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Abstract
A multiscale investigation was carried out to study the dark and light-enhanced bactericidal
mechanisms of poly(phenylene ethynylene) (PPE)-based cationic conjugated polyelectrolytes
(CPEs) and oligo-phenylene ethynylenes (OPEs). On the morphological scale, Gram-negative E.
coli cells exposed to CPE and OPE compounds in the dark show damage to the cell envelope,
plasma membrane, and in some cases the cytoplasm, while with UV-irradiation, E. coli sustained
catastrophic damages to both the cell envelope and cytoplasm. In contrast, the Gram-positive S.
epi bacteria appeared intact when exposed to CPE and OPE compounds in the dark but showed
damages to the cell envelope with UV-irradiation. To better understand the molecular basis of
CPE and OPE induced morphological changes and damages to bacteria, we investigated the effect
of these compounds on model bacterial plasma membrane, and bacterial proteins and plasmid
DNA. Measurements of dark membrane perturbation activity of the CPEs and OPEs using model
lipid membranes support a carpet or detergent-like mechanism by which the antimicrobial
compounds induce membrane collapse and phase transitions. Under UV-irradiation, E. coli
bacteria exposed to CPEs and OPEs showed covalent modifications and damages to both cellular
protein and plasmid DNA, likely through oxidative pathways mediated by singlet oxygen and
subsequent reactive oxygen species sensitized by the CPE and OPE compounds. Our finding thus
show that the antimicrobial polymers and oligomers exert toxicity towards Gram-negative bacteria
by disrupting the morphology and structures of cell envelope and cytoplasm, including cellular
components such as proteins and DNA while exert toxicity towards Gram-positive bacteria by
binding to and disrupting just the cell wall.
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Introduction
During the past fifty years, synthetic antimicrobial agents have raised much attention as
alternatives to traditional biocides and antibiotics.1–4 In general, these materials are able to
non-specifically disrupt the outer envelope of the microbes and result in cell lysis and
subsequent death. Recently, we have developed a series of poly(p-phenylene ethynylene)
(PPE)-based conjugated polyelectrolytes (CPEs) and oligo-(p-phenylene ethynylene)s
(OPEs) with controlled chain lengths and functional side groups that exhibit significant
light-activated biocidal activity and efficient killing efficacy in the dark against a broad
spectrum of pathogens.5–8 Investigations of the biocidal mechanisms of the CPEs and OPEs
revealed that these cationic and amphiphilic compounds are membrane-active, capable of
inducing disruptions to the membrane structure. For example, the small oligomeric EO-
OPE-1(C3) (Scheme 1) can disrupt model bacterial membranes and induce a phase
transition from a lamellar to a hexagonal phase.9 Scanning and transmission electron
microscopy (SEM and TEM) imaging gave further insights on how different CPEs and
OPEs interact with the Gram-negative Escherichia coli (E. coli) bacteria in the dark.9 To
gain a deeper mechanistic understanding of the observed broad spectrum bactericidal
activity of these compounds, we carried out a multiscale investigation in this study, from
morphological scale to molecular level, to characterize the interactions of the CPE and OPE
compounds with both Gram-positive and Gram-negative bacteria in the dark and with UV-
irradiation.

A set of structurally diverse PPE-based CPEs and OPEs were used in this study (Scheme 1).
The CPEs and OPEs are water-soluble and exhibit high affinity towards bacteria due to their
cationic side or end groups. The polymeric CPEs10 tend to form aggregates in aqueous
environments via intra- or inter-chain stacking of the hydrophobic backbone.11–12 In
comparison, the oligomeric OPE-n compounds, where n denotes the number of repeat units,
can retain a planar or near planar conformation with increasing n and side functional
groups.13 In particular, the smallest oligomer EO-OPE-1(C3), with a linear backbone,
charged end groups, and no side-chains, has a needle-like conformation. The conjugated
hydrophobic backbone of the CPE and OPE compounds are chromophores, which absorb
light in the visible/near-UV region that results in low-lying singlet and triplet states and
generate singlet oxygen. It has been demonstrated that the light-activated killing can be
correlated to the generation of singlet oxygen species (1O2) and subsequent secondary
reactive oxygen species (ROS).5, 14–15 In the absence of oxygen, the light-activated biocidal
activities of these PPE-based compounds will be significantly reduced.14 In addition, the
amphiphilic nature of these compounds gives rise to the compounds’ dark killing efficacy,
as they can interact with various cellular targets, including the lipid membrane. Comparing
the membrane perturbation and biocidal activities of the CPEs and OPEs can provide
insights into the structure-function relationship of this novel class of compounds.

The bacterial cell envelope is anionic due to the presence of lipopolysaccharides (LPS),
teichoic and lipoteichoic acids, and negatively charged phospholipids.16 Since the cell
surface serves as the first point of contact for biocidal agents, structure of the cell envelope
is important in determining bacterial susceptibility to the CPEs and OPEs. In Gram-positive
bacteria, the cell envelope has a two-layer structure: a thick (20–80 nm) cell wall primarily
composed of peptidoglycans and the cytoplasmic membrane.16 Specifically, the
peptidoglycans in Gram-positive bacteria are cross-linked and give rise to the strong and
rigid cell wall. In contrast, the Gram-negative bacterial envelope is a three-layer structure:
an outer membrane, a thin (1–3 nm) peptidoglycan cell wall, and a cytoplasmic membrane.
Since there are no advanced organelles in the bacteria, the cell wall and membrane serve
many essential biological functions, including structural support against osmotic pressure
gradients, nutrient and waste transport, metabolic reactions, and synthesis.16 Therefore,
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compromises to the structural integrity of the bacterial cell envelope may trigger a lethal
effect. For example, ethylenediaminetetraacetic acid (EDTA) has been demonstrated to
cause the release of LPS molecules from E. coli outer membrane by chelating Mg2+ or Ca2+

ions, which destabilizes the LPS assembly and increases the permeability of the bacterial
outer envelope.17

As reported previously in a letter,9 due to the large differences in molecular weights, the
polymeric CPEs and oligomeric OPEs exert dark antimicrobial activity against the Gram-
negative E. coli bacteria via different mechanisms. For example, the large polymeric PPE-
Th (Scheme 1) primarily damages the bacterial cell surface. In contrast, the small oligomeric
EO-OPE-1(C3) exerts a strong bacteriolytic effect by disrupting the cytoplasmic membrane,
implying that the outer membrane and cell wall in Gram-negative bacteria do not serve as
efficient barriers to these OPEs. However, as described above, the cell wall in Gram-positive
bacteria is much thicker and made of cross-linked peptidoglycans and anionic teichoic and
lipoteichoic acids. The biological functions of these acids are not fully understood; some of
their proposed functions include ( i ) binding of divalent cations (particularly Mg2+), ( ii )
regulation of autolytic enzymes, and (iii) barrier to control the diffusion of nutrients and
wastes.18–19 Although the cell wall of Gram-positive bacteria is believed to be an open
network and accessible to solutes with a broad range of molecular weights,20 the cationic
CPEs and OPEs may bind with the negatively charged cell wall components, thus reducing
their penetration through the cell envelope. As such, toxicity of CPEs and OPEs against
Gram-positive bacteria may stem from different a mechanism than those towards Gram-
negative bacteria. 1O2 and the secondary ROS sensitized by the CPE and OPE compounds
have shown to be to be highly toxic to bacteria by possibly inducing damages to proteins,
RNA, DNA, and unsaturated lipids.21–22 Due to the different structures and components of
the bacterial cell envelopes, Gram-positive and Gram-negative bacteria have been found to
exhibit different susceptibilities towards chemical damages induced by pure 1O2.23 Briefly,
for Gram-negative bacteria, 1O2 can react with the components of the outer membrane (e.g.,
LPS) and generate secondary ROS so that the damage to the bacteria is the culmination
of 1O2 damage of the cytoplasmic membrane and the lethal effect caused by the ROS
products on the outer membrane. However, for Gram-positive bacteria, 1O2 can rapidly
diffuse through the cell wall and cause lethal damages directly on the cytoplasmic
membrane.23 Aside from the intrinsic diffusing rate and reactivity of 1O2, the light-enhanced
biocidal activity of CPEs and OPEs is also expected to be highly dependent on the
penetrating ability or the location of the compounds in bacteria.

It has been reported that Gram-positive bacteria were more susceptible to the CPEs and
OPEs than Gram-negative bacteria in both dark and UV-light irradiated conditions.6–7 To
build on our previous work,9, 24 we employed a suite of characterization techniques herein
to gain a more complete understanding of both the light-activated and dark toxicity
mechanisms for the CPE and OPE compounds, from morphological to molecular scales.
Disruptions to model membranes were visualized by single giant vesicle and cryogenic-
transmission electron microscopy (cryo-TEM) imaging. Small angle x-ray scattering
(SAXS) and solid state NMR (SS-NMR) were employed to elucidate molecular scale
membrane perturbations. Damages to the morphology of the Gram-negative E. coli and
Gram-positive Staphylococcus epidermidis (S. epi) cells exposed to the biocidal compounds
were visualized by scanning and transmission electron microscopies (SEM and TEM).
Damages to E. coli proteins and plasmid DNA was investigated by SDS-PAGE and DNA
gel electrophoresis methods.
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Experimental Methods
Materials

The antimicrobial compounds (Scheme 1) used in this study were synthesized as
reported.7, 11, 13 Lipids and lipid vesicle extrusion supplies were purchased from Avanti
Polar Lipids (Alabaster, AL) and used as received. Other chemicals were purchased either
from Sigma-Aldrich (St. Louis, MO) or BD Biosciences (Franklin Lakes, NJ). E. coli strain
ATCC 11303 and S. epi strain ATCC 14990 were obtained from American Type Culture
Collection (ATCC, Manassas, VA). E. coli strain BL21(DE3)pLysS (with plasmid pET20b)
was a generous gift from Dr. Graves’ lab at the University of New Mexico. Ultrapure water
was used throughout the study (Milli-Q, 18.2 MΩ cm−1 resistivity).

Bacterial Culture
All bacterial cells were grown in standard Luria broth (LB). A fresh bacterial culture was
inoculated from an overnight culture followed by approximately three hours of incubation at
37°C to the exponential growth phase. During this growth phase, the cells were collected by
centrifugation and washed twice with 10 mM PBS (138 mM NaCl and 2.7 mM KCl at pH
7.4). The cell pellet was resuspended with PBS buffer for future use.

Single Giant Vesicles Observation and X-Ray Scattering
Giant vesicles were prepared and observed by a method as reported previously.9 Rhodamine
tagged lipid 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B
sulfonyl) (ammonium salt) (DMPE-Rh) was used and gives rise to the fluorescence of the
giant vesicles when imaged by a fluorescence microscope (Zeiss Imager A2, Excitation filter
BP 545/25 nm, Emission filter BP 605/70 nm, Thornwood, NY). CPEs and OPEs were not
excited under these conditions. SAXS experiments were performed at the Stanford
Synchrotron Radiation Laboratory (Palo Alto, CA) (Beam Line 4–2) as described in the
literature.9, 25 The OPEs used in the SAXS assays were prepared in water containing 10 vol
% DMSO.

NMR spectroscopy
31P solid-state NMR spectra were recorded on a Bruker Avance III Widebore 300 NMR
spectrometer as described in the literature.26 The reported Hahn echo pulse sequence was
used in the current study. The NMR samples were prepared by hydrating a 25 mg dry
phospholipid film with 100 µL water or EO-OPE-1(C3) solution at appropriate
concentrations by vigorous vortexing. In order to thoroughly hydrate the lipid sample and
mix the test compounds with lipid membrane, the samples were subjected to 10 freeze-thaw-
vortex cycles. 7 mm CPMASS probe was used in the NMR spectroscopy.

Electron Microscopy
Fresh bacterial cells in exponential growth phase (1~4×108 colony forming units (CFU)/
mL)) were incubated with various amounts of CPEs or OPEs in the dark at 37°C or under
UV-light irradiation for various periods and imaged by SEM and TEM as previously
described.9, 27 The UV-light irradiation experiments were carried out in a photoreactor
(LZC-ORG, Luzchem Research Inc., Ottawa, Canada) at room temperature. Different
illumination sources were used according to the different light-absorbing properties of the
CPEs and OPEs. UVA (centered at ~350 nm) and UV-420 (centered at ~420 nm) were used
to irradiate OPEs and CPEs, respectively.8

Cryo-TEM imaging was performed by a modified method from literature28 at The Scripps
Research Institute. Large unilamellar vesicles (LUV) composed of DOPE:DOPG29 (8:2,
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molar ratio) were made by an extrusion method30 to a final concentration of 10 mg/ml in
water at room temperature and mixed with the CPEs or OPEs at various molar ratios. A 3 µL
aliquot of each sample was applied to the grid (Protochips, Raleigh, NC, CF-2/0.5-4C) and
then vitrified in liquid ethane using a Vitrobot (FEI Company, Hillsboro, Oregon). Cryo-
TEM imaging was carried out on an FEI TF20 microscope operating at a low lose, 200 kV
condition using a Gatan cryo-transfer holder and the Leginon data collection software.31

SDS-PAGE and DNA Electrophoresis
SDS-PAGE and DNA electrophoretic methods were used to characterize protein and DNA
damage in E. coli cells. Fresh E. coli (ATCC 11303) cells in exponential growth phase
(4×108 CFU/mL) were incubated with 25 µg/ml EO-OPE-1(C3) in PBS in the dark or under
UV irradiation for 1 hour. A 12 µL aliquot of each E. coli sample was mixed with 6 µL of
3X standard SDS-PAGE sample loading buffer and heated in boiling water for 10 min
followed by centrifugation. The supernate of denatured cell samples were loaded directly
onto the 12% precast polyacrylamide-gel (BIO-RAD, 456–1043S). Electrophoresis was
performed at 200 V for approximately 30 min, after which the gel was stained with
Coomassie brilliant blue R. For DNA electrophoresis, fresh bacterial cells (E. coli
BL21(DE3), 1×108 CFU/mL) were incubated with 1 µg/mL EO-OPE-1(C3) in PBS in the
dark or under UV irradiation for 1 hour. The plasmid DNA was extracted from each
bacterial sample using a Miniprep Kit (QIAGEN Inc., Valencia, CA) according to the
manufacturer’s manual. A 10 µL aliquot of each plasmid sample was mixed with 2 µL of 6X
loading buffer and loaded onto a 1% agarose-gel. Electrophoresis was carried out at 100 V
for approximately 40 min.

Results and Discussion
Previously, we have shown that the cytoplasmic membrane in Gram-negative bacteria is one
of the main targets for oligomeric OPEs.9, 27 Although the penetration ability of the
polymeric CPEs through the outer membrane and peptidoglycan layer in E. coli cell is
largely hindered by their bulky sizes, these compounds may still interact with the bacterial
cytoplasmic membrane. Herein, further characterizations on membrane perturbation
mechanisms have been performed with representative CPEs and OPEs against model E. coli
membranes.

Multiscale membrane perturbations induced by CPE and OPE compounds
In order for cell lysis to occur, the permeability barrier, which includes the cytoplasmic
membrane, of the E. coli cells need to be compromised. Since this membrane is located
underneath the cell surface, it is difficult to visualize its disruption. Therefore, we used
model phospholipid membranes32–33 composed of DOPG/DOPE or E. coli lipid extracts as
alternatives in this study, both of which are routinely used as models of the E. coli plasma
membrane.34 In this study, we investigated membrane binding and perturbation activities of
the CPE and OPE compounds in the dark. Morphological changes induced by CPE and OPE
compounds were characterized by fluorescence imaging of single giant vesicles and cryo-
TEM imaging of large unilamellar vesicles (LUVs). Molecular level changes to bilayer lipid
membrane structure were determined by small angle X-ray scattering (SAXS) and solid-
state NMR (SS-NMR) experiments.

Fluorescence imaging of single giant vesicles has been previously used to visualize
membrane disruptions induced by oligomeric OPE-1 and EO-OPE-1(C3).9 In the current
study, the same technique is used to image membrane morphological changes induced by
polymeric PPE-DABCO and oligomeric OPE-3. As shown in Figure 1A, upon the addition
of PPE-DABCO to a giant vesicle composed of E. coli total lipids, the vesicle appeared
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relatively intact until it suddenly ruptured 55 – 56 s after PPE-DABCO addition and then
mostly disappeared at around 58 s. In contrast, after the addition of OPE-3, the giant vesicle
immediately started to change, shrinking in size and becoming diffuse and eventually losing
its structural integrity by 27 s (Figure 1B). During the process, the well-defined and bright
lipid membrane became amorphous in shape and inhomogeneous in brightness, indicating
that lipid-OPE-3 complexes may have been formed (Figure 1B). These images show that
both PPE-DABCO and OPE-3 exhibit strong disruptive activities against the model bacterial
membrane and that the two compounds cause membrane disruptions via different
mechanisms. However, this assay does not give further insights into the molecular scale
structural transformations of the bilayer induced by the two biocidal compounds.

To more closely examine membrane changes induced by the biocidal compounds, cryo-
TEM was used to image LUVs before and after exposure to two different OPEs, OPE-2 and
EO-OPE-1(C3). The cryo-TEM image of LUVs (Figure 2A) showed largely round vesicles
with diameters of around 100 nm. The addition of OPE-2 appeared to induce vesicle fusion,
resulting in the formation of many dumbbell-like bilayer structures (Figure 2B). The vesicle
fusion process may proceed by the attachment of OPE-2 to vesicle surface, thereby changing
its charge distribution and reducing vesicle-vesicle electrostatic repulsion, resulting in
vesicle fusion. Similarly, the addition of EO-OPE-1(C3) to vesicles also caused vesicle
fusion (Figure 2C). In addition, EO-OPE-1(C3) induced significant roughness to a number
of vesicles (Figure 2C and D), which could be an early stage of membrane failure/collapse.
Although cryo-TEM is a powerful technique in visualizing assemblies of soft biological
materials with minimal disturbance to the sample, as compared to conventional TEM where
samples are dried on a substrate, it does have the limitation that only a very thin section of
the samples are visualized. Structures larger than sample thickness, for example, visible
aggregates of OPE-membrane complexes formed during the experiment, were not imaged.
As such, cryo-TEM imaging does not capture the full range of OPE and CPE-induced
membrane changes.

To resolve molecular level changes to bilayer lipid structure induced by CPEs and OPEs,
SAXS and SS-NMR experiments were carried out. SAXS can resolve Å-scale structural
details of ordered lipid phases in bilayer membranes and has been used to detect the
presence of lipid ordered structures in a bulk background.35 We have shown previously that
the oligomeric EO-OPE-1(C3) can induce the formation of a hexagonal or cubic lipid phase
from model E. coli membranes in a lamellar phase (Figure 3A).9 In this study, we used
SAXS to characterize the effects of oligomeric OPE-2 and polymeric PPE-Th on lipid
membrane structure. As shown in Figure 3, lipid vesicles comprised of E. coli total lipids
alone gave rise to one broad peak with low scattering intensity, which is indicative of a
lamellar phase for the vesicles.25 After exposure to OPE-2 and PPE-Th, scattering profiles
of the vesicles changed dramatically (Figures 3B and 3C). A number of new and sharp
scattering peaks were observed. The peak positions (q values) of the model membranes
treated by OPE-2 and PPE-Th have the characteristic ratio of 1:2:3:4, indicative of a new
multi-lamellar structure.36 As a control, DMSO, which was used to increase the solubility of
the OPEs, had negligible effect on the membrane structure (see Figure S1 in Supporting
Information). Therefore, the emergence of the new peaks due to the formation of
multilamellar structures, were solely caused by the interactions between the CPE and OPE
compounds with the model membrane. The SAXS experiments demonstrate that both
polymeric and oligomeric biocidal compounds are capable of inducing structural
reorganization of the lipid membrane on the molecular scale.

In addition to SAXS, 31P SS-NMR spectroscopy was also used to investigate the bulk phase
behavior of model membranes in the presence of increasing amounts of EO-OPE-1(C3). In
these experiments, the anisotropy (orientation of the phosphate head groups) of the lipid
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self-assemblies exhibit distinct NMR line shapes for different phases. The 31P NMR signal
of the bacterial mimic DOPG/DOPE membrane is characteristic of a randomly dispersed
lipid bilayer (bottom spectrum in Figure 4).26, 37 The addition of 1.5 mg EO-OPE-1(C3) (to
25 mg of lipid) caused a significant decrease in the signal intensity in the high field and
induced an additional peak at the isotropic chemical shift position, indicating the formation
of isotropic non-bilayer phases, such as micelles, inverted micelles, or various cubic
phases.37 With increasing concentrations of EO-OPE-1(C3) (2.5–5 mg), the lipid sample
showed a single sharp isotropic peak, indicating that EO-OPE-1(C3) did not induce the
formation of new structures other than the isotropic phases in this concentration range. The
addition of Triton X-100, a well-known non-ionic detergent that is widely used as a lipid
membrane solubilizing agent, also gave rise to a weak isotropic peak, which implies that the
two compounds induced similar bulk phase changes to the lipid membranes (Figure 4). SS-
NMR data were also collected from vesicles composed of E. coli total lipid extract. The
appearance of non-bilayer phases caused by the addition of EO-OPE-1(C3) to this model
membrane was also observed (see Figure S2 in Supporting Information). However, since the
exact composition of the total lipid extract is unknown, the NMR spectra could not be
further resolved.

Results from this study, combined with our previous work,9, 24 further confirm that the CPE
and OPE compounds are membrane active and induce membrane changes from
morphological to molecular scale. Giant vesicle imaging shows disintegration of vesicles
while cryo-TEM imaging provided clear evidence of OPE and CPE-induced membrane
fusion and roughening. Our results also provide the molecular scale structural basis to the
observed membrane morphological and functional changes (i.e., membrane permeabilization
from vesicle leakage studies30). The CPE and OPE compounds can disrupt the lamellar
membrane structure and induce the formation of non-bilayer structures, such as hexagonal
and cubic phases and micellar structures. It is important to note that, due to different sample
requirements by the different analytical methods, such as concentration, sample thickness,
hydration state, and lamellarity, each method probes the interactions between the biocidal
compounds and model membranes under a specific set of conditions that give insights to
specific aspects of biocide-induced membrane perturbation.32 Recent all-atom molecular
dynamics simulations on the micro-second timescale reveal that OPE-3 can cause membrane
damage that results in water leakage, which may be the initial step that subsequently lead to
membrane failure.38 Our multi-scale characterization of the dark membrane perturbation
activity of the CPEs and OPEs using model E. coli plasma membranes so far support a
carpet or detergent-like mechanism9, 24 by which these antimicrobial compounds induce
membrane collapse and phase transitions.

Visualization of dark and light-enhanced antimicrobial actions against Gram-negative and
Gram-positive bacteria

Although interactions with the plasma membrane are necessary in the bactericidal actions of
CPE and OPE compounds, interactions of these compounds with the bacterial cell envelope
are also crucial since the cell envelope serves as the first point-of-contact for exogenous
materials. As described earlier, the cell envelopes of Gram-positive and Gram-negative
bacteria are compositionally and structurally different. Understanding the interactions of the
CPE and OPE compounds with the different cell surfaces will not only provide a deeper and
more complete understanding of the toxicity mechanism, but will also give us insights to the
susceptibilities of the two different classes of bacteria. The complexities of the cell
envelopes make such biological entities difficult to mimic with model systems. In this study,
the interactions between the CPE and OPE compounds with Gram-negative E. coli bacteria
and Gram-positive S. epi bacteria were studied by visualizing cell morphology using SEM
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and TEM. The effect of UV-irradiation in the presence of CPE and OPE compounds on
cellular morphology was also investigated.

TEM was used to image morphological damages to bacterial cells upon incubation with
OPEs in the dark. As a control, untreated E. coli cells (1×108 CFU/mL) in PBS appear
structurally intact and the outer envelopes are clearly visible (Figure 5A1, A2, and A3).
After 1 hour incubation with OPE-3 or EO-OPE-1(C3) in the dark, the E. coli cells show
remarkable structural damages (Figure 5B and 5C). The attachment of OPE-3 to the
bacterial cells extensively remodeled the outer membrane, leading to the roughening of the
cell surface and formation of blebs (Figure 5B). In addition, the cytoplasm density of the
majority of OPE-3 treated cells decreased, which implies that the cytoplasm contents were
being released during incubation through damaged cell envelopes. Disruption and
permeabilization of the cell envelope can also lead to the penetration of OPE-3 into the
bacteria cytoplasm. The cationic and amphiphilic oligomer can then bind to and disrupt
other cellular components, for example, proteins and nucleic acids. Likewise, incubation
with the oligomeric EO-OPE-1(C3) also led to significant disruptions to the cell envelope
(Figure 5C), which is consistent with previous findings that EO-OPE-1(C3) can
permeabilize cell envelopes and cause cell lysis9, 27 Furthermore, the TEM images in of
cells incubated with EO-OPE-1(C3) (Figure 5C) also showed time-dependent release of the
cell cytoplasm, where only a small population of the cells show partial cytoplasm leakage/
damage after exposure to the oligomer for 10 min (Figure 5C1), whereas most cells were
empty and/or collapsed after one hour (Figure 5C3). This finding is consistent with a
previous observation that EO-OPE-1(C3) exerts time-dependent biocidal activity against E.
coli cells in the dark.6–7

The outer membrane of Gram-negative bacteria, such as E. coli, is permeable to solutes with
a molecular weight smaller than 600 Da due to the presence of porin channels.39 In terms of
molecular weight and chain length, PPE-Th and EO-OPE-1(C3) represent two extremes in
our current antimicrobial agent library (Scheme 1), whereas OPE-3 falls in between. PPE-
Th, with a high molecular weight, is believed to exert toxicity towards Gram-negative
bacteria by disrupting the outer membrane (LPS assembly) through an “ion-exchange”
process.9, 17, 40 However, PPE-Th is not expected to penetrate through the bacterial envelop
and get into the cytoplasm due to its high molecular weight.9 In contrast, EO-OPE-1(C3)
with its needlelike structure may easily penetrate through the outer membrane and the thin
peptidoglycan layer in the bacteria without causing serious structural damages.
Subsequently, it can reach, perturb and even penetrate the bacterial cytoplasmic membrane,
leading to cell lysis. The molecular weight of the intermediate sized OPE-3 exceeds the
permeability limit of the porin channel. Thus, similar to PPE-Th, the oligomer may exert
toxicity against E. coli by disrupting the outer membrane. However, due to its rod-like
structure and moderate molecular weight, OPE-3 may penetrate through the peptidoglycan
layer, disturb the cytoplasmic membrane and trigger the release of cell content. Therefore,
both molecular weight and architecture of the CPEs and OPEs are key factors controlling
their interactions and toxicities with E. coli cells.

Generally, the antimicrobial activities of CPE and OPE compounds are greatly enhanced
with the irradiation of UV or visible light such that they exhibit rapid and efficient toxicities
at very low doses. The light-enhanced toxicities of the compounds are in part contributed by
the dark biocidal mechanisms of the CPE and OPE compounds, such as those visualized in
Figure 5. Light enhanced biocidal actions of CPEs and OPEs, however, have not been
directly visualized. In this study, Gram-negative E. coli cells incubated with oligomeric
OPE-3 and EO-OPE-1(C3) and polymeric PPE-DABCO under UV-irradiation have been
imaged with TEM and SEM.
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Similar to untreated cells (Figure 5A), a control sample of E. coli cells irradiated for 30 min
without the addition of biocidal compounds appeared intact with unperturbed cytoplasm
(Figure 6A). Thus UV-irradiation alone did not cause obvious damages to cell morphology,
consistent with our previous findings that UV-irradiation alone causes very low-level
toxicity to E. coli cells.6 However, the addition of OPE-3 or EO-OPE-1(C3) with UV-
irradiation caused catastrophic damages to the bacteria (Figure 6B and 6C). In addition to
the disruptions to the cell surfaces similar to those seen in cells incubated with the oligomers
in the dark (Figure 5B and 5C), the cytoplasm of the UV-irradiated cells is also clearly
damaged. In the OPE-3 and UV-light treated sample, a large amount of amorphous materials
outside the cells was observed, which may be complexes of OPE-3 with cell envelope
components such as LPS and/or released cell content. In contrast to the cells incubated with
EO-OPE-1(C3) in the dark (Figure 5C1) where the cytoplasm remained relative intact after
10 minutes, UV-irradiation in the presence of EO-OPE-1(C3) for the same duration of time
caused significant damages to the cell, including decreased density of the cytoplasm.
However, the time dependent bacteriolytic effect as observed by the loss of cell cytoplasm,
was not observed under UV irradiation (Figure 6C). This may be partly explained by the
appearance of the dark, therefore dense, features in the UV-irradiated cells. Although the
nature of these dark inclusions is not known, they could be oxidatively damaged and cross-
linked cytoplasm components, such as proteins and nucleic acids.

Polymeric CPEs have been observed to strongly bind to and remodel the outer membrane
(previous findings of TEM imaging) of E. coli cells in the dark.9 Although their high
molecular weights attenuate their ability to penetrate through the cell envelope, the oxygen
radicals generated by the CPE compounds under UV-irradiation may cause sufficient
damages and defects on the cell envelope to allow these polymeric agents to reach the cell
interior and/or cell cytoplasm to be released. Similar to OPE-3, under UV-light irradiation,
PPE-DABCO caused catastrophic damages to the bacteria cell envelope as well as induced
the leakage of cell cytoplasm as evidenced by the empty (lighter colored) cells and the
appearance of amorphous materials outside the cells (Figure 7B and C). These
morphological changes are induced by the biocidal polymer as cells irradiated by UV-light
alone are intact and smooth (Figure 7A). Damages induced to the cell envelope by PPE-
DABCO under UV-irradiation are further confirmed by the drastic roughening of the cell
surface imaged by SEM. Additionally, SEM imaging also confirmed the presence of
amorphous materials outside the cells, which could be leaked cytoplasm and material
complexed with the polymer (Figure 7D and E).

It is evident from our results that UV-irradiation causes further damages to the E. coli cell
morphology in the presence of oligomeric and polymeric compounds. 1O2 has a relative
long lifetime (10−6−10−5s) and diffusion distance in pure water. However, in cells, both
lifetime and diffusion range of 1O2 must be significantly reduced due to its high reactivity
towards biomolecules in the cytoplasm.21, 41 As a result, the damage caused by 1O2 is likely
related to the positions of the sensitizers in the cells, whether at the cell surface or in the cell
interior. Likewise, locations of damage of the bacteria under UV-irradiation also confirm the
presence of the CPEs or OPEs, either at the cell surface or inside the cells. This “self-
promoted uptake” mechanism42, which has been extensively studied for antimicrobial
peptides, may also apply for the CPE and OPE compounds where defects created by the
CPEs and OPEs on the bacterial outer membrane facilitate their entrance into the cell
interior.

The CPE and OPE compounds have been shown to exert toxicity towards both Gram-
negative (e.g., E coli.) and Gram-positive bacteria, which have compositionally and
structurally different cell envelopes. Bactericidal actions of the compounds on Gram-
positive bacteria have not been directly visualized. In this study, the dark and light-enhanced
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antimicrobial actions of oligomers and polymers on the Gram-positive S. epi bacteria were
visualized for the first time via TEM and SEM imaging. S. epi cells incubated with
oligomeric EO-OPE-1(C3) in the dark for 10–60 minutes do not appear damaged, with
intact cell envelope and cytoplasm, compared with the control sample (Figure 8A). UV-
irradiation alone also did not cause any obvious damages to the cells (Figure 8B1).
However, UV-irradiation in the presence of CPE and OPE compounds caused obvious
damage to the cell surfaces with PPE-DABCO inducing the highest level of roughness to the
cell surface (Figure 8B2, 8B3, and 8B4). In contrast to extensive damage induced in Gram-
negative E. coli cells, however, damage induced by the biocidal compounds in the Gram-
positive S. epi cells under UV irradiation seems to be localized only to the cell surface. The
compounds do not appear to have caused sufficient defects that extend through the cell
envelope to cause leakage of the cytoplasm, for example. SEM imaging further verifies the
cell surface damage caused by PPE-DABCO in similar conditions (see Figure S3 in
Supporting Information).

It has been determined that the CPEs and OPEs exhibit both dark and light-enhanced
antimicrobial activities against Gram-positive bacteria at concentrations lower than that used
for the electron microscopy experiments in this study.6–7, 43 In addition, at similar
concentrations of the CPE and OPE compounds, UV irradiation always increases the
toxicities of the compounds. As shown in Figure 8B, the cytoplasm of the S. epi cells do not
appear damaged, even under UV-irradiation with the biocidal compounds, which implies
that the tested compounds were not capable of penetrating through the Gram-positive cell
envelop. Boix and co-workers have found that the eosinophil cationic protein can induce
significant morphological damages to the Gram-negative E. coli cells, but the protein does
not induce any damage to the morphology of Gram-positive Staphylococcus aureus (S.
aureus) cells under the same conditions.44 One explanation of this phenomenon is that the
eosinophil protein can penetrate the E. coli cell envelope via the “self-promoted uptake”
mechanism and then release the cell content. However, the thick and tough peptidoglycan
layer in the Gram-positive bacterial cell walls provides a sufficient barrier to prevent
damage to the cytoplasm. Meanwhile, the eosinophil protein exhibits high affinity toward
bacterial peptidoglycan. The same principle may also account for the similar observations of
the effect of the CPEs and OPEs on Gram-positive S. epi cells. The thick and negatively
charged Gram-positive bacteria cell wall serves as the main binding site for the cationic CPE
and OPE compounds but can also prevent the penetration of the compounds into the cell
interior which may cause further damages to the cell. However, since the CPE and OPE
compounds are toxic toward Gram-positive bacteria, disruption of the structure, and thereby
function, of the peptidoglycan layer and anionic teichoic/lipoteichoic acid, seems to be
sufficient for inducing cell death and serves as the toxicity mechanism for these compounds
against Gram-positive bacteria.

Damages to E. coli proteins and plasmid DNA
It is evident that the CPE and OPE compounds can induce damage to multiple cellular
targets. Proteins in the cytoplasm are believed to be another target, particularly for 1O2
species generated under UV-irradiation21 as amino acids are readily oxidized by 1O2 with a
rate constant in the range 107−108 M−1s−1.21, 45 Moreover, secondary ROS could react with
a broader range of targets in the cell,46 including the DNA and RNA. The ROS sensitized by
the CPE and OPE compounds can directly or indirectly covalently modify biomolecules in
the cytoplasm, thereby inducing toxicity. As shown earlier, the CPEs and OPEs can cause
severe damage inside the Gram-negative bacteria in the presence of UV-light. To better
understand the nature of the changes, we investigated the effect of the oligomeric EO-
OPE-1(C3) under UV-irradiation on two classes of potential targets in E. coli, proteins and
plasmid DNA. As shown in Figure 9A, SDS-PAGE of E. coli cells under different exposure
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conditions to EO-OPE-1(C3) showed no significant differences in the electrophoretic
mobilities or intensities of protein bands from cells treated with EO-OPE-1(C3) in the dark
(Lane A2) or UV-irradiation alone (Lane A3) compared to untreated cells (Lane A1),
indicating that the proteins did not undergo covalent modifications, such as cross linking or
degradation. In contrast, protein bands from E. coli cells incubated with EO-OPE-1(C3)
under UVA irradiation show significantly decreased intensities (Figure 9, Lane A4),
indicating that 1O2 and ROS generated by the irradiation of EO-OPE-1(C3) had induced
significant covalent modifications to the proteins that either caused the formation of
insoluble aggregates that are too large to enter the electrophoresis gel or degradation of
proteins into fragments too small to be detected by the technique. Similarly, the ROS
sensitized by EO-OPE-1(C3) caused considerable decreases to the intensities of the E. coli
plasmid DNA bands (Lane B5) compared to untreated cells (Lane B2), whereas the bands
remained relatively unchanged from E. coli cells incubated with EO-OPE-1(C3) for an hour
in the dark (Lane B3) or irradiated for an hour (Lane B4). Cross-linking and subsequent
aggregation are the primary protein chemical degradations induced by 1O2 and secondary
ROS.21 Likewise, 1O2 and secondary ROS could also induce the formation of covalent
DNA-protein complexes.47 However, protein-DNA complexes and aggregates may not be
soluble in water or identified from electrophoresis. In addition, ROS can also induce protein
backbone fragmentation and DNA cleavage, which may also contribute to the changes
observed in protein and plasmid DNA gel electrophoresis and the toxic functions of EO-
OPE-1(C3). In addition to disrupting membrane lipid bilayer structure, damage to the
proteins in bacterial cytoplasmic membranes by light-induced ROS, which serve critical
functions, also compromise the membrane integrity and promote the release of cell content
as well as the entrance of the CPEs and OPEs.

Summary
It is clear from our results that the polymeric CPE and oligomeric OPE compounds exert
toxicity towards Gram-negative and Gram-positive bacteria through different mechanisms.
While the compounds cause visible damage toward only the cell walls of Gram-positive
bacteria, they damage the cell wall, plasma membrane, proteins, and plasmid DNA in Gram-
negative bacteria. Our results indicate that the structures of the antimicrobial agents and
bacterial outer envelope control their interactions as well as the biocidal mechanisms. In
terms of bacteria cell envelope structures, the relative thin and soft cell envelope in Gram-
negative E. coli cells does not serve as an efficient barrier for the oligomeric OPEs in the
dark, but can impair the penetrating ability of bulky polymeric CPEs. Under UV-irradiation,
all of the tested antimicrobial compounds can cross the cell envelope of the Gram-negative
E. coli cells and cause damage to the cytoplasm, including oxidative and covalent
modifications of proteins and plasmid DNA. In contrast, the thicker and tougher cell
envelope in Gram-positive bacteria seems to be an efficient permeability barrier for the
CPEs and OPEs both in the dark and under UV-irradiation. The cell envelope is also the
main target of the CPEs and OPEs.

Damages to E. coli cells in the dark reveal the important role molecular structure of the CPE
and OPE compounds play toward their toxicity mechanism. The large polymeric CPEs with
high charge density may sequester and remove molecules from the bacterial surface and
destabilize the cell envelope and outer membrane through an “ion-exchange” process, while
the small oligomeric EO-OPE-1(C3) may easily cross the outer membrane without causing
serious damages and directly disturb the cytoplasmic membrane and cytoplasm. The
intermediate sized OPE-n compounds can induce damages to both bacterial surface and
cytoplasm. The membrane activity of the CPEs and OPEs are affected by many factors, such
as molecular conformation, size, side functional groups, and membrane composition.
Furthermore, molecular level characterization of lipid membrane structural changes induced
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by the OPEs and CPEs point to a carpet or detergent-like mechanism for the membrane
perturbation activities for these cationic and amphiphilic antimicrobial agents.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Time lapse fluorescence microscopy images showing the damage of a giant vesicle caused
by the addition of PPE-DABCO (10 µg/mL) (A) and OPE-3 (50 µg/mL) (B) at room
temperature. The vesicle is composed of E. coli total lipids and labeled with 0.5 mol% of
DMPE-Rh for imaging and 2.5 mol% of Biotin-PEG-DSPE for localization to the slide
surface.9 The elapsed time after the addition of the antimicrobial agent is labeled in each
image.
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Figure 2.
Cryo-TEM micrographs of DOPG/DOPE vesicles (10 mg/mL) alone (A), incubated with
2.16 mg/mL OPE-2 (B) 1.53 mg/mL EO-OPE-1(C3) (C) for 30 min in the dark. A closer
view for the EO-OPE-1(C3) treated vesicles shown in D. The lipid to OPE molar ratio is
25:1. The scale bars represent 200 nm.
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Figure 3.
SAXS data for EO-OPE-1(C3) (3.8 mg/mL) (A), OPE-2 (5.78 mg/mL) (B) and PPE-Th
(2.59 mg/mL) (C) complexed with E. coli total lipid (12.5 mg/mL) model membranes.
Figure A is reprinted with permission from ref 9.
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Figure 4.
31P SS-NMR spectra of 25 mg DOPG/DOPE (molar ration 2:8) model membranes mixed
with various amounts of EO-OPE-1(C3) and 100 mg Triton.
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Figure 5.
TEM micrographs of Gram-negative E. coli (ATCC 11303) cells (108 CFU/mL) alone (A1,
A2 and A3), incubated with 10 µg/mL OPE-3 (B1, B2, B3 and B4) and EO-OPE-1(C3) (C1,
C2 and C3) for different time intervals in the dark. Figure A3 is reprinted with permission
from ref 9.
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Figure 6.
TEM micrographs of Gram negative E. coli (ATCC 11303) cells (108 CFU/mL) alone (A1,
A2 and A3), incubated with 10 µg/mL OPE-3 (B1, B2 and B3) and EO-OPE-1(C3) (C1, C2
and C3) for different time intervals under UVA irradiation.
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Figure 7.
TEM (A, B and C) micrographs of Gram-negative E. coli (ATCC 11303) cells (108 CFU/
mL) alone (A), incubated with 10 µg/mL PPE-DABCO (B and C) under UV-420 irradiation
for 30 min. SEM (D and E) micrographs of E. coli cells alone (D) and incubated with 1 µg/
mL PPE-DABCO (E) under UV-420 irradiation for 60 min.
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Figure 8.
TEM micrographs of S.epi (ATCC 14990) cells (4×108 CFU/mL) alone incubated with 25
µg/mL antimicrobial agents in the dark or under UV-light irradiation for various periods.
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Figure 9.
(A) SDS-PAGE gels of the E. coli (4×108 CFU/mL) cells incubated with EO-OPE-1(C3)
(25 µg/mL) for 1 hour. Lane A1: E. coli in the dark; Lane A2: E. coli incubated with EO-
OPE for 1 hour in the dark; Lane A3: E. coli irradiated with UVA for 1 hour; Lane A4: E.
coli incubated with EO-OPE under UVA-irradiation for 1 hour; Lane A5: Protein ladder. (B)
Agarose-gel of the pET-20b plasmid extracted from E. coli BL21(DE3) (1×108 CFU/mL)
incubated with EO-OPE-1(C3) (1 µg/mL) for 1 hour. Lane B1: DNA ladder; Lane B2: E.
coli in the dark; Lane B3: E. coli incubated with EO-OPE in the dark for 1 hour; Lane B4: E.
coli irradiated with UVA for 1 hour; Lane B5: E. coli incubated with EO-OPE under UVA-
irradiation for 1 hour.
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Scheme 1.
Structures of the antimicrobial compounds used in this study. n denotes the number of repeat
units.
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