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Conjugated Oligoelectrolytes

-structural considerations
-impact on membrane properties
-modification of biophysical characteristics
-impact of molecular structure on 
antibiotic activity

-translational efforts

Inspiration for designing antimicrobials
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A New Category of Membrane-Targeted Antimicrobials A New Category of Membrane-Targeted Antimicrobials 

Yan,	H.;	Rengert,	Z.D.;	Thomas,	A.W.;	Rehermann,	C.;	Hinks,	J.;	Bazan,	G.C.,	Chem.	Sci.,	2016,	7,	5714-5722
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Conjugated Oligoelectrolytes
Structural considerations: 
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Conjugated Oligoelectrolytes
Structural Diversity: Appendix B: Preliminary Data 

 
 

 
 

Figure B3: The synthesis of COEs is modular in nature, does not require introduction of 
bicyclic or chiral chemical functional groups, and can be readily accomplished using 
commercially available starting materials. Representative examples of (a) COEs based 
on the stilbene framework, and (b) the distyrylbenzene framework. Note the absence of 
chiral centers and bicyclic structures. 
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Conjugated Oligoelectrolytes
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Membrane intercalation: 
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Yeast Stain

Dr. Logan Garner, Dr. Cheng Zhou, Geraldine Chia, Dr. Alex Thomas, Prof. Scott Rice, Dr. Jenny Du, Dr. James Sumner (ARL), Prof. Joachim Loo (NTU, 
SCELSE), Prof. Bin Liu (NUS), Dr. Jamie Hinks (SCELSE), Prof Derek Lovley (UMass), Prof. K. Kline (SCELSE), Dr. Thomas Seviour (SCELSE)
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Different Effects
A diversity of COE structures enables
a range of modifications: 
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1-Palmitoyl-2-oleoylphosphatidylethanolamine (POPE), 1-palmitoyl-2-
oleoylphosphatidylglycerol (POPG) and fluorescent 1,2-dipalmitoyl-sn-
glycero-3- phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) 

Buffer

Buffer + 2%
butanol

Buffer + 2%
Butanol + S6

Unilamellar Vesicles
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Increased tolerance of environmental
perturbations: 
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P. aeruginosa
Gram-negative
rod-shaped

S. aureus
Gram-positive
round-shaped

Zhou C., Ho J., Chia G., Kjelleberg S., Hinks J.*,
Bazan G.C.*, et al. Adv. Funct. Mater. 2020, 2004068 

Gram Selective Labeling
Selectivity toward cell wall type: 
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E. faecalis (COE-S6, green) and E. coli (FM 4-64, red) dual-species biofilm. Scale bar is 20 μm. 
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Yeast Stain

x

hν

hν

Δ/ROS

e-

e-

Fe
Jamie Hinks; Yaofeng Wang; Wee Han Poh; Bogdan C. Donose; Alexander W. 
Thomas; Stefan Wuertz; Say Chye Joachim Loo; Guillermo C. Bazan; Staffan
Kjelleberg; Yuguang Mu; Thomas Seviour; Langmuir 2014, 30, 2429-2440.

Modeling of Intercalation Biophysics
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Photodynamic Antimicrobial Activity
PTTP DAPI Merged 

Dr. Bing Wang
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Effect of Chain Length on Antibiotic Activity

Yan, H.; Rengert, Z. D.; Thomas, A. W.; Rehermann, C.; Hinks, J.; 
Bazan, G. C., Influence of molecular structure on the antimicrobial 
function of phenylenevinylene conjugated oligoelectrolytes. Chem. Sci. 
2016, 7 (9), 5714-5722.
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detect a general trend of increased membrane accumulation
with increased backbone length, from COE2-2, COE2-3, to
COE2-BiP. As a result, slight changes in the amphiphilic prop-
erties of COE structures are anticipated to modulate affinity to
biological cell membranes in aqueous solution, which might in
turn affect their antimicrobial activity.

Antimicrobial tests

Minimum inhibition concentration (MIC) tests using a broth
microdilution method were used to determine the lowest COE
concentration that inhibits bacterial growth.44 Briey, COEs
were diluted via a 2-fold dilution series in LB medium to nal
concentrations ranging from 4096 mM to 0.25 mM in a 96-well
plate. Each well was inoculated with 5 ! 105 CFU mL"1 of the
respective organism. Cell densities in culture were monitored
by measuring OD600 nm. Inoculum densities were standardized
from a predetermined relationship between optical density and
cell counts and veried by direct plate counting techniques for
each test. MIC tests were carried out in triplicate. MIC values

were determined as the lowest COE concentration that prevents
visible microbial growth in the medium over a period of 12 h at
37 #C.45 The results of these studies are summarized in Fig. 2–4,
and in Table 3. A discussion of how different structural vari-
ables inuence MIC follows.

Backbone length of the COE1 series. As shown in Fig. 2, MIC
values on E. coli K-12 increase from COE1-3 to COE1-5. This
trend is observed when these molecules contain either tetraal-
kylammonium or pyridinium end groups (Fig. 2). Shortening
the conjugated sequence length in this series of compounds
therefore leads to higher antimicrobial activity. This trend
remains true for both Gram-positive and Gram-negative
organisms including E. coli W3110, E. coli WBB06, E. faecalis
OG1X, and E. faecalisOG1XDdltA-D (Fig. 3). Biological uptake of
the COE1 series is not signicantly affected by the conjugated
backbone length (Table 2). This supports that shorter COEs are

Fig. 1 Confocal microscopy images of E. coli K-12 cells treated with 5
mM of COE2-2, COE2-3, COE2-3F, COE2-BiP, and COE2-DSBT for 1.5
hours in PBS buffer at room temperature. Auto-fluorescent signals
from E. coli cells were collected with the same detection settings for
COE2-2 panel. Scale bar is the same for all panels. Laser excitation at
405 nm).

Fig. 2 MIC of COE1-3, COE1-4, and COE1-5 on E. coli K-12 with
tetraalkylammonium or pyridinium end groups. The Y-axis is in log2
scale for a better display of the results obtained from 2-fold dilution
method.

Fig. 3 MIC of COE1-3Py, COE1-4Py, and COE1-5Py on E. coliW3110,
E. coliWBB06, E. faecalisOG1X, E. faecalisOG1XDdltA-D. (“>” refers to
a MIC result larger than the highest concentration we tested). The Y-
axis is in log2 scale for a better display of the results obtained from the
2-fold dilution method.

5718 | Chem. Sci., 2016, 7, 5714–5722 This journal is © The Royal Society of Chemistry 2016

Chemical Science Edge Article

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 0
1 

Ju
ne

 2
01

6.
 D

ow
nl

oa
de

d 
on

 1
4/

06
/2

01
7 

04
:0

3:
15

. 
 T

hi
s a

rti
cl

e 
is 

lic
en

se
d 

un
de

r a
 C

re
at

iv
e 

Co
m

m
on

s A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
Li

ce
nc

e.

View Article Online

Effect of Chain Length on Antibiotic Activity

Yan, H.; Rengert, Z. D.; Thomas, A. W.; Rehermann, C.; Hinks, J.; 
Bazan, G. C., Influence of molecular structure on the antimicrobial 
function of phenylenevinylene conjugated oligoelectrolytes. Chem. Sci. 
2016, 7 (9), 5714-5722.
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MIC values (µg/mL)

Pathogen AZM COE2-
2hexyl

S. Typhimurium 4 2

E. coli 4 2

P. aeruginosa 128 8

K.  pneumoniae 
(CRE)*

256 4

S. flexneri 2 2

Y. pseudotuberculosis 8 1

A. baumannii 64 4

N. gonorrhoeae 0.03 0.5

S. pneumoniae 8 8

S. aureus (MRSA)* 128 1
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Zhou C., Chia G., Ho J., Kjelleberg S., Hinks J., Bazan G.C., et al. Angew. Chem. Int. Ed. 2018, 57, 8069.       
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CnCm

(a) (b) (c) (d)

A series of COEs CnCm generated by modulating two molecular features (modules): linker length (n) and terminal alkyl chains length (m),
while keeping the core constant. (b) MICs of COEs against E. coli K12. (c) IC50 of COEs against HepG2 cell line. (d) Heatmap of IC50/MIC
values of each COE. The intensity of the green color indicates higher selectivity toward bacterial cells. All MIC and IC50 values are reported
in µg mL-1. COE C4C4 therefore achieves the highest selectivity index with IC50/MIC > 256 as a result of module optimization. Limwongyut,
J.; Nie, C.; Moreland, A. S.; Bazan, G. C. Chemical Science, 2020, 11, 8138-8144.

Improvements in in vitro Toxicity Profiles
Molecular architecture design achieves selectivity: 



COEs clears MRSA and carbapenem-
resistant K. pneumoniae in mice models

Survivors
Pathogen Treated Untreated
MRSA* 10/10 0/10 

K. pneumoniae* 10/10 0/10 

*Denotes patient expired from infection
Dose 2 mg/kg/day

In-vivo Tests: Murine Infection Models

Collaboration with Prof. Mike Mahan and Prof. David Low (UCSB), and Prof. Lin (Shenzhen University).



In-vivo Tests: Safety Profiles

Collaboration with Prof. Mike Mahan and Prof. David Low (UCSB), and Prof. Lin (Shenzhen University).

  
 
 
 
Figure B8: Additional safety related data. Histological images of both male and female 
BALb/c mice without or with 15 times injection of COE in 30 days. The 2hexyl dose per 
injection is 2 mg/kg. The experiments were carried by the Shenzhen University with 2 
mice in each group. No significant damage was observed. 
 
 
 

 
  



Slow development of in-vitro resistance

For comparison, 
Daptomycin exhibits 
a 256X and 512X 
increase in MIC 
against E. faecalis.  
See: Hinks et al, RSC 
Adv., 2018, 8, 10284. 

S. typhimurium and
S. aureus

4X and 8X increase in MIC values

13, and quickly reaching peak in daptomycin resistance of 512
mg mL!1 on the day 14.30 In our study, the MIC of COEs pla-
teaued on day 5 and day 12 for COE1-3C and COE1-3Py,
respectively (Fig. 1), further changes in COE tolerance were
not observed during subsequent passaging in the presence of
COE for the remaining three or ten day periods. The inability of
E. faecalis to achieve further increase in resistance to COE is an
interesting and desirable feature of this class of compounds.

EFC3C and EFC3Py are 8-fold more resistant to daptomycin
than wild type

Daptomycin is a last resort antibiotic for complex enterococcal
infections and whose mechanism of action involves a lipid
based interaction with Gram positive bacteria such as Bacillus
subtilis and E. faecalis.19,20,31,32 It behaves as a cationic antimi-
crobial peptide (cAMP) in the presence of calcium ions.33,34 The
suspected lipid based interaction of COEs and their membrane
perturbation properties share similarities to cAMPs16,17 appear
supercially similar to the mechanism of action of daptomycin.
For this reason, we studied the cross resistance of EFC3C and
EFC3Py to daptomycin. In our study, EFC3C and EFC3Py were
mildly resistant to daptomycin at a concentration of 9.87 mM,
which is around 8 fold higher than the wild type
(MIC ¼ 1.23 mM) (Table 1).

The genetic basis for EFC3C and EFC3Py resistance differ

To conrm that the observed differences in the MIC of COE1-3C
and COE1-3Py elicited a unique resistance in the adapted
EFC3C and EF3CPy strains, whole genome sequencing was
performed. The genomes of EFC3C and EFC3Py harbored
mutations associated within LiaFSR, a three component cell
envelope homeostasis and stress response system. LiaFSR is
conserved in Gram positive bacteria and functions as a damage
sensing and signal transducing system.35 It includes a trans-
membrane histidine kinase (LiaS), cytosolic response regulator

(LiaR) and a membrane bound negative regulator (LiaF). LiaF
interacts with LiaS to maintain the LiaFSR regulon in an “OFF”
state. In the presence of a membrane stress, LiaS responds by
phosphorylating LiaR, which in turn leads to the transcription
of operons with LiaR binding regions.36 The LiaFSR homolo-
gous systems involved in cell envelope associated stress
response are widespread in the Firmicutes except in Lactobacillus
and Clostridium.37–41 Sequencing of the EFC3C strain revealed
an in frame deletion of an isoleucine codon at position 179 in
liaF, a negative regulator of LiaR in the LiaFSR system as well as
a single nucleotide substitution in the intergenic region of treB
(PTS family trehalose porter, IIBC component) and gloA6 (lac-
toylglutathione lyase) (Table 3). In contrast, a non-synonymous
substitution at position 97 was found in liaR for EFC3Py.
Additional SNPs were also identied in EFC3Py at gene loci:
OG1RF_11256, OG1RF_11765 and OG1RF_11767, respectively.
Sequencing of strains collected during the course of the in vitro
passaging revealed that these strains harbored mutations
exclusively in these loci prior to the accumulation of liaR asso-
ciated mutation. The MICs of COEs to these isolates were
identical to the wild type E. faecalis and hence it was concluded
that these mutations did not play a critical role in resistance to
COE1-3C and COE1-3Py.

The MIC of COEs against daptomycin resistant strains DAP
21 and DAP 22 (Table 1), which were also evolved from E. faecalis
OG1RF, was determined.21 We observed that the highly dapto-
mycin resistant strains (MIC ¼ 78.96 mM) did not show
increased resistance to either of the COEs, with MICs of 2 and 1
mM for COE1-3C and COE1-3CPy, respectively. This suggests the
mechanisms of resistance for the two classes of compounds are
somewhat different, although there is some role of LiaFSR in
mediating low levels of daptomycin resistance as well as resis-
tance to the COEs. While the precise role of LiaFSR in dapto-
mycin resistance is unknown; it is hypothesized that this effect
is mediated as a consequence of changes associated with
LiaFSR function. The different mechanism between the two also

Table 1 Minimum inhibitory concentrations of COE1-3C, COE1-3Py and daptomycin

Strain Description Growth conditions

MIC

COE1-3C COE1-3Py Daptomycin

E. faecalis OG1RF Wild type BHI 2 mM 1 mM 1.23 mM
EFC3Ca COE1-3C resistant BHI 8 mM 1 mM 9.87 mM
EFC3Pyb COE1-3Py resistant BHI 8 mM 16 mM 9.87 mM
DAP 21c Daptomycin resistant BHI 2 mM 1 mM 78.96 mM
DAP 22d Daptomycin resistant BHI 2 mM 1 mM 78.96 mM
E. faecalis OG1RF Wild type BHI + palmitic acid C16:0 (10 mg mL!1) 2 mM 1 mM ND
E. faecalis OG1RF Wild type BHI + cis-vaccenic acid C18:1 u7c (10 mg

mL!1)
8 mM 2 mM ND

E. faecalis OG1RF Wild type BHI + cis-9,10-methyleneoctadecanoic
acid C19:0 cyclo u8c (12.5 mg mL!1)

8 mM 4 mM ND

a COE1-3C resistant strains with in frame deletion in liaF at position 179 and a substitution in the intergenic region between treB (PTS family
trehalose porter, IIBC component) and gloA6 (lactoylglutathione lyase). b COE1-3Py resistant strains with a non-synonymous substitution at
position 97 in the liaR gene. c DAP21 strains have mutations in cardiolipin synthase 1 (cls1; RF10364), a gene encoding a putative chaperone
protein regulated by the liaFSR operon (RF11464) and hypothetical membrane protein (RF11507).21 d DAP22 strains have mutations in gene
encoding a putative chaperone protein regulated by the liaFSR operon (RF11464) and hypothetical membrane protein (RF11507) along with
mutations in cardiolipin synthase 2 (cls2; RF11324) and a putative metal-dependent HD-domain-containing hydrolase (RF11901).21 ND – not
determined.

10288 | RSC Adv., 2018, 8, 10284–10293 This journal is © The Royal Society of Chemistry 2018
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13, and quickly reaching peak in daptomycin resistance of 512
mg mL!1 on the day 14.30 In our study, the MIC of COEs pla-
teaued on day 5 and day 12 for COE1-3C and COE1-3Py,
respectively (Fig. 1), further changes in COE tolerance were
not observed during subsequent passaging in the presence of
COE for the remaining three or ten day periods. The inability of
E. faecalis to achieve further increase in resistance to COE is an
interesting and desirable feature of this class of compounds.

EFC3C and EFC3Py are 8-fold more resistant to daptomycin
than wild type

Daptomycin is a last resort antibiotic for complex enterococcal
infections and whose mechanism of action involves a lipid
based interaction with Gram positive bacteria such as Bacillus
subtilis and E. faecalis.19,20,31,32 It behaves as a cationic antimi-
crobial peptide (cAMP) in the presence of calcium ions.33,34 The
suspected lipid based interaction of COEs and their membrane
perturbation properties share similarities to cAMPs16,17 appear
supercially similar to the mechanism of action of daptomycin.
For this reason, we studied the cross resistance of EFC3C and
EFC3Py to daptomycin. In our study, EFC3C and EFC3Py were
mildly resistant to daptomycin at a concentration of 9.87 mM,
which is around 8 fold higher than the wild type
(MIC ¼ 1.23 mM) (Table 1).

The genetic basis for EFC3C and EFC3Py resistance differ

To conrm that the observed differences in the MIC of COE1-3C
and COE1-3Py elicited a unique resistance in the adapted
EFC3C and EF3CPy strains, whole genome sequencing was
performed. The genomes of EFC3C and EFC3Py harbored
mutations associated within LiaFSR, a three component cell
envelope homeostasis and stress response system. LiaFSR is
conserved in Gram positive bacteria and functions as a damage
sensing and signal transducing system.35 It includes a trans-
membrane histidine kinase (LiaS), cytosolic response regulator

(LiaR) and a membrane bound negative regulator (LiaF). LiaF
interacts with LiaS to maintain the LiaFSR regulon in an “OFF”
state. In the presence of a membrane stress, LiaS responds by
phosphorylating LiaR, which in turn leads to the transcription
of operons with LiaR binding regions.36 The LiaFSR homolo-
gous systems involved in cell envelope associated stress
response are widespread in the Firmicutes except in Lactobacillus
and Clostridium.37–41 Sequencing of the EFC3C strain revealed
an in frame deletion of an isoleucine codon at position 179 in
liaF, a negative regulator of LiaR in the LiaFSR system as well as
a single nucleotide substitution in the intergenic region of treB
(PTS family trehalose porter, IIBC component) and gloA6 (lac-
toylglutathione lyase) (Table 3). In contrast, a non-synonymous
substitution at position 97 was found in liaR for EFC3Py.
Additional SNPs were also identied in EFC3Py at gene loci:
OG1RF_11256, OG1RF_11765 and OG1RF_11767, respectively.
Sequencing of strains collected during the course of the in vitro
passaging revealed that these strains harbored mutations
exclusively in these loci prior to the accumulation of liaR asso-
ciated mutation. The MICs of COEs to these isolates were
identical to the wild type E. faecalis and hence it was concluded
that these mutations did not play a critical role in resistance to
COE1-3C and COE1-3Py.

The MIC of COEs against daptomycin resistant strains DAP
21 and DAP 22 (Table 1), which were also evolved from E. faecalis
OG1RF, was determined.21 We observed that the highly dapto-
mycin resistant strains (MIC ¼ 78.96 mM) did not show
increased resistance to either of the COEs, with MICs of 2 and 1
mM for COE1-3C and COE1-3CPy, respectively. This suggests the
mechanisms of resistance for the two classes of compounds are
somewhat different, although there is some role of LiaFSR in
mediating low levels of daptomycin resistance as well as resis-
tance to the COEs. While the precise role of LiaFSR in dapto-
mycin resistance is unknown; it is hypothesized that this effect
is mediated as a consequence of changes associated with
LiaFSR function. The different mechanism between the two also

Table 1 Minimum inhibitory concentrations of COE1-3C, COE1-3Py and daptomycin

Strain Description Growth conditions

MIC

COE1-3C COE1-3Py Daptomycin

E. faecalis OG1RF Wild type BHI 2 mM 1 mM 1.23 mM
EFC3Ca COE1-3C resistant BHI 8 mM 1 mM 9.87 mM
EFC3Pyb COE1-3Py resistant BHI 8 mM 16 mM 9.87 mM
DAP 21c Daptomycin resistant BHI 2 mM 1 mM 78.96 mM
DAP 22d Daptomycin resistant BHI 2 mM 1 mM 78.96 mM
E. faecalis OG1RF Wild type BHI + palmitic acid C16:0 (10 mg mL!1) 2 mM 1 mM ND
E. faecalis OG1RF Wild type BHI + cis-vaccenic acid C18:1 u7c (10 mg

mL!1)
8 mM 2 mM ND

E. faecalis OG1RF Wild type BHI + cis-9,10-methyleneoctadecanoic
acid C19:0 cyclo u8c (12.5 mg mL!1)

8 mM 4 mM ND

a COE1-3C resistant strains with in frame deletion in liaF at position 179 and a substitution in the intergenic region between treB (PTS family
trehalose porter, IIBC component) and gloA6 (lactoylglutathione lyase). b COE1-3Py resistant strains with a non-synonymous substitution at
position 97 in the liaR gene. c DAP21 strains have mutations in cardiolipin synthase 1 (cls1; RF10364), a gene encoding a putative chaperone
protein regulated by the liaFSR operon (RF11464) and hypothetical membrane protein (RF11507).21 d DAP22 strains have mutations in gene
encoding a putative chaperone protein regulated by the liaFSR operon (RF11464) and hypothetical membrane protein (RF11507) along with
mutations in cardiolipin synthase 2 (cls2; RF11324) and a putative metal-dependent HD-domain-containing hydrolase (RF11901).21 ND – not
determined.
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Twenty-one days serial passage:

Fourteen days serial passage:



Translation into Startup Activity

-Holds IP from UCSB and SCELSE (NTU and NUS)
-Winner of 2021 California Biotech Startup Competition
-https://www.xiretsapharm.com/
-https://www.youtube.com/watch?v=KxqOIoOBHGM

Kaixi Zhang, Ph.D.
Antibiotic Design

Expertise in drug development.
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