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Ultrafast Killing and Self-Gelling Antimicrobial
Imidazolium Oligomers

Siti Nurhanna Riduan, Yuan Yuan, Feng Zhou, Jiayu Leong, Haibin Su,*
and Yugen Zhang*

Infectious diseases and the increasing threat of worldwide pandemics have
underscored the importance of antibiotics and hygiene. Intensive efforts have been
devoted to developing new antibiotics to meet the rapidly growing demand. In
particular, advancing the knowledge of the structure—property—activity relationship is
critical to expedite the design and development of novel antimicrobial with the needed
potential and efficacy. Herein, a series of new antimicrobial imidazolium oligomers
are developed with the rational manipulation of terminal group’s hydrophobicity.
These materials exhibit superior activity, excellent selectivity, ultrafast killing
(>99.7% killing within 30 s), and desirable self-gelling properties. Molecular dynamic
simulations reveal the delicate effect of structural changes on the translocation
motion across the microbial cell membrane. The energy barrier of the translocation
process analyzed by free energy calculations provides clear kinetic information to
suggest that the spontaneous penetration requires a very short timescale of seconds to
minutes for the new imidazolium oligomers.
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1. Introduction

Due to the global threat of pandemics and infectious dis-
eases and its far-reaching consequences, there has been much
research and development in the discovery of new antibi-
otics. Antimicrobial peptides (AMP) have attracted tremen-
dous attention as an alternative to traditional antibiotics.
AMPs exhibit selective membrane disruption activity, dem-
onstrating a fast killing mechanism and the potential to deal
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with drug-resistance issues usually associated with conven-
tional antibiotics.'] However, the high cost of manufacture
and poor in vivo half-lives of AMPs have limited its appli-
cations in healthcare and hygiene. To circumvent the limita-
tions of AMPs as an antimicrobial material, the syntheses
of disinfecting polymer constructs have seen much develop-
ment.[*1% Their structural characteristics are similar to that
of AMPs, in which a fine balance of charge, typically stem-
ming from the attachment of quaternary ammonium salts,
and hydrophobicity, from long alkyl side-chains, ascertains
their efficacy and selectivity as an antimicrobial.''~"] These
synthetic polymers possess the vast structural diversity that
can be obtained via multistep organic synthesis, for ease of
tuning the final amphiphilicity of the polymer, which will
then dictate their selectivity and efficacy.l!!-1¢]

As compared to the side-chain brush structure of most
synthetic antimicrobial polymers, polymers with linear struc-
tures with all functional groups present in the main-chain,
have also attracted much attention. Our group have recently
reported the synthesis and application of imidazolium main-
chain polymers/oligomers, AMP mimics, as efficient anti-
microbials and antifungal treatment.l'”!8] The imidazolium
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oligomers possess a well-designed chain structure, in which
their amphiphilicity could be adjusted by changing the linking
or end groups. In this paper, we present a strong correlation
between the structure of the imidazolium oligomers and their
properties and activities. By tuning their amphiphilic structure,
the novel imidazolium oligomers demonstrate ultraefficient
antimicrobial activities. The new material can selectively kill
bacteria instantly without inducing hemolysis, even at much
higher concentrations. The translocation process of imidazo-
lium oligomers across the membrane was studied in detail by
molecular-dynamics (MD) simulations. With the well-balanced
amphiphilic structure, these materials are also able to self-
assemble to form gels in alcohols. The interesting properties of
these novel imidazolium materials suggest excellent potential
in its use as an antimicrobial agent, particularly in common
hygiene, sterilization, and other health care applications.

2. Results and Discussion
2.1. Novel Imidazolium Oligomers

For the previously reported imidazolium oligomer IBN-1
(Figure 1), its amphiphilicity is dominated by polar segments
(the calculated Partition Coefficient logP,,, is —6.14 and
total polar surface area (TPSA) is 52.91). To further under-
stand the killing mechanism, and consequently tuning the
property and activity, we modified the structure of IBN-1 by
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introducing more hydrophobic n-alkyl chains at the terminal
ends. It was hypothesized that the long n-alkyl chains would
trigger self-assembly processes, modify, or enhance the inter-
action between the compound and cell membrane, and may
therefore enhance antimicrobial activity.

As shown in Figure 1, the terminal group of original imida-
zolium oligomer was changed from benzyl to cyclohexylmethyl
(IBN-Cy) and linear n-alkyls (n = 6 to 16). As a consequence,
the amphiphilicity of these materials have dramatically
changed, as the calculated logP, value varied from —6.06
(IBN-Cy) to 0.27 (IBN-C16) (Table S1, Supporting Informa-
tion). The oligomers’ antimicrobial activities were then eval-
uated against four different and clinically relevant microbes:
S. aureus, E. coli, P. aeruginosa, and C. albicans. The minimal
inhibition concentration (MIC) values of all seven oligomers
synthesized are presented in Figure 1 and Table S1 (Sup-
porting Information). The MIC values of all these oligomers
are in the low ppm range. As a comparison, we also tested
the MICs of conventional antimicrobial agents that are cur-
rently in use in clinical treatment, such as chlorhexidine
for E. Coli, vancomycin for S. aureus, and amphotericin B
for C. albicans.

2.2. Structure-Property Relationship

Imidazolium oligomers demonstrated better or comparable
antimicrobial activities against these microbes (Table S2,
Supporting Information). Before these
materials can be used in systemic appli-
cations, selectivity of these materials for
microbial cells over mammalian cells
should be considered. Such selectivity
was often determined by observation
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Figure 1. Molecular structures of imidazolium oligomers and the relationships among log
P, log HC,,, and MIC (geometric mean of the MICs of the four microbes tested in ppm) of
oligomers. IBN-C6 and IBN-C8 (in gray box) are the optimal candidates with the highest

potency, while resulting in minimal hemolysis.
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) as having a favorable safety profile.[*]
As seen in Table S1 (Supporting Infor-
mation), only the shorter chain ana-
logues of IBN-C6, IBN-C8, IBN-C10,
and IBN-Cy met this requirement.
As shown in Figure 1, the MIC values
increased with the length of the alkyl
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Figure 2. a) 24 h killing efficiency for IBN-C6 and €8 (MIC and 2MIC) against S. aureus and
E. coli; b) 2 min (C8* = 30 s) killing efficiency for oligomers against E. coli at 32 mg mL™.

chain length. At the same time, the hemolytic ability of these
materials also increased with the alkyl chain length. These
observations correlate well with the calculated polarities.
The exception of IBN-Cy also indicates that the properties
of these imidazolium oligomers are highly dependent on the
structure of the terminal groups. It has been well reported
that biomolecules of higher hydrophobicity are generally
more potent as a biocide, but are concurrently more toxic.
However, for our current imidazolium oligomers, the mol-
ecules with longer hydrophobic tails exhibit less potency
against various microbes, which reflect their lower solubility
in water. From Figure 1, the compounds IBN-C6 and IBN-C8
highlighted in the blue box are the optimal candidates with
the highest potency, while resulting in
minimal hemolysis.

2.3. Fast Killing Property

E. coli
While MIC values provide a perspective
of the efficacy of a compound as an anti-
microbial, it does not distinguish the com-
pound’s ability to either inhibit the growth
of microbes, or eliminate the microbes
completely. A compound is usually con-
sidered bactericidal if the minimum bio-
cidal concentration (MBC) is less than four
times the MIC value.”'l IBN-C6 and C8
analogues were further selected for MBC
test. As shown in Figure 2a, IBN-C6 and
C8 exhibited clear bactericidal behavior,
in which more than 99.999% killing of
microbes were attained when treated
with the respective MIC concentrations
for 24 h.

Time kill studies of the imidazolium oli-
gomers and two active components (ben-
zalkonium chloride and chloroxylenol) of
common hygiene products against E. coli
were also studied, and it was surprising

P. aeruginosa

S. aureus

C. albicans

IBN-1 C6
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(Figure 2b; Figure S2, Supporting Informa-
tion). More than 99.9% killing was observed
within 2 min at 32 ppm concentration of
IBN-C8, as compared to 83% killing for
IBN-1. IBN-C8 can also effectively kill
E. coli in 30 s with a log reduction of 2.85.
As shown in scanning electron micros-
copy (SEM) images, cell wall became dis-
rupted and subsequently dissolved after
2 min exposure to IBN-C8 (Figure 3). To
further investigate the phenomena, posi-
tive control experiments with 1-Methyl-3-
octyl imidazolium bromide (monomeric
imidazolium with C8 alkyl chain) were
performed. MIC studies on 1-Methyl-3-
octyl imidazolium bromide revealed a
MIC value of 1000 ppm, more than 100 times of the IBN-C8
analogue. Most of previously reported fast killing antimicro-
bials, such as AMPs and modified silver nanoparticles, exhib-
ited microbe killing in a time scale of minutes to hours.!'-102223]
Such ultrafast-killing kinetics with simple oligomers or poly-
mers has yet to be reported. From these observations, it can be
deduced that the hydrophobic aliphatic chains do contribute to
the advantageous instantaneous killing, in which the facial com-
bination of hydrophobic end groups and the multiply charged
imidazolium oligomer chain is the key structure-activity feature
for this ultraefficient ultrafast killing behavior. In contrast, mon-
omeric imidazolium salts with simple alkyl chains are ineffective
and lack antimicrobial activities.

cs cs*

Control

1930 www.small-journal.com

that the imidazolium oligomers demon-
strated superior ultrafast-killing property
with IBN-C8 having the best performance

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 3. SEM images IBN-C8 treated E. coli, P. aeruginosa, S. aureus, and C. albicans at MIC
and 4MIC for short period. The treatment for E. coli, P. aeruginosa, and S. aureus is 2 min
while for C. albicans is 2 h. Cell wall became disrupted and dissolved after exposure. Scale
bars represent 1 pm.
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2.4. Computational Study

Cationic compounds and polymers, in general, have the
ability to perturb the lipid membranes of microbes through
electrostatic and hydrophobic interactions with membrane
phospholipids. This leads to membrane permeability, progres-
sive leakage of cytoplasmic materials and consequential lysis
of the cell.l?#201 Although mechanisms of cell-penetrating
peptides have been well studied, the interaction of cationic
polymers with cell membrane has rarely been examined.[2728]
The ultrafast-killing activity of IBN-C8 against common
microbes attracted our attention and we further probed the
interaction between the alkyl terminal group and the cell
membrane. To investigate such structure-property-activity
effect, we utilized molecular dynamic (MD) simulations and
umbrella-sampling techniques to compute free energy of
the insertion of an imidazolium oligomer into 1-Palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine  (POPC)  bilayer.[?"]
Specifically, the spontaneous binding of single and multiple
motifs to POPC bilayer were studied together with the poten-
tial of mean force (PMF) associated with the translocation of
IBN-1/IBN-C8 through the membrane (Figures S3-S6, Sup-
porting Information). From PMF study it was found that the
oligomer did induce dramatic changes in the structure of the
membrane (Figure S6, Supporting Information). The PMFs
obtained from a combination of “pulling” and umbrella-sam-
pling simulations provide strong evidence that the approach
and penetration of the compound to the cell membrane is
much easier for IBN-C8 than for IBN-1 (Figure 4).

To study the spontaneous binding of the oligomers to
a lipid bilayer, as well as the potential for the oligomers to
induce the formation of pores, a series of MD simulations of

NANO
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different conditions (using different initial structures) were
performed. Starting from an equilibrated POPC bilayer con-
taining 128 lipids, a series of six IBN-1 (X = Cl) were added
spontaneously, close to one side of the bilayer. However, no
signs of spontaneous pore formation were observed within
200 ns. For the first 10 ns, the oligomers diffused on the sur-
face of the membrane, with observable interactions with
phosphate groups (Figure S3, Supporting Information). This
adhesive process generated considerable stress gradually,
which led the bending and slight thinning of the membrane
starting from the subsequent 20 ns.*l The early stages of oli-
gomer insertion into the membrane were observed (Figures S4
and S5, Supporting Information). The terminal group of
oligomer slowly diffuses to a region beneath the phosphate
groups at the interface with the carbon chains of the lipids. The
hydrophobic interactions provide the driving force to insert
the terminal group into the more hydrophobic center region.
To reveal the kinetic information of the translocation
process, we computed the free energy along the transloca-
tion pathway by applying a harmonic restraining potential
between the center of mass of a single oligomer and the
center of mass of the membrane, which was then moved at a
rate of 0.1 nm ns™! in the direction normal to the plane of the
membrane, using the umbrella integration technique 332
are shown in Figure 4 and Figure S6 (Supporting
Information). The free energy profiles are plotted from
just before the center of the membrane (Z = 0 nm) to
where the oligomer is surrounded by bulk solvent and no
longer interacts directly with the bilayer (Z = 3.2 nm). The
overall shapes of the free energy profile are similar for both
molecules. There is a maximum in the free energy profile
close to the center of the bilayer (Z = 0 nm) and a shallow

-50 : . : . : .50 : : : : :
0.0 0.5 1.0 1.5 2.0 25 3.0 0.0 0.5 1.0 1.5 2.0 25 3.0
Zom , Z (hm)
i ' @ N g W SIS s D « IRV :
)D/’"d ,),3// P’};)%Qw Y A&/)ﬁw. N “'\"?“)9‘ Pty iy
%?4§§7ﬁ(;§ﬁhisN-1 A a - BN-cs L PR

Figure 4. The free-energy of the translocation of a) IBN-1 and b) IBN-C8 through a POPC bilayer computed using the umbrella integration
technique.?8! Z= 0 nm corresponds to the center of the membrane. The shallow minimum (Z = 2.0-2.5 nm) corresponds to where the molecule is
interacting with the bilayer-water interface. A kink (denoted by an arrow) in the free-energy profile of IBN-C8 is around 1.0 nm (interfacial region of
membrane). The POPC lipids are shown as sticks and the oligomers are shown as spheres. The explicit water and counter ions are omitted for clarity.
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minimum (Z = 1.5-2.5 nm) corresponding to where the
molecule is interacting with the bilayer-water interface. The
free-energy barrier to translocation is consistently lower for
IBN-CS8 than for IBN-1. First, when motifs are at the center
of POPC membrane, the system reaches the highest energy
330 kJ mol™! for IBN-1 and 260 kJ mol™! for IBN-C8. This
is anticipated, as the higher number of carbon atoms at the
terminal end of IBN-C8 makes it lower in energy when it is
in the center of the membrane, due to stronger hydrophobic
interactions. Second, the reduction in free energy when the
oligomer moves from the solution phase to the surface of
the lipid bilayer is larger for IBN-C8 than for IBN-1 (energy
profiles from 3.1 nm to shallow minimum: —-80 kJ mol™! for
IBN-C8 and —38 kJ mol™! for IBN-1), indicating that the ter-
minal CgH;; chain in IBN-C8 disfavors water more than the
terminal benzyl group in IBN-1. The minimum valley in the
free energy profile for IBN-C8 (Z = 1.5-.0 nm) is closer to
the interfacial region of the membrane (Z = 1.0 nm) as com-
pared to IBN-1 (Z =2.0-2.5 nm).

Another feature of importance in Figure 4 is a kink
(denoted by a red arrow) in the free energy profile of
IBN-C8 around 1.0 nm (interfacial region of membrane),
which becomes more pronounced as the system is equili-
brated.[¥] This kink represents the energy barrier (65 kJ mol™)
associated with the oligomer crossing the interfacial region
and the formation of the transmembrane pore. The kink
indicates that as the C8 chain of IBN-C8 crossing the interfa-
cial region, the strong hydrophobic interactions between C8
chain and the hydrophobic center of membrane allows for
easier penetration of the rest of the oligomer to the interfa-
cial region. This free energy (65 kJ mol™) for the insertion of
IBN-C8 into a POPC bilayer suggests that the spontaneous
penetration of IBN-C8 would take place in a timescale of sec-
onds to minutes.*! This is consistent with its ultrafast-killing
property as observed in our experimental work. For IBN-1,
there is no clear kink observed, probably due to the absence of
strong hydrophobic groups. The free energy of IBN-1 crossing
interfacial region (1.0 nm) is about 140 kJ mol™', which is
much higher than IBN-C8. In all, energy profiles of Figure 4
indicate that it is easier for IBN-C8 to approach the cell mem-
brane, to lie on the central region of the membrane and to
form the transmembrane pore, as compared to the IBN-1.

2.5. Self-Gelation

The introduction of long n-alkyl chains will render the mol-
ecules amphiphilic, and we hypothesize that this would
trigger self-assembly processes. It has been reported that
enhanced microbial action was observed with prior micro-
structure formation of polymer into micelles prior to treat-
ment of microbes.’”) Most amphiphilic molecules are able
to form micelles in aqueous solutions, and for some antimi-
crobial compounds, such self-assembly were critical to their
efficacy. The synthesized IBN-1 analogues, having a structures
consisting of a hydrophobic tails attached both ends of a
hydrophilic block were then studied for their ability to form
micellar microstructures. It was observed that the only oli-
gomers with the long hydrophobic n-alkyl chains of IBN-C12
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to C16 were able to form micelles. Such oligomers form
micelles at concentrations lower than that of the MIC values
in PBS solution, where the IBN-C12, C14, and C16 oligomers
were able to form micelles at 10.9, 4.9, and 1.3 ppm, respec-
tively (Table S3, Supporting Information). In comparison, a
sharp point of inflection indicating the critical micellar con-
centrations was not observed for the shorter chain analogues,
IBN-C6, C8, C10, and the original IBN-1 oligomer (Figure S7,
Supporting Information). This could mean that these oli-
gomers exist freely in solution, with fleeting aggregations due
to nonspecific interactions. More significantly, it revealed that
micellar microstructure formation of the oligomers was not
essential to antimicrobial action. In fact, the longer chain oli-
gomers often had higher MIC values than that of the shorter
chains and the original IBN-1.

In the process of further examining the self-assembly
properties of these amphiphilic chains,? it was found that
the IBN-C16 oligomer was able to form opaque gels in sol-
vents that are frequently used in general disinfection appli-
cations, such as glycerol and ethylene glycol. While IBN-C12
oligomer did not form gels in binary mixtures of water/
ethanol and glycerol/ethanol, we were pleasantly surprised
that the oligomers were able to form gels in pure ethanol
at a concentration of less than 10 wt%. We expanded the
gelling ability studies to all the oligomers in the series and
various alcohols, and were delighted that all the oligomers
were able to form opaque gels in ethanol, n-propanol and
n-butanol (Table S4, Supporting Information). For IBN-C8,
it showed moderate gelation ability in ethanol, n-propanol,
and n-butanol with the CGC in the range of 2.0 to 4.0 wt%
(Table S5, Supporting Information). It must be noted that
both IBN-1 and Cy oligomers were not able to form gels in
any of the solvents, and no gels were formed with the use of
branched alcohols of isopropanol and tert-butanol.

While gels were stable at ambient temperatures, it was
observed that the gels were thixotropic; in which when the
vials containing the gels were vortexed, it becomes fluid but
consequently sets into a solid-like state in the course of a few
minutes. Rheology characterization revealed that the gels
are indeed weak gels, with low G’ value, and the viscosity
of the gels decreased with increasing shear rate, indicating
thixotropic behavior (Figures S8 and S9, Supporting Infor-
mation).’”] To determine the range of linear viscoelastic
behaviour, we performed strain-amplitude sweeps on the gels
of IBN-C8 in the selected alcohols. All gels exhibited elastic
responses. The storage moduli G” decrease rapidly above
critical strains of 10%-90%, indicating a strain-induced col-
lapse of the gel state (Figure S10, Supporting Information).
The critical strain of the tested gels depends on the type of
alcohol. Accordingly, the angular frequency sweep experi-
ments were performed at 5% strain. The obtained storage
moduli G” and loss moduli G” of the gels of IBN-C8 in dif-
ferent alcohols are plotted against the frequency (Figure S11,
Supporting Information). The G” was constantly higher than
G” for the entire range of frequencies, which means all the
gels are dominated by their elastic properties. All gels dis-
play thermal reversibility. They melt upon heating and turned
back into gel upon cooling to room temperature. The storage
and loss moduli of IBN-C8 in EtOH (11.0%), n-PrOH
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Figure 5. a) Image of IBN-C8 gels formed in EtOH (11.0%), n-PrOH
(9.8%), and n-BuOH (5.5%); b) SEM image of IBN-C8 gel in n-butanol;
and c) their self-assembly process.

(9.8%), and n-BuOH (11.3%) measured from a temperature
ramp performed at 5% strain were shown in Figure S12 (Sup-
porting Information). The gel of IBN-C8 in EtOH is only
stable when the temperature is lower than 35 °C while the
gels formed in n-PrOH and n-BuOH were stable in the tested
range from 25 to 50 °C (Figure S12, Supporting Informa-
tion). SEM imaging was done on the IBN-C8 xerogels, and
it was observed that these gels had a spongy nature to them,
see Figure 5. This led us to believe that these are likely to be
fluid matrix organogels, in which the only forces holding them
together are simple chain entanglements. This is in agree-
ment with the fact that IBN-1 and IBN-Cy cannot form gels
in linear alcohols, while IBN-C6 to IBN-C16 cannot form gels
in branched alcohols. These amphiphilic structures are postu-
lated to form loose aggregations at low concentrations, and at
higher concentrations, form fibrillar networks that are inter-
twined in the solvent mix, trapping the solvent in the matrix.
It is well known that many amphiphilic structures, such
as block-co-polymers and peptides, could form gels via self-
assembly to certain microstructures.’7*¥1 While most of
antimicrobial materials can assume amphiphilic structures,
self-gelations are seldom realized. There have been reports
of antimicrobial materials that can assemble to hydrogels
including peptides? and block polymers based on chitin!"!
and lactic acid™'! materials. However, these assembly processes
are typically triggered by cogelation polymers or grafting
antimicrobial material with other polymers. Here, the unique
sandwich-type amphiphilic structure of IBN-C6-IBN-C16 imi-
dazolium oligomers provides novel properties including highly
active antimicrobial activities and the added ability to self-
assemble to organogels, Figure Sc. A standard zone of inhibi-
tion test under static conditions was performed to evaluate
the antimicrobial activity of the gels (Figure S13, Supporting
Information). The zone of inhibition for n-BuOH is about 7
mm, while the zone of inhibition for IBN-C8/n-BuOH gel is
23 mm. The antimicrobial activity of the IBN-C8 gel is sig-
nificantly higher than the antimicrobial activity of the solvent
alone, implying that the antibacterial property of the imidazo-
lium oligomers is retained after they form gels in the alcohol.
These properties are especially attractive for applications in
personal hygiene, sterilization, and other health care areas.

3. Conclusion

We have synthesized a series of imidazolium oligomers with
a range of terminal alkyl groups. By varying the length of

small 2016, 12, No. 14, 1928-1934

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

S| s

alkyl chain of the terminal groups we were able to study
the structure—property—activity relationship. In the oligomer
series, it was observed that the IBN-C8 oligomer possesses
extremely high killing activity against common microbes,
without being toxic. The excellent efficiency was due to the
fine balance of the hydrophobic and hydrophilic regions,
allowing for better interaction and penetration to the bacte-
rial wall membrane. This observation was further supported
by computational chemistry studies. In addition, it was also
found that the oligomers were able to form gels spontane-
ously in common alcoholic solvents. These results indicate the
high potential of the applicability of these oligomers as a con-
sumer antimicrobial product.

4. Experimental Section

All materials were purchased from Sigma Aldrich or Merck, and
used as purchased. All manipulations were done without any
special precautions to eliminate air or moisture. Synthesis of imi-
dazolium oligomers were adapted from protocols reported previ-
ously.l'7421 See supporting information for more details.

Minimum Inhibitory Concentration: Staphylococcus aureus
(ATCC 6538, Gram-positive), Escherichia coli (ATCC 25922, Gram-
negative), Pseudomonas aeruginosa (ATCC 15442, Gram-nega-
tive), and Candida albicans (ATCC 10231, fungus) were used as
representative microorganisms to challenge the antimicrobial func-
tions of the imidazolium salts. All bacteria and fungus were stored
frozen at —80 °C, and were grown overnight at 37 °C in Tryptic Soy
broth (TSB) prior to experiments. Fungus was grown overnight at
22 °Cin Yeast Mold (YM) broth. Subsamples of these cultures were
grown for a further 3 h and diluted to give an optical density value
of 0.07 at 600 nm, corresponding to 3 x 108 CFU mL™! (McFarland’
Standard 1).

Time Kill Kinetics: The experimental setup for time Kkill
kinetics was similar to the set up for MBC determination. The
microbes were treated with oligomers at 4MIC concentration, and
samples were taken out of each well at 2 min. 500 pl of cell sus-
pension was removed, rescued by a series of tenfold dilutions
with growth medium, and kept on ice until plating. For plating,
50 to 200 pl of the diluted samples was spread on growth
medium agar plates and colonies were counted after overnight
incubation at 37 °C.

Computational Study: All simulations were performed using
the GROMACS 4.5.3 suite of programs.*3] The GROMOS 53a6 force
field“4! was used to describe the oligomer, and the lipids were
described using the parameters of Berger et al.>! Water molecules
were described using the TIP3P water model.l*¢! All simulations
were performed under periodic boundary conditions at constant
temperature and pressure.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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