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Abstract
Staphylococcus aureus (S. aureus) represents a major threat to a broad range of healthcare and
community associated infections. This bacterium has rapidly evolved resistance to multiple drugs
throughout its antibiotic history and thus it is imperative to develop novel antimicrobial strategies to
enrich the currently shrinking therapeutic options against S. aureus. This study evaluated the
antimicrobial activity and therapeutic efficacy of oleic acid (OA) in a liposomal formulation as an
innate bactericide against methicillin-resistant S. aureus (MRSA). In vitro studies showed that these
OA-loaded liposomes (LipoOA) could rapidly fuse into the bacterial membranes, thereby
significantly improving the potency of OA to kill MRSA compared with the use of free OA. Further
in vivo tests demonstrated that LipoOA were highly effective in curing skin infections caused by
MRSA bacteria and preserving the integrity of the infected skin using a mouse skin model. Moreover,
a preliminary skin toxicity study proved high biocompatibility of LipoOA to normal skin tissues.
These findings suggest that LipoOA hold great potential to become a new, effective, and safe
antimicrobial agent for the treatment of MRSA infections.
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1. Introduction
Staphylococcus aureus (S. aureus) has been one of the major causes of fatal nosocomial
infections as well as community-associated infections. Approximately 89.4 million people in
the United States are colonized with S. aureus [1]. Over the past a few decades S. aureus has
experienced several waves of antibiotic resistance and is now resistant to the entire β-lactam
class of antibiotics including penicillins, cephalosporins and carbapenems [2]. These β-lactam
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antibiotic resistant S. aureus are also called methicillin resistant S. aureus (MRSA) or superbug.
The proportion of healthcare-associated S. aureus infections due to MRSA has increased from
2% in 1974 to 64% in 2004 [3]. Increased burden of MRSA infections has led to prevalent use
of vancomycin, the last remaining antibiotic to which MRSA is reliably susceptible. Note that
as an inhibitory antibiotic against MRSA infections, vancomycin is incapable of eradicating
the MRSA bacteria but inhibits their growth. Moreover, the extensive use of vancomycin has
resulted in the emergence of vancomycin intermediate and resistant S. aureus strains since late
1990s [2,4,5]. All these facts underscore the undisputed and urgent need to develop new
effective therapeutic approaches for MRSA treatment.

Recent efforts in new antimicrobial development against MRSA include new synthetic
compounds from old antibiotic classes [6–9], immune globulins targeting virulence factors of
MRSA [10–13], and natural antimicrobials such as cationic antimicrobial peptides, lipids, and
other endogenous products [14–16]. Despite great success of clinical trials with the new
synthetic compounds, their similarities in structure and antimicrobial mechanisms with the old
classes of antibiotics have raised the concern that MRSA bacteria may rapidly develop
resistance to these synthetic compounds after they are widely used in clinic [17]. Passive
neutralization of bacterial virulence factors by injecting anti-toxin globulins and antibody
fragments may be beneficial in ameliorating acute infections, but this approach does not possess
any capability to inhibit or eradicate the bacteria, which, in a long run, could lead to recurrent
infections. Natural antimicrobial products, on the other hand, represent a new promising
solution against this hard-to-treat bacterium. Free fatty acids (FFAs) are a series of lipids that
naturally exist in human skin, breast milk, and bloodstream and are important components of
the innate immune system. A number of FFAs and their esters are known to possess
antibacterial and antiviral activity, especially against Gram-positive bacteria [18–20].
Although the mechanism by which FFAs exert their antibacterial activity has not been fully
understood, disrupting bacterial membranes and increasing membrane permeability have been
suggested [21,22]. These endogenous bactericides are largely nonspecific and hold great
promise to minimize bacterial drug resistance. For example, it has been reported that linoleic
acid and dehydrocrepenynic acid, two unsaturated FFAs, can inhibit bacterial drug resistance
by decreasing the transfer frequency of the conjugal DNA [23]. Therefore, FFAs provide great
potential for the development of new antimicrobials against MRSA.

Nanoparticles such as solid nanospheres, liposomes, micelles, and nanoemulsions are novel
drug delivery vehicles that have been widely employed to deliver therapeutic agents for the
treatment of cancer and other notorious diseases [24–27]. Especially, nanoparticles consisting
of natural lipids or biodegradable polymers provide unique advantages over other delivery
vehicles for topical or systemic antimicrobial delivery [28]. In addition to tackling extracellular
pathogens, antimicrobial nanoparticles can enter host cells through endocytosis and then
release drug payloads to treat intracellular pathogens that have evolved ways of evading
intracellular killing to survive within the cell [29,30]. For instance, liposomes are spherical
lipid vesicles consisting of phospholipid bilayers that can not only improve the solubility of
otherwise nonsoluble or partially soluble compounds but also fuse with biological membranes,
and subsequently release their entrapped payloads into the cells or bacteria [24,31–33].
Therefore, unlike monoclonal antibody therapies, nanoparticles can reach bacteria that are
inside the host cells, thereby treating intracellular infections. Moreover, nanoparticles carrying
concentrated antimicrobials can increase the local intracellular concentration of antimicrobials
after membrane fusion and thus decrease the high-dose requirement of free antimicrobials,
resulting in less selective pressure for generation of bacterial drug resistance. Our group has
previously demonstrated the synthesis and use of phospholipid liposomes to deliver lauric acid
to the bacterial membranes of Propionibacterium acnes (P. acnes), a Gram-positive bacterium,
for effective killing of the bacteria [33]. Herein, we report the antimicrobial activity of
liposomal oleic acids (LipoOA) against MRSA infections. The synthesis and characterization
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of LipoOA and their fusion activity with MRSA bacteria are demonstrated. A mouse skin
infection model is employed to evaluate the antimicrobial activity of LipoOA against MRSA
infections and to test their toxicity to normal skin tissues.

2. Materials and Methods
2.1 Materials

Hydrogenated L-a-phosphatidylcholine (Egg PC), cholesterol and 1,2-dimyristoyl-sn-
glycero-3-phosphoethanolamine-N-lissamine rhodamine B sulfonyl (DMPE-RhB) were
purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). Oleic acid (OA), tryptic soy broth
(TSB), phosphate buffered saline (PBS), trifluoroacetic acid (TFA), acetonitrile, and Sephadex
G-75 were obtained from Sigma Aldrich (St Louis, MO). Agar was purchased from BD
(Sparks, MD).

2.2 Preparation of MRSA bacteria
MRSA252 strain was cultured in TSB medium at 37 °C overnight in a rotary shaker. Then the
culture was refreshed in TSB medium at 1:100 dilution at 37 °C under shaking for another two
and a half hours till OD600 of the culture medium reached approximately 0.7 (logarithmic
growth phase). The bacteria were harvested by centrifugation at 13,500 rpm for 10 minutes,
and then washed with sterile PBS twice. After removal of PBS by centrifugation, the obtained
bacteria pallet was then suspended in an appropriate amount of sterile PBS for future use.

2.3 Preparation and characterization of LipoOA
Liposomes were prepared by an extrusion method following a previously published protocol
[33]. Briefly, LipoOA and bare liopsomes were prepared using 1.5 mg of Egg PC, cholesterol
and OA at a weight ratio of 5:1:4 and 9:1:0, respectively. The lipid mixture was dissolved in
1 mL of chloroform and then dried with nitrogen gas for 10 minutes to remove all solvents.
The dried lipid film was rehydrated with 3 mL of water or sterile PBS buffer (1X, pH = 7.4).
The resulting lipid suspension was vortexed for 1 minute and then sonicated (Fisher Scientific
FS30D) for 3 minutes to produce multilamellar vesicles (MLVs). Then a Ti-probe (Branson
450 sonifier) was used to sonicate the MLVs for 30 seconds at 20 W to produce large
unilamellar vesicles (LUVs). The final small unilamellar vesicles (SUVs) were obtained by
extruding LUVs through a polycarbonate membrane with 100 nm-sized pores for 11 times.
The excess free OA was separated from LipoOA using a Sephadex G75 column equilibrated
with PBS buffer (1X, pH = 7.4).

The hydrodynamic size (diameter, nm) and surface zeta potential (mV) of LipoOA and bare
liposomes were measured using the Malvern Zetasizer ZS (Malvern Instruments, UK). The
mean diameters of LipoOA were determined through dynamic light scattering (DLS) and the
zeta potentials were determined from electrophoretic mobility measurements. The zeta
potentials of liposomes were measured in water to eliminate the ionic strength effect from PBS.
All characterization measurements were repeated three times at 25°C.

The encapsulation efficiency of OA in the synthesized LipoOA was determined using an
Agilent 1100 series LC-MSD-Trap-SL system (Agilent Technologies, Santa Clara, CA)
equipped with an electrospray ionization source. A fixed amount of LipoOA was dried by
rotavapor (Buchi, Model R-124, Switzerland) and then dissolved in methanol for LC-MS
measurements. Briefly, 30 μL samples were injected through a Supelco Discovery HS C18 (3
μm, 2.1 mm ID x 18.5 cm) column (Sigma Aldrich, St Louis, MO, USA). The mobile phase
composed of 85 v% acetonitrile and 15 v% water/TFA (99.9:0.1, v/v) at a flow rate of 0.2 mL/
min. The molecular mass of the effluent from the column was measured using negative
ionization. The acquisition parameters were: N2 drying gas temperature of 350 °C, N2 drying
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gas flow rate of 10 L/min, and nebulizer of 25 psi. The acquired LC/MS chromatogram of OA
was compared with a linear standard curve of OA at different concentrations to calculate the
amount of OA encapsulated in LipoOA.

2.4 LipoOA-MRSA252 fusion studies
Fluorescent method was used to study the fusion of LipoOA with MRSA252. In this study,
DMPE-RhB with a molar concentration of 0.5 mol% was mixed with Egg PC, cholesterol and
OA for the preparation of fluorescently labeled LipoOA (LipoOA-RhB). Two sets of
experiments will be conducted. First, LipoOA-RhB at different concentrations ranging from
6.25 μg/mL to 400 μg/mL was incubated with a fixed amount of MRSA252 (1.6x108 CFU/
mL) with a total incubation volume of 1 mL at room temperature for 10 minutes. After
incubation, the samples were centrifuged at 13,500 rpm for 10 minutes to separate the excess
LipoOA-RhB from MRSA252. The obtained MRSA252 pallets were collected and
resuspended in 1 mL PBS. Consequently, the fluorescence emission intensity of the bacteria
at 590 nm were quantified by a fluorescent spectrophotometer (Infinite M200, TECAN,
Switzerland) with an excitation wavelength of 550 nm. The background signal was subtracted
from the measured fluorescence intensity of each sample to obtain the absolute intensity.
Secondly, LipoOA-RhB at the concentration of 250 μg/mL was incubated with MRSA252 at
different concentrations (1.6x108, 2.4x108, 3.2x108, and 6.4x108 CFU/mL, respectively) with
a total incubation volume of 1 mL at room temperature for 10 minutes. Similar operations as
above were conducted to evaluate the fusion activity between LipoOA and MRSA252.

2.5 In vitro antimicrobial activity of LipoOA against MRSA252
To determine the antimicrobial activity of LipoOA and free OA against MRSA252, a fixed
amount of MRSA252 (1x106 CFU in 100 μL) was incubated with different concentrations of
LipoOA (6.25–500 μg/mL in PBS buffer) and free OA (2.5–200 μg/mL in 5% dimethyl
sulfoxide (DMSO) solution) at 37°C for 5 hours in a 96 well plate. After incubation, the
mixtures were diluted at 1:10 to 1:106 with sterile PBS and 5 μL of the diluted suspension was
spotted on TSB agar plate for overnight incubation at 37°C. Then the CFU of MRSA252 was
quantified. PBS buffer, bare liposomes (without OA), and 5% DMSO were used as negative
controls in the study.

2.6 In vivo antimicrobial activity of LipoOA against MRSA252 in mouse model
In order to better evaluate the anti-MRSA activity of LipoOA in the complex biological system,
a proof-of-concept study was performed on a mouse skin model. The animal work was carried
out following the guidelines of Institutional Animal Care and Use Committee of Veteran
Affairs Medical Center. ICR mice (n = 3 for each group) were shaved to remove the back hair
and the skin was disinfected with ethanol. 1×107 CFU of MRSA252 suspended in 100 μL
sterile PBS were injected into the superficial skin of the mice. After 20 minutes, 100 μL LipoOA
or 100 μL bare liposomes (without OA, in sterile PBS solution) were injected into the same
site as MRSA252 injection. The mice were monitored for lesion development over 48 hours.

To image the infected skin tissues, the mice were euthanized 48 hours after the injection of
MRSA252 and the infected skin was collected for tissue processing. The optimum cutting
temperature (O.C.T.)-embedded slides were stained with hematoxylin and eosin (H&E) (Sigma
diagnostics, St. Louis, MO) and viewed with an Olympus BX41 microscope (Olympus, USA).
To determine the microbial burden after 48 hours of MRSA252 injection, the collected skin
tissues were homogenized in 1 mL of sterile PBS with a mini-bead beater (BioSpec,
Bartlesville, OK) for 2 minutes. The obtained suspensions were diluted 1:10 to 1:106 and then
5 μL of each diluted sample was spotted on a TSB agar plate for overnight culture at 37°C for
quantifying the CFU of MRSA252 in the skin tissues.
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2.7 Skin toxicity
ICR mice were shaved to remove the back hair and the skin was disinfected with ethanol. 100
μL of 200 μg free OA, bare liposomes (without OA), and LipoOA were injected into the
superficial dorsal skin, respectively. As controls, the same volume of 5% DMSO and 100%
DMSO were also injected. After 24 hours, the skin was removed from the injection sites for
tissue processing. O.C.T.-embedded slides were stained with DeadEndTM Fluorometric
TUNEL System (Promega Corporation, Madison, WI, USA) for apoptotic cell detection and
counterstained with 4, 6-diamidino-2-phenylindole (DAPI). The pictures were taken by an
Olympus BX41 microscope.

3. Results and discussion
3.1 Preparation and characterization of LipoOA

Liposomes made of egg PC and cholesterol possess a lipid bilayer structure as illustrated in
Fig. 1A. This vesicular structure offers unique physicochemical properties for carrying and
delivering FFAs such as oleic acid. The amphiphilic OA molecules can be readily entrapped
in the hydrophobic lipid membranes by mixing OA with egg PC and cholesterol at desirable
ratios prior to liposome preparation. The liposomal formulation of oleic acid (LipoOA) can
improve the solubility of OA and enhance its dosing efficiency. When the liposomes fuse with
bacterial membranes, the entrapped OA will be released into the bacterial membranes or the
intracellular environment, resulting in higher local antimicrobial concentration and more
efficient bactericidal activity.

The size of liposomes is a key parameter that determines their physicochemical properties and
biological functionalities as a drug delivery vehicle. Small liposomes (diameter, < 50 nm) are
very unstable and prone to fuse with one another or biological membranes due to their high
surface tension. In contrast, large liposomes (diameter, >200 nm) are usually stable but may
have difficulty to penetrate through skin for topical drug delivery, and thus fail to show
advantages over free drugs [34,35]. Liposomes with moderate size range (50–100 nm) will
have relatively prolonged stability [36], preserve the capability to fuse with bacterial or cell
membranes, and possess good skin penetration ability [37]. In this study, LipoOA with a
diameter of 80.6 ± 0.7 nm were prepared to assess their antimicrobial activity against
MRSA252 bacteria (Fig. 1B). The quality of liposomes was characterized by polydispersity
index (PDI), which was calculated from cumulant analysis of dynamics light scattering
measurements. The PDI of bare liposomes and LipoOA were 0.17 ± 0.01 and 0.18 ± 0.01
respectively, indicating the relatively narrow distribution of liposome sizes. To confirm the
incorporation of OA into the liposome membranes, changes in the electrostatic potential profile
across the membrane and surface were determined by electrophoretic mobility measurements
as summarized in Fig. 1B. The surface zeta potential of LipoOA formulated with 200 μg/mL
initial OA input was −65.1 ± 1.4 mV in deionized water. In contrast, the zeta potential of the
corresponding bare liposomes without OA was −10.1 ± 0.5 mV. The sharp decrease of surface
zeta potential is attributed to the incorporation of OA molecules, whose carboxylic acid group
is deprotonated to COO− at near physiological pH of 7.4.

Encapsulation efficiency of OA in LipoOA formulations was determined by liquid
chromatography-mass spectrometry (LC/MS/MS). As shown in Fig. 1C, the mass spectrum of
negative ion of OA [M-H]− at m/z 281.0 was detected and OA was eluted from chromatography
column at 6 minutes (Fig. 1D). The encapsulation efficiency of OA in LipoOA was determined
by comparing the measured signal of OA with a standard curve of OA ranging from 25 to 200
μg/mL (Fig. 1E). It was found that when the initial OA input concentration was 200 μg/mL,
the final loading concentration of OA in the liposomes was 29.6 μg/mL, corresponding to a
drug encapsulation efficiency of 14.7%. This result suggests that significant amount of OA
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was lost during the LipoOA preparation process including needle sonication, extrusion, and
purification by Sephadex G75 column. A major source of OA loss is likely to be the Sephadex
G75 column purification, where all free OA molecules and OA micelles in the LipoOA solution
are removed. The possible adhesion and fusion of LipoOA with the beads in the column will
also contribute to the loss of OA. Moreover, during the needle sonication and extrusion steps,
some OA molecules can adhere to the needle, the glass vials, the polycarbonate membranes,
and extrusion apparatus, resulting in the loss of OA.

3.2 Interaction between LipoOA and MRSA
The interaction between LipoOA and MRSA252 bacteria, a healthcare-associated MRSA
strain, was investigated by monitoring the change in fluorescence intensity of MRSA252 after
incubating with rhodamine B labeled LipoOA (LipoOA-RhB). If the fluorescent LipoOA can
fuse with the bacterial membranes, it is expected to see increasing fluorescence intensity from
the bacteria after removing excess free LipoOA. In the study, various concentrations of
LipoOA-RhB were incubated with a fixed amount of MRSA252 bacteria (1.6x108 CFU/mL)
for 10 minutes. As shown in Fig. 2A, the measured fluorescence intensity from the bacteria
was linearly related to the concentration of LipoOA-RhB when it was in the range of 20~200
μg/mL. The fluorescence intensity reached a maximum value and remained as a plateau when
the LipoOA-RhB concentration was higher than 200 μg/mL. These results suggest that each
bacterium can continuously take up LipoOA till the bacterial membranes are saturated with
LipoOA that no additional liposomes can fuse with the membranes. To further confirm this
observation, a fixed concentration of LipoOA (250 μg/mL) was then incubated with various
concentrations of MRSA252 ranging from 1.6x108 to 6.4x108 CFU/mL. As shown in Fig. 2B,
the measured fluorescence intensity from the bacteria was linearly increased with increase of
the MRSA252 concentrations. This result was consistent with the linear relationship observed
in Fig. 2A. These fusion studies between LipoOA and MRSA252 bacteria clearly demonstrate
that LipoOA can easily fuse into the bacterial membranes and the amount of fused liposomes
are determined by the concentrations of both the liposomes and the bacteria.

3.3 In vitro antimicrobial activity of LipoOA against MRSA
In vitro antimicrobial activity of LipoOA and free OA against MRSA252 was determined by
measuring their minimal bactericidal concentration (MBC), respectively. Here the MBC was
defined as the minimal concentration of an antimicrobial that kills 99.9% of the target bacteria.
MRSA252 (1x106 CFU) was incubated with various concentrations of LipoOA and free OA
for 5 hours and then subcultured on a TSB agar plate at 37 °C overnight. LipoOA killed all the
MRSA252 at 12.5 μg/mL (Fig. 3B). Notably, the initial OA input to prepare LipoOA was 40
wt% of the total liposome weight and the LC/MS measured OA encapsulation efficiency was
about 15 %. Therefore, the total OA concentration was about 0.8 μg/mL at the MBC value of
the LipoOA, which was about 12 fold more effective than free OA, which had a MBC value
of 10 μg/mL against MRSA252 (Fig. 3B). This enhanced antimicrobial activity of LipoOA
can be explained by the fast fusion process between LipoOA with MRSA252 bacteria, which
takes place within 10 minutes. By rapidly fusing into the bacterial membranes, LipoOA can
induce a “burst” release of a lethal dose of OA to the bacterial membranes, thereby killing the
bacteria even before they develop any possible resistance mechanisms. In contrast to the fast
fusion process of LipoOA, free OA needs to diffuse into the bacterial membranes on an
individual molecule base. The accumulation of OA in the bacterial membranes is time
consuming and highly dependent on the OA concentration.

3.4 In vivo antimicrobial activity of LipoOA against MRSA
The antimicrobial activity and therapeutic efficacy of LipoOA against MRSA252 infections
were further evaluated in ICR mouse skin. A proof-of-concept study was carried out by
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intradermally injecting MRSA252 followed by LipoOA injection into the dorsal skin of the
mice. Bare liposomes (without OA) suspended in sterile PBS were included as a negative
control. As expected, a pus-containing lesion started to appear 24 hours post injection on the
back of the mice that were treated with bare liposomes whereas no lesion was observed in the
mice that were treated with LipoOA (Fig. 4A). After 48 hours the lesion became more evident
in the mice treated with bare liposomes, indicating the proliferation of the infection in these
mice over time. In contrast, the mice treated with LipoOA did not present any apparent lesion
(Fig. 4A). Histology analysis was conducted after 48 hours of MRSA252 injection to evaluate
skin integrity. The skin tissues at the injection sites were collected for H&E staining. As shown
in Fig. 4B, examination of the skin of the bare liposome-treated mice showed epidermal rupture
upon MRSA252 injection. On the contrary, the skin of the LipoOA-treated mice preserved
intact epidermis structure. Severe suppurative inflammatory infiltration was also observed in
bare liposome-treated mouse skin while LipoOA-treated mice only showed minimal
inflammation (Fig. 4B). Furthermore, to confirm the killing capability of LipoOA, the
microbial burden was determined 48 hours post injection of MRSA252 and LipoOA. The skin
tissues were homogenized in PBS and cultured on TSB agar plate overnight. The results showed
that the amount of MRSA252 bacteria remaining in the skin of LipoOA-treated mice was
approximately 500 times lower than those remaining in bare liposome-treated mice, with a p-
value less than 0.001 from a Student’s t-test (Fig. 4C). These in vivo results further confirmed
the bactericidal effect of LipoOA against MRSA252.

3.5 Toxicity of LipoOA to normal skin tissues
Liposomal formulations have been employed in cosmetics and pharmaceuticals to improve
compound solubility and skin penetration, and have proved to be a safe and friendly cosmetic
or pharmaceutical delivery system [38]. To evaluate any possible toxicity of LipoOA to normal
skin tissues, the serial sections of ICR mouse skin treated with bare liposomes, free OA,
LipoOA, 5% DMSO, and 100% DMSO were stained with fluorescein-12 dUTP for apoptotic
cells and with DAPI for cell nuclei. Thus the apoptotic cells in the epidermal layer and dermal
layer were stained green and the nuclei were counterstained blue. As shown in Fig. 5, no
apparent epidermal cell apoptosis was observed in the skin treated with bare liposomes, free
OA, LipoOA, or 5% DMSO demonstrating good biocompatibility of LipoOA with mouse skin.
100% DMSO is commonly known to be toxic to skin cells, which was demonstrated by the
thick epidermal layer of apoptotic cells. Since human skin is generally thicker than mouse skin,
it is reasonable to expect that LipoOA will not cause any toxicity to normal human epidermis.

3.6 General comments
While these results showed great therapeutic potential of LipoOA to benefit patients suffering
from persistent skin MRSA infections, below are some future research perspectives to further
explore LipoOA as a novel and robust anti-MRSA agent. First, for better patient compliance,
it is worthwhile to test if LipoOA exhibits similar therapeutic effectiveness with topical
application. Secondly, other regular antimicrobials can be incorporated into LipoOA for
combination therapy, which may produce synergism among the different antimicrobial agents.
For example, vancomycin, as a hydrophilic anti-MRSA agent, can be loaded into the aqueous
compartment of LipoOA without interfering with the loading yield of OA. Lastly, LipoOA can
be functionalized with a targeting ligand specific to the MRSA surface antigen and thus
preferentially reach the pathogen in the circulation system. This approach can then be employed
to treat systemic MRSA infections in a targeted manner. Studies in these directions are in
progress and will be reported presently.
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4. Conclusions
In this study, we demonstrated the therapeutic potential of liposomal oleic acids (LipoOA) to
treat MRSA252 bacterial infections. The synthesized LipoOA with a size of about 80 nm were
prone to fuse with bacterial membranes, and subsequently release the entrapped OA to the
bacteria. Given the high OA dose of each LipoOA and its rapid fusion activity, the use of
liposomes resulted in about 12-fold increase in the antimicrobial activity of OA against
MRSA252. In vivo tests further proved that LipoOA were able to maintain an intact structure
of the skin infected by MRSA252 by killing most of the bacteria within 48 hours. Finally, a
skin toxicity test demonstrated good biocompatibility of LipoOA to normal mouse skin.
Overall, this study highlights the promising possibility of using LipoOA as a new therapeutic
option to the current antimicrobial strategies against MRSA infections.
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Fig. 1.
Characterization of oleic acid-loaded liposomes (LipoOA). (A) Schematic structure of LipoOA
consisting of phospholipid, cholesterol and OA. (B) Hydrodynamic size (diameter, nm) and
surface zeta potential (mV) of LipoOA and bare liposomes (without OA) measured by dynamic
light scattering (DLS). (C–E) Quantification of OA encapsulation efficiency in LipoOA by
liquid chromatography-mass spectrometry (LC/MS). (C) Mass spectrum of OA. (D) LC/MS
chromatogram of OA. (E) Corresponding linear calibration standard curve of OA measured
by LC/MS. Data represents mean ± SD of three individual experiments.
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Fig. 2.
Fluorescent studies to measure the fusion activity of LipoOA with MRSA252 bacteria.
Rhodamine B labeled LipoOA (LipoOA-RhB) were incubated with MRSA252 bacteria for 10
minutes and then the excess LipoOA-RhB were removed. The fluorescence emission intensity
at 590 nm of the treated MRSA252 bacteria was quantified with an excitation wavelength of
550 nm. (A) Fluorescence intensity of MRSA252 (1.6x108 CFU/mL) incubated with different
concentrations of LipoOA-RhB, ranging from 6.25 μg/mL to 400 μg/mL. The fluorescence
intensity of MRSA252 linearly increased and reached a plateau at the LipoOA-RhB
concentration of 200 μg/mL. (B) Fluorescence intensity of MRSA252 at various bacteria
concentrations (1.6x108, 2.4x108, 3.2x108, and 6.4x108 CFU/mL respectively) incubated with
LipoOA-RhB at a constant concentration of 250 μg/mL. The fluorescence intensity of
MRSA252 linearly increased with the concentration of the bacteria. Data represents mean ±
SD of three individual experiments.
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Fig. 3.
In vitro antimicrobial activity of LipoOA and free OA against MRSA252. LipoOA and free
OA at various concentrations were incubated with MRSA252 (1x106 CFU/mL) for 5 hours in
PBS and then the CFU of the bacteria was quantified through agar plate culture (A) The
incubated LipoOA concentrations were 6.25, 12.5, 25, 50, 125, 250, and 500 μg/mL,
respectively, dissolved in PBS buffer. The results showed that LipoOA completely killed the
bacteria when its concentration was 12.5 μg/mL (corresponding to a OA concentration of 0.8
μg/mL) or higher. PBS and bare liposomes (without OA) served as negative controls. (B) The
incubated OA concentrations were 2.5, 5, 10, 50, 100, and 200 μg/mL, respectively, dissolved
in 5% DMSO solution. The results showed that OA completely killed the bacteria when its
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concentration was 10 μg/mL or higher. 5% DMSO was used as negative control. Data
represents mean ± SD of three individual experiments. UD: undetectable.
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Fig. 4.
In vivo antimicrobial activity of LipoOA against MRSA252. The mice were injected with
1x107 CFU of MRSA252 to induce superficial skin lesion. 100 μL of LipoOA (200 μg/mL)
and corresponding bare liposomes (without OA) were injected into the same sites respectively
20 minutes post injection of MRSA252. (A) Lesions at the injection sites after 24 and 48 hours
of MRSA252 injection. (B) Histological analysis of H&E stained sections of the infected skin
48 hours post injection of MRSA252. Broken skin tissue was observed for the sites treated
with bare liposomes while the skin remained intact for the sites treated with LipoOA. (C)
Microbial burden after 48 hours of MRSA252 injection. The infected skin was removed from
mice, homogenized and cultured on agar plate for counting the bacterial CFU. Data represents
mean ± SD of three individual experiments. Asterisks denote p-value significance (*** p <
0.001).
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Fig. 5.
TUNEL assay of apoptotic cells in mouse skin. Bare liposomes, 200 μg free OA, LipoOA, 5%
DMSO and 100% DMSO were injected into the superficial dorsal skin of mice. 24 hours post-
injection, the skin was collected for TUNEL assay and the nuclei of the cells were
counterstained with DAPI, a blue fluorescent dye. The apoptotic cells were shown in green in
the images. The results showed both LipoOA and free OA had undetectable toxicity to the
mouse skin. All experiments were repeated three times.
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