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Keywords:
 Due to its modular and flexible design options, mesoporous silica provides ample opportunities when developing new
strategies for combinatory antibacterial treatments. In this study, antibacterial ceria (CeO2) nanoparticles (NP) were
used as corematerial, andwere further coatedwith amesoporous silica shell (mSiO2) to obtain a core@shell structured
nanocomposite (CeO2@mSiO2). The porous silica shell was utilized as drug reservoir, whereby CeO2@mSiO2 was
loaded with the antimicrobial agent capsaicin (CeO2@mSiO2/Cap). CeO2@mSiO2/Cap was further surface-coated
with the natural antimicrobial polymer chitosan by employing physical adsorption. The obtained nanocomposite,
CeO2@mSiO2/Cap@Chit, denoted NAB, which stands for “nanoantibiotic”, provided a combinatory antibacterial
mode of action. The antibacterial effect of NAB on the Gram-negative bacteria Escherichia coli (E.coli) was proven to
be significant in vitro. In addition, in vivo evaluations revealed NAB to inhibit the bacterial growth in the intestine of
bacteria-fed Drosophila melanogaster larvae, and decreased the required dose of capsaicin needed to eliminate bacteria.
As our constructed CeO2@mSiO2 did not show toxicity to mammalian cells, it holds promise for the development of
next-generation nanoantibiotics of non-toxic nature with flexible design options.
Cerium oxide
Core@shell
Capsaicin
Chitosan
Mesoporous silica
Nanoantibiotic
Escherichia coli
Drosophila melanogaster
1. Introduction

The unique properties of nanomaterials compared to their bulk counter-
parts render them favored for antibacterial therapies. Nanostructuredmate-
rials can be used to convey antimicrobials, assist in the delivery of drugs, or
as antimicrobial agents themselves [1,2]. Most studies have focused on in-
organic nanoparticles (NP) containing silver, gold, copper, zinc, titanium
oxide, and cerium oxide as antibacterial agents [3]. Metal-based nanoparti-
cles have non-specific antibacterial mechanisms, which may circumvent
the development of antibiotic resistance mechanisms (AMR), broaden the
spectrum of antibacterial activity and inhibit biofilm formation [1–4]. In re-
cent years, there have been numerous studies on the use of cerium and
cerium oxide-based nanomaterials in medical sciences [5,6]. They are
found to be used as anticancer, antioxidant, antibacterial, antibiofilm and
anti-inflammatory drugs, and for bioscaffold design for tissue engineering
[7]. However, aggregation of pristine CeO2 NP, like other metal-oxide
nanoparticles could impede their widespread usage. Thus, standardization
of the dispersing protocol or development of different design strategies is
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necessary to overcome this obstacle [8]. Employing surfactants as dispers-
ing agents, storage in a dryer, and sonication of the nanoparticles are
among the used approaches [9,10]. Another approach for preventing the
aggregation of metal/metal oxide nanoparticles is coating the core with a
layer of another organic or/and inorganic material (shell) [11]. In these
so-called core@shell designs, mesoporous silica (mSiO2) offers superior
advantages as a coatingmaterial. Themain advantages of silica as shell ma-
terial lies in its colloidal stability, especially in aqueous media; flexible
design options, chemical inertness, controlled porosity, high processability
and optical transparency [12]. The chemical inertness of silica can shield
the core from degradation and provide multifunctionality. Importantly,
the incorporation of several antibacterial constructs with different proper-
ties into one system allows for combinatorial antibacterial action and
increased possibilities for bacterial targeting [2].

Adding to the prospects of combinatorial therapy, we designed nano-
composites consisting of CeO2 NP with inherent antibacterial properties
as core material, and a mesoporous silicon dioxide (mSiO2) shell acting as
a reservoir for antibacterial compounds, in the present case capsaicin
[8,13,14]. Finally, in order to improve the antimicrobial properties of the
nanocomposite, the mSiO2 shell was surface-coated by absorption with
the antibacterial polymer chitosan. Chitosan provides improved adhesion
to bacterial surfaces and serves as a chelating agent for ions released from
the CeO2 core [15–18] (Scheme 1). We hypothesized that core@shell
mber 2021
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structured nanocomposites would improve the overall antibacterial effect
by providing a multifaceted action disturbing growth rate and destructing
the bacterial cell morphology. The capsaicin-loaded and chitosan-coated
CeO2@mSiO2 (NAB) and its constructs were evaluated for effects against
Gram-negative Escherichia coli (E. coli) in vitro and in vivo. E. coliwas chosen
as test bacteria as it is available as transformable competent strains. These
strains can be detected specifically and distinguished from the commensal
microflora resident in the intestine of the model organism Drosophila
melanogaster. The NAB design was shown to increase the antibacterial
potential of its constructs and have potential of operability in vivo.
2. Materials and methods

2.1. Synthesis of CeO2 NP and core@shell structured nanocomposites
(CeO2@mSiO2)

The core unit of NAB, CeO2 NP was synthesized by two-stage non-
isothermal precipitation. 0.26 M precursor solution was prepared by
dissolving cerium (III) nitrate hexahydrate (99% trace metals basis) in de-
ionized water and stirred at 70 °C under reflux. The pH was as increased
and maintained at 8.8 with the addition of 3 M ammonium hydroxide solu-
tion. The solution was incubated at 65 °C for 20 h for the aging of cerium
hydroxide (Ce(OH)3) precipitate [19]. At the so-called aging stage, the precip-
itates were further dehydrated and underwent dissolution–recrystallization
under ambient atmosphere. After incubation, the solution was centrifuged at
8000 rpm for 10 min at 22 °C. Centrifugation and washing was repeated
Scheme 1. Schematic representation of the differe
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three times with absolute ethanol. The final product was kept as suspension
and stored at +4 °C.

A shell of mesoporous silica (mSiO2) around the CeO2 core was pre-
pared by employing chemical wet technique of the sol-gel process. Briefly,
CeO2 NP was dispersed at 1 mg/ml concentration and ultra-sonicated. A
reaction solution, consisting of 4.3 ml deionizedwater, 2.9 ml absolute eth-
anol, and 40 μl of 32% ammoniawas prepared and the CeO2 NP suspension
was added dropwise to the reaction solution under sonication. The mixture
was sonicated for 30 min. A surfactant solution was prepared using 40 mg
hexadecyltrimethylammonium bromide (CTAB) (≥99%), 660 μl milli-Q
water, and 300 μl absolute ethanol. The surfactant solution was added
dropwise to the reactionmixture under sonication. Later, 80 μl of tetraethyl
orthosilicate (≥99%, TEOS), used as the precursor of silica was added
dropwise to the mixture. The reaction mixture was left for stirring at
room temperature for 18 h [20]. The product was collected and centrifuged
at 12,000 rpm (~17,200 rcf) to remove unreacted chemicals. The sonica-
tion, washing and centrifugation were performed three times in sequence
with 20% (w/v) ammonium nitrate ethanol solution to remove the surfac-
tant template of mSiO2. The product namely CeO2@mSiO2, was stored in
acetone dispersion at +4 °C.

2.2. Loading of capsaicin and chitosan coating of core@shell nanocomposites

To contribute to the combinatory antibacterial activity of the nanocom-
posite, the mesoporous shell architecture of CeO2@mSiO2 was employed
as reservoir for capsaicin (Capsaicin-natural (65% capsaicin, 35%
dihydrocapsaicin)). Solvent immersion was perfomed to accomplish the
nt constructs of NAB developed in this study.

Image of Scheme 1
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capsaicin loading into mesoporous shell of the nanocomposite design [21].
Briefly, 20 mg of CeO2@mSiO2 was soaked into different concentrations of
10ml capsaicin cyclohexane solution and kept on rotatingwheel overnight.
Afterwards, capsaicin loaded CeO2@mSiO2 (CeO2@mSiO2-Cap) was col-
lected by centrifugation and vacuum dried. The adsorption isotherm was
obtained by ethanol elution as a function of equilibrium concentration as
described the in Supplementary Material and presented in Fig. S1. The
highest loading degree could be obtained by treating the CeO2@mSiO2

with starting capsaicin loading degree of 50 w/w% with respect to the
CeO2@mSiO2 nanocomposites and employed for further preparations.

The surface coating of CeO2@mSiO2-Cap was carried out by physical
adsorption of chitosan polymer (Low molecular weight (186 KDa)
75–85% deacetylated) in acetate buffer (pH 4.7–5.0, 10 mM) solution
[22]. The adsorption was performed by dispersing CeO2@mSiO2-Cap in a
sonication bath for 15min andmixingwith chitosan solution (50w/w% re-
spect to mass of CeO2@mSiO2-Cap). Subsequently, the mixture was
allowed to stir for 4 h. The final product, CeO2@mSiO2-Cap@Chit, or
shortly termed as nanoantibiotics (NAB), was centrifuged and the precipi-
tate was taken for lyophilization. The supernatant was taken for spectro-
photometric analysis to investigate the leached out capsaicin during the
chitosan coating process.

2.3. Characterization of core@shell structured nanocomposite

2.3.1. Hydrodynamic size (DLS) and net surface charge (ζ-potential)measurements
Dynamic light scattering and electrophoresis techniqueswere employed

to analyze hydrodynamic size and ζ-potential values of CeO2, CeO2@
mSiO2, CeO2@mSiO2-Cap and CeO2@mSiO2-Cap@Chit dispersions pre-
pared in acetate buffer (pH 5, 10 mM) by using a sonication bath. The
measurements were performed using the Zetasizer Nano ZS instrument.

2.3.2. Transmission electron microscopy imaging of NAB
TEM imaging was performed to analyze the morphology of synthesized

CeO2 NP, CeO2@mSiO2, and the preserved composition of NAB. TEM spec-
imens were prepared by drop casting of the nanocomposite suspensions on
TEM grids and examined using JEOL JEM-1400 Plus, operated at 80 kV.
TEMmicrograms of nanocomposites were employed to estimate the particle
size distribution of CeO2@mSiO2 by analyzing the number of 1113 different
images of nanocomposite structures. These images have been analyzed using
the ‘Analyze Particles’ method from ImageJ2 [23]. Particle size distribution
analysis from TEM micrographs was performed through the cumulative
frequency distribution of particles [24].

2.3.3. Cerium element release from CeO2@mSiO2 and CeO2@mSiO2@Chit
The cerium element release investigations were performed by dispers-

ingweighedCeO2@mSiO2 andCeO2@mSiO2@Chit samples in the aqueous
solution at a concentration of 100 μg/ml, and incubating in Spectra/
PorsFloat-A-LyzersG1, Ready-to-Use laboratory dialysis devices for 48 h.
Measurements were carried out in the standard mode of a quadruple
ICP-MS instrument. Samples for each time point were measured 3 times,
and the average value of the measurements was used to plot the cerium re-
lease profiles. To determine the total amount of cerium element in CeO2

NP and CeO2@mSiO2, nanoparticles were digested by ultrasonic bath
and microwave-assisted mineralization with diluted HNO3 [25]. The ob-
tained numerical values were used to estimate the relative cerium element
release percentage with respect to the starting concentration of the cerium
element in time.

2.3.4. Release of capsaicin from CeO2@mSiO2-Cap and CeO2@mSiO2-
Cap@Chit

Capsaicin release profiles and the pH responsiveness of the chitosan
coating on the NAB were investigated by following release of capsaicin
from CeO2@mSiO2−Cap@Chit and CeO2@mSiO2-Cap at two different
pH 5 in acetate buffer solution and pH 7.2 in HEPES buffer solution at 36
°C for 24 h. The dispersion of CeO2@mSiO2−Cap and CeO2@mSiO2-
Cap@Chit samples at a concentration of 1 mg/ml were incubated in a
3

shaking incubator at 200 rpm at 37 °C. The incubation was terminated at
1 h, 2 h, 4 h, 8 h, 10 h, and 24 h, and the released capsaicin was measured
by UV-VIS spectrophotometer at 280 nm after removing particles by centri-
fugation. Samples of each time point were measured 3 times and the
average value of the measurements was plotted.

2.4. In vitro cytocompatibility of NAB and its constructs

The human colorectal adenoma cell line, Caco-2, was employed as the
model cell line of intestinal barrier to evaluate cytocompatibility of NAB and
its constructs [26]. The cells were grown in complete Dulbecco's Modified
Eagle's Medium (Lonza BioWhittaker, Basel, Switzerland) (with 25 mM
HEPES buffer and 4.5 g/l Glucose) with an addition of 10% heat-inactivated
fetal bovine serum (Gibco, Thermo Scientific, Waltham, Massachusetts,
USA) 2mM L-glutamine (Sigma, St Louis,Missouri, USA) and 10 μl/ml of Pen-
icillin and Streptomycin (Sigma). Cellswere seeded (5×104/well) on 96well
plates one day before the experiment. Ascending concentration series of CeO2,
CeO2@mSiO2, and the CeO2@mSiO2-Cap@Chit NAB and capsaicin solution
were added to cells in triplicates and the cell viability was measured by
employing the colorimetric WST-1 Cell Proliferation Assay (Roche, Basel,
Switzerland). The protocol provided by manufacturer was followed. Briefly,
treated cells were incubated 24 h in CO2 incubator at 37 °C whereafter the
WST-1 reagentwas added to the cells. The absorbance of the colored formazan
was measured at 430 nm after 2 h using a Varioskan microplate reader
(Thermo Scientific).

2.5. Antibacterial activity of NAB against E. coli

Ampicillin-resistant E. coli was obtained by transforming the E. coli
Top10 strain (ThermoFisher Scientific) with the plasmid pMT/Flag-His
containing an ampicillin resistance gene. Ampicillin-resistant E. coli can
be distinguished from resident bacteria by culturing in ampicillin-
containingmedia. Fresh cultures of E. coliwere prepared for each experiment
by scooping 2–4 colonies from on Luria-Bertani (LB) (Sigma) agar plate,
dispersing them in LB broth containing 0.1 mg/ml Ampicillin (Sigma)
and incubating overnight in a shaker at 37 °C, 180 rpm. From this overnight
grown pre-culture, 105 CFU/ml of the test bacteria strain were cultured.
The cultures were treated with NAB, CeO2, CeO2@mSiO2 or CeO2@
mSiO2-Cap@Chit, all at a final concentration of 10 μg/ml, 50 μg/ml,
100 μg/ml, or 200 μg/ml, except forCeO2 NP, which was investigated at
concentrations of 1 μg/ml, 5 μg/ml, 10 μg/ml and 20 μg/ml. The concentra-
tions are estimates based on the CeO2 content in CeO2@mSiO2 samples
from ICP-MS measurements (data not presented).

Optical density (OD) measurements during the treatment of the bacterial
cultures and counting of colony forming units (CFU) after nanocomposite
treatments were performed. In the first method, OD600 values were moni-
tored for 24 h with the Bioscreen C MBR (Oy Growth Curves Ab Ltd.,
Finland) multiplate reader. Based on the obtained OD600 values the growth
profile of bacteria was plotted. The exponential phase of the growth profiles
was identified, and the impact of CeO2, CeO2@mSiO2 CeO2@mSiO2@Chit
and NAB treatment on the doubling time of the bacteria were calculated.
Growth inhibition percentage vs time graphs were plotted in order to identify
the impact of the employed treatments during the exponential phase of the
bacterial growth.

The short-term antibacterial effect was investigated by employing col-
ony counting assay in order to clarify whether the recovery of NAB and
its construction units treated bacteria was possible before their exponential
growth phase had started and adapt the treatment conditions. For this pur-
pose, cultured bacteria were adjusted to 105 CFU/ml, added to 24 well
plates, and supplemented with the nanocomposites at concentrations
given in the previous method at 37 °C for 4 h. 4 hours incubation time
point was chosen based on the obtained growth profile curves, as the closest
time point prior to exponential phase of the treated bacteria growth curve.
The untreated bacteria culture was used as a negative control. 30 μl treated
bacteria culture was plated on LB-agar plates and the plates were incubated
at 37 °C for 24 h, whereafter the colonies were counted.



Table 1
Hydrodynamic size (DLS), their respective polydispersity index (PDI), and net sur-
face charge (ζ-potential) measurements (n≥ 3) of NAB and its constructs.

Sample Hydrodynamic size
in Milli-Q water
(nm)

Polydispersity
index (PDI)

ζ-potential (mV) in
Acetate buffer (@pH 5,
10 mM)

CeO2 NP 113.8 ± 2.3 0.2 ± 0.04 +32.7 ± 1.3
CeO2@mSiO2 339.9 ± 1.3 0.1 ± 0.1 −5.1 ± 0.1
CeO2@mSiO2-Cap 315.1 ± 2.8 0.2 ± 0.0 −8.5 ± 0.6
NAB 943.8 ± 70.9 0.2 ± 0.1 +33.3 ± 0.9
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2.6. Effect of NAB on the morphology of the bacteria

The morphology of treated bacteria was investigated with Scanning
Electron Microscope (FEI Quanta-200 MK2) with an accelerating voltage
of 20 kV. The bacteria were treated with the concentrations of NAB and
its constructs as specified in Section 2.4. Untreated bacteria were used as
negative controls. After 4 h incubation, cultures were centrifuged at
6000 rpm. The pellet was washed thrice with phosphate buffer saline
(PBS) and was finally diluted 100 times with PBS. A drop of the diluted
samples was added onto a 1cm x 1cm glass plate and air-dried. The samples
were fixed with 2.5% glutaraldehyde for 30 min. The samples were further
washedwithwater three times and then gradually dehydratedwith ethanol
at room temperature and imaged.

2.7. Imaging NAB in intestines of Drosophila larvae

To enable fluorescent detection of NAB, the particle design was modified
by replacing the capsaicin in CeO2@mSiO2-Cap@Chit with a fluorophore,
DiI (1,1′-dioctadecyl-3,3,3′,3′-tetramethindocarbocyanine perchlorate),
named here NAB/DiI. D. melanogaster CantonS 3rd instar larvae were fed
Nutrifly BF™ fly food (Dutscher Scientific) supplemented with 0.3 mg/ml
NAB/DiI for two hours at 25 °C. The presence of NAB/DiI in 3rd instar larvae
were visualized using a LeicaMZ6 stereomicroscopy (Wetzlar, Germany). All
use ofD. melanogaster is approved by the Finnish Board for Gene Technology.

2.8. Investigation of bacterial growth in intestines of NAB fed Drosophila larvae

The fruit fly, D. melanogasterwas used as an in vivomodel to investigate
the use of the designed NAB in combating ingested bacteria. E. coli trans-
formed with pMT/Flag-His were cultivated in LB medium at 37 °C for
16–18 h. 3rd instar CantonS larvae were orally infected by feeding with
transformed E. coli diluted in food 1:3, for 5 h at 25 °C and thereafter trans-
ferred to bacteria-free food supplemented with 0.3 mg/ml NAB or with
ascending concentrations of capsaicin (0.14 mg/ml, 1 mg/ml, 2 mg/ml or
4 mg/ml) for 2 h at 25 °C. The value of 0.14 mg/ml was included as it cor-
responds to the exact amount of loaded capsaicin in the NAB design. After
feeding, the larvae were washed twice in sterile H2O, homogenized in PBS,
and plated on ampicillin-LB-agar plates. Samples were taken from two lar-
vae per triplicate and the number of E. coli colonies was counted after 24 h
of incubation at 37 °C. In vivo growth inhibition by NAB was evaluated by
using an unpaired Mann-Whitney test for statistical significance.

3. Results

3.1. Characterization of NAB with constructs and release of capsaicin and
cerium ions

To characterize the synthesized NAB and its constructs, we measured
hydrodynamic size (DLS), the polydispersity index (PDI), and net surface
charge (ζ-potential) of their dispersions. The synthesized CeO2 NP in sus-
pension yielded a net positive surface charge (ζ-potential) at pH 5 and a
hydrodynamic size value above 100 nm with a PDI value of 0.2 (Table 1).

The values from the DLS analysis indicated that the CeO2 NP were pres-
ent in the form of aggregates, as the actual CeO2 NP sizes observed from
TEM imaging were determined to be approximately 20–30 nm (Fig. 1a).
Mesoporous silica shell (mSiO2) formation around CeO2 NP, ceria
(Fig. 1b) aided in the lowering of the polydispersity index (PDI) values
from 0.2 to 0.1.

Here, the porous shell is employed mainly to function as reservoir for
antibacterial compounds to improve the antibacterial action of the resulting
composite. However, the antibacterial compounds can be replaced with
virtually any other molecular agent e.g. fluorescent dyes for imaging; in
the circumstance of tracing of the nanocomposite structure in in vivomodels
is required. Clear changes in the hydrodynamic size and net surface charge
values were observed after coating with the porous shell (CeO2@mSiO2)
yielding a higher hydrodynamic size value of approximately 300 nm and
4

a lower absolute ζ-potential compared to the CeO2 NP core. We note that
DLS measurement is suitable for verifying the dispersed state of nanoparti-
cles in solution, rather than as an actual size determination method. After
capsaicin loading, successful chitosan coating on CeO2@mSiO2-Cap was
confirmed by a significant increase in ζ-potential values from −5.11 ±
0.15 mV (for CeO2@mSiO2) to +33.3 ± 0.99 mV (for CeO2@mSiO2-
Cap@Chit), in accordance with our previous studies comprising chitosan
coatings [22]. The structural integrity of the nanocomposites is preserved
after incorporating all design components, i.e. the antibacterial agent capsa-
icin and the antibacterial polymer chitosan (Fig. 1c and d).The particle size
distribution analysis from TEM images (Fig. S2) revealed that more than
70% of particles (out of 1113 analyzed CeO2@mSiO2) show spherical mor-
phology with an aspect ratio of 1.0–1.1 and were within the size range of
118–169 nm. When utilizing the porous shell as drug reservoir, we
achieved approximately 30 w/w% capsaicin loading, with respect to the
full nanocomposite weight, as the highest loading degree prior to chitosan
coating (Fig. S1). Leakage of capsaicin during the chitosan coating of
CeO2@mSiO2-Cap was less than 5% of the loaded capsaicin (w/w% with
respect to loaded capsaicin amount). The final amount of capsaicin was cal-
culated as 28.5 w/w%with respect to the total NAB weight. The capsaicin
release from CeO2@mSiO2-Cap and NAB was followed (Fig. S3) up to 24 h.
Differences in drug release profiles was observed in the first 10 h (Fig. 2a).
Released drug concentration in pH 7.2 and pH 5 buffer solutionwas 62.6±
5.5 μg/ml and 100.2 ± 4.8 μg/ml, respectively, during the first hours.
Under both pH conditions, the obtained values are higher than the solubil-
ity limit of capsaicin in water, 28.9 μg/ml [27]. However, no capsaicin pre-
cipitation was observed during the experiments. This is most likely due to
the NAB formulation enhancing the solubility of the capsaicin; a well-
known property of mesoporous silica matrixes [28]. The findings indicated
that a higher amount of capsaicin was released from NAB in acetate buffer
solution (pH 5) than inHEPES buffer solution (pH 7.2). It is known that chi-
tosan forms a gel-like structure which is insoluble under basic conditions,
hence preventing drug release at pH 7.2. When the pH is below isoelectric
point (IEP) of chitosan (6.3), the drug is released due to protonation of the
amino group on chitosan [29]. Less than 40% relative capsaicin was
released in all studied conditions, which could be due to non-sink testing
conditions provided with 1 mg/ml NAB contains 340 μg/ml capsaicin in
order to prevent the NAB structural dissolution, which may further induce
the drug release [30].

Decreasing trendwas observed for the cerium elemental release profile
of CeO2@mSiO2@Chit samples compared to CeO2@mSiO2 samples
(Fig. 2b) after 8 h. which could be due to the chitosan layer on the
core@shell design, as chitosan can adsorb trace metals and induce cerium
complexation [15,16].

3.2. Evaluation of the mammalian cytocompatibility of NAB and its components

To test whether mammalian cells tolerated NAB and its constructs, their
cytotoxicity was addressed on cultured cancerous human epithelial Caco-2
cells. NAB, CeO2@mSiO2 andCeO2NPwere cytocompatible up to 200 μg/ml
(Fig. 3a). IC50 values were 347 μg/ml, 700 μg/ml, 228 μg/ml, 37 μg/ml re-
spectively for CeO2, CeO2@mSiO2, NAB and capsaicin (Fig. S4). The
obtained results were employed for approximating a safe dosing regime for
all the samples and also nanocomposite concentration that will not lead
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Fig. 1. a) TEM images of CeO2 NP (b) CeO2@mSiO2, inset showing the porous shell coating (c) CeO2@mSiO2-Cap and (d) NAB.
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sedimentation during the application. Importantly, incorporation of capsai-
cin into CeO2@mSiO2@Chit reduced the cytotoxic effect of capsaicin by pro-
viding a reservoir for its delivery. It is also evident that increasing the
concentration of free capsaicin leads to decreased cell viability, but free cap-
saicin was toxic already at 1 μg/ml concentration (Fig. 3b). NAB could thus
serve for improving the cytocompatibility of capsaicin against mammalian
cells and prevention of irritation in the gastrointestinal tract during oral
Fig. 2. a) Relative percentage of released capsaicin with respect to the loaded content
b) Cerium release profile from CeO2@mSiO2 and CeO2@mSiO2@Chit over time.
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administration [31] which was also corroborated by the cytotoxicity investi-
gations of free capsaicin equivalent to content in the composite design.

3.2.1. Bacterial growth inhibition by NAB and its constructs
The antibacterial properties of NAB and its constructs were verified by

incubating E. coli suspensions with the particles followed by optical mea-
surement (OD 600) of bacteria suspension. The lowest optical density
of capsaicin in CeO2@mSiO2−Cap and NAB samples at pH: 7.2 and pH 5 for 10 h.

Image of Fig. 1
Image of Fig. 2


Fig. 3. a) Cytocompatibility of CeO2, CeO2@mSiO2, CeO2@mSiO2-Cap and NABwith Caco-2 cells b) In vitro cytocompatibility of capsaicin. Error bars represents SD (n≥ 3).
The results for both investigation were statistically analyzed with Graphpad Prism software (V 8.4.2) by two-way ANOVA followed by Dunnett's multiple comparisons test.
The degree of significance for both graphs were **** p < 0.0001, *** p < 0.0002, * p < 0.0332.
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(OD600) values were obtained by NAB and CeO2@mSiO2@Chit treatment
of the bacteria suspension (Fig. 4a). The OD600 values of bacterial suspen-
sions treated with NAB and its constructs are presented for ascending con-
centrations (Fig. S5). We found that the 50 μg/ml dose of CeO2@mSiO2@
Chit and NAB, which was well tolerated by eukaryotic cells, was sufficient
to reduce the bacterial growth (Fig. 4a). Interestingly, a change in shape
was observed with SEM analysis when comparing NAB treated E. coli
with untreated bacteria (Fig. 4b and c).
Fig. 4. a) Effect of CeO2, CeO2@mSiO2, CeO2@mSiO2@Chit samples, andNAB on the gr
NAB is 50 μg/ml in all experiments and for CeO2 the effective dose is 5 μg/ml. b) Scanni
microscopic images of E. coli in the presence of NAB (Mag. 5kX, red arrow points the el
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Furthermore, growth profiles in Fig. 4a were employed to plot In
(OD600) vs. time to identify the growth phases of nanocomposite-treated
bacteria [32]. The exponential phase of untreated bacteria culture was
depicted to be between 3 h and 7 h. The treatment of bacteria with NAB,
CeO2@mSiO2@Chit, and CeO2 NP led to shortening of the exponential
phase from 4 h to 3 h. However, the treatment of bacteria with CeO2@
mSiO2 composite did not cause a shortening of the exponential phase dura-
tion. Specific growth rate of treated bacteria during the exponential phase
owth kinetics of E. coli. The effective dose of CeO2@mSiO2, CeO2@mSiO2@Chit, and
ng electron microscopic images of untreated E. coli (Mag. 5kX). c) Scanning electron
ongated E. coli).

Image of Fig. 3
Image of Fig. 4
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was calculated by employing Eq. (1) [33,34]. OD1 and OD2 correspond to
the OD values at the time points at the beginning of the exponential phase
(t1) and end of the exponential phase (t2), respectively.

μ ¼ InOD2 � In OD1
t2 � t1ð Þ (1)

The specific growth rates of bacteria treated with NAB and its construc-
tion units were 1.14 h−1, 1.17 h−1, 1.34 h−1 and 1.09 h−1 for CeO2,
CeO2@mSiO2, CeO2@mSiO2@Chit, andNAB treated bacteria respectively;
while untreated bacteria displayed a growth rate of 0.40 h−1 during the ex-
ponential growth phase of the culture. The obtained OD values for the
higher concentration treatmentswere not employed to calculate the growth
inhibition percentage, due to the aggregation potential of nanoparticles in
bacterial culture media during the incubation time. This phenomenon
may affect the biological activity of nanoparticles and result in misleading
data for evaluating the cell and nanoparticles interactions and hence, the
obtained antibacterial activity [35,36]. The cultivable status and adapting
of bacteria to NAB and its construction units containing incubation media
after the 4-h treatment are presented in Fig. 5. The time point 4 h was cho-
sen, as it is the beginning of the exponential phase for NAB treated bacterial
cultures, and thus provides an understanding on the impact of stress by
NAB presence on the cultivable state of bacteria prior to exponential
phase. As shown in Fig. 5, the NAB treatment of bacteria results in complete
growth-inhibition after 4 h of incubation.

3.3. In vivo evaluation of the antibacterial activity of NAB

To investigate if NAB can reduce the growth capacity of bacteria in vivo
in the intestine of Drosophila melanogaster, third instar larvae were fed with
fluorescent NAB. The ingestion of particles was followed by feeding CeO2@
mSiO2-Cap@Chit particles inwhich capsaicinwas replacedwith the fluoro-
phore DiI (NAB/DiI). The ingested NAB/DiI was clearly visible in the intes-
tine of Drosophila larvae after a 2-h treatment (Fig. 6a).

To test the antibacterial activity of NAB in vivo, E. coli growthwas deter-
mined in orally infected third instarDrosophila larvae treatedwith food sup-
plemented with NAB or different concentrations of free capsaicin after
infection. While a concentration of 0.3 mg NAB/ml was enough to inhibit
bacterial growth in the Drosophila intestine (Fig. 6b), free capsaicin concen-
trations of 1 mg/ml and higher were required to decrease the amount of
E. coli (Fig. 6c). The lowest concentration of free capsaicin, 0.14 mg/ml,
corresponds to the loaded degree of capsaicin in NAB.
Fig. 5. Recovered viable number of E. coli colonies (CFU/ml) after 4 h of treatment
with NAB and its construction units. For the analysis, ordinary one-way ANOVA
followed by Dunnett's multiple comparisons test was performed and level of
significance values were set as **p < 0.01 and ****p < 0.0001.
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4. Discussion

Metal and metal oxide nanoparticles have been employed as antibacte-
rial agents for several decades [37]. However, the antibacterial effect and
the cytocompatibility of the particles have been restricted partly due to
the problemof their dispersibility in suspension form.Among the employed
metal oxide nanoparticles, CeO2 NP has attracted great interest in antibac-
terial applications [5]. In various studies, researchers have investigated the
size-dependent antibacterial activity of cerium oxide. However, the results
have been contradictory and some studies have even concluded insignifi-
cant antibacterial effect once the CeO2 is lowered to nano-scale [38].
CeO2 NP has a tendency to aggregate under aqueous conditions due to
their high surface-to-volume ratio and lack of inherent colloidal stabiliza-
tion mechanism. This aggregation-tendency of nanoparticles hampers
their applicability prospects. The dispersibility of CeO2 is affected by
several factors, among these temperature, surface atomic arrangements, in-
organic or organic ligands adsorbed on its surface, ions in solution and their
levels, and pH [39]. Further, any additional physically adsorbed layers on
ceria surfaces are known to block the NP's reactive surface sites and could
inhibit the redox properties, which is depicted as a destructive effect for
the colloidal stability of CeO2 NP [40]. However, the covalent conjugation
or shell type coatings are thought not to cause any changes on the surface
sites of the CeO2 NP [39]. The presented surface modification with a meso-
porous silica shell may improve the dispersibility of CeO2 NP in addition to
acting as a scaffold for introducing molecular antibacterial agents to
redound antibacterial activity. Nevertheless, even though the colloidal sta-
bility of CeO2NP could be improved by the porous silica shell coating, it has
resulted in net negative surface charge values that could inhibit the interac-
tion of nanoparticles with the bacterial cell wall [41].

Designing antibacterial nanoparticles with a positive surface charge to
improve the interaction of particles with the negatively charged bacterial
cell wall has been proven efficient [41]. Therefore, the net surface charge
of the CeO2@mSiO2 particulates was modified by employing a cationic
polymer, chitosan, which eliminate the negative impact of bare mesopo-
rous silica, while also exploiting the antibacterial properties of chitosan
[42]. This improves the interaction between the nanocomposites and
Gram-negative bacteria that are covered by peptidoglycans, phospholipids
and lipopolysaccharides with a strongly negative charge [43,44]. In addi-
tion to the cationic surface properties provided by chitosan, the presence
of this coating may also serve to chelate the dissolved cerium ions from
the nanocomposite core and increase the solubility of capsaicin, which
could improve the overall antibacterial activity of the CeO2@mSiO2. Simi-
larly, formation of cerium ion complexes with the functional groups of chi-
tosan macromolecules has been observed to lead to a prolonged-release on
demand [45]. Furthermore, studies on antibacterial polymeric scaffolds
made by embedding cerium ion-doped fluorapatite into chitosan revealed
that doping with Ce3+ retains the good antibacterial profile of fluorapatite,
suggesting an option for dealing with conditions where tissue healing is
compromised by bacterial contamination. Incorporation of capsaicin into
nanoformulations to reduce cytotoxicity and pungency, and to improve sol-
ubility in aqueous physiological environments could be achieved. It has
been shown that encapsulation of capsaicin into chitosan nanoparticles
can reduce or even abolish their cytotoxic effect [46–48]. The present chi-
tosan coating in the NAB design could also serve for improving the
cytocompatibility of CeO2@mSiO2-Cap, as shown in Fig. 3a. The investiga-
tions regarding eradication of E. coli by free capsaicin vs. NAB- in the fruit
fly showed that NAB, in addition of consisting of several antibacterial com-
ponents, could indeed serve as antibacterial drug carrier. We and others
have revealed that the mesoporous silica matrix is a vehicle that can
merge the benefits of combinatory treatment therapy and nanoparticle-
based delivery [49,50].

In our findings, NAB treatment leads to increment in the specific growth
rate during the exponential phase and changes in the bacterial shape. It is
known that bacterial length can be altered via nutrients that affect the reg-
ulation of the division machinery. An increased doubling time results in
growing into elongated structures that are no longer viable [51,52].

Image of Fig. 5


Fig. 6. a)Drosophila larvae fedwithNAB/DiI-supplemented food for 2 h at 25 °Cwere visualizedwith stereomicroscopy, scale bar indicates 0.5mm. b, c) Themean number of
CFU of triplicates was counted in homogenatesmade of third instar CantonS larvae infected orally with Ampicillin-resistant E. coli for 5 h, followed by a 2-h treatment with fly
food supplemented with (b) 0.3 mg/ml NAB dispersed in acetate buffer or (c) with increasing concentrations of capsaicin. Error bars indicate ± SEM of at least four
independent experimental repeats. ns = non-significant, **p < 0.01 and ***p < 0.001.
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E. coli has also been shown to increase in size when grown in carbon-rich
conditions [53]. Hence, our observed elongation in E. coli may be related
to the chitosan coating in NAB design, which provided a carbon-rich nutri-
tious environment during the incubation [54]. A similar bacterial elonga-
tion has also been observed when E.coli was treated with chitosan-coated
mesoporous silica nanoparticles in our previous study [22]. Similarly as
others, we found the porous silica shell coating in the design of CeO2@
mSiO2 not to impart any significant antibacterial effect [55]. However,
CeO2@mSiO2@Chit andNAB showed similar degrees of antibacterial activ-
ity in vitro. In any case, we demonstrate that the mesoporous silica shell can
serve as a scaffold for the further functionalization of the nanocomposites
and loaded with additional antibacterial compounds, i.e. capsaicin and chi-
tosan. Loading of the molecular antibacterial agent into the pores of the sil-
ica shell, as well as encapsulating the CeO2 core also served to improve the
cytocompatibility of pure CeO2 NP as well as that of free capsaicin.

Drosophila serves as an attractive model when assessing the efficiency
and potential toxicity of nanoparticles in vivo [56]. Furthermore, the high
degree of conservation of intestinal structure and function has made the
fly a popular model when studying intestinal health and disease progres-
sion [57]. Here, we have used Drosophila 3rd instar larvae as an in vivo
model to assess the antimicrobial action of NAB against ingested patho-
genic bacteria. The results from our in vivo experiments are encouraging
in regard of using nanoparticles for targeting pathogenic bacteria residing
in the gut. Taken together, we show that the antimicrobial activity of cap-
saicin can be enhanced in vivo in a combinatorial NAB design. The core@
shell structured nanocomposite design provides an opportunity to enhance
the antibacterial activity of nanoceria by combining different antibacterial
components, simultaneously improving the cytocompatibility of the design
components.
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5. Conclusion

The successful development of a CeO2@mSiO2-Cap@Chit nanocom-
posite, denoted NAB, proves both the efficiency and the flexibility of a
composite core@shell structure with multiple antibacterial components
for combinatorial antibacterial action. 50 μg/ml dose of NAB was suffi-
cient to inhibit the bacterial growth of E. coli in vitro and recovery of the
bacterial cells after a 4-h treatment. The in vitro growth inhibition studies
suggested significant antibacterial activity of the full NAB design com-
pared to core only and CeO2@mSiO2. However, a significant difference
in the degree of antibacterial activity was not in this case observed
between NAB and CeO2@mSiO2@Chit; nevertheless, it was important to
determine that loading of drugs into the pores of the mesoporous silica
shell could be achieved, which would be the primary reason for growing
a porous shell. NAB and its construction units could be tolerated at high
concentrations of up to 100 μg/ml and aid to eliminate the cytotoxic effect
of capsaicin antibacterial agent against mammalian Caco-2 cells by the
provided chitosan layer in the NAB design. The in vivo studies showed
that the developed NAB can be localized to the Drosophila gut by oral
administration, where it is able to decrease the amount of pathogenic bac-
teria after a 2-h NAB feeding. The investigations regarding free capsaicin
vs. NAB-aided eradication of E. coli in the fruit fly indicated that NAB, as
the full design, could indeed serve as antibacterial drug carrier, in addition
to consisting of several antibacterial components. Taken together, we
have, by using ceria nanoparticles as core with tunable mesoporous silica
as shell, antimicrobial capsaicin as loaded drug, and antibacterial chitosan
as final coat, constructed a combinatorial nanoparticle with strong anti-
bacterial properties, functioning both in vitro and in vivo in the model
organism Drosophila.

Image of Fig. 6
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