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A B S T R A C T

Background: Therapeutic options against Multi Drug Resistant (MDR) pathogens are limited and the overall
strategy would be the development of adjuvants able to enhance the activity of therapeutically available anti-
biotics. Non-specific outer membrane permeabilizer, like metal-oxide nanoparticles, can be used to increase the
activity of antibiotics in drug-resistant pathogens. The study aims to investigate the effect of cerium oxide
nanoparticles (CeO2 NPs) on bacterial outer membrane permeability and their application in increasing the
antibacterial activity of antibiotics against MDR pathogens.
Methods: The ability of CeO2 NPs to permeabilize Gram-negative bacterial outer membrane was investigated by
calcein-loaded liposomes. The extent of the damage was evaluated using lipid vesicles loaded with FITC-dextran
probes. The effect on bacterial outer membrane was evaluated by measuring the coefficient of permeability at
increasing concentrations of CeO2 NPs. The interaction between CeO2 NPs and beta-lactams was evaluated by
chequerboard assay against a Klebsiella pneumoniae clinical isolate expressing high levels of resistance against
those antibiotics.
Results: Calcein leakage increases as NPs concentrations increase while no leakage was observed in FITC-dextran
loaded liposomes. In Escherichia coli the outer membrane permeability coefficient increases in presence of CeO2

NPs. The antibacterial activity of beta-lactam antibiotics against K. pneumoniae was enhanced when combined
with NPs.
Conclusions: CeO2 NPs increases the effectiveness of antimicrobials which activity is compromised by drug re-
sistance mechanisms. The synergistic effect is the result of the interaction of NPs with the bacterial outer
membrane. The low toxicity of CeO2 NPs makes them attractive as antibiotic adjuvants against MDR pathogens.

1. Introduction

The phenomenon of antimicrobial resistance has emerged among
pathogenic bacteria since the beginning of the antibiotic era as con-
sequence of the selective pressure generated by the use, abuse and
misuse of antibiotics in human and veterinary medicine. Nowadays,
pathogenic organisms expressing Multi Drug Resistance (MDR) phe-
notype are among the most important cause of infections in nosocomial
and community settings. Therapeutic options for infections sustained by
MDR pathogens are limited and often ineffective, and new drugs are
urgently needed [1]. To overcome antibiotic-mediated resistance, the
overall strategy would be, so far, the use of combinations of drugs or the
development of adjuvants that, acting in concert with licensed agents,

can enhance their antimicrobial activity even against resistant strains.
Substances able to increase susceptibility to currently licensed agents,
would be very attractive and useful [2–4].

The development of antibiotic adjuvants does not necessarily imply
the discovery of new targets in bacterial cells, on the contrary, most of
the known cell targets can be exploited (e.g. beta-lactamase inhibitors),
or even non-specific compounds like outer membrane permeabilizer
can be used to increase the activity of antibiotics. Outer membrane in
Gram-negative bacteria is a semipermeable barrier that confers in-
herent resistance to most antibiotics [5,6]. The entrance of hydrophilic
antibiotics such as beta-lactams, is allowed trough channel-forming
proteins called porins which represent< 1% of the surface area.
Moreover, the rate of uptake into the cell is often reduced by the
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presence of efflux pumps, making actually the accessible area, un-
generous. The passage of hydrophobic compounds is also prevented by
the presence in the outer layer of the outer membrane, of the poly-
anionic lipopolysaccharide (LPS) which is stabilised by divalent cations.
The displacement of the stabilising cations operated by polycations
such as polymyxins, aminoglycosides or cationic peptides [6] makes
outer membrane increasingly permeable to other compounds [7]. Fol-
lowing this logic, positively-charged metal oxide nanoparticles (MeO-
NPs) have been demonstrated firmly bind bacterial cell membrane [8].

In the last years the interest in MeO-NPs is enormously increased as
potential antibacterial agents against drug-resistant pathogens [8]. The
nanometer size of metal oxide NPs as the physical and chemical prop-
erties, are strictly related to their antimicrobial activity [9,10]. Speci-
fically, ceria nanoparticles (NPs) have been extensively studied for a
variety of potential applications in several fields, including nanomedi-
cine [11–18]. Their ability to act as antioxidant has been well estab-
lished [16,19–21], but investigations about their antimicrobial po-
tentiality are still undergoing. Recently has been demonstrated that
coated ceria NPs are able to inhibit up to 50% the growth of Pseudo-
monas aeruginosa bacterial strain [22]. Thill et al. [23] have demon-
strated the cytotoxicity of CeO2 NPs against the enterobacterial Es-
cherichia coli and Shah et al. [12] demonstrated that dextran coated
cerium oxide nanoparticles are able to induce toxicity against Escher-
ichia coli [12,23]. Pelletier et al. [24] showed as cerium oxide NPs exert
a moderate bactericidal activity against E. coli and Bacillus subtilis.
Moreover, several studies demonstrated that morphology, size and
composition of CeO2 NPs surface, characterize their antibacterial
properties [25–27].

Has been postulated that CeO2 NPs adsorb via electrostatic attrac-
tion to the bacterial surface but do not penetrate them [23,24,28]. The
electrostatic interaction between NPs and the membrane seems to be so
strong that they might stick at the surface for a very long time [23] and
Ce4+ atoms close to the membrane surface are reduced to Ce3+, re-
sulting in oxidative stress on the major components of the membrane
such as lipids and/or proteins [23]. The oxidation of the bacterial cell
would create mesosoma like structures, therefore several elementary
and essential functions as DNA replication, cell division are changed
and consequently the surface area of bacterial cell membrane is in-
creased [29] properly because the formation of membrane invagina-
tions. However, despite the attempts to demonstrate and ameliorate the
toxic activity of ceria NPs against pathogenic bacteria [12,22–24,30],
they still cannot be defined as pure and efficient antibacterial agents.

2. Materials and methods

2.1. Antibiotics and reagents

All tested antibiotics, cefotaxime (CTX), imipenem (IMP), amox-
icillin (AMX) and clavulanate (CLV) were from Sigma-Aldrich (Milan,
Italy). All reagents used for the preparation of ceria nanoparticles were
from Sigma-Aldrich (Milan, Italy). Nitrocefin was kindly provided by
professor Shahriar Mobashery laboratories (Notre Dame University, US-
IN). Escherichia coli total lipid extract for calcein-entrapping liposomes
preparation were from Avanti Polar Lipids (Alabaster, US-AL) and
calcein was from Sigma-Aldrich (Milan, Italy). Fluorescein iso-
thiocyanate dextran D-4, D-20 D-70 were from Sigma-Aldrich (Milan,
Italy).

2.2. Organisms

Escherichia coli HB101, host cells (genotype, F- mcrB mrr hsdS20(rB-
mB-) recA13 leuB6 ara-14 proA2 lacY1 galK2 xyl-5 mtl-1 rpsL20(SmR)
glnV44 λ-) from Promega (Madison, US-WI) were used for permeability
assays.

Klebsiella pneumoniae carbapenemase (KPC)-producing, named KP1/
11, was used for drug interaction assays [31]. The K. pneumoniae KP1/

11 strain shows the simultaneous presence of the resistance genetic
determinants blaKPC-3 and blaVIM-2 encoding for a serine-beta-lactamase
and a metallo-beta-lactamase, respectively. Moreover, the presence of
aacA29b and aac(6′)-Ib genes, confers resistance to aminoglycosides.

2.3. CeO2 nanoparticles synthesis

Cerium oxide nanopowders were synthesised using a modified
precipitation method with cerium nitrate hexahydrate as precursor
[32]. The process of chemical synthesis, the structural and electronic
properties of the nanoparticles of cerium oxide used in this study, were
previously reported [33]. Specifically, CeO2 NPs used in this work, were
calcined in an air furnace at temperature T= 500 °C for 8 h.

2.4. Calcein loaded liposomes

Calcein-entrapping liposomes of different lipid compositions were
prepared as previously described [34] with some modifications. Briefly,
1mL of a solution of calcein 60mM in sodium phosphate buffer 50mM,
pH 7.4, containing EDTA 0.1mM, was cosonicated with 1mL of E. coli
total lipid extract dissolved in chloroform. After that, lipid vesicles were
prepared by reverse phase evaporation method [35]. Untrapped calcein
was removed by gel filtration (Sephadex G-50, 1.5× 15 cm column,
equilibrated and eluted with 50mM sodium phosphate buffer, pH 7.4,
containing 0.1 mM EDTA). The lipid concentration in the separated
vesicular fractions was determined by the method of Stewart [36].

Lipid vesicles preloaded with calcein were treated with cerium
oxide NPs at concentrations ranging from 50 μg/mL to 600 μg/mL in
sodium phosphate buffer 50mM, pH 7.4 and EDTA 0.1 mM. The release
of calcein from liposomes was monitored fluorimetrically on a Perkin-
Elmer LS 50 B spectrofluorimeter; excitation and emission wavelengths
were 490 nm and 517 nm, respectively. The maximum fluorescence
intensity was determined by the addition of 20 μL of a water solution of
Triton X-100 (10%, v/v) to the sample containing calcein loaded lipo-
somes.

The percentage of calcein released was calculated according to the
equation [37]:

= × − −Leakage F F F F(%) 100 ( )/( )t0 0

where F and Ft are the intensity of fluorescence before and after the
addition of the detergent and F0 is the fluorescence of intact vesicles.

2.5. Dextran loaded liposomes

Dextran loaded vesicles containing the FITC-D of choice (FITC-D 4,
20 or 70) were prepared as reported elsewhere [38]. The release of
dextran from loaded vesicles upon interaction with cerium oxide NPs,
at the same concentrations used for calcein loaded liposomes, was ex-
amined fluorimetrically; excitation and emission wavelengths were
494 nm and 520 nm, respectively. In a typical experiment, an aliquot of
a solution of cerium NPs in potassium phosphate buffer 50mM, pH 7.4
and EDTA 0.1 mM, was incubated 10min with a suspension of dextran-
loaded vesicles, with a final lipid concentration of 50 μM. The mixture
was gently stirred for 10min in the dark and then centrifuged at 22500g
for 30min. The supernatant was recovered, and its fluorescence in-
tensity recorded. The maximum fluorescence intensity was determined
by the addition of 20 μL of 10% (v/v) Triton X-100 water solution to the
vesicle suspension. The apparent percentage leakage value was calcu-
lated as previously done for calcein. All experiments were carried out at
room temperature and in triplicate.

2.6. Outer membrane permeability assay

Outer membrane permeability was determined as previously de-
scribed by Zimmermann and Rosselet [39]. E. coli HB101 was trans-
formed with the expression vector pBR322 containing the gene blaTEM-
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1, encoding for the beta-lactamase TEM-1. The recombinant organism
was grown overnight at 37 °C in 10mL of Tryptic Soy Broth (TSB)
containing 100 μg/mL of ampicillin. The starter culture was added to
100mL of TSB pre-warmed at 37 °C and grown for 4 h until the optical
density at 600 nm reached the value of 0.5–0.6 corresponding to an
approximate bacterial concentration of 108–109 CFU/mL. The culture
was centrifuged at 4.000 rpm for 10min at room temperature and the
pellet subsequently resuspended in 30mL of phosphate buffer 0.1M,
pH 7.0 containing 0.9% of NaCl and 5mM of MgCl2. This step was re-
peated twice and finally, the pellet was resuspended in 18mL of the
same buffer. The bacterial suspension was divided in three aliquots: one
was used as control, while the others were treated with several con-
centrations of cerium oxide NPs ranging from 1.56 μg/mL to 100 μg/
mL. After 20min incubation at 25 °C, each reaction was divided into
further three aliquots; one was kept apart and used to determine the
rate of nitrocefin hydrolysis in intact cells (vint). The second aliquot was
sonicated with three 30 s bursts at 100% of amplitude (0.5 cycle) and
held at 4 °C and used to determine the substrate hydrolysis in sonically
treated cells (vson). The last portion was cleared of cells by centrifuga-
tion (4.000 rpm for 10min at room temperature) and used to determine
the residual activity of the supernatant (vsup) due to possible leakage of
the beta-lactamase. The initial rates vint, vson and vsup were spectro-
photometrically determined at 50 μM of nitrocefin (S0), at 480 nm.

The kinetic parameters Km and Vmax for TEM-1 enzyme in sonicated
cells, were determined by non-linear fitting of the Michaelis-Menten
equation using nitrocefin concentrations ranging from 10 μM to
200 μM.

At a given substrate concentration outside the cell (S0), the steady-
state concentration of nitrocefin inside the periplasmic space (Sp) can
be calculated rearranging the Michaelis-Menten equation as follows:

= × ′ − ′S K v V v/( )p m int max int

v′int is the initial rate of the intact cells where the rate of nitrocefin
hydrolysis of the supernatant (vsup) is subtracted. The membrane per-
meability coefficient can be calculated rearranging the Fick's law of
diffusion [40]:

= ′ −C v S S/( )int 0 p

2.7. In vitro susceptibility tests and chequerboard microdilution assay

The antimicrobial susceptibility pattern of the K. pneumoniae KP1/
11 used in this study was determined in accordance with the CLSI
guidelines [41]. In detail, 50 μL of each bacterial suspension in 0.9%
saline solution (NaCl) were added to the wells of a sterile 96-well mi-
crotiter plate, already containing 50 μL of two-fold serially diluted an-
tibiotic or CeO2 NPs in cation-adjusted Mueller-Hinton, to reach a final
volume in each well of 100 μL. Positive control wells were prepared
with culture medium and bacterial suspension. Negative control wells
were prepared with culture medium and antibiotic or CeO2 NPs. The
microtiter plates were incubated for 18 h at 37 °C. The growth in each
well was quantified spectrophotometrically at 595 nm by a microplate
reader iMark, BioRad (Milan, Italy). The minimum inhibitory con-
centration (MIC) for drugs and CeO2 nanoparticles was defined as the
concentration of drug that reduced growth by 80%, compared to that of
organisms grown in absence of drug. MIC value was determined as the
median of at least three independent experiments.

The in vitro interactions between the antibiotics and CeO2 NPs were
investigated by a two-dimensional chequerboard microdilution assay,
using a 96-well microtitration plates as previously described with some
modifications [42,43]. Briefly, a stock solution of antibiotics and CeO2

NPs was prepared in Mueller-Hinton medium and serially diluted
twofold in the same medium. Drug dilutions were initially prepared to
obtain four times the final concentration. In each well of the microplate
25 μL of microbial growth medium were added. An aliquot of 25 μL of a

fourfold concentrated antibiotic was added to column 12. Then a
twofold dilution was made from column 12 to column 2. A 25 μL ali-
quot of each drug concentration of the compound was added to rows A
to G. Row H contained only the antibiotic while column 1 only the
compound. Well H1 was the drug free well used as growth control.
Finally, 50 μL of a 0.9% saline solution containing bacteria were added
to each well of the microplate to obtain a final inoculum of
5× 105 CFU/mL. The microtiter plates were incubated at 37 °C for
18 h. The growth in each well was quantified spectrophotometrically at
595 nm by a microplate reader. The percentage of growth in each well
was calculated as the ratio between the OD595nm measured in the wells
were drugs are present and the OD595nm of the drug free well, after
subtraction of the blank obtained from the microorganism-free plates,
processed as the inoculated plates. The MICs for each combination of
drugs were defined as the concentration of drug that reduced growth by
80% compared to that of organisms grown in the absence of drug. All
experiments were performed in triplicate.

2.8. Drug interaction model

To assess the nature of the in vitro interactions between CeO2 na-
noparticles and beta-lactam antibiotics against K. pneumoniae KP1/11,
the data obtained from the chequerboard assay were analysed by the
Bliss independence (BI) theory [44]. In the Bliss models, the combined
effects of the drugs calculated from the effect of the individual drugs,
are compared with those obtained experimentally. The BI theory is
described by the equation Ii= IA+ IB− IA× IB where Ii is the predicted
percentage of inhibition of the theoretical non-interactive combination
of drug A and B and IA and IB are the experimental percentages of in-
hibition of each drug acting alone. Since the percentage of inhibition is
equal to I=1− E, the former equation can be expressed as:
Ei= EA× EB, where Ei is the calculated percentage of growth based on
the theoretical non-interactive combination of drug A and B, and EA and
EB are the experimental percentages of growth of each drug acting
alone.

The experimental dose-response surface is subtracted from the cal-
culated theoretical surface to reveal any significant deviation from the
zero-plane. Thus, the interaction is described by the difference (ΔE)
between the predicted and measured percentages of growth with drugs
at various concentrations (ΔE= Epredicted− Emeasured). To determine the
significance of differences between the experimental and calculated
additive effects, the upper and lower 95% confidence limits of the ex-
perimental data were compared to the calculated additive effects. If the
lower confidence limit of a point was greater than the calculated ad-
ditivity, the observed synergy was significant. Similarly, if the upper
confidence limit was lower than the calculated additivity, the observed
antagonism was significant [45,46]. The ΔE values calculated on a
point-by-point basis were subsequently plotted on the z axis. Points of
the difference surface above zero (positive) indicate synergy, below
zero (negative) antagonism. To summarise the interaction surface, the
Bliss synergy and antagonism differences and all their combinations
were added up to yield a summary measure, respectively of Bliss sy-
nergy (ΣSYN) and Bliss antagonism (ΣANT). Interactions< 100% were
considered weak, interactions between 100% and 200% were con-
sidered moderate, while interaction> 200% were considered strong
[47].

2.9. Data analysis and statistics

Data were analysed using the software OriginPro ver. 8.5
(OriginLab Corporation, Northampton, MA, USA). All statistical ana-
lyses were performed with SigmaPlot ver. 11.0 (Systat Software Inc.,
Chicago, IL, USA). Data are presented as mean ± standard deviation
(SD), of three independent determinations. Comparison of more than
two group means was carried out by ANOVA test followed by Holm-
Sidak test. Level of p < 0.001 was regarded as statistically significant.
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3. Results

3.1. CeO2 nanoparticles characterization

Cerium oxide nanoparticles were previously characterized by X-ray
photoelectron spectroscopy (XPS) and X-ray diffraction (XRD) to de-
termine their electronic and structural properties, respectively [33]. In
particular, XPS data analysis showed a concentration of 24.7% rela-
tively to the Ce3+ ions; XRD pattern showed that the NPs are single-
phased and correspond to cubic phase fluorite-type CeO2 (JCPDS 034-
0394) with a lattice parameter of 0.542 nm, larger than the bulk CeO2

(0.541 nm), which dependents on the particle diameter size, that in this
case is about 10 nm [33].

This discrepancy is due to more non-equilibrium conditions of
preparation of CeO2−x nanoparticles. In addition, has been demon-
strated that the oxygen non-stoichiometry of nanoparticles increases
from the middle to the surface (Fig. 1).

3.2. Calcein leakage assay in liposomes

To verify the ability of cerium oxide NPs to induce perturbation of
membrane permeability, multilamellar liposomes were loaded with
calcein, which fluorescence is quenched as the molecules are confined
within the liposomal vesicles. Calcein is a relatively small molecule
with a molecular weight of 622.55 Da; any perturbation of liposome
membrane able to induce leakage of the vesicle content can be detected
by following the increase in fluorescence intensity caused by calcein
release. As shown in Fig. 2, the percentage of permeabilized liposomes
increases in a dose-response manner when treated with increasing
concentrations of cerium oxide NPs. The maximum percentage of
leakage is reached at 400 μg/mL of cerium oxide NPs with almost the
80% of permeabilized liposomes.

3.3. Dextran loaded liposomes

With the aim to determine the entity of perturbation, dextran
loaded liposomes were prepared. As in calcein leakage assay, the
fluorescence of fluorescein isothiocyanate conjugate dextrans (FITC-
dextrans) is quenched inside the vesicles, with the difference of the
higher molecular weight of dextrans, with respect to calcein.

In this study, three different FITC-dextrans have been used: D-4, D-

20 and D-70 with an average molecular weight of about 4, 20 and
70 kDa, respectively. The difference in molecular weights allows to
determine the extent of the damages to the membrane by observing the
size-dependent release of liposome-entrapped probes.

As shown in Fig. 3, the percentage of permeabilized liposomes
containing dextrans is low. For instance, the highest leakage can be
observed in lipid vesicles containing D-4 probe, with a percentage of
dextran leakage about 15% at the highest concentration of cerium oxide
NPs (600 μg/mL) (Fig. 3A). In D-20 and D-70 loaded liposomes, even at
the highest cerium oxide NPs concentration, no significant leakage can
be observed (Fig. 3B and C):< 7% and about 2%, respectively.

3.4. Outer membrane permeability assay

The ability of cerium oxide NPs to alter outer membrane

Fig. 1. Diagram of the CeO2−x NPs composition.

Fig. 2. Percentage of calcein leakage as function of CeO2 nanoparticles con-
centration. Data are presented as mean ± standard deviation (SD).

Fig. 3. Percentage of FITC-dextran leakage as function of CeO2 nanoparticles
concentration. D-4 (A), D-20 (B) and D-70 (C) FITC-dextran loaded liposome.
Data are presented as mean ± standard deviation (SD).
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permeability of Gram-negative bacteria has been assessed by de-
termining the modification of its permeability coefficient (C) in pre-
sence of several concentrations of cerium oxide NPs. To measure the C
parameter, the recombinant E. coli HB101 producing TEM-1 β-lacta-
mase, has been used as model. β-Lactamases are enzymes able to hy-
drolyse the β-lactam ring of β-lactam antibiotics. In Gram-negative
bacteria, β-lactamases are secreted and confined into the periplasmic
space. Nitrocefin is a chromogenic cephalosporin containing a β-lactam
nucleus (cephem) that can be used as reporter substrate. Upon hydro-
lysis, the colour of nitrocefin changes from yellow to red allowing the
spectrophotometric identification of the presence of β-lactam hydro-
lysing enzymes [7].

First, the kinetic parameters for TEM-1 enzyme were determined.
The Km and Vmax values for nitrocefin were 40.52 ± 3.58 μM and
2.81 ± 0.08 μM/s, respectively.

In these experimental settings, the outer membrane permeability
coefficient determined at several cerium oxide NPs concentrations in-
creases as the concentration of cerium oxide NPs becomes higher
(Fig. 4). In absence of CeO2 NPs the value of C is equal to
2.16×10−3 ± 2.15×10−6 s−1, while it becomes twice at 100 μg/mL
of cerium oxide (C=3.95×10−4 ± 1.26×10−6 s−1).

3.5. In vitro susceptibility and drug interactions

With the purpose of exploiting the possible application in the field
of antimicrobial resistance, cerium oxide NPs were tested against multi-
drug resistant pathogenic K. pneumoniae, in combination with ther-
apeutically available β-lactam antibiotics.

As reported in Table 1, K. pneumoniae KP1/11 strain showed high
levels of resistance against all tested antibiotics. The presence of blaKPC-
3 and blaVIM-2 antibiotic resistance genes, encoding for the serin-β-lac-
tamase KPC-3 and the metallo-β-lactamase VIM-2, respectively, ac-
counts for the reduced susceptibility against imipenem, a carbapenem
β-lactam antibiotic, as well as for the high levels of resistance against

the combination of amoxicillin, an aminopenicillin β-lactam, and the β-
lactamase inhibitor clavulanate. High levels of resistance are also
clearly observed for cefotaxime.

Native CeO2 NPs are not behaving as antibacterial since no reduc-
tion in bacterial growth has been observed at a concentration of
256 μg/mL, the maximum solubility obtained (Table 1).

As shown in Table 2 and in Fig. 5 the interaction between all tested
antibiotics and cerium oxide NPs is prevalently synergistic.

As previously mentioned, KP1/11 strain expresses two different
carbapenemases. It is interesting to highlight that the highest sy-
nergistic activity can be found between imipenem and CeO2 NPs, with a
ΣSYN value of 798,2%. According to Meletiadis et al. [47] interac-
tions< 100% are assumed weak, interactions between 100% and 200%
moderate, interaction>200% strong; thus the combination CeO2 NPS
and imipenem can be considered strong. To this value contributes 44
combinations out of 77 possible combinations (Fig. 5A).

In the same fashion, the combination between cerium oxide NPs and
cefotaxime shows a strong synergistic action (Fig. 5B). The combined
effect of amoxicillin alone and in combination with the β-lactamase
inhibitor clavulanate is significantly lower. In the first case, although a
value of ΣSYN of 251,4% (Fig. 5C) can be interpreted as synergistic, is
much closer to a moderate action, which is in turn, the synergistic ac-
tivity that can be found when amoxicillin is combined with clavulanate
(Fig. 5D).

4. Discussion

This study aims to investigate the effect of cerium oxide NPs on
bacterial outer membrane in Gram-negative bacteria and their potential
application in antimicrobial chemotherapy. Although in previous stu-
dies have been postulated that CeO2 NPs interact with the outer
membrane of Gram-negative bacterial cells [23,24,28], as also de-
monstrated by TEM (transmission electronic microscopy) images, the
nature and the effects of this interaction were not yet investigated, as
well as the antimicrobial activity of certain metal oxide nanoparticles is
still under investigation. Nevertheless, several plausible mechanisms of
action, or combination of them, have been described [8]. The produc-
tion of reactive oxygen species (ROS) and damage to cell membrane by
electrostatic interaction, seem to be the major modes of action. About
the last-mentioned mechanism, the positively-charged metal oxide NPs
bind firmly the cell membranes. As previously proposed by Thill [23]
the antimicrobial activity of cerium oxide NPs is mainly due to the
electrostatic interaction between the negatively-charged bacterial
membrane and the positive charge brought by CeO2 NPs.

In this paper, we have demonstrated that cerium oxide NPs with a
diameter of about 10 nm are able to induce a slight permeabilization of
biological membranes, without any evident damage. As shown in the
calcein-loaded vesicles, the amount of calcein leakage increases in a
dose-response manner, as the concentration of CeO2 NPs increases: the

Fig. 4. Plot of the measured coefficient of permeability (C) of Escherichia coli
outer membrane as function of cerium oxide NPs at 50 μM of nitrocefin. Data
are presented as mean ± standard deviation (SD).

Table 1
Minimum inhibitory concentration determined for antibiotics
and CeO2 NPs in K. pneumoniae KP1/11. MIC value was de-
termined as the median of three independent experiments.

Antibiotic MIC (μg/mL)

Cefotaxime 4096
Amoxicillin 1024
Amoxicillin/clavulanate 512/256
Imipenem 128
CeO2 NPs >256

Table 2
In vitro interaction between CeO2 nanoparticles and beta-lactam antibiotics
determined by ΔE model in K. pneumoniae KP/1/11. *n, number of drug com-
binations (among the 77 drug combinations for each strain) with statistically
significant synergy or antagonism. Interactions< 100% were considered weak,
interactions between 100% and 200% were considered moderate, while inter-
action> 200% were considered strong. †INT, interpretation; IND indifference;
SYN, synergy; ANT, antagonism.

Antibiotic ΔE model

ΣSYN (n) (%) ΣANT(n)* (%) INT†

Cefotaxime 679.1 (68) −5.7 (2) SYN
Amoxicillin 251.4 (49) −12.9 (3) SYN
Amoxicillin/clavulanate 164.6 (21) −81.8 (14) SYN
Imipenem 798.2 (44) −87.7 (14) SYN
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low molecular weight of this compound allows calcein to easily cross
the membrane. Despite that, the leakage of calcein is not diagnostic of
the entity of perturbation because of the low molecular weight. When
lipid vesicles were loaded with higher molecular weight fluorescent
probes, precisely FITC conjugate dextrans (D-4, D-20 and D-70), even at
highest concentration of cerium oxide NPs, it cannot be possible to
observe any significant leakage of the probes.

The absence of dextran leakage is significantly low as the molecular
weight increases. This evidence suggests that cerium oxide NPs, at least
in multilayer liposomes, are not able to induce meaningful alteration of
membrane permeability to induce the leakage of high molecular probes.
This is particularly true if compared with calcein leakage. For instance,
the low rate release of the 4 kDa FITC-dextran and the almost total
absence of 20 kDa and 70 kDa FITC dextran leakage, clearly demon-
strate that CeO2 NPs are not able to disrupt the membrane. Considering
that, the leakage of the low molecular weight calcein seems to be re-
lated to an increasing permeabilization of the membrane, which allows
calcein to pass through.

Data obtained from the loaded liposomes are confirmed by the in
vitro experiments, where the permeability coefficient of E. coli outer
membrane toward the low molecular weight nitrocefin (516.5 Da) was
determined. The membrane coefficient of permeability increases as the
concentration of cerium oxide NPs increases. According to vesicles
loaded experiments, the ability of nitrocefin to cross the outer mem-
brane is increased, but at the same time, no beta-lactamase leakage
from the periplasmic space is observed. As a matter of fact, TEM-1 beta-
lactamase enzyme has a molecular weight approximatively of 25 kDa,
as the D-20 dextran.

Macroscopic and nanostructured materials are in the same form
such as powder as well as thin films. However, there are intrinsic dif-
ferences between these two types of materials and these differences
determine the material properties. In fact, crystals of macroscopic
materials have dimensions between 5 and 100 μm, whereas crystals of
nanomaterials have dimensions in the range 5–100 nm. Differences in
behaviour are determined by the large difference in grains size. In
macroscopic materials the interface between grains represents about
1% of the volume of a polycrystalline object and therefore its influence
on the material properties is negligible. On the contrary, nanograins
contain a larger number of atoms which are equally distributed be-
tween the core and the grain boundary. Therefore, in a nanostructured
solid the grain boundary is about 50% of the total volume of the solid
itself. Moreover, the structures at the nanometer scale differ from
macroscopic materials for a high percentage of atoms on the surface.
Therefore, it is very important to consider that the properties of a na-
nostructured material are strongly influenced by the properties of sur-
face atoms which constitute the interface with the surrounding en-
vironment. On the other hand, the electronic states of atoms at the
interface and the finite size of the clusters strongly influence the che-
mical, electronic and optical properties of the nanomaterials.

Our CeO2 nanoparticles have a core-shell nanostructure in relatively
large particles: the core has a composition close to stoichiometric CeO2

(Ce4+) and the surface is close to Ce2O3 (Ce3+). As previously reported
[33] the semiquantitative analysis of the Ce 3d core-level peak reveals a
concentration of Ce3+ ions of 24.7%. Therefore, we consider that the
composition of our NPs can be schematized as a crystalline CeO2 (Ce4+)
core part and an amorphous Ce2O3 (Ce3+) at the surface of the

Fig. 5. The three-dimensional plot of the difference between the predicted percentage of growth and the experimental percentage of growth based on the ΔE model
(ΔE= Epredicted− Emeasured) between CeO2 NPs and antibiotics against the carbapenem resistant K. pneumoniae KP1/11. Combination of cerium oxide NPs with (A),
imipenem; (B), cefotaxime; (C), amoxicillin; (D), amoxicillin/clavulanate.
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nanoparticle (Fig. 1). This might be responsible for the high biological
activity of nanocrystalline cerium dioxide based on binding of reactive
oxygen compounds and radicals deleterious for living systems [11].
Moreover, the positively-charged cerium oxide NPs might displace the
divalent cations which stabilise the lipopolysaccharide of the outer
membrane, increasing the permeability of the outer membrane to both
hydrophobic and hydrophilic substances, as also previously demon-
strated for other polycationic molecules [7,48]. The overall result is
that the surface area permeable to antibiotic, which is physiologically
restricted to porins, is increased allowing the passive diffusion fol-
lowing the concentration gradient. The consequence is the net move-
ment of antibiotic from the area of high concentration, the environ-
ment, to the area with lower concentration, the periplasmic space.

As demonstrated by drug interaction experiments on clinical isolate
of K. pneumoniae, the inactive CeO2 NPs can exert a synergistic action
capable to enhance the activity of β-lactam antibiotics. The simulta-
neous presence of two different β-lactamase enzymes with carbapene-
mase activity, as well as high levels of resistance against a broad range
of antibacterial, makes the infection caused by this strain difficult to
heal with therapeutically available chemotherapeutic agents [49]. In
Gram-negative bacteria beta-lactamase enzymes are confined into the
periplasmic space and their hydrolytic activity is a function of the
permeation of antibiotic across the outer membrane. One of the most
important mechanism of resistance in bacteria is for instance the re-
duction of outer membrane permeability that can be realised by a de-
creased expression of porins and increased expression of multi-drug
efflux pumps [50–53]. Any significant alteration of outer membrane
permeability, in the meaning of augmentation, would increase the total
uptake of antibiotics into the periplasmic space, which, despite the
presence of hydrolytic enzymes, can exert their antimicrobial action.

5. Conclusions

In this paper, we have shown as the inactive cerium oxide NPs, are
able to increase the effectiveness of antimicrobials which activity has
been compromised by the presence of drug resistance mechanisms. It is
plausible to suppose that the synergistic effect is the result of the in-
teraction between cerium oxide NPs and the outer membrane of the
bacterial cell. Moreover, the demonstrated low toxicity of CeO2 NPs,
makes them attractive as potential antibiotic adjuvants against MDR
pathogenic organisms [11,20,54,55].

The effect of the interaction between cerium oxide NPs and lipid
membrane was also investigated to understand how extended the da-
mage is. The use of fluorescent molecular probes with molecular
weights ranging from 4 kDa to 70 kDa, allowed to determine that 10 nm
cerium oxide NPs, which amorphous (Ce3+) surface represents about
25% of total structure, act as permeabilizers, rather than as “membrane
disruptors”, allowing the entrance of the antibiotics, at least in Gram-
negative bacteria, according to its gradient of concentration.

The new frontier of antimicrobial chemotherapy is, nowadays, to try
to revert antibacterial resistance by combination of drugs, to make old
and inactive molecules useful in clinical practice [4]. Of interest is to
combine drugs which effectiveness has been compromised by the de-
velopment and acquisition of multi-drug resistance mechanisms. The
idea that the efficacy of a “lost” antibiotic can be retrieved, seems to be
today the only rescue strategy capable of fighting infections sustained
by MDR pathogenic bacteria.
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