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Interactions of surfactants with the bacterial cell wall
and inner membrane: Revealing the link between aggre-
gation and antimicrobial activity
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Surfactants with their intrinsic ability to solubilize lipids are widely used as antibacterial agents.
Interaction of surfactants with the bacterial cell envelope is complicated due to their propensity to
aggregate. It is important to discern the interactions of micellar aggregates and single surfactants
on the various components of the cell envelope to improve selectivity and augment the efficacy
of surfactant-based products. In this study, we present a combined experimental and molecular
dynamics investigation to unravel the molecular basis for the superior kill efficacy of laurate over
oleate observed in contact time assays with live E. coli. To gain a molecular understanding of
these differences, we performed all-atom molecular dynamics simulations to observe the interactions
of surfactants with the periplasmic peptidoglycan layer and the inner membrane of Gram-negative
bacteria. The peptidoglycan layer allows a greater number of translocation events for laurate when
compared with oleate molecules. More interestingly, aggregates did not translocate the peptidoglycan
layer, thereby revealing an intrinsic sieving property of the bacterial cell wall to effectively modulate
the surfactant concentration at the inner membrane. The molecular dynamics simulations exhibit
greater thinning of the inner membrane in the presence of laurate when compared with oleate, and
laurate induced greater disorder and decreased the bending modulus of the inner membrane to a
greater extent. The enhanced antimicrobial efficacy of laurate over oleate was further verified by
experiments with giant unilamellar vesicles, which revealed that laurate induced vesicle rupture at
lower concentrations in contrast to oleate. The novel molecular insights gained from our study
uncovers hitherto unexplored pathways to rationalize the development of antimicrobial formulations
and therapeutics.

Introduction
Surfactants and fatty acids with their ability to solubilize lipid
membranes are one of the earliest known antimicrobials used
widely due to their broad spectrum activity against bacteria,
viruses, and fungi1,2. Bio-surfactants are also emerging as al-
ternatives to synthetic surfactants due to their low toxicity and
biodegradability3. Since the common building blocks of both mi-
crobial and mammalian cell membranes4 are phospholipids, sur-
factants can lyse a wide class of cellular systems. Given the com-
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plexity of the bacterial cell envelope and the differences between
Gram-negative and Gram-positive cell architectures, a molecular
understanding of surfactant interactions with the bacterial cell
envelope is needed to improve selectivity and augment the effi-
cacy of antibacterial action. Additionally, understanding the in-
hibitory mechanisms of surfactants at molecular scales is vital for
adequately assessing the scope and extent of various formulations
used as disinfectants and delivering maximum hygiene benefits.

The cell envelope of Gram-negative bacteria has an outer mem-
brane (OM) made up of lipopolysaccharides and lipids, an inter-
vening periplasmic peptidoglycan (PGN) layer, and a phospho-
lipid inner membrane (IM)5, while Gram-positive bacteria are
characterized by a thick peptidoglycan layer and an inner mem-
brane. Surfactants and other antimicrobials first bind to the OM
of the bacterial cell envelope and penetrate the bacterial cell wall
prior to interacting and solubilizing the phospholipid inner mem-
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brane. Due to the negatively charged cell surfaces of both Gram-
negative and Gram-positive bacteria, cationic surfactants have
been widely used as antibacterial cleansing agents. In particu-
lar, quaternary ammonium surfactants1,6 and fatty acids7–9 have
been extensively investigated. The binding efficacy of the surfac-
tant is a function of several factors which include size, charge,
molecular architecture, and collective properties such as the criti-
cal micellar concentration and aggregation numbers10 which dif-
fer based on their protonation states11,12, chain length, and ex-
tent of saturation. For non-ionic surfactants like disaccharide mo-
noesters, the carbon chain length has been perceived to be the
most crucial factor influencing their antimicrobial activity13. N-
acyl surfactants show variation in antibacterial properties based
on chain length and degree of unsaturation 14 with the presence
of double bonds intensifying the antibacterial activity. Hence a
surfactant specific mechanism is anticipated for these molecules
based on chain length, the extent of saturation, charge, and con-
centration.

Despite the wide use of surfactants and fatty acids as antimi-
crobial agents, the molecular interactions of these molecules with
various components of the bacterial cell envelope are incom-
pletely understood largely due to the inherent complexity of the
cell envelope. Whether surfactants solubilize the OM or pene-
trate the OM through channels to access the IM are open ques-
tions. Recent in vitro studies on model bacterial membrane plat-
forms, coupled with super resolution microscopy methods indi-
cate that model membrane constructs can potentially be used
to assess the barrier characteristics of bacterial membranes15–17.
However, these experiments are challenging both from the point
of constructing the reliable bacterial cell wall mimics and using
appropriate microscopic tools to interrogate the membrane in the
presence of external agents15,18.

In recent years, molecular dynamics (MD) simulations have
evolved as a powerful tool to study bacterial membranes and
assess their interactions and free energy barriers with small
molecules and antibiotics. MD simulations have provided a
molecular understanding of the barriers offered by different re-
gions of the complex OM15,19 highlighting the asymmetric free
energy landscape for molecule translocation 19 which is quite
distinct from the IM15. The barrier properties of the PGN layer
have only recently been investigated in our laboratory20. Molecu-
lar dynamics simulations of surfactants and fatty acids have been
widely used to capture properties like self-assembly and partition-
ing of surfactants21,22 and also used for investigating the inter-
actions of surfactants with mammalian membrane models23,24.
However, owing to the complex architecture of the bacterial cell
envelope, MD simulations of interactions with surfactants are yet
to be reported. Antibacterial properties of surfactants, the focus
of this manuscript, which are salts of the fatty acids, have been
studied to a lesser extent, and although their antimicrobial prop-
erties are known, a molecular view of their interactions with the
cell envelope and subsequent action is only partially understood.

In this study, we investigate the antimicrobial properties of
sodium salts of laurate and oleate and perform atomistic MD sim-
ulations to provide a molecular explanation for the increased bac-
terial kill efficacy of laurate over oleate as observed in contact

time kill experiments carried out with E. coli. The novelty of our
analysis lies in studying the interaction of surfactants with the
PGN layer in addition to the phospholipid IM. Simulations with
different surfactant concentrations allow us to study the influence
of aggregation behaviour on the passage of surfactant molecules
through PGN and also assess the interactions with peptide and
glycan moieties with PGN. A detailed analysis to study the influ-
ence of surfactants on the IM properties such as membrane thick-
ness, in-plane lipid order, and bending modulus in the presence
of surfactants is carried out. Combined with rupture data from
giant unilamellar vesicles, we attribute the contrasting efficacies
of laurate and oleate to the differences in chain length dependent
aggregation behavior of these molecules, which plays a pivotal
role in the barrier offered to them by PGN. Our study also shows
that once surfactants partition into the IM, the extent to which
they perturb the membrane is a function of the surfactant chain
length and concentration.

Materials and Methods

Bacteria kill assays

Surfactants used in these studies (sodium oleate & sodium lau-
rate) were procured from Sigma Aldrich. The test bacteria E. coli
procured from American Type Culture Collection (ATCC 10536
) were grown overnight on Tryptic Soy agar (TSA) plate (pro-
cured from Difco TM) at 37◦C and incubated for 16 hours. The
cell density was adjusted at optical density 620 (OD620) using a
spectrophotometer to get the final count of 108 cfu/mL for E. coli.
1 mL of the bacterial suspension was added to 9 mL sterile dis-
tilled water containing the test material. After a contact time of 5
min with respective concentrations of sodium oleate and sodium
laurate, 1 mL of the sample was withdrawn and added to 9 mL
of D/E neutralizing broth purchased from Difco TM. The residual
bacteria were enumerated by serial dilution of the sample and
plating it using TSA. After solidification, these plates were incu-
bated at 37◦C for 24 hrs. The colonies on the plates were counted
after 24 hrs, and log reduction is calculated by comparing with
the culture control. For the kill kinetics study, the contact time of
bacteria with 40 mM sodium oleate and 40 mM sodium laurate
was varied from 1 min, 2 mins, 5 mins, and 10 mins, followed by
neutralization, dilutions, and plating.

Molecular Dynamics Simulations

All-atom simulations were performed using GROMACS version
5.1.425. The PGN model was taken from our previous study20

where a CHARMM36 compatible forcefield is used26. Surfactant-
incorporated IM models were obtained from CHARMM-GUI web
server27. Inner membrane model was procured from our previ-
ous work15. The membranes containing laurate and oleate have
been studied at surfactant molar concentrations 20% and 40%,
as summarized in Table S2. In all the membranes studied, the
lipid compositions for DOPE:DOPG:TOCL (TOCL1) correspond to
the inner membrane of E. coli, viz. ∼75:20:5. CHARMM36 force-
field28 was used for surfactants, lipids, and ions, while modified
TIP3P29 water model was employed to model aqueous solvent.
The potassium ions (K+) were added to maintain electroneutral-
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Fig. 1 (A) Dose-dependent effects of sodium laurate and sodium oleate
on E. coli viability. (B) E. coli kill kinetics with sodium laurate and
sodium oleate. Change from control is defined as log10 (Test) - log10
(Control). A distinct increase in kill efficacy is observed for sodium lau-
rate when compared with sodium oleate.

ity. Simulation details for all the systems examined are given in
the SI.

GUV preparation and fixing
Giant unilamellar vesicles (GUVs) used in the experiments were
prepared by the electroformation method. The GUVs were at-
tached to the DPPC bilayer through biotin-streptavidin bonds us-
ing a similar protocol to our earlier studies30. GUVs fixed to the
glass substrate were imaged using a Leica TCS SP5 microscope.
The detailed protocol is described in the SI.

Results
Efficacy of shorter surfactants
We have studied the dose-dependent effect of sodium laurate and
sodium oleate on E. coli viability using contact time kill (CTK)
assays (Fig. 1A) at room temperature (25◦C) and a pH value of 8-
8.5. A small decrease in the viable population of bacteria for both
surfactants at lower concentrations (< 10 mM) is observed. At
20 mM, about a 2 log order decrease is observed for laurate, and
above 20 mM complete kill of bacteria was observed only in the
case of laurate with oleate showing minimal antibacterial activity.
Fig. 1B illustrates the temporal evolution of the population for a
40 mM surfactant concentration, indicating a complete kill with
laurate at 5 min with about 1 log order reduction in the case of
oleate. In order to determine the origins of these differences in
activity, we study the interaction of laurate and oleate with PGN
and IM using MD simulations and GUV experiments.

Peptidoglycan - The unexplored barrier
We first examined the barrier properties of the PGN layer to sur-
factant molecules. Initially, we studied the interactions of these

surfactants with PGN utilizing all-atom molecular dynamics sim-
ulations of a single surfactant molecule with the PGN layer of
Gram-negative bacteria (Table S1). Translocation events in all
systems were based on the center of mass trajectories of the PGN
layer and the surfactant molecules as described in the SI (Fig. S1).
Each of the systems with a single laurate (L1) and oleate (O1)
was simulated for 500 ns, and multiple translocation events oc-
curred for both L1 and O1 (Figs. 2A, B, and C), providing explicit
confirmation for the lack of any significant barrier in the PGN
layer for a single surfactant molecule. Interestingly, we have also
observed differences in the number of translocation events for
a single molecule of laurate and oleate during the 500 ns dura-
tion (Fig. 2C). For laurate, 13 translocation events were observed,
while for oleate, only five such events occurred, and represen-
tative trajectories illustrate that laurate rapidly crosses the PGN
layer (Fig. 2A), while oleate resides for about 8 ns (Fig. 2B) in
the vicinity of the PGN layer. Similar trends were observed for
several such events, affirming that PGN has a stronger interac-
tion with oleate when compared with laurate, resulting in higher
translocation events for the latter (Fig. 2C).

To understand the molecular details of these trends, we
have calculated the fractional contacts Fig. 2D) between car-
bon (C) and oxygen (O) atoms of surfactant molecules with
the peptidoglycan subunits, namely N-acetylglucosamine (NAG),
N-acetylmuramic acid (NAM), L-alanine (ALA), D-iso-glutamate
(GLU), meso-diamino pimelic acid (DAP), and D-alanine (DAL).
We have employed a cutoff of 0.4 nm to define these con-
tacts based on the center-of-mass coordinates. Surfactant carbon
atom contacts are greater when compared with the oxygen head-
groups for all peptidoglycan subunits except DAP. The cationic
site present in DAP causes a preferential electrostatic attraction
for the anionic headgroup of the surfactants. With the excep-
tion of ALA, oleate headgroups have a greater number of con-
tacts when compared with the laurate headgroups. In general,
the increased number of contacts for oleate result in greater res-
idence times for oleate in the vicinity of the peptidoglycan layer
(Fig. 2B). It can be summarized that the differences in the num-
ber of translocation events for the two surfactants are determined
by the interplay between the interactions of surfactant molecules
with sugars and amino acids present in the PGN layer.

To observe interactions at higher concentrations, 500 ns simu-
lations with 10 (L10 and O10) and 30 (L30 and O30) surfactant
molecules (Table S1) were performed by initially placing surfac-
tants randomly on either side of the PGN layer. We observed sur-
factant aggregation for O10, O30, and L30 systems, although no
aggregate was formed for L10 (Fig. 2E) over the course of the sim-
ulation. The differences in the tendency for aggregate formation
can be attributed to the different critical micellar concentrations
(CMC) for these surfactants, as observed in previous molecular
dynamics studies22. The systems having 10 and 30 molecules
of surfactants correspond to 11 mM and 37 mM surfactant con-
centrations, respectively. Potassium oleate having a lower CMC
value of 1 mM, formed a micellar aggregate in the O10 system
(Fig. 2E), while potassium laurate with a higher CMC value of 25
mM did not form the aggregate in L10 (Fig. 2E). The aggregate
formation was however observed for both L30 and O30 systems.
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Fig. 2 Time evolution of the center of mass of z-coordinates of the (A) laurate (red), (B) oleate (red), and the PGN (green) layer. (C) The number
of translocation events for surfactant molecules during 500 ns simulation in all the PGN systems. (D) The fractional contacts made by carbon and
oxygen atoms of surfactants with the peptidoglycan subunits during the course of a single surfactant simulations (L1 and O1). We have used a 0.4
nm cut-off to define contact and calculated these numbers for 500 ns simulations. The numbers of contacts for carbon atoms are normalized with
respect to the number of carbon atoms in each surfactant molecule. Reported numbers are further scaled by the highest contacts (837) obtained in
the case of oleate carbon atoms and NAM. (E) Snapshots for systems containing 10 and 30 molecules of laurate (L10 and L30) and oleate (O10 and
O30) at the end of 500 ns simulations.

Interestingly these aggregates were unable to translocate through
the PGN layer, resulting in lower translocation events at higher
concentrations (Fig. 2C). Oleate has shown a lower number of
events (Fig. 2C), similar to the single-molecule simulations.

Furthermore, to understand the difference in aggregation time
scales, we have performed a cluster analysis (Fig. S2). In this
analysis, one surfactant molecule is considered as an individual
cluster in itself, and once a molecule comes into the vicinity (0.35
nm) of another molecule or aggregate, it becomes part of the cor-
responding cluster or aggregate. Hence a decreasing trend in the
number of clusters denotes the formation of larger aggregates.
Oleate systems O10 and O30 formed large aggregates within 200
ns due to lower CMC value. Laurate system L30 has shown con-
trasting results, with a single molecule remaining isolated even
after 500 ns (Fig. 2E). The fast aggregation kinetics of oleate com-
pared to laurate, coupled with the inability of aggregates to cross
the PGN layer, results in a further decline in the translocation

events for oleate (Fig. 2C).

Surfactant induces thinning in bacterial inner membranes

We further studied the structural and mechanical properties of
the surfactant incorporated Gram-negative IM having 20% and
40% surfactants using 1 µs atomistic simulations (Fig. S3 and Ta-
ble S2). The density of lipid molecules was computed along the
z-direction, normal to the membrane plane, and we observe an
overall decrease in the DOPE density upon addition of surfactant,
giving rise to a more uniform density variation within the mem-
brane (Fig. 3A). The intensity of the well defined peaks in the
vicinity of the headgroups observed for IM decrease with increas-
ing surfactant concentration. Similar trends were observed for
the DOPG and TOCL density distributions illustrated in Fig. S4.
This provides the first signatures of surfactant induced disruption
of lipid packing within the bilayer. Although a decrease in the
overall bilayer density is observed, the density variation in the bi-
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Fig. 3 (A) Density profiles for DOPE lipids along membrane normal z-direction. (B) Membrane thickness modulation with surfactant concentration.
(C) Two-dimensional Voronoi-thickness maps for IM, L40, and O40 systems.

layer mid-plane has some interesting features. We observe that
the density at the bilayer center for L20 and L40 are comparable
to the IM density (Figs. 3A and S4) in the absence of surfactant.
Further, the mid-plane density for all the three lipids is higher for
laurate when compared with oleate for both compositions. The
surfactant density distribution shown in Fig. S4 illustrates the in-
fluence of the difference in chain length of the two surfactants
(Fig. S5). Laurate with the shorter chain length populates the
central regions of both leaflets, and oleate with the longer chain
length is present in the bilayer mid-plane as well.

To examine the reasons behind these trends, we computed the
membrane thickness (Fig. 3B) calculated as the distance between
the center of mass of the interleaflet headgroup phosphorous
atoms. The bilayer thickness decreases with an increase in the
surfactant concentration (Fig. 3B) for both laurate and oleate,
with a greater degree of thinning observed in the case of laurate.
At the highest surfactant mole fraction of 0.4, laurate induces a
thinning of 8.75% when compared with a 5% reduction in the
case of oleate. We have also calculated the Voronoi-thickness
map31 for different membranes using the last configuration of the

simulations (Figs. 3C and S6). We can clearly observe that bilayer
thinning is more dominant in the case of laurate when compared
to oleate. The trends observed in the membrane thickness suggest
that the shorter chain length laurate molecules having 12 carbon
atoms induce a greater extent of hydrophobic mismatch resulting
in more significant membrane thinning when compared with the
longer tailed oleate molecules (18 carbon atoms).

The deuterium order parameter for the lipid chains for the dif-
ferent surfactant concentrations is illustrated in Fig. S7. The pres-
ence of laurate results in a distinct increase in the DOPE tail disor-
der from C8 onward. However, in the case of oleate, the perturba-
tion to the deuterium order parameter is far less (Fig. S7). These
structural differences between the laurate and oleate mixed sys-
tems indicate that the hydrophobic mismatch induced by the in-
corporation of the shorter chain laurate molecule results in chain
disorder and greater membrane thinning in the bacterial IM. On
the contrary, oleate has an 18 carbon atom chain length which is
well matched with the uniform 18 carbon atom chains of DOPE,
DOPG, and TOCL lipids that make up the IM (Fig. S5).
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Electrostatics play a role in lipid-surfactant interactions

To elucidate the local structure of the membrane components
in the plane of the membrane, we have calculated the lipid-
lipid radial distribution function (RDF). Since the DOPE content
decreases by adding surfactants, the peak heights in the RDF
for the DOPE-DOPE (phosphorous atoms) interactions decreases
(Fig. 4A). On the contrary, the peak heights for DOPG-DOPG in-
teractions increases with surfactant concentration (Fig. 4B). We
observed that the RDFs at a particular concentration for both
laurate and oleate are similar, indicating that the different tail
lengths do not perturb the correlation or relative packing between
the lipid headgroups to a significant extent.

To understand the trends observed in the RDF, we calculated
the number of K+ ions within 0.4 nm cutoff of the phosphorus
and oxygen head group atoms of lipids and surfactants, respec-
tively. The number of K+ ions in the vicinity of the head group
atoms increases as the surfactant content is increased (Fig. 4C).
For the zwitterionic DOPE molecules, the presence of K+ due to
the added surfactant does not contribute to enhanced shielding.
However, in the case of the negatively charged DOPG lipids, K+

ions increase the electrostatic shielding between the lipids, effec-
tively improving their relative ordering in the presence of surfac-
tant as observed in the RDFs (Fig 4B). The trends for ion contacts
are similar in DOPE, DOPG, and TOCL. The higher ion contacts
with surfactant head groups, when compared with the lipids, can
be attributed to both the lowered steric hindrance as well as the
negative charge on the surfactant.

The electrostatic potential of the membrane decreases by incor-
porating anionic surfactants (Fig. 4D). The difference is dominant
towards the headgroup region attributed to the charged head-
groups and increased ion binding as shown by K+ ion density
(Fig. 4D), in the presence of both surfactants. These results indi-
cate that the change in membrane potential is expected to influ-
ence the interaction of charged species with the bacterial IMs in
the presence of surfactants.

Bending modulus and vesicle rupture

The energy associated with the local curvature of a membrane
can be estimated by the bending modulus (κc) using the Helfrich
formulation32 as described in the SI. The bending modulus for
the IM is estimated to be 29.1 kT, which is in good agreement
with a value of 28.7 kT reported for a pure DOPE membrane33.
This comparison is justified since the IM is mainly composed of
DOPE lipids. The bending moduli for the membranes studied
here reveal that the surfactant-mixed membranes are softer than
the bacterial IM (Fig. 5A). A 33% decrease in κc (19.5 kT) is ob-
served for the L20 membrane, and an extremely high reduction
of 43.5% occurs for the L40 membrane with κc ∼ 16.4 kT. Oleate
incorporated membranes O20 and O40 show a lower reduction in
the bending modulus of 21.6% (22.8 kT) and 28.8% (20.7 kT),
respectively. Hence a more significant decrease in the bending
modulus can be observed in the case of laurate when compared
with oleate incorporated membranes.

In order to examine the action of surfactants, we performed
experiments with giant unilamellar vesicles (GUVs) composed of

E. coli extract encapsulated with Cy5 dye. Sodium laurate was
added sequentially in concentrations ranging from 2 mM to 9 mM
(final concentration in the 300 µl well) to the GUVS and the dye
intensity from the GUVs was monitored using confocal images. In
the case of sodium laurate, complete solubilization and rupture
were observed at a surfactant concentration of 9 mM (Figs. 5B,
D, and S9A). The observed rupture events are rapid and occur
over a time scale of a few seconds (Fig. 5B). In the case of oleate,
membrane solubilization and rupture were more gradual. At a
surfactant concentration of 12 mM (Fig. 5C), a gradual rupture of
GUVs was observed (Fig. S9B) with solubilization occurring over
a period of 20 s (Fig. 5C). At 15 mM and above, rapid solubi-
lization was observed (Figs. 5C and E). Additionally, the rupture
of two independent GUVs of different sizes were found to be at
similar time scales (Fig. S9). These results indicate that mem-
brane solubilization and rupture are more effective for laurate
when compared with oleate.

Discussion
We first rationalize the differences between laurate and oleate in-
teractions with the bacterial membranes from contact time kill
(CTK) experiments performed on Gram-negative bacteria. We
point out that although the experiments were carried out with the
sodium salts of laurate and oleate and the MD simulations with
the corresponding potassium salts, we propose a general guiding
principle for the differences in their actions based on the CMC
values for the different surfactants. The CTK analysis conferred
better efficacy for sodium laurate at higher concentrations (> 10
mM) in agreement with previous studies on corresponding pro-
tonated fatty acids 34, as observed by a considerable reduction
in the viable population of bacteria. In contrast, the kill propen-
sity for oleate is very weak, and we did not observe antibacterial
activity up to 80 mM surfactant concentration (Fig. 1). We pro-
pose that these differences between the antimicrobial action of
surfactants are driven in part by the higher CMC values (CMCL

= 30 mM) and shorter chain length of sodium laurate (12 car-
bon atoms) when compared with the lower CMC value, CMCO =
9 mM for sodium oleate. Since the free surfactant concentration
(Csf) is limited by the CMC35 (Csf=CMC), bacteria are exposed to
higher monomeric concentration of laurate when compared with
oleate.

Our molecular dynamics study shows that the periplasmic
PGN layer does not pose a barrier for laurate and oleate in the
monomeric state. However, the number of events for transloca-
tion of a single laurate molecule across the PGN layer was much
higher, indicating faster kinetics of translocation in the case of
laurate when compared to oleate. We report that these differ-
ences are based on the interplay between interactions of sur-
factant molecules with sugar and amino acids subunits of the
PGN layer. Additionally, the PGN layer offers a barrier to the
aggregates of both surfactants, though the tendency for aggre-
gate formation causes differences in the potency. The higher CMC
value of sodium laurate (30 mM) results in an increased single-
molecule population22 above the CMC. Further, if the concentra-
tion regime below the CMC is sufficient to induce antimicrobial
activity, the greater bacterial kill will occur, as was observed for
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Fig. 4 Radial distribution functions g(r) for (A) DOPE-DOPE and (B) DOPG-DOPG. (C) The normalized contacts that the headgroup of lipids
(phosphorous atoms) and surfactant (oxygen atoms) make with potassium ions (details of calculation and normalization factor are provided in SI).
The potassium ions within 0.4 nm of headgroups are considered for this analysis. (D) Distributions of electrostatic potential (solid lines) and the
density of potassium ions (dashed lines) along membrane normal z.

laurate in the CTK data. In the case of sodium oleate having a
much lower CMC value (CMCO = 9 mM), micelles formed at low
concentrations are unable to translocate through the PGN layer,
as illustrated in our MD simulations. For the case of oleate, if the
antimicrobial activity sets in above the CMC of 9 mM, the forma-
tion of micelles prevents the concentration of free surfactant from
exceeding the CMC value. The differences in the barrier offered
by the PGN layer for these molecules at higher concentrations ex-
plain the differences in the efficacy of these molecules against E.
coli (Fig. 6).

In addition to the differences in the mechanism and barriers of-
fered to both the surfactants by the PGN layer, the IM interactions
also play a crucial role. Our surfactant incorporated IM atomistic
models were found to be stable over the course of the simula-
tion and we did not observed any ripple formation as observed in
previous studies of surfactant/co-surfactant membranes36. How-
ever, among the key observations, the lipid tails become increas-
ingly disordered, and the bilayers show a reduction in the mem-

brane thickness with rising surfactant concentration. In gen-
eral, these changes were greater and more accentuated in the
case of the shorter chain laurate molecules when compared with
oleate. We attributed the observed differences between laurate
and oleate primarily to the increased hydrophobic mismatch for
laurate which is 12-carbon long, while the lipids chains are 18-
carbons in length, similar to that of oleate. The presence of
laurate decreases the correlations between DOPE molecules to a
greater extent when compared with oleate, indicating the greater
disorder induced due to the increased hydrophobic mismatch. An
opposite effect in the correlations is observed for DOPG molecules
which are smaller in content in the IM. The changes in the charge
interactions are attributed to higher ion binding with increas-
ing surfactant concentrations. This decreases the membrane po-
tential and can influence the interaction of charged species like
cationic antimicrobial peptides with the IM. This could also ex-
plain the reason for synergistic effects exhibited by the surfactants
with cationic peptides37. The change in membrane potential can
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Fig. 5 (A) Bending modulus calculated from MD simulations, for different IM systems. Fluorescence intensity versus time from GUV experiments
after adding (indicated by arrows) laurate (B) and oleate (C) for the region of interest (ROI) selected, as shown in Fig. S9. Reference data is for GUVs
in the absence of surfactants. Time-lapse confocal images of GUVs. (D) Addition of sodium laurate of concentration 9 mM (final concentration in
the 300 µ l well - GUV size 7.84 µm) where rapid rupture of GUVs was observed. Scale bars: 5 µm. (E) Addition of sodium oleate of concentration
15 mM (final concentration in the 300 µ l well - GUV size 21.1 µm) where rapid rupture of the GUVs occurs. Scale bars: 10 µm. In the GUVs, green
represents E. coli lipid bilayer, and the red color represents Cy5 dye filled inside the vesicles.

also affect the local organization of proteins involved in cell divi-
sion38. Laurate is also found to decrease the bending modulus of
the IM to a greater extent when compared with oleate. Our MD
simulations indicate that laurate is able to induce a greater extent
of disruption to the IM when compared with oleate, consistent
with increased antibacterial activity observed for laurate in both
the CTK data as well as the GUV rupture data.

The GUV experiments provided a closer correspondence to in-
terpret findings from the IM molecular dynamics simulations.
Oleate caused GUV rupture at higher concentrations (> 12 mM)
when compared with laurate (> 9 mM). Based on GUV experi-
ments, it can be inferred that the minimum surfactant concentra-
tion required for IM solubilization is lower in the case of laurate
(CL

S = 9 mM) as compared to oleate (CO
S = 12 mM). Note that,

CL
S = 9 mM is much lower than the corresponding CMC value of

sodium laurate (30 mM), however CO
S = 12 mM is only slightly

larger than the CMC (9 mM) for sodium oleate. These results
clearly show the increased tendency for laurate to induce mem-

brane solubilization and rupture when compared with the longer
chain oleate.

Our study provides compelling evidence for the differences in
surfactant action on the IM, and MD simulations illustrate the
interactions of both laurate and oleate with the PGN layer. How-
ever, the interaction of the surfactants with the OM is unclear, and
here we discuss the possibilities of membrane solubilization and
transport through OM channels. Surfactants can solubilize bac-
terial membranes, and several mechanisms have been discussed
in the literature4. If laurate action is driven by solubilization of
the OM, then it is likely that oleate would also follow a simi-
lar mode of action. Since the concentration of free surfactant
is limited by its CMC, the lower monomeric concentration for
oleate could preclude the OM solubilization if this indeed was the
primary mechanism of antibacterial action. Additional investiga-
tions would have to be carried out to determine the interactions
and possible solubilization action of surfactants on the bacterial
OM. We cannot rule out the possibility that antibacterial activity
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Fig. 6 Schematic illustration of the translocation and solubilization
mechanism for the surfactant molecules based on their concentrations
and CMC values. C and Csf are the total and free surfactant concentra-
tions, respectively. Critical micelle concentrations for laurate and oleate
are represented by CMCL and CMCO, respectively. Laurate and oleate
concentration required for inner membrane solubilization are represented
by CL

S and CO
S, respectively. (A) Low surfactant concentration with

no killing activity, (B) Intermediate concentration where single laurate
molecules are active, and (C) both laurate and oleate form micelles,
however only laurate is active due to sufficient single molecule surfactant
concentration.

can be driven by a combination of the outer membrane and inner
membrane solubilization, and given the complex architecture of
the outer membrane with the increased interaction between long
chain lipopolysaccharides, the solubilization kinetics is expected
to be slow when compared to that of the IM. In either event, the
availability of surfactant to the PGN and IM would be dependent
on the CMC.

Surfactants could access the IM through defects created in the
OM, or one could also speculate transport of surfactants across
the outer membrane through the OM transporters. In this regard,
the FadL transporters39 are known to allow the transport of fatty
acids. Surfactants can access the OM of bacteria through these
transporters and reach the periplasmic space where the PGN layer
is located. Since both oleate and laurate molecules are able to
pass through the PGN layer, albeit at different rates, they would
be able to access the IM. Solubilization would then follow, pro-
vided the concentration of surfactant at the IM is sufficiently high.
This hypothesis which supports the view that surfactant action
occurs at the IM is also corroborated by the good agreement be-
tween the CL

S (9 mM) observed in GUV rupture and the thresh-
old concentration (10 mM) for observing a one log reduction in

viable bacterial population in the case of sodium laurate. This
supports the notion that laurate molecule concentration at the IM
is sufficiently high to cause solubilization of the IM and kill the
bacteria. With regard to oleate, we argue that if oleate molecules
access the IM, its concentration is limited by the CMC of 9 mM,
which is below the threshold concentration to induce solubiliza-
tion and rupture the IM. This fact is also supported by the higher
concentration required by oleate to solubilize GUVs.

We summarize our findings in Fig. 6 which provides a
schematic illustration of the aforementioned mechanism, which
assumes that surfactants are able to access the IM and induce
membrane rupture and damage. If the free surfactant concen-
tration, Csf is below the respective CMC values as well as be-
low the IM solubilization concentrations for laurate (CL

S) and
oleate (CO

S), kill activity is absent (Fig. 6A). Additionally, if Csf is
above solubilization concentration and below CMC, then kill ac-
tivity would occur as illustrated in Fig. 6B. The aforementioned
kill mechanism is expected for surfactants like laurate. While in
the case of surfactants like oleate where, CO

S > CMCO, Csf will
not exceed CMCO hence limiting its kill activity (Figs. 6B and C).
Laurate however will be effective even above CMCL, as the Csf is
greater than the corresponding CL

S.

Conclusions

Using a combination of experiments and molecular dynamics
simulations, we differentiate between the action of surfactants,
whose primary differences lie in the hydrocarbon tail lengths,
with both the IM and intervening PGN layer of Gram-negative
bacteria. Our study reveals that the peptidoglycan cell wall, gen-
erally perceived to be a passive barrier for transport, serves as a
filter modulating the translocation of surfactants based on their
physicochemical and aggregation properties, providing insights
into a hitherto unexplored regime of transport across the bacte-
rial cell wall. We specifically provide insights into the modulation
of the IM structural and mechanical properties as a function of
surfactant chemistry - in this case laurate versus oleate. The criti-
cal concentration required for bacterial kill is related to the CMC,
which determines the availability of surfactant at the membrane
interface. Additional investigations would be required to confirm
the role of protein channels for surfactant transport as well as the
tendency for surfactants to solubilize the OM of Gram-negative
bacteria. Our study provides a quantitative framework to assess
the antibacterial efficacy of surfactant molecules. The methods
and insights presented here can be extended to evaluate interac-
tions of other surface active molecules and optimize antibacterial
formulations.
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