism assay because these isolates showed MIC for both antibiotic and CS-AgNPs. In these
ten isolates, five isolates S-11, S-14, S16, S-19 and S-20 showed synergistic effect by obtaining 0.162-0.402 FIC
range and the remaining five isolates (S-04, S-06, S-10, S-15, and S-21) showed additive effect with 0.644-0.804
FIC range. Table 4 shows the outcome of synergism assay when antibiotic CTX was used in combination with
CS-AgNPs. The significant result of combination might be due to the greater surface area provided by AgNPs
that allow the interaction with the amide and hydroxyl groups of antibiotic molecule ultimately leading to the
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MIC (ug/ml)
Combination

Sample | CS-AgNPs | CTX | AgNPs | CTX | FIC | Effect

S-04 3.125 125 |2 1 0.648 | Additive
S-06 3.125 125 |25 0.5 0.804 | Additive
S-10 3.125 250 |2 1 0.644 | Additive
S-11 6.25 250 |25 0.5 0.402 | Synergistic
S-14 6.25 500 |25 0.5 0.401 | Synergistic
S-15 3.125 125 |2 1 0.648 | Additive
S-16 3.125 125 |1 2 0.336 | Synergistic
S-19 6.25 250 |25 0.5 0.402 | Synergistic
S-20 12.5 500 |2 1 0.162 | Synergistic
S-21 3.125 250 |25 0.5 0.802 | Additive

Table 4. Synergism assay of antibiotic combination with CS-AgNPs.

disruption of cell wall*®. Additionally, the positive charges on AgNPs combined with CTX inhibit and disturb the
synthesis of cell wall. Ag* ions penetrate the cell and damage the DNA molecule®.

Antibiofilm activity of CS-AgNPs
Five clinical isolates that showed synergistic effect were used in the antibiofilm assay. The combined effect of CS-
AgNPs and CTX on biofilm were analyzed by biofilm inhibition and biofilm eradication assays.

Biofilm inhibition assay

The combination of CS-AgNPs and CTX demonstrated 80-85% biofilm inhibition in three out of five isolates
(S-11, S-14, and S-20). In S-11, significant (p<0.001) inhibition of biofilm was observed by all treatment
combinations in comparison to the untreated group (control). The biofilm inhibition by combination 1 was
higher in comparison to the other treatment combinations as depicted in Fig. 8a. Sample S-14 also demonstrated
significant (p<0.001) inhibition of biofilm formation in response to all tested combinations in comparison to
control and among all the combinations, comb 1 showed higher biofilm inhibition as shown in Fig. 8b. Sample
S-16 showed 76% biofilm inhibition, which was statistically significant (p <0.001) relative to the control. Whereas
biofilm inhibition by combination 1, 2, 3 and 4 were more higher in comparison to the remaining groups as
shown in Fig. 8c. Sample S-19 showed 68% biofilm inhibition which was statistically significant (p<0.001) in
comparison to the control group and among all combinations groups, the maximum inhibition was observed
in combination 5 as shown in Fig. 8d. All tested combinations against S-20 also showed significant inhibition
(p<0.001) in contrast to the control group and there was no significant difference between the different
combination groups as shown in Fig. 8e.

The mechanism behind the AgNPs antibiofilm potential may be the interference of AgNPs with the early
adherence of bacteria towards the surfaces that hinders the biofilm formation. Another factor is that AgNPs may
attach to the cell wall of bacteria, avoiding the attachment of bacteria to surfaces which leads to the inhibition of
biofilm development. Likewise, AgNPs enter inside the bacterial cell and interrupt the cellular process which are
essential in the expansion and maintenance of the biofilm®! (See Fig. 9).

Biofilm eradication assay

Out of five samples, only S-16 showed 70% biofilm disruption, and four samples (S-11, S-14, S-19, and S-20)
did not show any biofilm eradication. When compared to the control group, S-16 showed significant (p<0.001)
biofilm eradication. Whereas, the comparison of different combinations showed significant (p<0.001) biofilm
eradication (60-77%) in combination 1, 2, 3, 4 and 5, in comparison to the combination 6 and 7 as shown in the
Fig. 10. These findings suggest that the CS-AgNPs have therapeutic potential towards MDR isolates.

Conclusion

The present study demonstrates the synergistic antibacterial and antibiofilm potential of silver nanoparticles
against Multi drug resistant bacteria (MDR). CS-AgNPs were synthesized using Citrus Sinensis peel extract.
ThePlackett-Burman Design showed that the Incubation time, temperature, and ratio of extract to silver nitrate
were the significant factors that influence the CS-AgNPs fabrication. Characterization by UV-Vis spectroscopy
showed a peak at 470 nm, with particle sizes ranging from 50 to 60 nm. FTIR analysis revealed the involvement
of ether, phenol and carboxyl groups in the reduction and stabilization of biosynthesized CS-AgNPs. The
biosynthesized CS-AgNPs exhibited significant antibacterial and antibiofilm activity in combination with
cefotaxime against MDR clinical isolates, highlighting their potential as a therapeutic option for treating MDR
infections.
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Fig. 8. Biofilm Inhibition Activity. The graphs show the synergistic effect of CS-AgNPs and CTX against

biofilm of clinical isolates (a) S-11 (b) S-14 (c) S-16 (d) S-19 (e) S-20. *p<0.001.

Materials and methods

Chemicals and reagents

Silver nitrate was obtained from Dae-Jung Chemical Co., South Korea. Ethanol was acquired from BDH Laboratory
Supplies. Nutrient broth, Eosin Methylene Blue (EMB) media, Mueller Hinton Agar (MHA), MacConkey
media, Mannitol Salt Agar (MSA) media and antibiotic Ampicillin (10 pg), Amoxiclave (30 pg), Amikacin
(30 pg), Gentamicin (10 pg), Cefixime (5 pg), Ciprofloxacin (5 pg), Imipenum (10 pg), Ceftriaxone (30 pg),
Norfloxacin (10 pg), Cefotaxime (30 pg), Azithromycin (15 pg), Trimethoprim (10 pg) and Vancomycin (30 pg)
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Parameters Low | High | Center
Temperature (°C) 30 50 40
Incubation Time (hours) 05 |4 2.25
AgNO, Conc. (mM) 1 5 3

Ratio of CS Extract to AgNO, | 1:1 | 1:10 | 1:5.5

Table 5. Parameters of PBD Experiment for Synthesis of Citrus sinensis mediated Silver Nanoparticles.

discs were procured from Oxoid. Dulbecco’s Modified Eagle’s Medium (DMEM 1X) (Cat:11965092), TryplE
(1X) (Cat:12563-011), Trypan blue (0.4%) (Cat:15,250-061), and Fetal Bovine Serum (FBS) (Cat:10500064)
were obtained from Gibco (Life Technologies Corp. USA). L-Glutamine (200 mM) (Cat:G7513) was acquired
from Sigma. 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) dye (Cat:A600799) was
purchased from BBI life sciences. All chemicals and reagents used in the study were of analytical grade.

Preparation of Citrus sinensis (CS) extract

The fruits of Citrus sinensis were purchased from the local market in Karachi, Pakistan. To prepare the extract,
the peels of Citrus sinensis (CS) were thoroughly washed with water. The peels were dried at 60 °C and grinded
to form a fine powder. In a 250 ml flask, 5 g of grinded powder was then added to 100 ml deionized (DI) water
and the solution was heated up to boiling for 10 min. Following this, the CS extract was obtained by filtering the
solution with filter paper®® (See Fig. 11).

Optimization of Citrus sinensis mediated silver nanoparticles (CS-AgNPs) using Plackett-
Burman design

The synthesis of silver nanoparticles using Citrus sinensis peel extract was optimized using design of experiment
(Plackett-Burman design) on Minitab 21. A total of four factors were assessed in the study and each factor was
analyzed at two distinct levels: low and high®*%4, as indicated in Table 5. All parameters were run in triplicates
and total 39 runs were obtained each showing different combination of factors as shown in Table 6. Each
parameter was independent and capable of being characterized by a first-order model according to Plackett—
Burman design (PBD).

Y:50+Zm+xz‘

where Y = predicted target response, 3i = the regression coeflicient, f0 =the model intercept, Xi=an independent
parameter.

Characterization of Citrus sinensis mediated silver nanoparticles

UV-Vis spectroscopy

According to the parameters in the PBD given in Table 6, the reaction between silver nitrate and Citrus sinensis
extract was carried out. After reaction completion, UV-Vis spectra (200-800 nm) of the solution were analyzed.
Absorption band was observed which indicated the nanoparticle formation®.

Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX)

Scanning Electron Microscopy was used to identify the structure and size of the CS-AgNPs. The nanoparticle
solution was centrifuged, and the pellet was dissolved in DI water. A single drop was placed onto a glass cover
slip and allowed to air dry at room temperature. The presence and composition of elements in NPs was identified
by SEM-EDX (JEOL JSM-IT100, Japan)®.
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Run order | Incubation temperature | AgNO, concentration | Incubation time | Ratio of CS extract to AgNO,
1 50 5 0.5 10
2 50 1 0.5 1
3 50 1 4 10
4 50 1 4 1

5 30 5 4 10
6 50 1 4 1
7 50 5 0.5 10
8 30 1 0.5 1
9 30 1 0.5 1
10 30 5 4 10
11 30 1 4 10
12 30 5 0.5 1
13 50 1 4 1
14 30 5 4 10
15 50 1 0.5 1
16 50 1 0.5 1
17 50 5 0.5 10
18 30 1 4 10
19 30 5 4 1
20 50 5 0.5 10
21 50 5 4 1
22 30 5 0.5 1
23 50 1 4 10
24 40 3 2.25 5.5
25 30 5 4 1
26 40 3 2.25 5.5
27 30 1 0.5 1
28 40 3 2.25 5.5
29 50 1 4 10
30 30 5 0.5 1
31 30 1 0.5 10
32 30 1 4 10
33 50 5 4 1
34 50 5 4 1
35 50 5 0.5 10
36 30 1 0.5 10
37 30 1 0.5 10
38 30 5 4 1
39 50 5 0.5 10

Table 6. Plackett-Burman design.

Fourier transform infrared spectroscopy (FTIR)

FTIR was performed to identify the presence of specific functional groups on the surface of NPs. For this
purpose, the nanoparticle sample was centrifuged for 45 min at 10,000 rpm. Subsequently, the pellet was rinsed
twice with DI water and once with absolute ethanol. The washed pellet was air dried and the FTIR analysis was
performed within the range of 3500-600 cm ™16,

Cytotoxicity assay

The cytotoxicity of CS-AgNPs, CTX and their synergistic treatment were analyzed using MTT colorimetric
assay®’. The normal human fibroblast BJ cell line (CRL-2522™) procured from American Type Culture Collection
(ATCC) was used in the assay. For experimental purpose, the cells were grown in DMEM culture media
supplemented with FBS (10%), Pen-Strep antibiotic solution (1%), sodium pyruvate (1%) and L-glutamine (1%)
and cultured in humidified incubator (New Brunswick $41i, Eppendorf) at 37 °C and 5% CO,. The cells at
confluence stage were harvested using TrypLE and centrifuged at 1000 rpm for 10 min. The cells were counted
using Trypan blue staining method followed by seeding of 10x 10 cells per well for 24 h in 96-well microtiter
plate. Post culture, the cells were subjected to treatment with CS-AgNPs and CTX at different concentrations
(0.25-3 ug/mL) as well as their synergistic treatment at concentrations specified in Table 7 for 24 h. At 72 h,
the culture media was aspirated, and cells were exposed to MTT dye solution (0.5 mg/mL final concentration
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Combination codes | CS-AgNPs (ug/ml) | Cefotaxime (CTX) (ug/ml)
Comb 1 3 0.25

Comb 2 2.5 0.5

Comb 3 2 1

Comb 4 1.5 1.5

Comb 5 1 2

Comb 6 0.5 2.5

Comb 7 0.25 3

Table 7. Concentrations of CS-AgNPs and CTX used in Synergism Assay.

in fresh media), incubated in humidified incubator. After 4 h of incubation, the dye solution was carefully
aspirated and DMSO (100 uL) was added to each well and the plate was placed on a plate shaker under dark
conditions until complete solubilization of formazan crystals for 5 min. The absorbance was recorded at 540 nm
using spectrophotometer (Varioskan™ LUX, Thermo Scientific™) and cytotoxic effect was analyzed by following
equation:

%Cytotoicity = 100 — < OD (sample) — Mean OD (blank) ) 100

Mean OD (control) — Mean OD (blank)

Collection of clinical isolates

Sample size or the number of drug-resistant organisms to be screened was determined with PASS (Power
Analysis and Sample Size) software version-11%. Power Analysis and Sample Size (PASS) Software Version 11
helps researchers determine the appropriate sample size or evaluate the power of statistical tests. It supports
various statistical methods and study designs, ensuring studies are adequately powered to detect meaningful
effects. The software provides user-friendly tools for accurate sample size calculations and effect size estimation.
The calculated sample size was found to be 23 with the power of test 80% along with a 95% confidence interval.
These clinical isolates were obtained from blood and urine specimens. Glycerol stocks of the clinical isolates
were prepared in 20% glycerol.

Characterization of the clinical isolates

The 23 clinical isolates were initially processed on selective and differential media. A loopful culture of clinical
isolates was grown on MacConkey media, MSA and EMB media and incubated at 37 °C for 24 h. The colonies
were selected for microscopy and biochemical characterization which included catalase, coagulase, urease and
IMVIC tests®~71.

Antibiotic susceptibility of clinical isolates

All identified strains were screened against different antibiotics to check their susceptibility pattern by Kirby
Bauer disc diffusion assay. Overnight grown broth cultures were used in the screening test. Turbidity of the
culture was adjusted according to 0.5 McFarland Standard by managing the optical density (OD) in the range of
0.08-0.1. This culture was used to prepare smooth lawn on the Muller Hinton agar (MHA) plate. Antibiotic discs
were then placed onto the lawn. Plates were incubated at 37 °C for 24 h. Next, clear zone around each disc was
observed and diameter of zone of inhibition was measured to interpret it as sensitive, intermediate and resistant,
as per CLSI-2020 guideline”.

Antimicrobial assays

Minimum inhibitory concentration (MIC) of CS-AgNPs and cefotaxime

The broth microdilution method was used to analyze the MIC of synthesized CS-AgNPs and cefotaxime as per
the CLSI 2020 guidelines”®. A single colony was inoculated in 5 ml nutrient broth and incubated for 24 hat 37 °C
in a shaking incubator at 100 rpm. Turbidity of the broth culture was adjusted to 0.5 McFarland by obtaining the
optical density in the range of 0.08-0.172. Different concentrations of CS-AgNPs (3.125, 6.25, 12.5 and 25 pg/
mL) and CTX (125, 250, 500, and 1000 pg/mL) were examined. Nutrient broth (140 pl) and 50 pl CS-AgNPs of
above-mentioned concentrations were added to the wells along with the final addition of 10 ul of culture to all
wells except the negative control. The experimental plate was incubated at 37 °C in shaking incubator at 60 rpm
for 24 h. After incubation, the plate was observed and the absorbance was measured to identify the MIC of the
Cs-AgNPs and CTX®,

Synergism assay

Synergism assay was conducted using CTX in combination with synthesized CS-AgNPs to determine their
synergistic effect by using the checkerboard method”. In this assay, 96-well plate method was used and in each
well, CTX and CS-AgNPs were added in such a way that each well contained unique concentration of CTX and
CS-AgNPs as mentioned in Table 7. The CTX was used in low to high concentration while the CS-AgNPs in
high to low concentration. In each well, bacterial culture was added, and OD of the culture was adjusted to 0.5
McFarland. The plates were incubated at 37 °C for 24 h in shaking incubator at 60 rpm. Post incubation period,
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turbidity was observed and the absorbance was recorded at 540 nm?’2. The synergistic effect of antibiotic with
CS-AgNPs was calculated and reported as Fractional Inhibitory Concentration (FIC).

The synergistic effect was considered if FIC index value was<0.5, additive if 0.5<FIC<1, indifferent if
1 <FIC<2 and antagonistic if FIC >27°.

FICI was calculated with the help of the following formula’.

MIC, in combination  MICY, in combination

FIC index = FIC. + FIC, = MIC, alone * MICy, alone

where a is AgNPs and b is Antibiotic (Cefotaxime).

Antibiofilm assays
Cultures with the synergistic effect were used in the antibiofilm assay. The synergistic effect of CS-AgNPs and
CTX on biofilm were analyzed by biofilm inhibition and biofilm disruption assays.

Biofilm inhibition assay

The synergistic effects of CS-AgNPs and CTX on biofilm formation was evaluated by using crystal violet
method’®. Firstly, 140 pl nutrient broth was added in the wells followed by the addition of 10 pl culture (optical
density between 0.08 and 1.0). CS-AgNPs and antibiotic concentration used in the synergism assay is mentioned
in Table 7. The negative and positive control wells contained only nutrient broth and culture, respectively. The
plates were incubated at 37 °C for 24 h. After incubation, the planktonic cells were removed without disturbing
the biofilm and the wells were washed twice with distilled water. Post washing, 0.1% crystal violet was added to
the wells and incubated at 37 °C at 70 rpm for 20 min. The wells were then rinsed with distilled water and allowed
to dry. The biofilm was solubilized by adding 200 pl of 95% ethanol followed by incubation for 10 min at room
temperature. After incubation, the solution was transferred into the sterile 96-well plate and the absorbance
readings were recorded at 590 nm”.

Biofilm eradication assay

Flat bottom 96-well plates were used in this assay. 190 pl nutrient broth was added in the wells along with 10 pl
tested culture (at 0.08-0.1 OD), positive control (200 ul culture) and negative control (nutrient broth only)
were incubated for 24 h at 37 °C. Following incubation, the plate was rinsed twice with distilled water and air
dried. In dried plate, the nutrient broth (150 ul), was added followed by addition of CS-AgNPs and CTX in a
concentration used in the synergism assay. The plate was rinsed twice, and the biofilm was stained with 0.1%
crystal violet followed by incubation for 20 min at 37 °C at 70 rpm. Post incubation, the wells were rinsed with
distilled water and allowed to air dry. The biofilm was solubilized by the addition of 200 pl of 95% ethanol
and incubated for 10 min. After incubation, the solution was transferred to the sterile 96-well plate and the
absorbance was measured at 590 nm’>. The percent biofilm inhibition or disruption was calculated using the
below-mentioned formula:

As90nm without AgNPs — Asgonm with AgN P:
Percent biofilm inhibition or disruption = ( 90nm Without Ag s o0nm With Ag 9) x 100

As90nm without AgN Ps

where A = Absorbance.

Statistical analysis

The resulted data was analyzed statistically with SPSS software (version-22). One way ANOVA followed by
Tukey’s post hoc test was used for statistical significance and p <0.05 was considered statistically significant. The
graphical representation was done with GraphPad Prism software (version-8). All the results were represented
as mean + standard error of mean (SEM).

Data availability

Data is provided within the manuscript.
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