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Abstract: There is extensive interest in developing real-time biosensing strategies to characterize the
membrane-disruptive properties of antimicrobial lipids and surfactants. Currently used biosensing
strategies mainly focus on tracking membrane morphological changes such as budding and tubule
formation, while there is an outstanding need to develop a label-free biosensing strategy to directly
evaluate the molecular-level mechanistic details by which antimicrobial lipids and surfactants disrupt
lipid membranes. Herein, using electrochemical impedance spectroscopy (EIS), we conducted
label-free biosensing measurements to track the real-time interactions between three representative
compounds—glycerol monolaurate (GML), lauric acid (LA), and sodium dodecyl sulfate (SDS)—and
a tethered bilayer lipid membrane (tBLM) platform. The EIS measurements verified that all three
compounds are mainly active above their respective critical micelle concentration (CMC) values, while
also revealing that GML induces irreversible membrane damage whereas the membrane-disruptive
effects of LA are largely reversible. In addition, SDS micelles caused membrane solubilization, while
SDS monomers still caused membrane defect formation, shedding light on how antimicrobial lipids
and surfactants can be active in, not only micellar form, but also as monomers in some cases. These
findings expand our mechanistic knowledge of how antimicrobial lipids and surfactants disrupt
lipid membranes and demonstrate the analytical merits of utilizing the EIS sensing approach to
comparatively evaluate membrane-disruptive antimicrobial compounds.

Keywords: electrochemical impedance spectroscopy; tethered bilayer lipid membrane; antimicrobial
lipid; surfactant; membrane disruption

1. Introduction

There is broad interest in utilizing biosensing technologies to help address global
health challenges, especially in the context of developing improved diagnostic and thera-
peutic measures [1]. One of the most promising application areas involves drug develop-
ment, in which case biosensors can offer mechanistic viewpoints on relevant interaction
processes that complement and expand on biological testing [2,3]. Such capabilities have
emerged as a promising approach to address the issue of antibiotic-resistant bacteria, which
are a major threat to public health due to the overuse and misuse of antibiotics [4]. The
slow development of new antibiotics and the accelerating spread of antimicrobial resis-
tance have highlighted the urgent need to develop alternatives to antibiotics [5–7]. To
address this issue, the use of naturally occurring antimicrobial lipids as antibiotic alterna-
tives has been extensively studied [8,9]. Indeed, antimicrobial lipids composed of single-
chain lipid amphiphiles along with structurally related surfactants have been explored
as membrane-disruptive compounds that can damage bacterial cell membranes [10–12].
Microbiological testing has further revealed that antimicrobial lipids, such as fatty acids
and monoglycerides can inhibit bacteria by killing bacterial cells and/or reducing cell
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viability [13,14]. Additional studies have shown that fatty acids and monoglycerides can
also inhibit membrane-enveloped viruses [15,16], supporting that these compounds might
not only replace antibiotics, but also demonstrate a broader set of antimicrobial functions.
As such, there is growing interest to understand how antimicrobial lipids and surfactants
disrupt lipid membranes from a mechanistic perspective.

To date, the post-treatment effects of antimicrobial lipids have often been investigated
on bacterial cell membranes through cell-based permeability, viability, or growth assays
or microscopy imaging techniques such as scanning electron microscopy and transmis-
sion electron microscopy [10,17,18]. To gain insight into the corresponding mem-brane-
disruptive interactions and associated mechanisms of action that can guide com-pound
selection, potency determination, and/or formulation development, there have also been
ongoing efforts to utilize real-time biosensing techniques to track how antimicrobial lipids
disrupt model lipid membranes that mimic the basic lipid bilayer architecture of bacterial
cell membranes and are compatible with surface-sensitive measurement techniques. These
efforts fit within the broader landscape of developing label-free biosensors and biomedical
sensors that scrutinize biomacromolecular interactions for use in new directions such as
pharmaceutical drug development, which complement the traditional focus on molecular
detection [19,20].

For example, the supported lipid bilayer (SLB) platform has been employed with
acoustic and optical biosensing techniques to study how antimicrobial lipids and surfactants
cause changes in membrane morphology, which can be distinguished in a com-pound-
specific manner and are correlated with the critical micelle concentration (CMC) of each
compound [10,21–23]. Indeed, such approaches have worked well for characterizing
strain-induced morphological changes, such as membrane budding or tubulation, which
result from membrane interactions, while it should be noted that these morphological
changes are related to the confined SLB geometry and occur in order to relieve strain. At
the same time, there is also interest in investigating how antimicrobial lipid interactions
affect membrane permeability, which is directly related to the interaction process itself and
also associated with antimicrobial activity [17,18,24]. In this regard, the electrochemical
impedance spectroscopy (EIS) technique is a potentially useful technique to track membrane
permeability changes in a label-free manner, especially since it has been previously shown
to detect peptide-induced membrane disruption with high sensitivity compared to other
conventional biosensing options [25].

While SLB platforms are useful model membrane platforms, the lipid bilayer is only
separated from the underlying solid support (typically silica) by an ultrathin interfacial
water layer and hence the ionic reservoir is quite small, which has led to the develop-
ment of the tethered bilayer lipid membrane (tBLM) platform with a larger ionic reservoir
and other suitable features for EIS measurements. The tBLM platform involves the co-
valent attachment of long, tether-like anchor lipids onto a gold surface with relatively
low surface coverage, followed by forming the tethered lipid bilayer by vesicle fusion or
solvent-exchange type processes [26,27]. The anchor lipid composition consists of a mixture
of two distinct molecules—the anchors themselves as well as spacers—that compete for
binding to the gold surface during a solution-phase incubation step, resulting in a mixed
monolayer of long anchors and short spacers that can be varied depending on their relative
molar concentrations in the bulk solution [28]. The anchors are amphiphilic molecules that
provide a template to guide tBLM self-assembly, whereas the short spacers have no direct
contact with the lipid membrane and function to passivate the gold surface and create
the ionic reservoir. Hence, the choice of anchor lipid and spacer influences membrane
packing density and integrity, which consequently affect the electrical sealing properties
of the tBLM [26]. For example, increasing the length of the tethers can lead to increased
fluidity (e.g., permeability) of the resulting membrane, formation of undulated membranes,
pore-like defects, and even tether detachment from the surface [29]. With appropriate tBLM
platform design and electrical sealing, the relatively large ionic reservoir between the lower
bilayer leaflet and gold surface makes it possible to measure electrical current flow through
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the membrane [30,31]. Given these capabilities, EIS measurements have been conducted to
study the mechanism of action of membrane-disruptive antimicrobial peptides using the
tBLM platform, which has proven useful for distinguishing peptides that induce transverse
pore formation [32], membrane lysis [33,34], and size modulation of existing membrane
pores [35,36]. Hence, there is excellent potential to apply the EIS sensing technique to-
gether with the tBLM platform to characterize the membrane-disruptive interactions of
antimicrobial lipids and surfactants from a mechanistic perspective.

Towards this goal, herein, we conducted EIS measurements to investigate the mem-
brane-disruptive properties of representative antimicrobial lipids and surfactants, namely
glycerol monolaurate (GML), lauric acid (LA), and sodium dodecyl sulfate (SDS), using
the tBLM platform. GML and LA are two of the most biologically active monoglycerides
and fatty acids, respectively, while SDS is a widely used surfactant that has a similar chain
structure. Our main objective was to evaluate the concentration-dependent measurement
responses for each compound in terms of corresponding CMC values, and to establish
an analytical basis for gaining insight into how the different compounds disrupt lipid
membranes. While antimicrobial peptides have well-developed models to describe their
mechanisms of actions, such perspectives are less well developed for antimicrobial lipids
and surfactants and the EIS measurement capabilities utilized here help to address this
gap while establishing a broadly applicable biosensing tool to mechanistically profile
antimicrobial lipids and surfactants that are relevant to healthcare, biotechnology, and food
science applications.

2. Materials and Methods
2.1. Materials

Glycerol monolaurate (GML), lauric acid (LA), and sodium dodecyl sulfate (SDS) were
purchased from Sigma Aldrich (St. Louis, MO, USA). Phosphate-buffered saline (PBS,
pH 7.4) was obtained from Gibco (Carlsbad, CA, USA). All solutions were prepared in
Milli-Q-treated deionized water (MilliporeSigma, Burlington, MA, USA).

2.2. Antimicrobial Lipid Preparation

Stock solutions of GML and LA were prepared by dissolving the appropriate amount
of compound in ethanol to 200 mM stock concentration. The aliquots were then diluted
in aqueous buffer to the highest test concentration of 500 µM and 2 mM for GML and
LA, respectively, before experiments. The SDS sample was prepared by weighing the
desired amount, followed by dissolving the sample in aqueous buffer to the highest test
concentration of 2 mM. To enhance solubility, each sample was heated at 70 ◦C for 30 min
prior to preparing two-fold serial dilutions. The diluted samples were cooled down to
room temperature before adding them to the measurement chamber.

2.3. Tethered Bilayer Lipid Membrane (tBLM) Formation

The tBLM was fabricated on top of a pre-tethered benzyl-disulfide ethylene glycol
T10 monolayer that consisted of 90% spacer (hydroxyl terminated benzyldisulphide tetra-
ethylene glycol) and 10% tether (benzyldisulphide polyethylene glycol phytanyl) molecules
attached to the gold electrode slide (product code: SDx-BG), as supplied by SDx Tethered
Membranes (Sydney, Australia). The gold electrode slide was placed over a tethaPlate
cartridge (product code: SDx-T10, SDx Tethered Membranes) according to the standard
configuration (see also Figure S1). Based on this configuration, the solvent ex-change
technique was performed to form the complete tBLM, as previously described [32]. First, an
8 µL aliquot of a 3 mM mobile lipid phase that consisted of 70% zwitterionic C20 diphytanyl-
diether-phosphatidylcholine lipid and 30% C20 glycerol diphytanyl ether (DPEPC) lipid
dissolved in ethanol (product code: SDx-S1, SDx Tethered Membranes), was added on top of
the tethered monolayer in each of the six chambers within a single tethaPlate cartridge (SDx
Tethered Membranes). After a 2 min incubation period, each chamber was rinsed thrice with
100 µL PBS each time. The tBLM formation process was characterized by electrochemical
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impedance spectroscopy (EIS) measurements using the tethaPod instrument (product code:
SDx-R1, SDx Tethered Membranes). All EIS measurements were performed in alternating
current (AC) mode, and swept-frequency impedance spectroscopy with a 25 mV AC
excitation (see also refs. [28,37,38]) and frequency range of 0.1 Hz to 2000 Hz was used. No
offset voltage was applied. For Bode plots, note that only the frequency range up to 1000 Hz
is presented in the graphs because relevant signal changes occurred within that range.
Conductance (Gm) and capacitance (Cm) values of around ~0.3 µS and 1.2–1.6 µF/cm2

respectively, for the 2.1 mm2 electrode were considered to be acceptable baseline values [32].
Data collection and processing were conducted by using the tethaQUICK (product code:
SDx-B1, SDx Tethered Membranes) and OriginPro (OriginLab, Northampton, MA, USA)
software packages. All measurements were repeated at least twice and representative
measurements are shown. The deviation in measurement values for the tBLM platform
was less than 5% between experiments. Note that the Gm and Cm signals were recorded
every 3 min and each data point is represented by a circular symbol while lines connect the
dots as a guide for the eyes.

3. Results
3.1. Measurement Strategy

The glycerol monolaurate (GML) monoglyceride and lauric acid (LA) fatty acid were
selected as representative antimicrobial lipids along with the structurally related sodium
dodecyl sulfate (SDS) surfactant to evaluate their corresponding membrane-disruptive
behaviors using the tBLM platform. As presented in Figure 1A, GML and LA each have
a saturated, 12-carbon long hydrocarbon chain while their headgroups are different. In
the GML case, the headgroup is a glycerol group while the headgroup is a carboxylic
acid group in the LA case. At pH 7.4, GML is nonionic whereas LA is negatively charged
because its carboxylic acid headgroup is deprotonated [11]. Similarly, SDS is an anionic
detergent that consists of a saturated, 12-carbon long hydrocarbon chain with a negatively
charged sulfate headgroup. Although all three molecules have similar hydrocarbon chains,
their distinct headgroups contribute to different physiochemical properties such as net
charge and critical micelle concentration (CMC) values. Of note, previous findings have
reported that the three compounds are principally active at bulk concentrations above
their respective CMC values and can induce distinct membrane morphological changes
in supported lipid bilayers accordingly [24]. Such insights provided guidance to select
appropriate compound concentrations for testing in the present tBLM experiments.

To investigate the membrane-disruptive effects of these compounds, electrochemical
impedance spectroscopy (EIS) measurements were conducted using tethered bilayer lipid
membrane (tBLM) platforms. After establishing the measurement baseline signals, GML,
LA, or SDS was added to the tBLM platform and the incubation period lasted for 30 min,
followed by a PBS buffer washing step. A schematic illustration of the tBLM platform with
the EIS measurement setup is shown in Figure 1B. Prior to experiment, a monolayer of
anchor lipids was covalently attached to the gold electrode surface via gold-sulfur dative
bonding and the anchor lipid mixture consisted of anchor lipids possessing a tether unit
that binds the lipid to the solid support and an exposed hydrophobic lipid part that acts as
the bottom leaflet of the tethered lipid bilayer, along with a spacer moiety that separates the
tether units laterally [39]. The monolayer was formed by incubating an ethanolic solution
of dissolved tether and spacer molecules in a 9:1 molar ratio with the gold electrode surface,
followed by ethanol rinsing [38]. Afterwards, the complete lipid bilayer architecture of the
tBLM platform was formed by incubating the monolayer-functionalized gold electrode
surface with an ethanolic solution of dissolved 70% zwitterionic C20 diphytanyl-diether-
phosphatidylcholine lipid and 30% C20 glycerol diphytanyl ether (DPEPC) lipid. A buffer
rinsing step was performed in a solvent-exchange type process [40] in order to induce a
phase transition of the lipid molecules whereby they self-assemble with one another along
with the attached tethered lipids to form a full-spanning tBLM across the gold electrode
surface, which includes an ionic reservoir between the gold surface and lower lipid leaflet.
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Figure 1. (A) Molecular structures of GML, LA, and SDS. (B) Schematic illustration of EIS measurement
setup with the tBLM platform. The corresponding electrical properties of the tethered lipid bilayer
are modelled in terms of conductance (Gm) and capacitance (Cm). (C,D) Schematic illustration of
(C) membrane thinning/thickening and (D) membrane lysis effects and typical measurement responses.

The tBLM platform was integrated with the EIS measurement setup to temporally
track the conductance (Gm) and capacitance (Cm) values of the tBLM platform in response
to compound addition and resulting membrane-disruptive effects. Gm is related to the
passage of ionic current through the lipid bilayer, while Cm measures the electrical charge
buildup in the lipid bilayer. As an initial control experiment, blank PBS was added in lieu
of compound in PBS and no changes in the Gm or Cm signals occurred, thus verifying
that EIS measurement responses arise from compound addition and not due to buffer
exchange/washing alone (Figure S2). In addition to these two signals, we also analyzed the
Bode plot of phase versus log10 [frequency]. Operationally, EIS measures the impedance
across the tBLM by applying an alternating current over a range of frequencies. The phase
difference between the voltage and current is represented as the phase angle and indicates
the tendency of the tBLM platform to act as a capacitor [41]. The variation in phase angle
with respect to frequency is displayed as the Bode plot. Briefly, the frequency at the phase
minima reflects Gm and the phase value at the phase minima reflects Cm. Conceptually,
when ion leakage across the tethered lipid bilayer occurs, there will be a larger Gm signal
that causes the phase minima to shift to a higher frequency. Alternatively, when membrane
thinning occurs, there will be a large Cm signal that causes the phase minima to shift to a
higher phase value [42].

Based on these measurement capabilities, we proceeded to evaluate the membrane-
disruptive effects of the different compounds. In general, two commonly observed types
of membrane disruption are (1) membrane thinning/thickening and (2) membrane lysis.
In the first case, the test compound can intercalate within the tethered lipid bilayer [43],
resulting in changes in membrane thickness and fluidity (Figure 1C). Such changes in turn
affect membrane permeability as well; increased permeability is typically associated with
Gm and Cm shift increases along with a prominent increase in frequency and/or modest
increase in phase minima in the phase profile [33,34]. On the other hand, in the second
case of membrane lysis, the tethered lipid bilayer surface tension is reduced, followed by
membrane solubilization whereby lipid molecules leave the tBLM surface and results in
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membrane defects (Figure 1D). Membrane lysis typically induces large increases in the
Gm and Cm values along with a frequency increase and a very large increase in the phase
minima in the phase profile [33].

3.2. GML

To investigate the membrane-disruptive properties of GML, we treated the tBLM
platform with different GML concentrations above and below its CMC value of 60 µM
(ref. [11]) and measured the corresponding measurement responses (Figure 2). At the
highest test concentration, 500 µM GML rapidly induced Gm and Cm shift increases of
around 80 µS and 0.93 µF/cm2, respectively (Figure 2A). The measurement responses
plateaued at those values and, after buffer washing, both Gm and Cm shifts decreased
to around 30 µS and 0.85 µF/cm2, respectively, relative to the initial tBLM baseline. The
corresponding Bode plots indicated a shift to higher frequencies and a modest increase in
the phase minima, which indicates irreversible membrane defect formation (Figure 2B). Of
note, the Bode plots after compound treatment and after subsequent buffer washing in this
case were essentially identical and superimposed graphically, indicating that 500 µM GML
treatment caused irreversible membrane-disruptive effects.
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Similar interaction kinetics were observed in the case of 250 µM GML treatment,
albeit the recorded Gm and Cm shift increases were around 20-fold smaller at 4.42 µS
and 0.32 µF/cm2, respectively (Figure 2C). Following a subsequent rinsing step, the final
Gm and Cm shifts were around 0.43 µS and 0.02 µF/cm2, respectively, relative to the
baseline values. From the Bode plots, it was observed that the phase minima shifted
to higher frequencies upon GML addition (Figure 2D). Upon rinsing, the phase minima
shifted to lower frequencies and a smaller phase, suggesting that the membrane defects
caused by GML were partially reversible. This response profile could be explained by
the partial insertion of the hydrophobic part of GML into the hydrophobic region of
the membrane [33,44,45], and the partially inserted GML was then removed from the
membrane with the subsequent rinsing step, leaving some defects in the membrane.
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On the other hand, treatment with 125 µM GML led to even smaller Gm and Cm shifts
of around 0.52 µS and −0.15 µF/cm2, respectively, and the corresponding values after
buffer washing were around ~0 µS and −0.12 µF/cm2, respectively (Figure 2E). The Bode
plots showed only a slight increase in the frequency range upon 125 µM GML addition
while the signal was reversed back to near the baseline after buffer washing (Figure 2F).
These responses indicate that the GML caused some membrane defects, but the membrane
returned to nearly its original state after washing. Compared to the higher GML concen-
tration cases, these results support that lower GML concentrations caused less extensive,
irreversible membrane disruption. Furthermore, at even lower GML concentrations around
the CMC and below, the Gm and Cm shifts were nearly negligible, indicating that GML
had only minor effect in those cases (Figure S3). Collectively, the data support that GML is
mainly active above its CMC and exhibits greater membrane-disruptive effects at higher
GML concentrations within that range.

3.3. LA

We proceeded to characterize the membrane-disruptive properties of LA and treated
the tBLM platform with different LA concentrations above and below its CMC value of
950 µM (ref. [11]) (Figure 3). The addition of 2000 µM LA induced a transient Gm shift
increase of 5.6 µS along with a Cm shift decrease of −0.41 µF/cm2 (Figure 3A). After buffer
washing, the final Gm and Cm values nearly returned to baseline values with shifts of
only around 0.05 µS and −0.05 µF/cm2, respectively, relative to the initial signals. The
corresponding Bode plots showed a frequency increase and decrease in the phase minima
due to LA addition, while the phase profile nearly recovered to baseline levels after buffer
washing (Figure 3B). Similarly, the addition of 1000 µM LA caused a transient Gm shift
increase of 0.71 µS along with a Cm shift decrease of −0.19 µF/cm2, which indicates only
minor membrane-disruptive effects (Figure 3C). After buffer washing, the final Gm and Cm
values were 0.02 µS and 0.19 µF/cm2, respectively, relative to the initial signals. The largely
reversible effects of 1000 µM LA treatment were also reflected in the Bode plot (Figure 3D).
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Figure 3. (A) Time-resolved conductance (Gm) and capacitance (Cm) shifts upon 2000 µM LA addition
to the tBLM platform. The arrows indicate compound addition at t = 10 min and buffer washing
at t = 40 min, respectively. (B) Bode plots for 2000 µM LA addition to the tBLM platform, whereby
baseline, treatment, and post-washing reflect the initial measurement signal, signal after compound
addition, and signal after buffer washing, respectively. Corresponding data for (C,D) 1000 µM LA
and (E,F) 500 µM LA addition to the tBLM platform.
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Upon 500 µM LA treatment, there were only minor Gm and Cm shifts of 0.17 µS and
−0.26 µF/cm2, respectively, which is consistent with the presence of LA monomers only
at that concentration (Figure 3E). After buffer washing, the final measurement shifts were
negligible, with Gm and Cm shift values of ~0 µS and 0.04 µF/cm2, respectively, and the
corresponding Bode plot showed no change relative to the baseline (Figure 3F). These results
are consistent with LA only exhibiting membrane-disruptive effects above the CMC and
lower LA concentrations further below the CMC were also inactive (Figure S4). Together,
these findings support that LA micelles exhibit membrane-disruptive effects of the tBLM
platform during the interaction process, although such effects are largely reversible.

3.4. SDS

In addition to GML and LA, we investigated the membrane-disruptive properties of
SDS and treated the tBLM platform with different SDS concentrations above and below its
CMC value of 800 µM (ref. [11]) (Figure 4). At the highest tested concentration, 2000 µM
SDS addition caused rapid and large Gm and Cm shifts of up to 8700 µS and 45 µF/cm2,
respectively (Figure 4A). In marked contrast to the other tested compounds, the measure-
ment responses showed extensive fluctuations indicating loss of membrane integrity and
buffer washing caused the Gm and Cm shifts to further increase to around 19,000 µS and
134 µF/cm2, respectively, before stabilizing at around 10,000 µS and 31 µF/cm2. The corre-
sponding Bode plots indicated a very large increase in the phase minima that is consistent
with membrane lysis (Figure 4B) [33]. Similarly, 1000 µM SDS addition induced a rapid
Gm shift of 20.5 µS, whereas the initial Cm shift was negligible and around −0.31 µF/cm2

(Figure 4C). Upon buffer washing, both the Gm and Cm shifts initially increased up to
around 40.5 µS and 42.8 µF/cm2, respectively, before stabilizing at 6.39 µS and 0.30 µF/cm2.
In this case, the Bode plots indicated a frequency increase that is consistent with membrane
defect formation (Figure 4D). By contrast, 500 µM SDS addition to the tBLM platform
caused relatively minor Gm and Cm shifts that stabilized at values around 2.93 µS and
0.35 µF/cm2, respectively (Figure 4E). In that case, buffer washing led to Gm and Cm shift
decreases of around 0.18 µS and −0.18 µF/cm2, respectively, which were distinct from the
transient increases observed in the higher SDS concentration cases described above. The
Bode plots further showed a decrease in the phase minima along with a frequency increase
that is indicative of membrane defect formation (Figure 4F).

On the other hand, 250 µM SDS addition caused more subtle membrane-disruptive
effects with gradual Gm and Cm shifts of around 0.7 µS and 0.21 µF/cm2, respectively
(Figure 5A). The corresponding Bode plots showed a decrease in the phase minima along
with a modest frequency increase, which indicated membrane defect formation (Figure 5B).
Likewise, 125 µM SDS addition caused more subtle membrane-disruptive effects with grad-
ual Gm and Cm shifts of around 0.2 µS and −0.05 µF/cm2, respectively, along with similar
but smaller changes in the Bode plots that point to a relatively minor extent of membrane
defect formation (Figure 5C,D). There were negligible changes in the measurement signals
when 63 µM SDS was added, with Gm and Cm shifts of only 0.05 µS and −0.11 µF/cm2,
respectively, and only minor changes in the Bode plots (Figure 5E,F). Together, these data
support that extensive, solubilization-like disruption of the tBLM platform mainly occurred
when the SDS concentration was above its CMC and showed concentration-dependent
behavior, while SDS exhibited more modest membrane-disruptive effects at SDS concentra-
tions as low as 125 µM.
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4. Discussion

In this study, we performed EIS experiments to gain mechanistic insight into how
GML, LA, and SDS affect the electrochemical properties of the tBLM platform. Compared to
past measurement approaches that were mainly sensitive to changes in three-dimensional
membrane morphology, the EIS technique enabled real-time, label-free characterization
of changes in lipid bilayer permeability and electrical sealing properties. Based on the



Sensors 2022, 22, 3712 10 of 14

EIS results, Figure 6 presents a schematic summary to explain the membrane-disruptive
behaviors of the three compounds and each case is described one-by-one below. The
membrane-disruptive effects of all three compounds primarily occurred above their respec-
tive CMC values, and hence the following discussion pertains to when each compound
was in the micellar state.
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Figure 6. Schematic summary illustrating the membrane-disruptive effects of (A) SDS, (B) GML, and
(C) LA micelles on tethered bilayer lipid membrane platforms. The inferred scenarios reflect the EIS
measurement trends observed in each case and are proposed based on the wealth of antimicrobial
peptide data that has been obtained for tBLM platform experiments using the EIS technique in past
reports [33,36].

We begin by describing the SDS case because it had the most pronounced membrane-
disruptive behavior and its solubilizing activity caused membrane lysis (Figure 6A). SDS
has a relatively large headgroup and its membrane insertion caused lipid removal from the
tBLM platform due to SDS-lipid complex formation and micellization [46]. Consequently,
the loss of membrane integrity disrupted the electrical sealing of the tBLM platform, which
resulted in large increases in the conductance and capacitance signals [33]. By contrast,
GML did not cause extensive membrane solubilization but instead caused irreversible
membrane defect formation (Figure 6B). The ability to cause membrane defect formation is
likely related to the nonionic character of GML, whereby it can readily translocate across
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the two bilayer leaflets. Even so, notably, the membrane integrity in this case was still
largely preserved, as indicated by relatively stable sealing properties after buffer washing.

On the other hand, LA exhibited a distinct pattern of membrane-disruptive behavior
because the corresponding effects were largely reversible and the tBLM platform retained
membrane integrity (Figure 6C). This finding was supported by the phase profiles in the
Bode plots and can be rationalized by taking into account that LA has an anionic headgroup,
which limits its membrane translocation ability [10]. Accordingly, LA intercalation affected
membrane packing in the tBLM platform during the interaction stage but the weakly
interacting LA molecules were readily rinsed away during the buffer washing step [47].
As such, all three compounds demonstrated unique membrane-disruptive properties,
especially in the cases of GML and LA that induced irreversible and reversible membrane
damage, respectively. While past studies using other biosensing techniques have shown
that GML is generally more potent than LA [48], our findings obtained using the EIS
technique in the present study newly establish that GML is not only more potent (active
at lower bulk concentrations) but also causes irreparable membrane damage in a distinct
manner to that of LA.

Such findings demonstrate the utility of label-free biosensing strategies to study com-
plex biomacromolecular interaction processes, whereas conventional biological assays
focus on post-treatment effects rather than the interaction process itself [18,49]. Previously
used label-free biosensing techniques such as the quartz crystal microbalance-dissipation
(QCM-D) and localized surface plasmon resonance (LSPR) sensing revealed that GML,
LA, and SDS induce membrane budding, tubule formation, and membrane solubiliza-
tion, respectively, above their corresponding CMC values and established that CMC is
a key factor that influences the difference in antimicrobial potency of the various com-
pounds [10,22]. Indeed, the QCM-D and LSPR measurement techniques are sensitive
to the architectural configuration of the supported lipid bilayer platform and can detect
compound-triggered changes in three-dimensional membrane morphology that arise from
the confined membrane geometry and accompanying strain relief in applicable cases, while
it would be desirable to utilize a label-free biosensing approach that can more sensitively de-
tect changes in membrane permeability due to compound interactions with a less confined,
more biomimetic membrane platform.

Towards this goal, in this study, we explored using the tBLM platform because it
is less confined on the surface compared to the supported lipid bilayer platform due to
sparse tethering, which enables more dynamic and biologically relevant changes in mem-
brane properties. Moreover, the tBLM platform is compatible with the EIS measurement
technique, which is highly sensitive to detect changes in membrane permeability that are
associated with membrane-disruptive antimicrobial activities. Hence, the EIS measure-
ments were able to distinguish mechanistic differences in how GML, LA, and SDS disrupt
lipid membranes based on the real-time conductance and capacitance signals along with
the phase profile. Importantly, the distinct membrane-disruptive properties of GML and
LA against lipid membranes contribute to understanding why GML possesses greater
antimicrobial activity than LA. In line with these past biophysical and biological results,
our findings support that GML has greater membrane-disruptive potency than LA and
SDS on account of a lower CMC value while unraveling distinct types of membrane in-
teractions for each compound, including how SDS micelles and monomer can both cause
membrane disruption to different extents. From this viewpoint, the EIS measurements
provide new capabilities for studying the membrane-disruptive properties of antimicrobial
lipids and surfactants.

In terms of analogizing the current experimental results to antimicrobial peptide cases
that have previously been studied using the tBLM platform, the EIS data further support
that the membrane-disruptive behaviors of GML and LA bear resemblance to the carpet
model. Specifically, the permeabilizing effect of these compounds is likely related to the
parallel orientation of inserted compound molecules in the tethered lipid bilayer, resulting
in a ‘carpet’ that perturbs membrane packing [33,50,51]. In the GML case, this carpet-like
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behavior coupled with high translocation ability resulted in irreversible membrane defect
formation, whereas LA also exhibited carpet-like behavior but only had low translocation
ability, which resulted in reversible membrane interactions instead.

5. Conclusions

In this work, we investigated the membrane-disruptive effects of three representative
antimicrobial lipids and surfactants on the tBLM platform by utilizing the EIS measurement
technique. A key benefit of this sensing approach was that changes in membrane elec-
trochemical properties could be directly evaluated to determine how the test compounds
affect the ionic permeability of the lipid membranes, which represents a distinct vantage
point to past studies that mainly looked at resulting effects on three-dimensional membrane
morphology. Moreover, the tBLM platform has a higher degree of structural flexibility (i.e.,
less confined geometry) compared to previously used confined SLB platforms, which al-
lowed us to distinguish the irreversible and reversible membrane damaging effects caused
by GML and LA micelles, respectively. Moreover, SDS was observed to cause distinct types
of membrane-disruptive behavior above and below its CMC, which is also in line with
recent findings that the membrane-disruptive properties of SDS depend on the membrane
nanoarchitecture [52]. Together, these findings demonstrate that the EIS technique is useful
for evaluating the mechanistic details of how antimicrobial lipids and surfactants interact
with the tBLM platform and such capabilities can be utilized to further screen and optimize
the membrane-disruptive performance of candidate lipids and surfactants in future work.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/s22103712/s1, Figure S1: Experimental setup for EIS measurements.
Figure S2: Time-resolved conductance (Gm) and capacitance (Cm) shifts and Bode plots for negative
control experiment; Figure S3: Time-resolved conductance (Gm) and capacitance (Cm) shifts and Bode
plots upon 63 µM, 31 µM, and 16 µM GML addition to the tBLM platform; Figure S4: Time-resolved
conductance (Gm) and capacitance (Cm) shifts and Bode plots upon 250 µM LA addition to the
tBLM platform.

Author Contributions: Conceptualization, S.W.T., B.K.Y. and J.A.J.; investigation, S.W.T., W.-Y.J.,
B.K.Y. and J.A.J.; writing—original draft preparation, S.W.T. and J.A.J.; writing—review and editing,
S.W.T., W.-Y.J., B.K.Y. and J.A.J.; supervision, B.K.Y. and J.A.J.; funding acquisition, W.-Y.J. and J.A.J.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by National Research Foundation of Korea (NRF) grants funded
by the Korean government (MSIT) (2020R1C1C1004385, 2020R1C1C1005523, and 2021R1A4A1032782).

Data Availability Statement: The raw data required to reproduce these findings are available from
the corresponding authors on reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Cheon, J.; Qin, J.; Lee, L.P.; Lee, H. Advances in Biosensor Technologies for Infection Diagnostics. Acc. Chem. Res. 2022, 55,

121–122. [CrossRef] [PubMed]
2. Reder-Christ, K.; Bendas, G. Biosensor Applications in the Field of Antibiotic Research—A Review of Recent Developments.

Sensors 2011, 11, 9450–9466. [CrossRef] [PubMed]
3. McKeating, K.S.; Aubé, A.; Masson, J.-F. Biosensors and Nanobiosensors for Therapeutic Drug and Response Monitoring. Analyst

2016, 141, 429–449. [CrossRef] [PubMed]
4. Majumder, M.A.A.; Rahman, S.; Cohall, D.; Bharatha, A.; Singh, K.; Haque, M.; Gittens-St Hilaire, M. Antimicrobial Stewardship:

Fighting Antimicrobial Resistance and Protecting Global Public Health. Infect. Drug Resist. 2020, 13, 4713–4738. [CrossRef]
5. Zucca, M.; Savoia, D. The Post-Antibiotic Era: Promising Developments in the Therapy of Infectious Diseases. Int. J. Biomed. Sci.

2010, 6, 77–86.
6. Kumar, M.; Sarma, D.K.; Shubham, S.; Kumawat, M.; Verma, V.; Nina, P.B.; Jp, D.; Kumar, S.; Singh, B.; Tiwari, R.R. Futuristic

Non-Antibiotic Therapies to Combat Antibiotic Resistance: A Review. Front. Microbiol. 2021, 12, 609459. [CrossRef]
7. Ghosh, C.; Sarkar, P.; Issa, R.; Haldar, J. Alternatives to Conventional Antibiotics in the Era of Antimicrobial Resistance. Trends

Microbiol. 2019, 27, 323–338. [CrossRef]

https://www.mdpi.com/article/10.3390/s22103712/s1
https://www.mdpi.com/article/10.3390/s22103712/s1
http://doi.org/10.1021/acs.accounts.1c00647
http://www.ncbi.nlm.nih.gov/pubmed/35038867
http://doi.org/10.3390/s111009450
http://www.ncbi.nlm.nih.gov/pubmed/22163705
http://doi.org/10.1039/C5AN01861G
http://www.ncbi.nlm.nih.gov/pubmed/26631282
http://doi.org/10.2147/IDR.S290835
http://doi.org/10.3389/fmicb.2021.609459
http://doi.org/10.1016/j.tim.2018.12.010


Sensors 2022, 22, 3712 13 of 14

8. Borrelli, L.; Varriale, L.; Dipineto, L.; Pace, A.; Menna, L.F.; Fioretti, A. Insect Derived Lauric Acid as Promising Alternative
Strategy to Antibiotics in the Antimicrobial Resistance Scenario. Front. Microbiol. 2021, 12, 620798. [CrossRef]

9. Alves, E.; Dias, M.; Lopes, D.; Almeida, A.; Domingues, M.D.; Rey, F. Antimicrobial Lipids from Plants and Marine Organisms:
An Overview of the Current State-of-the-Art and Future Prospects. Antibiotics 2020, 9, 441. [CrossRef]

10. Yoon, B.K.; Jackman, J.A.; Kim, M.C.; Cho, N.-J. Spectrum of Membrane Morphological Responses to Antibacterial Fatty Acids
and Related Surfactants. Langmuir 2015, 31, 10223–10232. [CrossRef]

11. Valle-González, E.R.; Jackman, J.A.; Yoon, B.K.; Park, S.; Sut, T.N.; Cho, N.-J. Characterizing How Acidic pH Conditions Affect the
Membrane-Disruptive Activities of Lauric Acid and Glycerol Monolaurate. Langmuir 2018, 34, 13745–13753. [CrossRef] [PubMed]

12. Wang, J.; Yang, C.; Hu, X.; Yao, X.; Han, L.; Wu, X.; Li, R.; Wen, T.; Ming, L. Lauric Acid Induces Apoptosis of Rice Sheath Blight
Disease Caused by Rhizoctonia solani by Affecting Fungal Fatty Acid Metabolism and Destroying the Dynamic Equilibrium of
Reactive Oxygen Species. J. Fungi 2022, 8, 153. [CrossRef] [PubMed]

13. Matsue, M.; Mori, Y.; Nagase, S.; Sugiyama, Y.; Hirano, R.; Ogai, K.; Ogura, K.; Kurihara, S.; Okamoto, S. Measuring the
Antimicrobial Activity of Lauric Acid against Various Bacteria in Human Gut Microbiota Using a New Method. Cell Transplant.
2019, 28, 1528–1541. [CrossRef] [PubMed]

14. Schlievert, P.M.; Kilgore, S.H.; Seo, K.S.; Leung, D.Y.M. Glycerol Monolaurate Contributes to the Antimicrobial and Anti-
Inflammatory Activity of Human Milk. Sci. Rep. 2019, 9, 14550. [CrossRef] [PubMed]

15. Thormar, H.; Isaacs, C.; Brown, H.R.; Barshatzky, M.R.; Pessolano, T. Inactivation of Enveloped Viruses and Killing of Cells by
Fatty Acids and Monoglycerides. Antimicrob. Agents Chemother. 1987, 31, 27–31. [CrossRef]

16. Jackman, J.A.; Hakobyan, A.; Zakaryan, H.; Elrod, C.C. Inhibition of African Swine Fever Virus in Liquid and Feed by Medium-
Chain Fatty Acids and Glycerol Monolaurate. J. Anim. Sci. Biotechnol. 2020, 11, 114. [CrossRef]

17. Parsons, J.B.; Yao, J.; Frank, M.W.; Jackson, P.; Rock, C.O. Membrane Disruption by Antimicrobial Fatty Acids Releases Low-
Molecular-Weight Proteins from Staphylococcus aureus. J. Bacteriol. 2012, 194, 5294–5304. [CrossRef]

18. Yang, H.-T.; Chen, J.-W.; Rathod, J.; Jiang, Y.-Z.; Tsai, P.-J.; Hung, Y.-P.; Ko, W.-C.; Paredes-Sabja, D.; Huang, I.-H. Lauric Acid Is an
Inhibitor of Clostridium difficile Growth in Vitro and Reduces Inflammation in a Mouse Infection Model. Front. Microbiol. 2018, 8,
2635. [CrossRef]

19. Osaki, T.; Takeuchi, S. Artificial Cell Membrane Systems for Biosensing Applications. Anal. Chem. 2017, 89, 216–231. [CrossRef]
20. Reimhult, E.; Kumar, K. Membrane Biosensor Platforms Using Nano- and Microporous Supports. Trends Biotechnol. 2008, 26,

82–89. [CrossRef]
21. Hyldgaard, M.; Sutherland, D.; Sundh, M.; Mygind, T.; Meyer, R. Antimicrobial Mechanism of Monocaprylate. Appl. Environ.

Microbiol. 2012, 78, 2957–2965. [CrossRef] [PubMed]
22. Yoon, B.K.; Park, H.; Zhdanov, V.P.; Jackman, J.A.; Cho, N.-J. Real-Time Nanoplasmonic Sensing of Three-Dimensional Morpho-

logical Changes in a Supported Lipid Bilayer and Antimicrobial Testing Applications. Biosens. Bioelectron. 2021, 174, 112768.
[CrossRef] [PubMed]

23. Yoon, B.K.; Jackman, J.A.; Kim, M.C.; Sut, T.N.; Cho, N.J. Correlating Membrane Morphological Responses with Micellar
Aggregation Behavior of Capric Acid and Monocaprin. Langmuir 2017, 33, 2750–2759. [CrossRef] [PubMed]

24. Yoon, B.K.; Jackman, J.A.; Valle-Gonzalez, E.R.; Cho, N.J. Antibacterial Free Fatty Acids and Monoglycerides: Biological Activities,
Experimental Testing, and Therapeutic Applications. Int. J. Mol. Sci. 2018, 19, 1114. [CrossRef]

25. Briand, E.; Zäch, M.; Svedhem, S.; Kasemo, B.; Petronis, S. Combined QCM-D and EIS Study of Supported Lipid Bilayer Formation
and Interaction with Pore-Forming Peptides. Analyst 2010, 135, 343–350. [CrossRef]

26. Andersson, J.; Köper, I.; Knoll, W. Tethered Membrane Architectures—Design and Applications. Front. Mater. 2018, 5, 55.
[CrossRef]

27. Junghans, A.; Köper, I. Structural Analysis of Tethered Bilayer Lipid Membranes. Langmuir 2010, 26, 11035–11040. [CrossRef]
28. Hoiles, W.; Gupta, R.; Cornell, B.; Cranfield, C.; Krishnamurthy, V. The Effect of Tethers on Artificial Cell Membranes: A

Coarse-Grained Molecular Dynamics Study. PLoS ONE 2016, 11, e0162790. [CrossRef]
29. Liu, C.; Faller, R. Conformational, Dynamical. and Tensional Study of Tethered Bilayer Lipid Membranes in Coarse-Grained

Molecular Simulations. Langmuir 2012, 28, 15907–15915. [CrossRef]
30. Jackman, J.A.; Knoll, W.; Cho, N.-J. Biotechnology Applications of Tethered Lipid Bilayer Membranes. Materials 2012, 5, 2637–2657.

[CrossRef]
31. Vockenroth, I.K.; Ohm, C.; Robertson, J.W.F.; McGillivray, D.J.; Lösche, M.; Köper, I. Stable Insulating Tethered Bilayer Lipid

Membranes. Biointerphases 2008, 3, FA68–FA73. [CrossRef] [PubMed]
32. Cranfield, C.G.; Cornell, B.A.; Grage, S.L.; Duckworth, P.; Carne, S.; Ulrich, A.S.; Martinac, B. Transient Potential Gradients and

Impedance Measures of Tethered Bilayer Lipid Membranes: Pore-Forming Peptide Insertion and the Effect of Electroporation.
Biophys. J. 2014, 106, 182–189. [CrossRef] [PubMed]

33. Alghalayini, A.; Garcia, A.; Berry, T.; Cranfield, C.G. The Use of Tethered Bilayer Lipid Membranes to Identify the Mechanisms of
Antimicrobial Peptide Interactions with Lipid Bilayers. Antibiotics 2019, 8, 12. [CrossRef] [PubMed]

34. Park, S.; Jackman, J.A.; Cho, N.-J. Comparing the Membrane-Interaction Profiles of Two Antiviral Peptides: Insights into
Structure–Function Relationship. Langmuir 2019, 35, 9934–9943. [CrossRef] [PubMed]

http://doi.org/10.3389/fmicb.2021.620798
http://doi.org/10.3390/antibiotics9080441
http://doi.org/10.1021/acs.langmuir.5b02088
http://doi.org/10.1021/acs.langmuir.8b02536
http://www.ncbi.nlm.nih.gov/pubmed/30343569
http://doi.org/10.3390/jof8020153
http://www.ncbi.nlm.nih.gov/pubmed/35205907
http://doi.org/10.1177/0963689719881366
http://www.ncbi.nlm.nih.gov/pubmed/31665909
http://doi.org/10.1038/s41598-019-51130-y
http://www.ncbi.nlm.nih.gov/pubmed/31601928
http://doi.org/10.1128/AAC.31.1.27
http://doi.org/10.1186/s40104-020-00517-3
http://doi.org/10.1128/JB.00743-12
http://doi.org/10.3389/fmicb.2017.02635
http://doi.org/10.1021/acs.analchem.6b04744
http://doi.org/10.1016/j.tibtech.2007.11.004
http://doi.org/10.1128/AEM.07224-11
http://www.ncbi.nlm.nih.gov/pubmed/22344642
http://doi.org/10.1016/j.bios.2020.112768
http://www.ncbi.nlm.nih.gov/pubmed/33288427
http://doi.org/10.1021/acs.langmuir.6b03944
http://www.ncbi.nlm.nih.gov/pubmed/28263610
http://doi.org/10.3390/ijms19041114
http://doi.org/10.1039/B918288H
http://doi.org/10.3389/fmats.2018.00055
http://doi.org/10.1021/la100342k
http://doi.org/10.1371/journal.pone.0162790
http://doi.org/10.1021/la303511p
http://doi.org/10.3390/ma5122637
http://doi.org/10.1116/1.2912097
http://www.ncbi.nlm.nih.gov/pubmed/20408671
http://doi.org/10.1016/j.bpj.2013.11.1121
http://www.ncbi.nlm.nih.gov/pubmed/24411250
http://doi.org/10.3390/antibiotics8010012
http://www.ncbi.nlm.nih.gov/pubmed/30704119
http://doi.org/10.1021/acs.langmuir.9b01052
http://www.ncbi.nlm.nih.gov/pubmed/31291111


Sensors 2022, 22, 3712 14 of 14

35. Cranfield, C.G.; Berry, T.; Holt, S.A.; Hossain, K.R.; Le Brun, A.P.; Carne, S.; Al Khamici, H.; Coster, H.; Valenzuela, S.M.; Cornell,
B. Evidence of the Key Role of H3O+ in Phospholipid Membrane Morphology. Langmuir 2016, 32, 10725–10734. [CrossRef]
[PubMed]

36. Berry, T.; Dutta, D.; Chen, R.; Leong, A.; Wang, H.; Donald, W.A.; Parviz, M.; Cornell, B.; Willcox, M.; Kumar, N.; et al.
Lipid Membrane Interactions of the Cationic Antimicrobial Peptide Chimeras Melimine and Cys-Melimine. Langmuir 2018, 34,
11586–11592. [CrossRef]

37. Alghalayini, A.; Jiang, L.; Gu, X.; Yeoh, G.H.; Cranfield, C.G.; Timchenko, V.; Cornell, B.A.; Valenzuela, S.M. Real-Time Monitoring
of Heat Transfer between Gold Nanoparticles and Tethered Bilayer Lipid Membranes. Biochim. Biophys. Acta Biomembr. 2020,
1862, 183334. [CrossRef]

38. Alghalayini, A.; Jiang, L.; Gu, X.; Yeoh, G.H.; Cranfield, C.G.; Timchenko, V.; Cornell, B.A.; Valenzuela, S.M. Tethered Bilayer
Lipid Membranes to Monitor Heat Transfer between Gold Nanoparticles and Lipid Membranes. J. Vis. Exp. 2020, 166, e61851.
[CrossRef]

39. Alharbi, A.R.M.; Andersson, J.M.; Köper, I.; Andersson, G.G. Investigating the Structure of Self-Assembled Monolayers Related
to Biological Cell Membranes. Langmuir 2019, 35, 14213–14221. [CrossRef]

40. Cranfield, C.; Carne, S.; Martinac, B.; Cornell, B. The Assembly and Use of Tethered Bilayer Lipid Membranes (tBLMs). Methods
Mol. Biol. 2015, 1232, 45–53.

41. Cseresnyés, I.; Rajkai, K.; Vozáry, E. Role of Phase Angle Measurement in Electrical Impedance Spectroscopy. Int. Agrophys. 2013,
27, 377–383. [CrossRef]

42. Cranfield, C.G.; Henriques, S.T.; Martinac, B.; Duckworth, P.; Craik, D.J.; Cornell, B. Kalata B1 and Kalata B2 Have a Surfactant-
Like Activity in Phosphatidylethanolomine-Containing Lipid Membranes. Langmuir 2017, 33, 6630–6637. [CrossRef] [PubMed]

43. Simard, J.R.; Kamp, F.; Hamilton, J.A. Measuring the Adsorption of Fatty Acids to Phospholipid Vesicles by Multiple Fluorescence
Probes. Biophys. J. 2008, 94, 4493–4503. [CrossRef] [PubMed]

44. Hong, J.; Lu, X.; Deng, Z.; Xiao, S.; Yuan, B.; Yang, K. How Melittin Inserts into Cell Membrane: Conformational Changes,
Inter-Peptide Cooperation, and Disturbance on the Membrane. Molecules 2019, 24, 1775. [CrossRef]

45. Salditt, T.; Li, C.; Spaar, A. Structure of Antimicrobial Peptides and Lipid Membranes Probed by Interface-Sensitive X-ray
Scattering. Biochim. Biophys. Acta Biomembr. 2006, 1758, 1483–1498. [CrossRef]

46. Pachioni, J.; Magalhães, J.; Lima, E.; De Moura Bueno, L.; Barbosa, J.; Malta de Sá, M.; Rangel-Yagui, C. Alkylphospholipids–A
Promising Class of Chemotherapeutic Agents with a Broad Pharmacological Spectrum. J. Pharm. Pharm. Sci. 2013, 16, 742–759.
[CrossRef]

47. Fosdick, M.G.; Chheda, P.R.; Tran, P.M.; Wolff, A.; Peralta, R.; Zhang, M.Y.; Kerns, R.; Houtman, J.C.D. Suppression of Human T
Cell Activation by Derivatives of Glycerol Monolaurate. Sci. Rep. 2021, 11, 8943. [CrossRef]

48. Schlievert, P.M.; Peterson, M.L. Glycerol Monolaurate Antibacterial Activity in Broth and Biofilm Cultures. PLoS ONE 2012, 7,
e40350. [CrossRef]

49. Zhang, M.S.; Sandouk, A.; Houtman, J.C.D. Glycerol Monolaurate (GML) Inhibits Human T Cell Signaling and Function by
Disrupting Lipid Dynamics. Sci. Rep. 2016, 6, 30225. [CrossRef]

50. Pouny, Y.; Rapaport, D.; Mor, A.; Nicolas, P.; Shai, Y. Interaction of Antimicrobial Dermaseptin and its Fluorescently Labeled
Analogs with Phospholipid Membranes. Biochemistry 1992, 31, 12416–12423. [CrossRef]

51. Yamaguchi, S.; Huster, D.; Waring, A.; Lehrer, R.I.; Kearney, W.; Tack, B.F.; Hong, M. Orientation and Dynamics of an Antimicrobial
Peptide in the Lipid Bilayer by Solid-State NMR Spectroscopy. Biophys. J. 2001, 81, 2203–2214. [CrossRef]

52. Moon, S.; Yoon, B.K.; Jackman, J.A. Effect of Membrane Curvature Nanoarchitectonics on Membrane-Disruptive Interactions of
Antimicrobial Lipids and Surfactants. Langmuir 2022, 38, 4606–4616. [CrossRef] [PubMed]

http://doi.org/10.1021/acs.langmuir.6b01988
http://www.ncbi.nlm.nih.gov/pubmed/27668940
http://doi.org/10.1021/acs.langmuir.8b01701
http://doi.org/10.1016/j.bbamem.2020.183334
http://doi.org/10.3791/61851
http://doi.org/10.1021/acs.langmuir.9b02553
http://doi.org/10.2478/intag-2013-0007
http://doi.org/10.1021/acs.langmuir.7b01642
http://www.ncbi.nlm.nih.gov/pubmed/28605904
http://doi.org/10.1529/biophysj.107.121186
http://www.ncbi.nlm.nih.gov/pubmed/18296488
http://doi.org/10.3390/molecules24091775
http://doi.org/10.1016/j.bbamem.2006.08.002
http://doi.org/10.18433/J3CW23
http://doi.org/10.1038/s41598-021-88584-y
http://doi.org/10.1371/journal.pone.0040350
http://doi.org/10.1038/srep30225
http://doi.org/10.1021/bi00164a017
http://doi.org/10.1016/S0006-3495(01)75868-7
http://doi.org/10.1021/acs.langmuir.1c03384
http://www.ncbi.nlm.nih.gov/pubmed/35389653

	Introduction 
	Materials and Methods 
	Materials 
	Antimicrobial Lipid Preparation 
	Tethered Bilayer Lipid Membrane (tBLM) Formation 

	Results 
	Measurement Strategy 
	GML 
	LA 
	SDS 

	Discussion 
	Conclusions 
	References

