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Abstract

Given the spread of multidrug resistance and the number of antibiotics in development, finding new antibacterial
strategies becomes necessary. One of these strategies is to use extracts of essential oils that are a potential reservoir
of effective antibacterial molecules. The objective of the study was to evaluate the possibility of administering to
animal, mixtures of carvacrol and eugenol (phenols), cinnamaldehyde (aldehyde) and/or B-caryophyllene (alkene)
encapsulated in lipid nanocapsules to provide an optimal bio distribution and antimicrobial efficacy. These suspensions
were tested in vitro and the results showed an important antibacterial activity against A. baumannii, a multidrug-
resistant microorganism responsible for outbreaks in intensive care units, similar to the activity of non-encapsulated
mixtures. Subsequently, the suspensions activities were assessed with a murine model of sepsis using the same A.
baumannii strain. These preliminary results showed a mice survival varying from 45% to 55%. It is the first time that
antimicrobial essential oils can be administered intraperitonneally via nanomedicine. These results are encouraging
and further studies are needed to pursue the development of this strategy.
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Introduction

The abusive utilization of antibiotics in many areas promoted
the emergence of multidrug resistant bacteria (MRB) including
Acinetobacter baumannii, a pathogen responsible for outbreaks in
intensive care units. During the last decade, A. baumannii has emerged
as a major cause of both community-associated and worldwide
nosocomial infections [1]. These bacteria can adapt very quickly and can
develop various mechanisms of resistance: production of p-lactamases,
efflux pumps, lower permeability of the outer membrane (B-lactams),
mutations in antibiotic targets (quinolones) and production of enzymes
inactivating aminoglycosides [2,3]. These mechanisms associated
with the ability of bacteria to integrate foreign genetic material can
transform them in highly resistant bacteria [2,4]. This micro-organism
is responsible for up to 10% of all Gram-negative bacterial infections
in intensive care units in Europe and the USA [4]. Moreover, recent
microbiological surveillance trials in USA realized by Halstead [5]
showed rates of multidrug resistance in A. baumannii of approximately
30%. In recent years, pharmaceutical industry has focused on the
development of new antibiotics targeting multi-resistant Gram-positive
bacteria as methicillin-resistant Staphylococcus aureus (MRSA). In
contrast, the industrial development of new molecules active against
multi-resistant Gram-negative bacteria has been very limited. So, given
the spread of the antibiotic resistance phenomenon of these bacteria
and a limited number of antibiotics in development, it is urgent to find
out novel antibacterial strategies. Some natural resources, especially
essential oils (EOs), appear to constitute a potential reservoir of several
effective antimicrobial molecules [6-8]. The major components of EO
are divided in two groups according to their very distinct biosynthesis
pathways: compounds from terpene origin and aromatic compounds
which present the highest antibacterial activity compared to other
terpenoid classes [7,9]. The EO antimicrobial activity is mostly due to
the presence of aromatic molecules such as phenols (carvacrol, eugenol)

or aldehydes (cinnamaldehyde). These three active components
have been demonstrated to present a significant activity against a
number of Gram-positive and Gram-negative bacteria [7,8] including
Acinetobacter species [10-12]. Several studies underlined the interest of
the combination of antimicrobial agents which can provide a synergic
effect in order to limit the risk of emergence of MRB. Few studies tested
the inhibitory effect of natural antibacterial mixtures with carvacrol
and eugenol [13-15] cinnamaldehyde [16,17] and B-caryophyllene [18]
against several bacteria.

However, these components are very poorly soluble in water and
their injection into the bloodstream is difficult as they stand. In most
of the cases, they need to be administered by oral route or topically.
Unfortunately, they tend to bind to the bolus hydrophobic components
resulting in a decrease of their bioavailability and therefore their
antimicrobial activities in vivo [19,20]. This characteristic behavior
requires the use of an appropriate system presenting hydrophilic
characteristics to enhance the hydrodispersity. The encapsulation
of these three components could be more interesting to increase
antimicrobial effectiveness by promoting contact with the bacterial
cells. Thus, different colloidal systems have been developed as drug
delivery ones such as emulsions [11,21-25], micelles [20,26,27] and
mostly nanoparticles (NPs) [28-36]. However, these NPs present many
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drawbacks such as using an inherent solvent or the need of high energy
process for their manufacturing. In this context, an interesting type of
NPs, the lipidic nanocapsules (LNCs) are suitable for the encapsulation
of lipophilic active compounds. Their preparation (soft energy method
process) does not require the use of organic solvents. Moreover, they
are prepared at low cost and can be transposable [37].

The present research focused on the production and
characterization of LNCs loaded with actives mixtures (eugenol,
carvacrol, cinnamaldehyde and P-caryophyllene). The antimicrobial
activity of these nano-delivery systems was evaluated in vitro against
A. baumannii in order to validate or not a synergic effect due to the
differents active in the mixtures presented inside a nanoparticle. Finally,
a preliminary in vivo study of these formulations was tested by using a
mice model of sepsis.

Materials and Methods

Chemicals materials

5-Isopropyl-2 methylphenol (Carvacrol, Ca = 98%) and
B-Caryophyllene (BC = 98.5%) were purchased from Sigma-Aldrich
(Saint-Louis, USA). Trans-Cinnamaldéhyde (Ci = 98%) and eugenol
(Eu = 99%) were purchased from Merck-Millipore (Molsheim, France).
The lipophilic Labrafac’ WL1349 (“caprylic-capricacidtriglycerides”)
was purchased from Gattefosse S.A. (Saint-Priest, France). Lipoid” S75-
3 (soybean lecithin at 69% of phosphatidylcholine) came from Lipoid
Gmbh (Ludwigshafen, Germany); Kolliphor' HS15 (a mixture of free
polyethylene glycol 660 and polyethylene glycol 660 hydroxystearate
from BASF (Ludwigshafen, Germany) and NaCl from Prolabo
(Fontenay-sous-bois, France). Deionized water was acquired from a
Milli-Q plus system (Millipore, Paris, France) and sterile water from
Cooper (Melun, France).

Preparation of LNCs loaded with mixtures of EO components

LNCs were prepared according to the original described procedure
[38]. Briefly, the formulation consisted on the mixing of all the
components (Kolliphor” HS15 (4.70% w/w), Labrafac WL1349 (5.70%
w/w), Lipoid™ §75-3 (0.41% w/w), NaCl (0.5% w/w) and deionized
water (16.43% w/w)) under magnetic stirring and heating from
room temperature to 90°C. Two cycles of progressive cooling and
heating between 90°C and 60°C were then carried out to homogenize
the mixture. Then, active compounds were added to the mixture at
different cycles according to their phase inversion temperature (PIT)
[38]. Finally, an irreversible shock induced by a sudden dilution of
the mixture with cold water (69.36% w/w) was performed according
to the PIT of the mixture. Slow magnetic stirring was then applied
to the suspension for 5 min. Three formulations were prepared. The
first one (F1) concerned the incorporation of carvacrol (0.96% w/w),
eugenol (0.96% w/w) and cinnamaldehyde (0.96% w/w) in LNCs.
The second one (F2) was prepared by the incorporation of carvacrol
(0.34% w/w), eugenol (1.83% w/w), B-caryophyllene (0.32% w/w) and
cinnamaldehyde (0.39% w/w) in LNCs (Table 1). LNCs were at a final
concentration of 28.5mg of actives per ml of LNCs suspension. The
third formulation was represented by active-unloaded LNCs (blank
LNCs).

Determination of encapsulation efficiency

The efficiency of the encapsulation was determined by
ultracentrifugation at 100 000 rpm during 1 hour at 4°C. The
drug loading capacity [39] and the encapsulation efficiency (EE)

. Among (g)
Constituents
Blank LNCs | Ca-Eu-Ci-LNCs 1 | Ca-Eu-Ci-BC-LNCs 2

Kolliphor® HS15 0.846 0.846 0.846
Labrafac® WL1349 1.028 1.028 1.028
Lipoid® S75-3 0.075 0.075 0.075
NaCl 0.089 0.089 0.089
32:22523 x:z: 2.962 2.962 2.962

" 12.5 12,5 12,5
at2°C
Actives - 0.52 0.52

Table 1: Composition of blank LNCs, Ca-Eu-Ci — LNCs 1 and Ca-Eu-Ci-BC-LNCs 2.

were determined for both formulations [39]. So, DL% and EE% of
formulations were then determined as follows:

DL% = weight of actives mixtures in LNC/weight of actives
mixtures in LNC + weight of raw material

EE%= weight of actives mixtures in LNC/weight of actives
mixtures used

LNC Characterization

The determination of the drug loading in LNCs was achieved by
spectro-photometry (UV-2600, Shimadzu, Noisiel, France) at 293nm
(for F1) and 283nm (for F2) after dilution of the whole suspension
at 1:1000 (v/v) in methanol (Fisher chemical) after and before
ultracentrifugation. The calibration curve, ranged to from 10 pg/ml to
100 pg/ml, was also prepared in methanol. The average hydrodynamic
diameter and the polydispersity index (PdI) [40] of nanocapsules were
determined at 25°C, in triplicate, by using a Malvern Zetasizer (Nano
Serie DTS 1060, Malvern Instruments S.A., Worcestershire, UK). For
the measurements, the LNC suspensions were diluted at 1:60 (v/v) in
deionized water.

Determination of antibacterial activity

The antibacterial effects of LNCs loaded with active mixtures and
the antibacterial effects of pure active mixtures were evaluated by using
two parameters: the minimal inhibitory concentrations (MICs) and
bactericidal kinetics. In the study, we used Acinetobacter baumannii
(SAN-94040), a cephalosporinase-overproducing strain resistant to
most P-lactams, to aminoglycosides and fluoroquinolones. It was
isolated from the blood culture of a patient from North Africa (Algeria)
who presented a nosocomial pneumonia. For the determination of
the MICs, this bacterial suspension with a turbidity equivalent to a
McFarland 0.5 standard were prepared (10° CFU/ml) in broth liquid
medium. The solution was diluted in brain heart infusion (BHI,
bioMerieux, Marcy I'Etoile, France). Briefly, in each well of a 96 well
plate, serial dilutions of free actives and active mixtures (carvacrol,
eugenol, cinnamaldehyde or B-caryophyllene) or LNCs loaded with
actives at concentrations from 0.08 mg/ml to 5 mg/ml were used in the
presence of bacterial suspensions. The control constituted of bacteria
without actives. After 24-hour incubation at 37°C, the different MIC
values were determined as the lowest concentration of the antimicrobial
active that inhibited the visible growth of the microorganism tested.

The bactericidal kinetics were studied at twice MICs in BHI. The
times of measurement of the bacterial counts were 0 hour, 3 hours, 6
hours and 24 hours after incubation at 37°C. At each time, bacterial
suspensions were plated on Columbia agar with sheep blood (GmbH,
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Wesel, Germany). Next, colonies were counted. Each bacterial count
was performed in triplicate.

The toxicity of the blood cells was evaluated at twice MICs in
defibrinated horse blood (Oxoid, Dardilly, France). The times of
observation were 0 hour, 3 hours, 6 hours and 24 hours after incubation
at 37°C. At each time, an estimation of blood cells survival was realized.
Moreover, there is no rupture of red blood cells after 6 hours of contact
with active pure mixtures and active pure mixture-loaded LNCs at CMI
twice (data not shown).

All in vitro experiments were performed at least three times in
independent conditions.

In vivo experiments

Animals: Six-week old females C3H/HeN mice (18-20 g) (Elevage
Janvier, Sarthe, France) were used for the experimental sepsis model.
They were housed 5 per cage and had access to chow and water
ad libitum throughout the experiments. All the experiments were
performed according to the European ethic regulation on animal
models. The in vivo study protocol was approved by the National Ethic
Committee of the French Ministry of Health under Number-00751.1.
The authors state that there was no alternative to animal experiments
in this work and that all ethical rules of humane care of animals were
observed.

Sepsis model: A. baumannii bacterial suspensions were prepared
in order to obtain a turbidity equivalent to a McFarland 0.5 standard
(10® CFU/ml). Formulations were diluted in saline to obtain a 40
mg/kg regimen, which was injected in two steps. At TO, 100 pl of
two formulations were injected intraperitoneally. After 3 hours, the
second injection of formulations and the injection of the bacterial
suspension were performed simultaneously. The bacterial suspension
was inoculated at the opposite side of the treatment injection. Mice
were monitored during 96 hours for survival rates. Groups of 20 mice
were used for each experiment condition. All in vivo experiments were
performed four times for each condition (control, F1 and F2).

Results

Physicochemical properties of LNC suspensions

Blank LNCs presented an average hydrodynamic diameter of 50 +
3 nm and a very narrow size polydispersity (PdI = 0.07) showing a very
low heterogeneity in the suspension (Table 2).

Both formulations presented characteristics strongly dependent
on the concentration of active molecules. At first they presented a
size increase compared to blank LNCs. Concurrently, an increase of

zeta potential (ZP) was observed for active-loaded-LNCs compared to
blank LNCs (Table 2).

Ca-Eu-Ci - LNCs were more stable in terms of size increase versus
time in comparison with Ca-Eu-Ci-BC - LNCs. Indeed, these LNCs
presented a size increase in the range 20-40 nm according to the batches
whereas Ca-Eu-Ci - LNCs kept the same size during many weeks.

The theoretical concentration of both formulations was 28.5
mg/ml. After an UV spectrophotometer study, the effective LNCs
concentrations were 30.7 mg/ml, 29.6 mg/ml for F1 and F2 formulations
respectively.

The EE was 86% for F1 whereas it was 49% for F2. The DL was 20%
for both formulations. Moreover, the size of LNCs-suspension was not
modified after ultracentrifugation.

Antibacterial activity of formulations

The MICs values of free actives, free active mixtures and active
loaded LNCs against A. baumannii are presented on Table 3.

The results showed that the mixture or free actives and LNCs loaded
with actives had MICs of 0.31 to 1.25 mg/ml against A. baumannii
except for unloaded-LNCs which presented a MIC above 5 mg/ml. The
results showed that eugenol had the highest MIC among free actives.
When eugenol was mixed with cinnamaldehyde (1:1) or carvacrol
(1:1), a decrease of the MIC at 0.31 mg/ml was observed. The same
results are obtained for mixtures with three or four actives with MICs
of 0.31 - 0.62 mg/ml. Furthermore, no difference was noted between
MIC:s of active mixtures and nano-encapsulated active mixtures. The
MIC was of 0.31 mg/ml for Ca-Eu-Ci mixtures and Ca-Eu-Ci-LNCs
and 0.62 mg/ml for Ca-Eu-Ci-pC mixtures and Ca-Eu-Ci-BC LNCs. So,
the addition of B-caryophyllene was not responsible for an antagonistic
effect. Both formulations and actives mixtures were evaluated by kinetic
bactericidal assays (Figure 1).

The bactericidal kinetic assays showed comparable results for active
mixtures as they were bacteriostatic or bactericide from 3 hours to 24
hours following the beginning of the experiences. In a same way, the
active-loaded LNCs had the same bactericidal kinetics profiles as they
were bacteriostatic from 3 hours to 24 hours following the beginning of
the experiences. These results underlined a stronger antibacterial effect
concerning active mixtures.

Survival studies

After showing in vitro antibacterial abilities, these formulations
were tested in an in vivo model of sepsis in mice in order to estimate
the efficacy of the related loaded suspensions against A. baumannii

. . . . . Drug loading Concentration (mg/ Encapsulation

Particle size (nm) Polydispersity Zeta potential (mV) capacity (mg/g) mi) efficiency (mg/ml)
Unloaded-LNCs 50+ 3 0.07 £0.02 -8+1.2 - - -
Ca-Eu-Ci—LNCs 1 90+5 0.09 + 0.04 203 20% (1:1:1) 30.7 86%
Ca-Eu-Ci-BC-LNCs 2 66 + 4 0.12 £ 0.004 -16+2 20% (1:6:1:1) 29.6 49%

Table 2: Characteristics of formulations (data are expressed as mean + SD).

Eugenol Carvacrol Cinnamaldehyde Eu-Ci (1:1) Eu-Car (1:1) Ca-Eu-Ci (1:1:1) | Ca-Eu-Ci-BC (1 :6 :1 :1)

MIC (mg/ml) 1.25+0.01 0.31+0.01 0.31+£0.01 0.31+£0.01 0.31+0.01 0.31+£0.01 0.62 £ 0.01
Unloaded-LNCs Ca-Eu-Ci-LNCs F1 Ca-Eu-Ci-BC-LNCs F2

MIC (mg/ml) >5+0.01 0.31+0.01 0.62 £ 0.01

Table 3: MICs of pures actives, pures actives mixtures and Ca-Eu-Ci-LNCs F1, Ca-Eu-Ci-Bcar-LNCs F2 against A. baumannii.
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infections (Figure 2).

The results of the sepsis model showed that F1 and F2 induced an
increase of the mice survival after the 96-hour follow-up (55% and 45%
respectively) as compared to the control group. Due to the small animal
amounts, no significant statistical differences can be noticed between
F1 and F2. Perhaps, the tendency (in favor of F1) could be explained
by different encapsulation efficiencies (F1 have a higher rate of loading
compared to F2).

Discussion

Antimicrobial resistance is one of the most serious threats
concerning healthcare today since MDR bacteria are more and more
prevalent worldwide. Concurrently, the pharmaceutical industry is not
producing new antibiotics. This lack of availability of new antibiotics
is particularly pregnant for Gram-negative organisms. Therefore,
envisaging new alternatives is becoming necessary now. To our
knowledge, this is the first report where combinations of EO extracted
from plant are used in nanomedecine. Indeed, EOs are known to have
a strong antibacterial potential and this biological activity is mainly due
to their composition including aromatic and terpenic compounds [7,8].
So, EOs of spices and herbs such as origanum, cinnamon, clove have the
strongest antibacterial properties because of their major components
which are carvacrol, cinnamaldehyde and eugenol respectively [9].

Cinnamaldehyde is an aldehyde which presents an important

10.0 —e—Control

9.0

8.0
-70 —=—Ca-Eu-Ci-BC-
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o -Eu-Ci-
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1.0 {

0.0 1 , —%—Ca-Eu-Ci

TO T3 T6 T24
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Figure 1: Bactericidal kinetics of actives mixtures and corresponding
encapsulated mixtures against A. baumannii (twice MIC).
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Figure 2: Survival curves of mice infected with A. baumannii in a sepsis model.
Three groups are presented; one control group (n=20), a group treated with
carvacrol, eugenol and cinnamaldehyde loaded-LNC (n=20) and a group
treated with carvacrol (0.34% w/w), eugenol (1.83% w/w), B-caryophyllene
(0.32% w/w) and cinnamaldehyde (0.39% w/w) loaded-LNC (n=20).

antibacterial activity through this carbonyl group which binds to
proteins [8]. However, it is not able to disorganize the outer cell
membrane or deplete the intracellular ATP pool [41]. Carvacrol
and eugenol are phenolic compounds, which are able to disrupt
the membrane structure by inserting in this one by the way of their
hydroxyl group [42,43]. In addition, this phenomenon causes a decrease
of intracellular ATP and membrane potential. It also causes leakage of
different substances such as ions, ATP, amino acids and nucleic acids
leading to the bacterial death.

For this study, we have selected these components considering
their antibacterial activity and we have associated them with the aim of
obtaining an optimized antibacterial action. Assessing the effectiveness
of different antimicrobial agents is interesting when considering the
risk of selecting resistant mutants inside the initial bacterial population
by using conventional doses of a single antimicrobial agent.

In a previous study, the product tested showed a very significant
antibacterial activity against bacteria from very diverse clinical samples
[44]. These products were effective whatever the resistance phenotype
expressed towards antibiotics and a wide spectrum of bacterial species.
These observations led us to choose Acinetobacter as the main specie
test in the following studies.

We have encapsulated this mixture by using LNCs since
the encapsulation of actives could improve the active mixtures
bioavailability and the antimicrobial activity in vivo. Moreover, LNCs
increase the antimicrobial efficacy by their subcellular size promoting a
specific contact with bacterial cells [45].

The development has been complicated due to interactions
established between the molecules and the importance of maintaining
the synergies between these antibacterial molecules.

The two formulations presented different characteristics in LNC
suspensions (Table 2). Indeed, the size of Ca-Eu-Ci — LNCs was higher
than the size of Ca-Eu-Ci-pC - LNCs. The size of carvacrol-loaded-
LNCs was 85.2 + 4.6 nm whereas the sizes of eugenol-loaded-LNCs and
cinnamaldehyde-loaded-LNCs were 45.2 + 1.9 nm and 64.9 + 1.9 nm
respectively (data not shown). As, Ca-Eu-Ci - LNCs had the highest
concentration of carvacrol (0.96% w/w) of the two formulations, and as
Ca-Eu-Ci-BC - LNCs had the highest rate of eugenol (1.83% w/w), this
result was not surprising.

The results showed that after its incorporation in the process, the
B-caryophyllene, did not increase the LNCs size compared to the FI.
This active was mainly used to increase the synergy between carvacrol,
eugenol and cinnamaldehyde, it had not any antibacterial efficacy but
it presented anti-inflammatory and anti-oxidant properties [46,47]. It
is noteworthy that the addition of B-caryophyllene modified the PIT of
the LNC-suspensions.

Among the actives, cinnamaldehyde have higher surfactant
properties. Indeed, the PIT of the cinnamaldehyde-LNCs is around
45°C whereas it is around 82°C for LNCs blank (data not shown).
Therefore, the presence of cinnamaldehyde could modify the ZP. This
phenomenon could underline a modification of the LNC surface. It
can be hypothesized that the spatial conformation of the PEG chains
was modified and that the presence of active molecules at the surface
resulted to more negative ZP as compared to unloaded LNCs. So,
even though the active compounds were mainly lipohilic, they were
distributed between the core and the shell depending upon their
solubility or dispersibility as well as their more or less pronounced
amphiphilic properties. Indeed, the molecules that can preferentially
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target the shell are able to modify the surface properties and thus the ZP.

In our study, the antimicrobial activities of eugenol, carvacrol,
cinnamaldehyde, two-compound, three-compound and four-
compound mixtures were evaluated by MICs for determining a
synergistic effect against A. baumannii (Table 3). The combination of
eugenol with carvacrol or cinnamaldehyde promoted a synergic effect.
This synergism has already been described in various studies [14,47].
The lower antibacterial activity of eugenol could be attributed to a lower
hydrophobicity of the methoxyl group in ortho position on the ring [48].
A study conducted by Pei et al. [17] showed that eugenol MICs against
E. coli decreased from 1.6 mg/ml to 0.4 mg/ml with cinnamaldehyde
and from 1.6 mg/ml to 1 mg/ml with carvacrol.

Moreover, we noted that MICs of the different mixtures were
comparable, with values comprised between 0.31 mg/ml and 0.62 mg/
ml. In our case, the synergistic two-compound mixtures contributed
to the synergistic effects recorded in the three-compound and the
four-compound mixtures. However, it seems difficult to anticipate
the effects of interactions (synergistic, additive, or antagonist effect)
in combination of antimicrobial actives against other bacterial strains
[46,49]. Moreover, the efficacy will not be the same according to
bacterial species. For example, the wall of Gram-positive bacteria is
more difficult to disrupt because of the thickness of their peptidoglycan
layer. Indeed, Hill et al. [47] noted that Listeria innocua is more resistant
to antibacterial active mixtures and nano-encapsulated mixtures as
compared to Salmonella typhimurium.

MIC:s of active mixtures were compared to MICs of active mixtures
included in LNCs at the same concentrations (Table 3). In our study,
there was no difference about their MICs. So, we concluded that
there was no loss of antibacterial efficacy when active pure mixtures
were nano-encapsulated (Figure 1). Some other studies reported the
same phenomenon concerning the continued effectiveness of actives
after the encapsulation procedure. For instance, a study conducted by
Keawchaoon and Yoksan [32] demonstrated that MICs of free carvacrol
and carvacrol-loaded chitosan-NPs against Escherichia coli, S. aureus
and Bacillus cereus were similar. Hill et al. [47] demonstrated that MICs
of cinnamaldehyde-eugenol (2:1) and cinnamaldehyde-eugenol (2:1)
Bcyclodextrine inclusion complexes against S. typhimurium were 0.5
mg/ml and 0.48 mg/ml respectively. In another study, Chen et al. [28]
showed that the MIC of eugenol chitosan-NPs was lower than the MIC
of pure eugenol against E. coli and S. aureus.

In the present study, Acinetobacter baumannii was used to test
the effectiveness of these products in an in vivo model because of
its multiresistance to antibiotics [3,50]. The sepsis model used was
interesting for its execution speed and its simplicity. Despite, it
was certainly less relevant than some more specific models like the
experimental model of pneumonia developed in our laboratory [1,51],
it allowed to assess the in vivo efficacy without needing a large number
of animals.

In our study, two types of LNC suspensions were able to eradicate
A. baumannii infection in a preliminary in vivo model of sepsis in
mice (Figure 2). These results underline the efficacy of those drugs to
combat this systemic infection. This efficacy showed the potential of
hydrophilic surfactant, Kolliphor HS15" (70% PEG660 hydroxystearate
and 30% free PEG660) conferring long-time-circulating properties
of LNCs. Indeed, a study of Ballot et al. [52] showed that the time of
the systemic circulation of LNCs or radionuclide-loaded-LNCs was
increased as compared to the time of systemic circulation of free
radionuclides. In addition, Vonarbourg et al. [45] showed very low

complement activation and macrophage uptake due to the high density
of PEG on the LNC surface.

However, this antibacterial efficacy in our in vivo model was
not optimal and it would be interesting to use various strategies for
improve the LNC efficacy. One of those strategies would be to improve
the LNC presence in the bloodstream, for instance by modifying the
surface of the LNC. Several studies underlined the use of post-inserted
LNC:s for increasing the systemic circulation time in bloodstream. For
example, a study conducted by Morille et al. [53] showed the greatest
persistence time of DSPE-PEG2000-LNCs compared to empty LNCs
(1.5h for empty LNC versus 7.1h for DSPE-PEG2000 10mM). Another
approach would be to modify LNCs in order to be more specific about
targeting the bacterial cells. For example, using the chitosan or silver
for producing LNCs [34,35,54-56] would confer to them a positive
charge. This charge could allow a best interaction with negatively
charged bacterial cell wall. This interaction could lead to the leakage
of the intracellular components in the in vitro and in vivo models. An
innovative strategy was demonstrated by Mihu et al. [57] underlining
the therapeutic potential of nitric oxide-NPs in an A. baumannii wound
infection model. As the nitric oxide modulates immune responses
and modifies wound healing, the treatment with NO-nanoparticles
significantly accelerated healing of infected wounds.

Conclusion

Our strategy seems to be an alternative to antibiotics to combat A.
baumannii systemic infections. Moreover, it is the first time that a study
is presented from the development of molecules until the evaluation
of in vitro and in vivo efficacies, allowing to shorten the study time
of effective antibacterial component. Indeed, this study underlined
the proof of concept of a new antibacterial treatment which used
the vectorization by LNCs of a combination of potent antibacterial
components. So, this study could maybe serve as a model for other
bacteria and it could represent the first step for the development of new
therapeutics for the treatment of MDR bacteria infections.
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