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Abstract

Helicobacter pylori infects approximately half of the world population and is a major cause
of gastritis, peptic ulcer, and gastric cancer. Moreover, this bacterium has quickly developed
resistance to all major antibiotics. Recently, we developed a novel liposomal linolenic acid
(LipoLLA) formulation, which showed potent bactericidal activity against several clinical iso-
lated antibiotic-resistant strains of H. pylori including both the spiral and coccoid form. In ad-
dition, LipoLLA had superior in vivo efficacy compared to the standard triple therapy. Our
data showed that LipoLLA associated with H. pylori cell membrane. Therefore, in this study,
we investigated the possible antibacterial mechanism of LipoLLA against H. pylori. The anti-
bacterial activity of LipoLLA (C18:3) was compared to that of liposomal stearic acid (LipoSA,
C18:0) and oleic acid (LipoOA, C18:1). LipoLLA showed the most potent bactericidal effect
and completely killed H. pylori within 5 min. The permeability of the outer membrane of H.
pylori increased when treated with LipoOA and LipoLLA. Moreover, by detecting released
adenosine triphosphate (ATP) from bacteria, we found that bacterial plasma membrane of
H. pylori treated with LipoLLA exhibited significantly higher permeability than those treated
with LipoOA, resulting in bacteria cell death. Furthermore, LipoLLA caused structural
changes in the bacterial membrane within 5 min affecting membrane integrity and leading to
leakage of cytoplasmic contents, observed by both transmission electron microscopy
(TEM) and scanning electron microscopy (SEM). Our findings showing rapid bactericidal ef-
fect of LipoLLA suggest it is a very promising new, effective anti-H. pylori agent.

Introduction

Helicobacter pylori is known to be associated with the pathogenesis of gastric diseases [1]. Erad-
ication of H. pylori is recommended for H. pylori associated diseases such as peptic ulcer dis-
ease, low grade gastric mucosa-associated lymphoid tissue lymphoma, and early gastric cancer,
however the success rate of eradication with standard therapy has decreased with increasing
antimicrobial resistance to H. pylori [2,3]. Although alternative treatments such as sequential
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or concomitant therapy using different combinations of known antibiotics have been exten-
sively studied, they have shown conflicting efficacy results and antibiotic resistance remains an
unsolved problem [4].

Free Fatty acids (FFAs) have both bactericidal and bacteriostatic activity against a broad
range of bacteria [5,6,7]. In particular, several studies including ours have revealed that H. pylo-
ri is susceptible to FFAs including linolenic acid (LLA) in vitro [8,9,10,11,12,13,14]. However,
the antibacterial effect of FFAs against H. pylori in vivo has remained unclear, since most of the
effective FAs for H. pylori are poorly soluble and unstable. In addition, various FFA characteris-
tics including carboxyl protonation, oxidation, esterification, and lipid-protein complexation
in the gastric environment reduce the final concentration of FFAs at the mucus layer and there-
fore making them ineffective [6]. Indeed, a clinical study showed that orally ingested LLA did
not inhibit the H. pylori colonization nor change the severity of H. pylori infection [15].

Recently, our laboratory used nanotechnology to solve the poor solubility of LLA in aqueous
solution [12], This nano-platform liposome formulation was designed to directly release a high
dose of LLA to the bacteria by fusion. The fusion of liposomal LLA (LipoLLA) with H. pylori
was previously confirmed and showed comparable antibacterial efficacy against H. pylori with
free LLA in inhibiting both spiral and coccoid forms of the bacteria in vitro [12]. In addition,
we showed that LipoLLA was effective against several H. pylori clinical isolates including
Shi470, SouthAfrica7, India7, Gambia94/24, PeCan4, Lithuania75, and SJM180 [12]. Further,
we showed that LipoLLA penetrated the mucus layer of mouse stomach and was retained in
the gastric lining. LipoLLA had superior in vivo antibacterial efficacy compared to the standard
triple therapy in the mouse stomach [16].

Although mechanism of antibacterial activity of FFAs have not been fully elucidated yet,
bacterial cell membrane has been regarded as the prime target [6]. Data from our previous
study [12] suggested that LipoLLA killed H. pylori by targeting the cell membrane. The aim of
this study therefore, was to determine the possible antibacterial mechanism of LipoLLA with a
focus on the cell membrane of H. pylori (Fig. 1A). In addition, we compared the antibacterial
efficacy against H. pylori of three C18 series of liposomal FFAs (LipoFFAs) including stearic
acid (C18:0, SA), oleic acid (C18:1, OA), and linolenic acid (C18:3, LLA).

Materials and Methods
Materials

Hydrogenated L-o-phosphatidylcholine (Egg PC) and cholesterol were purchased from Avanti
Polar Lipids, Inc. (Alabaster, AL). LLA was purchased from Ultra Scientific (North Kingstown,
RI). Brain Heart Infusion (BHI), Columbia broth, and agar were purchased from Becton Dick-
inson (Sparks, MD). Horse blood was purchased from Hardy Diagnostics (Santa Maria, CA).
BacTiter-Glo microbial cell viability assay kit was purchased from Promega Inc. (Madison,
WI). SA, OA, 1-N-phenylnaphthylamine (NPN), and phosphate buffer saline (PBS) were ob-
tained from SigmaAldrich Co. LLC (St. Louis, MO).

Preparation and characterization of liposomal formulation of free fatty
acids

Free fatty acid (FFA)-loaded liposomes were prepared by a well-characterized vesicle extrusion
technique [12]. Briefly, liposomes composed of 10 mg of lipid components including Egg PC,
cholesterol and FFAs such as SA, OA, or LLA (6:1:3, weight ratio) were dissolved in 3 mL of
chloroform, which was then evaporated by leading nitrogen gas for 1 hour. The resultant dried
lipid films were rehydrated with 10 mL of sterile PBS. The suspensions of lipid were vortexed
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Fig 1. Schematic illustration of (A) H. pylori incubated with LipoFFA; (B) Structure and composition of LipoFFA consisting of phospholipid,
cholesterol and FFA; (C) LipoFFA fuses with bacterial membrane for antibacterial activity.

doi:10.1371/journal.pone.0116519.9001

for 3 min and then sonicated for 10 min in a bath sonicator (Fisher Scientific FS30D) to pro-
duce multilamellar vesicles (MLVs). A Ti-prove (Branson 450 sonifer) was used to sonicate the
MLVs for 2 min at 20 W to produce small unilamellar vesicles (SUVs). The resulting SUV's
were extruded through a 100 nm pore-sized polycarbonate membrane 11 times to form the
final products of LipoSA, LipoOA, or LipoLLA. The size and zeta potential of LipoSA, LipoOA
and LipoLLA were measured using the Malvern Zetasizer ZS (Malvern Instruments, UK). The
mean diameter of LipoSA, LipoOA, and LipoLLA was determined through dynamic light scat-
tering (DLS) and the zeta potential determined from electrophoretic mobility measurements
[17]. Bare liposomes (liposomes without FFAs) composed of Egg PC and cholesterol (9:1,
weight ratio) were used as a negative control. All characterization measurements were repeated
three times at 25°C.

H. pylori culture

A mouse-adapted Sydney strain 1 of H. pylori, originally described by Lee et al. [18] was used
in this study. H. pylori was routinely grown on Columbia agar supplemented with 5% horse
blood (Hardy Diagnostics LHB100) at 37°C under microaerobic conditions (10% CO,, 85%
N,, and 5% O,) as previously described [19]. For liquid cultures for experiments, H. pylori ob-
tained from agar plates were inoculated into Brain Heart Infusion (BHI) containing 5% fetal
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bovine serum (FBS) and incubated overnight at 37°C under microaerobic conditions with
moderate reciprocal shaking.

Bactericidal activity of liposomal fatty acids (LipoFFAs) against H. pylori

To determine the antimicrobial activity of LipoFFAs against H. pylori, a bacterial pellet was col-
lected from an overnight liquid culture of H. pylori by centrifugation (3000 x g for 10 min) and
resuspended in fresh BHI. The concentration of bacteria was measured by optical density at
600 nm (ODg0), ODgpp 0f 1.0 corresponding to approximately 1x108 colony forming units
(CFU)/mL. H. pylori (1x10” CFU in 200 pL) were incubated with various concentrations of

of LipoFFAs ranging from 62.5 to 1000 pug/mL in a 96-well plate at 37°C under microaerobic
conditions on a reciprocal shaker for 30 min. For time-dependent antibacterial activity of
LipoLLA, bacteria were incubated with 200, 300, or 400 pg/mL of LipoLLA for 5, 10, 20, or

30 min. After incubation, the samples were centrifuged (3000 x g) for 10 min and washed twice
with PBS to remove residual LipoFFAs. The bacterial pellet was resuspended in PBS, followed
by a series of 10-fold dilutions and the bacterial suspension inoculated onto Columbia agar
plates supplemented with 5% laked horse blood. The agar plates were incubated for 4 days be-
fore counting colonies.

Outer membrane permeability assay

The outer membrane permeabilization was assessed by measuring the uptake of NPN [20]. An
overnight culture of H. pylori was harvested, washed and adjusted to an ODg( of 1.0 as de-
scribed above. Approximately 5x10° bacterial cells were treated with 400 pg/mL of LipoSA,
LipoOA or LipoLLA for 5 min. Bare liposome and PBS were used as negative controls. After
treatment, each bacterial suspension was centrifuged and resuspended in 200 pL of PBS. For
NPN assay, 50 uL of NPN (20 mM final concentration) were added and mixed with treated
bacteria. Fluorescence measurements were taken after shaking for 3 min, using a SPECTRA-
max GEMINI EM microplate reader (Molecular Devices, Inc., Sunnyvale, CA) at an excitation
wavelength of 350 nm and an emission wavelength of 420 nm. The NPN assays were per-
formed at room temperature, repeated three times and the results expressed as relative fluores-
cence units [21].

Plasma membrane permeability assay

Release of ATP from bacterial cells was measured by BacTiter-Glo microbial cell viability assay
kit (Promega Inc.) as an indicator of plasma membrane permeability [22]. H. pylori were treat-
ed with 400 pg/mL of LipoSA, LipoOA, LipoLLA, or bare liposome for 5 min. One-milliliter
from each sample containing approximately 1x10° bacterial cells was centrifuged at 14,000 x g
for 5 min and the supernatant containing released ATP from treated bacteria collected. BacTi-
ter-Glo reagent (Promega Inc.) was added directly to the supernatants in each well of a 96-well
plate at a ratio of 1:1. The mixture was shaken for 2 min and luminescence measured on a
SPECTRAmax M2e microplate reader (Molecular Devices, Inc.).

Transmission Electron Microscopy (TEM)

The effects of LipoLLA and LipoOA on the structure of H. pylori were examined with TEM.
Briefly, an overnight culture of H. pylori was treated with LipoLLA or LipoOA (final concen-
tration 400 ug/mL) and incubated for 5 or 30 min. In addition, H. pylori were treated with

200 pg/mL of LipoLLA for 30 min. PBS was used as negative control. Samples were centrifuged
at 3000 x g for 5 min and bacterial pellets fixed by resuspending in 2% glutaraldehyde in 0.1 M
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sodium cacodylate buffer (pH 7.4). Bacterial pellets were then embedded in 2% agarose, post-
fixed with 1% osmium tetroxide, and processed in Durcupan resin (Sigma-Aldrich). Fifty-
five nm sections were examined using a FEI Tecnai G2 transmission electron microscope
equipped with a 4K Eagle digital camera (FEL Hilsboro, OR).

Scanning Electron Microscopy (SEM)

Morphological changes of H. pylori treated with LipoLLA were observed by SEM. H. pylori was
incubated with 400 pg/mL LipoLLA for 5 min and the bacteria harvested and processed for vi-
sualization by an FEIXL30 Environmental SEM. Bacteria were prepared for SEM as previously
described [12]. Briefly, untreated and treated bacteria were centrifuged to remove the superna-
tant, and the remaining pellet was fixed with 2% glutaraldehyde for 2 hr at room temperature.
Post fixing, the sample was centrifuged to remove glutaraldehyde and resuspended in 100 pL
water. A bacterial suspension was spotted onto a polished silicon wafer and allowed to dry
overnight in a biosafety cabinet. The samples were then coated with chromium before

SEM imaging.

Statistical analysis

Data from different groups were compared statistically using a Student’s t-test or two-way
analysis of variance (ANOVA). Analyses were performed using GraphPad Prism 5.0 (Graph-
Pad Software). P < 0.05 was considered significant.

Results
Characteristics and properties of LipoFFAs

Liposomes made of egg PC, and cholesterol possess a lipid bilayer structure as illustrated in
Fig. 1B. This bilayer structure of the liposome offers unique physiochemical properties for en-
capsulating and delivering FFAs such as SA, OA, and LLA. The amphiphilic FFAs molecules
can be readily entrapped within the hydrophobic lipid bilayer of liposome by mixing FFAs
with egg PC and cholesterol prior to liposome preparation. As a result, the LipoFFAs can over-
come the poor solubility of FFAs in aqueous solution. For antibacterial applications, the lipo-
some can fuse with bacterial membranes and thus directly release the entrapped FFAs
molecules into bacterial membranes for efficient bactericidal activity as illustrated in Fig. 1C
[12]. The loading yield of FFAs in liposome was determined by liquid chromatography-mass
spectrometry following a procedure previously reported [23]. In this study, 30% by weight of
FFAs in the initial mixture of egg PC, cholesterol, and FFAs resulted in a final encapsulation ef-
ficiency of approximately 20-30% [12,23]. There was a loss of FFAs during the experimental
processes, including needle sonication, extrusion, and sterilization. The loss of FFAs during li-
posome preparation was also observed in our previous study to encapsulate LLA and OA into a
liposomal formulation [23]. In the present study, LipoSA, LipoOA, LipoLLA, and bare lipo-
some had a hydrodynamic size (diameter) of 86 + 5,84 + 7, 86 = 5, and 73 + 5 nm, respectively.
The changes in electrostatic potential profile across the membrane and surface, determined by
electrophoretic mobility measurements, were used to confirm the incorporation of FFAs into
the liposome membrane. As shown in Fig. 2, the surface {-potential of bare liposome was

-7.3 + 1.5 mV in deionized water. In contrast, the surface {-potential of LipoSA, LipoOA, and
LipoLLA formulated were —72 + 2, =74 + 3, and —73 + 2 mV, respectively. The decrease of sur-
face {-potential was attributed to the incorporation of FFAs molecules, whose carboxylic acid
group is deprotonated to COO™ at near pH of 7.4.
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Fig 2. Comparison of hydrodynamic size and surface zeta potential of bare liposome, liposomal
stearic acid (LipoSA), liposomal oleic acid (LipoOA) and liposomal linolenic acid acid (LipoLLA). All
characterizations were performed using dynamic light scattering and each measurement was repeated three

times at 25°C.

doi:10.1371/journal.pone.0116519.g002

Concentration-dependent bactericidal activity of LipoSA, LipoOA, and
LipoLLA against H. pylori
Antibacterial activities of LipoFFAs, including LipoLLA, LipoOA and LipoSA against H. pylori

were evaluated in vitro by determining their minimal bactericidal concentrations (MBC)
(Fig. 3). MBC for this study was defined as the minimal concentration that kills 99.99% (4 log)
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Fig 3. Concentration-dependent bactericidal activity of LipoLLA, LipoOA, and LipoSA against H.
pylori. 5x108 CFU/mL H. pylori was incubated with LipoLLA, LipoOA, or LipoSA at 37°C under microaerobic
conditions for 30 min followed by inoculation onto Columbia agar plates for colony observation.

doi:10.1371/journal.pone.0116519.g003
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Fig 4. Time-dependent bactericidal activity of LipoLLA against H. pylori. 5x10° CFU/mL H. pylori was
incubated with 200, 300 or 400 g/mL LipoLLA at 37°C under microaerobic conditions for 5, 10, 20, or 30 min
followed by inoculation onto Columbia agar plates for colony observation.

doi:10.1371/journal.pone.0116519.9004

of targeted bacteria during 30 min incubation. Accordingly, the MBC value of LipoLLA was de-
termined to be 200 pg/mL, where it killed 99.99% (~4 log) of H. pylori. When the LipoLLA
concentration reached 400 ug/mL, no viable bacteria were detected. Meanwhile, 1 mg/mL of
LipoOA killed 90% (~1 log) of H. pylori and LipoSA had no antibacterial effect against H. pylori
at all concentrations tested up to 1 mg/mL.

Time-dependent bactericidal activity of LipoLLA against H. pylori

Due to the high potency exhibited by LipoLLA against H. pylori, we further investigated the
time-kill kinetics of LipoLLA. A time-dependent antibacterial assay of LipoLLA was performed
at three different concentrations (200, 300 or 400 g/mL) for 5, 10, 20, or 30 min. At all concentra-
tions tested, LipoLLA rapidly decreased the number of viable bacteria within 5 min of incubation
(Fig. 4). LipoLLA also exhibited concentration-dependent bactericidal effect within 5 min by kill-
ing 99.984% (3.8 log), and 999.999% (5.3 log) of H. pylori at 200, and 300 g/mL, respectively. No
viable bacteria were detected, when H. pylori was treated with 400 g/mL LipoLLA for 5 min.

Effect of LipoFFAs on the outer membrane of H. pylori

The antibacterial activity of LipoLLA occurred so rapidly that we hypothesized the antibacterial
mechanism of LipoLLA was related to the bacterial membrane. NPN is a hydrophobic fluores-
cent probe whose quantum yield increases upon transfer from a hydrophilic to a hydrophobic
environment. NPN is normally excluded by the outer membrane, but can enter into the hydro-
phobic interior of the outer membrane when membrane integrity is compromised [24]. There-
fore, the NPN assay was used to determine the outer membrane permeability of H. pylori in
response to lipoFFAs treatment. There was no difference in NPN uptake in LipoSA-treated

H. pylori compared to the PBS control or bare liposome. H. pylori treated with LipoOA or
LipoLLA had a significant (P < 0.001) increase in the fluorescence signal of NPN compared to
PBS control, indicating that LipoOA and LipoLLA increased the outer membrane permeability
of H. pylori (Table 1).
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Table 1. Uptake of N-phenylnapthylamine (NPN) by H. pylori in the presence of bare liposome,
LipoSA, LipoOA, or LipoLLA.

Sample RFU (mean £SD)
H. pylori + PBS 179.7 £19.9

H. pylori + bare liposome 236.6 + 3.2

H. pylori + LipoSA 190.0 £ 3.3

H. pylori + LipoOA 1237.1 + 58.32
H. pylori + LipoLLA 845.1 + 38.5 2P

& Significantly different from controls (P < 0.001).
b Significantly different from cells treated with LipoOA (P = 0.02).
RFU, relative fluorescence unit; SD, standard deviation

doi:10.1371/journal.pone.0116519.t001

Effect of LipoFFAs on the plasma membrane of H. pylori

Both LipoOA and LipoLLA increased outer membrane permeability of H. pylori, however,
LipoLLA was significantly more effective in killing H. pylori than LipoOA. We therefore exam-
ined the effect of these LipoFFAs on the plasma membrane of H. pylori. A disrupted plasma
membrane has been shown to result in immediate collapse of the proton gradient accompanied
with a rapid release of intracellular components such as ATP into the medium [22]. We mea-
sured the release of ATP from the cytoplasm through the plasma membrane of lipoFFAAs-
treated bacteria as an indicator of plasma membrane disruption. H. pylori treated with LipoSA
released ATP at the same level as bacterial cell incubated with bare liposomes or control PBS
(Fig. 5). Treatment with LipoLLA or LipoOA both significantly (P<0.01) increased ATP re-
lease from H. pylori compare to control. When the effects of the two LipoFFAs (LipoLLA and

800+

% %k

1

600

400+

200~

Relative Extracellular ATP (%)

Fig 5. Release of ATP from H. pylori by liposomal fatty acids. H. pylori were treated for 5 min with the
indicated compounds, and bacterial cells and supernatants separated by centrifugation. Supernatants were
analyzed for their ATP content as described in Methods. *Significantly different from control (P < 0.01);
**Significantly different between bacterial cells exposed to LipoOA and LipoLLA (P < 0.01).

doi:10.1371/journal.pone.0116519.g005
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LipoOA) were compared directly, LipoLLA treatment resulted in significantly (P < 0.01) great-
er release of ATP than LipoOA (Fig. 5).

LipoFFAs-induced morphological changes

Morphological changes of H. pylori exposed to LipoLLA or LipoOA for 30 min were observed
by TEM. Untreated H. pylori were used as control. Untreated bacteria appeared normal with
intact cell wall and dense cytoplasm (Fig. 6A). Bacteria exposed to LipoLLA showed loss of cy-
toplasmic contents and separation of the plasma membrane from the outer membrane, which
formed blebs (Fig. 6B, S1 Fig. and S2 Fig.). Structural changes in bacteria exposed to LipoOA
were less striking. Intact bacteria with dense cytoplasm were present concurrently with affected
bacteria, which had similar morphologic changes to those caused by the LipoLLA (Fig. 6C).
We also examined morphological changes of H. pylori when treated with LipoLLA for 5 min by
SEM and compared the images with TEM images at higher magnification. The outer mem-
brane of the untreated H. pylori adhered closely to the plasma membrane and enclosed a rela-
tively homogeneous cytoplasm (Fig. 7A). Their cell surface appeared smooth and homogenous
when examined under SEM (Fig. 7C and S3 Fig.). For LipoLLA-treated H. pylori, TEM images
showed membrane detachments between the outer and plasma membrane accompanied with
leakage of cytoplasmic contents into the intermembrane space (Fig. 7B). Concomitantly, SEM
images displayed destructive outline caused by blistering of the outer membrane (Fig. 7D).

Discussion

It is known that unsaturated FFAs tend to have greater potency in inhibiting the growth of bac-
teria than saturated FFAs with same length carbon chain [6]. Studies on antibacterial effect of
saturated and unsaturated FFAs against H. pylori [8,9,10] suggest that bactericidal activity in-
creases with degree of unsaturation [11]. In the present study, due to poor solubility in aqueous
solution of FFAs, we incorporated FFAs, including SA, OA, and LLA, into liposomes. The size
of liposomes is an important factor that determines their bactericidal mechanism [23,25]. Lipo-
somes in the 50-100 nm size range have been shown to be relatively stable compared to the
smaller liposomes (diameter, < 50 nm) while at the same time preserving high surface tension
required to fuse with bacterial membrane [23]. When the liposomes fuse with bacterial mem-
branes, the encapsulated FFAs are released into bacterial membranes with higher local antibac-
terial concentration, resulting in better efficient bactericidal activity. Treatment of H. pylori

Fig 6. TEM images of H. pylori bacteria exposed to different treatments. (A) PBS, (B) LipoLLA and (C) LipoOA. In all experiments, the initial
concentration of bacteria was 5 x 10’ CFU/mL, and the drug concentration used was 400 ug/mL. All samples were treated for 30 min before fixation.

doi:10.1371/journal.pone.0116519.g006
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Fig 7. TEM (A and B) and SEM (C and D) images of H. pylori bacteria exposed to LipoLLA. Bacteria were treated for 5 min with PBS control (A and C) or
LipoLLA (B and D). The concentration of bacteria used was 5 x 10® CFU/mL and the drug concentration was 400 ug/mL.

doi:10.1371/journal.pone.0116519.g007

with LipoLLA resulted in a sharp decrease in viable bacterial numbers and this bactericidal activi-
ty was concentration dependent. In contrast, bactericidal activity of LipoOA or LipoSA against
H. pylori was not influenced by their concentration. The bactericidal activity of LipoOA against
H. pylori was much lower compared to that of LipoLLA while LipoSA had no effect against H. py-
lori. Moreover, LipoLLA rapidly killed H. pylori in 5 min. Our present results using liposomal
formulation of FFAs were consistent with those of previous studies using FFAs, which showed a
superior antibacterial effect of LLA when compared to OA [9]. However, in contrast to our study
in which only 5min was sufficient for LipoLLA to completely kill H. pylori, incubation of FFAs
with H. pylori required anywhere from 40 min to 48 hrs to achieve significant antibacterial effects
[8,9,10,11,13,14] The high potency of LLA in our study can be explained by a unique capability
of LipoLLA to fuse rapidly with the bacterial membrane followed by release of LLA all at once, re-
sulting in membrane integrity disruption and causing bacterial death.

PLOS ONE | DOI:10.1371/journal.pone.0116519 March 20, 2015 10/13
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Fusion between bacterial membrane and LipoFFAs delivers FFA directly into the mem-
brane, resulting in alteration of the phospholipid composition of the bacteria [11]. Incorpo-
ration of FFAs into the cell wall, therefore most probably affects permeability of the outer
membrane. The NPN uptake assay is a standard method used to measure alterations in the per-
meability of the outer membrane of Gram-negative bacteria including H. pylori [21,26,27].
LipoLLA and LipoOA increased NPN fluorescence signal compared to control, revealing evi-
dence of damage to the outer membrane. Interestingly, treatment of H. pylori with LipoOA re-
sulted in higher NPN signal than LipoLLA contrary to expectations. This could be explained
by the fact that LipoLLA rapidly killed H. pylori resulting in reduced viable bacteria during the
determination of outer membrane permeability by the NPN uptake assay. Low numbers of bac-
teria would therefore lead to the reduced NPN uptake of LipoLLA treated bacteria, thereby re-
sulting in a lower NPN signal than that of LipoOA treated bacteria. While LipoOA increased
outer membrane permeability as evidenced by NPN uptake, it was not very effective in killing
H. pylori. Permeabilization of the outer membrane is necessary but not sufficient to kill bacteria
[28]. We therefore determined the effect of LipoFFAs on the plasma membrane permeability
by measuring the release of ATP from treated bacteria. LipoLLA-treated bacterial cells released
more intracellular ATP into the medium compared to LipoOA-treated bacteria. As expected
there was no difference in ATP release between LipoSA-treated bacteria and controls. These re-
sults were consistent with data from antibacterial assay, which showed that LipoLLA was the
most potent LipoFFAs against H. pylori followed by LipoOA while LipoSA had no
bactericidal effects.

TEM images showing visual morphological changes of bacteria treated with LipoOA or
LipoLLA were similar but the number of affected cells was less in LipoOA-treated samples. In
addition, both TEM and SEM images from treated H. pylori exhibited membrane detachments
after exposure to LipoLLA or LipoOA with worse effects observed in LipoLLA treated bacteria,
which was consistent with data from the killing assay.

In the present study, LipoOA increased the outer membrane permeability of H. pylori but
had weak effects on the permeability of the plasma membrane and hence poor killing of H. py-
lori. Potency of FFAs may be influenced by the FA present in lipopolysaccharides (LPS) and
phospholipids of the membrane. While unsaturated FAs were not detected in the LPS of the
outer membrane, some of them including OA were present in small amount in phospholipids
of H. pylori [29], which may affect the antibacterial activity of OA. Indeed SA, which is known
as one of the major fatty acids in LPS of H. pylori [29], had no effect on membrane permeability
or growth of H. pylori.

In conclusion, LipoLLA is a potent bactericidal agent against H. pylori that permeabilizes
and disrupts membranes and acts very rapidly in a dose-dependent manner. Due to this highly
destructive mechanism of bacterial killing combined with our successful in vivo delivery sys-
tem, LipoLLA could be a potential therapeutic agent against H. pylori infection.

Supporting Information

S1 Fig. TEM images of H. pylori bacteria exposed to LipoLLA (A and B). In all experiments,
the initial concentration of bacteria was 5 x 10’ CFU/mL, and the drug concentration used was
200 pg/mL. All samples were treated for 30 min before fixation.

(TIF)

S2 Fig. TEM images of H. pylori bacteria exposed to LipoLLA (A, B, C, D). In all experi-
ments, the initial concentration of bacteria was 5 x 10° CFU/mL, and the drug concentration
used was 400 ug/mL. All samples were treated for 30 min before fixation.

(TTF)
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S3 Fig. SEM images of H. pylori bacteria exposed to LipoLLA (A, B, and C). Bacteria were
treated for 5 min with LipoLLA. The concentration of bacteria used was 5 x 10° CFU/mL and
the drug concentration was 400 pg/mL.

(TTF)

Author Contributions

Conceived and designed the experiments: SWJ ST LZ MO. Performed the experiments: SW]
ST. Analyzed the data: SWJ] ST LZ MO. Contributed reagents/materials/analysis tools: LZ MO.
Wrote the paper: SWJ ST LZ MO.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Suerbaum S, Michetti P (2002) Helicobacter pylori infection. N Engl J Med 347: 1175-1186. PMID:
12374879

Malfertheiner P, Megraud F, O'Morain CA, Atherton J, Axon AT, et al. (2012) Management of Helico-
bacter pylori infection—the Maastricht IV/ Florence Consensus Report. Gut 61: 646—-664. doi: 10.1136/
gutjnl-2012-302084 PMID: 22491499

Megraud F (2004) H pylori antibiotic resistance: prevalence, importance, and advances in testing. Gut
53: 1374—1384. PMID: 15306603

O'Connor A, Molina-Infante J, Gisbert JP, O'Morain C (2013) Treatment of Helicobacter pylori infection
2013. Helicobacter 18 Suppl 1: 58—65. doi: 10.1111/hel.12075 PMID: 24011247

Kabara JJ, Swieczkowski DM, Conley AJ, Truant JP (1972) Fatty acids and derivatives as antimicrobial
agents. Antimicrob Agents Chemother 2: 23-28. PMID: 4670656

Desbois AP, Smith VJ (2010) Antibacterial free fatty acids: activities, mechanisms of action and bio-
technological potential. Appl Microbiol Biotechnol 85: 1629—-1642. doi: 10.1007/s00253-009-2355-3
PMID: 19956944

Pornpattananangkul D, Fu V, Thamphiwatana S, Zhang L, Chen M, et al. (2013) In Vivo Treatment of
Propionibacterium acnes Infection with Liposomal Lauric Acids. Advanced Healthcare Materials 2:
1322-1328. doi: 10.1002/adhm.201300002 PMID: 23495239

Thompson L, Cockayne A, Spiller RC (1994) Inhibitory effect of polyunsaturated fatty acids on the
growth of Helicobacter pylori: a possible explanation of the effect of diet on peptic ulceration. Gut 35:
1557-1561. PMID: 7828972

Sun CQ, O'Connor CJ, Roberton AM (2003) Antibacterial actions of fatty acids and monoglycerides
against Helicobacter pylori. FEMS Immunol Med Microbiol 36: 9-17. PMID: 12727360

Hazell SL, Graham DY (1990) Unsaturated fatty acids and viability of Helicobacter (Campylobacter) py-
lori. J Clin Microbiol 28: 1060—1061. PMID: 2112559

Khulusi S, Ahmed HA, Patel P, Mendall MA, Northfield TC (1995) The effects of unsaturated fatty acids
on Helicobacter pylori in vitro. J Med Microbiol 42:276-282. PMID: 7707336

Obonyo M, Zhang L, Thamphiwatana S, Pornpattananangkul D, Fu V, et al. (2012) Antibacterial activi-
ties of liposomal linolenic acids against antibiotic-resistant Helicobacter pylori. Mol Pharm 9: 2677—
2685. doi: 10.1021/mp300243w PMID: 22827534

Petschow BW, Batema RP, Ford LL (1996) Susceptibility of Helicobacter pylori to bactericidal proper-
ties of medium-chain monoglycerides and free fatty acids. Antimicrob Agents Chemother 40: 302—306.
PMID: 8834870

Correia M, Michel V, Matos AA, Carvalho P, Oliveira MJ, et al. (2012) Docosahexaenoic acid inhibits
Helicobacter pylori growth in vitro and mice gastric mucosa colonization. PLoS One 7: €35072. doi: 10.
1371/journal.pone.0035072 PMID: 22529974

Duggan AE, Atherton JC, Cockayne A, Balsitis M, Evison S, et al. (1997) Clarification of the link be-
tween polyunsaturated fatty acids and Helicobacter pylori-associated duodenal ulcer disease: a dietary
intervention study. BrJ Nutr 78: 515-522. PMID: 9389880

Thamphiwatana S, Gao W, Obonyo M, Zhang L (2014) In vivo treatment of Helicobacter pylori infection
with liposomal linolenic acid reduces colonization and ameliorates inflammation. PNAS in press.
Thamphiwatana S, Fu V, Zhu J, Lu D, Gao W, et al. (2013) Nanoparticle-Stabilized Liposomes for pH-

Responsive Gastric Drug Delivery. Langmuir 29: 12228—-12233. doi: 10.1021/1a402695¢c PMID:
23987129

PLOS ONE | DOI:10.1371/journal.pone.0116519 March 20, 2015 12/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116519.s003
http://www.ncbi.nlm.nih.gov/pubmed/12374879
http://dx.doi.org/10.1136/gutjnl-2012-302084
http://dx.doi.org/10.1136/gutjnl-2012-302084
http://www.ncbi.nlm.nih.gov/pubmed/22491499
http://www.ncbi.nlm.nih.gov/pubmed/15306603
http://dx.doi.org/10.1111/hel.12075
http://www.ncbi.nlm.nih.gov/pubmed/24011247
http://www.ncbi.nlm.nih.gov/pubmed/4670656
http://dx.doi.org/10.1007/s00253-009-2355-3
http://www.ncbi.nlm.nih.gov/pubmed/19956944
http://dx.doi.org/10.1002/adhm.201300002
http://www.ncbi.nlm.nih.gov/pubmed/23495239
http://www.ncbi.nlm.nih.gov/pubmed/7828972
http://www.ncbi.nlm.nih.gov/pubmed/12727360
http://www.ncbi.nlm.nih.gov/pubmed/2112559
http://www.ncbi.nlm.nih.gov/pubmed/7707336
http://dx.doi.org/10.1021/mp300243w
http://www.ncbi.nlm.nih.gov/pubmed/22827534
http://www.ncbi.nlm.nih.gov/pubmed/8834870
http://dx.doi.org/10.1371/journal.pone.0035072
http://dx.doi.org/10.1371/journal.pone.0035072
http://www.ncbi.nlm.nih.gov/pubmed/22529974
http://www.ncbi.nlm.nih.gov/pubmed/9389880
http://dx.doi.org/10.1021/la402695c
http://www.ncbi.nlm.nih.gov/pubmed/23987129

@’PLOS | ONE

Anti-H. pylori Action of Liposomal Linolenic Acid

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Lee A, O'Rourke J, De Ungria MC, Robertson B, Daskalopoulos G, et al. (1997) A standardized mouse
model of Helicobacter pylori infection: introducing the Sydney strain. Gastroenterology 112: 1386—
1397. PMID: 9098027

Obonyo M, Sabet M, Cole SP, Ebmeyer J, Uematsu S, et al. (2007) Deficiencies of myeloid differentia-
tion factor 88, Toll-like receptor 2 (TLR2), or TLR4 produce specific defects in macrophage cytokine se-
cretion induced by Helicobacter pylori. Infect Immun 75: 2408-2414. PMID: 17353291

Loh B, Grant C, Hancock RE (1984) Use of the fluorescent probe 1-N-phenylnaphthylamine to study
the interactions of aminoglycoside antibiotics with the outer membrane of Pseudomonas aeruginosa.
Antimicrobial Agents and Chemotherapy 26: 546-551. PMID: 6440475

Helander IM, Mattila-Sandholm T (2000) Fluorometric assessment of gram-negative bacterial permea-
bilization. J Appl Microbiol 88:213-219. PMID: 10735988

Parsons JB, Yao J, Frank MW, Jackson P, Rock CO (2012) Membrane disruption by antimicrobial fatty
acids releases low-molecular-weight proteins from Staphylococcus aureus. J Bacteriol 194: 5294—
5304. doi: 10.1128/JB.00743-12 PMID: 22843840

Huang CM, Chen CH, Pornpattananangkul D, Zhang L, Chan M, et al. (2011) Eradication of drug resis-
tant Staphylococcus aureus by liposomal oleic acids. Biomaterials 32: 214-221. doi: 10.1016/j.
biomaterials.2010.08.076 PMID: 20880576

Trauble H, Overath P (1973) The structure of Escherichia coli membranes studied by fluorescence
measurements of lipid phase transitions. Biochim Biophys Acta 307: 491-512. PMID: 4581497

Yang D, Pornpattananangkul D, Nakatsuji T, Chan M, Carson D, et al. (2009) The antimicrobial activity
of liposomal lauric acids against Propionibacterium acnes. Biomaterials 30: 6035-6040. doi: 10.1016/j.
biomaterials.2009.07.033 PMID: 19665786

Brown JC, Jiang X (2013) Activities of muscadine grape skin and polyphenolic constituents against
Helicobacter pylori. J Appl Microbiol 114:982-991. doi: 10.1111/jam.12129 PMID: 23294280

Chiu HC, Lin TL, Wang JT (2007) Identification and characterization of an organic solvent tolerance
gene in Helicobacter pylori. Helicobacter 12: 74—81. PMID: 17241305

Sheu CW, Freese E (1973) Lipopolysaccharide layer protection of gram-negative bacteria against inhi-
bition by long-chain fatty acids. J Bacteriol 115: 869—-875. PMID: 4199515

Geis G, Leying H, Suerbaum S, Opferkuch W (1990) Unusual fatty acid substitution in lipids and lipo-
polysaccharides of Helicobacter pylori. J Clin Microbiol 28: 930-932. PMID: 2351736

PLOS ONE | DOI:10.1371/journal.pone.0116519 March 20, 2015 13/13


http://www.ncbi.nlm.nih.gov/pubmed/9098027
http://www.ncbi.nlm.nih.gov/pubmed/17353291
http://www.ncbi.nlm.nih.gov/pubmed/6440475
http://www.ncbi.nlm.nih.gov/pubmed/10735988
http://dx.doi.org/10.1128/JB.00743-12
http://www.ncbi.nlm.nih.gov/pubmed/22843840
http://dx.doi.org/10.1016/j.biomaterials.2010.08.076
http://dx.doi.org/10.1016/j.biomaterials.2010.08.076
http://www.ncbi.nlm.nih.gov/pubmed/20880576
http://www.ncbi.nlm.nih.gov/pubmed/4581497
http://dx.doi.org/10.1016/j.biomaterials.2009.07.033
http://dx.doi.org/10.1016/j.biomaterials.2009.07.033
http://www.ncbi.nlm.nih.gov/pubmed/19665786
http://dx.doi.org/10.1111/jam.12129
http://www.ncbi.nlm.nih.gov/pubmed/23294280
http://www.ncbi.nlm.nih.gov/pubmed/17241305
http://www.ncbi.nlm.nih.gov/pubmed/4199515
http://www.ncbi.nlm.nih.gov/pubmed/2351736


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


