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Helicobacter pylori infection is marked by a vast prevalence and
strong association with various gastric diseases, including gastritis,
peptic ulcers, and gastric cancer. Because of the rapid emergence
of H. pylori strains resistant to existing antibiotics, current treat-
ment regimens show a rapid decline of their eradication rates.
Clearly, novel antibacterial strategies against H. pylori are urgently
needed. Here, we investigated the in vivo therapeutic potential of
liposomal linolenic acid (LipoLLA) for the treatment of H. pylori
infection. The LipoLLA formulation with a size of ~100 nm was
prone to fusion with bacterial membrane, thereby directly releas-
ing a high dose of linolenic acids into the bacterial membrane.
LipoLLA penetrated the mucus layer of mouse stomach, and a sig-
nificant portion of the administered LipoLLA was retained in the
stomach lining up to 24 h after the oral administration. In vivo
tests further confirmed that LipoLLA was able to kill H. pylori
and reduce bacterial load in the mouse stomach. LipoLLA treat-
ment was also shown to reduce the levels of proinflammatory
cytokines including interleukin 1, interleukin 6, and tumor necro-
sis factor alpha, which were otherwise elevated because of the
H. pylori infection. Finally, a toxicity test demonstrated excellent
biocompatibility of LipoLLA to normal mouse stomach. Collectively,
results from this study indicate that LipoLLA is a promising,
effective, and safe therapeutic agent for the treatment of H.
pylori infection.

nanomedicine | nanotherapeutics | drug delivery | free fatty acid |
bacterial infection

s one of the most common bacterial pathogens in the world,
Helicobacter pylori infects more than half of the world’s
population (1, 2). H. pylori infection is responsible for most cases
of inflammatory gastritis, peptic ulcer disease, and gastric cancer
in the human population (3). Worldwide, the standard treat-
ment of H. pylori infection involves two antibiotics (clari-
thromycin plus amoxicillin or metronidazole) and a proton pump
inhibitor, termed triple therapy, which remains the first line of
treatment in the clinic (4). However, H. pylori eradication rates
with triple therapy have significantly decreased, varying from 60
to 75%, as a result of an increase in the emergence of H. pylori
strains resistant to these antibiotics (5). Specifically, resistance
prevalence of H. pylori to metronidazole, which is a key com-
ponent of the triple-therapy regimen, has increased to ~40% in
developed countries, with an even higher prevalence of ~90% in
developing countries (6). Although a variety of modified anti-
biotic regimens aimed to overcome drug resistance are under
investigation, they have only shown mixed results (7). Fur-
thermore, poor patient compliance, adverse effects, and the high
cost associated with multiple antibiotics frequently lead to
therapy failure (8). Clearly, new anti-H. pylori treatments with
both superior therapeutic efficacy and negligible adverse effects
are urgently needed.
Various free fatty acids (FFAs), including lauric acid, myr-
istoleic acid, linoleic acid, and linolenic acid (LLA) with anti-
bacterial activity against a broad range of bacteria, including
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H. pylori, have recently generated research interest (9, 10). In-
triguingly, compared with conventional antibiotics, FFAs induce
drug resistance in H. pylori at a much lower frequency (11). In
addition, these lipid-like molecules are omnipresent, and as
such, they are considered safe. Although promising, inhibition
of H. pylori with FFAs continues to be challenging. Specifically,
the majority of medium-chain FFAs effective against H. pylori
are poorly soluble. Their solubility is further decreased after oral
administration because of carboxyl protonation under gastric
pH, making these molecules ineffective. In addition, FFAs being
subject to oxidation, esterification, and lipid—protein complexa-
tion further reduces their bactericidal activity in vivo (9).
Packing FFAs into a nanoparticle formulation has emerged as
an attractive and effective approach to overcoming the afore-
mentioned challenges. In particular, the amphiphilic properties
of FFAs allow for direct incorporation into the lipid bilayer
membrane of phospholipid liposomes with a high loading yield
(12). The vast success of liposomes as an approved delivery ve-
hicle bestows excellent opportunities on FFAs for translational
testing and clinical use. Among various liposomal FFA for-
mulations, liposomal LLA (LipoLLA) has shown remarkable
bactericidal activity against H. pylori (13). When tested with
H. pylori Sydney strain 1 (SS1), a laboratory strain of the bac-
teria, LipoLLA showed an antibacterial efficacy comparable with
free LLA predissolved in organic solvent in inhibiting both spiral
and coccoid forms of the bacteria. In comparison with amoxi-
cillin, which killed the spiral form but not the coccoid form of the
bacteria, LipoLLA was able to kill both forms. In further tests on
multiple clinically isolated and metronidazole-resistant strains of
H. pylori, LipoLLA eradicated all strains of the bacteria, regardless
of their resistance status to metronidazole. More important, the
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bacteria did not develop drug resistance under the experimental
conditions when cultured with LipoLLA at various subbactericidal
concentrations, but they acquired resistance to both metronida-
zole and LLA when cultured with drugs at comparable concen-
trations. These preliminary in vitro results suggest that LipoLLA
holds great potential to become an effective antimicrobial agent to
treat H. pylori infection.

To fulfill the therapeutic potential of LipoLLA, we systemat-
ically evaluated LipoLLA to treat H. pylori infection in vivo. By
using fluorescence-labeled LipoLLA, we examined its distribu-
tion in luminal stomach lining and time-dependent retention
inside the mouse stomach after oral administration. By using
a mouse model of H. pylori infection, we evaluated the thera-
peutic efficacy of LipoLLA against H. pylori in comparison with
the standard triple therapy and LLA. To assess host response
to LipoLLA treatment, we also examined the levels of proin-
flammatory cytokines, including interleukin 1p (IL-1f), IL-6, and
tumor necrosis factor alpha (TNFa), during the treatment. In
addition, the toxicity profile of LipoLLA in the mouse was
evaluated through histological analysis of the gastric tissue and
changes in body weight. The findings from this study provide
a more clinically related assessment of LipoLLA as an effective
and safe anti-H. pylori agent.

Results

LipoLLA Formulation and in Vitro Characterization. Because of its
amphiphilic nature, LLA can be readily loaded into liposomes
and can subsequently fuse with bacteria for antibacterial activity
(Fig. 14). In the study, LLA, L-a-phosphatidylcholine (EggPC), and
cholesterol were first mixed at a weight ratio of 3:6:1 and then
extruded to formulate LipoLLA (14). The resulting LipoLLA
had a hydrodynamic diameter of 105.7 + 0.3 nm, which is com-
parable to that of the bare liposomes made of EggPC and cho-
lesterol only, at a weight ratio of 9:1 (Fig. 1B). The polydispersity
indices of the bare liposomes and LipoLLA were 0.17 = 0.01
and 0.18 = 0.01 respectively, indicating the relatively narrow
distribution of liposome sizes. Meanwhile, the surface zeta po-
tential of the bare liposomes was —8.7 + 0.1 mV in deionized
water, whereas the zeta potential of LipoLLA was —54.9 + 1.0 mV.
Such a sharp decrease of the surface zeta potential indicates the
incorporation of LLA into the lipid bilayers, where the carboxylic
acid group is deprotonated to COO™ at a near physiologic pH
of 7.4.

The LipoLLA formulation was further examined for its fusion
capability with H. pylori bacteria, a mechanism that could disrupt
the integrity of the bacterial membrane for bactericidal activity
(13). Here, LipoLLA was labeled with lipophilic 1,2-dimyristoyl-
snglycero-3-phosphoethanolamine-N-(lissamine rhodamine B sul-
fonyl) (ammonium salt) (DMPE-RhB) fluorophore (excitation/
emission = 557/571 nm). Untreated bacteria, used as a control,
only showed nucleoids stained with DAPI (blue) (Fig. 1C).
However, when the bacteria were incubated with LipoLLA
containing DMPE-RhB, a strong RhB fluorescence signal sur-
rounding the bacterial nucleoids was observed, suggesting the
fusion activity had occurred (Fig. 1C). In addition, the fluores-
cence signal was exclusively and evenly distributed around the
bacterial nucleoids, and the image clearly reflected the charac-
teristic spiral shape of H. pylori bacteria. Therefore, the micro-
scopic observation, consistent with our previous studies (15),
confirms the fusion of LipoLLA with H. pylori.

The bactericidal activity of LipoLLA against H. pylori was also
evaluated in vitro. Bacteria incubated in broths containing
varying concentrations of LipoLLA resulted in a nonlinear cor-
relation between bacterial viability and LipoLLA concentrations,
which is consistent with a LipoLLA-H. pylori fusion mechanism
(Fig. 1D) (13). For this study, we defined minimal bactericidal
concentration as the minimum concentration of the bactericidal
agent required to kill 3"logs (99.9%) of the bacteria during
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Fig. 1. LipoLLA formulation and in vitro characterization. (A) Schematic il-
lustration of LipoLLA fusing with a bacterial membrane for antibacterial
activity. (B) Hydrodynamic size (diameter, nm) and surface zeta potential
(mV) of EggPC liposome (without LLA) and LipoLLA measured by dynamic
light scattering. (C) Fluorescence images confirm the fusion interaction be-
tween LipoLLA and H. pylori. LipoLLA was labeled with fluorescent dye RhB
(red), and the bacteria were stained with DAPI (blue). Control bacteria were
incubated with PBS. (Scale bars, 5 pm.) (D) In vitro bactericidal activity of
LipoLLA and LLA at different concentrations against H. pylori. (E) Cellular
viability of human gastric carcinoma AGS cells when treated with LipoLLA
and LLA at different drug concentrations. In D and £, all concentrations refer
to LLA concentration, regardless of the formulations. Error bars represent
the SD derived from three independent experiments.

a 30-min incubation. Accordingly, the minimal bactericidal
concentration values for LipoLLA and LLA were determined to
be 65 and 80 pg/mL, respectively. Despite its strong bactericid-
al activity, LipoLLA showed little toxicity to human gastric car-
cinoma AGS cells, as exposure to LipoLLA at concentrations
between 30 and 900 pg/mL showed negligible lactate de-
hydrogenase release (Fig. 1E). In contrast, exposure to the free
LLA resulted in a concentration-dependent increase of lactate
dehydrogenase release. Notably, 5% DMSO is nontoxic to cells;
therefore, the observed cytotoxicity is likely a result of the free
form of LLA. In fact, free fatty acids including LLA in their free
forms have long been known to cause a range of toxic effects (16—
18). Compared with free form FFAs, liposomal formulation
confines FFA molecules within the lipid bilayers, and thus limits
their interference with intracellular activities, thereby lowering
their toxic effects.

Retention and Distribution of LipoLLA in Mouse Stomach. H. pylori
mainly resides within the adherent mucus layer close to the ep-
ithelial surface (19). Therefore, for effective antibacterial treat-
ment, LipoLLA permeation across the mucus layer and its
retention on the stomach wall are critical (Fig. 24). To study the
retention and distribution of LipoLLA in mouse stomach, we
administered the mice orally with the fluorescence-labeled
LipoLLA. At 4 and 24 h after LipoLLA administration, the whole
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Fig. 2. Retention and distribution of LipoLLA in mouse stomach. (A) Ana-
tomic illustration of stomach lining infected by H. pylori. (B-D) Fluorescence
images of LipoLLA from the luminal lining of freshly excised mouse stomach
at 0 (untreated), 4, and 24 h after oral gavage of LipoLLA, respectively. (E)
Quantification of LipoLLA retained in the mouse stomach 4 and 24 h after
oral gavage. (F-H) Bright-field, fluorescence, and overlay images of a trans-
verse cryosection of a mouse stomach collected 4 h after the oral gavage of
LipoLLA. All images are representative of n = 3 mice, and the retention is
quantified as the mass of LipoLLA per stomach + SD (n =5). (Scale bars, 5 mm
in B-D and 1 mm in F-H.)

mouse stomach was excised and opened. Then the luminal lining
was rinsed with PBS and flattened for fluorescence imaging. As
a control group, gastric tissue obtained from untreated mice
showed no detectable fluorescence emission (Fig. 2B). In con-
trast, strong fluorescence was observed in the gastric tissue col-
lected at 4 h after the oral gavage, which was a longer time
compared with the reported gastric emptying times of mice (Fig.
2C) (20). Hence, the apparent presence of the liposomes ob-
served here indicates effective liposome retention in the stomach
lining. The image obtained at 24 h after oral gavage also showed
evidence of fluorescence signal throughout the entire stomach,
even though the fluorescence intensity decreased slightly (Fig.
2D). Further quantification of the gastric retention of LipoLLA
revealed that ~69 pg LipoLLA was retained in the stomach 4 h
after treatment; this amount decreased to ~34 pg at 24 h after
treatment (Fig. 2E).

We further studied LipoLLA tissue distribution by examining
transverse cryosections of mouse stomach collected 4 h after the
oral gavage. The bright-field image shows the mucus as a thin
layer on the luminal side of the stomach (Fig. 2F). The fluores-
cence image obtained from the same sample shows a continuous

17602 | www.phas.org/cgi/doi/10.1073/pnas. 1418230111

thin layer of LipoLLA on the luminal side of the cryosection
(Fig. 2G). Overlay of the fluorescence image with the bright-field
image reveals a precise colocalization of the two, confirming the
diffusion of LipoLLA toward the gastric epithelium and its re-
tention in the mucus layer (Fig. 2H).

Anti-H. pylori Efficacy in Vivo. Next, we sought to evaluate the in
vivo therapeutic efficacy of LipoLLA against H. pylori. To establish
the H. pylori infection model, we infected each C57BL/6 mouse
with 3 x 108 CFU H. pylori SS1 in brain-heart infusion (BHI)
broth by oral gavage three times at 2-d intervals (Fig. 34) (21, 22).
At 2 wk after inoculation, infected mice were divided into five
groups (n = 8) and treated with PBS, bare liposome, triple therapy,
LLA, or LipoLLA. Proton pump inhibitor was given to all mice 30
min before the administration of all formulations to neutralize
acid in the stomach and prevent potential drug degradation.

In the study, therapeutic efficacy was evaluated by enumer-
ating and comparing H. pylori counts in mouse stomach. After
the treatment, quantification of the bacterial burden in the
mouse stomach showed 1.6 x 10® and 1.0 x 10°* CFU/g of
stomach tissue for the two negative control groups treated with
PBS and bare liposomes, respectively (Fig. 3B). Mice treated
with triple-therapy antibiotics as a positive control showed a
bacterial burden of 7.2 x 10° CFU/g, which is a significant re-
duction compared with negative controls. For the mice treated
with LLA predissolved in DMSO, a bacterial burden of 7.5 x 10°
CFU/g was quantified. The insignificant decrease of bacterial
count in LLA-treated mice compared with the two negative
control groups suggests the ineffectiveness of LLA in vivo against
H. pylori infection. Such ineffectiveness is likely a result of the
poor solubility of LLA and its inability to fuse with bacterial
membrane, both of which hinder effective bacterial killing. In
contrast, when the mice were treated with LipoLLLA, the bacterial
burden was assessed to be 5.5 x 10* CFU/g, a significant
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Fig. 3. Anti-H. pylori efficacy in vivo. (A) The study protocol including
H. pylori inoculation and infection development in C57BL/6 mice, followed
by the treatments. (B) Quantification of bacterial burden in the stomach of
H. pylori-infected mice treated with PBS, bare liposome, triple therapy, LLA,
and LipoLLA, respectively (n = 8 per group). Bars represent median values.
*P < 0.05, **P < 0.001.
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reduction compared with all other treatment groups. In particu-
lar, LipoLLA reduced H. pylori burden in mice compared with in
the negative controls by ~2.5 orders of magnitude, whereas triple-
therapy antibiotics only reduced it by ~1.4 orders of magnitude.
The superior efficacy observed with LipoLLA demonstrates its
significant potential as an effective anti-H. pylori agent.

Proinflammatory Response to LipoLLA Treatment. The in vivo acute
toxicity of LipoLLA was evaluated by examining changes in the
local immune response, using real-time PCR. We focused on
expression of cytokines including IL-1p, IL-6, and TNFa, which
are known to be up-regulated during infection with H. pylori (23,
24). A section of the gastric tissue obtained from each mouse was
used to analyze the effect of LipoLLA on host immune response
by real-time PCR. As shown in Fig. 4, H. pylori infection resulted
in up-regulation of IL-1p, IL-6, and TNFa, as reported in pre-
vious studies (23, 24). However, when infected mice were treated
with LipoLLA, mRNA expression of these proinflammatory
cytokines was significantly reduced (P < 0.001), indicating that
no acute toxicity was found in response to LipoLLA treatment.
In fact, these results indicate that LipoLLA had a dampening
effect on the assessed proinflammatory cytokines in response to
H. pylori infection.

LipoLLA Toxicity Evaluation in Vivo. Last, we evaluated the toxicity
of LipoLLA, using uninfected mice. In the study, mice were
orally administered PBS buffer or LipoLLA once daily for 5
consecutive days. Mice administered LipoLLA maintained the
same body weight compared with mice administered PBS (Fig.
5A). In the 5-d period, all the mice showed no obvious weight
change. On day 6, all the mice were killed. The longitudinal
sections of gastric tissues obtained from the mice were collected
and stained with hematoxylin and eosin. The gastric tissues
treated with LipoLLA maintained an undisturbed structure with
a clear layer of epithelial cells, which was similar to the gastric
samples treated with PBS (Fig. 5 B and C). The LipoLLA toxicity
was further evaluated using gastric tissue sections by a termi-
nal deoxynucleotidyl transferase-mediated deoxyuridine tri-
phosphate nick-end labeling (TUNEL) assay to examine the
level of gastric epithelial apoptosis as an indicator of gastric
mucosal homeostasis (25). Compared with the PBS control,
there was no apparent increase in gastric epithelial apoptosis, as
indicated by TUNEL staining, in LipoLLA-treated mice (Fig. 5
D and E). The absence of any detectable gastric histopathologic
changes or toxicity within a 5-d treatment suggests orally ad-
ministered LipoLLA is safe.

Discussion

In the present study, we evaluated the anti-H. pylori efficacy of
LipoLLA on a mouse model. Our results demonstrated a
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Fig. 4. Proinflammatory cytokine production. Expression levels of proin-
flammatory cytokines, IL-1p, IL-6, and TNFa in H. pylori-infected C57BL/6 mice
after treatment with PBS or LipoLLA. Data are expressed as fold change
relative to the corresponding proinflammatory cytokine levels in uninfected
mice. Error bars represent the SD derived from 8 mice per group. ***P <
0.0001.
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Fig. 5. LipoLLA in vivo toxicity. Uninfected mice were orally administered
PBS buffer or LipoLLA once daily for 5 consecutive days. (A) Mice adminis-
tered LipoLLA maintained the same body weight, similar to mice adminis-
tered PBS. All mice showed no obvious weight changes. (B-E) On day 6, mice
were killed and sections of the mouse stomach processed and stained with
hematoxylin and eosin (B and C) or TUNEL (D and E). LipoLLA treatment (C
and E) showed the same level of safety as PBS (B and D). (Scale bars, 100 pm.)

significantly improved antimicrobial efficacy of LipoLLA in
reducing H. pylori bacterial load in mouse stomach compared
with other treatment regimens, including triple therapy, the
current worldwide standard treatment of H. pylori. Un-
saturated fatty acids have been shown to inhibit H. pylori in
vitro (11, 26, 27). However, in vivo Killing of H. pylori by FFAs
has been a challenge until now, as demonstrated by the lack of
H. pylori killing when mice were treated with free LLA in the
present study.

To address the increasing challenges in treating H. pylori in-
fection, nanotechnology has offered a range of innovative ap-
proaches. In particular, a plethora of nanoparticle platforms
have been developed that are primarily focused on altering the
pharmacokinetics of antibiotics for enhanced potency (28, 29).
Some platforms concurrently encapsulate multiple antibiotics
(30), some offer mucoadhesion for prolonged drug retention
(31), some are conjugated with bacterium-binding ligand for
targeted delivery (32), and some respond to the pH gradient
between gastric lumen and the adherent mucosal layer for on-
site drug delivery (33). Although promising, these strategies all
rely on the conventional antibiotic payloads for bioactivity. In-
evitably, they also inherit a high susceptibility for drug resistance.

Compared with conventional antibiotics, the superior anti-
H. pylori activity conferred by LipoLLA can be explained by the
unique capability of LipoLLA to fuse rapidly with bacterial
membrane, and subsequently disrupt membrane integrity,
a highly destructive mechanism for bacterial killing with low
susceptibility for resistance development (13). This mechanism is
supported by the sharp decrease in viable bacteria at the minimal
bactericidal concentration values and a killing time no longer
than 30 min, which is relatively short compared with the 2.5 h
needed for H. pylori to complete a replication cycle (9). The
fusion mechanism is further supported by the microscopic ob-
servation, in which LipoLLA exclusively distributed throughout
the bacterial membrane (Fig. 1C). Compared with free LLA,
LipoLLA carries LLA within the lipid bilayers. When the lipo-
some is fusing with bacterial membrane, LLA molecules will be
directly delivered to the bacterial membrane with limited in-
terference with bacterial intracellular pathways. Such formula-
tion minimizes chemical alterations on biological pathways
but promotes physical-structural disruption of cell membrane,
a mechanism previously reported to reduce the induction of
bacterial drug resistance (13). For in vivo applications, this
working mechanism is further ensured by a liposome formula-
tion, in which the lipid bilayers protect LLA molecules from the
damaging environment of the stomach and prevent potential
oxidation and enzymatic degradation (12, 13).

In this study, LipoLLA also shows promise in targeting the
gastric mucosal layer for prolonged retention and effective anti-
H. pylori activity. We showed that LipoLLA accumulated within
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the mucus layer, and a significant portion was retained for up to
24 h. The distinct host environment of H. pylori is marked by
limited drug permeation and retention. However, plenty of
nanoparticles, both natural and manmade ones, have shown a
remarkable capability to transport across the mucus mesh for
possible entry to the underlying epithelia and prolonged residence
time in the mucus layer (34, 35). A comparison of LipoLLA to
various mucus-penetrating nanoparticles suggests that a relatively
small size of LipoLLA (~100 nm in diameter, with a narrow dis-
tribution), together with a dense anionic surface charge that min-
imizes hydrophobic entrapment to mucus, is attributable to the
effective LipoLLA retention in mouse stomach (36).

In addition to the better efficacy of LipoLLA compared with
the commonly used standard of triple therapy, our data also
show that LipoLLA is safe. Treatment with LipoLLA had no
effect on mouse body weight, gastric histopathology, or gastric
mucosal integrity. Further, treatment of mice with LipoLLA did
not elicit the host immune response. Interestingly, mice treated
with LipoLLA had significantly reduced H. pylori-induced
proinflammatory cytokines compared with H. pylori-infected but
untreated mice. Unsaturated fatty acids are reported to play
a role in gastric mucosal protection through various pathways,
including increased synthesis in prostaglandins (37, 38). The
hallmark of H. pylori infection is its persistence through the
entire lifetime of the host with the presence of significant in-
flammatory responses, including phagocyte recruitment. It is also
known that the immune response to H. pylori contributes to the
disease pathogenesis (39, 40). As such, dampening of the proin-
flammatory response, as observed here, is expected to reduce the
inflammatory reaction responsible for perpetuating tissue injury.

In summary, we evaluated the in vivo therapeutic potential of
LipoLLA for the treatment of H. pylori infection. The LipoLLA
formulation with a size of ~100 nm and a surface zeta potential
of —54 mV was prone to fusion with bacterial membranes,
thereby directly releasing a high dose of LLA into the mem-
branes. LipoLLA penetrated the mucus layer of mouse stomach,
and a significant portion was retained in the stomach lining
24 h after the oral administration. In vivo tests confirmed that
LipoLLA was able to kill H. pylori and reduce bacterial load in
the mouse stomach. The LipoLLA treatment also reduced the
levels of proinflammatory cytokines including IL-1p, IL-6, and
TNFa, which were otherwise elevated in response to H. pylori in-
fection. Last, a toxicity test demonstrated excellent biocompatibility
of LipoLLA to normal mouse stomach. Overall, the results indicate
that LipoLLA holds great promise as an effective and safe
therapeutic agent for the treatment of H. pylori infection.

Materials and Methods

Preparation and Characterization of LipoLLA. LipoLLA was prepared by using
a standard vesicle extrusion method (14). Briefly, a mixture of EggPC, cho-
lesterol (Avanti Polar Lipids), and LLA (Ultra Scientific) with a weight ratio of
6:1:3 (16 mg total weight) was dissolved in 4 mL chloroform. Then the
chloroform was evaporated to form a thin lipid layer, which was rehydrated
by adding 2 mL PBS. The mixture was vortexed for 1 min, followed by
sonication for 3 min in a bath sonicator (Fisher Scientific FS30D). Then a
Branson 450 sonifier with a Ti-probe was used to sonicate the solution at
20 W for 1 min. The resulting lipid vesicles were then extruded through
a 100-nm pore-sized polycarbonate membrane 11 times with a miniextruder
(Avanti Polar Lipids). Then the suspension was passed through a Sephadex
G75 column (Fisher Scientific) to remove the unloaded LLA and was sterilized
by filtering through a 0.22-um filter unit (Millipore). To quantify LLA loading
efficiency, LipoLLA or LLA was dried on a rotavapor (Buchi, Model R-124)
and then dissolved in methanol and derivatized with phenacylester, fol-
lowing an established protocol (41, 42). The final solutions containing LLA
phenacylester derivatives were assayed by reversed-phase high-performance
liquid chromatography with a Cyg column (Perkin-Elmer). The hydrodynamic
size and surface zeta potential of the liposomes were measured by dynamic
light scattering, using a Malvern Zetasizer ZS (Malvern Instruments). All
characterization measurements were repeated three times at 25 °C.
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H. pylori Culture and LipoLLA in Vitro Activity. H. pylori SS1 was used in this
study. The bacteria were maintained on Columbia agar supplemented with
5% (vol/vol) laked horse blood at 37 °C under microaerobic conditions (10%
CO,, 85% N,, and 5% 0O), as previously described (24). Antimicrobial activity
of LipoLLA against H. pylori was performed following a reported protocol
(13). Briefly, bacteria were inoculated into BHI broth containing 5% (vol/vol)
FBS and cultured overnight. Then the bacteria were harvested by centrifu-
gation at 5,000 x g for 10 min, resuspended in fresh BHI broth, and adjusted
to an optical density at 600 nm of 1.0, corresponding to ~1 x 108 CFU/mL A
bacterial suspension containing 1 x 10° CFU bacteria was mixed with LipoLLA
at various predetermined concentrations in a 96-well plate and incubated at
37 °C under microaerobic conditions for 30 min, and a series of 10-fold
dilutions of the bacterial suspension was inoculated onto Columbia agar
plates supplemented with 5% (vol/vol) laked horse blood. The agar plates
were then cultured in the incubator for 4 d before enumerating the colonies.

LipoLLA Fusion with H. pylori. The fusion between LipoLLA and H. pylori was
examined with fluorescence microscopy. In the study, DMPE-RhB (0.5 mol%)
was mixed with EggPC, LLA, and cholesterol before the preparation of
LipoLLA and was subsequently incorporated into the bilayer membrane of
LipoLLA (1 mg/mL). Then 1 mL LipoLLA suspension was mixed with 5 x 108
CFU H. pylori. After 10 min incubation, the bacteria were collected by cen-
trifugation at 5,000 x g for 5 min, followed by fixation with 2% (vol/vol)
glutaraldehyde in PBS at room temperature for 15 min. The bacteria were
then washed and resuspended in 1 mL deionized water. For imaging, 5 pL
bacterial suspension was mixed with 5 uL DAPI-containing mounting media
and placed on a lysine-coated slide. The sample was then imaged, using
a 100x oil immersion objective on an Applied Precision DeltaVision decon-
volution scanning fluorescence microscope.

LipoLLA in Vitro Cytotoxicity Study. The human gastric carcinoma AGS cell line
(ATCC CRL 1739) was cultured in RPMI medium 1640 supplemented with 10%
(volivol) heat-inactivated FBS at 37 °C in a humidified 5% CO, atmosphere.
For the study, 1 x 10* cells per well were grown in 12-well culture plates.
After an overnight culture, cells were incubated with LLA or LipoLLA at
predetermined concentrations for 24 h. Cell death was assessed by mea-
suring the release of lactate dehydrogenase (Promega) into the culture
medium. Untreated cells served as a negative control, and the cells treated
with 1% Triton X-100 served as a positive control.

Gastric Retention of LipoLLA. C57BL/6 male mice at 8 wk of age were randomly
assigned to three groups (n = 8) to receive RhB-labeled LipoLLA (4 mg/mL) for
4 or 24 h. One group of mice was left untreated as a control. Each mouse in
the other two groups was administered 0.3 mL LipoLLA intragastrically
through oral gavage. Mice were killed at the indicated times, and the stom-
achs were removed from the abdominal cavity. The stomachs were cut open
along the greater curvature, the gastric content was removed, and the gastric
fluid containing excess liposomes was washed away. Gastric samples of three
mice from each group were frozen in optimal cutting temperature compound
for confocal imaging. Gastric samples of the remaining five mice from each
group were homogenized and the homogenates centrifuged at 5,000 x g for
10 min to remove tissue or cell debris. Supernatants were collected and
measured for fluorescence intensity of liposome-bound DMPE-RhB.

Anti-H. pylori Efficacy in Vivo. Each C57BL/6 male mouse received 0.3 mL of 1 x
10° CFU/mL H. pylori in BHI broth administered intragastrically through oral
gavage every 48 h, repeated three times (on days 3, 5 and 7, respectively),
and the infection was allowed to develop for 3 wk. The mice were randomly
assigned to five treatment groups (n = 8) to receive LipoLLA, LLA, triple
therapy, bare liposomes, or PBS. Mice were first administered omeprazole (a
proton pump inhibitor) through oral gavage at a dose of 400 pmol/kg, fol-
lowed by a lag time of 30 min before administration of the assigned
treatments. LipoLLA, LLA in 5% (vol/vol) DMSO (both at 24 mg LLA/kg), and
triple-therapy formulation (amoxicillin 28.5 mg/kg and clarithromycin 14.3
mg/kg) were administered through oral gavage once daily for a consecutive
5 d. Bare liposomes without LLA and PBS served as two negative control
groups. Forty-eight hours after the last administration, mice were killed and
the stomach was removed from the abdominal cavity. The stomach was cut
along the greater curvature, and the gastric content was removed and
rinsed with PBS. The stomachs were cut into three longitudinal sections, and
each section was weighed. The sections were used for assessment of bac-
terial colonization, gene expression, and histology/epithelial apoptosis. For
bacterial colonization, a gastric tissue section was suspended in 1 mL PBS and
homogenized for H. pylori recovery. The homogenate was serially diluted
and spotted onto Columbia agar plate containing Skirrow’s supplement
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(10 pg/mL vancomycin, 5 pg/mL trimethoprim lactate, 2,500 IU/L polymyxin
B; Oxiod). The plates were then incubated at 37 °C under microaerobic
conditions for 5 d, and bacterial colonies were enumerated and adjusted
for dilutions.

Quantification of Inflammatory Cytokines. A section of the gastric tissue stored
at —80 °C in RNA-stabilizing solution was homogenized in 1 mL TRizol
reagent (Invitrogen), followed by DNase treatment (Ambion) for further
purification of RNA samples. RNA concentration was measures using a
NanoDrop spectrophotometer (NanoDrop Technologies), and the integrity
was checked by electrophoresis on a 1% agarose gel. Two micrograms RNA
was reverse-transcribed into ¢cDNA, using the high-capacity cDNA reverse
transcription kit (Applied Biosystems). After the transcription, gene expres-
sion was determined by real-time PCR, using SYBR Green dye (Eurogentec),
as described in our previous studies (43, 44). Expression of IL-16, IL-6, TNFa,
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was performed
using the following primers: murine(m) IL-1p-F, 5-AAAAGCCTCGTGCTGTC-
GGACG;, mlIL-1p-R, 5'-TTGAGGCCCAAGGCCACAGGT; miL-6-F, 5-AGACAAA-
GCCAGAGTCCTTCAGAGA; IL-6-R, 5'-GCCACTCCTTCTGTGACTCCAGC;, mTNFo-F,
5-TTCCAGAACTCCAGGCGGTGC mTNFa-R, 5'-TGAGTGTGAGGGTCTGGGCCAT;
GAPDH-F, 5'-TCAACAGCAACTCCCACTCTTCCA; and GAPDH-R, 5-ACCCTGTTGC-
TGTAGCCGTATTCA. Real-time PCR conditions consisted of an initial cycle at 95 °C
for 5 min, followed by 40 cycles of amplification with denaturation at 95 °C for
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155, annealing at 60 °C for 20 s, and extension at 72 °C for 40 s. A melting curve
was generated for each sample at the end of the reaction to ensure specificity.
Gene expression levels were normalized to GAPDH, and the data were analyzed
using comparative cycle threshold calculations (AACy; Applied Biosystems). Data
were expressed as fold change relative to the corresponding proinflammatory
cytokine levels in uninfected mice. Each real-time PCR experiment was run
three times.

In Vivo Toxicity Study. To evaluate LipoLLA toxicity in vivo, C57BL/6 male mice (n =
8) at 6-8 wk of age were orally administered 0.3 mL of 8 mg/mL LipoLLA once
daily for 5 consecutive days. Mice administered with PBS were tested in parallel as
a negative control. Mouse body weight was monitored during the experiment
period by weighing the mice daily. Twenty-four hours after the last oral ad-
ministration, the mice were killed and the stomachs were removed for histo-
logical analysis. The longitudinal sections of gastric tissue were fixed in neutral-
buffered 10% (vol/vol) formalin and then embedded in paraffin. The tissue sections
were stained with hematoxylin and eosin. Epithelial cell apoptosis was evaluated
by TUNEL assay (Boehringer Mannheim). Sections were visualized by Hamamatsu
NanoZoomer 2.0HT and the images processed using NDP viewing software.
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