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Abstract

We report a novel pH-responsive gold nanoparticle-stabilized liposome system for gastric

antimicrobial delivery. By adsorbing small chitosan-modified gold nanoparticles (diameter ~ 10

nm) onto the outer surface of negatively charged phospholipid liposomes (diameter ~ 75 nm), we

show that at gastric pH the liposomes have excellent stability with limited fusion ability and

negligible cargo releases. However when the stabilized liposomes are present in an environment

with neutral pH, the gold stabilizers detach from the liposomes resulting in free liposomes that can

actively fuse with bacterial membranes. Using Helicobacter pylori as a model bacterium and

doxycycline as a model antibiotic, we demonstrate such pH-responsive fusion activity and drug

release profile of the nanoparticle-stabilized liposomes. Particularly, at neutral pH the gold

nanoparticles detach and thus the doxycycline-loaded liposomes rapidly fuse with bacteria and

cause superior bactericidal efficacy as compared to the free doxycycline counterpart. Our results

suggest that the reported liposome system holds a substantial potential for gastric drug delivery; it

remains inactive (stable) in the stomach lumen but actively interact with bacteria once reaches the

mucus layer of the stomach where the bacteria may reside.
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Introduction

Liposomes have been studied extensively as antimicrobial delivery vehicles mainly because

of their unique features, including highly biocompatible lipid materials, unique bilayer

structure that can fuse with bacterial membranes, high drug carrying capacity, and readily

tunable formulation properties.1–6 Despite these advantageous features, the applications of

liposomes, particularly those with sizes below 100 nm, are often limited by poor stability

due to spontaneous fusion among liposomes, causing payload loss and undesired mixing.7–9

A widely applied approach to stabilize liposomes is to coat their surface with a stealth
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material such as polyethylene glycol (PEG)10–12 and zwitterionic polymers.13, 14 The PEG

coating reduces the tendency of liposomes to aggregate and fuse with each other through

steric stabilization. It also suppresses non-specific interactions of liposomes with blood

components (opsonization) for enhanced blood residency time.15, 16 As a result, PEGylated

liposomes have found great applications in systemic drug delivery. However, PEGylated

liposomes are rarely used for antimicrobial delivery to treat bacterial infections. This is

mainly because the polymer coating not only stabilizes liposomes against fusion with each

other but also prevents them from fusing with bacterial membranes, to which the

antimicrobial payloads need to be delivered.17–19 Therefore, it would be ideal to engineer

advanced liposomal formulations that are stabilized against fusion prior to ‘seeing’ target

bacteria, while their fusion activity resumes once they arrive at the infection sites.

An emerging strategy to stabilize liposomes for effective antimicrobial delivery is to bind

tiny charged nanoparticles to liposome surfaces. The non-specific adsorption of charged

nanoparticles onto phospholipid bilayers provide steric repulsion that inhibits liposomes

from approaching each other and then fusing to form larger vesicles.20, 21 In addition, the

nanoparticle stabilizers are found to cause lipid surface reconstruction at the points where

nanoparticles adsorb. Such surface reconstruction reduces liposome surface tension and

further enhances liposome stability.22 More interestingly, stabilization by small

nanoparticles leaves a substantial fraction of the liposome surfaces untouched, making it

possible to incorporate additional functionalities to the liposomes and allowing for

controlled cargo releases. For instance, it has been shown that the uncoated liposome

surfaces are highly accessible to bacterial toxins, which can punch holes on the liposomes to

release encapsulated drugs at the infectious sites.8 Furthermore, the charge and charge

density of both the nanoparticle stabilizers and the liposomes can be precisely tailored to

enable stimulus-responsive binding and detaching of the nanoparticles, thereby allowing an

on-demand control over liposome fusion activity for smart cargo delivery.18 The objective

of this study is to develop a unique and robust nanoparticle-stabilized liposome system for

gastric antimicrobial delivery with a particular interest in antibiotic delivery to treat

Helicobacter pylori (H. pylori) infection in the stomach.

H. pylori infects about half of the people in the world and is of major public health concern.

Infection with H. pylori is the main cause of chronic gastritis, peptic ulcers, and gastric

malignancy.23–25 However, eradication of H. pylori is challenging regardless of the

treatment regimens, partially because the bacteria locate in the stomach mucus lining, which

requires drugs to tolerate the highly acidic gastric environment.26, 27 Herein, we report a

novel pH-responsive gold nanoparticle-stabilized liposome system in which small gold

nanoparticles (diameter: ~ 10 nm) bind to the surface of liposomes (diameter: ~ 75 nm) and

thus stabilize the liposomes at acidic pH values (i.e., gastric pH). These gold stabilizers will

detach from the liposomes when the environmental acidity decreases to near neutral value

(i.e. pH = 7.4). The resulting free liposomes can then actively fuse with target bacterial

membrane driven by reducing the high surface tension of the liposomes. This would be an

ideal delivery platform for drug delivery to mucus lining in the stomach for the treatment of

H. pylori infection. It has been well documented that the pH values in the mucus layer of
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stomach gradually increase from 1.2 at the gastric lumen side to near 7.4 at the mucus lining,

where the H. pylori bacteria reside.26–29

As shown in the Figure 1, the gold nanoparticles are surface modified with chitosan (pKa ≈

6), denoted as AuChi, which exhibit a strong positive charge at gastric pH but are

deprotonated at neutral pH.30 The liposomes are comprised of hydrogenated L-

aphosphatidylcholine (Egg PC) and 1,2-dioleoyl-sn-glycero-3-phosphate (sodium salt)

(DOPA), a phospholipid with strong negative charge during the pH range of 1.2 to 7.4.31, 32

We demonstrate that under gastric pH AuChi tightly bind to the liposome surfaces, thereby

effectively inhibiting drug release and liposome fusion with H. pylori bacteria. Once the pH

level is increased to neutral pH, AuChi detach from the liposomes. The resulting free

liposomes can rapidly fuse with the bacterial membranes of H. pylori, release the

encapsulated antibiotics, and kill the bacteria with a superior efficacy as compared to the

free antibiotic counterpart.

Results and Discussion

The preparation of AuChi-stabilized liposomes, denoted as AuChi-liposome, can be divided

into three steps. First, AuChi nanoparticles were synthesized by following a previously

established protocol, where gold hydrosol was first made by using sodium borohydride

reduction of AuHCl4 and then stabilized by adding chitosan in ambient condition.8, 33

Measurements of AuChi nanoparticles with dynamic light scattering (DLS) showed a

diameter of about 10 nm with a nearly uniform size distribution (Figure 2). The

electrophoretic mobility measurements with DLS showed that the surface zeta potential of

AuChi was 43.4 ± 1.0 mV, a strong positive charge implying the presence of cationic amine

groups of chitosan on the particle surfaces. In the second step, liposomes consisting of Egg

PC and DOPA (in a weight ratio of 80:20) were prepared by vesicle extrusion technique in

deionized water at pH = 6.34 The subsequent DLS measurements of liposomes showed a

diameter of 76.1 ± 1.0 nm (polydispersity index = 0.10 ± 0.02) and a surface zeta potential

of −61.1 ± 2.3 mV. The strong negative zeta potential verifies the incorporation of DOPA

into the lipid bilayers as liposomes formulated without DOPA showed a similar size but a

less negative zeta potential of −7.6 ± 0.4 mV. Lastly, the resulting cationic AuChi

nanoparticles and the anionic liposomes were mixed at a molar ratio of 300:1 under gentle

bath sonication for 10 min. The pH value of the mixture solution was then adjusted to 1.2,

simulating gastric pH. Following the preparation, DLS measurements showed that the

AuChi-liposome had a diameter of 95.2 ± 1.3 nm (polydispersity index = 0.11 ± 0.01) and a

surface zeta potential of 57.4 ± 0.7 mV. Compared to bare liposomes, the observed

approximate 20 nm diameter increase of particle size is likely due to the adsorption of

AuChi onto the liposome surfaces. The switch of zeta potential from −61.1 to 57.4 mV also

confirms the binding of positively charged AuChi nanoparticles to the liposomes.

The formation of AuChi-liposome complex at gastric pH was first verified through a

fluorescent assay based upon the distance-dependent fluorescence quenching phenomenon

of gold nanoparticles.35, 36 To this end, a fluorescence labeled lipid molecule, 1,2-

dimyristoyl-sn-glycero-3 phosphoethanolamine-N-lissamine rhodamine B sulfonyl (DMPE-

RhB, excitation/emission = 550/590 nm), was incorporated into the liposome membranes
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prior to the preparation of AuChi-liposome. The pH value of the AuChi-liposome

suspension was then set at pH = 1.2 and 7.4, simulating the gastric pH and physiological

condition, respectively, and the florescence intensity of the suspensions was monitored. As

shown in Figure 3A, the fluorescence intensity at pH = 1.2 was over 5-fold lower than that at

pH = 7.4, indicating that much more AuChi adsorbed on the liposome surfaces at acidic pH

while they detached at neutral pH. To further verify the binding of AuChi to the anionic

liposomes, the AuChi-liposome solutions at different pH values were subject to an external

centrifugal force (2000 ×g) for 10 min. As shown in Figure 3B, at pH = 1.2, no particle

precipitate was observed and the suspension remained red, the characteristic color of gold

nanoparticles. In contrast, a large amount of particle precipitates and a clear supernatant

were observed at pH = 7.4. The obtained supernatant was then measured with DLS for the

size and surface zeta potential, which were found to be similar to those of the corresponding

bare liposomes. These results suggest that AuChi strongly bound to liposomes at acidic pH,

thus inseparable from the liposomes by low centrifugal force, but they readily detached from

the liposomes and precipitated from the suspension by centrifugation at neutral pH.

To examine the pH-responsive stability of the AuChi-liposome, we next examined their

fusion ability with bacterial membranes. Fluorescence labeled AuChi-liposome (0.5 mM,

containing 0.5 mol% DMPE-RhB) were prepared and mixed with H. pylori bacteria (5×108

CFU/mL) at pH = 1.2 and 7.4, respectively. The mixture suspensions were incubated at

37°C for 30 min. Then the bacteria were thoroughly washed, collected and resuspended in

1× PBS (pH = 7.4). The fluorescence intensity of the bacterial suspensions was then

measured to quantify the fusion ability of the liposomes. Fluorescence labeled bare

liposomes (without AuChi) were tested in parallel as a control. Figure 4 shows that H. pylori

bacteria incubated with bare liposomes had comparable fluorescence intensity at pH = 1.2

and 7.4. In contrast, a much weaker fluorescence emission was obtained from the bacteria

incubated with AuChi-liposome at pH = 1.2, suggesting a significantly reduced liposome

fusion with the bacteria. However, when the pH was increased from 1.2 to 7.4, AuChi-

liposome resumed their fusion ability to an extent comparable to that of the bare liposomes.

The observed differential fusion activity of AuChi-liposome at different pH values proves

the stabilization effect conferred by the binding of AuChi nanoparticles.

We further evaluated the stability of the AuChi-liposome by examining the drug release

kinetics from the liposomes at different pH values. Small AuChi adsorbed onto the liposome

surfaces can inhibit liposome fusion, which in principle can minimize undesirable drug

leakage from liposomes. Moreover, the membrane-bound AuChi may locally modulate the

stiffness and morphology of the lipid bilayers, hindering diffusion of drug molecules across

the liposomal membranes.22 Using doxycycline as a model antibiotic drug, we loaded it

inside the AuChi-liposome with a drug concentration of 1 mM and then monitored its

release profile from the liposomes. As shown in Figure 5, at pH = 1.2, AuChi-liposome only

released approximately 10% of encapsulated doxycycline within 24 hr. In contrast, at pH =

7.4, over 90% of doxycycline was released within 24 hr. The significant decrease of drug

release rate from the liposomes at pH = 1.2, corresponding to the strong binding of AuChi to

the liposomes, confirms the stabilization of liposomes by surface adsorption of AuChi

nanoparticles.
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After having verified the pH-responsive stability of the AuChi-liposome, we finally tested

the antimicrobial activity of doxycycline-loaded AuChi-liposome against H. pylori bacteria

in vitro. While both the fusion activity and drug release property of liposomes were

effectively inhibited by the adsorption of AuChi at gastric pH, these functions would resume

upon detaching of AuChi at a physiological condition. Subsequently, the drug-loaded

liposomes would fuse with bacteria membranes to release therapeutic cargos. In the study,

doxycycline-loaded AuChi-liposome at various doxycycline concentrations (ranging from

10 to 150 μg/mL) were mixed with H. pylori bacteria (5×106 CFU/mL) at pH = 7.4. The

samples then were incubated at 37°C under microaerobic conditions for 30 min, followed by

serial dilution of each sample for bacterial colony enumeration. For comparison, the same

concentration of empty AuChi-liposome (without drug) and free doxycycline we tested in

parallel as controls and bacteria incubating in PBS (1X) served as a negative control. As

shown in Figure 6, empty AuChi-liposome at all tested concentrations did not show any

inhibitory effect against H. pylori, as their incubation with the bacteria resulted in a

comparable colony formation to the PBS (1X) control. Free doxycycline showed a dose-

dependent antimicrobial activity, but complete killing was not observed under the

experimental conditions. In contrast, doxycycline-loaded AuChi-liposome showed an

enhanced therapeutic efficacy against H. pylori at all tested concentrations. Particularly,

eradication of H. pylori bacteria was achieved at a doxycycline concentration of 100 μg/mL.

Such significant improvement on the drug’s bactericidal efficacy is likely due to the rapid

fusion between drug-loaded liposomes and bacterial membranes. Through the fusion

process, all drug molecules entrapped in the liposomes are exclusively distributed into the

bacteria, which may cause instant killing of the bacteria without inducing bacterial antibiotic

resistance.23, 37

Conclusions

In conclusion, by attaching chitosan-modified gold nanoparticles to the outer surface of

anionic liposomes, a robust liposome-based gastric drug delivery system was developed.

Such system has pH-responsive stability and fusion activity. Specifically, at gastric pH small

gold nanoparticles spontaneously bound to the liposome surface, effectively inhibiting drug

release and liposome fusion with H. pylori bacteria. Once the pH level was increased to

neutral pH (i.e., pH value at the mucus lining of stomach), gold nanoparticles detached and

resulted in free liposomes with both fusion and drug release properties restored. Using

doxycycline as a model antibiotic, the gold nanoparticle-stabilized liposome formulation

exhibited superior antibacterial efficacy against H. pylori bacteria when compared with the

same concentrations of free doxycycline. In addition to gold nanoparticles, other solid

nanoparticles, such as silica nanoparticles, have also been applied to stabilize liposomes,

offering opportunities for various applications.21, 38 Our results indicate that the use of small

charged nanoparticles to stabilize liposomes represents a promising strategy for developing

effective antibacterial regimes, especially for the treatment of stomach bacterial infections

such as H. pylori infection.
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Experimental Section

Materials

Hydrogenated L-α-phosphatidylcholine (Egg PC), 1,2-dioleoyl-sn-glycero-3-phosphate

(sodium salt) (DOPA) and 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-lissamine

rhodamine B sulfonyl (DMPE-RhB) were purchased from Avanti Polar Lipids, Inc.

(Alabaster, AL). Rhodamine B and Doxycycline were purchased from Sigma Aldrich (St

Louis, MO). Brain Heart Infusion (BHI) broth (1X) and Columbia agar were purchased from

Becton Dickinson (Sparks, MD). Hydrogen tetrachloroaurate (HAuCl4) and sodium

borohydride (NaBH4) were purchased from ACROS Organics (Geel, Belgium). Chitosan-50

was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).

AuChi Preparation and Characterization

AuChi were prepared by a sodium borohydride reduction technique as previously

described.8 Briefly, an aqueous solution of HAuCl4 (0.1 mM, 50 mL) was reduced by 5 mg

of NaBH4 to form gold nanoparticles. To functionalize nanoparticles with chitosan, the

nanoparticle suspension was incubated overnight with 0.1% w/v chitosan dissolved in 0.1 M

acetic acid. Following the reaction, the AuChi nanoparticle suspension was washed three

times by using an Amicon Ultra-4 centrifugal filter with a molecular weight cutoff of 10

kDa (Millipore, Billerica, MA). The hydrodynamic size, size distribution, and surface

charge (zeta potential) of AuChi nanoparticles were characterized by dynamic light

scattering (DLS) (Malvern Zetasizer Nano ZS, ZEN3600, Malvern Instruments,

Worcestershire, UK). Clear disposable capillary cells (DTS1061) from Malvern were used

for all samples. All measurements were conducted at a backscattering angle of 173° at room

temperature. The average of three runs was used for each measurement.

Liposome preparation

Liposomes were prepared by following a previously described extrusion method.23

Specifically, 3 mg of lipid mixture (EggPC/DOPA=80/20 wt%) were dissolved in 1 mL

chloroform and the organic solvent was evaporated by blowing nitrogen gas over the

solution for 15 min to form a dried lipid film. The lipid film was rehydrated with 2 mL of

deionized water containing either rhodamine B (RhB) or doxycycline at desired

concentrations, followed by 1 min of vortexing and 3 min of sonication in a bath sonicator

(Fisher Scientific FS30D, Pittsburgh, PA) to produce multilamellar vesicles (MLVs). Then

the obtained MLVs were sonicated for 1 minute at 20 W by a titanium probe (Branson 450

sonifier, Danbury, CT) to produce unilamellar vesicles. Following the sonication, the

solution was extruded through a 100 nm pore-sized polycarbonate membrane for 11 times to

form narrowly distributed small unilamellar vesicles (SUVs). After the extrusion, the

liposomes were purified by dialysis with a 20 kDa molecular weight cut-off to remove

unencapsulated dyes or drugs.

AuChi-liposome formulation

To prepare AuChi-liposome, the pH of both AuChi and liposome solutions was adjusted to

6.5 using HCl. Then the liposomes and AuChi at desired molar ratio were mixed together,
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followed by 12 hr of vortexing. To quantify the adsorption of AuChi nanoparticles onto

liposomes, RhB-labeled liposomes were prepared by mixing 0.5 mol% of DMPE-RhB with

lipid components prior to liposome preparation. Mixing AuChi nanoparticles with the

fluorescent liposomes resulted in the quenching of fluorescence intensity. It was found that

the quenching effect reached the maximum at an AuChi-to-liposome molar ratio of 300:1 at

pH = 1.2, indicating the saturation of AuChi nanoparticles on liposome surfaces.

Hydrodynamic size, size distribution, and surface charge of AuChi-liposome were

characterized with DLS. To test the quenching effect at different pH values, the solution was

adjusted to desired pH levels using HCl and NaOH and measured by an Orion 3-star plus

portable pH meter. The fluorescence emission spectra of RhB in the range of 550–650 nm

were measured by using a fluorescent spectrophotometer (Infinite M200, TECAN,

Switzerland) at an excitation wavelength of 470 nm.

AuChi-liposome fusion with H. pylori bacteria

A fluorescence method was used to study the fusion of AuChi-liposome with bacteria at pH

= 1.2 and 7.4, respectively. Specifically, H. pylori Sydney strain 1 (SS1) bacteria were

maintained on Columbia agar supplemented with 5% laked horse blood at 37°C under

microaerobic conditions (10% CO2, 85% N2, and 5% O2). For experiments, broth cultures

of H. pylori were prepared by sub-culturing fresh colonies from agar plates into BHI

containing 5% fetal bovine serum (FBS) overnight at 37°C under microaerobic conditions

with moderate reciprocal shaking. Then, 5×108 CFU/mL of H. pylori bacteria (determined

by OD600 measurement, OD600 = 1.0 corresponding to ~ 1×108 CFU/mL) were mixed with

0.5 mM fluorescently labeled AuChi-liposome (containing 0.5 mol% of DMPE-RhB). The

solutions were adjusted to desired pH values. After 30 min incubation, the bacteria pellet

was collected by centrifugation at 4,000 ×g for 5 min. After removing the supernatant, the

bacteria were resuspended in 1 mL PBS (1X, 10 mM Na2HPO4, 2 mM KH2PO4, 2.7 mM

KCl, and 137 mM NaCl) and the fluorescence intensity of DMPE-RhB was measured. Bare

liposomes containing the same amount of DMPE-RhB were used as controls. The

experiment was carried out in triplicate and average value was reported.

Drug release study

Doxycycline-loaded AuChi-liposome were prepared by mixing 1 mM of doxycycline with

the rehydration solution during the preparation of liposomes. The unencapsulated

doxycycline molecules were then removed by dialyzing AuChi-liposome suspension for 12

hr. Then the liposome suspension was adjusted to pH = 1.2 and 7.4, respectively The

samples were loaded into multiple dialysis cups with 400 μL in each and dialyzed against

PBS (1X) at 37°C up to 24 hr with a frequent change of buffer solution. At each time point,

three dialysis cups were collected to quantify the remaining drugs inside the liposomes.

Specifcially, the liposomes remained in the cup were disrupted by adding 1% Triton X-100

and the solution was filtered with an Amicon centrifugal filter unit with a molecular weight

cutoff of 100 kDa (Millipore, Billerica, MA) at 7000 rpm for 10 min. Following the

centrifugation, the amount of doxycycline in filtrate was quantified by measuring

absorbance at 345 nm using spectrophotometer (Infinite M200, TECAN, Switzerland). The

acquired doxycycline absorbance was compared with a linear standard curve of doxycycline

at different concentrations at the desired pH to calculate the amount of doxycycline released
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from the liposomal formulations. Doxycycline-loaded AuChi-liposome at t=0 (prior to

dialysis) was used to determine the initial drug loading yield.

Antibacterial activity of AuChi-liposome

An overnight broth culture of H. pylori was centrifuged at 4000 ×g for 5 min to obtain a

bacterial pellet. The pellet was washed and adjusted to an OD600 value of 1.0, corresponding

to approximately 1×108 CFU/mL. Then 10 μL bacterial suspension containing 1×106 CFU

bacteria was added to 190 μL of bacteria culture medium containing doxycycline-loaded

AuChi-liposome at desired concentrations. The mixture was incubated at pH = 7.4 with

gentle shaking at 37°C under microaerobic conditions. After 12 hr incubation, a series of 10-

fold dilutions of the bacterial suspension (1:10 to 1:105) was prepared, and 5 μL from each

diluted sample was inoculated onto a Columbia agar plate supplemented with 5% laked

horse blood. The plates were cultured in the incubator for 4 days before colony counting.

Free doxycycline served as a positive control, while empty AuChi-liposome (without

doxycycline) and PBS (1X) served as negative controls. All experiments were repeated three

times.
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Figure 1.
Schematic illustration of a phospholipid liposome stabilized by chitosan-modified gold

nanoparticles (AuChi-liposome) for pH-responsive gastric drug delivery. At gastric pH (pH

= 1.2), the liposome is stabilized by binding of protonated AuChi nanoparticles. At

physiological condition (pH = 7.4), AuChi nanoparticles are deprotonated and thus detach

from the liposome, resulting in bare liposome with restored fusion and drug release

properties.
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Figure 2.
The surface zeta potential and hydrodynamic size of AuChi, bare liposome (without AuChi),

and AuChi-liposome with an AuChi-to-liposome molar ratio of 300:1 measured by dynamic

light scattering (DLS).
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Figure 3.
(A) Fluorescence intensity of rhodamine B (RhB)-doped AuChi-liposome at pH = 1.2 and

7.4, respectively. 0.5 mol% of DMPE-RhB was incorporated into the liposome membranes

prior to AuChi stabilization. The binding of AuChi on the liposome would quench the

fluorescent probes within the membranes while detaching of AuChi would induce

fluorescence recovery. (B) AuChi-liposome solutions after centrifugation to precipitate free

AuChi nanoparticles. Dark red color indicates the presence of AuChi in the solution at pH =

1.2 and the sedimentation of AuChi at pH = 7.4.
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Figure 4.
Fusion ability of AuChi-liposome with H. pylori bacteria at pH = 1.2 and 7.4, respectively.

Fluorescently labeled AuChi-liposome (0.5 mM) was incubated with H. pylori bacteria

(5×108 CFU/mL) at pH = 1.2 or 7.4 for 30 min. After incubation, the bacteria pellet was

collected and then measured for fluorescence intensity. The same amount of fluorescently

labeled bare liposome was tested in parallel as a control. Data represent mean ± SD (n = 3).
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Figure 5.
Accumulative doxycycline release profile from doxycycline-loaded AuChi-liposome at pH =

1.2 and 7.4, respectively. The released doxycycline was quantified by measuring the UV

absorbance at 345 nm using a spectrophotometer and then compared to a linear standard

curve to calculate the amount of doxycycline released from the AuChi-liposome.
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Figure 6.
Antimicrobial activity of doxycycline-loaded AuChi-liposome against H. pylori bacteria at

various doxycycline concentrations. Doxycycline-loaded AuChi-liposome were incubated

with H. pylori bacteria (5×106 CFU/mL) at 37°C under microaerobic condition for 30 min,

followed by serial dilution and bacterial colony enumeration on Columbia agar plates.

Equivalent amounts of empty AuChi-liposome and free doxycycline were tested in parallel

for comparison. PBS (1X) was used as a negative control. Data represent mean ± SD (n = 3).
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