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Abstract: The interactions of poly(phenylene ethynylene) (PPE)-based cationic conjugated
polyelectrolytes (CPEs) and oligo-phenylene ethynylenes (OPEs) with E. coli cells are
investigated to gain insights into the differences in the dark killing mechanisms between
CPEs and OPEs. A laboratory strain of E. coli with antibiotic resistance is included in this
work to study the influence of antibiotic resistance on the antimicrobial activity of the
CPEs and OPEs. In agreement with our previous findings, these compounds can efficiently
perturb the bacterial cell wall and cytoplasmic membrane, resulting in bacterial cell death.
Electron microscopy imaging and cytoplasmic membrane permeability assays reveal that
the oligomeric OPEs penetrate the bacterial outer membrane and interact efficiently with
the bacterial cytoplasmic membrane. In contrast, the polymeric CPEs cause serious damage
to the cell surface. In addition, the minimum inhibitory concentration (MIC) and hemolytic
concentration (HC) of the CPEs and OPEs are also measured to compare their antimicrobial
activities against two different strains of E. coli with the compounds’ toxicity levels against
human red blood cells (RBC). MIC and HC measurements are in good agreement with our
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previous model membrane perturbation study, which reveals that the different membrane
perturbation abilities of the CPEs and OPEs are in part responsible for their selectivity
towards bacteria compared to mammalian cells. Our study gives insight to several
structural features of the PPE-based CPEs and OPEs that modulate their antimicrobial
properties and that these features can serve as a basis for further tuning their structures to
optimize antimicrobial properties.
Keywords: antimicrobial; cationic conjugated polyelectrolytes (CPE); oligo-phenylene
ethynylenes (OPE); E. coli

1. Introduction
Due in part to the misuse of antibiotics, pathogenic bacteria have evolved a number of resistance
strategies to attenuate the effect of antibiotics, such as generating novel proteolytic enzymes, altering
membrane protein and lipid components, and changing the role of transporters [1]. In recent years, the
appearance of “superbugs”, which are resistant to almost all commercial antibiotics, has been a critical
worldwide healthcare issue [2,3]. As a result, developing new classes of efficient antimicrobial agents
has been the focus of significant research efforts during the last decade [4-9]. Since the discovery
of the antimicrobial properties of poly(phenylene ethynylene) (PPE)-based cationic conjugated
polyelectrolytes (CPEs) [10], a wide range of structurally similar polymeric CPEs and oligomeric
OPEs (oligo-phenylene ethynylenes) have been synthesized [11-16]. These PPE-based CPE and OPE
compounds are efficient broad-spectrum bactericides against both Gram-positive and Gram-negative
bacteria.
Previously, we have demonstrated that the CPEs and OPEs exhibit remarkable light-activated biocidal
activities and moderate killing efficiencies in the dark. The light-induced biocidal activity of these
compounds has been attributed to the ability of their excited states to generate corrosive reactive oxygen
species after activation with UV-visible light, which can strongly damage biomacromolecules [17,18].
Similar to naturally occurring antimicrobial peptides, one of the main targets of the compounds is
believed to be the bacterial cell wall and cytoplasm membrane, so that their dark killing activity is
linked to their ability to disrupt bacterial cell walls and membranes and subsequently cause bacterial
cell death [19].
In this study, Gram-negative E. coli cells are used as a model pathogen. The E. coli cell wall
contains an outer membrane composed of phospholipids, lipopolysaccharides, and proteins. In addition,
a thin layer of crossed-linked peptidoglycan underneath the outer membrane is also a key component
of the cell wall. The cytoplasmic membrane of the E. coli cell is composed of a phospholipid bilayer,
which serves as a permeability barrier and matrix for ion channels, signaling proteins and other
functional molecules. As the lipopolysaccharides and part of the phospholipids from both outer
membrane and cytoplasmic membrane are highly negatively-charged, the E. coli cell has an overall
negative surface charge [20]. In contrast, for human RBCs, only one cytoplasmic membrane separates
the cytoplasm from the outside environment. In particular, the cytoplasmic membrane of the human
RBC contains mostly zwitterionic phosphatidylcholine (PC) and 5–10% of negatively charged
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phosphatidylserine (PS) lipids. Due to the asymmetric distribution of erythrocyte membrane lipids,
more than 95% of PS lipids reside on the inner leaflet of the membrane. As a result, the outer leaflet of
the mammalian membrane is nearly neutral [20]. We hypothesize that the cationic CPEs and OPEs
exert their toxicity by binding to and disrupting the bacterial cell wall and membrane in the dark [19].
To test our hypothesis, we investigate their interactions with intact E. coli cells.
Previously, we have demonstrated that most of the CPEs and OPEs can significantly perturb model
bacterial membranes made of total lipids extracted from E. coli cells (ATCC 11303); therefore, the
same strain of E. coli cells is used in the current study. In addition, a laboratory strain, E. coli
BL21(DE3)pLysS, with resistance to antibiotics carbenicillin and chloramphenicol, is also used to
study the influence of antibiotic resistance on the antimicrobial activity of the CPEs and OPEs. As part
of our investigation of the structure-function relationship of the CPEs and OPEs, several representative
cationic CPEs and OPEs with the same backbones but different numbers of repeat units and/or side
chains, are synthesized and used (Scheme 1). In order to compare the CPE or OPE’s antimicrobial
activity with other antimicrobial agents, the well-known cationic peptide, melittin, is employed herein
as a reference. It has been well-documented that melittin exerts its cytotoxicity by interacting with the
phospholipid membranes to induce the formation of transmembrane pores and cause the leakage of
cytoplasm [21].
Scheme 1. Structures of the antimicrobial compounds used in this study. n denotes the
number of repeat units.

We report here a comprehensive investigation on the antibacterial activities of the CPEs and OPEs.
In addition, the disruptive effect of the CPEs and OPEs on the morphology of E. coli cells and changes
in cytoplasmic membrane permeability caused by OPEs and melittin are reported. The minimum
inhibitory concentration (MIC) against E. coli cells and hemolytic concentration (HC) against human
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RBCs are also determined to compare the relative cytotoxicity of CPEs and OPEs against model
bacterial and mammalian cells. In addition to lipids, proteins are also key membrane components for
both prokaryotes and eukaryotes, which serve a wide range of functions, including selective ionic
permeability, energy transduction, and structural functions [22]. Specifically, there are more than
200 proteins associated with the E. coli cell membrane and approximately 60 of them are believed to
be involved with transport [22]. To further investigate the toxicity pathway of the CPEs and OPEs
upon their association to the bacterial surface, we also evaluated whether CPEs and OPEs affect
protein structure. In this study, we characterized the effect of CPEs and OPEs on the conformation of
model proteins bovine serum albumin (BSA), lysozyme and Cytochrome C using circular dichroism.
The results of this study provide insights into the CPEs and OPEs’ antimicrobial mechanisms and will
enable the design of more effective PPE-based antimicrobial agents.
2. Experimental Methods
Materials. The antimicrobial compounds (Scheme 1) used in this paper were synthesized as
reported [12-14,16]. Melittin from honey bee venom (Gly-Ile-Gly-Ala-Val-Leu-Lys-Val-Leu-Thr-ThrGly-Leu-Pro-Ala-Leu-Ile-Ser-Trp-Ile-Lys-Arg-Lys-Arg-Gln-Gln-NH2, ~70% purity) was obtained
from Sigma-Aldrich (St. Louis, MO). Luria broth and Agar were purchased from BD Biosciences
(Franklin Lakes, NJ). 3,5-Dipropylthiacarbocyanine (diSC3-5) was obtained from Molecular Probes
(Eugene, OR). All other chemicals and antibiotics were purchased from Sigma-Aldrich. Fresh human
whole blood was purchased from Bioreclamation (Westbury, NY); sodium citrate was used as
anticoagulant. E. coli strain ATCC 11303 was obtained from American Type Culture Collection (ATCC,
Manassas, VA) and E. coli strain BL21(DE3)pLysS was a stock 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 Growth Conditions. E. coli (ATCC 11303) was grown in a standard Luria broth and
E. coli BL21(DE3)pLysS was grown in the Luria broth with carbenicillin and chloramphenicol at
concentrations of 50 and 34 µg/mL, respectively. A fresh E. coli culture was inoculated from an
overnight culture followed by approximately three hours of incubation at 37 °C to the exponential
growth phase (O.D.600~0.5). At this growth phase, the E. coli 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 to O.D.600~0.5.
Destruction of Cell Walls and Membranes. 2 mL of E. coli suspension (~108 colony forming
units (CFU)/mL) was mixed with 10 µg/mL CPEs, OPEs or melittin followed by incubation at 37 °C
for one hour in the dark. The mixture of E. coli cells and antimicrobial compound was centrifuged
at 10,000 rpm for 10 minutes. The supernatant was decanted and its absorbance at 260 nm was
measured (SpectroMax M2e microplate reader, Molecular Devices, Sunnyvale, CA). The cell pellets
were resuspended with 2% glutaraldehyde and incubated at 4 °C for three hours to preserve the
interface between E. coli cells and antimicrobial compounds, followed by washing with PBS buffer.
Then, the fixed cells were dehydrated by sequential treatment with increasing concentrations of
ethanol for 15 min and dehydrated with absolute ethanol twice. The dehydrated samples were dried at
room temperature and transferred onto a piece of clean silicon wafer. The dried samples were
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sputtercoated with 10 nm thick gold/palladium. Morphologies of the E. coli cells were observed by
SEM (Quanta 3D, Dual beam FEGSEM/FIB, FEI, Hillsboro, OR).
Cytoplasmic Membrane Permeability Assay. The effect of OPEs and melittin interaction with
E. coli cytoplasmic membrane is investigated by a modified method [23]. Since the CPEs can strongly
influence the fluorescence of the membrane potential-sensitive cyanine dye (data not shown), the effect
of CPEs on membrane permeability was not determined. Thus, results of this assay are not conclusive.
Experimental details, results, and discussion are presented in Supporting Information.
Circular Dichroism. An aliquot of a CPE or OPE was added to 3 mL of 0.1 mg/mL protein
solution in 10 mM phosphate buffer (2 mM NaH2PO4 and 8 mM Na2HPO4 at pH 7.4) and incubated at
37 °C for one hour in the dark. The final concentration of CPE or OPE was 10 µg/mL. Circular
dichroism spectra from 200 to 500 nm were recorded on an Aviv CD spectrometer (Model 420, Aviv
Biomedical Inc.) in quartz cuvettes at room temperature.
Minimum Inhibitory Concentration (MIC) Determination. MIC values were determined by a
modified method from literature [24,25]. The E. coli cells were diluted with a minimal medium
(28 mM glucose, 42 mM Na2HPO4, 22 mM KH2PO4, 18.7 mM NH4Cl, 8.5 mM NaCl, 1 mM MgSO4,
and 0.09 mM CaCl2 at pH 7.2. 50 µg/mL carbenicillin and 34 µg/mL chloramphenicol were added to
the medium for E. coli BL21(DE3)pLysS) to ~105 CFU/mL. The diluted cell solutions were then
incubated with twofold serial dilutions of the antimicrobial compounds in a 96-well plate at 37 °C
overnight. O.D.600 was obtained on a microplate reader (SpectroMax M2e, Molecular Devices,
Sunnyvale, CA) to monitor cell growth. The MIC values (MIC90) reported herein are the minimum
concentrations needed to inhibit 90% of the cell growth. Positive controls without antimicrobial
compounds and negative controls without bacteria were also measured. The reported values are the
averages of duplicate measurements.
Hemolysis Assay. The hemolytic activities of CPEs, OPEs and melittin were determined by the
release of hemoglobin from human RBCs when incubated with the antimicrobial compounds [25,26].
Fresh human RBCs were obtained by centrifuging human whole blood at 2,000g for 5 min and washed
with Tris buffer (10 mM Tris and 150 mM NaCl at pH 7.2). A RBC stock solution was made by a
200-fold dilution of the RBC suspension (0.5% red blood cell) with the Tris buffer. The RBC stock
solutions along with various amounts of the antimicrobial compounds were incubated at 37 °C
for 1 hour in microcentrifugation tubes. Then, the mixtures were centrifuged at 3500g for 10 minutes.
100 μL aliquots of the supernatant were transferred to a 96-well plate and mixed with 100 μL of Tris
buffer. The hemolytic concentrations (HC50, concentrations of antimicrobial compounds that caused 50%
cell hemolysis) were determined by measuring the absorbance of hemoglobins at 540 nm using a
microplate reader (SpectroMax M5, Molecular Devices, Sunnyvale, CA). A positive control of cells
incubated with 1% Triton-X100 was also prepared. A negative control of the RBC solution without
antimicrobial compounds was also prepared. The reported values were the averages of duplicate
measurements.
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measurements. Figure 2, and results from our previous study, show that OPE-3 exhibits much higher
dark antimicrobial activity than OPE-1 [28]. OPE-3 is also known to interact much more strongly with
DNA compared to OPE-1 [31]. Therefore, DNA released from the E. coli cells may form stable
complexes with OPE-3 that can be pelleted during centrifugation, resulting in a lower absorbance
at 260 nm in the cell supernatant compared to OPE-1 (Table 1).
Table 1. Absorbance at 260 nm for the antimicrobial compounds and their mixture with
soluble materials released from bacteria. The concentration of the antimicrobial compounds
and E. coli cells are 10 µg/mL and 108 CFU/mL respectively. All samples were incubated
at 37 °C for 1 hour in 10 mM PBS, followed by centrifuging at 10,000 rpm for 10 min. All
experiments were done in the dark.
Antimicrobial
Agents
Control
Melittin
OPE-1
OPE-3
EO-OPE-1(C3)
EO-OPE-1(Th)
PPE-DABCO
PPE-Th

Antimicrobial compounds
alone
0.06 *
0.06
0.15
0.14
0.16
0.19
0.13
0.17

E. coli
BL21(DE3)pLysS
0.20 **
0.63
0.33
0.20
1.30
0.26
0.80
0.20

E. coli
(ATCC 11303)
0.17 **
0.46
0.31
0.19
0.88
0.31
0.79
0.22

* PBS buffer alone; ** E. coli cells alone in the PBS buffer.

CPEs and OPEs Can Induce Changes to Bacterial Cell Morphology. In order to further
elucidate the CPEs and OPEs’ effects on bacterial cells, the morphological changes of E. coli cells with
the addition of the different antimicrobial agents were examined by SEM imaging. As shown in
Figures 3(A) and 4(A), the two strains of E. coli cells alone in PBS buffer maintain their integrity with
a smooth cell surface. E. coli cells treated with melittin are still able to maintain the intact cell
structures, but some cells now appear more rough and wrinkled (Figures 3(B) and 4(B), see arrows).
E. coli cells treated with the polymers PPE-DABCO and PPE-Th exhibit obvious morphological
changes compared to the untreated samples (Figures 3(C,D), 4(C,D)). The surfaces of polymer treated
cells appear more rough, with possible formation of circular blebs (Figure 4(C), see arrows), and the
cells appear to be agglomerated.
The addition of oligomeric EO-OPE-1(Th) and EO-OPE-1(C3) also caused changes to cell
morphology. Most E. coli BL21(DE3)pLysS cells exposed to EO-OPE-1(C3) became completely
disrupted, appearing as amorphous material rather than cells (Figure 4(E)). E. coli (ATCC 11303) cells
exposed to EO-OPE-1(Th) showed roughening of the cell surface (Figure 3(D)) while E. coli
BL21(DE3)pLysS cells, mostly maintained their integrity with a smooth cell surface (Figure 4(F)).
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It is important to note that the molecular size of the antimicrobial compounds is one of the
determining factors in their interactions with bacteria [32]. The relatively large sizes of the polymeric
CPEs hinder their ability to penetrate into the cell wall and membrane, and as a result, they may only
cause damages to the cell surfaces and cause cell aggregation. On the other hand, the smaller and
unique linear structures of the oligomeric EO-OPE-1(C3) and EO-OPE-1(Th) compounds enable them
to easily penetrate cell walls and membranes without at first causing serious morphological changes to
the cell surface. These oligomers may then exert their cytotoxicity by inducing small membrane
defects and inhibiting metabolic pathways. This proposed toxicity mechanism of the linear oligomers
is supported by our observation that the addition of the two compounds significantly decreases the
optical density of E. coli cell suspensions (Figure 1(E,F)). Disintegration of bacterial cells is likely
caused by the insertion of the linear oligomers into the cell walls and membranes and subsequent
disruption of these structures. The more linear of the two oligomers, EO-OPE-1(C3), showed the
highest cell lysis activity, resulting in a large amount of cell debris that was both detected by
absorbance measurements (Table 1) and visualized by SEM (Figure 4(E)). Due to the strong lytic
activity of EO-OPE-1(C3) against E. coli (ATCC 11303), no sample can be collected or visualized with
SEM imaging. In addition, it is worth mentioning that because of the resolution limit of the SEM
instrument, neither individual antimicrobial molecules nor their aggregates could be clearly visualized.
The ability of the OPEs and melittin to depolarize the cytoplasmic membrane is determined by
using the cationic membrane potential-sensitive cyanine dye diSC3-5. As found by Hancock et al.,
there is no correlation between the membrane permeability ability of antimicrobial compounds and
their toxicities against bacteria [23]. Even though the results of this assay are not conclusive, it is clear
that the four antimicrobial compounds (mellitin and three oligomers) used in this assay can interact
with bacterial cytoplasmic membrane, although the extent of this interaction varies (see Supporting
Information for detailed information).
CPEs Can Denature Native Protein Conformation. Since proteins are a key component of
biological membranes [22], studying their interactions with CPEs and OPEs will provide further
insight into CPEs and OPEs’ toxicity mechanisms. In this study, the effect of CPEs and OPEs on the
secondary structure of three model proteins, BSA, lysozyme, and cytochrome C were evaluated.
Lysozyme and cytochrome C are well-folded small globular proteins that have been extensively
studied. BSA possesses a high degree of homology with human serum albumin (HAS) [33,34]. Serum
albumins are abundant in the mammalian circulatory system and carry out various important
physiological functions [35]. More importantly, BSA is a more hydrophobic protein with high surface
activity compared to the highly soluble and charged lysozyme and cytochrome C, and should serve as
a better model for membrane proteins. The physicochemical properties of these model proteins are
summarized in Table 2 [34,36-38]. The presence of CPEs and OPEs did not induce any changes in the
CD spectra of lysozyme or cytochrome C (data not shown), indicating that no conformational changes
to the native protein structures were induced. This is probably due to the electrostatic repulsion
between the cationic CPEs and OPEs with the two positively charged proteins (see Table 2) that
prevented their association. In contrast, some degree of structural perturbation was observed for BSA
incubated with CPEs and OPEs in the dark (Figures 5 and S6). In particular, the addition of PPE-Th
caused the most significant loss to the protein’s secondary structures (200–260 nm) (Figure 5).
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Theerefore, it is
i reasonable to concllude that thhe
s
specific
resiistance straategies thatt the E. cooli BL21(DE
E3)pLysS acquired
a
aggainst carbenicillin annd
c
chloramphen
nicol antibiiotics are not
n effectivve against our
o novel antimicrobia
a
al agents. In
I particulaar,
O
OPE-3
and PPE-Th exhhibit excelllent inhibitoory activitiees against E.
E coli cells (Table 3). At relativelly
loow concenntrations, thhe two EO
O-OPE-1 coompounds, PPE-DAB
BCO, and m
melittin sh
how efficiennt
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inhibitory activity against the E. coli cells. However, no inhibitory activity is observed for OPE-1
within the tested concentration range.
Table 3. Minimum inhibitory concentrations and hemolytic concentrations of the
antimicrobial compounds in the dark.
MIC90 (µg/mL)
BL21(DE3)pLysS ATCC 11303
OPE-1
>30
>30
OPE-3
0.5
0.5
EO-OPE-1(C3)
2
2
EO-OPE-1(Th)
2
1
PPE-DABCO
2
2
PPE-Th
0.3
0.5
Melittin (70% purity)
6
4
Antimicrobial Agents

HC50 (µg/mL)
>100
>50
24
16
4
N/D *
5

*unable to make measurement.

In order to evaluate the biocidal selectivities of the CPEs and OPEs, we tested their hemolytic
activity against human RBCs. The concentrations necessary to cause 50% RBC hemolysis (HC50) of
OPE-1 and OPE-3 are fairly high (Table 3). Thus, no significant hemolytic activity is observed for
OPE-1 and OPE-3 within the tested concentration range. Under the same conditions, the two
EO-OPE-1 compounds exhibited moderate hemolytic ability against RBC with HC50 values around
20 μg/mL. However, significant blood cell lysis was observed for polymer PPE-DABCO and peptide
melittin at relatively low concentrations with HC50 values of around 5 μg/mL. We were unable to
determine the HC50 value for PPE-Th using this method, probably due to the strong interaction of
PPE-Th with hemoglobin that precipitated rather than lysed RBCs. A different method to measure
hemolysis, based on Coulter Counter (Beckman Coulter, Miami, FL) measurements, was used to
determine HC50 of PPE-Th and the value is about 1 µg/mL (data not shown).
Overall, the oligomer OPE-3 exhibited the highest selectivity towards bacterial cells while the
polymeric PPE-DABCO and PPE-Th and antimicrobial peptide melittin showed poor biocidial
selectivity. The latter three compounds showed efficient biocidal as well as hemolytic activities.
Dark Killing Mechanisms of CPEs and OPEs. Results from this study, combined with our
previous work [19], reveal some mechanistic insights to the different biocidal efficiencies and
selectivities of the CPE and OPE compounds. The following are three important modulating factors for
the observed biocidal and hemolytic activities of the tested compounds. First, the molecular size, shape,
and aggregation state determine whether the compounds can penetrate the bacterial outer membrane
and reach the cytoplasmic membrane. This factor explains the toxicities and cell lytic activity of the
CPEs and OPEs. In general, the oligomeric OPEs and oligo-peptide melitin appear to be small enough
to penetrate the bacterial outer membrane once they bind to cell surfaces due to attractive electrostatic
interactions. However, the penetrating ability of the polymers is compromised due to their large
sizes [39]. Second, a compound’s ability to perburb bacterial and mammalian cytoplasmic membranes
determines its biocidal selectivity. Because OPE-3’s perturbation ability against model bacterial
membrane is rather effective compared to model mammalian membrane (made of cholesterol and
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1,2-dioleoyl-sn-glycero-3-phosphocholine) [19], OPE-3 possesses high biocidal selectivity. In contrast
to OPE-3, PPE-DABCO perturbs both model bacterial and mammalian membranes [19], leading to a
poor biocidal selectivity. Even though the two EO-OPE-1 compounds and OPE-3 can cause similar
levels of damage to a model bacterial membrane [19], the high perturbation ability against model
mammalian membranes endows the two EO-OPE-1 compounds relative high hemolytic activities.
Third, the ability of a compound to interact and denature membrane proteins provides another pathway
for toxicity. The ability of CPEs to complex and denature the native protein conformation of BSA
gives us an explanation for its high antimicrobial activity when the compound does not exhibit
significant lytic or membrane perturbation abilities. For example, the high inhibitory ability of PPE-Th
against E. coli cells is believed to derive from its high lipophilicity property to efficiently damage the
bacterial cell wall and membrane, including membrane proteins [27]. In addition, since the exponential
growth phase E. coli cells, which are undergoing fast propagation, was employed in the antimicrobial
investigations, other antimicrobial and inhibitory mechanisms may be involved, such as interference
with bacterial metabolic pathways [40].
4. Conclusions
In this study, we selected several cationic CPEs and OPEs with the same backbones but different
numbers of repeat units or side chains to investigate the relationships among antimicrobial activity,
hemolytic activity, and molecular structure. Some insights into the origin of the different dark killing
abilities among the CPEs/OPEs emerged. It is shown that the dark antimicrobial activity and hemolytic
activity of these compounds correlates with their perturbation ability against bacterial and mammalian
cytoplasm membranes. Molecular size, charge density and amphipathicity/hydrophobicity can
influence the activities of these compounds. Linear oligomers exert their toxicities directly on
disrupting bacterial cytoplasmic membrane but bulky polymers exert their toxicities bacteria through
the destruction of outer membrane. Charge density is important for the initial binding step between
antimicrobial compounds and bacteria. The effect of amphipathicity or hydrophobicity is not yet fully
understood. However, it is clear that the spatial distribution of polar and nonpolar groups within a
molecule strongly influences its interaction with phospholipid bilayer and protein [41]. Further
experiments elucidating the molecular mechanisms of the CPEs and OPEs’ membrane perturbation
abilities and their interactions with lipopolysaccharides and peptidoglycans are currently underway.
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