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ABSTRACT: Helicobacter pylori infection is a leading cause of gastritis and peptic ulcer. Current treatments for H. pylori are limited
by the increase in antibiotic-resistant strains and low drug delivery to the infection site, indicating the need for effective delivery
systems of antibiotics. Although liposomes are the most successful drug delivery carriers that have already been applied
commercially, their acidic stability still stands as a problem. Herein, we developed a novel nanoliposome using cosmetic raw
materials of mannosylerythritol lipid-B (MEL-B), soy bean lecithin, and cholesterol, namely, LipoSC-MELB. LipoSC-MELB
exhibited enhanced stability under the simulated gastric-acid condition, owing to its strong intermolecular hydrogen-bond
interactions caused by the incorporation of MEL-B. Moreover, amoxicillin-loaded LipoSC-MELB (LipoSC-MELB/AMX) had a
particle size of approximately 100 nm and exhibited sustained drug release under varying pH conditions (pH 3−7). Besides, LipoSC-
MELB/AMX exhibited significantly higher anti-H. pylori and anti-H. pylori biofilm activity as compared with free AMX.
Furthermore, LipoSC-MELB was able to carry AMX across the barriers of gastric mucus and H. pylori biofilms. Remarkably, in vivo
assays indicated that LipoSC-MELB/AMX was effective in treating H. pylori infection and its associated gastritis and gastric ulcers.
Overall, the findings of this study showed that LipoSC-MELB was effective for gastromucosal delivery of amoxicillin to improve its
bioavailability for the treatment of H. pylori infection.

■ INTRODUCTION
Helicobacter pylori (H. pylori) is the leading cause of gastritis
and peptic ulcer disease in humans,1 with a prevalence rate of
50% in developed countries and 70−90% in developing
countries.2 Long-term H. pylori infection has been implicated
in gastric cancers, such as gastric mucosa-associated lymphoid
tissue lymphoma and adenocarcinomas. Moreover, it has been
related to some other associated syndromes, such as idiopathic
thrombocytopenic purpura, iron deficiency anemia, ischemic
heart disease, stroke, Parkinson’s disease, and Alzheimer’s
disease.3 Thus, complete eradication of H. pylori is imperative
to eliminate the human health risks of this bacterium.
Currently, clarithromycin triple therapy or bismuth quadruple
therapy is the first-line treatment against H. pylori infections.4,5

However, these treatments are limited by their side effects and
high doses that lead to gut dysbacteriosis.3 Additionally,
antibiotics, such as amoxicillin and clarithromycin, are easily
degraded in gastric acid, and their absorption into the deeper
layers of the gastric mucosa is barricaded by the gastric mucus
layer.3 Moreover, there has been an increase in antibiotic
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resistance strains of H. pylori due to indiscriminate antibiotic
use and the presence of H. pylori biofilms.6,7

Over the years, studies have focused on overcoming the
limitations of H. pylori therapies,5 one of which is the
development of drug delivery systems, such as nanocarriers.
Nanocarriers can improve drug bioavailability by protecting
encapsulated drugs from the adverse gastric environment and
facilitating penetration of the mucosal barrier, so that to
efficiently deliver drugs to target sites.3,8 These nanocarriers
include nanostructured lipid carriers, liposomes, nanoemul-
sions, metallic nanoparticles, polymeric nanoparticles, and
microtechnological systems.8 Among them, liposomes are
promising nanoparticles for the treatment of H. pylori infection
because of their biocompatibility, highly efficient encapsulation
of both hydrophilic and hydrophobic drugs, and drug
protection in the gastric environment.8 Moreover, liposomes
have already been commercialized for medical applications.9

To date, many studies have evaluated the efficiency of
liposomes as drug delivery carriers against H. pylori.3,5,8

However, research findings have shown that most liposomes
are thermodynamically and dynamically unstable because some
of their components are vulnerable to environmental factors,
such as ions, pH, and temperature.10 Additionally, they are
unsuitable for oral administration because they are unstable
during storage and in the biological milieu.11 Facing these
challenges, efforts have been made to enhance the gastric acid
resistance and stability of liposomes. Examples may include,
but not exhaustive, the liposome-incorporated (2,3-dioleoy-
loxy-propyl)-trimethylammonium-chloride (DOTAP) and 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) that are
stable in simulated gastric juice;12 the lecithin phospholipid
bilayer-coated CaCO3-cored nanoliposome to fast consume
the excessive gastric acid;13 and liposomes prepared with
synthesized cholesteryl tetraethyleneglycol N-acetylglucos-
amine,14 poly (acrylic acid)- and poly (allylamine hydro-
chloride)-coated liposomes,11 lecithin and cholesterol coated
with pectin, and L-α-phosphatidylcholine-mannosylerythritol
lipid-A liposome,15 for resisting the acidic environment in the
gastric fluid. It appears that more easily available commodities
shall be explored for fabricating such stabilized liposomes,
paving the foundations for real translations of liposomes into
the medical use to eradicate H. pylori infection.
MELs are a group of nonionic biosurfactants produced by

fungi and yeasts, and they can be classified into four
homologues, including MEL-A, MEL-B, MEL-C, and MEL-
D, according to their degrees of acetylation.16 Recently, MELs
have received considerable research interest in the biomedical,
pharmaceutical, and cosmetic fields because of their favorable
characteristics, including biocompatibility, biodegradability,
and environmental compatibility.17 Importantly, MELs are
reportedly stable under extreme pH and ionic strength
conditions.15 This advantage has instigated several in vitro
studies to evaluate the stability and drug release profile of PC-
MEL-A liposomes in acidic environments. Moreover, incorpo-
ration of MEL-A significantly increases the negative ζ
potentials (from 50 to 75 mV to a negative value of −14.6
and −21.7 mV) and decreases the surface pH levels of the
MEL-A-modified cholesteryl-3β-carboxyamindoethylene-N-hy-
droxyethylamine (OH-Chol) liposomes by affecting the
protonation of the secondary amine in OH-Chol.18 The
findings of a previous study indicated that the molecular
interaction via hydrogen bonds between MEL-A and liposome
components may contribute to the enhanced stability against

gastric acid.15 Based on these findings, we hypothesized that
MELs can be incorporated into liposomes to form an acid-
resistant carrier for delivering antibiotics and effective
treatment of H. pylori infection in vivo.
Therefore, the aim of this study was to examine the

antibiotic delivery efficiency of MEL-B-liposome complexes for
effective treatment of H. pylori. To achieve this, we used
biosafe materials, including soybean lecithin (SL), cholesterol
(Chol), and MEL-B, to prepare a drug delivery complex
liposome (LipoSC-MELB). SL and Chol are common and
low-cost chemicals, while cholesterol can significantly stabilize
liposomes in vivo.19 Moreover, MEL-B (Ceramela, TOYOBO)
is the only commercially available mannosylerythritol lipid.
Notably, the multiple hydroxyl groups in MEL-B may enable it
to form stronger hydrogen-bond interactions within the
liposome to resist harsh external environmental conditions.
In this work, studies will be performed to justify the acid
stability of LipoSC-MELB and contribution from the assumed
hydrogen-bond interactions. Moreover, assays are carried out
to investigate whether LipoSC-MELB can efficiently load
amoxicillin, which is the most effective first-line anti-H. pylori
drug and bears the lowest resistance by H. pylori.20

Importantly, the amoxicillin-loaded LipoSC-MELB is assayed
to specify its properties of drug release against different pH
conditions, in vitro anti-H. pylori and anti-H. pylori biofilm
efficacy, toxicity, capabilities of mucus retention and diffusion,
and mucus and biofilm penetration that are able to contribute
to the improved bioavailability of amoxicillin. At last, the in
vivo therapeutic effect for H. pylori of amoxicillin-loaded
LipoSC-MELB will be conducted to validate whether this
liposome has an enhanced efficacy. These are presented in
detail in this work, hoping to offer a novel liposome with
enhanced acid stability for gastromucosal delivery of
amoxicillin to eradicate H. pylori infection.

■ MATERIALS AND METHODS
Reagents, Cells, Strains, and Cultivation. Mannosyler-

ythritol lipid-B [MEL-B, hydrophile−lipophile balance (HLB)
value ∼9] from Toyobo Co., Ltd. (Osaka, Japan), namely,
“Ceramela”, was kindly provided by Qingdao Youdo
Bioengineering Co., Ltd. (Qingdao, China). Sucrose fatty
stearic acid ester S-1170 (HLB ∼ 11) was purchased from
Mitsubishi Chemical Corp. (Tokyo, Japan), Tween 80 (HLB
∼ 15) was procured from Sigma-Aldrich LLC. (St. Louis, MO,
USA), and Alexa Fluor 594 cadaverine dye was purchased from
Thermo Fisher Scientific Inc. (Waltham, MA, USA).
Fluorescein sodium (FLNa) was purchased from Sigma-
Aldrich LLC. (St. Louis, MO, USA). Soy lecithin, cholesterol,
amoxicillin (AMX), 3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphen-
yl-2-H-tetrazolium bromide (MTT), chloroform, and 1 × PBS
buffer (pH 7.4) were purchased from Shanghai Yuanye Bio-
Technology Co., Ltd. (Shanghai, China). F12K complete
medium was purchased from Thermo Fisher Scientific Inc.
(Waltham, MA, USA). All regular reagents used were of
analytical grade. The human gastric carcinoma AGS cell line
was purchased from the American Type Culture Collection
(CRL-1739). H. pylori Sydney Strain 1 (SS1) was provided by
the Central Laboratory and Department of Gastroenterology,
Qingdao Municipal Hospital. H. pylori SS1 strain was
cultivated for 72 h on Karmali agar medium (Oxoid, UK) or
in Karmali liquid medium supplemented with defibrinated
sheep blood (5%, v/v) (Sinova-HK Biotechnology Co., Ltd.,
Qingdao, China) and H. pylori selective supplement (Dent)
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(Oxoid, UK), at the concentration instructed by the
manufacturer under microaerophilic conditions at 37.0 °C.
Bacterial concentration was determined by measuring the
optical density at 600 nm using a UV−vis spectrophotometer
(PERSEE, Beijing, China).
Preparation and Characterization of Liposomes.

Liposomes were prepared using thin-film hydration methods
with ultrasonication.21 For the SL and cholesterol liposomes,
10.0 mg of SL and 2.0 mg of cholesterol were dissolved in 2.0
mL of chloroform in a round bottom flask. Then, the
chloroform was evaporated in a water bath at 70.0 °C placed
in a fume hood for 5 min to form thin lipid films. The lipid
films were resuspended in pure water by magnetic stirring for
30 min, and the resulting lipid suspension was processed by
ultrasonication (Scientz, Ningbo, China) (40.0% kW, working:
2 s, interval: 2 s, cycle duration: 10.0 min) in an ice bath to
obtain liposomes. For the surfactant-modified liposomes, 10.0
mg of SL, 2.0 mg of cholesterol, and different amounts of
surfactants according to the weight ratio were used as the
precursors for the liposome, using the abovementioned
procedures. For amoxicillin (AMX)-loaded liposomes, 10.0
mg of thin lipid films was resuspended in 10.0 mL of solution
containing 0.1 mg/mL AMX to obtain AMX-loaded liposomes.
Liposome formation was also achieved by ultrasonication
under the conditions described above. The particle size,
polydispersity index (PDI), and ζ potential of each sample
were measured using a Zetasizer Nano-S90 instrument
(Malvern, UK). Structural groups and interactions between
the components of the liposomes were analyzed using a
Fourier transform infrared (FT-IR) spectrometer (Thermo
Fisher Scientific, USA).
The encapsulation efficiency (EE) and drug loading capacity

(DL) of amoxicillin by liposomes were determined as
previously described.2 Briefly, 1 mL of AMX-loaded liposomes
(1 mg/mL) was placed in a 10.0 kDa Millipore ultrafiltration
tube (Millipore, USA), followed by centrifugation at 10,000 g
for 10 min. The amount of free AMX in the eluent was
determined using HPLC.22 EE was calculated using the
following equation

=

×

EE (%)
total amount of AMX free amount of AMX

total amount of AMX
100%

=

×

DL (%)
total amount of AMX free amount of AMX

total amount of liposome

100%

In Vitro pH Stability and Drug Release. The in vitro pH
stability of liposomes was determined by placing them in 20
mM PBS buffer of different pH (3.0−7.0) values at 25 °C for
12 h. The particle sizes of the treated liposomes were measured
using Zetasizer Nano S90 (Malvern, UK). Evaluation of in
vitro drug release was performed using the dialysis diffusion
method for 2.0 mL of 1 mg/mL liposome suspension
(encapsulating 0.1 mg/mL AMX) in a dialysis bag (MWCO
= 3.5−5 kD) under conditions previously specified,21,23 and
the concentration of AMX was determined by HPLC.22

Particularly, phase-dependent drug release was evaluated. In
detail, a 9 h drug release test was performed for the AMX-
loaded liposomes. During the first 2 h, drug release from the
AMX-loaded liposome was examined in the simulated gastric
fluid environment (pH 3.0).24 Thereafter, the AMX-loaded

liposome was transferred into a mucin-containing (30 μg/
mL)25 PBS solution (pH 4.5) to simulate the gastric luminal
mucus layer,23,26 and drug release was recorded for another 2
h. At last, the AMX-loaded liposomes were transferred into
mucin-containing PBS solution (pH 6.6) to simulate the
gastric adherent mucus layer, and drug release was examined
for another 5 h. At specific time points, 1 mL of dialysate
aliquots was collected (the deficit was replenished with fresh
solution of equivalent volume), filtered through a 0.22 μm
polycarbonate filter membrane, and the AMX content was
measured by HPLC.22

Anti-H. pylori and Anti-H. pylori Biofilm Activity. The
anti-H. pylori SS1 and anti-H. pylori SS1 biofilm activities of
AMX-loaded liposomes were evaluated in vitro. Where needed,
the treatment to the planktonic H. pylori SS1 or H. pylori SS1
biofilm with free AMX as the positive control group, with the
empty MEL-B modified liposomes as the blank group, and
with 1 × PBS buffer (pH 7.4) as the negative control group
was carried out. The concentration of AMX was 5 μg/mL, and
the concentrations of AMX-loaded and empty liposomes were
both 1 mg/mL.
The anti-H. pylori SS1 activity was determined using freshly

cultivated planktonic H. pylori SS1 cells following a previously
described method27 with some modifications. Briefly, H. pylori
SS1 strain was cultured on Karmali agar medium in a
microaerobic environment (10% CO2, 85% N2, and 5% O2)
at 37 °C for 2−3 days; then, the fresh colonies on the agar
plate were harvested into liquid Karmali medium containing
10% (v/v) fetal bovine serum and 0.2% (w/v) Dent, and the
final cell density was adjusted to the optical density at 600 nm
(OD600nm) of 0.1. The bacterial suspension (150 μL) was then
inoculated into 96-well plates, and 50 μL of different purposed
solutions was subjected to the bacterial cells in the well. The
96-well plates were then cultured in the microaerobic
environment at 37 °C with shaking (100 rpm), and the
absorbance at 600 nm was measured after 24 h. Bacterial
viability (%) = (Is − Ib)/(Ic − Ib) × 100%, where Ic, Ib, and
Is represented the average OD of the control groups (bacteria
without any treatment), blank groups (without bacteria), and
the experimental groups (bacteria treated with different
solutions), respectively.
Additionally, the ability of AMX-loaded liposomes to

eradicate the mature biofilms of H. pylori SS1 was evaluated
by crystal violet (CV) staining.28 Briefly, the H. pylori SS1
biofilm was cultured in sterile 96-well plates as described
above.28 After cultivating for 72 h, the medium was replaced
with different purposed solutions. The plates were incubated in
the microaerobic environment at 37 °C for another 24 h.
Then, the supernatant was removed, and PBS was added to
rinse the biofilm to remove the planktonic cells. After drying at
37 °C, the biofilm was stained with 0.5% crystal violet solution
for 15 min. Finally, 200 μL of ethanol (95%) was added to
determine the biofilm biomass by measuring the absorbance of
the ethanol solution at 570 nm.
Gastric Retention, Mucus, and Biofilm Penetration

Assays. The gastric retention of AMX-loaded liposomes was
evaluated by referring to the method described previously.29

Alexa Fluor 594 cadaverine dye (FL594) was used to label the
liposomes for this assay. The FL594-labeled AMX-loaded
liposome was prepared according to the abovementioned
procedures, with the aqueous phase containing 0.01 mM
FL594 and 0.1 mg/mL AMX. The free FL594 and AMX were
removed by ultrafiltration centrifugation (MWCO = 3 kD,
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5000g, 10 min).31 In vivo imaging was performed using an in
vivo imaging apparatus (Newton 7.0, Vilber, USA). Laser
confocal microscopy was performed using an LSM 800 laser
confocal microscope (Carl Zeiss, Oberkochen, Germany).
In vitro gastric mucus penetration of AMX-loaded liposomes

was assayed using a Transwell system.30 FLNa was used as the
fluorescent probe to quantify mucus penetration of the
liposomes, and the FLNA-labeled AMX-loaded liposomes
were also prepared as described above. Gastric mucus was
scraped from fresh pig stomachs and stored at −80 °C until
use. Before the experiment, the frozen mucus was thawed in an
incubator at 37 °C.31 To perform the assay, 50 μL of gastric

mucus was added to a Transwell insert (12-well plate, Corning,
USA) with a polycarbonate film (3.0 μm pore size). Next, 100
μL of 1 mg/mL FLNa-labeled-AMX-loaded liposomes
(containing 0.1 mg/mL AMX and 0.01 mM FLNa) was
added onto the mucus surface, and the plate was incubated in a
shaker at 37 °C (100 rpm). The remaining operations strictly
followed the procedures in the previous work.30 Liposome
penetration was tracked using a laser confocal microscope
(ZEISS LSM 800, Carl Zeiss, USA) in the Z-stacking scanning
mode.31 DAPI was added to the mucus for fluorescence
contrast. The aggregation rate and apparent permeability
coefficient (Papp) were calculated as described previously.30

Figure 1. Characterization of liposomes generated in this study. (a) Formulation of liposomes with different average particle sizes, PDIs, and ζ
potentials. (b) TEM observation of LipoSC-MELB liposomes obtained using SL, cholesterol, and mannosylerythritol lipid-B at 5:1:4 (LipoSC-
MELB4). (c) Average particle size and size distribution of LipoSC-MELB4 measured by TEM. (d,e) FT-IR analysis for the liposome precursors
and the prepared liposomes. Data, where necessary, are presented as means ± SD (n = 3). Data with different superscript letters in the same
column are significantly different (p < 0.05).
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To evaluate the in vitro biofilm penetration of the MEL-B-
modified liposomes, they were labeled with Nile red. H. pylori
SS1 biofilms were cultured on sterile 24-well plates and then
stained for 1 h with DAPI (5.0 μg/mL) for fluorescence
contrast. Then, 100 μL of liposomes containing Nile red (5.0
μg/mL) was gently added to the biofilm surface. The biofilm
penetration of liposomes was recorded using a laser confocal
microscope (ZEISS LSM 800, Carl Zeiss, USA) in the Z-
stacking scanning mode.32

Toxicity Evaluation. The cytotoxicity of the liposomes in
this work was evaluated by performing MTT assay using
human gastric carcinoma AGS cells.23 The cells were cultured
in F12K complete medium at 37 °C in a 5% CO2 atmosphere.
AGS cells (1.0 × 105) were seeded into 96-well plates and
cultured for 24 h. Then, AGS cells were incubated with the
liposome suspensions in different concentrations for 24 h.
Afterward, the liposome solution was replaced with sterile
MTT solution (100 μL, 0.5 mg/mL) and incubated for 4 h.
After removing the MTT, 100 μL of DMSO was added into
each well, and OD values were measured at 570 nm. Cell
viability rate was expressed as the relative percentage compared
to the untreated group.

The acute toxicity of liposomes was assessed using healthy
C57BL/6 mice (male, 6−8 week old, 20−22 g).33 Mice were
divided into different groups (n = 6), and each group was
administered liposomes at the intended dose three times a day
via oral gavage for 1 day. The mice were observed for 7 days
after administration, and toxicity was assessed by observing
mortality, weight loss, and appearance.34

In Vivo Assay. Animal assays were approved and
supervised by the Animal Ethics Committee of the Ocean
University of China and Qingdao Municipal Hospital. All
animal assays were conducted by trained personnel, and animal
suffering was minimized. After the animal assay was completed,
the animals were anesthetized and sacrificed. The corpses were
disposed of by a specific agency at Qingdao Municipal
Hospital. An animal model with simultaneous H. pylori SS1
infection and gastric ulcers was established in C57BL/six mice
(male, 6−8 week old, 20−22 g) following previously described
procedures.35 H. pylori-infected mice were randomly divided
into three groups (n = 6) and administered AMX (14.0 mg/
kg), LipoSC-MELB/AMX (dosage weighed in amoxicillin at
14 mg/kg), or an equal volume of PBS buffer once a day for 7
days. The mice were sacrificed 48 h after the last

Figure 2. (a) Encapsulation efficiencies and amoxicillin loading in the liposomes, including LipoSC (SC), LipoSC-MELB4 (MELB4), LipoSC-
TW80 (TW80), and LipoSC-SES1170 (SE-S1170). Data with different letters are significantly different (P < 0.05). (b) Amoxicillin release profiles
from liposomes under varying pH conditions. (c) Hydrogen-bonding fraction values of the specific liposomes. (d) High-resolution FT-IR spectra
displaying the fractions of free and hydrogen-bond-forming hydroxyl groups for specific liposomes. Data, where necessary, are presented as means
± SD (n = 3).
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administration, and the gastric segment was located after
laparotomy. The gastric contents were removed and washed
with 0.9% sterile NaCl solution. The gastric tissues were
divided into two parts: one was subjected to paraformaldehyde
fixation and paraffin embedding, while the other was used for
H. pylori quantitative culture36 by spreading the minced tissues
on Karmali agar medium supplemented with defibrinated
sheep blood (5%, v/v) and Dent (0.2%, w/v).
The embedded gastric tissues were processed by performing

H & E and Giemsa staining.36,37 Immunohistochemical
analysis was performed to evaluate the levels of the
proinflammatory factors IL-1β and TNF-α in mouse serum
using ELISA kits. Fluorescence staining for Occludin-1 and
ZO-1 proteins was performed to assess the integrity of the
gastric mucosa in fresh gastric tissue.38

Statistical Analysis. Statistical analysis was performed
using GraphPad Prism 5 (GraphPad Software Inc., USA).
Experiments were conducted in triplicate (n = 3) or
sextuplicate (n = 6) when necessary, and the results are
expressed as the mean ± standard deviation. Comparative
studies of means were performed using one-way analysis of
variance, and statistical significance was set at p < 0.05.

■ RESULTS AND DISCUSSION
Formular Optimization and Characterization of

Surfactant-Modified Liposomes. SL, cholesterol (Chol),
and mannosylerythritol lipid-B (MEL-B) were used to prepare
complex liposomes (LipoSC-MELB). Additionally, sucrose
fatty stearic acid ester S-1170 and Tween-80 were used as
surfactants alternative to MEL-B to prepare liposomes
(LipoSC-SES1170 and LipoSC-TW80, respectively). First,
SL-Chol liposomes (LipoSC) were prepared as scaffolds.
The weight ratio of SL to cholesterol was optimized according
to the average particle size and PDI.
As shown in Table S1, when the weight ratio of SL to Chol

was 5:1, a minimal average particle size of 116.5 nm and a
suitable PDI of 0.22 were obtained, indicating that this ratio
was optimal for fabricating the liposome. Based on this, MEL-B
was incorporated into the liposomes, and the particle size
decreased with increasing amount of MEL-B (Figure 1a).
Overall, at an SL/Chol/MEL-B of 5:1:4, the particle size of the
resulting liposome (designated as LipoSC-MELB4) was
smaller than 100 nm (79.5 ± 0.1 nm). Similarly, TEM
observation confirmed that LipoSC-MELB4 was well-dispersed
in the solution without aggregation (Figure 1b), with an
average particle size of approximately 81.0 nm (Figure 1c).
Compared with previous studies, the particle size of the gastric-
stabilized liposome developed in the present study was
smaller.11,15,25 Previously, it was confirmed that the nano-
particle size accounted for the limitation of diffusion in the
dense gastric mucus.12 Thus, the smaller size of LipoSC-
MELB4 implies its enhanced permeability in gastric mucus.
Furthermore, although the liposomes generated by incor-

porating SE-S1170 or Tween 80 with SL-Chol (SL/Chol/
surfactant = 5:1:4) had similar particle size and PDI to those
obtained using MEL-B, their ζ potentials (−24.0 and −6.9 mV,
respectively) revealed that they possessed lower negative
charge (Figure 1a). It was claimed that a ζ potential greater
than 30 mV is sufficient to maintain electrostatically stabilized
suspensions.25 Therefore, considering the particle size and
surface charge, LipoSC-MELB4 was the most suitable
liposome.

The structural groups and interactions between the
liposomal components were analyzed using FT-IR analysis.
As shown in Figure 1d, the characteristic signals of Chol at
3421.93 cm−1 were due to unreacted −OH; the peak at
2932.23 cm−1 was due to unreacted C−H, the peak at 1465.26
cm−1 was due to C−H asymmetrical deformation vibration,
and the peak at 1056.01 cm−1 was due to free C−O−H; the
characteristic signals of SL at 1740.0 cm−1 were due to
unreacted C�O (Figure 2e).39,40 These data suggest that no
covalent bonds were formed between Chol and SL during
liposome formation. Moreover, the characteristic peak of −OH
at 3421.93 cm−1 in Chol shifted to 3390 cm−1 in LipoSC,
indicating the formation of hydrogen bonds between Chol and
SL when the liposome was formed. Furthermore, the
absorbance peak observed in Chol at 2932.23 cm−1 (Figure
1d), which was ascribed to the stretching vibrations of the CH3
and CH2 groups, decreased in LipoSC to 2925.62 cm−1

(Figure 1e). Except it, no other shift in the absorbance was
observed. In the FT-IR spectra of liposomes modified with
different surfactants (Figure 1e), the characteristic bands for
LipoSC were consistently detected. Additionally, the character-
istic bands of these surfactants were observed in the spectra of
the surfactant-modified liposomes (Figure 1d). Specifically, the
C−OH peak band at 1160.0 cm−1 in MEL-B was observed in
the LipoSC-MELB spectrum, the C−O peak at 994.68 cm−1

and the D-glucopyranose peak at 929.66 cm−1 in SE-S1170
were observed in the LipoSC-S1170 spectrum,41 and the C−
O−C peak at 1100.50 cm−1 in Tween 80 was observed in the
LipoSC-TW80 spectrum.42 Notably, peak shift that occurred
in the hydroxyl group region was commonly observed in the
spectra compared with that of LipoSC, indicating that more
hydrogen bonds were formed in the three surfactant-modified
liposomes. More than this, no new vibrations were observed,
thereby demonstrating successful physical incorporation of
these surfactants into the resulting liposomes without forming
new covalent bonds.
Gastric Stability, Drug Encapsulation, and Release of

SC-MELB Liposomes. A critical feature of liposomes for
gastric drug administration is its stability when exposed to the
acidic environment in the stomach,43 since this is important for
effective delivery and protection of encapsulated drugs, as
previously stated. To evaluate this property of LipoSC-MELB
liposomes, LipoSC-MELB4 was subjected to different pH
conditions (3.0−7.0) lasting 12 h, and the particle size and
PDI were measured. Generally, there was no significant change
in the average diameter of LipoSC-MELB4 under pH 4.0−7.0;
however, there was a 20.5% increase (from approximately 77.5
to 93.4 nm) in the particle size at pH 3.0 (Figure S1a). Similar
results were observed for LipoSC-SES1170 and LipoSC-TW80
(Figure S1b,c); however, the mean diameter of LipoSC
increased considerably from 111.2 nm to approximately
169.6 nm (Figure S1d). These data indicated that the
incorporation of surfactants reinforced the acid stability of
the resulting liposomes. Generally, protonation of susceptible
groups occurs under acidic conditions, resulting in an increase
in proton concentration and conformational transformation of
lipids, which can negatively affect the lipid bilayer structure of
liposomes.44 However, the incorporation of surfactants can
also enhance intermolecular hydrogen bonding inside the
liposomes, as revealed by FT-IR analysis (Figure 1e), thus
increasing the stability and reducing the fluidity of the
surfactant-modified liposomes in gastric acid.15
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The stability of LipoSC-MELB4 in the acidic environment
indicated that it might be able to retain drugs within the
encapsulation. To verify this, amoxicillin was encapsulated in
LipoSC-MELB4, obtaining LipoSC-MELB4/AMX (particle
size slightly increased to approximately 83.4 nm). The EE
and DL of LipoSC-MELB4/AMX were determined; LipoSC,
LipoSC-MELB4, and LipoSC-SES1170 had similar EE and DL
(approximately 65.0 and 13.0%, respectively), whereas those
for LipoSC-TW80 were slightly lower without a significant
difference (Figure 2a and Table S2). To be noted, the EE of
AMX by LipoSC-MELB4 (65.0%) was moderate, which was
higher than that of the poly (allylamine hydrochloride)-coated
liposome (47.7%),11 similar to that of the uncoated lecithin/
cholesterol liposome (66.0%),25 and lower than that of the
pectin-coated lecithin/cholesterol liposome (83.0%).25 How-
ever, the DL capacity for AMX of LipoSC-MELB4 (13.0%)
was higher than that for cetyl palmitate-based liposomes of less
than 8.0%.23

Furthermore, the release of amoxicillin from these liposomes
under varying pH conditions was profiled. As shown in Figure
2b, LipoSC-MELB4/AMX consistently displayed sustained
release of amoxicillin under different pH values simulating the
gastric lumen (pH 3.0),24 luminal mucus layer (pH 4.5),45 and
adherent mucus layer (pH 6.6).46 The final accumulative drug
release rate was approximately 84.6% after 9 h. In contrast,
although the other liposomes had higher cumulative release of
amoxicillin after 9 h, they exhibited burst drug release in the
first 1 h when exposed to simulated gastric fluid (approx-
imately 26.0−40.0%) conditions compared with LipoSC-
MELB4 (approximately 18.0%). Previous studies have
reported similar sustained drug release for mannosylerythritol
lipid-A-incorporated15 and poly (acrylic acid)-coated11 lip-
osomes in a gastric acid-simulating environment. However, this
is the first study to report sustained release of amoxicillin under
conditions of pH values representing acidic to nearly neutral
conditions.

Figure 3. (a) Antibacterial activities of empty LipoSC-MELB4 (LipoSC-MELB4/E), free amoxicillin (AMX), and amoxicillin-loaded LipoSC-
MELB4 (LipoSC-MELB4/AMX) against planktonic H. pylori. (b) Antibiofilm activities of 1 × PBS buffer as a negative control, LipoSC-MELB4/E,
AMX, and LipoSC-MELB4/AMX against mature biofilms of H. pylori. (c) In vitro toxicity of LipoSC and LipoSC-MELB4 to human AGS cells. (d)
In vivo acute toxicity of LipoSC-MELB4 in C57BL/6 mice. Data are presented as means ± SD (n = 3). Data with different letters in the same
subfigure are statistically significant (P < 0.05).
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The sustained drug release from LipoSC-MELB4/AMX in
this study suggests a stronger hydrogen-bond interaction in
LipoSC-MELB4. To validate this, high-resolution hydroxyl
spectra from 3100 to 3600 cm−1 were curve-fitted. The bands
located at approximately 3420 cm−1 were ascribed to the free
−OH groups of Chol, and those near 3300 cm−1 were ascribed
to OH in hydrogen bonds (Figure 2c).47 Further determi-
nation of the hydrogen-bonding fraction (FH−OH) according to
these high-resolution spectra (Figure 2d) showed that the
value for LipoSC-MELB (0.32) was the largest among those
tested liposomes, confirming that the strongest intermolecular
hydrogen-bond interaction48,49 occurred in LipoSC-MELB.
This could be attributed to the higher hydrophobicity of MEL-
B than Tween 80 and SE-S1170, as indicated by the smaller
HLB value of MEL-B, which might facilitate a stronger
hydrophobic interaction between MEL-B and the other
liposome components. This may be beneficial for the
formation of intramolecular hydrogen bonds between the
liposome components. Moreover, it could be inferred that the
incorporation of a nonionic surfactant such as MEL-B, which
contains multiple intramolecular short-chain acryl groups, into
liposomes would lead to the formation of strong hydrogen
bonds. This can be due to the higher polarity of this glycolipid,
which causes its asymmetric distribution in the liposome layers,

allowing the partitioning of MEL-B to strengthen the
hydrogen-bond interaction.15 Moreover, the shorter acryl
group chains of MEL-B than those of Tween 80 and SE-
S1170 indicate that MEL-B has a larger mass fraction of
hydroxyl groups, which may render it to form more hydrogen
bonds in LipoSC-MELB. However, this would require further
study for validation.
Overall, these results indicated that LipoSC-MELB4 was the

most suitable liposome in this work, as an acid-resistant carrier
for gastric delivery of amoxicillin.
Anti-H. pylori Activity In Vitro and Toxicity of SC-

MELB Liposomes. Following the verification of LipoSC-
MELB4 as the most suitable liposome, the bactericidal activity
of LipoSC-MELB4/AMX was evaluated in vitro. First, we
evaluated the antibacterial activity of LipoSC-MELB4/AMX
against planktonic H. pylori. Compared with free AMX
(minimal bactericidal concentration of 0.625 μg/mL to kill
90.0% bacteria), LipoSC-MELB4/AMX exhibited improved
antibacterial activity (Figure 3a), with a minimal bactericidal
concentration (to kill 90.0% of bacteria)27 of 0.078 μg/mL. In
addition, it was found that the antibacterial effect on
planktonic H. pylori from empty LipoSC-MELB4 only began
to show at concentrations over 0.0625 mg/mL. The
antibacterial effect of empty LipoSC-MELB4 was speculated

Figure 4. Retention, distribution, and mucus and biofilm penetration of LipoSC-MELB4. (a−c) In vivo imaging of gastric retention of Alexa Fluor
594 and amoxicillin coencapsulated LipoSC-MELB4 4 h after oral administration; excitation wavelength (λex) = 590 nm; emission wavelength
(λem) = 617 nm; and color bar: fluorescence intensity. (d−f) Fluorescence- and bright-field confocal laser microscopy images of the transverse
cryosections of mouse stomach tissues 4 h after intragastrical administration of LipoSC-MELB4/AMX-FL594; λex = 590.0 nm and λem = 617.0
nm. (g−l) Laser confocal microscopy images of fluorescent tracing of mucus penetration by fluorescein sodium and amoxicillin coencapsulated
liposome LipoSC-MELB4 30 min and 240 min after oral gavage; λex = 491.0 nm and λem = 512.0 nm. (m−o) Laser confocal microscopy images
of biofilm penetration for Neil red-encapsulated LipoSC-MELB4 at different time points; λex = 530.0 nm and λem = 635.0 nm.
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to be induced by liposome−bacterial membrane fusion as
proposed previously.50 However, this concentration was
approximately 800 times greater than that of LipoSC-
MELB4/AMX. Thus, at the same concentrations as low as
those of LipoSC-MELB4/AMX, the antibacterial contribution
from empty LipoSC-MELB4 was negligible.
Importantly, LipoSC-MELB4/AMX loading 5.0 μg/mL

amoxicillin efficiently eradicated approximately 98.5% mature
biofilms of H. pylori compared with free amoxicillin, which
eradicated only 54.7% mature biofilms at the same
concentration (Figure 3b). Moreover, the empty LipoSC-
MELB4 could also exhibit an anti-H. pylori activity, but the
clearance efficiency was too low (about 25.0%) to be effective.
These results indicated from in vitro that the bioavailability of
amoxicillin can be improved by the encapsulation into LipoSC-
MELB4, most probably because of its nanosize and biofilm-
penetrating ability.
Cytotoxicity assay showed that LipoSC had no obvious

cytotoxicity to human gastric carcinoma AGS cells. Addition-
ally, LipoSC-MELB4 did not show significant cytotoxicity at
concentrations below 100 μg/mL (Figure 3c), which was
lower than the concentration for linolenic acid liposomes.29

The cytotoxicity of LipoSC-MELB4 occurred at the concen-
tration over 100 μg/mL which may be caused by the
incorporation of the MEL-B surfactant into the liposome and
which disturbs the stability of the AGS cell membrane at a high
concentration. However, this evaluation was performed only
under in vitro conditions. Further in vivo evaluation of toxicity
showed that oral gavage administration of LipoSC-MELB4 at a
high dose (2 g/kg) did not induce significant weight loss or
negative effects in mice during a 7 day period (Figure 3d),
indicating that LipoSC-MELB4 is biologically safe when
administered orally.
Gastric Retention and Mucus and Biofilm Penetra-

tion of SC-MELB Liposomes. Besides acid stability, the
retention and distribution of amoxicillin-loaded SC-MELB
liposomes in the stomach are other important indications for
effective gastromucosal drug delivery. Therefore, we examined
the retention of LipoSC-MELB4 labeled with Alexa Fluor 594
cadaverine dye (FL594; LipoSC-MELB4/AMX-FL594). Lip-
oSC-MELB4/AMX-FL594 was intragastrically administered to
healthy mice. In vivo imaging indicated strong fluorescence in
the stomach of the mice 0.5 h after administration (Figure 4b),
and it was retained up to 4 h after administration (Figure 4c).
In contrast, no detectable fluorescence was observed in the
control group treated with PBS (Figure 4a). Ex vivo imaging
showed strong fluorescence in the mice stomach tissues at 0.5
and 4 h after treatment, whereas only very weak fluorescence
was observed in the stomach of mice in the control group
(insets in Figure 4a−c). These observations indicated that
LipoSC-MELB4/AMX could be retained in the stomach for at
least 4 h.
Next, transverse cryosections of the stomachs from the

treated and untreated mice (4 h after treatment) were
examined to determine the distribution of LipoSC-MELB4/
AMX. Generally, bright fluorescence of FL594 was localized in
the mucus layer on the luminal side of the stomach of the mice
(Figure 4d−f)29 but not in the negative control group-
administered PBS (Figure S2). These results indicated that
LipoSC-MELB4/AMX permeated into the mucus layer of the
stomach.
Moreover, in vitro assay using LipoSC-MELB4 coencapsu-

lating AMX and fluorescein sodium confirmed that LipoSC-

MELB4/AMX could penetrate freshly prepared porcine mucus
within 4 h (Figure 4g−l), with a Papp value of 11.1 × 10−7

cm/s and an aggregation rate of 27.3% (Figure S3). These
results were consistent with previous findings on PEGylated
lipid polymer nanoparticles of mixed lipid (containing
rhamnolipid)-coated chitosan with a negative surface charge.30

Additionally, the findings of the present study provide evidence
that nanoparticles with a negatively charged surface can
penetrate the mucus layer of the stomach more easily than
those with a positively charged surface, which would form
aggregates with negatively charged mucin as a result of
electrostatic interactions.30 In contrast, LipoSC/AMX with a
larger particle size of 128.4 nm and lower density of a negative
charge of −29.5 mV had a Papp value and liposome-mucus
aggregation rate of only 4.1 × 10−7 cm/s and 37% (Figure S3),
respectively. Therefore, it was concluded that the relatively
small size (∼100 nm) and high density of anionic surface
charges26,29 facilitated the mucosal penetration by LipoSC-
MELB4/AMX. Overall, these results indicated that LipoSC-
MELB4/AMX could overcome the mucus-layer barrier and
deliver the loaded amoxicillin to the site of H. pylori
infection.29

Notably, H. pylori biofilms serve as another barrier limiting
the efficacy of antibiotic treatment.6 Therefore, the activity of
LipoSC-MELB4/AMX against H. pylori biofilms was examined
using an in vitro assay. Preliminary results showed that
LipoSC-MELB4/AMX was effective against H. pylori biofilms.
Analysis using Nile red-labeled LipoSC-MELB4 and laser
confocal microscopy showed that LipoSC-MELB4 penetrated
the biofilm within 30 min (Figure 4m−o). This result
indicated that LipoSC-MELB4 could pass through the biofilm
barrier of H. pylori and deliver its encapsulated amoxicillin for
an improved treatment outcome. Moreover, LipoSC-MELB4/
AMX was more effective than free amoxicillin against H. pylori
biofilms (Figure 3b).
Several conventional inorganic and novel organic nano-

particles have been developed against bacterial biofilms.51,52

However, only limited studies have specifically evaluated their
efficacy against H. pylori biofilms, making the findings of the
present study considerably relevant. Based on the retention
and diffusion characteristics and in vitro effects of LipoSC-
MELB4/AMX, it was speculated that these liposomes could be
effective against H. pylori in vivo.
In Vivo Anti-H. pylori Efficacy of Amoxicillin-Loaded

SC-MELB Liposomes. To evaluate the in vivo therapeutic
efficacy of LipoSC-MELB4/AMX against H. pylori, mice were
infected with H. pylori. Before that, gastric ulcers were induced
in mice, as H. pylori infection is always associated with peptic
ulcer disease.35 Thereafter, the ulcer-harboring mice were
administered H. pylori SS1 strain via oral gavage, while another
group of mice were administered 1 × PBS as the negative
control. After 14 days, inoculation was aborted, mice were
sacrificed, and the stomachs of the mice were excised to
confirm H. pylori infection. Anatomical observations (Figure
S4a), urease activity determination (Figure S4b), bacterial
burden determination (4.8 ± 1.8 × 105 CFU/g), and
histopathologic and microscopy examination (Figure S4c−f)
confirmed successful H. pylori colonization in the gastric
mucus.53 The assembly of H. pylori cells observed after
performing Giemsa staining suggested the formation of the
biofilm.
Next, H. pylori-infected mice were divided into three

treatment groups: LipoSC-MELB4/AMX (dosage weighed in
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amoxicillin at 14 mg/kg),54 free amoxicillin (14 mg/kg) as the
positive control group, and 1 × PBS as the negative control
group. Healthy mice were used for a comparison. A proton
pump inhibitor was administered to the mice in the free
amoxicillin group 30 min before administration to neutralize
gastric acid and prevent drug degradation.29 After 7 day
treatment, in vivo therapeutic efficacy was evaluated. The
LipoSC-MELB4/AMX-treated group had the lowest H. pylori
burden (4.2 × 102 CFU/g) at the end of the treatment period
(Figure 5a), followed by the AMX-treated group (5.3 × 103

CFU/g) and PBS-treated group (4.6 × 105 CFU/g).
Moreover, Giemsa staining indicated considerably lower H.
pylori burden in the mucosal tissues of LipoSC-MELB4/AMX-
treated mice and healthy mice compared with free amoxicillin
and PBS-treated groups (Figure 5b). These results indicated
that LipoSC-MELB4/AMX was effective against H. pylori in
vivo.

Histological assessment using H & E staining (Figure 5c)
indicated obvious pathological changes in the gastric mucosa of
the PBS group compared with the healthy group, which
manifested as highly abnormal hyperplasia composed of
irregular glands with complex structural changes (red circle),
and a large number of inflammatory cell infiltrates (red
arrows), similar to findings reported in a previous study.38 In
contrast, gastric mucosal inflammation was slightly reduced
after the administration of free amoxicillin. However, gastric
mucosa inflammation disappeared after the LipoSC-MELB4/
AMX administration, and there was no significant histological
difference between LipoSC-MELB4/AMX-treated mice and
mice in the healthy group. Previous studies have clarified that
the increased expression of pro-inflammatory cytokines, such
as TNF-α and IL-1β, was associated with H. pylori infection.55

The findings of the present study showed decreased expression
of pro-inflammatory cytokines, including TNF-α and IL-1β, in
the LipoSC-MELB4/AMX-treated group and healthy mice

Figure 5. Evaluation of in vivo therapeutic efficacy in H. pylori-infected mouse. (a) Bacterial burden in the stomach tissues after different
treatments. (b) Upper panel: images of Giemsa-stained stomach tissues, indicating the presence of H. pylori (red arrows); scale bar: 50 μm. Lower
panel: magnified images for areas in the red dotted circles in the upper panel; scale bar: 25 μm. (c) Images of H & E staining of stomach tissues
after different treatments, indicating abnormal hyperplasia (red circle) and inflammatory cell infiltration (red arrows); scale bar in the upper panel:
100 μm; scale bar in the lower magnified panel: 50 μm.
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compared with the AMX- and PBS-treated groups (Figure S5).
These results indicated that LipoSC-MELB4/AMX was
effective in ameliorating gastritis-associated inflammations.
Next, the expression of occludin-1 and zonula occludens-1

proteins was investigated in gastric mucosa obtained from
peptic ulcers. Tight junction is an important part of the
epithelial mucosal barrier, which is composed of multiple
proteins, including transmembrane, peripheral membrane, and
cytoskeletal proteins.38 Notably, the transmembrane protein
occludin-1 is responsible for regulating the permeability of
tight junctions and maintaining cell polarity, whereas zonula
occludens-1 (ZO-1) protein plays key roles in gastric mucosal
repair.38 Therefore, in the present study, gastric epithelial cells
were stained with immunofluorescence probes to label

occludin-1 and ZO-1.38 In the healthy and LipoSC-MELB4/
AMX-treated mice, confocal fluorescence microscopy obser-
vation (Figure 6) revealed strong fluorescence on the
membrane of the mucosal epithelium and glandular epithelium
and in the proximal cytoplasmic region of the cell membranes,
indicating the positive expression of these two proteins (Figure
6a−h). In contrast, considerably downregulated expression of
occludin-1 and ZO-1 was observed in the AMX- and PBS-
groups (Figure 6i−l), with the PBS-treated group showing the
weakest expression level (Figure 6m−p). These results
indicated that LipoSC-MELB4/AMX was more effective than
free amoxicillin in gastric mucosal repair and acted via
promoting the expression of mucosa repair proteins.

Figure 6. Confocal laser microscopy images for the expression of transmembrane occludin-1 and zonula occludens-1 (ZO-1) proteins involved in
gastric mucosal repair in mice, the corresponding DAPI-stained nucleuses, and their merged images of healthy mice (a−d), LipoSC-MELB4/AMX-
treated infected mice (e−h), AMX-treated infected mice as the positive control group (i−l), and 1 × PBS-treated infected mice as the negative
control group (m−p); scale bar: 100 μm.
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Overall, our results in this work validate a favorable in vivo
treatment efficacy of H. pylori infection and its associated
symptoms using LipoSC-MELB4/AMX developed in this
work. These in vivo therapeutic effects can be attributed to the
protection of amoxicillin against the acidic environment of the
stomach, as well as the sustained drug release, mucus retention,
and mucus and biofilm penetration of LipoSC-MELB4 as
revealed by those in vitro or ex vivo evaluations mentioned
above, which all would contribute to the enhanced gastro-
mucosal delivery efficacy and improved bioavailability thereof
for amoxicillin, as illustrated in Figure 7. This curing efficiency

of the liposome here outperforms that of liposomal linolenic
acid.28 Moreover, the easy availability of materials and
fabrication of LipoSC-MELB4 highlight its prospect in
translation. Thus, the amoxicillin-delivering liposome system
developed in the present study possesses several advantages
over those reported earlier.8,11,25

■ CONCLUSIONS
In the present study, we showcased that cosmetic raw materials
of SL, cholesterol, and mannosylerythritol lipid-B (MEL-B)
could also be used to develop a novel efficient gastromucosal
delivery system for amoxicillin to treat H. pylori. Interestingly,
the incorporation of MEL-B induced stronger hydrogen-bond
formation and improved the stability of the resulting liposome
(LipoSC-MELB) against the extreme acidic environment of
the stomach. Additionally, LipoSC-MELB exhibited sustained
drug release capacity over a wide pH range, biocompatibility,
ability to penetrate the gastric mucus layer, and disrupt H.
pylori biofilm formation. These features establish LipoSC-
MELB as an effective carrier of amoxicillin for improving the
latter’s bioavailability to achieve enhanced antibacterial activity.
Furthermore, the findings of this study showed that
amoxicillin-loaded LipoSC-MELB was effective against H.
pylori both in vitro and in vivo. Moreover, administering
amoxicillin-loaded LipoSC-MELB facilitated mucosal repair by
downregulating the expression of proinflammatory cytokines
and upregulating the expression of mucosal repair proteins.
Although our findings propose a potential therapeutic agent

against H. pylori infection, the efficacy of this drug delivery
system could not be confirmed clinically in the present study,
which remains its major limitation. Therefore, clinical studies
should be performed in the future to examine the efficacy of
this drug delivery system for human application.
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