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ABSTRACT: Using quartz crystal microbalance-dissipation and time-lapse fluorescence microscopy, we demonstrate that adding
mixtures of lauric acid (LA) and glycerol monolaurate (GML), two of the most biologically active antimicrobial fatty acids and
monoglycerides, to a supported lipid bilayer triggers concurrent tubule and bud formation, which unexpectedly results in synergistic
phospholipid membrane remodeling that far exceeds the effects of GML or LA alone. Together, GML and LA drive pearling
instability, dynamic transformation of buds into tubules and vice versa, and extensive membrane lysis. The most pronounced effects
occurred with equimolar concentrations of GML and LA, highlighting that synergistic membrane disruption arises from competition
for the lipid supply to buds and tubules and an inability to relieve membrane strains. These findings offer a conceptually new model
to explain how fatty acid and monoglyceride interactions can trigger phospholipid membrane remodeling events relevant to various
biophysical and biological systems.

Understanding how single-chain lipid amphiphiles such as
fatty acids and monoglycerides interact with phospholi-

pid membranes is broadly relevant to numerous scientific
topics such as pathogen inhibition,1 biofuel production,2 and
molecular evolution.3 Medium-chain saturated fatty acids and
monoglycerides, especially the 12-carbon long lauric acid (LA)
and its monoglyceride derivative glycerol monolaurate (GML),
exhibit particularly high levels of membrane-disruptive
antimicrobial effects4 and immune cell interactions.5 Fatty
acids and monoglycerides have also been observed to induce
morphological changes in supported lipid bilayers (SLBs).6,7 In
particular, GML and LA are responsible for membrane
budding and tubule formation, respectively, in both single-
component phospholipid and more complex phospholipid−
cholesterol SLBs.8,9 However, it is far less understood at a
physicochemical level how mixtures of fatty acids and
monoglycerides interact with and disrupt phospholipid
membranes despite reports of synergistic biological activities,
such as more potent antibacterial activity of GML/LA mixed
micelles compared to GML or LA micelles.10 To unravel the
corresponding processes, we have studied the micellar
aggregation properties of different GML/LA mixtures by

fluorescence spectroscopy and then explored the interaction of
GML/LA micelles with SLBs by quartz crystal microbalance-
dissipation (QCM-D) and time-lapse fluorescence microscopy
imaging experiments (Scheme 1).
GML/LA mixtures were prepared by varying the molar ratio

of the two components in solution (100/0, 80/20, 60/40, 40/
60, 20/80, and 0/100 mol % GML/LA), and the critical
micelle-formation concentration (CMC) of each GML/LA
mixture was first determined. Fluorescence spectroscopy
experiments were conducted using the 1-pyrenecarboxalde-
hyde probe to detect the onset of micelle formation. There was
a decrease in the maximum-intensity emission wavelength of
the fluorescent probe upon partitioning into the hydrophobic
interior of micelles, which has a lower dielectric constant than
the aqueous medium.11 The results demonstrated a strong
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dependence of CMC on the GML/LA molar ratio. The CMCs
of 100/0, 80/20, and 60/40 mol % GML/LA samples were 60,
80, and 90 μM, respectively, while larger CMCs occurred at
higher LA fractions (Figure S1). The CMCs of 40/60, 20/80,
and 0/100 mol % GML/LA samples were 130, 300, and 950
μM, respectively. The observed trend in CMCs was analyzed
using a pseudophase separation model12 and indicated that
GML and LA exhibit ideal mixing and form mixed micelles
with well-controlled molar ratios (Figure S2 and section 2 in
the Supporting Information).
We then investigated the interaction of GML/LA mixtures

with zwitterionic 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) SLBs by using the QCM-D technique. For reference,
we categorized the QCM-D frequency response profiles
associated with individually adding GML or LA to a DOPC

SLB, which causes membrane budding or tubule formation,
respectively8 (Figure 1A). The QCM-D frequency signal is
sensitive to the hydrodynamically coupled adsorbed mass of
the lipid adlayer near the sensor surface (within ∼250 nm),13

and the specific response profile depends on the shape of buds
and tubules that evolve from the SLB and corresponding
surface sensitivity of the QCM-D frequency signal to the bud
and tubule morphologies.14

In general, the GML/LA mixtures were significantly more
active above the corresponding CMC. For 100 mol % and 80/
20 mol % GML/LA micelles, membrane budding was detected
(Figure 1B,C). In marked contrast, 60/40 and 40/60 mol %
GML/LA micelles induced more complex membrane-inter-
action profiles, as indicated by a rapid series of modest
frequency increases and decreases in successive fashion (Figure

Scheme 1. Experimental Strategy to Characterize the Membrane-Interaction Profiles of GML/LA Mixtures

Figure 1. Real-time QCM-D characterization of GML/LA mixture interaction with SLB platforms. (A) Schematic illustration of QCM-D frequency
shifts associated with membrane budding and tubule formation. (B−G) Time-resolved frequency shifts for the addition of GML/LA micelles (2 ×
CMC, blue circles) or GML/LA monomers (0.5 × CMC, red triangles) to DOPC SLB platforms at different molar ratios: (B) 100/0; (C) 80/20;
(D) 60/40; (E) 40/60; (F) 20/80; and (G) 0/100 GML/LA. The initial measurement values at t = 0 min correspond to a DOPC SLB platform on
a silica-coated sensor surface. GML/LA mixtures were added at t = 10 min after an initial baseline period in equivalent buffer solution.
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1D,E). On the other hand, 20/80 and 0/100 mol % GML/LA
micelles induced tubule formation (Figures 1F,G). Thus,
GML/LA micelles with high GML or LA fractions behaved
more similarly to GML or LA micelles, respectively, while
GML/LA micelles with similar GML and LA fractions
exhibited more complex membrane-interaction profiles (see
also Figure S3).
Time-lapse fluorescence microscopy imaging experiments

were also conducted in order to directly observe SLB
membrane morphological changes (Figure 2A). After SLB
formation, we added GML/LA mixtures with fixed 500 μM
GML concentration and variable amounts of LA (between 31
μM and 2000 μM) or 500 μM GML or 2 mM LA alone as
controls and observed membrane remodeling events.
As expected, the addition of 2000 μM LA or 500 μM GML

alone principally induced the formation of elongated tubules or
spherical membrane buds (emanating from entangled
tubules8), respectively (Figure 2B,C and Movies S1 and S2).
However, the membrane remodeling events became more

complex when GML and LA were added together. The
coaddition of 500 μM GML and 31 μM LA mainly triggered
membrane budding, but some of the buds had protruding,
web-like invaginations (Figure 2D and Movie S3). Moreover,
the coaddition of 500 μM GML and 125 μM LA led to the
coexistence of elongated tubules and spherical buds with
continually evolving shape structures (Figure 2E and Movie
S4).
The most distinct membrane morphological changes were

observed when 500 μM GML and 500 μM LA were added
together. The initial coexistence of elongated tubules and
spherical buds preceded more dynamic changes whereby
several buds began to exhibit pearling behavior15 (Figure 2F
and Movie S5). On the other hand, the coaddition of 500 μM
GML and 2000 μM LA mainly triggered the formation of
elongated tubules and some buds, which appeared to stably
coexist unlike at the more intermediate GML/LA ratios
(Figure 2G and Movie S6). Thus, the data support that GML/
LA mixtures can trigger a wide range of membrane

Figure 2. Fluorescence microscopy imaging of membrane morphological changes in SLBs triggered by GML/LA addition (the angle of view with
respect to the support is 90°; note that tubules are tilted in the flow direction). (A) Schematic illustration of experimental stages. Representative
image snapshots of SLB platforms were recorded around t = 10 min post-GML/LA addition for (B and C) control experiments with 2000 μM LA
or 500 μM GML alone, and different GML/LA mixtures as follows: (D) 500 μM GML and 31 μM LA; (E) 500 μM GML and 125 μM LA; (F)
500 μM GML and 500 μM LA; and (G) 500 μM GML and 2000 μM LA. Scale bars: 20 μm.
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morphological changes that exceeds what occurs with GML or
LA alone.
The pearling behavior exhibited in the equimolar mixture of

500 μM GML and 500 μM LA case is a key example of how
GML/LA mixtures induce dynamic membrane morphological
changes. The corresponding time-lapse snapshots depict how
an initially formed bud transforms shape into pearls-on-a-string
and subsequently breaks down (Figure 3A and Movie S7).
After ∼12 min, a large spherical bud of ∼30 μm diameter
began to exhibit instability, as indicated by loss of spherical
structure and formation of web-like protrusions. The
protrusions evolved into pearls-on-a-string, and structural
integrity was compromised within ∼2 min thereafter.
We also observed the rapid conversion of spherical buds into

elongated tubules and vice versa in the case of GML/LA
mixtures at intermediate molar ratios. In Figure 3B, a spherical
bud of ∼10 μm diameter formed upon the coaddition of 500
μM GML and 500 μM LA is depicted to convert rapidly into a
tubule within a short time period of ∼1 min (Movie S8). In
another example, an elongated tubule formed upon the
coaddition of 500 μM GML and 125 μM LA is shown to
evolve into a spherical bud (Figure 3C and Movie S9). By
contrast, neither pearling instability nor interconversion of
buds and tubules was observed in predominately GML or LA
samples.
To further characterize the interaction of GML/LA mixtures

with SLB platforms, we investigated the effect of GML/LA
treatment on the membrane integrity of fluorescently labeled
DOPC SLBs. The addition of 2000 μM LA or 500 μM GML
caused a low degree of membrane defects (Figures 4A,B and
Movies S10 and S11). By contrast, the addition of GML/LA
mixtures, consisting of 500 μM GML plus varying amounts of
LA, caused more extensive membrane lysis. Specifically, the
coaddition of 500 μM GML plus 31 or 125 μM LA caused

appreciably more membrane damage than GML or LA alone
(Figures 4C,D and Movies S12 and S13). The most extensive
damage occurred when 500 μM GML and 500 μM LA were
added together, while more moderate damage occurred when
500 μM GML and 2000 μM LA were added together (Figure
4E,F and Movies S14 and S15). The surface area percentage of
membrane defects within the SLBs verified that the coaddition
of 500 μM GML and 500 μM LA caused the most extensive
damage, amounting to around 58 ± 1.0% of the total surface
area (Figure 4G). By contrast, the coaddition of 500 μM GML
and 2000 μM LA damaged around 25 ± 3.2% of the total
surface area, which was much lower than even when 500 μM
GML and 125 μM LA were added together (43 ± 1.4%). The
data support that (i) adding higher total amounts of GML and
LA does not always increase the extent of membrane lysis and
(ii) the highest levels of membrane lysis occurred at
intermediate GML/LA molar ratios.
Concerning the underlying physics, we note that in two- or

multicomponent suspended membranes, the suitable generic
mechanism of bud formation is related to phase separation, i.e.,
the appearance of domains, provided they have appreciable
spontaneous curvature whereby the observed curvature is
determined by a trade-off between the bending and boundary
energies (see the seminal studies16,17 by Jülicher and Lipowsky,
recent review,18 and references in section 3 of the Supporting
Information). With suitable modification, this mechanism is
also operative for describing tubule formation along with both
scenarios in the presence of a solid support as well. Our
fluorescence microscopy data indicate that the buds contain
primarily GML and DOPC, while the tubules are composed
primarily of LA and DOPC. The flat SLB contacting the
support contains DOPC and may contain GML and LA. The
energy of the corresponding membrane patches includes (i)
lateral interactions between DOPC, GML, and LA molecules

Figure 3. Dynamic shape transformations of supported lipid membranes and pearling instability. GML/LA mixtures were added to a fluorescently
labeled DOPC SLB. (A) A spherical bud protrusion formed upon addition of a 500/500 μM GML/LA mixture. Eventually, the bud transformed
shape and the dynamic process lasted around 5 min. (B) A spherical bud protrusion initially formed upon addition of a 500/500 μM GML/LA
mixture. Eventually, the bud rapidly transformed into a tubule. (C) A tubular protrusion initially formed upon addition of a 500/125 μM GML/LA
mixture. Eventually, the tubule rapidly transformed into a bud. For panels A−C, image snapshots are presented at different time points during the
respective shape transformations. The time stamp on each image indicates the time elapsed after GML/LA addition. In applicable cases, white
arrows indicate lipid structures of interest. Scale bars: 15 μm.
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within the bilayer, (ii) bilayer bending energy, and (iii)
bilayer−substrate interactions, respectively (see also section 3
in the Supporting Information). The formation of different
phases is related primarily to appreciable attractive lateral
DOPC-GML and DOPC-LA interactions. The shape of the
patches not contacting the support depends on the
spontaneous curvature. If the lateral interaction is isotropic,
then the spontaneous curvature is isotropic as well, and if this
curvature is appreciable, then the corresponding model will
describe bud formation as we observe in the GML case. If the
lateral interaction is strongly anisotropic, then the spontaneous

curvature will also be anisotropic; i.e., the formation of the
membrane curvature with respect to one of the axes will make
curvature formation less favorable with respect to the other
axis. If this effect is appreciable, i.e., the curvature is appreciable
only with respect to one of the directions, then the model will
predict tubule formation as we observe in the LA case.
Physically, the spontaneous curvature is related to the length
difference between DOPC, GML, and LA molecules and the
specifics of their hydrophilic heads (Figure S4), as well as the
different compositions of the external and internal leaflets of a
membrane.

Figure 4. Quantitative comparison of membrane lysis caused by GML/LA mixtures. (A and B) Control experiments with 2000 μM LA or 500 μM
GML. (C−F) GML/LA mixture experiments for different GML/LA molar ratios. (G) Surface area percentage of membrane defects in SLBs for
data in panels A−F. The GML/LA molar ratio is indicated on top of each column. Mean ± standard deviation is reported for n = 5 replicates per
test group. Scale bars: 20 μm.
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The bud- and tubule-forming phases are more stable
compared to the patches contacting the support, because we
observe their growth as long as there is supply of GML and LA
from the solution and supply of DOPC from the patches
contacting the support. In the QCM-D measurements, the bud
formation is clearly manifested in the initial decrease of the
QCM-D frequency shift (i.e., in the increase of its absolute
value). For coadsorbed GML and LA, the GML-containing
buds and LA-containing tubules first grow almost independ-
ently because DOPC is in excess, and at the equimolar GML/
LA ratio, both these processes are well manifested. Then, the
growth of buds is followed by their partial decomposition
related to the consumption of DOPC by growing tubules. This
means that the strength of the DOPC-LA lateral interaction in
tubules is larger than that of the DOPC-GML interaction in
buds, but not dramatically larger, because some of the buds are
still observed at the end of the measurements [the difference in
the interactions of GML and LA species is related, as already
noticed, to the specifics of their molecular structures (cf. Figure
S4)]. The synergistic competition for DOPC is especially well
manifested at the equimolar GML/LA ratio. It is noteworthy
that pearling instability is observed at this ratio and can be
related with DOPC transport from buds to tubules. This
transport reduces DOPC content, may result in a local increase
of spontaneous curvature in bud patches, and can induce the
formation of smaller buds with larger curvature.
In summary, we have demonstrated that mixtures of fatty

acids and monoglycerides can exhibit synergistic membrane
remodeling and the results offer physicochemical insight into
the corresponding mechanism. In particular, our experiments
revealed that a dynamic competition between membrane
budding and tubule formation remodeling of the SLB platform
occurs when there are similar concentrations of GML and LA
within the GML/LA micelles, and this competition drives
structural instability, including pearling behavior in some cases.
At late stages, these processes are accompanied by membrane
disruption. Taken together, our findings provide mechanistic
insight into why fatty acids and monoglycerides can have
synergistic biophysical and biological activities related to
membrane disruption and support that mixtures of fatty
acids and monoglycerides can be useful for application
purposes. Notably, it has been estimated that the concen-
trations of GML19 and LA20,21 in human milk are around 11
and 10 mM, respectively, along with significant presence in
other biological fluids and surfaces (e.g., skin22), so the
importance of micellar aggregation on membrane remodeling
processes observed in this study has potential biological
relevance. From a broader perspective, the results presented
also illustrate the richness of the phenomena that occur during
coattachment of biological species. Other examples of this
category include the formation of a protein corona around
nanoparticles in biofluids23 and competition for receptors
during multivalent interaction of biological nanoparticles with
phospholipid membranes.24
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