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1. Introduction

Cerium oxide particles: coating with charged
polysaccharides for limiting the aggregation state
in biological media and potential application for
antibiotic deliveryt

Cléa Chesneau,? André Pawlak,”< Séna Hamadi,? Eric Leroy® and
Sabrina Belbekhouche (2 *@

Bacterial resistance to antibiotics has emerged as a major health issue. Developing new antibacterial
systems is crucial. We propose to exploit cerium oxide particles which present interesting physico-
chemical and biological properties. We demonstrated by zeta potential measurement that according to
the pH, cerium oxide particles present either negatively or positively charged surfaces (isoelectric point
determined around 8). We then take advantage of this property for modifying the particle surfaces with
charged polysaccharides (dextran derivative to limit aggregation in aqueous media). The surface modifi-
cation of particles has been examined by FT-IR, DRX and TGA measurements. The physicochemical pro-
perties of the resulting dispersion have been investigated as the size, dispersity and potential zeta value in
physiological media. A fluorescent probe (Nile red) has then been loaded as a model of hydrophobic
cargo, and then a hydrophobic antibiotic has been loaded (e.g. ciprofloxacin). Finally, the inhibitory effect
on bacterial growth of the resulting antibiotic-loaded particles has been evaluated against antibiotic-
resistant bacteria, namely spectinomycin-resistant Escherichia coli. These findings demonstrated the
potential of the particles to be employed as an antimicrobial material, more specifically those resistant to
antibiotic therapy.

terial cell. In this sense, several works have reported on the
increased antibacterial activity of antibiotic-conjugated

Antibiotic use is often required to treat intracellular bacterial
infections and resistance in pathogenic microbes, but because
of their poor stability or water solubility, a step of vectorization
is often needed for their efficient administration." An efficient
and safe antibiotic delivery system is needed for delivering
therapeutic agents at an adequate concentration within the
intracellular medium to prevent antibacterial resistance.>”
Antibiotic-loaded particles provide a compelling alternative
to antibiotics because they rely on entirely different mecha-
nisms of antibacterial activity than those of antibiotics. The
mode of action of particles is mainly based on direct contact
with the wall of the bacterial cell, inducing damage to the bac-

“Université Paris Est Creteil, CNRS, Institut Chimie et Matériaux Paris Est,

UMR 7182, 2 Rue Henri Dunant, 94320 Thiais, France.

E-mail: sabrina.belbekhouche@cnrs.fr; Tel: + 331 4978 1149

PInstitut National de la Santé et de la Recherche Médicale (INSERM), IMRB U955,
Créteil, F-94010, France

“Univ Paris Est Creteil, Faculté de Médecine, UMRS 955, Créteil, F-94010 France

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3pmo00081h

98 | RSC Pharm., 2024,1, 98-107

particles.>® Porous particles are highly appropriate materials
for antibiotic delivery application. Among them, we may cite
silica, calcium phosphate and calcium carbonate particles to
name but a few.'® For more insight into the fabrication of
porous materials, the reader may refer to the recently pub-
lished review articles.'™'> Most of these particles can be safely
excreted by the human body via the kidneys and can contain
and then transport a high amount of therapeutic bioactives
with few side effects.”

Among the different carriers, we focus on cerium oxide par-
ticles (CeO,) which are a rare earth oxide material employed in
several technological applications.'* In the last decade, cerium
oxide particles have gained increased interest in the bio-
medical field, because of their self-regenerating antioxidant
properties, e.g. are promising antioxidants for healing several
untreatable oxidative-stress-related diseases, as discussed in
previous works."”™"” Cerium oxide nanoparticles certainly sca-
venge each ROS and RNS inclusive of the hydroxyl radical*®
and nitric oxide'® whilst mimicking the antioxidant enzymes
superoxide dismutase and catalase.”® Interestingly, the anti-
oxidant activity of such particles has been related to a shield-
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ing effect now not most effective on neurons,”" but addition-
ally on endothelial cells.”” In this sens, cerium oxide nano-
particles had been evidenced to be useful for numerous path-
ologies which include most cancers,* cardiovascular injuries>*
or diseases of the principal worried system inclusive of
Alzheimer’s disease.”®

A very important issue related to the application of nano-
particles in biological media is the need for a stable dis-
persion, especially at physiological pH. Unfortunately, cerium
oxide particles are known to be prone to aggregation in
aqueous media. In this sense, several pathways developed for
stabilizing cerium oxide particles in aqueous media can be
found in the literature.”®*” For instance, Jiménez-Rojo et al.
showed that lipid-based liposomes could stabilize suspensions
of metal oxide nanoparticles.>® Another promising approach is
the stabilization of such particles by the adsorption of poly-
electrolytes.”® Polyelectrolytes are macromolecular chains con-
sisting of linked charged or chargeable groups. The inter-
actions of polyelectrolytes with particles have been examined
in detail by Skirtach et al.>**° for example on a suspension of
gold particles. They evidenced that polyelectrolytes can be
efficiently used for improving the aggregation of gold
nanoparticles.

Motivated by the aforementioned results, we decided to
explore the interactions between ceria nanoparticles and an
anionic polysaccharide to reduce the aggregation state.
Polysaccharides are one of the biopolymer classes that are
promising because of their weak toxicity toward mammalian
cells.** Among them, we focus on dextran sulfate, selected
herein because of its ability to retain its charge in a broad pH
range.

Ciprofloxacin(1-cyclopropyl-6-fluoro-1,4-dihydro-4-oxo-7-(1-
piperazinyl)-3-quinoline carboxylic acid) is a fluoroquinolone
antibiotic classically employed to treat numerous bacterial
infections such as lung infections.*” Unfortunately, its poten-
tial benefits are limited by low bioavailability, poor water solu-
bility (>1 mg mL™" in water) and a short half-life. These short-
comings may be limited by administering the antibiotic
through an alternative approach.

Research has been reported on the incorporation of cipro-
floxacin into particles and their antibacterial activity has been
evaluated.>** Although many researchers have fabricated
ciprofloxacin-loaded particles for different biomedical appli-
cations, to the best of our knowledge, cerium oxide particles
have not been hitherto loaded with ciprofloxacin for use
against spectinomycin-resistant Escherichia coli (which is an
antibiotic-resistant bacteria). Therefore, in the present paper,
cerium oxide particles loaded with ciprofloxacin have been fab-
ricated towards this aim.

2. Materials and methods
2.1. Materials

Cerium oxide particles, dextran sulfate (dex”, M, ~2.10* g
mol™, B ~1.15 determined by size exclusion chromatography;
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see Fig. S17), Nile red and ciprofloxacin were purchased from
Sigma-Aldrich. Lysogeny broth (LB) culture medium was pur-
chased from Fisher Scientific. Water at 18 MQ was produced
using a Milli-Q system (Millipore).

2.2. Isoelectric point (pI) of cerium oxide particles
suspended in aqueous media

The isoelectric point (pI) of the suspension of cerium oxide
particles was determined by preparing a suspension of cerium
oxide particles (0.1 g L") at different pH values (ranging from
2 to 12). Each sample was analyzed in triplicate using a
Zetasizer.

2.3. Coating of cerium oxide particles by negatively charged
dextran

The surface modification of negatively charged cerium oxide
particles was done via the saturation method. In the literature,
this approach is widely described.**® This elegant approach
proposes the possibility of directly incorporating the required
amount of polyelectrolyte to coat efficiently all cerium oxide
particle surfaces and then does not require a purification
process. The saturation concentration of dex- has to be empiri-
cally determined over zeta potential measurements. A suspen-
sion of positively charged cerium oxide particles (0.025 g 17" at
PH 2) was progressively covered with a polyanion, namely dex-
(10 g L™* solubilized in water). The adsorption process of this
negatively charged biopolymer was monitored by zeta potential
measurements. The detailed conditions of the preparation of
the nanomaterial suspension will be determined and then dis-
cussed in the text.

2.4. Hydrophobic cargo-loaded cerium oxide particles:
investigation of Nile red and ciprofloxacin

A hydrophobic solution (Nile red or ciprofloxacin) at a concen-
tration of 1 ¢ L™ in ethanol was mixed with a suspension of
cerium oxide particles and stirred for 24 h. The particles were
then centrifuged and washed with ethanol to remove the free
drug. This process was repeated twice. The loading with the
fluorescent probe (Nile red) was examined with an optical fluo-
rescence ZEISS microscope.

2.5. Characterization of cerium oxide particles

2.5.1 Size and zeta potential measurements. Zeta potential
measurement was performed on a Zetasizer Nano-ZS (Malvern
Instruments) to determine the pI of the cerium oxide suspen-
sion in aqueous media and to monitor the adsorption of
dextran sulfate (Zetasizer 4700 Malvern Instruments,
Brookhaven Instruments Corporation, USA). Different pH
values were obtained by adding 0.1 M NaOH or HCI. The inten-
sity-intensity time correction function was analyzed by the
cumulative method. Each measurement was repeated several
times. The mean value of the hydrodynamic diameter was cal-
culated from the diffusion measurement using the Stokes-
Einstein equation.’® In all cases, the standard deviation was
lower than 5%.
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2.5.2 Chemical characterization. Fourier-transform infra-
red (FTIR) spectra were recorded between 4000 and 400 cm™*
using a Bruker Tensor 27 spectrometer (Bruker Optik GmbH,
Germany). The samples were placed on the crystal of the ATR
accessory and 32 co-added scans at 4 cm™ ' resolution were
taken for each sample. Thermogravimetric analysis (TGA) was
carried out using a Setaram LabSys thermobalance in air at a
temperature range of 30 to 800 °C and a heating rate of 20 °C
per minute. Structural characterization was performed by X-ray
diffraction (XRD) using a D8 advance diffractometer (Bruker,
Champs sur Marne, France) (Cu Ka radiation). Data were
recorded over a 26 range from 5 to 80° with a step of 0.02° at
an incident wavelength 4 of 1.54056 A.

2.5.3 Microscopic observations. The morphology of cerium
oxide particles was examined using an optical fluorescence
ZEISS microscope (LSM 700 Laser Scanning Microscope, Carl
Zeiss, France) and a Transmission Electron Microscope (TEM,
FEI Tecnai F20).

2.6. Bactericidal activity of cerium oxide particles loaded
with ciprofloxacin

For investigating the bactericidal activity of cerium oxide par-
ticles loaded with ciprofloxacin, to 10.5 mL of suspension of
spectinomycin-resistant E. coli (first grown at 37 °C for 24 h in
lysogeny broth medium), 500 pL (10 mg mL™") of the suspen-
sion of particles were added and then incubated at 37 °C.
Water was used as a reference. Bacterial growth was followed
periodically by reading the optical density of bacterial suspen-
sions using a UV-visible spectrophotometer at 620 nm.

The percentage of bacterial growth inhibition was estimated
using eqn (1):

I(%) : percentage of inhibition
(I =100 — ((ODgample/ODrer) X 100))

(1)

ODyer and ODgampie correspond to the optical density (OD) of
the reference (suspension of bacteria alone) and the sample
(suspension of bacteria in which was added a suspension of
ciprofloxacin-loaded cerium oxide particles), respectively.

2.7. Bacterial biofilm formation

A biofilm of E. coli was prepared on a polystyrene plate by
using the protocol developed by Ashrit et al.*® The bacterial
viability was investigated via an orange acridine test coupled
with fluorescence microscopy observation.*

3. Results and discussion

The investigated strategy relied on the use of cerium oxide par-
ticles for (i) limiting particle aggregation via a polysaccharide
coating and (ii) hydrophobic antibiotic loading. The antibac-
terial activity of the designed materials was examined on
environmental bacteria, namely antibiotic-resistant Escherichia
coli (E. coli) in a liquid LB medium. Note that E. coli is a Gram-
negative bacterium and is an important component of the
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normal intestinal microflora of humans. However, it can be a
highly versatile and frequently deadly pathogen.

3.1. Coating of cerium oxide particles by dextran sulfate:
impact on aggregation in aqueous media

In Fig. 1, the DRX peaks are indexed using JCPDS card no: 34-
0394. The DRX spectra of CeO, nanoparticles indicated that
the fine crystalline and single phase of CeO, could be indexed
to the cubic structure with the lattice parameters a = b = ¢ =
5.411 A and a = § = y = 90°. Diffraction peaks were observed at
28.41° (111), 32.99° (200), 47.37° (220), 56.26° (311), 59.03°
(222), 69.27° (400), 76.60° (331) and 79.01° (420). The broad-
ened peak showed nanometer-sized crystallites. The average
crystallite size (D) of CeO, nanoparticles has been estimated
using the Debye-Scherer equation (eqn (2)):

o
" pcos b

(2)

where / is the wavelength of Cu-Ka radiation, D is the crystal-
lite size, k is a constant and its value is taken as 0.9, 6 is the
diffraction angle and g is the full-width at half maximum
(FWHM). The result obtained evidenced nanosized CeO, par-
ticles in powder form (lower than 30 nm).

After drying a suspension of cerium oxide particles pre-
pared at 0.5 g L™" in water at pH 6, images of such particles
were obtained by Transmission Electron Microscopy. Fig. 2A
clearly shows that pristine or “naked” cerium oxide particles
present a high trend of aggregation in aqueous media. From
TEM, we also notice the polydispersity, cuboidal shape and
heterogeneity in particle characteristics. This result is difficult
to explain as for this investigation, we use commercial
powders with an unknown synthesis procedure. We supposed
that the method used to prepare them does not take place in a
controlled manner and leads to the observed characteristics.

One of the prerequisites for examining the adsorption be-
havior of polyelectrolytes on metal oxide aqueous surfaces is to

— pristine NP CeO,

(111)

dextran sulfate

dextran sulfate-coated NP CeO,

|

—AA
T TrT T T T T T T T T T T T
10 20 30 40 50 60 70 80
206 (°)
Fig.1 DRX spectra of pristine cerium oxide particles (—), dextran

sulfate (—) and dextran sulfate-coated cerium oxide particles (—).
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(B)

Fig. 2 TEM pictures of (A) pristine cerium oxide particles and (B) dextran sulfate-coated cerium oxide particles.

determine the isoelectric point (pI). This parameter was deter-
mined by measuring the zeta potential values of cerium oxide
particle suspensions at 0.025 g L™' CeO, particles and with
various pH values between 2 and 11. The zeta potential values
as a function of pH are presented in Fig. 3. From linear interp-

- N w I
o o o o
| | | |
| |
T
Il
o
w

zeta potential (mV)
3 o
] ]
N
N
<_

50

Fig. 3 Zeta potential values of a suspension of pristine CeO, particles
(m) and dextran sulfate-coated cerium oxide particles (O)as a function of
pH in deionized water.

© 2024 The Author(s). Published by the Royal Society of Chemistry

olation, an isoelectric point of 8.3 was derived. This is in
accordance with the results obtained by the work by Quik
et al.** and Van Hoecke et al.,** who determined an isoelectric
point of 8.0 and 7.9 respectively, for the same nature particles.
Therefore pristine particles may not be suitable for biological
pH and thus this is the reason why we have developed our
strategy, i.e. coating such particles with dextran sulfate.

With the aim of limiting the aggregation of cerium oxide
particles in aqueous media, surface modification of the
charged cerium oxide particle nanoparticles was performed by
a direct saturation method. This means neither washing nor
purification steps. Considering the surface modification of
charged particles by polyelectrolytes, the centrifugation
process is one of the most used methods to separate adsorbed
polyelectrolytes onto the particle surfaces from free polyelec-
trolytes in solution. However, this presents some drawbacks;
for instance, it is time-consuming. The saturation method is a
more attractive strategy, as this offers the great advantage of
avoiding post-processing procedures, e.g. washing and cen-
trifugation steps. The amount of polyelectrolytes needed to be
adsorbed onto the particles was experimentally estimated by
zeta-potential measurements.*®**

As the ceria nanoparticles are positively charged at pH = 2
(see Fig. 3), and dextran sulfate is negatively charged (Fig. 4A)
in the entire pH range, the coating of ceria nanoparticles is
supposed to occur at pH 2. The addition of dextran sulfate to a
suspension of CeO, particles induces a decrease of the poten-
tial zeta value from a positive to a negative value confirming

RSC Pharm., 2024,1,98-107 | 101
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Fig. 4 (A) Chemical structure of dextran sulfate, (B) determination of

measurements.

the adsorption of this polyelectrolyte (in this case dex-) on the
surface of metal oxide particles. The addition of dex- was
stopped from the moment the measured zeta potential value
of the suspension of the coated cerium oxide nanoparticles
reached a value near to those obtained for the free dextran
sulfate in solution (Fig. 4B). Thus, it can be supposed that the
amount of free dextran sulfate in the suspension was very
insignificant/low. The required volumes of stock dextran
sulfate solution (10 g L™") to form a stable first layer were 40 pl
for cerium oxide particles.

As a first test, a visual observation (i.e. sedimentation test)
of both dextran sulfate-coated and uncoated samples was done
at various pH values. Sedimentation of uncoated CeO, par-
ticles was observed at pH = 8 (Fig. 5); this was not seen with
the dextran derivative coating. This result proved that stability
is increased by coating the cerium oxide particles with dextran
sulfate and it also served as a clear indicator that dextran
sulfate coating occurs. In contrast to pristine cerium oxide par-
ticles, dextran sulfate coated-cerium oxide particles remain

View Article Online
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negatively charged regardless of the pH (see Fig. 3), and this
ensures colloidal stability.

From Fig. 6, in the FTIR spectrum of dextran sulfate the
presence of the sulpho group (SO,) can be determined by the
presence of absorption bands at about 1220 c¢cm™' and
979 ecm™' assigned to v, (S=O) and v, (S=O) vibrations,
respectively, as well as by the presence of absorption bands at
804 cm™" and 580 cm ™" assigned to v, (0-S-0) and vs (O-S-
0) vibrations, respectively.*> The spectral region from 1000 to
700 cm™" is important for the structural analysis of polysac-
charides and is assigned to C-CH, C-C-O, O-C-O and C-O-C.
The band around 3470 cm™ is seen and can be assigned to
the O-H group. For the FTIR spectrum of cerium oxide par-
ticles, a band around 3460 cm™' is present, which can be

assigned to the vibrational tension mode of O-H*® due to
residual water and/or hydroxyl groups. A small band at
1040 cm™"' is seen and may be attributed to the stretching
vibrations of Ce-O-C.*” The O-C-O stretching band is also
seen in the region 1300-1600 cm

~'. The absorption band at

Fig. 5
persed in water at pH 2, 5, 7 and 8.
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(A) Solution of pristine CeO, particles dispersed in water at pH 2, 5, 7 and 8 and (B) solution of dextran sulfate-coated CeO, particles dis-
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Fig. 6 Fourier Transform Infrared (FTIR) spectra of pristine cerium
oxide particles (—), dextran sulfate (—) and dextran sulfate-coated
cerium oxide particles (—).

around 1630 cm™" is assigned to the bending vibration of

absorbed molecular water. The band at 700 cm™ can be
assigned to Ce-O stretching. The FTIR spectrum of dextran
sulfate-coated cerium oxide particles shows the characteristic
peaks (cited below) of both dextran sulfate and cerium oxide
particles.

In Fig. 1, the DRX spectrum of the dextran sulfate does not
present any peak which is due to the amorphous structure of
this polysaccharide. The DRX spectrum of dextran sulfate-
coated cerium oxide particles presents the characteristic peak
of pristine cerium oxide.

The influence of the size of the cerium oxide particles sus-
pended at 0.025 g L' in water at pH = 2 was investigated.
Table 1 shows sizes that vary from 1189 + 64 nm to 277 +
27 nm after dextran sulfate coating as well as a decrease in the
polydispersity value (varies from 0.7 to 0.3). The dextran
derivative coating allows for limiting the aggregation of cerium
oxide particles and favors colloidal stability.

After drying a suspension of dextran sulfate-coated cerium
oxide particles, the surface morphology of the obtained
dextran sulfate-coated cerium oxide particles examined by
transmission electron microscopy (TEM) is shown in Fig. 1B
and reveals that the particles are less aggregated than without
the coating. This result confirmed the DLS measurement
reported in Table 1 and previously discussed.

Table 1 DLS and zeta potential values for cerium oxide particles (pris-
tine and coated with dextran sulfate) suspended at 0.025 g L™ in water
atpH =2

Pristine CeO, Coated CeO, particles

(pH 2) with dex- (pH 2)
Size (nm) 1189 + 64 277 +27
Polydispersity 0.7 0.3

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 TGA curves of (a) pristine cerium oxide particles, (b) dextran
sulfate-coated cerium oxide particles and (c) dextran sulfate.

Thermogravimetric analysis of cerium dioxide nano-
particles, dextran sulfate and dextran sulfate-coated particles
are shown in Fig. 7. Dextran sulfate started to decompose at
around 100 °C until 700 °C (weight loss 30%). CeO, particles
show no significant weight loss which indicates good thermal
stability. In contrast to pristine CeO, particles, dextran sulfate-
coated CeO, particles present a weight loss of 5% in the temp-
erature range studied which is in accordance with the dextran
sulfate deposition of cerium oxide particles and the amount
can then be estimated as 5% of dextran sulfate in the studied
sample.

The experimental results obtained using multiple tech-
niques confirm that adsorption of dextran sulfate takes place
on the CeO, particle surface under examined experimental
conditions and allows limiting aggregation of the metal oxide
when suspended in aqueous media.

3.2. Antibiotic loading inside cerium oxide particles

Cerium oxide particles were selected because of their non-toxic
nature at low concentrations.'>'® Herein, we used commercial
cerium oxide particles to load hydrophobic cargo.

3.1.1. Proof-of-concept: loading of Nile red. The Brunauer—
Emmett-Teller (BET) method was applied to characterize pris-
tine cerium oxide particles. It was found that the BET surface
area is around 54 m® g~' and the total pore volume (cm® g™)
is 0.16 cm® g'. As shown in Fig. 8, Nile red, a hydrophobic
probe (water solubility lower than 1 g L"), was then success-
fully loaded inside cerium oxide particles. Pristine cerium
oxide particles do not have any fluorescence characteristics. In
contrast, for the Nile red-loaded cerium oxide particles, fluo-
rescence has been observed and is characteristic of this fluo-
rescent chemical (Fig. 8). This then clearly shows the entrap-
ment of this hydrophobic cargo in the studied particles.

3.1.2. Antibiotic loading: loading of ciprofloxacin. In the
human body, ciprofloxacin has a short active half-life and is
practically insoluble in water. The vectorization of this anti-

RSC Pharm., 2024,1,98-107 | 103
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Fig. 8 Fluorescence image of Nile red-loaded cerium oxide particles.

biotic is thus of major interest for its loading and delivery to
the site of infection. Moreover, it is important to take into
account antibiotic resistance in bacteria. In this context, we
evaluated the use of cerium oxide particles for the antibiotic
loading and subsequent release.

Loading was done by soaking cerium oxide particles into
hydrophobic antibiotic solutions under the same conditions
found for the loading of the hydrophobic Nile Red. The anti-
biotic remains loaded inside the particle for up to 15 days
which significantly extends the persistence ability of
ciprofloxacin.

In Fig. 9, the growth curves of E. coli were determined
based on the bacterial cell optical density. We distinguished
two classical phases of growth: the exponential phase and the
stationary phase.’® The stepwise variation in the growth rate
could be assigned to the changes seen in expression profiles of
genes coding for enzymes involved in biosynthesis or nutrient
assimilation.”® In the microbial growth curve, the growth
phases can also be defined in terms of the metabolic processes
and physiological states occurring during growth, which have
been directly correlated with the nutritional content of the
growth media.>® Fig. 9 presents the bacterial growth response
according to exposure to the antibiotic-loaded particles over
time. Bacterial growth was strongly impacted in the presence
of cerium oxide particles loaded with ciprofloxacin. Indeed,
the exposition of such particles to bacteria led to the direct
inhibition of their growth (inhibition of up to 94%). This is of
major interest as ciprofloxacin is almost insoluble in water
and bacterial resistance to this antibiotic has emerged.’" For
instance, Fantin et al. reported that increasing the concen-
tration of this antibiotic induced a better bactericidal effect
but induced resistance to ciprofloxacin in human commensal
bacteria.>*
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Fig. 9 Growth study of spectinomycin-resistant E. coli in LB medium
in water W, in the presence of cerium oxide particles loaded with
ciprofloxacin (¢), and in the presence of a solution of ciprofloxacin at
0.07 pg mt* (A).

The MIC value of ciprofloxacin is reported to be around
0.15-4 pug ml™" against S. aureus and E. coli.>>>® The required
amount of ciprofloxacin was then directly released when using
ciprofloxacin-loaded cerium oxide particles.

On the other hand, as seen in Fig. 9, the addition of a solu-
tion of ciprofloxacin in the presence of the bacteria studied
induced partial inhibition of the activity of this bacterium.
This is due to the hydrophobicity of ciprofloxacin, which does
not enter the bacteria sufficiently at this concentration. This
clearly highlights the importance of vectoring this antibiotic
into the particles studied.

Ciprofloxacin is an antibiotic that is known to be a DNA-tar-
geting agent, and to interact with their target type II topoi-
somerases to enhance the generation of single- and double-
strand DNA breaks associated with stalled or collapsed replica-
tion forks.>>>> The cerium oxide particles loaded with this
antibiotic may first interact with bacterial surfaces. Then, the
antibiotic is released, which causes bacterial cell wall damage.

Note that we can combine the two approaches proposed in
this work to generate a CeO, delivery system with high solubi-
lity. Indeed, we have shown that after trapping the compound
(part developed in section 3.2), it is still possible to modify the
surface with the polyelectrolyte (part developed in section 3.1).
These particles were then brought into contact with an E. coli
biofilm prepared on the surface of a polystyrene plate.
Polystyrene plates were selected as these materials are cur-
rently employed in medical materials which are embedded in
the human body and microbial strains easily adhere to these
materials and then form biofilms.’*We show that compared to
the uncoated particles those coated with dextran enhance their

© 2024 The Author(s). Published by the Royal Society of Chemistry
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incorporation in the biofilm and induce bacterial death due to
antibiotic release. Indeed, bacterial viability was examined
with acridine orange which allows discriminating between
dead or living bacteria.’” A red fluorescence was observed after
staining bacteria (Fig. SI 21), showing the death of bacterial
cells due to exposure to dextran-coated particles.

4. Conclusion

We demonstrated (from TEM, DLS, electrophoretic mobility,
FTIR and TGA measurements) that the adsorption of dextran
sulfate on a suspension of ceria nanoparticles takes place
under the examined experimental conditions. Under studied
physicochemical conditions, after the adsorption of the bio-
polymer, the aggregation is limited in aqueous media.

We then reported on the use of cerium oxide particles as
good candidates for designing antibacterial systems loaded
with a hydrophobic antibiotic namely ciprofloxacin (poor
water solubility, >1 mg mL ™" in water). Our approach is simple
and allows us to tackle the issue of poor solubility in aqueous
media. The particles could be loaded with a sufficient amount
of antibiotics to prevent the growth of spectinomycin-resistant
E. coli. We showed that antibiotic-loaded particles were more
effective than the antibiotic alone.

We then combined surface modification with a dextran
derivative and antibiotic loading. We demonstrated the effec-
tiveness of such a system on an E. coli biofilm prepared on the
surface of a polystyrene plate. This plate has been selected as
these materials are currently employed in medical materials
which are embedded in the human body and microbial strains
easily adhere to these materials and then form biofilms.
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