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A three-dimensional conjugated oligoelectrolyte (COE) bearing a [2.2]paracyclophane unit (COE2-3-pCp)

was synthesized. Its biological activity was determined both in vivo and in silico within the context of

membrane perturbation and biocompatibility. Molecular dynamics simulations indicate that, compared to

its linear analog (COE2-3C), COE2-3-pCp introduces more lipid disorder with higher extent of

membrane thinning. COE2-3-pCp also exhibits a higher MIC towards E. coli K12 and yeast, while

maintaining similar levels of membrane permeabilization. These findings suggest a new design of COEs

as biocompatible cell permeabilizers.
Introduction

Conjugated oligoelectrolytes (COEs) are dened by a conjugated
backbone with ionic pendant groups tethered by hydrocarbon
chains.1,2 COEs typically intercalate within microbial
membranes in a well-organized fashion.3 Several molecular
features are known to impact the extent of COE accumulation
within cells and their effects on the membrane. For example,
the degree to which the COEs intercalate within membranes
depends on whether the charged groups are anionic or
cationic.4 Additionally, the number of repeat units affects the
distortion of the lipid bilayer and is a strong modulator of
antimicrobial efficacy.5,6 Microbes with COEs have their prop-
erties and behaviour modied in ways that are desirable for
specic applications. Consider, the homologous series of oli-
gophenylenevinylene COEs illustrated by DSBN+, DSSN+ and
COE1-5C (Scheme 1). While DSBN+ has a higher antimicrobial
efficacy than DSSN+, both increase membrane permeability in
E. coli K12. COE1-5C, in contrast, has been shown to rigidify
membranes.5,7,8

Oligophenylenevinylene COEs studied thus far largely
contain a planar, two-dimensional conjugated fragment. A
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molecular structural variation that has yet to be considered
concerns introducing dimensionality to the conjugated
segment in order to understand possible repercussion of this
structural modication on the reorganization of the membrane
lipids and the overall perturbation of the bilayer. To accomplish
this structural variation, we sought to include a rigid framework
within the interior of the conjugated segment with an otherwise
similar aspect ratio to phenylene unit. For this purpose, we
chose the [2.2]paracyclophane (pCp) moiety. We hypothesized
that three-dimensionality from the pCp adduct would increase
Scheme 1 Structural evolution from the COE1 series to the para-
cyclophane-based COE (COE2-3-pCp). Iodide counterions are
omitted from the structures.
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lipid disorder in the membrane. The structural evolution is
illustrated in Scheme 1.

We compared the properties of COE2-3-pCp to those of its
linear counterpart COE2-3C by rst carrying out molecular
dynamics simulations to elucidate deformations and disorder
within a model lipid bilayer structure. The results of the simu-
lations provide a framework for understanding observed
differences in the modication of E. coli K12 brought about by
membrane modication with additional context provided by
biophysical experiments with vesicles and cells. Of interest is
the nding that while COE2-3-pCp has a lower minimum
inhibitory concentration (MIC) relative to COE2-3C, it can
induce similar levels of membrane permeabilization. Implica-
tions of increased permeabilization for whole-cell biocatalysis
have been previously investigated using E. coli K12 and
yeast.7,9,10
Results and discussion

The synthesis of COE2-3-pCp is shown in Scheme 2. 4,16-
Dibromo[2.2]paracyclophane (1), a pseudo-para isomer of
dibromo[2.2]paracyclophane, was used as the key starting
material to maintain the overall linearity of the backbone.
Compound 1 was converted into 2 by using s-BuLi, followed by
addition of N,N-dimethylformamide (DMF). Formyl groups
were then subjected to reduction and chlorination with sodium
borohydride and thionyl chloride, respectively, to yield 4. The
intermediate 5 was synthesized using triethyl phosphite.
Precursor 7 was prepared under Horner–Wadsworth–Emmons
(HWE) reaction conditions from 5 and 6. Finally, treatment of 7
with trimethylamine provides COE2-3-pCp. COE2-3C, which is
the planar analogue of COE2-3-pCp, was synthesized according
to reported protocols.2,6

Absorption and uorescence spectra of COE2-3-pCp are
summarized in ESI (Fig. S1†). The UV-visible absorption spec-
trum of COE2-3-pCp in water shows three absorption peaks in
the ultraviolet region, namely, 225 nm, 311 nm and a shoulder
peak at 328 nm. The COE2-3-pCp uorescence exhibits an
emission maximum at 436 nm. The emission maximum
Scheme 2 Synthesis of paracyclophane-based COE (COE2-3-pCp). Rea
rt, 3 h; (b) NaBH4 (3 equiv.), EtOH/THF (1 : 5), rt, 3 h; (c) SOCl2 (2.4 equiv.)
(2.1 equiv.), THF, rt, 6 h; (f) excess NMe3, THF, MeOH, CHCl3, rt, 48 h.
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exhibits a hypsochromic shi of 15 nm when treated with
a solution of 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) vesicles. In previous studies, it was shown that when
COEs intercalate into lipid bilayers, uorescence emission will
shi to shorter wavelength due to the change of environment
from a polar (water) to a non-polar (lipid tails) environment.
Hence, the observed shi in the emission of COE2-3-pCp in the
vesicles suggests that COE2-3-pCp similarly intercalates into
lipid membranes.11

To validate intercalation into lipid bilayers in microbes, E.
coli K12 was treated with COE2-3-pCp in 50 mM phosphate
buffer saline (PBS) at the turbidity of OD600 ¼ 1. Aer staining,
cells were centrifuged at 7000 rpm for 7 minutes and the
supernatant was collected for UV-visible absorption measure-
ments revealingmore than 90% association of COE2-3-pCp to E.
coli K12 cells, even when [COE2-3-pCp] ¼ 40 mM (Fig. 1a). Zeta
potentials of cells and liposomes treated with COE2-3-pCp in
50 mM PBS were also measured (Fig. 1b and c). An increase in
zeta potential should be observed when COEs intercalate into
the bilayers. However, while an increase was observed for lipo-
somes, little change occurred with the cells (Fig. 1b). The same
observations were observed for COE2-3C with E. coli K12.12 A
plausible reason underlying the relatively constant zeta poten-
tial with E. coli may be the presence of the lipopolysaccharide
(LPS) layer. With the thickness of the LPS being around 2–3 nm
in E. coli K12, the COE cationic groups may not be able to reach
the surface of the cells aer their intercalation into the lipid
bilayer due to the molecular length of the COEs.12–14

To verify COE2-3-pCp intercalation, we examined liposomes
made of E. coli total lipid extract, which lacks the LPS layer. As
shown in Fig. 1c, the zeta potential increased with COE2-3-pCp
concentration, indicating intercalation into the bilayer. Finally,
to visually illustrate COE uptake, uorescence signals in cell
suspensions were imaged using two-photon microscopy. The
images clearly show the accumulation of COE on the cells
(Fig. 2).

Molecular dynamics (MD) simulations were undertaken on
Gram-negative model membrane bilayer systems (3 : 1
palmitoyloleoylphosphatidylethanolamine/
ction conditions: (a) s-BuLi (2.3 equiv.), DMF (10 equiv.), THF, �78 �C to
, MeCN, 50 �C, 5 h; (d) P(OEt)3, 135 �C, 48 h; (e) 6 (1.95 equiv.), NaOtBu
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Fig. 1 (a) COE2-3-pCp association to E. coli K12 cells; zeta potential of
(b) E. coli K12, and (c) E. coli total lipid extract vesicles at different
COE2-3-pCp staining concentrations.
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palmitoyloleoylphospatidylglycerol, or POPE/POPG) doped with
either COE2-3-pCp or COE2-3C (COE : POPE : POPG ¼
4 : 110 : 36). Relative to COE2-3C, COE2-3-pCp induced
a greater degree of disorder, as illustrated by the more
pronounced reduction in deuterium order parameter along the
rst fatty acid chain (sn1) of POPE predicted for COE2-3-pCp
(Fig. 3a). The same effect was observed on POPG for both the
sn1 and sn2 (i.e. second fatty acid) chain (Fig. S3†).

This increased disorder observed for COE2-3-pCp relative to
COE2-3C resulted in a greater reduction of the average bilayer
Fig. 2 Two-photon micrographs of E. coli K12 and yeast treated with
COE2-3-pCp from fluorescence channel (left) and brightfield channel
(right). The excitation wavelength was 725 nm.

This journal is © The Royal Society of Chemistry 2018
thickness of the COE2-3-pCp-doped lipid bilayer (Fig. 3b).
Earlier studies proposed that the COE length was a key
parameter with regards to their antibiotic characteristics. Thus,
antimicrobial activity was determined against E. coli K12 and
yeast using broth microdilution method.15 All experiments were
performed in triplicate (see ESI†). Specically, the minimum
inhibitory concentrations (MICs) of COE2-3-pCp on E. coli K12
and yeast are 64 mM and 128 mM, respectively, whereas those of
COE2-3C are 16 mM and 64 mM, respectively. Modication of the
COE by introducing a three-dimensional moiety decreased
inhibitory action despite reduction of bilayer thickness. Hinks
et al. attributed a reduction in antimicrobial activity of a uori-
nated COE to increased range of movement of the COE pendant
arm, which reduced the mechanical shock to the lipid bilayer.
Another effect of this increased lability was reduced molecular
aggregation within the bilayer and it is possible that this also
contributed to attenuating COE2-3-pCp driven membrane
disruption.5

According to the probability distribution for intermolecular
distance between each COE pair in a four COE simulation (see
ESI† for denition) (Fig. 3c), there was a 36% reduction in the
Fig. 3 (a) Local deuterium order parameter along the sn1 aliphatic
chain of POPE for model bilayer system (122 : 40, POPE : POPG) only
(i.e. control), and with either COE2-3-pCp or COE2-3C (4 : 110 : 36,
COE : POPE : POPG). (b) Probability distribution function for average
bilayer thickness for the model bilayer system only (122 : 40,
POPE : POPG), and with either COE2-3-pCp or COE2-3C (4 : 110 : 36,
COE : POPE : POPG) based on the center of mass distance between
phosphorous atoms in the two leaflets. (c) Probability distribution
function of minimum bridging distance between each pair of dopant
molecules in model bilayer system simulations with either COE2-3-
pCp or COE2-3C (4 : 110 : 36, COE : POPE : POPG). The data were
averaged across the last 50 ns of 3 � 200 ns simulations.
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Fig. 4 (a) Leakage of calcein from E. coli total lipid extract vesicles
over time (legend::¼ 2.5 mol% COE2-3-pCp,C¼ 1 mol% COE2-3-
pCp, A ¼ 2.5 mol% COE2-3C, ; ¼ 1 mol% COE2-3C, - ¼ control),
(b) rate of ONPG hydrolysis at different staining concentrations in E.
coli K12.

Fig. 5 (a) Luminescence intensity obtained from extracellular ATP
assay with supernatants from yeast cells treated with the COEs, (b)
concentration of L-malate produced by yeast over time. Yeast cells
were stained with 25 mM of the indicated COEs.
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duration that COE2-3-pCp molecules exist as an aggregate,
relative to COE2-3C, as determined from an intermolecular
distance of <0.5 nm. While introducing a non-planar aspect to
the design of COEs may increase disorder, MD simulations
indicate that the effect of this with regards to antimicrobial
activity is most reasonably offset by reduced aggregation.

COE permeabilization ability was determined by calcein
released from E. coli total lipid extract vesicles treated with the
two COEs. At the COE amount of 2.5 mol% relative to lipids,
COE2-3-pCp induced leakage up to 25% in 100 minutes, while
COE2-3C induced 16% within the same timeframe (Fig. 4a).
This supports the hypothesis that COE2-3-pCp has a potential to
be a more effective membrane permeabilizer.

The impact of COEs on whole-cell biocatalysis was investi-
gated using E. coli K12 hydrolysis of o-nitrophenyl b-D-gal-
actopyranoside (ONPG) by b-galactosidase.16,17 Cells treated
with COEs show increased catalytic rates. Turnover rates are 2.8
and 2.3-fold faster than untreated cells upon treatment with 25
mM COE2-3-pCp and COE2-3C, respectively (Fig. 4b). With the
higher MIC of COE2-3-pCp compared to COE2-3C toward E. coli
K12, the degree to which association with COEs impacts cell
viability can thus be decoupled from the ability to permeabilize
the membrane. Such an observation is surprising since these
two properties usually follow the same trend.18

The membrane permeabilization effect was also tested with
yeast. Relative extracellular ATP levels were used as an indicator
of permeabilization as previously described.19 The amount of
ATP in the supernatant is directly proportional to the observed
luminescence signal from the luciferase–luciferin system. Yeast
treated with 100 mMof COEs show higher extracellular ATP than
control, indicating permeabilization (Fig. 5a).

The enantioselective hydration of fumarate by fumarase was
then chosen for a model system to monitor biocatalysis, as the
turnover rate can be accelerated by increasing permeability.20

Yeast cells were treated with 25 mM COEs per 0.1 g wet cells.
Cells with COE2-3-pCp show signicant catalytic acceleration
from untreated cells at comparable degree to those treated with
COE2-3C (Fig. 5b). Despite the slightly higher permeabilizing
efficacy of COE2-3-pCp on E. coli, COE2-3-pCp is slightly less
effective with yeast. Such differences may be related to the
differences in membrane composition, but a more precise
mechanistic rationale requires further work.
39852 | RSC Adv., 2018, 8, 39849–39853
Conclusions

In summary, the paracyclophane-based COE2-3-pCp was
designed and synthesized. Despite its similar length and cell
association prole to its linear counterpart COE2-3C, COE2-3-
pCp exhibits a higher MIC towards E. coli K12 and yeast.
Moreover, COE2-3-pCp permeabilizes lipid bilayers to a similar
extent as COE2-3C and thus improves biocatalysis processes in
both microorganisms relative to untreated cells. In contrast to
the higher MIC of COE2-3-pCp compared to COE2-3C, MD
simulation suggests the pCp unit introduces more lipid
disorder with higher extent of membrane thinning. Perhaps
more surprisingly, the general molecular topology of COE2-3-
pCp reduces the tendency to form aggregates in the
membrane. To what degree self-association of COEs within the
membrane impacts their ability to reduce cell viability remains
an open question right now due to the absence of relevant
experimental techniques. These insights hint to the strategic
design of new COEs to manipulate intermolecular interactions
that attenuate growth inhibition, while inducing per-
meabilization—ndings that are relevant within the context of
whole-cell biocatalysis.
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