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ABSTRACT: The dynamic nature of bacterial lipid membranes
significantly impacts the efficacy of antimicrobial therapies.
However, traditional assay methods often fall short in replicating
the complexity of these membranes, necessitating innovative
approaches. Herein, we successfully fabricated model bacterially
supported lipid bilayers (SLBs) that closely mimic the character-
istics of Gram-positive bacteria using the solvent-assisted lipid
bilayer (SALB) technique. By employing a quartz crystal micro-
balance with dissipation and fluorescence microscopy, we
investigated the interactions between these bacterial mimetic
membranes and long-chain unsaturated fatty acids. Specifically,
linolenic acid (LNA) and linoleic acid (LLA) demonstrated
interaction behaviors correlated with the critical micelle concen-
tration (CMC) on Gram-positive membranes, resulting in membrane remodeling and removal at concentrations above their
respective CMC values. In contrast, oleic acid (OA), while showing similar membrane remodeling patterns to LNA and LLA,
exhibited membrane insertion and CMC-independent activity on the Gram-positive membranes. Particularly, LNA and LLA
demonstrated bactericidal effects and promoted membrane permeability and ATP leakage in the bacterial membranes. OA,
characterized by a CMC-independent activity profile, exhibited potent bactericidal effects due to its robust penetration into the
SLBs, also enhancing membrane permeability and ATP leakage. These findings shed light on the intricate molecular mechanisms
governing the interactions between long-chain unsaturated fatty acids and bacterial membranes. Importantly, this study underscores
the potential of using biologically relevant model bacterial membrane systems to develop innovative strategies for combating
bacterial infections and designing effective therapeutic agents.
KEYWORDS: antibacterial, antimicrobial, bacterial membranes, supported lipid bilayer, solvent-assisted lipid bilayer, fatty acids,
critical micelle concentration

■ INTRODUCTION
The bacterial lipid membrane, a vital structural component of
bacterial cells, plays a pivotal role in various biological
processes and has garnered significant attention in the fields
of microbiology, drug development, and antimicrobial
research.1−5 This lipid bilayer membrane enveloping the
bacterial cells not only acts as a protective barrier against
external threats but also serves as a dynamic interface for
crucial biomolecular interactions.2,6−8 Therefore, understand-
ing the intricate nature of these interactions is paramount for
advancing our knowledge of bacterial resistance mechanisms,
combating bacterial infections, and developing novel ther-
apeutic agents, such as fatty acid-based drugs.9,10 Furthermore,
as the emergence of antibiotic-resistant bacterial strains has
underscored the urgent need to develop new strategies to
combat bacterial infections, the design of antibacterial agents

relies heavily on comprehending how these molecules interact
with the bacterial plasma membrane, given its extensive array
of lipids and proteins that can be targeted without developing
multidrug resistance.11−14 This knowledge not only aids in the
development of more effective treatments but also allows for
the prediction and prevention of resistance mechanisms that
bacteria may employ. However, the study of bacterial
membrane interactions presents its own set of challenges.
Traditional in vitro biological assay methods often fall short in
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accurately replicating the complex nature of bacterial
membranes.15,16 The presence of charged lipids, the nano-
meter dimensions, and other intricacies within bacterial
membranes make it difficult to mimic their properties
faithfully.17 As a result, there is a pressing need for innovative
approaches to investigate membrane interactions more
accurately.
Supported lipid bilayers (SLBs) have great potential for

advancing research in bacterial membranes as their planar
geometry makes them compatible with a variety of surface
sensing techniques and high-resolution imaging tools.16

However, creating fluid and stable SLBs that faithfully mimic
bacterial membranes, particularly those of complex composi-
tions with a high percentage of charged lipids, remains
challenging as the success of SLB formation by commonly used
vesicle fusion relies on the preparation of high-quality vesicles
and typically works within a limited range of material supports
and lipid composition.18 Specifically, bacterial membranes
consist of intricate lipid mixtures that encompass anionic
phospholipids such as cardiolipin (CL) and phosphatidylgly-
cerol (PG), and cationic phospholipids like lysyl-PG.17,19 The
Gram-positive membrane contains around 80% charged lipids
while the inner membrane of Gram-negative bacteria has
around 30% charged lipids.20,21 The presence of charged lipids
results in robust electrostatic interactions between the lipids
and the solid support surface, which, in turn, affects lipid
motion within the model membrane.22,23

To overcome these challenges, we employed the solvent-
assisted lipid bilayer (SALB) method to fabricate SLBs that
mimic the characteristics of a Gram-positive bacterial
membrane (Figure 1A,B). The SALB method represents an
advanced and meticulously engineered approach that enables
the precise fabrication of SLBs featuring various lipids
including highly charged lipids, applied to a diverse range of
substrates.24,25 Upon successful fabrication of a model bacterial
membrane, we then systematically investigated the real-time
interactions between long-chain unsaturated fatty acids and the
bacterial SLB platform (Figure 1C). Herein, our aim is to
capture the physicochemical properties of the Gram-positive
bacterial membranes, considering that long-chain fatty acids
typically exhibit limited efficacy against Gram-negative
bacteria.26 The selection of long-chain unsaturated fatty acids
was predicated on their potential as natural and effective
entities with a low probability for developing resistance for
developing novel antimicrobial agents (Figure S1).27,28 Our
previous research has focused on the molecular self-assembly
and membrane interaction of these fatty acids with zwitterionic
SLB platforms, providing valuable insights into their
interactions with lipid bilayers.29 Building upon this
foundation, the scope of the SLB platforms is expanded to
emulate bacterial membranes, thereby establishing a more
biologically relevant model system. This account provides
detailed insights into the molecular interactions of long-chain

Figure 1. Experimental framework for investigating the interaction of antimicrobial long-chain fatty acids with model bacterial membrane
platforms. (A) Schematics illustrating the membrane structure of Gram-positive bacteria with representative lipid compositions. (B) Chemical
structure of the lipids utilized in model bacterial membrane platforms. Lysyl-PG is a bicationic membrane lipid, and POPG and CL are anionic
membrane lipids present in the plasma membrane structure of Gram-positive bacteria. (C) Schematics illustrating the experimental strategy to
characterize how long-chain fatty acids interact with model bacterial membranes through QCM-D and fluorescence microscopy.
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unsaturated fatty acids with Gram-positive bacterial mem-
branes.

■ EXPERIMENTAL SECTION
Reagents. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1′-

rac-glycerol) (POPG), 1,2-dipalmitoyl-sn-glycero-3-[phospho-
rac-(3-lysyl(1-glycerol))] (Lysyl-PG), 1′,3′-bis[1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho]-glycerol (cardiolipin, CL), and
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl) (ammonium salt) (Rh-PE) were
obtained from Avanti Polar Lipids, Inc. (Alabaster, AL).
Linolenic acid (LNA), linoleic acid (LLA), and oleic acid
(OA) were purchased from Sigma-Aldrich (St. Louis, MO).
Phosphate-buffered saline (PBS) buffer was purchased from
Gibco (Carlsbad, CA). All solutions were prepared using Milli-
Q-treated deionized water (>18 MΩ·cm) (Millipore, Billerica,
MA).
Antimicrobial Fatty Acids Solution Preparation. To

prepare stock solutions of LNA, LLA, and OA, precise
quantities of each compound were dissolved in ethanol to a
concentration of 50 mM. Aliquots of the stock solution were
then diluted 100-fold using a PBS solution to obtain a final
concentration of 500 μM. To enhance solubility, the test
samples were heated to 70 °C for 30 min and subsequently
cooled to room temperature. Further dilutions were performed
in 2-fold increments. All solutions were freshly prepared
immediately before each experiment.
Previous studies have demonstrated that the pKa of the

carboxyl group (∼4.75) increases in a hydrophobic environ-
ment near physiological pH.30 Moreover, the incorporation of
long-chain fatty acids into zwitterionic liposomes imparts a
negative charge on the liposome.31,32 Therefore, the charge
state of LNA and LLA is considered to be anionic in relation to
the membrane, while OA is considered to be neutral with a
protonated carboxylic acid moiety due to its high pKa and its
capacity to adjust the charge based on the solution’s pH. This
charge state information was used to elucidate the mechanistic
interactions with model bacterial membranes.
Lipid Preparation for SLB Formation. Lipids for a

Gram-positive mimetic model membrane composed of anionic
POPG lipid, cationic Lysyl-PG lipid, and anionic CL lipid were
mixed in a molar ratio of 65:30:5 in chloroform at a final
concentration of 0.3 mg/mL. For fluorescence microscopy
experiments, 0.5 mol % of Rh-PE, a negatively charged
fluorescent DOPC analogue, was doped in SLBs. To prepare
for SALB experiments, lipid films were initially dried using a
stream of nitrogen gas and then stored under a vacuum
overnight to remove the organic solvent, followed by
dissolution in ethanol at 70 °C for 3 min to a concentration
of 1 mg/mL. Before each experiment, the solution was further
diluted in isopropanol.
Quartz Crystal Microbalance with Dissipation (QCM-

D) Experiments. To investigate the formation of supported
lipid bilayers (SLBs) and characterize the interaction between
the antimicrobial fatty acids and the SLBs, QCM-D experi-
ments were conducted using a four-channel Q-Sense E4
instrument (Q-Sense AB, Gothenburg, Sweden). The QCM-D
technique tracks changes in the frequency (Δf) and energy
dissipation (ΔD) of a piezoelectric quartz crystal sensor chip,
which oscillates over time, and these changes provide insights
into the mass and viscoelastic properties of the phospholipid
film adsorbed on the surface of the chip. The sensor chips had
a fundamental frequency of 5 MHz and were coated with a

sputter-coated, 50 nm-thick layer of silicon dioxide (model no.
QSX 303, Biolin Scientific). Before each experiment, the
sensor chips were sequentially washed with 1% (w/v) SDS,
water, and ethanol. Subsequently, they were dried with a gentle
stream of nitrogen gas and treated with oxygen plasma for 1
min using an Expanded Plasma Cleaner (PDC-002, Harrick
Plasma, Ithaca, NY). In the experiments, Gram-positive SLBs
were initially formed using the solvent-assisted lipid bilayer
(SALB) technique,18 with heating at 70 °C. Each SLB was
used only once per experiment. Initially, a baseline signal was
recorded in an aqueous Tris buffer solution (10 mM Tris and
150 mM NaCl, pH 7.5). The solution was then replaced with
an isopropanol solution, followed by the addition of 0.3 mg/
mL Gram-positive mimetic membrane lipids in isopropanol
solution, and finally the solvent was exchanged with a PBS
solution to form the SLB. Once the lipid bilayer formation was
complete, the test sample in PBS solution was added under
continuous flow conditions, and a final washing step with PBS
solution concluded the procedure. All liquid samples were
introduced into the measurement chamber by using a
peristaltic pump (Reglo Digital, Ismatec, Glattbrugg, Switzer-
land) under continuous flow conditions, with a flow rate of 50
μL/min. Throughout the experiments, the temperature in the
measurement cell was maintained at room temperature (25.0
± 0.5 °C). Measurement data were collected at the third (n =
3), fifth (n = 5), seventh (n = 7), and ninth (n = 9) overtones
using the Q-Soft software program (Biolin Scientific). The
presented data were obtained at the fifth overtone, and all data
processing was carried out using the Q-Tools (Biolin
Scientific) and OriginPro (OriginLab, Northampton, MA)
software programs.
Time-Lapse Fluorescence Microscopy. Epifluorescence

microscopy was used to observe membrane morphological
changes in SLBs on silicon dioxide surfaces when treated with
LNA, LLA, and OA. The experiments were performed using an
Eclipse TI-E inverted microscope (Nikon, Tokyo, Japan) with
a 60× magnification (NA = 1.49) oil-immersion objective lens
(Nikon). Micrograph images were captured using an iXon 512
× 512 pixel EMCCD camera (Andor Technology, Belfast,
Northern Ireland). The pixel size of the images was 0.267 ×
0.267 μm2. To illuminate the fluorescently labeled bacterial
mimetic phospholipids (0.5 mol % Rh-PE), a fiber-coupled
mercury lamp (Intensilight C-HGFIE, Nikon) was employed
along with a TRITC filter. SLBs were fabricated on a glass
coverslip as a substrate enclosed within a microfluidic flow-
through chamber (sticky slide VI 0.4, Ibidi, Germany) via the
SALB method.18,30,31 Following SLB formation, the measure-
ment chamber was rinsed with a PBS solution, after which the
test compound was introduced under continuous flow
conditions at a flow rate of 50 μL/min. To examine the
time-dependence of the effect of the fatty acids on the SLBs,
time-lapse micrographs were captured every 5 s for a total
duration of 60 min at room temperature. The starting time, t =
0 s, was defined as the time at which the test solution was
injected. The obtained images are presented with false-color
visualizations, where yellow indicates lipid bilayer regions. The
fractional surface area of membrane defects within SLBs was
quantified and analyzed using the ImageJ software program
(National Institutes of Health, Bethesda, MD, USA).
Fluorescence Recovery after Photobleaching (FRAP)

Measurements. FRAP techniques were employed before and
after treatment with the test compounds to measure the lateral
diffusivity of the SLBs labeled with Rh-PE lipids. Photo-

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c11158
ACS Appl. Mater. Interfaces 2024, 16, 56705−56717

56707

www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c11158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


bleaching was achieved using a 532 nm, 100 mW laser
(Klastech Laser Technologies, Dortmund, Germany) to create
circular spots with diameters of 20 μm. The photobleaching
process lasted 5 s, and fluorescence micrographs were captured
every 2 s for a total of 120 s to monitor the fluorescence
recovery. The lateral diffusion coefficients were derived from
the FRAP data using a Hankel transform method32 performed
using Matlab (MathWorks, USA).
Time-Killing Kinetics Analysis. An overnight culture of

Staphylococcus aureus MW233 was diluted 1:10,000 into 25 mL
of tryptic soy broth (TSB) in a 250 mL Erlenmeyer flask. This
diluted culture was incubated at 37 °C while being shaken at
200 rpm until the OD600 reached 0.05, indicating the
exponential growth phase. The culture was then mixed with
an equal volume of prewarmed TSB containing double the
target concentrations of the compounds in the wells of a 96-
well assay block (Bioneer cat# 90063, Daejeon, South Korea).
The assay block was incubated at 37 °C with shaking at 450
rpm. Samples were taken hourly and serially diluted 10-fold in
PBS. The diluted samples were plated on Mueller−Hinton
(MH, BD cat# 275730) agar. Following overnight incubation
at 37 °C, the number of colonies was counted to determine the
number of viable cells. The experiment was independently
repeated three times.
Membrane Permeability Assessment. The extent of

MRSA membrane permeabilization by fatty acid compounds
was assessed using the membrane-impermeable DNA-binding
fluorescent dye SYTOX Green (ThermoFisher cat# S7020)
based on a previously established procedure.34 Briefly, S. aureus
MW2 cells in the exponential growth phase were washed three
times with PBS and adjusted to an OD600 of 0.4. Subsequently,
SYTOX Green was added to the washed cell suspension at a
final concentration of 5 μM. The cell suspension was then
incubated in a dark chamber at room temperature for 30 min.
Following this, a 50 μL aliquot from the SYTOX Green-
bacterial cell mixture was dispensed into each well of a black,
clear-bottom 96-well plate (Greiner Bio-One Cat. No.
665090), containing 50 μL of fatty acid compounds at
concentrations ranging from 16 to 500 μM. Fluorescence
measurements were conducted using a Cytation 5 multimode
plate reader (BioTek, USA) at room temperature for 1 h, with
excitation and emission wavelengths set at 485 and 525 nm,
respectively. Experiments were performed in biological
triplicates.
Evaluation of ATP Leakage in Bacterial Cells. The

release of intracellular ATP from S. aureus MW2 cells was
measured using the RealTime-Glo Extracellular ATP Assay
(Promega, Madison, WI, USA), following the previously
established procedure.34 Exponential-phase S. aureus MW2
cells were adjusted to an OD600 of 0.4 after three washes with
PBS. A mixture of ATP assay reagents was prepared at a 4×
concentration according to the manufacturer’s instructions. A
black, clear bottom 96-well plate (Greiner Bio-One Cat. No.
665090) was used to prepare a series of test compound
concentrations ranging from 16 to 500 μM, with each well
containing 50 μL of the test compound and 50 μL of the
bacterial cell suspension. The plates were statically incubated
for 20 min at 37 °C. After incubation, a quadruple reagent
mixture of 33.4 μL was added to each well, and luminescence
was measured using a BioTek Cytation 5 multifunctional
reader. All experiments were conducted in triplicate.

■ RESULTS AND DISCUSSION
Formation and Characterization of Model Bacterial

Membranes. Bacteria are known to have limited capacity to
modify their fundamental membrane lipid compositions
compared to other targets, which contributes to a reduced
likelihood of developing drug resistance.35−37 It is therefore of
great interest to study how antimicrobial agents interact with
bacterial cell membranes to develop effective therapies based
on their mechanisms of action. Many previous studies have
utilized PG, PC, and PE as lipid compositions for model
bacterial membranes. While such investigations have con-
tributed to our understanding of membrane biophysics and the
influence of individual lipid components on antimicrobial
function, it is imperative to consider model membranes that
closely replicate actual bacterial membranes. Therefore, we
began by creating SLBs that closely mimic the plasma
membranes of Gram-positive bacteria using the SALB method.
The lipid compositions selected for the bacterial membranes
matched those found in S. aureus. The Gram-positive bacterial
SLBs were composed of POPG:Lysyl-PG:CL at the molar ratio
of 65:30:5,38 with anionic to cationic lipid proportions around
2:1,39 at physiological pH. The significance of Lysyl-PG lipid
lies in its ability to confer a positive charge to the cell envelope,
creating a barrier against cationic compounds,38 including
antibiotics like daptomycin and host defense antimicrobial
peptides (AMPs),39 and the significance of CL lipid lies in its
capability to resist mechanisms against membrane curvature-
dependent AMPs, potentially rendering the bacteria suscep-
tible to some of the novel antimicrobial agents.40,41 Prior to
implementing the SALB method, lipids with a high gel-to-
liquid transition temperature (Tm) (e.g., Lysyl-PG has a Tm of
40 °C and CL has a Tm of 62.5 °C42,43 were mixed with
ethanol at a temperature of 70 °C to enhance the solubility of
the lipid mixture, thus enabling the reinstatement of fluidity
within the SLBs. Tabaei et al. previously reported that
isopropanol is the most effective organic solvent for depositing
charged lipids onto a SiO2 substrate using the SALB
method.18,24 Building upon this foundation, isopropyl alcohol
was selected as the solvent medium to facilitate the solvent
exchange step for the fabrication of model membranes, aligning
with established protocols in the field.
To confirm the SLB formation, QCM-D experiments were

conducted. The results indicated that the final resonance
frequency (Δf) and energy dissipation (ΔD) shifts were −26.8
± 1.1 Hz and 0.7 ± 0.4 × 10−6, respectively, for Gram-positive
bacterial SLB (Figure 2A), which were within the expected
range for successful SLB formation.44,45 To assess the
structural integrity of the membranes, the lateral diffusion of
fluorescently labeled Rh-PE lipids was monitored using FRAP
analysis in Gram-positive bacterial SLB. The photobleached
spots were near-completely recovered within 2 min with over
80% mobile fraction (Figure 2B), confirming the intact fluidity
of the lipid bilayer membrane.46 Moreover, the lateral
diffusivity yielded a value of 0.47 ± 0.23 μm2 s−1 (Figure
S2B), indicating the slower lateral diffusion of Gram-positive
bacterial membrane compared to a DOPC bilayer due to the
presence of charged lipid species like Lysyl-PG and CL. The
reduced lateral diffusion of Gram-positive bacterial SLB
(Figure S2) can most likely be attributed to tighter lateral
packing induced by the four-alkyl chain structure of CL.47 This
structural characteristic increases the average area per lipid
molecule, impacting the mobility of the SLB. Moreover, the

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c11158
ACS Appl. Mater. Interfaces 2024, 16, 56705−56717

56708

https://pubs.acs.org/doi/suppl/10.1021/acsami.4c11158/suppl_file/am4c11158_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c11158/suppl_file/am4c11158_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c11158/suppl_file/am4c11158_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c11158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


low mobility value is not significantly influenced by Lysyl-PG
due to its structural similarity to PG, resulting in negligible
electrostatic interactions with other phospholipids. Taken
together, these findings demonstrate that Gram-positive
biomimetic SLBs, composed of anionic and cationic
phospholipids with high transition temperatures, can be
successfully formulated using the SALB method in a near-
physiological pH environment.
Mass and Viscoelastic Property Changes Induced by

Antimicrobial Long-Chain Fatty Acids on Model
Bacterial Membranes. We performed QCM-D experiments
on the model bacterial membrane platforms to probe the
interaction between model bacterial SLBs and antimicrobial
long-chain unsaturated fatty acids. The QCM-D technique
monitors alterations in frequency (Δf) and energy dissipation
(ΔD) signals resulting from the dynamic interplay between
model bacterial SLBs and antimicrobial fatty acids. These
changes manifest as shifts in mass and modifications in
viscoelastic characteristics. This study extends the previous
research using single-component SLBs containing zwitterionic
DOPC lipids29 to model Gram-positive bacterial membrane
SLBs. The aim was to enhance the understanding of
membrane behaviors and mechanisms of action of potential
antimicrobial long-chain fatty acids, particularly against Gram-
positive bacteria, by targeting bacterial fatty acid synthesis and
disrupting bacterial membranes.26 Model Gram-positive
bacterial SLBs were exposed to linolenic acid (LNA), linoleic

acid (LLA), and oleic acid (OA) at fixed concentrations under
continuous flow conditions, followed by a washing step with an
equivalent buffer solution for 60 min. Real-time tracking of the
temporal Δf and ΔD shifts with QCM-D measurements was
carried out. Of note, t = 0 min denotes the bacterial SLB
formation, and t = 10 min indicates the addition of fatty acids
in the measurement chamber. The time-dependent binding
and interaction kinetics observed for long-chain fatty acids are
presented below.

Linolenic Acid (LNA) on Gram-Positive Bacterial SLBs.
Figure 3 presents the effects of LNA on the interaction
dynamics of model bacterial SLBs. When 500 μM LNA was
applied to Gram-positive SLBs, there was a rapid decrease in
both Δf to approximately −63.8 ± 0.8 Hz and ΔD to 12.8 ±
0.5 × 10−6 (Figure 3A). For the zwitterionic membranes, the
maximum binding amount was approximately −39.2 ± 1.8 Hz
and 8.6 ± 0.2 × 10−6.29 With the charged membranes, the
binding substantially increased, which may suggest that LNA
attached to the charged membrane together with a large
amount of solvent through stronger electrostatic attraction,
leading to considerable membrane remodeling. Upon reaching
the critical point, measurement responses began to reverse,
with a swift rise in Δf and a decline in ΔD, ultimately
stabilizing at −29.6 ± 2.1 Hz and 23.8 ± 1.6 × 10−6,
respectively. Subsequent buffer washing led to partial
membrane removal with a change in Δf to around −17.0 ±
0.6 Hz and ΔD to 6.2 ± 0.2 × 10−6, resulting in a net Δf
increase of 10.1 ± 1.4 Hz and a net ΔD increase of 5.4 ± 0.7 ×
10−6. Similarly, LNA exhibited a comparable attachment-
detachment pattern on the Gram-positive membrane at 250
μM (Figure S5). The Δf signal decreased to −58.2 ± 1.9 Hz,
increased after the critical point, and stabilized at −16.6 ± 2.1
Hz after buffer washing. The ΔD signal concomitantly
increased to 15.5 ± 0.7 × 10−6 before stabilizing at 5.3 ±
0.5 × 10−6 after buffer washing.
Figure 3B illustrates a three-stage Δf vs ΔD plot after the

LNA treatment. In the first stage, there is an increase in mass
and a decrease in rigidity, indicating rapid incorporation of
LNA into the membrane and subsequent membrane rearrange-
ment between phospholipids and LNA molecules.48 In the
second stage, a decrease in mass and a further decrease in
rigidity are observed, possibly suggesting an ongoing rearrange-
ment and expulsion of entrapped solvent or material removal.
Moreover, the lower harmonics exhibit higher frequency
values, suggesting that the top layer is denser, possibly due
to additional LNA molecules or the displacement of more
phospholipids from the bottom layer in exchange for LNA.
This is promptly succeeded by a slight decrease in mass and an
increase in rigidity, implying the near-completion of membrane
rearrangement and the commencement of phospholipid
removal. During this stage, the shift from a relatively small
spreading to the overlap of the third to ninth harmonics is
evident upon buffer washing (Figure S4A), which indicates
that the membrane removal affects both the bottom and top
SLB layers similarly. Stage three involves a significant decrease
in mass and an increase in rigidity upon buffer washing,
signifying the removal of weakly interacting LNA attached to
the phospholipids and a portion of the membrane. LNA, with
the highest number of double bonds and the lowest pKa, is
more likely to be deprotonated, reducing hydrophobic
interaction energy and promoting the movement of the
anionic form of fatty acid toward the aqueous phase due to

Figure 2. Formation of the model bacterial membrane using the
SALB method on silicon dioxide via QCM-D and fluorescence
microscopy. (A) QCM-D monitoring of the SALB method using lipid
compositions for the Gram-positive bacterial membrane. Arrows
indicate the injection of (1) buffer, (2) 2-propanol, (3) lipid mixture,
and (4) buffer exchange. The final values of Δf and ΔD for the
membrane are reported. All values are reported as the mean ±
standard deviation from n = 3 measurements. (B) Fluorescence
recovery after photobleaching (FRAP) analysis for the fluidity
characterization of the Gram-positive membrane. Photobleaching
was performed at t = 0 s, and the bleached spot corresponded to the
dark spot in the center of the micrograph. The normalized
fluorescence intensity (F.I.) as a function of distance across the
bleached area (white dotted line in 0 s images) is presented in the
corresponding cases. The F.I. was normalized by setting minimum
and maximum F.I. values throughout the time as 0.0 and 1.0 au,
respectively. The scale bar is 20 μm.
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the formation of hydrogen bonds with the water molecules,49

resulting in weak interaction with the membrane.
By contrast, at concentrations below CMC (160 μM), LNA

exhibited slow attachment to the Gram-positive membrane
(Figures 3C and S5), followed by rapid detachment without
inducing a discernible ΔD shift, indicating the integrity of the
rigid membrane without membrane remodeling. Figure 3D
shows a two-stage Δf vs ΔD plot after LNA treatment at low
concentration. Stage one shows a moderate increase in mass
and decrease in rigidity, directly followed by a decrease in mass
and an increase in rigidity, indicating negligible interaction
between LNA and the membrane.
Linoleic Acid (LLA) on Gram-Positive Bacterial SLBs.

Figure 4 presents the mass and viscoelastic changes of model
bacterial SLBs as functions of LLA concentration. Treatment
with 500 μM LLA led to a rapid reduction in Δf to −59.0 ±
3.0 Hz and a corresponding increase in ΔD to 17.4 ± 2.3 ×
10−6 on Gram-positive SLBs (Figure 4A). Following the
washing step, the Δf and ΔD signals gradually stabilized at
around −18.7 ± 2.8 Hz and 26.8 ± 3.4 × 10−6, respectively,
resulting in a net Δf increase of 9.1 ± 1.0 Hz and a net ΔD
increase of 26.7 ± 3.6 × 10−6. This observed trend was
consistent across varying LLA concentrations, including 250,
125, and 62.5 μM (Figure S6), albeit at a slower rate than
LNA. The lowest harmonics detected the largest addition of
mass and decrease in rigidity, suggesting that LLA is mainly
attached to the upper part of the SLB layer (Figure S4B).
Interestingly, the higher harmonics corresponding to the
bottom layer detected the largest mass decrease, possibly

indicating that the phospholipid species could be removed
primarily from the bottom layer in exchange for LLA.
In Figure 4B, the Δf vs ΔD plot illustrates a three-stage

process following 500 μM LLA treatment. Similar to LNA,
stage one showed an increase in mass and a decrease in
rigidity, indicating incorporation of LLA into the membrane,
albeit at a slower rate. After reaching the turning point, stage
two involved a concomitant decrease in both mass and rigidity,
indicating membrane rearrangement. In the final stage, there
was a decrease in mass and an increase in rigidity. Notably, the
net mass change was smaller in magnitude, and the net
dissipation change was almost negligible with evident increased
harmonic spreading after buffer washing (Figure S4B). This
behavior indicates that the enhanced incorporation of LLA
resulted in a more fluidic SLB, leading to reduced membrane
removal.
Conversely, at concentrations below CMC (60 μM), LLA

monomers had a negligible effect on the Gram-positive
membrane. However, the longer trend line of LLA with higher
frequency and dissipation responses signifies that LLA had
more impact on the membrane even at concentrations below
CMC due to its physicochemical property differences (Figure
4D).

Oleic Acid (OA) on Gram-Positive Bacterial SLBs. Figure 5
illustrates the impact of OA on the changes in Δf and ΔD
signals within model bacterial membranes. Treatment with 500
μM OA led to a reduction in the Δf signal to −68.5 ± 6.0 Hz
and an increase in the ΔD signal to 18.5 ± 1.8 × 10−6 (Figure
5A). After buffer washing, the Δf and ΔD signals stabilized at

Figure 3. QCM-D investigation of LNA treatments on model bacterial membranes at pH 7.5. (A,C) Representative Δf and ΔD vs time plots of
LNA-treated Gram-positive bacterial membranes at concentrations of 500 μM (above CMC) and 16 μM (below CMC), and (B,D) their respective
Δf and ΔD plots. Fatty acid was added at t = 10 min, followed by a buffer washing at t = 70 min. The dotted line in panels (A,C) represents the
typical measurement responses for SLB formation.
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around −38.5 ± 4.3 Hz and 22.1 ± 1.7 × 10−6, respectively,
resulting in a net Δf decrease of 11.3 ± 0.9 Hz and a net ΔD
increase of 21.4 ± 0.5 × 10−6. Among the three tested agents,
OA induced the most substantial changes in the physicochem-
ical properties of the Gram-positive bacterial SLBs. The
significant harmonic spreading observed with OA treatment
indicates notable changes in dissipation, suggesting the
formation of a softer and thicker SLB. This effect was observed
on both the top and bottom layers of the membrane.
Figure 5B depicts the three distinctive stages for the OA-

treated SLB. In the initial stage, treatment with 500 μM OA
resulted in an increase in mass and a decrease in rigidity. Upon
reaching the inflection point, there was a loss in mass followed
by an increase in mass, whereas the rigidity continuously
decreased (stage two). This may indicate molecule rearrange-
ment, leading to the formation of a thicker and more fluidic
membrane. This interpretation is supported by the dramatic
harmonic spreading in Figure S4C. After buffer washing, stage
three involved a decrease in mass with negligible viscoelastic
property change, potentially indicating the incorporation of the
protonated form of OA into the bilayer membrane to reach
energetic minimum.49 Previous reports suggest that the
protonated carboxylic acid moiety enables deeper lipid bilayer
penetration and plays a crucial role in membrane disruption.50

Interestingly, at concentrations below the CMC (20 μM),
OA displayed gradual attachment to Gram-positive membranes
with minimal changes in dissipation, even after buffer washing
(Figure 5C). This phenomenon may be attributed to the
ability of OA to self-aggregate into vesicles even at
concentrations below CMC,51 allowing it to attach to the

membrane even at low concentrations. As evidenced by the
uniform spreading of the harmonics in Figure S4E, OA
produced similar effects on both sides of the SLB, indicating its
influence on the entire bilayer structure.
Observation of Membrane Morphological Responses

in Model Bacterial Membranes. We employed time-lapse
fluorescence microscopy to directly observe the morphological
changes in Gram-positive bacterial SLBs induced by
antimicrobial long-chain fatty acids (Figure 6). Following the
establishment of the bacterial biomimetic SLB, long-chain fatty
acids were introduced under continuous flow conditions. The
time point at which the fatty acid solution reached the
measurement chamber was designated as t = 0 min. The
concentrations of the fatty acids used in this study were
determined based on their CMC values measured by
fluorescence spectroscopy.29,52,53 Specifically, the concentra-
tions selected were as follows: 500 and 63 μM for LNA, 250
and 31 μM for LLA, and 125 and 16 μM for OA. The results
obtained for these compounds are presented below.
Treatment with 500 μM LNA, above its CMC, induced the

rapid formation of static nucleation sites with bright spots on
the Gram-positive SLB. These sites developed into short
tubules that remained stable over time and persisted on the
membrane even after buffer washing, resulting in a total spot
area of 1489.0 ± 104.7 μm2 (Figure 6A). Notably, the size of
the short tubules and aggregates was small, and there was a
reduction in the fluorescence intensity of the background. This
observation potentially indicates a weak interaction between
the LNA and the membrane and suggests signs of membrane
removal after buffer washing, as observed in QCM-D

Figure 4. QCM-D investigation of LLA treatments on model bacterial membranes at pH 7.5. (A,C) Representative Δf and ΔD vs time plots of
LLA-treated Gram-positive bacterial membranes at concentrations of 500 μM (above CMC) and 16 μM (below CMC), and (B,D) their respective
Δf and ΔD plots. Fatty acid was added at t = 10 min, followed by a buffer washing at t = 70 min. The dotted line in panels (A,C) represents the
typical measurement responses for SLB formation.
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experiments. In contrast, 63 μM LNA, below its CMC, led to
minimal morphological changes, with only a few short tubules
observed on the SLB surface, covering a total area of 2.2 ± 0.4
μm2. This indicates minimal morphological changes on the
SLB membrane at concentrations below the CMC (Figure
S8A).
Upon exposure to 250 μM LLA, a dense array of bright

spots protruded from the membrane, remaining relatively
unchanged for 60 min. Following the buffer washing step, these
bright spots became notably more pronounced, covering an
area of 2158.0 ± 77.8 μm2. Compared with LNA, the
aggregates formed by LLA were visibly larger, with areas of
higher fluorescence intensity in the background after buffer
washing. This observation is consistent with the smaller net
mass change and the detection of the highest mass decrease in
the higher harmonics, resulting in the removal of the bottom
layer in exchange for LLA molecules (Figure S4B). When
exposed to 31 μM LLA, there were marginal morphological
changes on the membrane, indicated by few discernible spots.
LLA exhibited CMC-dependent membrane remodeling and
removal on the Gram-positive membrane. This trend is closely
aligned with the interaction kinetics of LNA with the Gram-
positive membrane, as observed through QCM-D signal
responses, which revealed that the attachment and detachment
kinetics of fatty acids are observed at concentrations above the
CMC, accompanied by significant changes in energy
dissipation. Notably, the membrane underwent less property
changes with LLA than with LNA, likely due to LLA’s
straighter hydrophobic tail, which confers a stronger insertion
capacity.49

Similar morphological responses and attachment phenom-
ena were observed on the membrane throughout the 60 min
when treated with 125 μM OA, resulting in the highest spot
area of 2434.9 ± 125.7 μm2. Notably, the fluorescence
intensity of the background remained relatively unchanged
throughout the treatment and the washing steps, consistent
with the conclusions of the QCM-D fingerprinting analysis.
OA displayed membrane attachment and remodeling patterns
similar to those observed with LNA and LLA, but without
membrane removal and with deeper insertion into the bilayer
membrane, as indicated by smaller aggregates. At a
concentration of 16 μM, OA instigated the formation of
conspicuous spot protrusions on the membrane surface, and
these protrusions remained unaffected even after the buffer
washing step, providing evidence of OA’s insertion into the
membrane. Notably, the number of persistent bright spots
(781.5 ± 51.4 μm2) surpassed those observed with LNA and
LLA treatments at concentrations below CMC, underscoring
the CMC-independent activity profile of OA. This phenom-
enon may be attributed to OA having the highest pKa value
among the three fatty acids, thereby increasing the probability
of the fatty acid being protonated.49 This results in a higher
electrostatic interaction force between OA and anionic
phospholipids within the bacterial membrane, potentially
pulling a larger fraction of OA deep into the lipid bilayer.
Consequently, OA can interact with the Gram-positive
membrane at concentrations above and below its respective
CMC value. Notably, OA exhibited membrane activity even at
concentrations below CMC, suggesting robust adhesion, likely
attributed to its efficient integration into CL lipids.54

Figure 5. QCM-D investigation of OA treatments on model bacterial membranes at pH 7.5. (A,C) Representative Δf and ΔD vs time plots of OA-
treated Gram-positive bacterial membranes at concentrations of 500 μM (above CMC) and 16 μM (below CMC), and (B,D) their respective Δf
and ΔD plots. Fatty acid was added at t = 10 min, followed by buffer washing at t = 70 min. The dotted lines in panels (A,C) represent the typical
measurement responses for SLB formation.
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Antimicrobial Potency of the Membrane-Active
Long-Chain Unsaturated Fatty Acids on S. aureus
MW2. Due to issues related to the solubility of fatty acids,
MIC measurements were not possible in our study. Instead, we
concentrated on assessing the compounds’ bactericidal proper-
ties. The observed bactericidal effects against S. aureus MW2
generally corresponded with the behaviors observed in our
model of Gram-positive membranes, highlighting the signifi-
cance of our model bacterial membrane systems in
comprehending antimicrobial activities.
To characterize the antimicrobial activity of LNA, LLA, and

OA, we evaluated the bactericidal activity of the fatty acids
against S. aureus MW2 within the concentration range of 16−
500 μM (Figure 7A). Treatment with LNA for 4 h led to
approximately a 4-log reduction in bacterial viability at
concentrations equal to or more than 125 μM. While 4 h
treatment with LLA resulted in approximately a 4-log
reduction in bacterial viability at concentrations equal to or
more than 250 μM, treatment with OA for the same time
frame caused about a 3-log decrease in S. aureus MW2 viability
at 500 μM. The concentrations at which the three fatty acid
compounds induced more than 3-log killing are consistent with
the concentrations at which those compounds interacted with
the model bacterial membranes (Figures S5−S7). These
findings indicate that LNA, LLA, and OA exhibit antimicrobial
activity against S. aureus MW2 within concentration ranges
that align with their biophysical interactions with model
bacterial membranes. Notably, the observed bactericidal
activity of OA is not directly proportional to the biophysics
data. One possible rationale for this phenomenon is that not all
neutral OA molecules exhibit membrane activity due to their

tendency to self-aggregate at physiological pH, forming self-
assembled complexes or dimers that may lack or have reduced
antimicrobial efficacy against bacteria.55 This phenomenon
may also be attributed to the CMC-independent behavior
exhibited by OA. In addition, a complex sequence of biological
events transpires between the action of an antimicrobial agent
on its primary target and the eventual demise of the bacteria.
Several studies have illustrated that the disruption of the
primary target by an antibiotic initiates subsequent biological
processes, such as the accumulation of reactive oxygen species
(ROSs),56 alterations in metabolisms,57 or impairment of
cellular components,58 which collectively lead to bacterial cell
death.59

To complement this study, we further evaluated the
membrane-active abilities of LNA, LLA, and OA by
conducting membrane permeability and cellular ATP leakage
assays (Figure 7B,C). LNA resulted in a rapid increase in
SYTOX Green fluorescence at concentrations between 125
and 500 μM, LLA at concentrations between 63 and 500 μM,
and OA at concentrations between 31 and 500 μM. Membrane
disrupting antimicrobial compounds can cause leakage of
intracellular ATP.34,55 To ascertain whether the fatty acid
treatment results in ATP leakage from inside the bacterial cells,
we employed the ATP luminescence assay. A significant
increase in luminescence was observed in S. aureus MW2 cells
treated with LNA at concentrations between 125and 500 μM,
LLA at concentrations between 63 and 500 μM, and OA at
concentrations between 31and 500 μM. Overall, the results
indicate that the test compounds induce membrane disruption
in the bacteria in a CMC-dependent manner.29

Figure 6. Time-lapse microscopic observation of membrane morphological responses in model bacterial membranes triggered by fatty acid
treatments at concentrations below and above the CMC. (A) Representative sequential image snapshots depicting the morphological change of
Gram-positive bacterial membrane under LNA treatment at 500 μM. (B) Representative analysis for calculating spot area formed on SLBs. (C)
Total area of spot formation on SLBs after buffer washing. Data are reported as the mean ± standard deviation from n = 3 measurements. The scale
bar is 20 μm.
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Overall, it is noteworthy that the interaction dynamics of
long-chain fatty acids on Gram-positive bacterial membranes is
relatively in line with the bactericidal efficacy against S. aureus
MW2. The results of the membrane permeabilization and ATP
leakage assay results corresponded closely to their individual
CMC values, indicating a CMC-dependent interaction
behavior on Gram-positive bacterial membranes. Conversely,
OA exhibited bactericidal effects at a concentration exceeding
its CMC value, suggesting a CMC-independent interaction
with Gram-positive bacterial membranes. This correlation
underscores the importance of utilizing biologically relevant
model systems of bacterial membranes in antimicrobial studies.

■ CONCLUSIONS
In conclusion, our study explored the intricate interactions
between antimicrobial long-chain fatty acids (LNA, LLA, and
OA) and Gram-positive bacterial membranes using model
bacterial lipid bilayers fabricated via the solvent-assisted lipid
bilayer (SALB) method. Through a combination of QCM-D
measurement and fluorescence microscopy imaging, we
elucidated that LNA and LLA exhibit CMC-dependent
interactions with Gram-positive membranes, leading to
significant membrane remodeling and removal at concen-
trations exceeding their respective CMC values. In contrast,

OA demonstrated a CMC-independent activity characterized
by penetration into the membrane across all concentrations
tested. The observed bactericidal effects against S. aureusMW2
generally aligned with the behaviors observed on the model
Gram-positive membrane, reinforcing the relevance of our
model bacterial membrane systems in understanding anti-
microbial activities. These findings provide valuable insights
into the diverse mechanisms by which long-chain unsaturated
fatty acids exert their effects on Gram-positive bacterial
membranes. Moreover, they underscore the importance of
utilizing biologically relevant model systems to advance our
understanding of antimicrobial mechanisms and contribute to
the development of effective antibacterial treatments. Fur-
thermore, the potential of long-chain fatty acids in combating
antibiotic-resistant strains is highlighted. Nevertheless, further
investigations are warranted to evaluate their in vivo efficacy
and potential cytotoxicity, ensuring their safety and efficacy for
clinical applications.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.4c11158.

Figure 7. LNA, LLA, and OA penetrate the cell membrane bilayers of S. aureus MW2, demonstrating antimicrobial activity. (A) Exponential-phase
S. aureus MW2 cells were treated with concentrations ranging from 16 to 500 μM for 4 h. CFU (colony forming units) counts of surviving cells
were determined by serial dilution and plating on MH agar plates every 2 h. Results are shown as mean ± standard deviation (n = 3). Data points
on the x-axis are below the detection limit (2 × 102 CFU/mL). (B) After treatment of S. aureus MW2 with LNA, LLA, and OA for 60 min,
membrane permeabilization was estimated using SYTOX Green (Ex 485 nm and Em 525 nm). Results represent the mean of three independent
experiments. (C) Leakage of intracellular ATP from S. aureus MW2 cells treated with LNA, LLA, and OA for 20 min was monitored by using an
ATP luminescence assay. Individual data points are shown, and error bars represent mean ± SD (n = 3). Statistical differences were analyzed using
one-way ANOVA followed by Tukey’s multiple comparisons test (****p < 0.0001).
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Molecular structure for antimicrobial long-chain fatty
acids used in this study, FRAP analysis for the mobility
characterization of Gram-positive bacterial SLBs, QCM-
D traces for Gram-positive bacterial SLB formations,
QCM-D investigation of LNA, LLA, and OA treatments
on model bacterial membranes at concentrations above
and below CMC values at different harmonics, QCM-D
investigation of concentration-dependent LNA treat-
ments on model Gram-positive bacterial membranes as
functions of time of 16, 31, 250, and 500 μM until 70
min, QCM-D investigation of concentration-dependent
LLA treatments on model Gram-positive bacterial
membranes as functions of time of 16, 31, 250, and
500 μM until 70 min, QCM-D investigation of
concentration-dependent OA treatments on model
Gram-positive bacterial membranes as functions of
time of 16, 31, 250, and 500 μM until 70 min, and
time-lapse microscopic observation of membrane
morphological responses in model Gram-positive
bacterial membranes triggered by LNA, LLA, and OA
at concentrations below CMC (PDF)
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