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Abstract The rapid increase in antibacterial resistance of
pathogenic bacteria poses a key threat to human health.
This has triggered initiatives worldwide to discover more
potent antimicrobial agents. Hence, cefixime was conju-
gated to gold and silver nanoparticles (NPs) and resultant
nano-conjugates (Cfm-AuNPs and Cfm-AgNPs) were
evaluated against Staphylococcus aureus (S. aureus)
ATCC 25923. The synthesized nano-conjugates were
characterized by using UV—visible, IR spectroscopy, and
atomic force microscopy (AFM). The bactericidal poten-
tial of Cfm-AuNPs and Cfm-AgNPs was compared with
the efficacy of non-conjugated cefixime served as control.
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Experimentally obtained results confirmed that the bacte-
ricidal potential of cefixime was enhanced by 8 and 3
times upon conjugation with gold and silver NPs respec-
tively. Moreover, the improved antibacterial activity and
kinetics of the conjugated cefixime were observed under
AFM. Surface topography analysis of the controlled and
treated S. aureus cells revealed that effective treatment
time (8 h) of cefixime also gets reduced to one-half(4 h)
upon conjugation with both gold and silver NPs. Further-
more, the toxicity assay demonstrated that the
cytocompatibility of gold and silver NPs was improved
by conjugation with cefixime. Consequently, Cfm-
AuNPs and Cfm-AgNPs offer the technical benefits of
improved bactericidal effects of cefixime at lower dosages
and serve to overcome antibiotic resistance in bacteria.

Keywords Cefixime - Atomic force microscope - Silver
and gold nanoparticles - Antimicrobial - Health effects

Introduction

The development of bacterial resistance toward existing
antibiotics is a global issue for human health. This has
challenged the clinical worth of some existing antimi-
crobial drugs and emphasized the need for comparative-
ly more potent antibiotics (Fair and Tor 2014). Several
practices have been developed to overcome this issue;
however, bacteria always adapt a manner to adjust to the
situation and become resistant. Hence, they are contin-
uously developing resistance toward the conventional
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antibiotics. Beta-lactam antibiotics are the widely used
antibacterial drugs; though, due to bacterial resistance,
some members of this class are no longer clinically
active (Drawz and Bonomo 2010; Shaikh et al. 2015).
This growing resistance to antibiotics (particularly beta-
lactam antibiotics) led to look for possible alternatives
that can overcome this issue.

The extensive use of antibiotics in the hospitals and
community has fueled this crisis. Consequently, bacteria
such as Streptococcus pneumoniae, Streptococcus
pyogenes, Staphylococci, and S. aureus, and some
members of the Pseudomonas and Enterobacteriaceae
families, are now resistant to nearly all the conventional
antibiotics (Neu 1992). Mechanisms responsible for the
development of antibiotic resistance include transfigu-
ration of the target site of the drug, transformation of
antibiotics by bacteria, decreased assimilation of these
antibiotics, and alteration of the metabolic pathway as a
preventive measure (Kumar and Schweizer 2005;
Stewart 2002). S. aureus can destroy beta-lactam anti-
biotics by means of lactamase and hence show resis-
tance to these antibiotics (Lyon and Skurray 1987).

Cefixime is an active beta-lactam antibiotic, used for
the treatment of bacterial disorders such as the ear,
throat, lung, and urinary tract infections, bronchitis,
gonorrhea, and pneumonia. (Zhang et al. 2014). Unfor-
tunately, the growing increase in the antibiotic resis-
tance poses a threat to the use of this life-saving drug.
Hence, mechanisms such as better hygiene, antibiotic
control programs, and fabrication of the drug to enhance
its antibacterial activity need to be implemented in order
to control bacterial resistance. Fabrication of antibiotics
is the ultimate solution to circumvent the resistance
mechanisms. Particularly, nano-antibiotics are fascinat-
ing substitutes as their mechanism of action is totally
different than conventional antibiotics.

Reports have shown that noble metal-based
nanomaterials have great potential in the biomedical
field (Rai et al. 2016; Ali et al. 2020a, b), and silver
and gold NPs have emerged as promising candidates for
antimicrobial application because their large surface
area enabling high synergy for antimicrobial action
(Gordon et al. 2010; Li et al. 2014; Naqvi et al. 2013).
Silver and gold NPs can target bacterial structures (Ali
et al. 2019), and evidences have shown that the syner-
gistic action of NPs and antibiotics caused an upsurge in
the antibacterial potential of antibiotics (Allahverdiyev
et al. 2011). Previously, various approaches have been
used to improve the bactericidal activity of antibiotics.
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For example, antibiotics were used in combination with
gold and silver nano-alloys to enhance their bactericidal
activity (Dos Santos et al. 2012). Silver and gold NPs of
antibiotics such as cefadroxil, ceftriaxone, vancomycin,
penicillin, and amoxicillin have been used against
S. aureus and E. coli(Ali et al. 2019, Gu et al. 2003;
Shah et al. 2014). Cefixime metal complexes have been
synthesized for antibacterial applications (Anacona and
Estacio 2006). Furthermore, the improved solubility of
cefixime by converting into NPs through antisolvent
precipitation technique (Kuang et al. 2015), and the
mutual effects of gold ions and gold NPs with fourteen
antibacterial drugs including cefixime against Pseudo-
monas aeruginosa strain (Nazari et al. 2012) have been
studied. In another study, the antibacterial activities of
antibiotics like amoxicillin, penicillin G, erythromycin,
vancomycin, and clindamycin have been increased in
the presence of Ag-NPs, but no enhancement was ob-
served in the activity of cefixime (Shahverdi et al.
2007). These are important conclusions; however, there
are still shortcomings such as the complex synthetic
procedure, the use of toxic reagents, and a very less
enhancement in the bacterial potential of cefixime.
Hence, there is a need to develop a simple, nontoxic
procedure for the significant enhancement of antibacterial
potential of cefixime that could be used against S. aureus
which is emerging as a resistive strain of bacteria.

In this study, we demonstrate the simple and one-step
conjugation of cefixime with gold and silver NPs (here-
after abbreviated as Cfm-AuNPs and Cfm-AgNPs re-
spectively). The nano-conjugates were characterized
and their stability under various physiological condi-
tions (temperature, pH, and salt) was examined. The
antibacterial potential of cefixime, Cfm-AuNPs, and
Cfm-AgNPs was evaluated against S. aureus ATCC
25923 by agar well diffusion method. Then, minimum
inhibitory concentrations (MICs) of Cfm-AuNPs and
Cfm-AgNPs were compared with unconjugated
cefixime and bare gold and silver NPs. Furthermore,
the cytotoxicity of Cfm-AuNPs and Cfm-AgNPs was
examined to know their biocompatibility. Since AFM is
a valuable tool to collect more detailed information
about interface and surface properties compared with
other microscopic techniques (Ali et al. 2020a, b;
Bolshakova et al. 2001). Furthermore, AFM is gaining
an additional worth as a useful instrument for analysis of
living structures because it is giving the prospect to
perform a wide range of sample studies without any
complex sample preparation procedures (Madl et al.
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2006; Yamashita et al. 2012). Hence, to demonstrate the
influence of conjugation on the efficacy of cefixime,
morphological analysis of controlled and treated
S. aureus was observed at different time intervals under
AFM.

Materials and methods
Materials

Tetra-chloroauric-acid-trihydrate (HAuCl,.3H,0)
and silver nitrate (AgNO;3) were bought from
Merck, triethylamine (TEA) was purchased from
Scharlau, and cefixime was provided by Pharmagen
Limited, Lahore, Pakistan. S. aureus ATCC 25923
were provided by ICCBS University of Karachi,
Pakistan. Deionized water was used throughout the
experiment.

Synthesis of Cfm-AuNPs

Gold solution (HAuCl4;.3H,0, 1 mM) was reacted with
1 mM cefixime solution in the ratio of 13:1
(Au:cefixime). The reaction mixture was stirred for
30 min and then 0.1 ml of TEA was added to it. The
color of the reaction mixture gradually turned into vio-
let; the reaction was monitored by UV-visible spectros-
copy. The reaction mixture was stirred for 2 h then the
suspensions were centrifuged to collect NPs. The NPs
were frequently washed with deionized water to remove
reaction by-products and unreacted precursors.

Synthesis of Cfm-AgNPs

Silver salt solution (AgNO;3;, 1 mM) and cefixime
solution (1 mM) were prepared in deionized water.
From the stock solutions, two volumes in the ratio
10:1 (Ag:cefixime) were mixed and the reaction mix-
ture was stirred for 30 min. Then, TEA (0.1 mL) was
added to the reaction mixture. The color of the reac-
tion mixture gradually turned into yellowish red; the
reaction was carefully monitored through UV-visible
spectroscopy. The reaction mixture was stirred for
2 h then the suspensions were centrifuged to collect
NPs. The NPs were frequently washed with deion-
ized water to remove reaction by-products and
unreacted precursors.

Characterization

Cfm-AuNPs and Cfm-AgNPs were characterized by
UV-Vis spectroscopy; a Thermo Scientific Evolution
300 spectrophotometer was used for this purpose.
Fourier-transform infrared (FT-IR) spectra were obtain-
ed with a “Bruker Victor 22 spectrophotometer” using
KBr pellets. The shape and size of the NPs were deter-
mined by AFM “Agilent Technologies AFM 5500,
USA” in ACAFM mode. Si cantilever (of force constant
42 N/m, length 125 pum, and resonance frequency
330 kHz) was kept during the study (Rafiq et al. 2014).

Quantification of the amount of cefixime
in Cfm-AuNPs and Cfm-AgNPs

The amount of cefixime in Cfm-AuNPs and Cfm-
AgNPs was quantified by the previously described
method (Shah et al. 2014). Known volumes of the
Cfm-AuNPs and Cfim-AgNPs suspensions were centri-
fuged separately and the precipitated NPs were collected
respectively. The supernatant was frequently centri-
fuged to collect the NPs completely. Then, the superna-
tant was freeze-dried and weighed the residues. Using
this manner, the quantity of cefixime was determined, to
be 7.2 wt% for Cfm-AuNPs and 20.85 wt% for Cfm-
AgNPs.

Stability of Cfim-AuNPs and Cfm-AgNPs

UV-visible spectroscopy was used to describe the pH,
temperature, and salt stability of Cfm-AuNPs and Cfm-
AgNPs because the coagulation of NPs usually accom-
panied by a change in color and shift of the surface
plasmon (Ali et al. 2020a, b). The effect of temperature
was observed by heating the Cfm-AuNPs and Cfm-
AgNPs separately up to 100 °C, followed by UV-
visible analysis. To study pH stability, the NPs were
stored in different pH medium (from pH 1 to 14) and
after 24 h, UV-visible spectra were recorded. For the
study of stability in salt, NPs were mixed quantitatively
with NaCl solutions. These mixtures were kept for 24 h
followed by UV-visible spectroscopy.

Antibacterial evaluation by agar well diffusion method
Antibacterial activities of Cfm-AuNPs and Cfim-AgNPs

were studied against the standard strain of S. aureus
(ATCC 25923 strain). The activity was evaluated by
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agar well diffusion process. In brief, a lawn of S. aureus
was grown on Nutrient agar. A concentration of
10°cells/mL was preserved, and corresponding dilutions
were utilized to measure minimum inhibition zones. By
using a borer, wells (60 mm) were made and
500 ug mL " stock solutions of cefixime, Cfm-AuNPs,
and Cfm-AgNPs were used distinctly to avoid nonspe-
cific mixed zones of inhibition. Different concentrations
(ranging from 500 to 5 pg mL ") were added into each
well. The plates were incubated at 25 °C for 2 h to allow
the dispersion process to take place and then were
incubated at 37 °C+ 1 for 2448 h.

Antibacterial evaluation by broth dilution method

MICs of cefixime, Cfim-AgNPs, Cfim-AuNPs, and bare
silver and gold NPs were determined against S. aureus by
standard broth dilution (Panacek et al. 2006). In detail,
bacterial cells were grown for 12 h on TSB (Oxoid, UK)
at 37 °C to obtain the transferable dose of bacterial cells.
Two-fold serial dilutions of cefixime and its NPs were
arranged in Muller Hinton broth (Oxoid, UK) in the con-
centration range from 250 to 5 pg. An inoculum contain-
ing 5% 10° CFU/mL cells was inoculated in each well
except negative control. Into the plates, two controls were
also added such as positive control (bacterial cells) and
negative control (containing only medium). MICs were
measured as the minimum concentration which inhibited
the growth of bacteria.

AFM analysis of the antibacterial activity

AFM was used to evaluate the antimicrobial potential
and action mechanism of Cfm-AuNPs and Cfm-AgNPs.
Stock bacterial culture was produced using tryptic soy
agar (Oxoid, UK) at 37 °C. Polylysine was added on a
freshly cleaved mica surface and subsequently, a newly
incubated culture of bacteria was inoculated to make
10° CFU of bacteria. Then, 5-10 uL from the bacterial
culture were transferred onto a freshly cleaved (polyly-
sine coated) mica surface and dried in the ascertained
environment. The prepared samples were studied under
AFM to record the morphology of bacteria before treat-
ment. Calculated concentrations (MICs) of cefixime,
Cfm-AuNPs, and Cfm-AgNPs were taken and incubat-
ed at 37 °C for 1 h. Drops of each sample (5-10 pL)
were placed separately onto freshly cleaved (polylysine
added) mica slides and were dried for 12 h at a relative
humidity of 65% and at a temperature of 25 °C.

@ Springer

Similarly, the samples were taken in quantified amount
(MICs) and incubated for different time intervals such as
2,4, and 8 h to study their antimicrobial action. By using
the same method, the antimicrobial activity of the bare
silver and gold NPs was also evaluated, for consider-
ation as the negative control. Consequently, we record-
ed AFM images of S. aureus before treatment (control)
and after treatment (with bare Ag and Au NPs, cefixime,
Cfm-AuNPs, and Cfm-AgNPs) under similar condition.

Toxicological assay against human macrophages cells:
ex vivo cell viability assay

Human mononuclear macrophage cells were isolated
and the salt colorimetric assay was performed to evalu-
ate the cytotoxicity of Cfm-AgNPs and Cfm-
AuNPs(Singh et al. 2006). Cells were cultured in 24-
well plates in an amount of 10%ells/well with the vol-
ume of 0.3 mL. The stock solutions of 500 pug mL™" of
analyzing compounds such as bare Ag and Au NPs,
Cfm-AuNPs, Cfm-AgNPs, and cefixime were prepared.
Added different concentrations ranged from 5 to 200 pig
in duplicate wells and incubated at 37 °C in the moist-
ened CO, (5%) incubator for 24 h. After this, 50 uL
MTT solution (5 mg/mL) in sterile water was added to
each well and left for 2 h at 37 °C; then, 0.3 mL of
dimethyl sulfoxide (DMSO) was added to each well for
5 min followed by centrifugation. Subsequently, the
optical density of supernatant was recorded and percent-
age inhibition was described (Barbasz et al. 2015).

Statistical analysis

All the experiments were carried out in triplicate form
and results were expressed as mean + SEM. Statistical
analyses were performed by GraphPad Prism (Version
5.01, GraphPad Software Inc., San Diego, CA, USA)
and comparisons were made using unpaired ¢ test and
one-way ANOVA, as appropriate. P values < 0.05 were
considered statistically significant.

Results

Synthesis and characterization of Cef-AuNPs
and Cef-AgNPs

As shown in Scheme 1, Cfm-AuNPs and Cfm-AgNPs
were prepared by reacting cefixime with metal
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OH

+ HAuCl,.3H,0/AgNO,

Cefixime

TEA/stirring/2hrs

Cfm-AgNPs/Cfm-AuNPs

Scheme 1 Schematic illustration of the synthesis of Cfm-AgNPs and Cfm-AuNPs

precursors (HAuCl;.3H,O/AgNOs) in the presence of
TEA. The UV-visible spectra of Cfm-AuNPs and Cfm-
AgNPs showed plasmonic peaks at 532 nm and 397 nm
respectively (Fig. 1 a and b), which were in agreement
with the distinguishing plasmonic absorption bands of
Ag and Au NPs (Chen et al. 2020; Li et al. 2019). The
formation of Cfm-AgNPs and Cfim-AuNPs was further
confirmed by FT-IR spectroscopy. The FT-IR spectra of

free and conjugated cefixime are shown in Fig. 1 ¢ and
d. Characteristic absorption bands noticed in the spec-
trum of cefixime were at 3296 cmfl, 3559 cmfl,
1669 cm !, and 1771 cm™'; these peaks could be asso-
ciated to the stretching vibrations of NH, OH, amide
carbonyl, and lactam carbonyl groups respectively
(Kuang et al. 2015). On the other hand, the merging of
bands and the reduction in the absorbance intensities of
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Fig. 1 UV-vis and FTIR spectra of Cefixime, Cfm-AgNPs, and
Cfim-AuNPs. UV-vis absorption spectrum of Cfm-AgNPs exhib-
ited surface plasmon band at 397 nm (a) and UV-vis spectrum of
Cfm-AuNPs exhibited surface plasmon band at 532 nm (b). FTIR

spectra of cefixime and Cfm-AgNPs (¢), FTIR spectra of cefixime
and Cfim-AuNPs (d), significant bands for functional groups in-
volved in the synthesis of NPs are labeled
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N-H (3296 ¢cm '), O-H (3559 cm '), and C=0
(1771 ecm ! and 1669 cm ') could be ascribed to the
conjugation of cefixime to the NPs (Anacona and
Estacio 2006).To investigate the morphology and size,
AFM was performed. Figure 2 shows the AFM images
of Cfm-AgNPs and Cfm-AuNPs. The Cfm-AgNPs and
Cfm-AuNPs were spherical in shapes with size range of
35-60 nm and 25-50 nm, respectively.

Stability of Cfim-AuNPs and Cfim-AgNPs

For the biomedical applications of nano-conjugates, it is
important to examine their stability under certain physio-
logical conditions. Hence, the nano-conjugates were stud-
ied against different parameters such as pH, temperature,
and salinity. UV-visible spectroscopy was employed to
observe the stability of the NPs. From the spectroscopic
analysis, it was found that Cfm-AuNPs and Cfin-AgNPs
could maintain their morphology in a pH range from 3 to
11, at 100 °C temperature, and salt concentration up to
500 mM and 100 mM respectively (Fig. 3).

Antibacterial evaluation

The antimicrobial potential of Cfm-AuNPs and Cfm-
AgNPs was evaluated by agar well diffusion method
and broth dilution method. The MICs of the cefixime,
Cfm-AuNPs, and Cfim-AgNPs were calculated to be 25 +
0.32 pg mL™!, 45+0.12 ug mL™! (correspond to a
3.24 ug cefixime), and 35+0.13 ug mL™" (corresponds
to a 7.29 pg cefixime) respectively, while the MICs of
bare Au and Ag NPs were found to be 60+ 0.52 g mL ™
and 50+0.31 pg mL™" respectively (Fig. 4). Similarly,
the MICs of the abovementioned samples were found 25
+£0.20 pgmL ', 46+0.40 pgmL ™', 38+0.70 pg mL ™",
61+0.50 ug mL", and 52 +0.40 pg mL ™' based on the
broth dilution method (Table 1).

AFM analysis of the antibacterial activity
AFM analysis verified the enhancement in the antibac-

terial activity of cefixime. Images of the S. aureus
ATCC 25923 before treatment showed round cells with
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Fig. 2 AFM images of Cfm-AgNPs (a) and Cfm-AuNPs (c¢). b and d are their corresponding 3D images
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Fig. 3 Stability of Cfim-AgNPs and Cfm-AuNPs. Cfm-AgNPs are stable at 100 °C (a), 3 to 11 pH range, (b) and salt concentration up to
100 mM (c). Cfim-AuNPs are stable at 100 °C (d), 3 to 11 pH range (e), and salt concentration up to 500 mM (f)

smooth membranes and spherical shape as shown in
Fig. 5. Bacteria from the stock culture were taken and
treated with cefixime, Cfm-AuNPs, Cfm-AgNPs, and
bare Au and Ag NPs. After treatment under optimized
conditions, the samples were visualized under AFM to

@@ Cefexime
Ag/Au NPs

MICs (pg/mL)
'S
<

Thkk

Fig. 4 MICs of cefixime, Cfm-AgNPs, Cfm-AuNPs, and bare
silver and gold NPs. Cfin-AgNPs and Cfm-AuNPs contain a small
weight fraction of the cefixime (7.20% for Cfm-AuNPs and
20.85% for Cfm-AgNPs); this established that the efficacy of
cefixime is enhanced up to 8 and 3 times respectively. Compari-
sons were made using unpaired 7 test and one-way ANOVA, as
appropriate. P values <0.05 were considered statistically
significant

study the effects on the bacterial cell morphology. Sam-
ples from 1 h treatment (with MICs dose of cefixime)
exposed a slight effect and the only scratch on the
bacterial cell surface was noticed (Fig. 6a). Increased
roughness and morphological degradation were ob-
served with a 2 h treatment as shown in Fig. 6d. Further
significant damages of the bacterial cells were detected
after 4 h treatment (Fig. 7a). Eventually, completely
distorted and degraded cells were observed after 8 h
treatment (Fig. 7d). Then, the culture was treated with
Cfm-AgNPs (MIC dose) for 1 h, and it is clear from Fig.
6b that the cells are comparatively more affected than
those treated with cefixime. Here, we assumed that this
is due to the alterations produced in the bacterial mem-
brane by Cfm-AgNPs that may lead to changes in os-
molarity without the incidence of lysis of the cells.
Much more effect was observed in 2 h treatment, as
the lysis of the membranes started (Fig. 6e) and a 4 h
treatment led to the complete death of the cells (Fig. 7b).
Likewise, Cfm-AuNPs have exhibited potent antibacte-
rial effect in 1 and 2 h treatment compared with the
cefixime alone (Fig. 6 ¢ and f), and a 4 h treatment
caused the destruction of the bacterial cells (Fig. 7c).
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Table 1 MICs of cefixime, Cfm-AgNPs, and Cfm-AuNPs against S. aureus ATCC 25923. The values are expressed as mean + SEM

Samples Cefixime Cfim-AuNPs Cfin-AgNPs AuNPs AgNPs
MICs by broth dilution method (ug mL™") 25+0.20 46+£0.40 38+0.70 61+0.50 52+0.40
MICs by Agar well diffusion method (ug mL™") 25+0.32 45+0.12 35+0.13 60+0.52 50+0.31

Unconjugated Au and Ag NPs of MICs doses did not
show characteristic effects, but only slight morphologi-
cal alterations were detected even after treatment for
comparatively long time (8 h)(Fig. 7 e and f).

Toxicological assay against human macrophages cells:
ex vivo cell viability assay

The toxicity of the Cfm-AgNPs and Cfm-AuNPs was
evaluated with human mononuclear macrophages cells
via cell viability assay. The Cfm-AgNPs and Cfm-
AuNPs exerted no substantial cytotoxic effect up to
50 pg/mL and 75 pg/mL concentrations respectively
(Table. 2). The NPs were lethal even at low concentra-
tions for the bacteria tested in this study, indicating that
the Cfm-AgNPs and Cfm-AuNPs can show antibacteri-
al potential without being toxic to human cells. Howev-
er, treatment with a higher dose (100 pg/mL) caused
about a 0.50% decrease in cell viability.

Discussion

S. aureus is a human pathogen and can cause various
infections such as food poisoning and skin and respira-
tory diseases (McCaig et al. 2006). This strain of bacte-
ria rapidly developing resistance toward the prevailing

antibiotics and has produced a global trouble in clinical
cure (Chambers and DeLeo 2009). In this work,
cefixime was conjugated with gold and silver NPs and
their enhanced antimicrobial activity and kinetics
against a sensitive strain (S. aureus ATCC 25923) were
studied. Cfm-AgNPs and Cfm-AuNPs were synthesized
through a facile single-step reduction method by
reacting cefixime solution separately with the precursor
solutions (of Ag and Au) under optimized conditions.
The conjugation of cefixime with silver and gold NPs
was confirmed by UV-visible, FT-IR, and AFM. The
synthesized NPs were found to be stable under certain
physiological conditions. Experimental findings
showed that the cefixime conjugated with silver and
gold NPs have the highest antimicrobial activity com-
pared with the free cefixime. Though the MICs of Cfm-
AuNPs and Cfm-AgNPs were not less than pure
cefixime, but the NPs contain a small weight fraction
of the cefixime (7.20% for Cfm-AuNPs and 20.85% for
Cfm-AgNPs), this established that the efficacy of
cefixime in the form of Cfm-AuNPs and Cfm-AgNPs
was enhanced up to 8 and 3 times respectively. Hence,
the as-synthesized bactericidal agents could be effec-
tively used against S. aureus which is a resistive strain
of bacteria. Furthermore, this study gives an insight into
the improved bactericidal action of cefixime in the form
of NPs and the approach can be exploited for the

X=102 pm
Y=102pm
Z=101un 0

®)

F0.15

X=258 pm 005
Y =258 ym
7=053un 0

Fig. 5 AFM images of S. aureus ATCC 25923 (a and b) before treatment (controlled). Bacterial culture was grown using tryptic soy agar
(Oxoid, UK) at 37 °C, and the images were recorded in the ACAFM mode using silicon nitride cantilever
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Fig. 6 AFM images of S. aureus ATCC 25923 after treatment (at
37 °C) with cefixime (a), Cfm-AgNPs (b), and Cfm-AuNPs (c) for
1 h. d, e, and f are their corresponding AFM images after 2 h

devising of potent antimicrobial agents. The method
could be used for the enhancement of the bactericidal
action of the conventional antibiotics.

treatment. The images were recorded in the ACAFM mode using

silicon nitride cantilever

Cytotoxicity assay is important because it gives sug-
gestions on metabolic activities survival and cell death.
Gold and silver NPs have been examined for their

Fig.7 AFM images of S. aureus ATCC 25923 after treatment (at
37 °C) with cefixime (a), Cfm-AgNPs (b), and Cfm-AuNPs (c) for
4 h. Bacteria from the same culture was treated with cefixime (d),

bare silver NPs (e), and bare gold NPs (f) for 8 h. The images were
recorded in the ACAFM mode using silicon nitride cantilever
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Table 2 Toxicological assays of Cfm-AgNPs and Cfm-AuNPs against human macrophages cells with 6 different concentrations (5—

200 ug mL™"). The toxicity is expressed as % cell inhibitions (+ SEM)

Concentration (pg/mL) AgNPs AuNPs Cfim-AgNPs Cfm-AuNPs Cefixime
5 - - -
25 - - -
50 0.10+£0.06 - -
75 0.50+0.1 0.20+0.05 0.10+0.05 - -
100 1.20+0.2 0.50+0.1 0.40+0.1 0.50+0.2 -
200 2.50+0.3 1.10+0.5 0.90+0.2 0.60+04 -

cytotoxicity and researchers have exposed their varying
toxicity on mammalian cells. These variations were
largely ascribed to individual NPs, preparation proce-
dures, and target cells (Aurore et al. 2018; de Souza
etal. 2019; Jia et al. 2017). In this work, the synthesized
Cfm-AgNPs and Cfm-AuNPs were biocompatible in
their MICs and even at higher concentrations compared
with the bactericidal dose. Though, at a very higher
concentration (100 pg/mL), a little reduction in cell
viability was noticed. Our findings are in agreement
with other research reports (de Lima et al. 2012;
Hauck et al. 2008), and hence suggest that the synthe-
sized nano-conjugates are biocompatible for human
cells. The enhanced antibacterial activity and kinetics
of Cfm-AgNPs and Cfm-AuNPs were validated by
AFM while studying the morphological changes oc-
curred in the bacteria. The benefits of using AFM were
easy sample preparation, clear surface profile, and safe
analysis (not require coating or extra treatments). Fur-
thermore, AFM does not need the specimens to be
stained or metal-coated, and under near-physiological
conditions, non-invasive imaging of the samples can be
done in their natural states. This technique is predom-
inantly effective for bio-samples such as whole cells or
bacteria without harsh or damaging procedures. Keep-
ing these in view, we employed AFM to study the
morphological changes in the bacterial cells after treat-
ment with cefixime, Cfm-AgNPs, and Cfm-AuNPs.
AFM exposed the noticeable examination of bacteria
by recording topographic presentation of shape, sur-
face, and phase images. The probable mechanism for
interaction of Cfm-AgNPs and Cfm-AuNPs with the
cell wall of bacteria could be explained by a three-step
pathway which resulted in the enhancement of the
antibacterial effect. These steps are the interaction of
cefixime in conjugation with Ag and Au (in the form of
Cfm-AgNPs and Cfim-AuNPs), the release of Au/Ag

@ Springer

ions or Au/Ag NPs from conjugates which are attached
to a bacterium and the toxicity caused by the NPs
through binding with a sulfur atom of protein and
phosphorous of DNA (Jin et al. 2018). Thus, we as-
sumed that cefixime increased the membrane’s perme-
ability by acting on the peptidoglycan cover of
S. aureus, and subsequently, the NPs got into the bac-
terial cell and acted on the DNA and protein; induced
death of the cell by disturbing vital functions and me-
tabolism (Nair et al. 2009; Rai et al. 2009; Sondi and
Salopek-Sondi2004). Also, the production of reactive
oxygen species by the conjugates could result in oxida-
tive stress which facilitated further cell damage; conse-
quently, cefixime conjugated with gold and silver NPs
led to enhanced antibacterial potential (Rai et al. 2010).

Previous investigations have also discovered that
metal NPs first interact with the bacterial cell due to
high responsiveness of metals toward sulfur in the
bacterial structures (Ali et al. 2020a, b) and get into
the cell, creating holes, and led to the expiration of
the cellular matrix (Chakravarty and Banerjee 2008;
Morones et al. 2005).

In conclusion, an organized approach was planned to
enhance the antimicrobial activity and kinetics of
cefixime by conjugation with gold and silver NPs. The
synthesized Cfm-AuNPs and Cfm-AgNPs were charac-
terized through UV-visible, FTIR, and AFM. Cfm-
AgNPs and Cfm-AuNPs showed good pH, salt, and
thermal stability. The antimicrobial evaluation showed
that Cfm-AgNPs and Cfm-AuNPs killed the bacteria
with better efficacy compared with the cefixime. Beside
AFM analysis of the action mechanism on bacterial cell
morphology, the toxicity with human mononuclear
macrophages cells demonstrated that the synthesized
NPs exhibited no toxic effect. The strategy explored in
this work could provide medications for infections
caused by resistant bacteria.
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