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Cationic conjugated oligoelectrolytes (COEs) are a class of
compounds that can be tailored to achieve relevant in vitro
antimicrobial properties with relatively low cytotoxicity against
mammalian cells. Three distyrylbenzene-based COEs were
designed containing amide functional groups on the side
chains. Their properties were compared to two representative
COEs with only quaternary ammonium groups. The optimal
compound, COE2� 3C� C3-Apropyl, has an antimicrobial effi-
cacy against Escherichia coli with an MIC=2 μgmL� 1, even in

the presence of human serum albumin low cytotoxicity (IC50=

740 μgmL� 1) and minimal hemolytic activity. Moreover, we find
that amide groups increase interactions between COEs and a
bacterial lipid mimic based on calcein leakage assay and allow
COEs to readily permeabilize the cytoplasmic membrane of E.
coli. These findings suggest that hydrogen bond forming
moieties can be further applied in the molecular design of
antimicrobial COEs to further improve their selectivity towards
bacteria.

Introduction

Failure to combat drug-resistant bacteria is anticipated to result
in a sharp increase in lethal infections[1,2] and in the risk of
acquiring difficult to treat infections from hospitals.[3] Moreover,
a significant increase in antibiotic use against secondary
infections during the COVID-19 pandemic is likely to aggravate
the prevalence of antibiotic-resistant bacteria.[4–6] Despite the
alarming crisis, few new antibiotic classes have been introduced
due to factors, such as a long development processes and poor
investment incentives.[7,8] Developing novel classes of antimicro-
bial compounds is, therefore, greatly warranted.

Amphiphilic cationic molecules have emerged as novel
antimicrobial agents.[9–11] This class of compounds acts against
bacteria by disrupting their membranes and compromising cell
integrity and is of relevance due to low resistance acquisition
rate and an ability to eradicate metabolically dormant
bacteria.[12–16] Selectivity towards bacteria is due to differences
in lipid compositions between bacteria and mammalian cells.[13]

Considering lipid compositions of bacteria, a fraction of lipid
head groups contains phosphatidylglycerol (PG), which is not
commonly present in mammalian cells.[17] PG head groups can
act as a hydrogen bond donors. Thus, introducing groups that
have a potential hydrogen bonding ability with PG, in addition
to electrostatic interactions from cationic groups, may enhance
the selectivity of amphiphilic compounds. Indeed, molecular
dynamic simulations of an amphiphilic polymer reveal that
amide groups form hydrogen bonds with PG head groups and
increase specificity towards bacterial membranes.[18]

Conjugated oligoelectrolytes (COEs) are being studied in
the context of antibiotic development.[19–21] They are a class of
amphiphilic compounds bearing a π-conjugated core and
cationic pendant groups. In previous work, we showed that
cationic COEs with a distyrylbenzene (DSB) framework can be
tailored to achieve antimicrobial activities with low
cytotoxicity.[22] DSB-COEs reported in the literature only have
quaternary ammonium moieties on their side chains. Herein, we
report a new series of DSB COEs that include non-peptidic
amides on the side chains (Scheme 1, top). Hydrophobicity was
modulated by varying the length of R groups on the side
chains. Antimicrobial activities and cytotoxicity profiles of these
COEs were explored and compared to two representative COEs
that only have quaternary ammonium groups (Scheme 1,
bottom). We also show that the COEs in this study are
membrane-active and can disrupt the cytoplasmic membrane
(CM) of Escherichia coli, a representative Gram-negative bacte-
rium.

Results and Discussion

The preparation of amide-containing COEs reported herein
relies on COE2� 3I� C3[22] as a common starting material, see
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Scheme 2. In brief, COE2� 3I� C3 was reacted with HNMe2 in
THF to yield intermediate 1 in quantitative yield. Bromomethyl-
functionalized amides 2b–2c were synthesized from the
reaction between bromoacetyl bromide and primary amines in
the presence of K2CO3. Compound 2a is commercially available.
Finally, intermediate 1 was subjected to quaternization reac-
tions with compounds 2a–2c in DMF at 55 °C. Target molecules
were obtained in a good yield by precipitating reaction
mixtures in diethyl ether, followed by purifications using
reverse-phase column chromatography. With one common
intermediate 1 and straightforward purification, the synthesis is
relatively simple and of low cost. Compounds
COE2� 3C� C3propyl and COE2� 3C� C3hexyl were synthesized
according to a previously reported procedures.[22]

Antimicrobial activities were evaluated against E. coli K12
(ATCC 47076) by determining their minimum inhibitory concen-
trations (MICs) in an LB medium (Table 1). The decrease in MIC
from COE2� 3C� C3-Amethyl (16 μgmL� 1) to COE2� 3C� C3-
Apropyl (2 μgmL� 1) would be reasonably attributed to an
increase in hydrophobicity with longer alkyl chains. However,
the MIC of COE2� 3C� C3-Ahexyl is 8 μgmL� 1. We note that
COE2� 3C� C3-Ahexyl solutions turn turbid in LB at concen-
trations >128 μgmL� 1, despite its high water solubility (>
10 mgmL� 1). Since LB broth contains undefined proteins, this
could indicate that COE2� 3C� C3-Ahexyl binds to proteins in
the medium resulting in a lower effective concentration and
concomitant decreased antimicrobial efficacy. Such phenomen-
on has been observed in other antimicrobial agents.[23]

COE2� 3C� C3propyl and COE2� 3C� C3hexyl both have an MIC
of 8 μgmL� 1. To demonstrate that COEs have antimicrobial
activities against other Gram-negative bacteria, MICs of COEs
against Klebsiella pneumoniae and Salmonella enterica Typhimu-
rium were also determined (Table S1 in Supporting Informa-
tion). The relative activities against these two bacteria show a
similar trend to the activities against E. coli K12.

We measured MIC values in the presence of 40 g L� 1 human
serum albumin (HSA) in LB.[24,25] Table 1 shows that antimicrobial
activities of COEs with hexyl chains (COE2� 3C� C3-Ahexyl and
COE2� 3C� C3hexyl) suffer with the presence of HSA with a
four-fold increase in MIC (32 μgmL� 1). COE2� 3C� C3-Amethyl
has slightly increased in MIC (2-fold increase) while the activities
of COE2� 3C� C3-Apropyl and COE2� 3C� C3propyl were not
affected. COE2� 3C� C3-Apropyl therefore has the lowest MIC
against E. coli and its antimicrobial activity was not affected by
the presence of HSA.

Scheme 1. Amide-containing COEs (top) and quaternary ammonium COEs
used for comparisons in this study (bottom).

Scheme 2. Synthesis pathway of amide-containing COEs from COE2� 3I� C3.
Reaction conditions: (i) excess NH(CH3)2, THF, rt, 48 h; (ii) R� NH2 (0.91 equiv.),
K2CO3 (1.1 equiv.), DCM, � 5 °C to rt, 3 h; (iii) DMF, 55 °C, 48 h.

Table 1. Summary of MICs, IC50’s, HC50’s and selectivity indices of COEs in this study.

Compound MIC[a]

[μgmL� 1]
MIC with HSA[b]

[μgmL� 1]
IC50

[c]

[μgmL� 1]
HC50

[μgmL� 1]
Selectivity index
[HC50/MIC]

COE2� 3C� C3-Amethyl 16 32 >1,024 >1,024 >64
COE2� 3C� C3-Apropyl 2 2 740 >1,024 >512
COE2� 3C� C3-Ahexyl 8 32 10 40 5
COE2� 3C� C3propyl 8 8 >1,024 >1,024 >128
COE2� 3C� C3hexyl 8 32 15 197 25

[a] MIC against E. coli K12 in LB. [b] The concentration of HSA was 40 gL� 1. [c] IC50 against the HepG2 cell line.
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In vitro cytotoxicities against the human hepatocellular
carcinoma cell line (HepG2) were measured and are reported in
terms of half maximal inhibitory concentration (IC50) values.
According to Table 1, IC50 values show a correlation to the
length of the alkyl groups on the side chains. There is no
detectable cytotoxicity from COE2� 3C� C3-Amethyl, even up
to 1,024 μgmL� 1. COE2� 3C� C3-Apropyl retains relatively low
cytotoxicity with IC50=740 μgmL� 1. However, COE2� 3C� C3-
Ahexyl is cytotoxic (IC50=10 μgmL� 1). This trend is also
observed for COE2� 3C� C3propyl and COE2� 3C� C3hexyl,
which have IC50 values of >1,024 μgmL� 1 and 15 μgmL� 1,
respectively. These data suggest that considerations of hydro-
phobicity are particularly useful to minimize undesirable
cytotoxicity profiles.[22]

The half maximal hemolytic concentration (HC50) value for
each compound was determined towards human red blood
cells, as described previously.[22] One can observe from Table 1
that among amide-containing COEs, only COE2� 3C� C3-Ahexyl
shows high hemolytic activity (HC50=40 μgmL� 1), whereas no
hemolytic activity was detected, even up to 1,024 μgmL� 1, for
COE2� 3C� C3-Amethyl and COE2� 3� C3-Apropyl (Figure S1). A
similar observation was observed with COE2� 3C� C3propyl
(HC50>1,024 μgmL� 1) and COE2� 3C� C3hexyl (HC50=

197 μgmL� 1). Like cytotoxicity against HepG2 cells, hemolytic
activities correlate well to general considerations of hydro-
phobicity. Taking activity and safety considerations into
account, COE2� 3C� C3-Apropyl was identified to be the
optimal compound with a selectivity index (HC50/MIC) greater
than 512.

Insights into how structural variations impact membrane
stability were sought by measuring calcein leakage from
model lipid vesicles. Vesicles mimicking bacterial membranes
comprised 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoetha-
nolamine (POPE) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phoglycerol (POPG) in a ratio of 3 : 1.[26] As shown in Figure 1a,
COE2� 3C� C3-Ahexyl induced the highest level of leakage at
57%. COE2� 3C� C3-Apropyl and COE2� 3C� C3hexyl in-
duced a similar level of permeabilization, with leakages of
29% and 34%, respectively. COE2� 3C� C3-Amethyl (11%)
and COE2� 3C� C3propyl (13%) were the least disruptive. In
general, amide containing COEs are more effective as
illustrated by that COE2� 3C� C3-Apropyl induced calcein
leakage 2.2 times higher than COE2� 3C� C3propyl and
COE2� 3C� C3-Ahexyl induced 1.7 times more leakage com-
pared to COE2� 3C� C3hexyl. According to the relative hydro-
phobicity of COEs, as determined by RP-HPLC retention time
measurements, amide containing COEs have similar hydro-
phobicity compared to non-amide COEs with the same
terminal alkyl groups (Table S2). This suggests that significant
increases in leakage-inducing activities of amide containing
COEs are not due to the increased hydrophobicity of the
molecules. That the general trend in permeability in Figure 1a
does not correlate to the MIC trend on Table 1 hints to
possible non-specific interactions of COEs with components
in the LB media (see above) or interactions between COEs
and other cell wall components.

Unlike bacteria, mammalian cell lipids largely consist of the
zwitterionic head group phosphatidylcholine (PC).[17] Mamma-
lian cell lipid mimic vesicles were thus prepared from egg yolk
L-α-phosphatidylcholine (EYPC). Calcein release measurements
(Figure 1b) show a different trend from that observed for the
POPE/POPG system. Specifically, COE2� 3C� C3hexyl treatment
resulted in complete release of calcein. COE2� 3C� C3-Ahexyl
also caused a high level of leakage (73%), followed by
COE2� 3C� C3-Apropyl (12%). No increase in calcein signal was
observed in vesicles treated with COE2� 3C� C3propyl. This
trend fits well with in vitro cytotoxicity profiles in Table 1. To
our surprise, we observed a decrease in calcein emission with
COE2� 3C� C3-Amethyl.

According to dynamic light scattering measurements, there
was no observable change in vesicle size compared to control
(Figure S7). We found that COE2� 3C� C3-Amethyl can partially
quench calcein emission (Figure S8) and hypothesize that this
COE may associate with EYPC vesicles by an unknown
mechanism and to interact with calcein.

The outer membrane (OM) is an important barrier before
compounds enter or exit Gram-negative bacteria. From Fig-
ure 2, the OM of E. coli was permeabilized, as indicated by an
increase in Nile Red fluorescence compared to controls. The
degree of permeabilization is dependent on the length of
terminal alkyl groups. We also observed that COE2� 3C� C3-
Apropyl permeabilized the OM slightly more than its non-
amide analog, COE2� 3C� C3propyl. Similarly, COE2� 3C� C3-

Figure 1. Calcein leakage from (a) bacterial lipid model vesicles (3 : 1 POPE/
POPG) and (b) mammalian lipid model vesicles (EYPC). The arrows indicate
the instances when COEs were added.
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Ahexyl was more effective than COE2� 3C� C3hexyl. The data
follow the trend observed in calcein leakage assays. In the
buffer for this assay (5 mM HEPES with 20 mM glucose),
almost all COEs “associated” to E. coli immediately after
treatments as shown by time-dependent cell association
experiments (Figure S9). Cell association behavior of COEs is
in accordance with an immediate increase in Nile Red
fluorescence after treatments. This suggests that COEs
permeabilize the OM of E. coli effectively upon association.
The lack of a correlation between the OM permeability and
MICs suggests that this is not an important process in
bacterial killing mechanism of COEs.

By confining components essential to viability inside the
cytoplasm, the cytoplasmic membrane (CM) provides yet
another layer of protection in Gram-negative bacteria. CM
depolarization assays in the presence of different COEs were
thus performed using 3,3'-dipropylthiacarbocyanine iodide
(DiSC3(5)). DiSC3(5) accumulates in CM of bacterial cells and
forms self-quenched aggregates. Upon membrane potential
disruption, DiSC3(5) is released to the medium where its
fluorescence intensity increases. The results of these studies are
provided in Figure 3. One observes that COE2� 3C� C3-Ahexyl
and COE2� 3C� C3hexyl exhibit the strongest effect.
COE2� 3C� C3propyl and COE2� 3C� C3hexyl depolarized the
CM to a higher extent than their amide-containing counterparts
(COE2� 3C� C3-Apropyl and COE2� 3C� C3-Ahexyl). Noticeably,
the extent of membrane depolarization induced by non-amide
COEs is higher than that induced by amide containing COEs
with the same alkyl group. It is possible that amide moieties
may attenuate depolarizing activities of COEs by an unknown
process. However, the absence of correspondence between the
rank order of impact in Figure 3 and the MIC values in Table 1
suggests that CM depolarization, as determined by the DiSC3(5)
assay, does not contribute significantly to the COE bactericidal
mechanism of action.

Another measure of CM damage is an increase in perme-
ability. Propidium iodide (PI) permeates compromised mem-
branes and binds to DNA in the cytoplasm. An increase in

fluorescence from PI in E. coli cells thus reflects CM damage. As
shown in Figure 4a, COE2� 3C� C3-Apropyl and
COE2� 3C� C3hexyl caused the highest degree of permeabiliza-
tion. COE2� 3C� C3-Ahexyl permeabilized CM less than
COE2� 3C� C3-Apropyl and COE2� 3C� C3hexyl, followed by
COE2� 3C� C3-Amethyl. According to the calcein leakage and
OM permeability assays, one would expect that COE2� 3C� C3-
Ahexyl should have higher permeabilizing activity than other
amide COEs. The unexpectedly lower degree of PI uptake

Figure 2. Fluorescence signal from Nile Red uptake assay with E. coli K12
after COE treatment at 8 μgmL� 1. An increase in fluorescence intensity
indicates OM permeabilization.

Figure 3. Changes in fluorescence signal of DiSC3(5) in CM depolarization
assays with E. coli after COE treatment at 8 μgmL� 1.

Figure 4. (a) Fluorescence signal of propidium iodide (PI) in CM permeabili-
zation assay. The arrow indicates the time when COEs were added; (b) time-
kill kinetics studies of COE2� 3C� C3-Apropyl and COE2� 3C� C3propyl
against E. coli at 16 μgmL� 1.
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observed could be attributed to high non-specific interactions
of the COE to proteins or other cellular components. Interest-
ingly, the effect by COE2� 3C� C3propyl appears to take a
longer time than the other COEs. From Figure 4a, one surmises
that the amide moieties help COEs to more effectively
permeabilize the CM. According to the trend of CM permeabi-
lization, this is the most diagnostic assay, yet not perfect, for
the MICs of COEs in this study.

Time-kill kinetics of COE2� 3C� C3-Apropyl, the optimal
compound in this series, were measured and compared with
those of its non-amide analog, COE2� 3C� C3propyl. E. coli in
LB was challenged with these two COEs at 16 μgmL� 1. As
shown in Figure 4b, COE2� 3C� C3-Apropyl eradicated 99.9% of
bacteria within 1.5 h. Eradication of bacteria to<10 cfumL� 1

was also observed 4 h after treatment. COE2� 3C� C3propyl
requires approximately twice of the time in order to achieve the
same bactericidal effect. It is also worth noting that
COE2� 3C� C3propyl also permeabilizes the CM of E. coli at a
slower rate.

Conclusion

To summarize, we disclose a series of DSB-based COEs with
amide moieties on side chains and compared their antimicrobial
activities against E coli K12 with structural counterparts bearing
only quaternary ammonium groups. Among this series,
COE2� 3C� C3-Apropyl was found to be the optimal compound
on the basis of the lowest MIC and largest HC50/MIC ratio. A
series of tests that center on probing membrane perturbations
were also carried out to gain insight into the mechanism of
action. By and large these experiments, namely calcein release
from model vesicles, uptake of Nile Red and PI dyes, and CM
depolarization are consistent with the COEs disrupting the
integrity and function of the membrane. We found best
correspondence between antimicrobial activity (MIC) and the PI
uptake, which would imply that permeabilization of the CM is
important, although it is too early to make firmer claims. We
also found that amide containing COEs rapidly permeabilize the
CM of E. coli and COE2� 3C� C3-Apropyl possesses a higher
killing rate than its non-amide counterpart. More to the point,
the general absence of trends observed for biophysical tests
with MIC hints that COEs may have interactions other than lipid
bilayer intercalation that warrant future investigations. From a
molecular design perspective, this work suggests an important
role for hydrogen bonds, a category of intermolecular inter-
actions distinct from electrostatic and hydrophobic interactions,
for tuning activity of COEs against bacterial cells and increasing
selectivity relative to mammalian cells.
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