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ABSTRACT: Monoglycerides are esterified adducts of fatty =~ DDG > CMC __ DDG < CMC GML > CMC __ GML < CMC
acid and glycerol molecules that disrupt phospholipid ; \oos
membranes, leading to a wide range of biological functions & — A, — -

such as antimicrobial activity. Among monoglycerides, glycerol \;’.‘ ¥ "{_'-r..\; ¢

monolaurate (GML) exhibits particularly high antimicrobial :.\."Q\ &‘ \

activity, although enzymatic hydrolysis of its ester group can | “;‘ “x A |

diminish potency. Consequently, there have been efforts to *;\‘\'-_-l}‘%'!' Vb ‘\\;"
\

E"\H 1)

identify more chemically stable versions of GML, most |} 3‘ ’; "R ‘J " :

notably its alkylglycerol ether equivalent called dodecylglycer- i

ol (DDG). However, despite high structural similarity,

biological studies indicate that DDG and GML are not functionally equivalent and it has been speculated that the two
compounds might have different interaction profiles with phospholipid membranes. To address this outstanding question,
herein, we employed supported lipid bilayer (SLB) platforms to experimentally characterize the interactions of DDG with
phospholipid membranes. Quartz crystal microbalance-dissipation experiments identified that DDG causes concentration-
dependent membrane morphological changes in SLBs and the overall extent of membrane remodeling events was greater than
that caused by GML. In addition, time-lapsed fluorescence microscopy imaging experiments revealed that DDG causes
extensive membrane tubulation that is distinct from how GML induces membrane budding. We discuss how differences in the
head group properties of DDG and GML contribute to distinct membrane interaction profiles, offering insight into how the
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molecular design of DDG not only improves chemical stability but also enhances membrane-disruptive activity.

B INTRODUCTION

Monoglycerides and other types of single-chain lipid
amphiphiles can exhibit inhibitory activity against phospholipid
membrane-enclosed pathogens, including enveloped viruses
and bacteria, as well as display other types of biological
functions.'™* Naturally found as a part of the innate immune
system, these antimicrobial lipids work principally by physically
disrupting cellular membranes and kill pathogens or inhibit
growth depending on the lipid concentration.”® Among them,
glycerol monolaurate (GML) is one of the most potent
antimicrobial lipids’~” and is the esterified adduct of lauric acid
and glycerol. GML is widely used in food'’ and topical skin''
products and is currently being evaluated as a promising
pharmacological drug candidate.'” However, the ester bond in
GML is susceptible to hydrolysis by bacterial lipases, rendering
GML sensitive to chemical degradation.'”'* There have been
efforts to design improved versions, including dodecylglycerol
(DDG), which is the alkylglycerol ether equivalent of GML.
With a nonhydrolyzable ether bond replacing the ester bond,
DDG possesses greater chemical stability than GML and is
hence a promising antimicrobial lipid.

Ved et al. first reported that DDG inhibits a wide range of
bacteria more potently than GML." The higher potency was
attributed to enhanced chemical stability and greater retention
in bacterial cells. Interestinglyy, DDG was found to inhibit
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bacterial growth by activating bacterial enzymes that break
down the cell wall."> Later studies showed that DDG also
inhibited metabolic processes associated with peptidoglycan
synthesis'>'® as well as lipid and lipoteichoic acid synthesis.'”
The wide range of metabolic activities affected by DDG
treatment suggests that DDG disturbs bacterial cell membranes
through a nonspecific mechanism, in turn, affecting the
function of numerous, membrane-associated bacterial en-
zymes.'” Although GML and DDG exhibit overlapping
antibacterial activities, the aforementioned studies indicate
that there are mechanistic distinctions between the two
compounds. Such questions have spurred efforts to better
understand the molecular self-assembly of DDG in the context
of explaining its biological activity.

Biophysical experiments have demonstrated that the critical
micelle concentration (CMC) of DDG is approximately 2-fold
greater than its minimum inhibitory concentration for
antibacterial activity, suggesting that DDG monomers might
destabilize bacterial cell membranes.'® This possibility was
surprising because it is thought that antimicrobial lipids are
principally active in the micellar state."” Additional reports
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Figure 1. Overview of experimental strategy to characterize how DDG monomers and micelles interact with supported lipid bilayer platforms.

have corroborated that DDG affects membrane properties,
including membrane fluidity.”® It has also been shown that
DDG can permeabilize Staphylococcus aureus cell membranes.”!
Together, the existing data support that the antimicrobial
activity of DDG is related to the disruption of bacterial cell
membranes although direct experimental characterization of
the interactions between DDG and phospholipid membranes is
lacking. Such findings motivate broader efforts to characterize
how DDG interacts with phospholipid membranes. With
continuing advances in lipid membrane-based nanoarchitec-
tonic tools,””** there is excellent opportunity to employ solid-
supported model phospholipid membrane platforms that are
compatible with a wide range of surface-sensitive measurement
techniques for real-time interaction monitoring.”**’

Herein, we investigated the effects of DDG treatment on
supported lipid bilayer (SLB) platforms and characterized real-
time membrane morphological changes with the quartz crystal
microbalance-dissipation (QCM-D) and time-lapsed fluores-
cence microscopy imaging techniques (Figure 1). A key
advantage of this integrated experimental approach is that the
interactions of antimicrobial lipids with a two-dimensional SLB
cause extensive membrane remodeling, giving rise to three-
dimensional membrane morphological responses that are
compound specific and provide a discernible molecular
interaction signatu1‘e.26’27 Comparative measurements were
performed on structurally similar GML as it has been
speculated that DDG and GML might affect the physical
properties of phospholipid membranes to different extents.””
Hence, GML provides a marker to evaluate the membrane-
disruptive activity of DDG with respect to compound potency
as well as the type and extent of membrane morphological
changes. As such, our findings offer physicochemical insight
into the interactions of DDG with phospholipid membranes
and reveal that its high levels of biological activity are related to
not only enhanced chemical stability but also greater
membrane-disruptive activity.

B EXPERIMENTAL SECTION

Materials. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC)
and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
thodamine B sulfonyl) (ammonium salt) (Rh-PE) were obtained
from Avanti Polar Lipids (Alabaster, AL). 1-O-Dodecyl-rac-glycerol
(DDG) and glycerol monolaurate (GML) were obtained from
Angene International (London, UK.) and Abcam (Cambridge,
UK.), respectively. 1-Pyrenecarboxaldehyde was obtained from
Sigma-Aldrich (St Louis, MO). Phosphate-buffered saline (PBS),
Dulbecco’s Modified Eagle Medium (DMEM), antibiotic—antimy-
cotic, and trypsin were acquired from Gibco (Waltham, MA).
Minimum Essential Medium (MEM) Alpha Modification and fetal
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bovine serum (FBS) were obtained from Hyclone (Logan, UT).
Deionized water (>18 MQ cm) was treated using a Milli-Q water
purification system (MilliporeSigma, Burlington, MA) and was used
for solution preparation.

Preparation of DDG and GML Solutions. Stock solutions (200
mM) of DDG and GML were prepared by dissolving lyophilized
samples in the appropriate amount of absolute ethanol. Aliquots of
the stock solution were then diluted 100-fold with PBS solution, and
the final lipid concentration was 2 mM. For cell cytotoxicity
experiments, the lyophilized samples were directly dissolved in the
appropriate cell culture medium at a final concentration of 5 mM. In
both cases, the lipid solutions were vortexed and then incubated at 60
°C for 30 min to increase solubility, followed by another round of
extensive vortexing. After cooling, the lipid solutions were further
diluted in 2-fold steps using either PBS or cell culture medium as
appropriate depending on the experiment. All lipid solutions were
prepared immediately before experiment.

Fluorescence Spectroscopy. The critical micelle concentration
(CMC) values of DDG and GML were measured using a Cary Eclipse
fluorescence spectroghotometer (Agilent, Santa Clara, CA), as
previously described.”” The fluorescence emission spectrum of the
1-pyrenecarboxaldehyde probe in PBS was measured in the absence
and presence of varying concentrations of DDG or GML. The
excitation wavelength was 365.5 nm, and the emission spectrum was
scanned from 400 to 600 nm. All measurements were conducted at
room temperature (~23 °C), and the maximum-intensity emission
wavelength was recorded from each individual scan. A total of six
scans were conducted per sample.

Quartz Crystal Microbalance-Dissipation (QCM-D). QCM-D
experiments were conducted with a Q-Sense E4 instrument (Biolin
Scientific AB, Stockholm, Sweden) to measure SLB perturbations, as
reflected by changes in mass and viscoelastic properties of the
adsorbed phospholipid film. The basic protocol steps are described in
ref 27, and DOPC SLBs were fabricated using the solvent-assisted
lipid bilayer (SALB) method.>*" The resonance frequency (Af) and
energy dissipation (AD) shifts of an SLB-coated, piezoelectric quartz
crystal sensor chip were measured as a function of time.”> The SLBs
were formed on silica-coated sensor chips (model no. QSX 303,
Biolin Scientific AB) that had a fundamental resonance frequency of §
MH?z. Before experiment, the sensor chips were washed with water
and ethanol and then dried with nitrogen gas, followed by oxygen
plasma treatment. All measurements were performed at 25.0 = 0.5 °C,
and all presented data were collected at the fifth overtone.

Time-Lapsed Fluorescence Microscopy Imaging. Epifluor-
escence microscopy experiments were conducted to directly observe
membrane morphological responses in SLB platforms. An Eclipse TI-
E inverted optical microscope with a 60X oil-immersion objective
(NA 1.49) (Nikon, Tokyo, Japan) was used, and the micrographs
were recorded with an iXon3-897 EMCCD camera (Andor
Technology, Belfast, Northern Ireland). A mercury-fiber illuminator
(Intenslight C-HGFIE, Nikon) was used to illuminate the
fluorophores through a TRITC filter. The experiments were
conducted within a flow-through, microfluidic chamber (sticky slide
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Figure 2. Critical micelle concentration values of DDG and GML determined by fluorescence spectroscopy. Maximum-intensity emission
wavelength of 1-pyrenecarboxaldehyde is presented as a function of compound concentration in PBS solution for (A) DDG and (B) GML. The
corresponding molecular structures of each compound are presented above each graph. Each data point is the average of six technical replicates (n
= 6). The mean and standard deviation (expressed as the error bars) are presented for each data point. The CMC value is defined as the highest
test concentration at which no peak shift occurs.

O-A 2016 ‘eo 35- B
0| -
—_ vso_ 30 24%3
N 150 109£23 | = .
5 -50 100 S 25 20 14+3
> 50 10]
2 -100- 2204
Q DDG GML » DDG GM
& -150- 2 151
o 10+
>
% 200+ )
—O—DDG o 51 —O0—DDG
-250{ ~O—CML qu 0] —0—-GML
0 30 60 90 120 150 180 0 30 60 90 120 150 180
Time (min) Time (min)

Figure 3. QCM-D measurements of SLB membrane morphological responses induced by DDG and GML micelles. Changes in (A) resonance
frequency and (B) energy dissipation were monitored as a function of time upon DDG (red line with circles) or GML (blue line with squares)
addition to preformed DOPC SLBs. The initial baseline values at t = 0 min correspond to the QCM-D measurement shifts due to SLB formation.
The inset boxes show the magnitude of the QCM-D measurement responses, as indicated by the mean and standard deviation (n = 3). DDG or

GML was added to the DOPC SLB at t = S min after the measurement signals stabilized.

VI 0.4, ibidi GmbH, Martinsried, Germany). DOPC SLBs (containing
0.5 mol % of fluorescently labeled Rh-PE lipid) were fabricated using
the SALB method on glass surfaces. After SLB fabrication, the
microfluidic chamber was extensively rinsed with PBS before DDG or
GML was added at a flow rate of 50 uL/min, controlled by a
peristaltic pump. Time-lapsed micrographs were recorded every 3 s
for a total duration of 30 min under ambient room-temperature
conditions (~23 °C).

Cell Viability Testing. The effects of DDG and GML on human
cell lines were tested by measuring the level of dehydrogenase activity
with the cell counting kit-8 (CCK-8) (Dojindo Molecular
Technologies, Rockville, MD). Human lung fibroblast cells (MRC-
5) (RIKEN BioResource Center, Tsukuba, Japan) were cultured in
MEM Alpha Modification supplemented with 10% FBS and 1%
streptomycin/amphotericin B/penicillin. Human keratinocyte cells
(HaCaT) (CLS Cell Lines Service, Eppelheim, Germany) were
cultured in DMEM containing 4.5 g/L p-glucose, L-glutamine, and
110 mg/L sodium pyruvate supplemented with 10% FBS and 1%
antibiotic—antimycotic. Both cell lines were cultured at 37 °C in a 5%
CO, environment. Harvested cells in the exponential growth phase
were seeded into a 96-well tissue culture plate at a density of 5000 and
10000 cells per well for MRC-5 and HaCaT cells, respectively, and
incubated at 37 °C in a 5% CO, environment for 24 h. Afterward, a
media-exchange step was performed and fresh media containing the
appropriate concentration of DDG or GML (5000 to 10 yM in a 2-
fold dilution series) was added. The cells were further incubated at 37
°Cina 5% CO, environment for an additional 24 h. Then, the treated
cells were incubated in 10% CCK-8 solution containing water-soluble
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tetrazolium salt (WST-8), at 37 °C in a 5% CO, environment for 90
min. The generation of formazan dye as the result of WST-8
reduction caused by dehydrogenase activity was analyzed by
measuring sample absorbance at 450 nm wavelength using a
microplate reader (Infinite M200 Pro, Tecan, Zurich, Switzerland).
Cells without treatment and cells treated with 1% Triton X-100 were
used as the negative and positive controls, respectively. All
experiments were conducted in triplicate.

B RESULTS AND DISCUSSION
DDG Has a Lower CMC Value than GML. It has been

suggested that single-chain antimicrobial lipids form micelles,
which are the self-assembled structure that disrupts phospho-
lipid membranes.'” Therefore, we first measured the CMC
values of DDG and GML in PBS by fluorescence spectroscopy
experiments (Figure 2). This technique is a well-established
method for CMC determination by detecting the change in
emission properties of solution-phase fluorescent probe
molecules when they partition into the hydrophobic interior
of micelles.””*>** Specifically, the maximum emission wave-
length decreases due to a lower dielectric constant of the
surrounding hydrophobic environment.>* In blank PBS, the
fluorescent probe (1-pyrenecarboxaldehyde) had a maximum-
intensity emission wavelength of 473 nm and its emission
properties remained constant in the presence of DDG
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Figure 4. QCM-D investigation of concentration-dependent DDG treatment on SLB membrane morphological responses. Af (blue line with
squares) and AD (red line with triangles) shifts as a function of time are presented for DOPC SLBs upon addition of (A) 2 mM, (B) 1 mM, (C)
500 uM, (D) 250 uM, (E) 125 uM, (F) 63 uM, (G) 31 uM, (H) 16 uM, and (I) 8 uM DDG concentrations. The initial measurement values
correspond to an SLB on a silica-coated sensor chip surface. DDG was added at t = 10 min (arrow 1), and a PBS washing step was performed

(arrow 2).

monomers. Upon the onset of DDG micelle formation, the
maximum-intensity emission wavelength decreased and the
CMC of DDG was determined to be 40 M, which agrees with
literature values'® (Figure 2A). In addition, the CMC of GML
was determined to be 60 uM, which also agrees with literature
values™ (Figure 2B). Together, the results indicate the DDG
has a lower CMC value than GML. This finding can be
rationalized by the greater polarity of ester bonds in GML, as
compared with ether bonds in DDG. Greater polarity increases
the thermodynamic barrier for micelle formation to occur due
to more repulsive dipole—dipole interactions,’®*’ hence
supporting GML having a higher CMC value.

DDG Causes Larger Membrane Morphological
Changes than GML. We then conducted QCM-D experi-
ments to characterize the membrane-disruptive interactions of
DDG and GML micelles against zwitterionic DOPC SLBs
(Figure 3). The zwitterionic DOPC lipid composition was
selected because it yields high-quality SLBs and phosphati-
dylcholine lipids are one of the most widely found lipids in
biological membranes. Notably, DOPC SLBs have also proven
useful for distinguishing various types of membrane morpho-
logical responses induced by antimicrobial lipids. When an
antimicrobial lipid is added to the SLB, it can trigger three-
dimensional membrane morphological changes in response to
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an applied membrane strain.”® Depending on the type of
antimicrobial lipid and environmental conditions, different
types of morphological changes occur and real-time QCM-D
measurements enable tracking of corresponding changes in the
mass and viscoelastic properties of the SLB platform.*”*%3%*
In the experiments, the DOPC SLBs were initially fabricated
by using the SALB method and yielded complete SLBs, as
indicated by final resonance frequency (Af) and energy
dissipation (AD) shifts of —26 + 2 Hz and 0.3 + 02 X
107%, respectively.”* Then, the subsequent addition of 125 uM
DDG or GML to a DOPC SLB triggered large-scale membrane
morphological changes, as further indicated by the Af and AD
shifts.”” The response profiles were qualitatively similar for the
two compounds, as might be expected considering that DDG
and GML both exhibit a nonionic character. However,
quantitatively, DDG treatment caused significantly larger
measurement responses, which are indicative of more extensive
morphological changes. The magnitudes of the net Af shift
were 201 + 6 and 109 + 23 Hz for DDG and GML treatments,
respectively (Figure 3A). Likewise, the corresponding net AD
shifts were 24 + 3 X 107° and 14 + 3 X 10~° for DDG and
GML treatments, respectively (Figure 3B). Taken together, the
QCM-D measurement responses demonstrate that DDG
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Figure S. Time-lapsed fluorescence microscopy imaging of DDG and
GML micelles, inducing membrane morphological responses in SLBs.
Image snapshots at various time points after addition of (A) 125 uM
DDG and (B) 125 uM GML to DOPC SLBs. t = 0 min corresponds
to the introduction of DDG or GML into the measurement chamber.
Scale bars are 20 um.
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Figure 6. Time-lapsed fluorescence microscopy imaging of low-
concentration DDG and GML inducing membrane morphological
responses in SLBs. Image snapshots at various time points after
addition of (A) 31 #M DDG and (B) 31 4M GML to DOPC SLBs. t
= 0 min corresponds to the introduction of DDG or GML into the
measurement chamber. Scale bars are 20 pym.

micelles cause more significant membrane morphological
changes to SLBs than GML micelles.
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DDG Exhibits Concentration-Dependent, Membrane-
Disruptive Activity against SLBs. We conducted additional
QCM-D experiments to investigate how the DDG concen-
tration affects membrane-disruptive interactions with SLBs
(Figure 4). Treatment with 500—2000 uM DDG caused large
Af (250 Hz) and AD (>40 X 107°) shifts (Figure 4A—C).
Within this range, the magnitude of the QCM-D responses was
largely independent of the DDG concentration. Treatment
with 31-250 uM DDG caused similar response profiles, but
the magnitude of the QCM-D responses varied according to
the DDG concentration (Figure 4D—G). Larger measurement
responses occurred with greater DDG concentrations,
supporting that the extent of DDG-induced changes in
membrane morphology depends on the DDG concentration.
On the other hand, treatment with 16 uM DDG led to smaller
morphological changes and there were negligible changes upon
treatment with 8 uM DDG (Figure 4H,I). Together, the data
support that DDG exhibits concentration-dependent disruptive
activity against SLBs and it is principally active in the micellar
state. Nevertheless, it is noteworthy that DDG is also active
against SLBs down to roughly one-half of its CMC value. This
finding is consistent with past biological studies indicating that
DDG inhibits Enterococcus faecium at concentrations down to
one-half of its CMC value,'® suggesting that membrane-
disruptive activity of DDG is caused by not only DDG micelles
but also DDG in a premicellar aggregation state as well.*"** In
this respect, the concentration-dependent trend in DDG
activity is similar to that of other monoglycerides like GML
and the importance of molecular aggregation state on
membrane-disruptive behavior has also been reported for
additional types of membrane-intercalating agents with hydro-
phobic moieties such as ionic liquids."**

DDG Micelles Cause Tubule Formation and Entan-
glement. To further investigate the membrane morphological
changes in SLBs, we conducted time-lapsed fluorescence
microscopy imaging experiments (Figure 5). DDG (125 uM)
was added to a fluorescently labeled SLB and three-
dimensional membrane remodeling events were observed in
response to the applied strain within the SLB (Figure SA).
Within 7 min, a large number of long tubular protrusions
emerged from the SLB and were oriented in the flow direction.
Over time, some of the tubules became entangled, coalescing
and forming small spherical buds. The coexistence of a large
number of elongated tubules and a few buds remained stable
up to 20 min when a washing step was performed, replacing
the continuously flowing DDG solution with pure aqueous
buffer. Upon buffer washing, most of the elongated tubules
were removed whereas bright spots, likely the nucleation sites
from which the tubules emerged, became apparent near the
SLB surface. In marked contrast, 125 uM GML caused the
formation of appreciably smaller tubules that quickly became
entangled and formed a much higher fraction of spherical buds
(Figure SB). Under the flow condition, the entangled tubules
and spherical buds remained stable until a buffer washing step
was performed, resulting in the appearance of porelike defects
within the SLB. Altogether, the data indicate that DDG
principally causes formation of elongated tubules whereas
GML induces the formation of much shorter, entangled
tubules leading to spherical budding. Consistent with the
QCM-D data, these findings support that DDG and GML
exhibit distinct membrane interaction profiles on account of
inducing different membrane strain profiles.
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above and below their corresponding CMC values, respectively.
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and (B) HaCaT skin keratinocyte cells are presented as a function of DDG (red line with triangles) or GML (blue line with squares) concentration.
Experiments were conducted in triplicate and data are reported as the mean and standard deviation.

Low-Concentration DDG Causes Membrane Disrup-
tion. Using time-lapsed fluorescence microscopy imaging, we
also investigated the effect of adding 31 uM DDG to DOPC
SLBs (Figure 6). In this concentration range, DDG is likely
present as a mixture of monomers and premicellar aggregates
and exhibits membrane-disruptive activity, as indicated by the
aforementioned QCM-D data. Upon DDG addition, it was
observed that elongated tubules began to protrude from the
SLB within 10 min (Figure 6A). After a buffer washing step
was performed, the tubules were washed away whereas a large
number of porelike defects within the SLB became apparent.
By contrast, 31 #M GML induced small membrane protrusions
to evolve from the SLB without consequent membrane
disruption (Figure 6B). Most of the protrusions disappeared
upon a buffer washing step, resulting in the appearance of a
relatively uniform SLB. Taken together, the data support that
DDG exhibits more potent membrane-disruptive activity
against SLBs than GML, including evidence of membrane
disruption at DDG concentrations indicative of the presence of
premicellar aggregates. An illustrative summary of the types of
membrane morphological responses that are caused by DDG
and GML above and below CMC is presented in Figure 7.

DDG Is More Cytotoxic against Human Cells than
GML. To corroborate the biophysical findings, we also tested
the concentration-dependent effects of DDG and GML in cell
culture medium on the viability of two representative human
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cell lines: lung fibroblasts (MRC-5) and skin keratinocytes
(HaCaT) (Figure 8). The level of dehydrogenase activity, an
important marker of cellular metabolism, was measured as an
indicator of the overall cell viability. For MRC-$ cells, there
was a marked difference in the cytotoxicity levels of the two
compounds and the corresponding 50% cell cytotoxicity
(CCyp) values were 116 and 306 uM for DDG and GML,
respectively (Figure 8A). Similar inhibitory effects were
observed with HaCaT cells, and the CCg, values were 152
and 332 uM for DDG and GML, respectively (Figure 8B).
These data support that DDG exhibits more potent
cytotoxicity than GML,*** a finding that is aligned with our
key observation that DDG exhibits greater membrane-
disruptive activity than GML. Given these biological
implications, such findings also motivate future work to better
understand how antimicrobial lipids such as DDG target
membranes with complex lipid compositions, including raft-
containing ones.

B CONCLUSIONS

The emerging application potential of antimicrobial lipids is
aided by efforts to understand how they interact with
phospholipid membranes, which is the presumed target within
pathogens such as bacteria and enveloped viruses. Toward this
goal, we have developed SLB platforms to study the
mechanism of action of antimicrobial lipids, complementing
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biological studies while gaining fundamental insight into key
physicochemical parameters. Within this scope, in the present
work, we have focused on studying DDG, which is the
alkylglycerol ether equivalent of the GML monoglyceride. It
has long been presumed that DDG exhibits greater biological
activity than GML due to enhanced chemical stability;
however, membrane interaction studies were lacking. Using
SLB platforms, we identified that DDG exhibits greater
membrane-disruptive activity than GML on account of higher
potency, more pronounced membrane morphological changes,
and a distinct membrane interaction profile. These findings
indicate that the molecular design of DDG not only improves
chemical stability but also increases membrane-disruptive
activity. Although most antimicrobial lipids are naturally
found, understanding how changes in molecular structure, as
evidenced by the case of DDG and GML, can lead to
multifaceted effects on chemical and biophysical properties
might provide a framework to rationally engineer antimicrobial
lipids with advantageous features.
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