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A B S T R A C T

By functionalizing the surface of PEG-liposomes with linkers bearing quaternary ammonium compounds (QACs),
we generated novel bacteria disruptors with anti-adhesive properties and reduced cytotoxicity compared to free
QACs. Furthermore, QAC-functionalized liposomes are a promising platform for future drug encapsulation. The
QAC (11-mercaptoundecyl)-N,N,N-trimethylammonium bromide (MTAB) was attached to maleimide-functio-
nalized liposomes (DSPE-PEG) via thiol linker. The MTAB-functionalized liposomes were physicochemically
characterized and their biological activity, in terms of anti-adherence activity and biofilm prevention in
Escherichia coli were assessed. The results showed that MTAB-functionalized liposomes inhibit bacterial ad-
herence and biofilm formation while reducing MTAB toxicity.

1. Introduction

The search for new bactericidal molecules has swamped the scientific
world with a wave of research focused on the inhibition of bacterial
protein synthesis or respiration. Besides the need for more efficient
treatments of bacterial infections in light of increasing levels of bacterial
resistance, it is also necessary to keep medical devices free from bacteria.

A possible strategy to address these problems is the development of
agents to inhibit bacterial adhesion [1]. Such agents could be used to
coat medical devices and as therapeutics to prevent bacteria-host inter-
actions [2] and biofilm formation [3] in the first stage of infection.

The strategies currently employed to avoid bacterial adhesion in-
volve passive or active coatings. Passive coatings inhibit adhesion via
physical methods and usually exploit anti-fouling polymers with
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hydrophilic chains. Active coatings refer to surface functionalization
with antibacterial agents, such as cationic polymers, antimicrobial
peptides, silver ions, or antibiotics [4–8].

Quaternary ammonium compounds (QACs) are largely employed as
antibacterial ingredients in ophthalmic preparations, mouthwashes and
food manufacturing. Cetylpyridinium chloride is one of the most com-
monly used surfactants with antimicrobial activity. However its cyto-
toxicity has restricted human application [9].

Inhibition of bacterial adherence on surfaces has been successfully
achieved using polymeric coatings with alkylated polyethylenimines
and chitosan derivatives [10], often using a cationic charge and long
hydrophobic [7]. This strategy could also be used to inhibirt biofilm
formation and tackle bacterial resistance.

Recently soyaethyl morpholinium ethosulfate (SME) nanoparticles
were used to eradicate S. aureus and MRSA, causing oxidative stress.
However, these SME micelles (10 µg/mL) induced 50% cytotoxicity [9].

In this study, we propose that the functionalization of nanoparticles
with QACs generates anti-adherence formulations compatible with
human epithelia. Liposomes are the most broadly employed nano-
particles for biomedical applications. The FDA has approved new for-
mulations against lung infection, for instance, as part of the Limited
Population Pathway for Antibacterial and Antifungal Drugs [12] and this
category of nanoparticles have been modified with various biomolecules
for drug delivery to multiple tissues/organs [13–15]. Additionally, li-
posomes are generally biocompatible with negligible immunogenicity,
good biodegradability and the possibility to encapsulate different drugs
depending on its composition, lamellarity and surface composition [16].

Our understanding is that surface functionalization of liposomes with
QACs will transfer the properties of the quaternary ammonium surfactant
to a less cytotoxic formulation also preventing bacterial adherence.

In order to functionalize liposomes with QACs, we used the estab-
lished protocol exploiting maleimide activated liposomes (DSPE-PEG).
As a QAS we selected (11-mercaptoundecyl)-N,N,N-trimethylammo-
nium bromide (MTAB) the thiolated linker of which reacts with the
maleimide at the surface of funcionalized liposomes. MTAB has been
already used to functionalize gold nanoparticles [17], and its derivate
cetrimonium bromide (CTAB) adsorbed on gold nanorods is known for
its antibacterial properties.[18] Choi et al.[19] used MTAB to create
surfaces with gold particles that can tune the antibacterial activity via
electrical stimulations.

2. Materials and methods

2.1. Preparation of liposomes

Liposomes were prepared by lipid film hydration and extrusion pro-
cedure and were composed of sphingomyelin (Avanti Polar Lipids Inc.
Alabaster, AL, USA) and cholesterol (Sigma-Aldrich (Milano, Italy) (1:1
mol:mol), containing 2.5 mol% of 1,2-stearoyl-sn-glycero-3-phosphoetha-
nolamine-N-[maleimide (-poly(ethyleneglycol)-2000)] (mal-PEG-PE;
Avanti Polar Lipids Inc. Alabaster, AL, USA) for further surface functiona-
lization. Briefly, lipids were mixed in chloroform/methanol (2:1, vol:vol)
and dried under a gentle stream of nitrogen followed by a vacuum pump
for 30 min to remove traces of organic solvent. The resulting lipid film was
rehydrated in phosphate buffered saline pH 7.5 (PBS), vortexed, and then
extruded (LipexBiomembranes, Canada) 10 times at 65 °C through a
polycarbonate filter (Millipore Corp., Bedford, MA; 100-nm pore size dia-
meter) under 2x106 Pa nitrogen pressure [20]. Phospholipid recovery
(97%) after extrusion was determined by a phosphorous Stewart assay
[21]. This formulation will be defined as control liposomes “LipoBlank”.

2.2. Preparation of liposomes functionalized with a cationic amino group
(LipoMTAB)

(11-Mercaptoundecyl)-N,N,N-trimethylammonium bromide (MTAB)
was added to the liposomes in PBS to give a final cationic amino-to-

malPEGPE molar ratio of 2:1 and incubated overnight at room tem-
perature to form a thioether bond with mal-PEG-PE. Functionalized li-
posomes were separated from unbound cationic amino linker by dialysis
against Milli-Q water, using a dialysis membrane MWCO = 12–14 KDa
(Medicell International Ltd, London, UK) for 2 days at 4 °C. This for-
mulation will be defined as “LipoMTAB”.

2.3. Physico-chemical characterization of LipoMTAB by dynamic light
scattering

The hydrodynamic diameter and polydispersity index (PDI) of lipo-
somes in PBS were obtained using a ZetaPlus particle sizer (Brookhaven
Instruments Corporation, Holtsville, NY, U.S.A.) at 25 °C. Size and PDI were
obtained from the intensity autocorrelation function of the light scattered
using a 652 nm laser beam, at a fixed angle of 90°. The correlation function
was analyzed through a two cumulant expansion. Size and PDI measure-
ments were performed in PBS for at least 1 month (4 °C storage). ζ-potential
analysis (Brookhaven Instruments Corporation, Holtsville, NY, U.S.A.) were
performed under an electrical field of 29.7 V/cm. Standard deviations were
calculated from at least three independent measurements.

2.4. Nuclear Magnetic Resonance (NMR)

All the NMR 1H experiments were carried out on a Bruker Avance I
600 spectrometer, (Bruker Italia srl, 1H base frequency = 600 MHz)
equipped with a superconducting Ultrashield Plus magnet of 14.1 Tesla,
using a 5-mm BBI reverse broadband probe. LipoBlank (5 mg) and
LipoMTAB (5 mg) were suspended in 700 µL of D2O and introduced in
5 mm NMR high-performance tubes for NMR analysis. 1H spectra were
acquired for approx. 1 h at 30 °C, not spinning, with and without the
presaturation of the residual H2O signal (zgpr Bruker sequence), using
following parameters: spectral width (sw) = 7200 Hz, acquisition time
(at) = 2.28 s, number of data points in t2 (TD) = 32 k, relaxation delay
(d1) = 5 s and number of scans (ns) = 400.

2.5. Scanning Electron Microscopy (SEM) for liposome morphology

The morphological appearance of all nanoparticles was visualized
using a variety of different microscopical methods, including conven-
tional Scanning Electron Microscopy (SEM, EVO HD15, Zeiss,
Germany). For SEM visualization, the copper grid with applied lipo-
somes was then placed onto a carbon disc and gold-sputtered.

2.6. Assessment of LipoMTAB ability to inhibit E. coli adherence

2.6.1. Bacterial cultivation
Escherichia coli DH5α was used due to its pathogenicity and ability

to form biofilms [22]. After overnight incubation (500 mL, 18 h, 37 °C,
180 RPM) of a single colony in Luria-Bertani (LB) broth (Sigma-Aldrich,
Germany), the optical density at 600 nm (OD600) was measured
(Spectrophotometer; MultiskanGo 1510, Germany).

2.6.2. Monitoring of bacterial growth by minimal inhibitory concentration
(MIC) assay

Serial dilutions of liposome suspension and free MTAB solution in
LB broth were incubated for 20 h with E. coli DH5α (107 CFU) in 96
well plates (37 °C without shaking). Bacterial growth was monitored via
measurement of OD600. Percentage of inhibition was calculated com-
paring wells without drugs and with LB broth only.

2.6.3. Bactericidal activity as measured by colony forming units (CFU)
assay

Supernatant was collected on a plastic tube and used for the MIC
assay. Samples were serially diluted in PBS/Tween 80 (0.05%) and
20 µL drops were placed on LB agar plates (3 drops per dilution) and
incubated for 24 h at 30 °C to determine the CFU.
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2.6.4. Antiadherence activity: Zone of inhibition (ZOI) agar-based assay
LB agar plates were prepared by spreading 500 µL of E. coli DH5α

(OD600 = 0.2; diluted in LB) and dried under the sterile flow bench for
30 min. Ten microliters of different liposome dilutions (LipoBlank or
LipoMTAB: 0.1–67.5 µg/mL attached-MTAB) or 10 µL of free MTAB
solutions at different concentrations (31–1000 µg/mL) were dropped on
the inoculated agar surface and dried as described above. Plates were
then incubated for 16 h at 37 °C. The anti-adherence activity was ex-
pressed as the mean of the diameter of inhibition halos (mm) produced
by each formulation.

2.6.5. E. coli DH5α biofilm on glass coverslips for SEM and membrane
assay

Using 24-well plates, 250 µL of liposome suspension, free MTAB, or
controls (PBS and LB broth) were placed on top of sterilized glass
12 mm coverslips and 15 µL of E. coli DH5α suspension (107 CFU in LB
broth) was added to each well. Plates were incubated at 37 °C for 48 h.
Wells were PBS-washed (500 µL) and supernatant with non-adherent
bacteria was collected (with care not to touch the coverslips), while
adherent bacteria on coverslips were fixed with 500 µL 3% paraf-
ormaldehyde (PFA; Electron Microscopy, PA, USA) for 1 h.

2.6.6. Membrane disruption assay by propidium iodide uptake
From the biofilm assay and its supernatant, we incubated 1 µL of

1.5 mM propidium iodide in PBS (Sigma, Germany) as an indicator of
membrane disruption for 2 h and centrifuged at 14000 rpm for 10 min.
After centrifugation, bacterial pellets were resuspended in PBS. This
bacterial suspension (100 µL per well) was placed on black glass bottom
96-well plates (Greiner BioOne, Germany), fluorescence of propidium
iodide per sample was measured using a Fluorimeter (Excitation
400 nm/Emission 460 nm; TECAN Infinite M200Pro, Austria).

2.6.7. Morphology and area coverage of E. coli DH5α biofilm over
treatment by SEM

From the biofilm assay, PFA-fixed coverslips were dehydrated by an
ethanol row with 300 µL of 30, 40, 50, 60, 70, 80, 90, 96 and 100%
ethanol for 10 min each. Hexamethyldisilazane (HDMS; Sigma,
Germany) 100% was added to wells for 20 min. Coverslips were left to
dry overnight under a fume hood. Coverslips were then placed on top of
a carbon disc and gold-sputtered. The visualization of samples was
performed via SEM.

2.7. Evaluation of biocompatibility of liposomes via 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium (MTT) and lactate dehydrogenase (LDH)
assays on A549 cells

An adenocarcinomic human alveolar basal epithelial cells (A549
cells; No. ACC 107, DSMZ GmbH, Braunschweig, Germany) grown in
complete cell culture medium (RPMI 1640; PAA laboratories GmbH,
Pasching, Austria) with 10% FCS were used as a cellular model. Cells
were split with trypsin–EDTA and seeded (20,000 cells per well in
200 µL of RPMI medium) on 96-well plates (Greiner, Germany) and
incubated with liposomes (0.01–3.6 µmol of total lipids in PBS) or free
MTAB (4–1000 µg/mL in PBS) for 20 h at 37 °C. The amount of LDH
released from the cells was measured in the supernatant by Cytotoxicity
LDH kit (Roche, Germany), following the manufacturer’s instruction.
The cell viability was assessed by MTT assay as described [23]. Un-
treated cells as negative control and cells treated with 1% Triton-X100
as positive control were respectively used.

2.8. Statistical analysis

Statistical analysis was performed with the software Graph Pad
Prism 6 for Windows (Version 6.01, GraphPad Software Inc.) with 3
independent experiments and at least 3 technical replicates. Data are
expressed as mean ± standard deviations.

3. Results and discussion

3.1. Production and characterization of LipoMTAB

One of the main obstacles in the use of QAC as anti-biofilm agents in
vivo is cytotoxicity. To overcome this issue, we used liposomes to ob-
tain a biocompatible anti-adherence formulation of QAC. (11-mercap-
toundecyl)-N,N,N-trimethylammonium bromide (MTAB) was chosen as
a QAS due to its molecular structure. The reaction and final product are
shown in Fig. 1. Although it has commonly been assumed that the
hydrophobic chain plays a pivotal role in the surfactant antimicrobial
properties, it is known that the head group of QAS is vital for anti-
microbial activity [24]. In this context, the MTAB cationic group
strongly enhances the interaction with the negatively charged bacterial
membrane. Moreover, the counterion is also involved in exerting anti-
microbial activity. It was proven that the bromide counterion is more
effective when compared to the others[25].

LipoBlank and LipoMTAB were prepared as described above. Both
liposomal formulations were characterized by DLS and ζ-potential de-
vices. Lipo and lipoMTAB measured 147.8 ± 1.6 nm and
160.8 ± 3.5 nm in diameter, respectively, and were monodisperse
(polydispersion index, PDI < 1) (Fig. 2A). The liposome size increased
after functionalization with MTAB. The ζ-potential of liposomes in-
creased from −31.8 ± 5.8 (LipoBlank) to −20.6 ± 2.6 (LipoMTAB)
suggesting successful functionalization. Both liposomal preparations
maintained a constant size, PDI and ζ-potential values for at least
1 month in PBS at 4oC (Fig. 2A). Scanning electron micrographs
(Fig. 2B) showed that both nanoparticle formulations appeared as uni-
form spherical vesicles. This characteristic is pronouncedmostly for
LipoMTAB that has an additional step of purification via dialysis.

From the NMR spectra of Lipo-Blank and Lipo-MTAB in Fig. 3A, it is
possible to discriminate signals of (CH3)-N+- (d) at 3.1 ppm,the signals
of CH2-N- between 3.1 and 3.3 ppm (c) andat 2.7 ppm the signal of CH2-
S- (a) and between 1.00 and 2.00 ppm the signals of aliphatic chain of
the linker (b). Also, in the magnification of the spectra (Fig. 3B) in the
range between 5.80 and 6.00, a single peak attributable to the mal-
eimide signal is present only in the LipoBlank (*) and disappears in the
Lipo-MTAB sample. Notably, on Spectra 3.b, a small peak at 5.96 (°) can
be related to the residual unreacted hydrolyzed maleimide.

3.2. LipoMTAB as a formulation against the adherence of E. coli DH5α

It was proposed that a “phospholipid sponge effect” explains the
results of specific adhesion from bacterial anionic phospholipids onto
hydrophobic surfaces produced by quaternary ammonium groups [26].
On the development of microbe-killing polymers with QAS, it is shown
that it can be achieved via non-releasing surfaces. More importantly, it

LipoMTAB

LipoBlank

Fig. 1. Liposome production via thiol-maleimide reaction: LipoMTAB com-
posed of sphingomyelin-cholesterol-DSPE-maleimide with (1) (11-mercap-
toundecyl)-N,N,N-trimethylammonium bromide.
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is now being acknowledged that the use of surface-attached QAS de-
velops a mechanism that can enlist negatively charged phospholipids
from the bacterial cell wall and seize those within the matrix, in our
case, of liposomes.[27]

Our hypothesis is that liposomes with surface-bound MTAB, a QAS, can
exploit the phospholipid sponge effect. Therefore, to assess specific ad-
herence of bacterial colonization, we spread planktonic E. coli on agar
surfaces in a variation of the Kirby-Bauer disk diffusion susceptibility test
[28], using drops of treatment solution/suspension instead of the known
antibiotic disks. Although this assay does induce bacterial killing, it allows
mimicry of a subtrate for bacteria that is dependent on surface interactions.

Thus, the surface covered by bacteria was challenged with free MTAB
at different concentrations and liposomes with or without MTAB surface
functionalization. As MTAB is known to inhibit adherence, we used this
assay as the main screening point, to achieve an anti-adherence formula-
tion regarding the dose-dependency of the attached MTAB liposome.

In Fig. 4A, a representative image relative to the formation of halos,
or zones-of-inhibition, obtained after a 16 h of incubation is reported.
The results indicate that the LipoMTAB (1.8 and 3.6 µmol of lipids,
corresponding to 33.8 and 67.5 µg/mL of attached MTAB), as the free
MTAB (25–200 µg/mL), present well-defined boundaries on halos
(Fig. 4A, LipoBlank). From the comparison of the results reported in
Fig. 4 (B and C), we can observe that LipoMTAB displayed an average
zone-of-inhibition of 1 cm in diameter (Fig. 4B) at a concentration that
corresponds to 33.8 µg/mL of attached MTAB, while free MTAB gave
halos with the same dimensions only when used at a concentration of
200 µg/mL (Fig. 4C). These data suggest that the efficacy of MTAB is

enhanced when the molecule is exposed on the nanoparticle surface
rather than free in solution.

3.3. Liposomal formulation did not inhibit bacterial growth or survival via
leaching out of free MTAB into the culture

To assess whether MTAB is released, either from the breakdown of the
liposomes or from a non-sufficient purification of the formulation after the
MTAB functionalization, we used incubation of formulations and free MTAB
on E. coli. This bacterium is our model as it is a non-pathogenic strain that is
heavily researched in the field of microbiology and molecular biology.

Alteration of bacterial growth was induced by free MTAB in the range
of 31–1000 µg/mL (Fig. 5A). However, on the same experiment neither of
the formulations (LipoBlank or LipoMTAB, with 0.1–67.5 µg/mL attached-
MTAB) significantly inhibit bacterial growth (MIC data not shown).

Bactericidal activity is measured via the colony-forming unit assay.
In this assay, we focused on the supernatant fraction of the samples, in
which we determined whether bactericidal effects would derive from
leachates, instead of a surface-based inhibition, where the liposomes
would be deposited. Fig. 5B shows E. coli survival. and compared to PBS
control, only Colistin had bactericidal effects by 50% and free MTAB
provided no growth of colonies during the experiment (data are not
shown). LipoBlank and LipoMTAB do not present bactericidal effect
derived from leachates; and, as seen in Fig. 5A, there is also no in-
hibition of bacterial proliferation. Together with the data from the drop
diffusion on agar, we expect the activity role of the formulations will
focus on bacterial adherence and no bactericidal effect.

LipoBlank

LipoMTAB

A) B)
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Fig. 2. Physico-chemical and morphological characterization of liposomes. A) Stability of liposomes as indicated by hydrodynamic size, polydispersity index and zeta
potential measurements over time assessed by DLS equipped with zeta-pals analyzer. Liposomes were stored in PBS at 4 °C (n = 3); B) Scanning electron micrographs
of LipoBlank and LipoMTAB (n = 3 micrographs per sample of 3 experiments; mean ± SD).
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Liposome fluidity and phospholipid composition influences how
these particles interact with bacteria, e.g. 91% phosphatidylethanola-
mine on the outer membrane of E. coli [29]. Our formulations were
analyzed following 24 h incubation with E. coli. This timepoint, to-
gether with bacteria proliferation and consequent lower pH, is expected

to promote liposome fusion for delivery to the surface of the bacterial
membrane/biofilm, or in this case the glass coverslips. From imaging of
the washed surface of the sample by SEM, we conclude that the re-
maining small number of bacteria could not explain the effects of free
versus attached-MTAB via the CFU assay.

Fig. 3. Surface characterization of liposomes via NMR. A) Spectra with H2O pre-saturation; B) Magnification of spectra between 5.80 and 6.00 ppm – differences
between Lipo-Blank with maleimide group(*) and Lipo-MTAB with partially unreacted hydrolyzed maleimide group(°).
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3.4. Liposomal formulation rescue cytotoxicity of MTAB on lung epithelial
cells

The advantages of bacteria inhibition of free MTAB is hampered by
its cytotoxicity. Covalent coupling of MTAB on liposomal surfaces also
aims to avoid its cytotoxic effect. To validate the effect of MTAB
functionalized liposomes compared to free MTAB, LDH and MTT assays
on A549 cells were performed. When MTAB is attached on liposomes
surface, there is a 25% reduction in LDH release and cell viability
measured 100% (Fig. 6). The advantage of using covalent linked Lipo-
MTAB is the formation of stable thioether linkage along with functio-
nalization on the phospholipid layer. By coupling MTAB to the surface
of liposomal carriers, we could reduce this compound toxicity while
improving biological activity against bacteria.[30]

3.5. LipoMTAB reduces bacteria coverage and destabilizes bacterial
membrane, resembling Colistin

Our liposomal particle brings attached MTAB to a biocompatible
formulation, focusing on the production of a surface to inhibit bac-
terial adherence. Fig. 7A demonstrates area coverage of bacteria
growth and on a qualitative assessment, we observe lower coverage
on samples treated with Colistin and LipoMTAB; while LipoBlank
shows increased coverage when compared to the control without
treatment.

A second evaluation was provided by selected images of in-
dividual bacteria exposed to different treatments. SEM allows ob-
servation of morphological alterations in bacteria at high resolution.
Zoomed details of Fig. 7A provides the main example of modifica-
tions as membrane blebbing caused by exposure to high doses of

 3.6                1.8                0.9          (μmol)

   200               50               25              10       (µg/ml)  

LipoMTAB

LipoBlank

Free 
MTAB

No 
drug

A)

)C)B

Fig. 4. Liposome activity as bacterial anti-adherence formulation. A) Halo formation during the growth of E. coli DH5α on agar plates: Free and liposome-attached
MTAB are the only samples where there is halo formation, showing attached MTAB has maintained its biological activity. Diameters of halos during the drop
diffusion assay of LipoMTAB (B) and free MTAB (C): the amount of MTAB and the halo formation is compared on free MTAB (50 µg/mL) and on LipoMTAB (67.5 µg/
mL of MTAB attached to liposome surface) (n = 3; mean ± SD).
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Colistin (0.1 mg/mL; 4 times higher than the MIC [31]). Micrographs
from the surface where E. coli was treated with LipoMTAB show in-
dentations producing a rough surface on bacteria (pointed by the
black arrow on Fig. 7A).

From these images, we assessed membrane stability on the re-
maining E. coli, but not direct bacterial death, since CFU was not able to
define culturable differences. Fig. 7B show results on the use of propi-
dium iodide as an indicator of membrane impairment [11,32]. Via
membrane damage, propidium iodide enters the cells and its fluores-
cence can be detected. LipoBlank samples do not show fluorescence
and, in comparison to the control, this indicates no membrane damage.
Using 0.1 mg/mL Colistin as pore-forming drug on bacterial membrane,
we found that the treatment with LipoMTAB provides membrane im-
pairment of 74% when compared to Colistin.

4. Conclusion

The use of quaternarium ammonium surfactants challenged the
ability of bacteria to survive and now to adhere on live substrates as the
human mucosa. On its potential already in use to formulate anti-
bacterial surfaces, these molecules can be also useful as mobile parti-
cles. We functionalized liposomes with a QAS in order to achieve an
antiadherence effect and potentially allowing drug encapsulation.

Liposomes were used due to their fluidity to provide easy en-
capsulation of drugs, and also fusion to the bacterial membrane.
LipoMTAB is easily produced via a thiol-maleimide reaction using a
commercial QAS, (11-mercaptoundecyl)-N,N,N-trimethylammonium
bromide. This formulation was characterized and shown to be homo-
genous and stable in PBS. Using E. coli DH5α, LipoMTAB showed si-
milar results on formation of zone of inhibitions to its free counterpart,
with the advantage of decreasing cytotoxicity of MTAB when covalently
attached to liposomes.

A limiting factor is the loss of antibactericidal activity of MTAB it-
self, however, despite no detectable effect on bacteria growth or sur-
vival, our SEM analysis showed qualitatively that area coverage is re-
duced on bacteria treated with LipoMTAB, when E. coli is grown for
4 days. The remaining bacteria on LipoMTAB samples exhibit mem-
brane damage as an initial insight into the mechanism of action of this
formulation. This is an initial study with facile production of a new
formulation that influences bacterial adherence and could potentially
be used for (i) combination therapy against bacterial infection and
biofilm formation and (ii) understanding of how QAS can mediate in-
hibition of bacteria adherence.

Fig. 5. Influence of MTAB on E coli growth and survival. (A) Minimal inhibitory
concentration (MIC) reflects the increased turbidity of bacterial culture over
24 h; only MTAB from 31 to 1000 µg/mL is able to inhibit (not LipoBlank or
LipoMTAB, at different concentrations, had inhibitory activity). (B) Colony-
forming units (CFU) assay results from bacterial proliferation on agar com-
paring liposomes to PBS control versus Colistin (positive control). Liposomes
did not inhibit bactericidal activity (n = 3; mean ± SD).

Fig. 6. Viability of A549 lung epithelial cells following incubation with liposomal formulations and free MTAB, derived from a range of liposomes (0.01–3.6 µmol of
total lipids in PBS) or free MTAB (4–1000 µg/mL in PBS). The detection of lactate dehydrogenase (LDH) occurs during membrane burst with the release of
cytoplasmatic content as a cytotoxic activity, while Tetrazolium MTT is converted to formazan detection only in live cells as a sign of cell metabolic activity. MTAB is
cytotoxic when administered in its free form, but not when attached to liposomes (n = 3; mean ± SD).
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