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Abstract: Infections caused by resistant bacterial pathogens have increased the complications of
clinicians worldwide. The quest for effective antibacterial agents against resistant pathogens has
prompted researchers to develop new classes of antibiotics. Unfortunately, pathogens have acted
more smartly by developing resistance to even the newest class of antibiotics with time. The culture
sensitivity analysis of the clinical samples revealed that pathogens are gaining resistance toward the
new generations of cephalosporins at a very fast rate globally. The current study developed gold
nanoparticles (AuNPs) that could efficiently deliver the 2nd (cefotetan-CT) and 3rd (cefixime-CX)
generation cephalosporins to resistant clinical pathogens. In fact, both CT and CX were used to
reduce and stabilize AuNPs by applying a one-pot synthesis approach, and their characterization was
performed via spectrophotometry, dynamic light scattering and electron microscopy. Moreover, the
synthesized AuNPs were tested against uro-pathogenic resistant clinical strains of Escherichia coli and
Klebsiella pneumoniae. CT-AuNPs characteristic SPR peak was observed at 542 nm, and CX-AuNPs
showed the same at 522 nm. The stability measurement showed ζ potential as −24.9 mV and
−25.2 mV for CT-AuNPs and CX-AuNPs, respectively. Scanning electron microscopy revealed the
spherical shape of both the AuNPs, whereas, the size by transmission electron microscopy for CT-
AuNPs and CX-AuNPs were estimated to be 45 ± 19 nm and 35 ± 17 nm, respectively. Importantly,
once loaded onto AuNPs, both the cephalosporin antibiotics become extremely potent against the
resistant strains of E. coli and K. pneumoniae with MIC50 in the range of 0.5 to 0.8 µg/mL. The findings
propose that old-generation unresponsive antibiotics could be revived into potent nano-antibiotics
via AuNPs. Thus, investing efforts, intellect, time and funds for a nano-antibiotic strategy might
be a better approach to overcome resistance than investing the same in the development of newer
antibiotic molecule(s).
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1. Introduction

The global prevalence of infections caused by antibiotic-resistant bacterial pathogens
has markedly increased in the past few decades [1]. There is a plethora of reports that
suggested “antibiotic resistance” as an impending threat to the human population [2–4]. In
addition, WHO has listed resistance in microorganisms as one of the ten most serious health
threat to the global population [5]. Despite continuous warnings, the inappropriate use of
antibiotics and self-medication has not stopped. On the other hand, bacterial pathogens
have acted smartly by developing different types of resistance mechanisms to evade
the action of conventional antibiotics [6–10]. Thus, the current grave situation demands
better alternative therapeutic options. Interestingly, nanoparticles could deliver antibiotics
effectively to the resistant pathogen, and aid in converting unresponsive antibiotics into
potent ones [11–19]. In fact, a large surface area: volume ratio of nanoparticles enables a
number of antibiotic molecules to attach to it and prepare a multivalent nano-antibiotic
against the resistant pathogen [20]. Further, nanoparticles themselves possess antibacterial
potential via the generation of ROS and interaction with bacterial biomolecules (DNA,
RNA, protein, enzymes), cell walls, and cell membranes. Although the mechanism of
antibacterial action of nanoparticles is not fixed, this can be considered as a blessing in
disguise to tackle resistance aspects of bacterial pathogens.

Nanoparticle that has gained the limelight during the past decade due to their excep-
tional features is gold nanoparticles (AuNPs). AuNPs are not only receiving attention from
researchers all over the world, but big companies such as Sigma-Aldrich, NanoHybrids,
Cytodiagnostics, Goldsol, etc. are also investing in them [21]. The worldwide market for
AuNPs was approximately four and a half billion US dollars in 2021 which is expected to
be eight billion US dollars by 2027 [22,23]. Importantly, AuNPs have been widely explored
for their potential against antibiotic-resistant strains of different pathogens. In fact, AuNPs
have helped to form successful nano-antibiotics by effectively grafting antibiotic molecules
on their surface without compromising or damaging the active moiety of the attached
antibiotic [19,20,24,25]. Moreover, the synthesis of AuNPs-based nano-antibiotics does not
require a complex technique, a simple one-pot synthesis approach where the antibiotic itself
acts as a reducing and capping agent could be adequate [11–15,24]. In the present study,
AuNPs were explored as a delivery tool for two different generations of cephalosporin
antibiotics i.e., 2nd generation- cefotetan (CT) and 3rd generation-cefixime (CX). The suc-
cessive generations (1st to 5th) of cephalosporins have been developed to increase their
potency against different bacterial pathogens (with a prime focus on gram-negative bacte-
ria). However, bacterial pathogens have gained resistance to almost all the generations of
cephalosporins with time. Thus, converting unresponsive old-generation cephalosporin
antibiotics into effective nano-antibiotics via AuNPs has its due clinical relevance.

The present study successfully developed nano-antibiotics of CT and CX and com-
pared their antibacterial potential against resistant gram-negative uro-pathogenic strains.
It is noteworthy to mention that Escherichia coli and Klebsiella pneumoniae clinical strains
used in the present study were not only resistant to cephalosporins but showed resistance
towards β-lactamase inhibitor combination and other classes of antibiotics. However, prior
to the exploration of antibacterial potential, both the nano-antibiotics (CT-AuNPs and
CX-AuNPs) were duly characterized by spectrophotometry, dynamic light scattering and
electron microscopy. In addition, loading efficiency was also calculated for both the nano-
formulations and taken into consideration while calculating their antibacterial strength
or MIC50.
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2. Materials and Methods
2.1. Materials

Cefotetan (CT), cefixime (CX), gold chloride salt, culture media, chemicals and solvents
were procured from Sigma Aldrich (St. Louis, MO, USA).

2.2. AuNPs Synthesis

Second-generation (CT) and third-generation (CX) cephalosporin antibiotics at 250 µg
concentration were added to a 3 mL reaction mixture containing 1 mM gold chloride salt
(prepared in 7.2 pH phosphate buffer), separately [11]. Further, both the reaction mixtures
were incubated at 40 ◦C for two days. The synthesis of AuNPs was visually confirmed
by the color change i.e., from pale yellow to ruby red. Centrifugation at 30,000× g was
performed for 30 min to collect synthesized AuNPs. Centrifuged AuNPs were further
washed with milli-Q water and ethanol.

2.3. AuNPs Characterization

Characterization of CT and CX synthesized AuNPs were performed by spectropho-
tometry, zeta sizing and potential, and electron microscopy.

2.3.1. Spectrophotometry

UV-Visible double-beam spectrophotometer (UV-1601, Shimadzu, Tokyo, Japan) was
used to scan (from 200 nm to 800 nm) the transformation of gold salt into AuNPs at
1 nm resolution.

2.3.2. Zeta Sizing and Zeta Potential

The synthesized CT-AuNPs and CX-AuNPs were sonicated (1 min) and filtered
(0.45 µm membrane filters) before analyzing them on Malvern Nano Zetasizer (ZEN3600,
Malvern Instrument Ltd., Malvern, UK). The mean hydrodynamic diameter of both the
AuNPs was calculated by using DTS0112 cuvette, whereas the surface zeta potential for
each AuNPs was estimated by using DTS1070 cuvette [16].

2.3.3. Electron Microscopy

Scanning electron microscopy (SEM) and Transmission electron microscopy (TEM)
analysis was performed for both CT-AuNPs and CX-AuNPs.

FEI quanta 250 SEM (FEI Company, Hillsboro, OR, USA) at 30 kV acceleration volt-
age was used to collect SEM images of the synthesized AuNPs. Prior to SEM analysis,
samples of CT-AuNPs and CX-AuNPs were deposited on the surface of a silicon substrate
(conductive) and dried by using a hotplate at 60 ◦C.

TEM (Tecnai G2 Spirit) with a fitted BioTwin lens (Hillsboro, OR, USA) at 80 kV
accelerating voltage was used to collect TEM images. However, the CT-AuNPs and CX-
AuNPs samples were fixed on a carbon-coated copper grid before TEM analysis.

2.4. Estimation of Loading Efficiency

The loading efficiency of CT and CX onto AuNPs was calculated with the help of
UV-Vis spectrophotometer as described by Alshammari et al. [15]. After AuNPs synthesis
by CT and CX, the 3 mL reaction mixtures were centrifuged for 30 min at 30,000× g and
the supernatants were cautiously taken into a separate falcon tube. The concentration of
unbound CT and CX were estimated in the supernatant at 254 nm [26] and 290 nm [27],
respectively by using their pre-determined calibration curve. Further, the loading efficiency
% for each AuNPs sample was estimated by applying the following formula [28]:

% of loading efficiency = [(Y − Z)/Y] × 100 (1)

where, Y is the initial concentration of CT or CX used for the AuNPs synthesis, and Z is the
remaining (unbound) concentration of CT or CX in the supernatant.
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2.5. Assessment of Antibacterial Potential of CT-AuNPs and CX-AuNPs
2.5.1. Resistant Uropathogenic Strains

Uro-pathogenic resistant strains of Klebsiella pneumoniae (Seq# 427811998026) and
Escherichia coli (Seq# 427812372404) were obtained from Hail General Hospital, Hail, Saudi
Arabia. Both the pathogenic strains were inoculated in a fresh nutrient broth medium and
incubated at 37 ◦C for 18 h. Prior to antibacterial evaluation, the turbidity for each strain
was maintained up to 1.5 × 108 CFU/mL (0.5 McFarland standard).

2.5.2. Antibacterial Assessment by Agar Well Diffusion

Preliminary antibacterial assessment of CT-AuNPs and CX-AuNPs was performed
by agar well diffusion method [29]. Mueller–Hinton agar plates were swabbed with a
fresh inoculum of each uro-pathogenic strain. After that well cutter was used to aseptically
punch four holes (two holes of 4 mm and two holes of 8 mm) on the swabbed agar plates.
Pure CT (without AuNPs) and CT-AuNPs were added to the wells at 3.25 µg/well and
6.5 µg/well. Similar concentrations were applied for pure CX and CX-AuNPs. All the Petri
plates were incubated for 18 h at 37 ◦C, and the zone of inhibition was measured. The final
zone of inhibition in mm is a mean of triplicate experiments.

2.5.3. Antibacterial Assessment by Calculating Minimal Inhibitory Concentration

The MIC50 of pure antibiotic (CT and CX) and its gold nanoformulation (CT-AuNPs
and CX-AuNPs) against uropathogenic strains of K. pneumoniae and E. coli were estimated
by using microbroth dilution technique [30]. The concentration of both pure antibiotic and
antibiotic after loading to AuNPs was kept in a range from 0.126 to 65 µg/mL in 96-well
microtiter plates. After concentration adjustment, 10 µL of test strain (at 0.5 McFarland
standard) was added to each well. All the microtiter plates were incubated for 18 h at
37 ◦C, and MIC50 was calculated. The minimum concentration at which the growth was
inhibited was noted as MIC, however, triplicate experiments were performed to calculate
the mean ± standard deviation of MIC values.

3. Results and Discussion

New-generation cephalosporins have been developed from time to time with an aim
to provide better antibiotic therapy for the human population [31]. However, bacterial
pathogens have gained resistance against almost all generations of cephalosporin [32–34].
Pathogens have developed different resistance mechanisms such as antibiotic efflux, de-
crease in antibiotic uptake, disarming antibiotics and manipulating antibiotic targets to
escape the cidal/static effect of antibiotics [10]. All these mechanisms could work for
developing cephalosporin resistance but particularly disarming by β-lactamase enzyme
is considered the major resistance mechanism. Hence, to combat β-lactamase enzyme,
β-lactamase inhibitors were added as an adjuvant with the antibiotics. It showed a re-
markable effect and provided a strong hope against resistant bacterial pathogens [35].
Unfortunately, pathogens were smart enough to develop resistance towards even the com-
bination of antibiotic and β-lactamase inhibitors [36,37]. Thus, scientists are working hard
to explore alternative therapeutic options against resistant bacterial pathogens. Here, in the
present study, gold nanoformulations of old-generation (2nd and 3rd) cephalosporins were
developed and tested against resistant strains of E. coli and K. pneumoniae.

3.1. Synthesis of CT-AuNPs and CX-AuNPs

AuNPs of various sizes and features are synthesized via chemical reducing agents
or natural extracts/enzymes (green synthesis) [38–42]. In chemical synthesis approaches,
chemicals such as sodium borohydrate, trisodium citrate, and hydrazine are used as re-
ducing agents; however, AuNPs synthesized after chemical reduction sometimes need
additional capping agents for stabilization [43]. On the other hand, plant extracts, micro-
organisms and natural enzymes are applied as alternatives to chemicals for green synthesis
of AuNPs [44,45]. However, the exact reducing and capping agent is difficult to decipher
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from a plethora of compounds from the natural extract. Moreover, loading/attachment
of desired drug onto AuNPs is itself a tedious job that might include the use of harsh
chemicals such as 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide [19,46]. Hence, re-
searchers developed one pot-AuNPs synthesis approach where the drug itself acts as a
reducing and stabilizing agent to lessen the use of chemicals and ease the process of drug
loading [11–15,24]. A similar approach was applied in the current study to synthesize
AuNPs by two different generations of cephalosporins [2nd generation-Cefotetan (CT) and
3rd generation-Cefixime (CX)]. Both the cephalosporin antibiotics reduced and stabilized
AuNPs in a single step (Figure 1). It is noteworthy to mention that the amine group of
β-lactam antibiotics (cephalosporins) usually contributes to gold/silver salts reduction,
and the β-lactam ring remains intact for its activity on the surface of nanoparticles even
after stabilization or capping [20,24,25,47].
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Figure 1. Schematic representation of AuNPs synthesis by cefotetan and cefixime.

To synthesize AuNPs, CT and CX were added at 250 µg concentration to the reaction
mixture containing gold salt in pH 7.2 buffer. It has been reported that pH could influence
AuNPs zeta potential and stability [48]. In fact, a recent study [49] has shown the influence
of pH change on the size and zeta potential of AuNPs. The authors showed that a pH
value from 6 to 10 was most appropriate for the synthesis of stable AuNPs. They also
observed that acidic pH was unfavorable for AuNPs synthesis with almost neutral zeta
potential, large size and aggregation. However, in the current study, the pH was kept at
7.2 (physiological pH) on the basis of earlier reports [11–16,42]. The color change from pale
yellow to ruby red (Figure 1) visually confirmed the synthesis of CT- and CX-AuNPs. Both
CT-AuNPs and CX-AuNPs were further characterized via spectrophotometry, zeta sizer
and electron microscopy.
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3.2. Characterization of CT-AuNPs and CX-AuNPs

The first characterization of synthesized AuNPs was performed by UV-Vis spectropho-
tometer on the basis of characteristic surface plasma resonance (SPR) of AuNPs (i.e., in
between the visible range of 500 nm to 600 nm). SPR band peaks for CT-AuNPs and
CX-AuNPS were observed at 542 nm and 522 nm, respectively (Figure 2). Additional peaks
at 254 nm [26] and 290 nm [27] were also observed during spectrophotometric scanning
that corresponds to CT and CX, respectively, which suggested the successful loading of CT
and CX onto AuNPs (Figure 2). In accordance, similar dual peaks have been reported by
several recent investigations on antibiotic-mediated AuNPs synthesis [11–15]. The AuNPs
synthesized by cefoxitin, delafloxacin, cefotaxime, vancomycin and ceftriaxone showed a
second peak at 235, 290, 260, 278 and 241 nm, respectively, along with the characteristic
AuNPs peak between 500 to 600 nm. Even the conjugation of antibiotics onto AuNPs with
chemical agent EDC (instead of a one-step synthesis approach) also showed dual peaks
that confirm the successful loading of the antibiotics to AuNPs [19,46].
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The zeta size distribution of CX-AuNPs and CT-AuNPs in the dispersion was esti-
mated by a dynamic light scattering approach. The size was estimated by measuring the
arbitrary variations of the scattered intensity of light due to AuNPs dispersion [50]. The
Z-average mean size for CX-AuNPs and CT-AuNPs was 117 nm and 119.6 nm, respectively
(Figure 3). In addition, the colloidal stability of CX-AuNPs and CT-AuNPs was measured
by zeta potential that estimates the surface charge on AuNPs. In fact, it depends on the
electrostatic repulsion strength of the similarly charged particles in the dispersion [51].
The Zeta potential of CX-AuNPs and CT-AuNPs was estimated as –25.2 mV and –24.9
mV, respectively. The higher positive or negative zeta potential i.e., more than ±20 mV,
repels the particles and minimizes the probability of aggregation [52]. Thus, CX-AuNPs
and CT-AuNPs synthesized in the current study showed long-term stability even at room
temperature for months. However, the functional group present on the antibiotics (CX and
CT) might have attributed to the negative charge on the surface of AuNPs.
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Scanning Electron Microscopy (SEM) scans the nanomaterial surface with a focused
beam of high-energy electrons. The electron beam interacts with the nanomaterial to
create signals that could be further translated into information pertinent to the surface
morphology of the nanomaterial [53]. Here, in the present investigation, SEM was used to
observe the surface morphology of the synthesized CX-AuNPs and CT-AuNPs, and both
the AuNPs appeared spherical in shape (Figure 4). These findings were in accordance with
the previous investigations, where antibiotics were loaded/conjugated to AuNPs and a
similar spherical shape pattern was observed [15,19,46].
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To estimate the size of inorganic core of CX-AuNPs and CT-AuNPs, transmission
electron microscopy (TEM) was applied. TEM images were taken at 1,000,000×magnifi-
cation for both the AuNPs (Figure 5). TEM analysis revealed that both AuNPs samples
were poly-dispersed, with mean size of 35 ± 17 nm and 45 ± 19 nm for CX-AuNPs and
CT-AuNPs, respectively. There was no observed aggregation in the TEM and SEM images
that corresponds to the successful capping of AuNPs by both the antibiotics (CX and CT). It
is a fact that different measurement techniques will show variation in size of nanoparticles.
Dynamic light scattering approach calculate the size including the adhered solvent layer,
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while TEM estimates the size of inorganic core [54,55]. Hence, size determination by TEM
is comparatively lower than size by DLS. Similar aspects of size differences have been
observed in various previous reports on antibiotic loaded AuNPs [11–15,19].
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Furthermore, the loading efficiency of CX-AuNPs and CT-AuNPs was estimated
by using the formula described by Gomes et al. [28]. In fact, the calculation of loading
efficiency is a crucial factor for the nanoformulation characterization and their biological
application. The loading efficiency of CX and CT on AuNPs was calculated as 77.48% and
79.84%, respectively. Initially, 250 µg of both antibiotics (CX and CT) were added to the
reaction mixture. Out of 250 µg, 193.7 µg of CX was loaded onto CX-AuNPs and 199.6 µg
of CT was loaded onto CT-AuNPs. There was no significant loss of antibiotics observed
during the synthesis of AuNPs, and an appropriate amount has been successfully loaded
onto AuNPs.

3.3. Comparative Antibacterial Assessment of CT-AuNPs and CX-AuNPs

In the past, several prevalence studies have confirmed the rapid expansion of
cephalosporin resistance among gram-negative bacterial pathogens, particularly in clinical
strains of K. pneumoniae and E. coli [56–60]. The present study designed nanoformulations
of old-generation (second and third) cephalosporins against cephalosporin-resistant clinical
strains of K. pneumoniae and E. coli. Comparative antibacterial assessment of AuNPs loaded
with second generation-cefotetan (CT) and third-generation-cefixime (CX) was performed
initially by well-diffusion technique (Figure 6 and Table 1) followed by MIC50 calculation
(Figure 7). At 3.25 mg and 6.5 mg concentrations of CT-AuNPs, the zone of inhibitions
against E. coli were observed as 18mm and 23mm, respectively (Figure 6a). Whereas,
inhibition zones against K. pneumoniae were 19 mm and 24 mm at the same concentra-
tions of CT-AuNPs (Figure 6b). On the other hand, CX-AuNPs at 3.25 mg and 6.5 mg
concentrations showed inhibition zones against E. coli as 17 mm and 22 mm, respectively
(Figure 6c). However, the zone of inhibitions against K. pneumoniae of CX-AuNPs at the
same concentrations was estimated as 18 mm and 23 mm, respectively (Figure 6d). It is
noteworthy to mention that at 3.25 mg and 6.5 mg concentrations neither pure CT nor pure
CX showed any activity against the tested strains (Figure 6). Thus, it could be inferred
from the results that CT and CX become potent against the tested strain after loading onto
AuNPs at 3.25 mg and 6.5 mg concentrations. Both the tested bacterial pathogens belong
to Enterobactericiae family, and according to Clinical and Laboratory Standards Institute
(CLSI 2020) guidelines, the breakpoint of CT (30 mg) for sensitivity is ≥16 mm zone of
inhibition and for CX (5 mg) sensitivity breakpoint is ≥19mm against Enterobacterales. In
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the present study, cefotetan (after loading onto AuNPs) at very low concentration (3.25 mg)
showed significant activity i.e., more than 16 mm inhibition zone (CLSI Breakpoint) against
both K. pneumoniae and E. coli. Hence, it can be safely stated that a second-generation
cephalosporin (CT) has become relatively more potent than third-generation cephalosporin
(CX) after loading onto AuNPs.

Agar well diffusion technique provided qualitative antibacterial assessment, and
quantitative assessment was further performed by calculating the MIC50 concentration
of antibiotic nanoformulations and pure antibiotics against the tested strains. A compar-
ative analysis of MIC values of pure CT and CX, and their gold nanoformulations were
performed on E. coli (Figure 7a) and K. pneumoniae (Figure 7b). MIC50 of CX-AuNPs and CT-
AuNPs against E. coli were estimated as 0.8 mg/mL and 0.65 mg/mL, respectively; whereas,
pure CX and CT showed MIC50 as 19mg/mL and 32.5 mg/mL, respectively. On the other
hand, CX-AuNPs and CT-AuNPs showed MIC50 as 0.75 mg/mL and 0.5 mg/mL against
K. pneumoniae; while, MIC50 of pure antibiotics, CX and CT were estimated as 17 mg/mL
and 27 mg/mL, respectively. MIC sensitivity breakpoint for CT against Enterobactericiae is
≤16 mg/mL, however, for CX it is≤1 mg/mL (CLSI 2020). MIC of both AuNPs comes well
under the limit of sensitivity set by the CLSI guidelines. It is to be noted that there is a huge
difference in MIC values of the pure antibiotics and their gold nanoformulations. MIC50 val-
ues for CX were decreased by 23.75 and 22.66 times when loaded onto AuNPs against E. coli
and K. pneumoniae, respectively. In contrast, MIC50 values for CT were decreased by 50 and
54 times when loaded onto AuNPs against E. coli and K. pneumoniae, respectively. MIC
findings were in accordance with the well-diffusion assay results that suggested CT showed
more potency than CX when loaded with AuNPs against the tested strains.
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Table 1. : Inhibition zones of CT-AuNPs and CX-AuNPs against E. coli and K. pneumoniae.

E. coli K. pneumoniae

CX-GNPs (3.25 mg) 17 mm 18 mm

CX-GNPs (6.5 mg) 22 mm 23 mm

CT-GNPs (3.25 mg) 18 mm 19 mm

CT-GNPs (6.5 mg) 23 mm 24 mm
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Cephalosporin antibiotic(s) resistance in bacterial pathogens is generally associated
with overexpression of extended-spectrum β-lactamase [6]. However, the close asso-
ciation of β-lactamase with the downregulation of porin channels and upregulation
of efflux pump in bacterial pathogens significantly enhances their resistance towards
cephalosporin [61–63]. In the present study, the bacterial strains tested were resistant to
second and third-generation cephalosporins, and AuNPs convert them from ineffective
antibiotics into effective antibiotic-nanoformulations. The enhanced antibacterial potential
of cephalosporin-nanoformulations in the present investigation could be correlated with
the ability of AuNPs to successfully deliver an ample amount of cephalosporins to resistant
pathogens. It has to be noted that the active moiety i.e., β-lactam ring remains intact after
conjugating/loading cephalosporins onto AuNPs, and due to the large surface-to-vol ratio
significant amount of cephalosporin could be loaded on the AuNPs [20,24,25,47,64]. Thus,
it could be proposed that β-lactamase might become saturated by the sufficient quantity
of substrate (cephalosporin) received, meanwhile, the untouched cephalosporin could
perform its usual action on the cell wall. In addition, AuNPs themselves have the ability
to bind/inhibit the efflux pump, alter the permeability of the cell membrane and inter-
act/disrupt the biomolecules of bacterial pathogens [17,24,65]. Therefore, it could be sug-
gested that the antibacterial effect was due to the synergism of AuNPs and cephalosporins
loaded onto them. Interestingly, AuNPs have no defined or single mechanism of action
against bacterial pathogens, hence, developing resistance against them is quite a difficult
task for the pathogens. The present investigation would like to emphasize one aspect: if an
old generation cephalosporin could be resuscitated with AuNPs, “Why should the intellect,
time and funds be spent on developing newer generations?”. AuNPs appear to be a smarter
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alternative to overcoming resistance to bacterial pathogens. However, cost-effectiveness
and safe applicability of AuNPs are still a question of debate.

It is noteworthy to mention that our team has recently worked on two third-generation
cephalosporins gold nanoformulations (ceftriaxone and cefotaxime) [13,15] and one second-
generation cephalosporin gold nanoformulations (cefoxitin) [11], and found that second-
generation cephalosporin-AuNPs was equally effective antibacterial than third-generation
AuNPs. However, the bacterial strains tested in each of these studies were different. These
findings prompted our team to find a comparative analysis of the same resistant clinical
strains to get a better insight into the antibacterial action of two different generations
loaded onto AuNPs. The results suggested that an ineffective old-generation cephalosporin
(CT) could be converted into an effective nanoformulation and show better antibacterial
potential than the new-generation cephalosporin (CX) nanoformulations. However, it is
too early to come to any conclusion as the human toxicity part and the fate of these AuNPs
are still a point of debate, and our team has started working on toxicity aspects and getting
deeper insights into the mechanism of their antibacterial action. Nevertheless, it is strongly
believed that the scientific community could provide safer nano-antibiotic against resistant
pathogens in the near future.

4. Conclusions

In the present study, the comparative analysis of second-generation cephalosporin
(CT)-AuNPs and third-generation cephalosporin (CX)-AuNPs was performed against
resistant clinical strains of E. coli and K. pneumoniae. A facile one-pot synthesis approach
was used to successfully synthesize the CT-AuNPs and CX-AuNPs via using cephalosporins
(CT and CX) as reducing and capping agents. The synthesized CT-AuNPs and CX-AuNPs
were stable with ζ potential as −24.9 mV and −25.2 mV, and size as 45 ± 19 nm and
35 ± 17 nm, respectively. However, 79.84% of CT and 77.48% of CX were loaded onto the
synthesized AuNPs. CT after loading to AuNPs becomes ~50 times more potent than the
pure CT, while CX after loading to AuNPs becomes ~25 times more active than pure CX
against the CT and CX-resistant tested strains. Hence, ineffective cephalosporins could be
resuscitated into effective nano-antibiotic with the help of AuNPs. In addition, the idea
of ‘nano-conversion of old generation cephalosporin’ appears to be more promising than
spending efforts and intellects on developing a new generation of cephalosprorin. However,
the toxicity and fate of AuNPs need to decipher in a planned manner. Nevertheless, the
present investigation paved the way to design AuNPs-based nano-antibiotics to tackle
resistance issues in bacterial pathogens.

Author Contributions: Conceptualization, S.M.D.R., A.M. and A.S.A.L.; methodology, T.H. and
S.S.M.F.; software, A.S.A.L. and M.A.K.; validation, E.-S.K., F.A. and M.A.K.; formal analysis, H.S., E.-
S.K. and F.A.; investigation, S.M.D.R. and T.H.; resources, S.S.M.F., N.A. and H.S.; writing—original
draft preparation, S.M.D.R., N.A., A.M. and A.S.A.L.; writing—review and editing, T.H., N.A.,
E.-S.K. and F.A.; visualization, H.S., S.S.M.F. and M.A.K.; supervision, A.M. and A.S.A.L.; project
administration, T.H.; funding acquisition, S.M.D.R. All authors have read and agreed to the published
version of the manuscript.

Funding: This research has been funded by Scientific Research Deanship at the University of Ha’il-
Saudi Arabia through project number MDR-22 008.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This research has been funded by Scientific Research Deanship at the University
of Ha’il-Saudi Arabia through project number MDR-22 008.

Conflicts of Interest: The authors declare no conflict of interest.



Nanomaterials 2023, 13, 475 12 of 14

References
1. Murray, C.J.L.; Ikuta, K.S.; Sharara, F.; Swetschinski, L.R.; Robles Aguilar, G.; Gray, A.; Han, C.; Bisignano, C.; Rao, P.C.; Wool,

E.; et al. Global burden of bacterial antimicrobial resistance in 2019: A systematic analysis. Lancet (Lond. Engl.) 2022, 399, 629–655.
[CrossRef]

2. Prestinaci, F.; Pezzotti, P.; Pantosti, A. Antimicrobial resistance: A global multifaceted phenomenon. Pathog. Glob. Health 2015,
109, 309–318. [CrossRef] [PubMed]

3. Zhang, Z.; Zhang, Q.; Wang, T.; Xu, N.; Lu, T.; Hong, W.; Penuelas, J.; Gillings, M.; Wang, M.; Gao, W.; et al. Assessment of global
health risk of antibiotic resistance genes. Nat. Commun. 2022, 13, 1553. [CrossRef] [PubMed]

4. Cameron, A.; Esiovwa, R.; Connolly, J.; Hursthouse, A.; Henriquez, F. Antimicrobial Resistance as a Global Health Threat: The
Need to Learn Lessons from the COVID-19 Pandemic. Glob. Policy 2022, 13, 179–192. [CrossRef] [PubMed]

5. WHO. Available online: https://www.who.int/news-room/fact-sheets/detail/antimicrobial-resistance (accessed on
18 December 2022).

6. Shaikh, S.; Fatima, J.; Shakil, S.; Rizvi, S.M.; Kamal, M.A. Antibiotic resistance and extended spectrum beta-lactamases: Types,
epidemiology and treatment. Saudi J. Biol. Sci. 2015, 22, 90–101. [CrossRef]

7. Shaikh, S.; Fatima, J.; Shakil, S.; Danish Rizvi, S.M.; Kamal, M.A. Prevalence of multidrug resistant and extended spectrum
beta-lactamase producing Pseudomonas aeruginosa in a tertiary care hospital. Saudi J. Biol. Sci. 2015, 22, 62–64. [CrossRef]

8. Shaikh, S.; Fatima, J.; Shakil, S.; Rizvi, S.M.; Kamal, M.A. Risk factors for acquisition of extended spectrum beta lactamase
producing Escherichia coli and Klebsiella pneumoniae in North-Indian hospitals. Saudi J. Biol. Sci. 2015, 22, 37–41. [CrossRef]
[PubMed]

9. Shaikh, S.; Rizvi, S.M.D.; Shakil, S.; Ahmad, A.; Pathak, N. Non-clonal Dissemination of Extended-Spectrum Beta-Lactamase-
Producing Pseudomonas aeruginosa Strains of Clinical Origin. Iran. J. Sci. Technol. Trans. A Sci. 2017, 41, 1011–1015. [CrossRef]

10. Reygaert, W.C. An overview of the antimicrobial resistance mechanisms of bacteria. AIMS Microbiol. 2018, 4, 482–501. [CrossRef]
11. Alafnan, A.; Rizvi, S.M.; Alshammari, A.S.; Faiyaz, S.S.; Lila, A.S.; Katamesh, A.A.; Khafagy, E.-S.; Alotaibi, H.F.; Ahmed,

A.B.F. Gold Nanoparticle-Based Resuscitation of Cefoxitin against Clinical Pathogens: A Nano-Antibiotic Strategy to Overcome
Resistance. Nanomaterials 2022, 12, 3643. [CrossRef]

12. Abu Lila, A.S.; Huwaimel, B.; Alobaida, A.; Hussain, T.; Rafi, Z.; Mehmood, K.; Abdallah, M.H.; Hagbani, T.A.; Rizvi, S.M.D.;
Moin, A.; et al. Delafloxacin-Capped Gold Nanoparticles (DFX-AuNPs): An Effective Antibacterial Nano-Formulation of
Fluoroquinolone Antibiotic. Materials 2022, 15, 5709. [CrossRef]

13. Al Hagbani, T.; Rizvi, S.M.D.; Hussain, T.; Mehmood, K.; Rafi, Z.; Moin, A.; Abu Lila, A.S.; Alshammari, F.; Khafagy, E.S.;
Rahamathulla, M.; et al. Cefotaxime Mediated Synthesis of Gold Nanoparticles: Characterization and Antibacterial Activity.
Polymers 2022, 14, 771. [CrossRef]

14. Hagbani, T.A.; Yadav, H.; Moin, A.; Lila, A.S.A.; Mehmood, K.; Alshammari, F.; Khan, S.; Khafagy, E.S.; Hussain, T.; Rizvi,
S.M.D.; et al. Enhancement of Vancomycin Potential against Pathogenic Bacterial Strains via Gold Nano-Formulations: A
Nano-Antibiotic Approach. Materials 2022, 15, 1108. [CrossRef]

15. Alshammari, F.; Alshammari, B.; Moin, A.; Alamri, A.; Al Hagbani, T.; Alobaida, A.; Baker, A.; Khan, S.; Rizvi, S.M.D. Ceftriaxone
Mediated Synthesized Gold Nanoparticles: A Nano-Therapeutic Tool to Target Bacterial Resistance. Pharmaceutics 2021, 13, 1896.
[CrossRef]

16. Soliman, W.E.; Khan, S.; Rizvi, S.M.D.; Moin, A.; Elsewedy, H.S.; Abulila, A.S.; Shehata, T.M. Therapeutic Applications of Biostable
Silver Nanoparticles Synthesized Using Peel Extract of Benincasa hispida: Antibacterial and Anticancer Activities. Nanomaterials
2020, 10, 1954. [CrossRef] [PubMed]

17. Shaikh, S.; Nazam, N.; Rizvi, S.M.D.; Ahmad, K.; Baig, M.H.; Lee, E.J.; Choi, I. Mechanistic Insights into the Antimicrobial Actions
of Metallic Nanoparticles and Their Implications for Multidrug Resistance. Int. J. Mol. Sci. 2019, 20, 2468. [CrossRef] [PubMed]

18. Rizvi, S.M.D.; Hussain, T.; Ahmed, A.B.F.; Alshammari, T.M.; Moin, A.; Ahmed, M.Q.; Barreto, G.E.; Kamal, M.A.; Ashraf, G.M.
Gold nanoparticles: A plausible tool to combat neurological bacterial infections in humans. Biomed. Pharmacother. 2018, 107, 7–18.
[CrossRef]

19. Shaikh, S.; Rizvi, S.M.D.; Shakil, S.; Hussain, T.; Alshammari, T.M.; Ahmad, W.; Tabrez, S.; Al-Qahtani, M.H.; Abuzenadah,
A.M. Synthesis and Characterization of Cefotaxime Conjugated Gold Nanoparticles and Their Use to Target Drug-Resistant
CTX-M-Producing Bacterial Pathogens. J. Cell Biochem. 2017, 118, 2802–2808. [CrossRef]

20. Khandelwal, P.; Singh, D.K.; Poddar, P. Advances in the Experimental and Theoretical Understandings of Antibiotic Conjugated
Gold Nanoparticles for Antibacterial Applications. ChemistrySelect 2019, 4, 6719–6738. [CrossRef]

21. Allied Market Research. Available online: https://www.alliedmarketresearch.com/gold-nanoparticles-market-A08997 (accessed
on 18 December 2022).

22. Globenewswire. Available online: https://www.globenewswire.com/news-release/2022/10/13/2534150/0/en/Global-Gold-
Nanoparticles-Market-to-Reach-7-6-Billion-by-2027.html (accessed on 18 December 2022).

23. IMARCGROUP. Available online: https://www.imarcgroup.com/gold-nanoparticles-market (accessed on 18 December 2022).
24. Rai, A.; Prabhune, A.; Perry, C.C. Antibiotic mediated synthesis of gold nanoparticles with potent antimicrobial activity and their

application in antimicrobial coatings. J. Mater. Chem. 2010, 20, 6789–6798. [CrossRef]

http://doi.org/10.1016/S0140-6736(21)02724-0
http://doi.org/10.1179/2047773215Y.0000000030
http://www.ncbi.nlm.nih.gov/pubmed/26343252
http://doi.org/10.1038/s41467-022-29283-8
http://www.ncbi.nlm.nih.gov/pubmed/35322038
http://doi.org/10.1111/1758-5899.13049
http://www.ncbi.nlm.nih.gov/pubmed/35601654
https://www.who.int/news-room/fact-sheets/detail/antimicrobial-resistance
http://doi.org/10.1016/j.sjbs.2014.08.002
http://doi.org/10.1016/j.sjbs.2014.06.001
http://doi.org/10.1016/j.sjbs.2014.05.006
http://www.ncbi.nlm.nih.gov/pubmed/25561881
http://doi.org/10.1007/s40995-017-0340-8
http://doi.org/10.3934/microbiol.2018.3.482
http://doi.org/10.3390/nano12203643
http://doi.org/10.3390/ma15165709
http://doi.org/10.3390/polym14040771
http://doi.org/10.3390/ma15031108
http://doi.org/10.3390/pharmaceutics13111896
http://doi.org/10.3390/nano10101954
http://www.ncbi.nlm.nih.gov/pubmed/33008104
http://doi.org/10.3390/ijms20102468
http://www.ncbi.nlm.nih.gov/pubmed/31109079
http://doi.org/10.1016/j.biopha.2018.07.130
http://doi.org/10.1002/jcb.25929
http://doi.org/10.1002/slct.201900083
https://www.alliedmarketresearch.com/gold-nanoparticles-market-A08997
https://www.globenewswire.com/news-release/2022/10/13/2534150/0/en/Global-Gold-Nanoparticles-Market-to-Reach-7-6-Billion-by-2027.html
https://www.globenewswire.com/news-release/2022/10/13/2534150/0/en/Global-Gold-Nanoparticles-Market-to-Reach-7-6-Billion-by-2027.html
https://www.imarcgroup.com/gold-nanoparticles-market
http://doi.org/10.1039/c0jm00817f


Nanomaterials 2023, 13, 475 13 of 14

25. Khandelwal, P.; Singh, D.K.; Sadhu, S.; Poddar, P. Study of the nucleation and growth of antibiotic labeled Au NPs and blue
luminescent Au8 quantum clusters for Hg2+ ion sensing, cellular imaging and antibacterial applications. Nanoscale 2015, 7,
19985–20002. [CrossRef] [PubMed]

26. Fujimoto, M.; Maeda, T.; Okumura, K.; Uda, M.; Nakamura, M.; Kashiwagi, T.; Tsunoda, T. Process Development and Pilot-Scale
Synthesis of Cefotetan. Org. Process Res. Dev. 2004, 8, 915–919. [CrossRef]

27. Ramadan, A.A.; Mandil, H.; Dahhan, M. UV-VIS spectrophotometric study for determination of cefixime in pure form and in
pharmaceuticals through complex-ation with Cu(II) using acetate-NaOH buffer in water:methanol. Int. J. Pharm. Phar. Sci. 2013,
51, 428–433.

28. Gomes, M.J.; Martins, S.; Ferreira, D.; Segundo, M.A.; Reis, S. Lipid nanoparticles for topical and transdermal application for
alopecia treatment: Development, physicochemical characterization, and in vitro release and penetration studies. Int. J. Nanomed.
2014, 9, 1231–1242. [CrossRef]

29. Balouiri, M.; Sadiki, M.; Ibnsouda, S.K. Methods for in vitro evaluating antimicrobial activity: A review. J. Pharm. Anal. 2016, 6,
71–79. [CrossRef]

30. Eloff, J.N. A sensitive and quick microplate method to determine the minimal inhibitory concentration of plant extracts for
bacteria. Planta Med. 1998, 64, 711–713. [CrossRef]

31. Rusu, A.; Lungu, I.-A. The new fifth-generation cephalosporins–A balance between safety and efficacy. Ro. J. Pharm. Pract. 2020,
13, 121–126. [CrossRef]

32. Fu, Y.; Xu, X.; Zhang, L.; Xiong, Z.; Ma, Y.; Wei, Y.; Chen, Z.; Bai, J.; Liao, M.; Zhang, J. Fourth Generation Cephalosporin
Resistance Among Salmonella enterica Serovar Enteritidis Isolates in Shanghai, China Conferred by bla (CTX-M-55) Harboring
Plasmids. Front. Microbiol. 2020, 11, 910. [CrossRef] [PubMed]

33. Lester, R.; Musicha, P.; Kawaza, K.; Langton, J.; Mango, J.; Mangochi, H.; Bakali, W.; Pearse, O.; Mallewa, J.; Denis, B.; et al. Effect
of resistance to third-generation cephalosporins on morbidity and mortality from bloodstream infections in Blantyre, Malawi: A
prospective cohort study. Lancet Microbe 2022, 3, e922–e930. [CrossRef]

34. Chang, C.Y.; Huang, P.H.; Lu, P.L. The Resistance Mechanisms and Clinical Impact of Resistance to the Third Generation
Cephalosporins in Species of Enterobacter cloacae Complex in Taiwan. Antibiotics 2022, 11, 1153. [CrossRef] [PubMed]

35. Watkins, R.R.; Papp-Wallace, K.M.; Drawz, S.M.; Bonomo, R.A. Novel β-lactamase inhibitors: A therapeutic hope against the
scourge of multidrug resistance. Front. Microbiol. 2013, 4, 392. [CrossRef]

36. Ripoll, A.; Galán, J.C.; Rodríguez, C.; Tormo, N.; Gimeno, C.; Baquero, F.; Martínez-Martínez, L.; Cantón, R. Detection of resistance
to beta-lactamase inhibitors in strains with CTX-M beta-lactamases: A multicenter external proficiency study using a well-defined
collection of Escherichia coli strains. J. Clin. Microbiol. 2014, 52, 122–129. [CrossRef]

37. Helfand, M.S.; Bethel, C.R.; Hujer, A.M.; Hujer, K.M.; Anderson, V.E.; Bonomo, R.A. Understanding Resistance to β-Lactams and
β-Lactamase Inhibitors in the SHV β-Lactamase: LESSONS FROM THE MUTAGENESIS OF SER-130. J. Biol. Chem. 2003, 278,
52724–52729. [CrossRef]

38. Suchomel, P.; Kvitek, L.; Prucek, R.; Panacek, A.; Halder, A.; Vajda, S.; Zboril, R. Simple size-controlled synthesis of Au
nanoparticles and their size-dependent catalytic activity. Sci. Rep. 2018, 8, 4589. [CrossRef]

39. Piella, J.; Bastús, N.G.; Puntes, V. Size-Controlled Synthesis of Sub-10-nanometer Citrate-Stabilized Gold Nanoparticles and
Related Optical Properties. Chem. Mater. 2016, 28, 1066–1075. [CrossRef]

40. Elia, P.; Zach, R.; Hazan, S.; Kolusheva, S.; Porat, Z.e.; Zeiri, Y. Green synthesis of gold nanoparticles using plant extracts as
reducing agents. Int. J. Nanomed. 2014, 9, 4007–4021.

41. Muddapur, U.M.; Alshehri, S.; Ghoneim, M.M.; Mahnashi, M.H.; Alshahrani, M.A.; Khan, A.A.; Iqubal, S.M.S.; Bahafi, A.; More,
S.S.; Shaikh, I.A.; et al. Plant-Based Synthesis of Gold Nanoparticles and Theranostic Applications: A Review. Molecules 2022, 27,
1391. [CrossRef]

42. Khan, S.; Danish Rizvi, S.M.; Avaish, M.; Arshad, M.; Bagga, P.; Khan, M.S. A novel process for size controlled biosynthesis of
gold nanoparticles using bromelain. Mater. Lett. 2015, 159, 373–376. [CrossRef]

43. Amina, S.J.; Guo, B. A review on the synthesis and functionalization of gold nanoparticles as a drug delivery vehicle. Int. J.
Nanomed. 2020, 15, 9823. [CrossRef] [PubMed]

44. Ghosh, N.S.; Pandey, E.; Kadian, J.P.; Chauhan, B. Green Synthesis of Gold Nanoparticles: A Novel, Environment-Friendly,
Economic, Safe Approach. Biomed. Pharmacol. J. 2021, 14, 2041–2406. [CrossRef]

45. Sengani, M.; Grumezescu, A.M.; Rajeswari, V.D. Recent trends and methodologies in gold nanoparticle synthesis–A prospective
review on drug delivery aspect. OpenNano 2017, 2, 37–46. [CrossRef]

46. Khan, S.; Haseeb, M.; Baig, M.H.; Bagga, P.S.; Siddiqui, H.H.; Kamal, M.A.; Khan, M.S. Improved efficiency and stability of
secnidazole–An ideal delivery system. Saudi J. Biol. Sci. 2015, 22, 42–49. [CrossRef]

47. Khatoon, N.; Alam, H.; Khan, A.; Raza, K.; Sardar, M. Ampicillin Silver Nanoformulations against Multidrug resistant bacteria.
Sci. Rep. 2019, 9, 6848. [CrossRef] [PubMed]
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