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Ciprofloxacin Against Staphylococcus aureus: Driving
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Aysenur Pamukeu!, Emine Hilal Altintop? , Didem Sen Kahraman®*

ABSTRACT

The rise of antimicrobial resistance has intensified the need for alternative strategies to enhance
antibiotic efficacy. Cerium oxide nanoparticles (CeO2 NPs) have shown promise as antimicrobial
agents; however, their potential in combination with antibiotics remains underexplored. To elucidate
the mechanisms underlying the synergistic antibacterial effects of CeO. NPs with ciprofloxacin
against Staphylococcus aureus, we conducted detailed mechanistic investigations. CeO2 NPs were
synthesized using a non- isothermal precipitation method and characterized via scanning electron
microscopy (SEM), X-ray diffraction (XRD), and dynamic light scattering (DLS). Antibacterial
activity was evaluated through minimum inhibitory concentration (MIC) assays. Mechanistic studies
included bacterial growth curve analysis, ROS quantification, and SEM imaging of treated bacterial
cells. CeO2 NPs exhibited an additive effect with ciprofloxacin, reducing its MIC by threefold.
Mechanistic investigations revealed that CeO2 NPs disrupted bacterial membrane integrity, induced
oxidative stress through ROS overproduction, and significantly prolonged bacterial doubling time.
SEM analysis confirmed extensive structural damage, including cell wall disruption and cytoplasmic
leakage. These findings highlight the dual antibacterial role of CeO> NPs: direct bacterial damage
and enhancement of ciprofloxacin's efficacy. CeO> NPs hold potential as antibiotic adjuvants to
combat resistant Gram-positive infections. Further studies should focus on optimizing nanoparticle
formulations, evaluating in vivo efficacy, and assessing their clinical translation to address the global
challenge of antimicrobial resistance.
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1. INTRODUCTION

The synergistic activity of different antibacterial agents presents a novel avenue for
combating bacterial infections. Gram-positive bacteria, in particular, present unique
challenges due to their ability to adapt and evade conventional treatments, leading to both
community- acquired and nosocomial infections [1]. Although gram-negative bacteria
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possess a dual-membrane architecture comprising a thinner cell wall and
lipopolysaccharide-rich outer membrane that contributes to their antibiotic resistance,
gram-positive bacteria lack this outer membrane, while constituting a cell wall and thick
peptidoglycan layer. However, gram-positive bacteria exhibit significant mechanisms of
antibacterial resistance, including modifications to target sites and efflux systems [2]. The
Gram-positive bacteria presents a challenge to clinicians treating community-acquired and
nosocomial-acquired infections [3]. In recent year, ciprofloxacin resistance in S. aureus,
particularly methicillin-resistant S. aureus (MRSA), has emerged rapidly. Resistance rates
increased dramatically from 7% to 83% within a few years of ciprofloxacin introduction
[4-7]. Ciprofloxacin resistance is often associated with resistance to other antibiotics,
limiting treatment options [7]. The rapid emergence of resistance suggests that
ciprofloxacin has limited usefulness against S. aureus, especially MRSA [5,6]. To address
this challenge, researchers are exploring ciprofloxacin hybrids as potential solutions to
overcome drug resistance [8]. However, resistance rates vary geographically, with some
regions reporting lower prevalence [9], emphasizing the need for ongoing surveillance and
development of new treatment strategies.

A promising strategy entails augmenting the effectiveness of antibiotics via combination
therapies. These strategies not only enhance antibacterial efficacy but also assist in
overcoming resistance mechanisms by utilizing the synergistic effects of various agents
[10]. In recent years, nanomaterials have emerged as a novel strategy [11]. Recent
advancements in combination therapy for bacterial infections have used antibiotic
combinations and nanoparticles conjugated with antibiotics NPs can infiltrate the cellular
membranes of pathogenic organisms and impede critical molecular pathways,
demonstrating distinctive antibacterial actions [12]. These compounds work by inhibiting
antibiotic resistance, either by deactivating enzymes or blocking efflux pump systems
[13,14]. When used with suitable pharmaceuticals, NPs exhibit synergy and may aid in
mitigating the overall risk of emerging bacterial resistance. During the last decade the
exploitation of NPs in combination with antibiotics are indicated as favorable approach
with the intent of using lower doses of antibiotics in antimicrobial therapy which is
especially important to combat the global threat of antimicrobial resistance [15,16].

Recent studies have highlighted the potential of CeO, NP to act either alone or in
conjunction with traditional antibiotics [17]. This is supported by the CeO; NP exhibit
antibacterial potential against both gram-positive and gram-negative bacteria [18].
Controversial issues exist in the literature that CeO, NPs could act as antibiotic adjuvants
to increase the effectiveness of antimicrobials [18]. Another study revealed that the
introducing of CeO, NPs alongside ciprofloxacin can significantly reduce the antibacterial
activity for biofilms however the activity in cellular level was not investigated [19].

In our study we evaluated CeO> NPs emerged as potential nanostructure capable of
enhancing the activity of conventional antibiotics. We investigated the additive effects of
CeO2 NPs in combination with ciprofloxacin through a series of biochemical assays to
determine their potential in combating S. aureus infections. By elucidating the fundamental
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interactions underlying this synergy, our findings contribute to the expanding evidence for
the use of CeO: NPs in antimicrobial therapies. This approach offers a promising strategy
to lower antibiotic concentrations while maintaining efficacy, addressing the increasing
challenge of antibiotic resistance in Gram-positive bacteria.

2. MATERIALS AND METHODS

2.1. Preparation and Characterization of CeO; Nanoparticles

CeO, NPs were produced by non-isothermal precipitation method as described in our
previous study [20]. Morphology of CeO, NP was examined by SEM (Carl Zeiss 300VP)
at 200 kV. XRD analysis of CeO, NP crystal structure was conducted at 40 mA, 40 kV,
CuKa radiation A = 1.5405 A, room temperature (Empyrean, Malvern PANalytical). DLS
analysis (Litesizer™ 500, Anton Paar) was used to measure the hydrodynamic size,
polydispersity index (PDI), and zeta potential value of CeO, NP dispersion (0.25 mg/mL
in HEPES buffer solution (25 mM, pH 7.2)). The total cerium content of the synthesized
CeO:2 nanoparticles was determined using inductively coupled plasma optical emission
spectroscopy (ICP-OES). Briefly, 200 ug/mL CeO: nanoparticles were dispersed and
digested in 1 N nitric acid (HNOs) for 24h. to ensure complete dissolution of the
nanoparticles. The resulting solutions were analyzed by ICP-OES, and the cerium
concentration was quantified using external calibration [20].

2.2.  Invitro Antibacterial Activity Investigation of CeO; NP, Ciprofloxacin, and
CeO:-Ciprofloxacin Treatments

The antibacterial activity of CeO, NP alone and combined with ciprofloxacin was
determined by using Staphylococcus aureus (S. aureus, ATCC 29213) as the Gram-positive
model organism. We examined the interaction between CeO> NPs and ciprofloxacin at
different concentrations using a checkerboard assay to assess synergy. Following the
identification of MIC and synergistic dosing, the corresponding concentrations were
employed to evaluate the impacts on bacterial growth rate and doubling time. The
interaction mechanism between bacteria cells and CeO> NP was resolved by considering
the hydrophobicity index (HI) of CeO, NP and bacterial cells. The bacterial cells disruption
mechanism was evaluated by bacterial membrane permeability and protein leakage
examinations. Furthermore, we performed the production of reactive oxygen species (ROS)
(e.g., hydrogen peroxide, hydroxyl radicals, superoxide anions) which known as inflicting
oxidative damage on cellular components, including lipids, proteins, and nucleic acids,
ultimately resulting in cell death.

Antibacterial synergism: A checkerboard assay was conducted to evaluate the MIC values
of concurrent CeO: NP and ciprofloxacin treatments, as well as their individual treatments.
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The investigations were performed by employing Alamar Blue assay. CeO, NP was
prepared in HEPES buffer (pH 7.2, 25 mM) and diluted in TSB to final concentrations of
0, 25, 50, 100, 200, 250, 400, and 600 pg/mL. Ciprofloxacin was diluted similarly to
concentrations of 0, 0.05, 0.1, 0.15, 0.3, 0.6, and 1.2 ug/mL [21]. 33.3 uL of CeO, NP and
ciprofloxacin solutions were added horizontally and vertically to each well, followed by
33.3 uL of S. aureus culture (3 x 10° CFU/mL). The plate was incubated at 37°C for 24 h.
Afterward, 10% (v/v) Alamar Blue was added, and the plate was incubated at 37°C in the
dark and fluorescence measurements were carried out at excitation and emission values of
540 and 590 nm when a color change occurs in the control group. The combination of CeO,
NP with ciprofloxacin was evaluated by calculating the fractional inhibitory concentration
(FIC) index using the following equation (2.1) [22]:
A B

FIC index = FIC4, + FICg = TR + —
A B

2.1)

where MICA and MICp are the individual MIC of CeO, NP and ciprofloxacin while A and
B are the MIC value in simultaneous CeO, NP and ciprofloxacin treatments in a single
well. The FIC values were utilized to investigate the interaction between CeO, NP and
ciprofloxacin. The results were interpreted as synergism if FIC index < 0.5, additive if 0.5
< FIC index <2, indifference if 2 < FIC index <4, and antagonism if FIC index >4.

The HI of CeO2> NP was measured following previously reported protocols [23—25]. The
HI values of CeO: NP (400 pg/mL) and CeO2 NP + ciprofloxacin (200 pg/mL + 0.05
ug/mL) were evaluated by first dispersing the samples in water and subsequently
incubating them in TSB medium for 24 h under experimental conditions. After incubation,
the suspensions were centrifuged, and the resulting pellets were resuspended in water
before hydrophobicity analysis. After that 1 mL of toluene was added to the suspension
and vortexed, the mixture was then left for 30 minutes until the phase separation. The
optical density of the aqueous phase was measured after phase separation, and the HI was
calculated using the equation given below [24]:

HI% = "= x 100 (2.2)
where HI is the hydrophobicity index, A; is the initial optical density and Aris the final
optical density. The same investigation was performed for S. aureus bacteria in TSB. In the
HI investigations, the dosing obtained from the checkerboard assay were evaluated to
understand whether the hydrophobic and hydrophilic interactions take place between the
bacterial cells and treatment materials [26].

Exploring the growth rate, doubling time and regrowth of bacterial cell cultures: S. aureus
culture was adjusted to 3 x 10° CFU/mL and CeO, NP (400 pg/mL), ciprofloxacin (0.15
ug/mL), and CeO, NP + ciprofloxacin (200 pg/mL + 0.05 pg/mL) treated and non-treated
bacterial culture were taken for investigations. The OD600 measurements were performed
at 37°C for 18 hours by 30 min intervals. The effect of CeO, NP, ciprofloxacin, and CeO>
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NP- ciprofloxacin on the growth rate (1) and doubling time (g) of bacterial cells were
investigated by applying the following equations (2.3) and (2.4) [27]:

_ In0D,~In0D;

o (2.3)
_in
a="= (2.4)

where p is the growth rate constant, g is the doubling time, OD; and OD, are the optical
density values corresponding to the starting and ending of the exponential growth phase,
and t; and t; are the time points of the recordings. Furthermore, the regrowth of the treated
bacterial cells was investigated by resuspending the cells in fresh culture media to ascertain
whether the detrimental effects of the treatment could be reversed by the bacterial cells.
The bacteria cells were precipitated by centrifugation at 2500 rpm, and cells were
resuspended in fresh TSB media and incubated for additional 24 hours and Alamar Blue
cell viability assay was performed.

2.3. Mechanistic Evaluation of Antibacterial Activity in Cellular Level

Bacterial cell membrane permeability and cellular component leakage: The propidium
iodide (PI) staining was performed to observe S. aureus membrane disruption due to the
treatments [28]. S. aureus was cultured at a concentration of 10® CFU/mL in TSB and
subsequently suspended in PBS. CeO, NP (400 pg/mL), ciprofloxacin (0.15 pg/mL), and
CeO; + ciprofloxacin (200 pg/mL + 0.05 ug/mL) solutions were combined with the S.
aureus suspension in each well of a 96-well plate at a 1:1 ratio and incubated for 24 h at
37°C. Subsequently, 50 uL of 15 uM PI solution was introduced to each well, and the plate
was incubated for an additional 15 min in the dark on an orbital shaker. Following
incubation, the fluorescence intensity of samples was quantified using a Synergy HTX
multimode plate reader at excitation/emission wavelengths of 540/600 nm. The treatment
suspensions without bacteria were prepared as a blank to eliminate fluorescence
interference during calculations. The protein concentration due to the cellular component
leakages were analyzed using BCA assays [29]. For this assay, the treated bacteria pellets
were collected by centrifugation at 5000 rpm for 5 minutes. Supernatants were then used
in a BCA assay as per manufacturer’s protocol for quantification of protein leakage by
performing absorbance measurement at 562 nm.

Intracellular ROS production: The change in intracellular ROS production of S. aureus
was performed after the exposure of the bacterial cells by CeO, NP (400 pg/mL),
ciprofloxacin (0.15 pg/mL), and CeO, NP-ciprofloxacin (200 pg/mL + 0.05 pg/mL) via
fluorogenic dye 2,7- dichlorofluorescein diacetate (DCFH-DA) [26]. In this investigation
prior to treatments the bacteria culture was treated with the DCFH-DA dye and the excess
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dye was removed by centrifugation. The treatment conditions were kept the same as in the
cellular leakage investigations. At the end of incubation time, fluorescence measurement
was performed (excitation/emission 485/528 nm). S. aureus culture treated with 0.33 mM
hydrogen peroxide solution was used as positive control.

Experiments were performed in six replicates and data are represented as mean =+ standard
deviation (SD). Statistical analyses were performed in GraphPad Prism software (Version
8.2) using ordinary one-way ANOVA followed by Tukey’s multiple comparison test with
the level of significance (o) set to 0.05. The degree of significance was *p<0.03,
**p<0.002, ***p<0.0002, ****p<0.0001 for all statistical tests.

3. RESULTS AND DISCUSSION

3.1. Morphological and Structural Properties of Nanoparticles

CeO, NP with a diameter of approximately 20 nm was observed (Figure 1A). The XRD
pattern of the CeO, NP shows the characteristic peaks of the cubic fluorite structure where
the peaks were observed at 20 = 28.5, 33.1, 47.5, 56.2, and 59.0° (Figure 1B). The analysis
confirmed the cubic lattice of pure CeO; and good agreement with JCPDS DATA
(898436). No identifiable diffraction peaks Ce,Os crystalline was observed and indicates a
single-phase nature [30] (Figure 1A). ICP-OES analysis revealed a cerium concentration
of 13.23 mg/L in the digested CeO2 NP suspension, corresponding to approximately 67 ug
of detectable cerium per mg of nanoparticles under the applied digestion conditions. The
hydrodynamic diameter and net surface charge of CeO, NP in physiological pH (7.2) were
measured as 611.2 + 17.6 nm and -8.06 + 0.23 mV, respectively. In this study, CeO, NP
were synthesized, yielding cubic structured nanoaggregates with close to net neutral surface
charge values of -8.06 £ 0.23 mV which foreseen as the potential interaction with bacteria
could be driven by hydrophobic/hydrophilic interactions different than the literature
findings of electrostatic interactions [18]. The high HI value of CeO, decreased after being
introduced in TSB led the adsorption from broth media, allowing interaction with
hydrophilic S. aureus bacterial cells with a low HI value of 22.00 + 3.58. CeO, NP features
and potential hydrophilic-hydrophilic interactions were confirmed by SEM images of
treated S. aureus as shown in Figure S1 [31].
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Figure 1. A) XRD pattern, and B) STEM image CeO, NP with an inset figure of SEM
micrograph.

3.2. Additive Effects of CeO: NPs and Ciprofloxacin Against S. aureus

The checkerboard assay identified MIC values against S. aureus for CeO- (400 pg/mL) and
ciprofloxacin (0.15 pg/mL) and in combination treatments 200 pg/mL CeO. and 0.05
pg/mL ciprofloxacin (Figure 2). In combination treatments inhibition was achieved with
an additive effect (FIC = 0.83). The findings highlight that CeO: or ciprofloxacin reduces
the other's MIC, almost 70% enabling lower antibiotic concentrations in treatment.
Nevertheless, the literature presents inconclusive findings regarding the antibacterial
efficacy of CeO, NPs. CeO; NPs have been found to enhance antibiotic efficacy against
multidrug- resistant pathogens [32], but some studies found them as interfering the
antibiotics activity [33]. CeO, alone has also been reported to increase bacterial outer
membrane permeability [18] and exhibit antibacterial activity against ESKAPE pathogens
[34].

In this study we evaluate the adjuvant activity of CeO2 NP by comparing simultaneous
administration with ciprofloxacin and individual administration, providing a
comprehensive assessment of the combinatory antibacterial synergy mechanism. Results
demonstrate the CeO, NPs promote the vulnerability of S. aureus bacteria to be exploited
for antibacterial activity. The growth curve CeO, NP treated S. aureus showed a
bacteriostatic effect whereas the antibacterial action prone to bactericidal effect when CeO,
and ciprofloxacin were combined. (Figure S1). The growth rate decreased 3.3- fold with
concurrent treatment, while the doubling time of S. aureus also showed a decline.
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Figure 2. Heat plot of checkerboard assay of CeO, NP in combination with ciprofloxacin
against S. aureus.

The HI index values for CeO, NP in water and after incubating in TSB was determined as
74.03 + 2.92% and 8.75 + 0.99% respectively. In water mixture of 200 pg/mL CeO, NP
and 0.05 ug/mL ciprofloxacin yielded with HI value of 4.43 £+ 0.40% accepted as in
hydrophilic range, however the preincubation of mixture in TSB and resuspending in water
yielded with sedimentation and HI values could not be determined. The HI value of S.
aureus after incubating in TSB and resuspending in water was yielded with value of 22.00
+ 3.5%. After treating S. aureus with 400 pg/mL CeO2 NP the value decreased to 3.97 +
0.002% which means the hydrophobicity of the S. aureus bacterial cells was diminished
due to the treatments with the CeO, NP. However, the treatment with 200 ug/mL CeO2 NP
and 0.05 pg/mL ciprofloxacin of S. aureus yielded with the sedimentation and the HI values
could not be determined.

Inhibited bacterial growth rate, doubling time and bacterial regrowth: The effect of CeO,
NP alone, ciprofloxacin alone, and CeO,-ciprofloxacin combination on bacteria growth rate
and doubling time was investigated by following the growth curves of S. aureus culture
overnight (Figure S2). The growth curves were generated using data from kinetic OD
measurements and the linear region of the exponential growth phase (Figure S3) was used
to calculate growth rate followed by doubling time. The concentrations of CeO, NP (400
pg/mL) and ciprofloxacin (0.15 pg/mL) were determined from the checkerboard assay to
see the effect of individual components and their combination (200 pg/mL for CeO2 and
0.05 pg/mL for ciprofloxacin) as shown in Figure 3.
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Figure 3. Doubling time and growth rate of S. aureus after treatment with CeO, NP,
ciprofloxacin, and CeO, NP + ciprofloxacin combination.

To observe whether bacterial growth occurred after the regrowth experiment, the wells
were subjected to fluorescent intensity measurements. The regrowth of S. aureus was
statistically evaluated. The results presented in Figure 4 showed that the presence of CeO»
NP or ciprofloxacin had a highly inhibitory effect on regrowth during antibacterial
treatment. Therefore, metal oxide NPs have concentration-dependent antibacterial
properties, leading to cellular destruction and prolonging the bacterial lag phase [21,22].
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Figure 4. Regrowth capacity of S. aureus following treatment with CeO2 NPs,
ciprofloxacin, or their combination. After antibacterial treatment, bacterial cells were
transferred into fresh TSB medium and incubated for an additional 24 h to evaluate their
recovery potential. Cell viability was subsequently determined using the Alamar Blue
assay. Data are presented as mean + SD. ns, not significant; **p < 0.0021; **p < 0.0001.
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3.3. Antibacterial Effect of the Treatments in Cellular Level

The effects of CeO: NP, ciprofloxacin, and their combination on the membrane
permeability of S. aureus were assessed by quantifying PI uptake. The fluorescence
intensity, indicative of membrane disruption, was significantly higher in all treatment
groups compared to the untreated control (Figure 5A). The data indicate that ciprofloxacin
displayed a more pronounced rise in PI fluorescence compared to CeO. NP. The
combination of CeO: NP and ciprofloxacin yielded the maximum fluorescence intensity,
suggesting a synergistic impact on membrane disruption. This indicates that the combined
therapy enhances the disruption of bacterial membrane integrity more significantly than
each individual treatment, consistent with the observed synergistic antibacterial effects in
previous experiments. We observed intracellular protein leakage in S. aureus bacterial cells
treated with CeO, NP, ciprofloxacin, and their combination, indicating cytoplasm leakage.
Additionally, bacterial cell membrane damage was observed due to exposure to the MIC
[23,24]. This is also in line with the SEM images of the bacterial cells after the CeO> NP
treatments (Figure S1) [25,26]. Our results reveal that CeO» NPs can cause a progression
from sublethal to lethal effects, involving alterations in outer membranes, cytoplasmic
membrane damage, and intracellular content leakage [35].As demonstrated in Figure 5B,
CeO; NP and ciprofloxacin resulted in 96.39 + 1.09% and 97.80 £ 3.96% intracellular
protein leakage from S. aureus, respectively. However, the combination of CeO, NP and
ciprofloxacin in a single treatment has resulted in intracellular protein leakage of 77.8 £
4.5%. The obtained results thus reveal that the concurrent treatment of S. aureus with CeO,
NP and ciprofloxacin had a lower membrane disruption activity than that of either CeO;
NP or ciprofloxacin.
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Figure 5. A) Membrane permeability alterations in S. aureus treated with CeO2 NP,
ciprofloxacin, and their combination B) Intracellular protein leakage of S. aureus after
treatments in comparison to lysed control measured by BCA assay. The significance level
is A) ****p<(0.0001, **p<0.0021, B) a, B, and 6 were p <0.0001 for CeO, NP +
ciprofloxacin compared to lysed control, CeO, NP, and ciprofloxacin, respectively.

The intracellular ROS production in S. aureus was evaluated following the treatments. As
shown in Figure 6, the positive control (0.33 mM hydrogen peroxide) exhibited the highest
fluorescence intensity, confirming the assay's sensitivity. CeO: NPs and ciprofloxacin
treatments individually led to an increase in ROS levels compared to the untreated control,
indicating their ability to induce oxidative stress. We also found that in sifu treatment
caused the overproduction of ROS and oxidative stress increment in S. aureus suggests a
synergistic interaction between CeO2 NPs and ciprofloxacin, amplifying oxidative damage
within S. aureus cells. This finding provides further evidence of the adjuvant potential of
CeO:2 NPs, augmenting the antibacterial mechanism of ciprofloxacin through increased
oxidative stress It is known that the CeO, NPs can act as both antioxidants and pro-
oxidants, and literature findings align with our results which states that the nano-sized
cerium oxide particles promote the increment in ROS generation and membrane disruption
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[36].We highlight the underlying antibacterial mode of action of CeO2 NPs action in
combination therapy, offering a promising approach to improving antibacterial
chemotherapy efficacy.

25000
=
S 20000
IS
& 15000 o
e}
<t ’ *kkk - *kkk
®
— 10000
[
[r<
L §
G 5000
o
0
Positive Ce02 Ciprofloxacin  CeO2 +
control Ciprofloxacin
Treatment Type

Figure 6. ROS alterations in S. aureus due to CeO2 NP, ciprofloxacin, and their
combination treatments. The significance level is **p<0.0021, ****p<0.0001.

4. CONCLUSION

The present study demonstrated that cerium CeO: NP significantly enhanced the
antibacterial activity of ciprofloxacin against S. aureus. The combined treatment reduced
the MIC of ciprofloxacin threefold and shifted its action from bacteriostatic to bactericidal.
CeO:2 NP induced membrane disruption, intracellular leakage, and ROS overproduction,
confirming their dual role as both antimicrobials and antibiotic adjuvants as presented in
Scheme 1.
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Scheme 1. CeO: nanoparticle-mediated enhancement of ciprofloxacin antibacterial
activity against S. aureus.
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These findings highlight the potential use of CeO2 NPs in combination therapies to improve
antibiotic efficacy and reduce required dosages, offering a promising strategy against
resistant Gram-positive pathogens. Future in vivo and translational studies are warranted to
validate their clinical applicability and safety, aiming toward the development of next-
generation nanoadjuvant systems in antibacterial chemotherapy.

Research and Publication Ethics Statement

The entire process of the manuscript was carried out in compliance with the research and
publication ethics guidelines of the Celal Bayar University Journal of Science.

Author’s Contributions

Aysenur Pamukcu: Drafted and wrote the manuscript, performed the experiment and result
analysis.

Emine Hilal Altintop: Drafted and wrote the manuscript, performed the experiment and
result analysis.
Didem Sen Karaman: Supervised the experiment’s progress, interpreted the result and
wrote the manuscript.

All authors contributed to the study conception. All authors read and approved of the final
manuscript.

Acknowledgement

The authors acknowledge financial support from the Scientific and Technological Research
Council of Tiirkiye (TUBITAK; project no. 3195024). We thank Doga Vural for preparing
the content of Scheme 1. Didem Sen Karaman acknowledges support from the Turkish
Academy of Sciences through the Outstanding Young Scientists Award Program (TUBA-
GEBIP 2023). Aysenur Pamukgu acknowledges support from the TUBITAK BIDEB 2211-
A Scholarship Programme and the Council of Higher Education’s 100/2000 Doctoral
Scholarship Programme. Emine Hilal Altintop acknowledges support from the Can Sagligi
Foundation scholarship programme.

REFERENCES

[1]. Skwarczynski M, Bashiri S, Yuan Y, Ziora ZM, Nabil O, Masuda K, et al. Antimicrobial Activity
Enhancers: Towards Smart Delivery of Antimicrobial Agents. Antibiotics 2022;11:412.
https://doi.org/10.3390/antibiotics11030412.

[2]. Xie Y, Lu H, Li Y, Hu G, Lian S, Liu J, Pang S, Zhu G, Ding X. Unveiling the Mechanisms of Bacterial
Resistance and Countermeasures. Patogens 2025;14:1085. https://doi.org/10.3390/pathogens14111085.

[3]. Oliphant CM, Eroschenko K. Antibiotic Resistance, Part 1: Gram-positive Pathogens. J Nurse Pract
2015;11:70-8. https://doi.org/10.1016/j.nurpra.2014.09.018.

656


https://doi.org/10.3390/antibiotics11030412
https://doi.org/10.3390/pathogens14111085
https://doi.org/10.1016/j.nurpra.2014.09.018

Combined Action of Cerium Oxide Nanoparticles and Ciprofloxacin Against Staphylococcus aureus: Driving Mechanisms

[4]. Coronado VG, Edwards JR, Culver DH, Gaynes RP, The National Nosocomial Infections Surveillance
(NNIS) System. Ciprofloxacin Resistance Among Nosocomial Pseudomonas aeruginosa and staphylococcus
aureus in the United States. Infect Control Hosp Epidemiol 1995;16:71-5. https://doi.org/10.1086/647059.

[5]. Raviglione MC, Boyle JF, Mariuz P, Pablos-Mendez A, Cortes H, Merlo A. Ciprofloxacin-resistant
methicillin-resistant Staphylococcus aureus in an acute-care hospital. Antimicrob Agents Chemother
1990;34:2050—4. https://doi.org/10.1128/AAC.34.11.2050.

[6]. Blumberg HM, Rimland D, Carroll DJ, Terry, P, Wachsmuth IK. Rapid Development of Ciprofloxacin
Resistance in Methicillin-Susceptible and -Resistant Staphylococcus aureus. J Infect  Dis
1991;163:1279-85. https://doi.org/10.1093/infdis/163.6.1279.

[7]. Hershow RC, Khayr WF, Schreckenberger PC. Ciprofloxacin Resistance in Methicillin-Resistant
Staphylococcus Aureus: Associated Factors and Resistance to Other Antibiotics. Am J Ther 1998;5:213-20.
https://doi.org/10.1097/00045391-199807000-00002.

[8]. Zang W, Li D, Gao L, Gao S, Hao P, Bian H. The Antibacterial Potential of Ciprofloxacin Hybrids against
Staphylococcusaureus. Curr Top Med Chem 2022;22:1020-34.
https://doi.org/10.2174/1568026622666220317162132.

[9]. Incidence of Ciprofloxacin-Resistant of Methicillin Resistant Staphylococcus aureus isolated from Iraqi
patients. IRAQI J Sci 2018;59. https://doi.org/10.24996/ijs.2018.59.3A.10.

[10]. Gupta A, Mumtaz S, Li C-H, Hussain I, Rotello VM. Combatting antibiotic-resistant bacteria using
nanomaterials. Chem Soc Rev 2019;48:415-27. https://doi.org/10.1039/C7CS00748E.

[11]. Dhanda G, Acharya Y, Haldar J. Antibiotic Adjuvants: A Versatile Approach to Combat Antibiotic
Resistance. ACS Omega 2023;8:10757-83. https://doi.org/10.1021/acsomega.3c00312.

[12]. Adeniji OO, Nontongana N, Okoh JC, Okoh AIl. The Potential of Antibiotics and Nanomaterial
Combinations as Therapeutic Strategies in the Management of Multidrug-Resistant Infections: A Review. Int
J Mol Sci 2022;23:15038. https://doi.org/10.3390/ijms232315038.

[13]. Wu S, Yu T, Zhou R, Liang Y, Li Y, Yang J, et al. Adjuvant- like biomimetic nanovesicles combat New
Delhi metallo-f- lactamases (NDMs) producing superbugs infections. Nano Today 2021;38:101185.
https://doi.org/10.1016/j.nantod.2021.101185.

[14]. Lin L, Liu X, Zhao M. Screening of xanthine oxidase inhibitor from selected edible plants and
hypouricemic effect of Rhizoma Alpiniae Officinarum extract on hyperuricemic rats. J Funct Foods
2018;50:26-36. https://doi.org/10.1016/1.jff.2018.09.024.

[15]. Chen Y, Zhang Z, Chen Y, Zhou S, Deng Q, Wang S. Enhancement of inhibition rate of antibiotic against
bacteria by molecularly imprinted nanoparticles targeting alarmone nucleotides as antibiotic adjuvants. ] Mater
Chem B 2022;10:9438-45. https://doi.org/10.1039/D2TB00641C.

[16]. Khurana C, Vala AK, Andhariya N, Pandey OP, Chudasama B. Influence of antibiotic adsorption on
biocidal activities of silver nanoparticles. IET Nanobiotechnol 2016;10:69—74. https://doi.org/10.1049/iet-
nbt.2015.0005.

[17]. Chatzimentor I, Tsamesidis I, loannou M-E, Pouroutzidou GK, Beketova A, Giourieva V, et al. Study of
Biological Behavior and Antimicrobial Properties of Cerium Oxide Nanoparticles. Pharmaceutics
2023;15:2509. https://doi.org/10.3390/pharmaceutics15102509.

657


https://doi.org/10.1086/647059
https://doi.org/10.1128/AAC.34.11.2050
https://doi.org/10.1093/infdis/163.6.1279
https://doi.org/10.1097/00045391-199807000-00002
https://doi.org/10.2174/1568026622666220317162132
https://doi.org/10.24996/ijs.2018.59.3A.10
https://doi.org/10.1039/C7CS00748E
https://doi.org/10.1021/acsomega.3c00312
https://doi.org/10.3390/ijms232315038
https://doi.org/10.1016/j.nantod.2021.101185
https://doi.org/10.1016/j.jff.2018.09.024
https://doi.org/10.1039/D2TB00641C
https://doi.org/10.1049/iet-nbt.2015.0005
https://doi.org/10.1049/iet-nbt.2015.0005
https://doi.org/10.3390/pharmaceutics15102509

Aysenur Pamuk¢u, Emine Hilal Altintop & Didem Sen Kahraman

[18]. Bellio P, Luzi C, Mancini A, Cracchiolo S, Passacantando M, Di Pietro L, et al. Cerium oxide
nanoparticles as potential antibiotic adjuvant. Effects of CeO2 nanoparticles on bacterial outer membrane
permeability. Biochim Biophys Acta BBA - Biomembr 2018;1860:2428-35.
https://doi.org/10.1016/j.bbamem.2018.07.002.

[19]. Pop OL, Mesaros A, Vodnar DC, Suharoschi R, Tabaran F, Magerusan L, et al. Cerium Oxide
Nanoparticles and Their Efficient Antibacterial Application In Vitro against Gram- Positive and Gram-
Negative Pathogens. Nanomaterials 2020;10:1614. https://doi.org/10.3390/nano10081614.

[20]. Sen Karaman D, Kietz C, Govardhanam P, Slita A, Manea A, Pamukg¢u A, et al. Core@shell structured
ceria@mesoporous silica nanoantibiotics restrain bacterial growth in vitro and in vivo.  Biomater Adv
2022;133:112607. https://doi.org/10.1016/j.msec.2021.112607.

[21]. Mazur P, Skiba-Kurek I, Mrowiec P, Karczewska E, Drozdz R. Synergistic ROS-Associated
Antimicrobial Activity of Silver Nanoparticles and Gentamicin Against Staphylococcus epidermidis. Int J
Nanomedicine 2020;Volume 15:3551-62. https://doi.org/10.2147/1IN.S246484.

[22]. Doern CD. When Does 2 Plus 2 Equal 5? A Review of Antimicrobial Synergy Testing. J Clin Microbiol
2014;52:4124-8. https://doi.org/10.1128/JCM.01121-14.

[23]. Rosenberg M, Gutnick D, Rosenberg E. Adherence of bacteria to hydrocarbons: A simple method for
measuring cell-surface hydrophobicity. FEMS Microbiol Lett 1980;9:29-33. https://doi.org/10.1111/j.1574-
6968.1980.tb05599.x.

[24]. Abdelghafar A, Yousef N, Askoura M. Zinc oxide nanoparticles reduce biofilm formation, synergize
antibiotics action and attenuate Staphylococcus aureus virulence in host; an important message to clinicians.
BMC Microbiol 2022;22:244. https://doi.org/10.1186/s12866-022-02658-z.

[25]. Serebryakova EV, Darmov IV, Medvedev NP, Alekseev SM, Rybak SI. Evaluation of the Hydrophobicity
of Bacterial Cells by Measuring Their Adherence to Chloroform Drops. Microbiology ~ 2002;71:202—4.
https://doi.org/10.1023/A:1015154406214.

[26]. Maikranz E, Spengler C, Thewes N, Thewes A, Nolle F, Jung P, et al. Different binding mechanisms of
Staphylococcus aureus to hydrophobic and hydrophilic surfaces. Nanoscale 2020;12:19267-75.
https://doi.org/10.1039/DONR03134H.

[27]. Zahari NZ, Tuah PM, Ali SAM, Sabullah MK. Microbial Growth Rate and Distribution of Doubling Time
at Different Concentration of Oil Sludge Medium. IOP Conf Ser Earth Environ Sci 2022;1022:012075.
https://doi.org/10.1088/1755- 1315/1022/1/012075.

[28]. Chamberlin J, Story S, Ranjan N, Chesser G, Arya DP. Gram- negative synergy and mechanism of action
of alkynyl bisbenzimidazoles.Sci Rep 2019;9:14171. https://doi.org/10.1038/s41598-019-48898-4.

[29]. Lamikanra A, Allwood MC. Effects of Polyethoxyalkyl Phenols on the Leakage of Intracellular Material
from Staphylococcus aureus. J Appl Bacteriol 1977;42:379-85. https://doi.org/10.1111/j.1365-
2672.1977.tb00705 .x.

[30]. Renuka NK. Structural characteristics of quantum-size ceria nano particles synthesized via simple
ammonia precipitation. J Alloys Compd 2012;513:230-5.
https://doi.org/10.1016/j.jallcom.2011.10.027.

658


https://doi.org/10.1016/j.bbamem.2018.07.002
https://doi.org/10.3390/nano10081614
https://doi.org/10.1016/j.msec.2021.112607
https://doi.org/10.2147/IJN.S246484
https://doi.org/10.1128/JCM.01121-14
https://doi.org/10.1111/j.1574-6968.1980.tb05599.x
https://doi.org/10.1111/j.1574-6968.1980.tb05599.x
https://doi.org/10.1186/s12866-022-02658-z
https://doi.org/10.1023/A:1015154406214
https://doi.org/10.1039/D0NR03134H
https://doi.org/10.1038/s41598-019-48898-4
https://doi.org/10.1111/j.1365-2672.1977.tb00705.x
https://doi.org/10.1111/j.1365-2672.1977.tb00705.x
https://doi.org/10.1016/j.jallcom.2011.10.027

Combined Action of Cerium Oxide Nanoparticles and Ciprofloxacin Against Staphylococcus aureus: Driving Mechanisms

[31]. Kumar S, Kumar N, Bhanjana G, Thakur R, Dilbaghi N, Tripathi SK, et al. Enhanced Antimicrobial
Activity Of Antibiotics Mixed With Metal Nanoparticles, Chandigarh (India): 2011, p. 203-4.
https://doi.org/10.1063/1.3653680.

[32]. Zafar N, Uzair B, Niazi MBK, Menaa F, Samin G, Khan BA, et al. Green Synthesis of Ciprofloxacin-
Loaded Cerium Oxide/Chitosan Nanocarrier and its Activity Against MRSA- Induced Mastitis. J Pharm Sci
2021;110:3471-83. https://doi.org/10.1016/j.xphs.2021.06.017.

[33]. Masadeh MM, Karasneh GA, Al-Akhras MA, Albiss BA, Aljarah KM, Al-azzam SI, et al. Cerium oxide
and iron oxide nanoparticles abolish the antibacterial activity of ciprofloxacin against gram positive and gram
negative biofilm bacteria. Cytotechnology 2015;67:427-35. https://doi.org/10.1007/s10616-014-9701-
8.

[34]. Dar M, Gul R, Karuppiah P, Al-Dhabi N, Alfadda A. Antibacterial Activity of Cerium Oxide
Nanoparticles against ESKAPE Pathogens. Crystals 2022;12:179. https://doi.org/10.3390/cryst12020179.

[35]. Mannion BA, Weiss J, Elsbach P. Separation of sublethal and lethal effects of the
bactericidal/permeability increasing protein on Escherichia coli. J Clin Invest 1990;85:853—-60.
https://doi.org/10.1172/JCI114512.

[36]. Kuang Y, He X, Zhang Z, Li Y, Zhang H, Ma Y, et al. Comparison Study on the Antibacterial Activity
of Nano- or Bulk-Cerium Oxide. J Nanosci Nanotechnol 2011;11:4103-8.
https://doi.org/10.1166/jnn.2011.3858.

659


https://doi.org/10.1063/1.3653680
https://doi.org/10.1016/j.xphs.2021.06.017
https://doi.org/10.1007/s10616-014-9701-8
https://doi.org/10.1007/s10616-014-9701-8
https://doi.org/10.3390/cryst12020179
https://doi.org/10.1172/JCI114512
https://doi.org/10.1166/jnn.2011.3858


  F I C   i n d e x =   F I C  A +   F I C  B =   A    M I C  A +   B    M I C  B


  H I % =     A  i −   A  f    A  i × 100


  µ   =     I n O D 2 −   I n O D 1    t 2 −   t 1


  a =     l n 2    µ

