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Abstract 

 

Rational Design and Synthesis of Membrane-active Conjugated 

Oligoelectrolytes for Biological Applications 

 

by 

 

Jakkarin Limwongyut 

 

Lipid bilayers are omnipresent in biological systems as a barrier protecting 

intracellular components from the external environment. The semi-permeable 

behavior of membranes selectively controls flux of chemicals into and out of the 

cells maintaining chemical balances. This behavior is also a main obstacle for 

delivering or harvesting chemicals into and from cells. Modifying membrane 

properties to enhance chemical transport therefore has implications for many 

cell-based applications.  

Conjugated oligoelectrolytes (COEs) are a class of synthetic compounds that 

contain a π-conjugated backbone with aliphatic linkers bearing ionic 

functionalities. Given appropriate molecular dimensions and 

hydrophobic/hydrophilic balance that resemble lipid bilayers, a subset of COEs 

possess an ability to spontaneously intercalate into membranes and 

subsequently modify membrane properties. In this work, rational design and 

structure-property relationships of COEs and their ability to permeabilize and 

disrupt membranes will be presented. 
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In the first work, as an effort to improve membrane permeabilization for 

whole-cell biocatalysis, a COE containing a non-planar conjugated core will be 

presented and its impact on lipid bilayers will be discussed. Escherichia coli and 

Saccharomyces cerevisiae (yeast) will be used as model organisms to show an 

ability of COEs to accelerate whole-cell biocatalysis rates with reduced toxicity 

to microorganisms.  

In a separate study, a homologous series of distyrylbenzene-based COEs will 

be presented to elucidate the relationship between their structures and their 

antimicrobial activities and mammalian cell cytotoxicity. The criteria required 

to achieve high antibacterial selectivity will be discussed. A subsequent study 

will investigate the impact of hydrogen bonds—another intermolecular force 

apart from electrostatic and hydrophobic interactions that can be important in 

lipid interactions—on antimicrobial activities of the COEs. Activities on 

periplasmic and cytoplasmic membranes of Escherichia coli will be discussed. 

Additionally, another series of COEs containing amidine moieties will be 

presented along with preliminary data of their antimicrobial activities against a 

broad panel of pathogenic bacteria with a focus on Pseudomonas aeruginosa—a 

clinically relevant pathogen associated with difficult-to-treat infections and with 

a high propensity for developing antibiotic resistance. Finally, additional results 

towards developing COEs as a novel class of antibiotics and a method to 

estimate the “hydrophobicity” of COEs will be discussed. 
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Chapter 1: Introduction 

1.1 Lipid membranes and their functions in living cells 

Lipid membranes are ubiquitous in biological systems as they serve as an 

interface between living cells and their external environments. Despite their 

abundance, it was not until the 17th century that their presence was 

hypothesized after the discovery of plant cells by Hooke.1 During the 20th 

century was an era that lipid bilayer was finally first recognized as a basis of 

cell membranes.2 In 1972, Singer and Nicholson proposed a fluid-mosaic model 

that is now widely accepted.3 Their discovery gave rise to many significant 

discoveries in the structure and functions of cell membranes. Cell membranes 

generally consist of phospholipid molecules with various lipid headgroups.4 

These phospholipid molecules spontaneously form a two-molecule thick self-

assembled structure called a “lipid bilayer” acting as a semi-permeable layer 

where vital cell machineries are contained within.  

In addition to the semi-permeable properties of lipid bilayers, they also 

harbor a wide range of components that have specialized roles in maintaining 

crucial processes in living cells e.g., homeostasis, signaling, and ATP 

production. Lipid headgroup makes possible for membrane-bounded components 

to function.  

Within a cell surrounded by lipid bilayers contains all machineries that are 

important to sustain its life. These machineries often function cooperatively to 
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produce molecules that play important roles in the cell. The examples of such 

roles include, but not limited to, energy production, signaling, reproduction, and 

sometimes innate defense mechanisms. Human have harnessed their chemical 

production abilities of unicellular organisms such as bacteria and fungi, 

especially for food preservation, for thousands of years dating back to the 

Neolithic period (ca. 10,000 BCE).5 In present days, microorganisms are still 

being used by human as a “factory” to produce various functional chemicals.6–8 

Many genetic engineering approaches have been used to redesign their 

machineries to achieve a higher production output or novel biosynthetic 

routes.6,9,10 Apart from genetic modification techniques, materials and chemical 

approaches can also be employed to enhance desirable functions of 

microorganisms. These methods usually involve the modulation of cell 

membrane properties. Especially for whole-cell biocatalysis, the semi-permeable 

behavior of cell membranes are considered as a road block hampering a high 

production yield.11 

As mentioned above, cell membranes offer a protective layer for 

microorganisms to retain their vital components within their cells. They have 

been demonstrated to be a target for antimicrobial agents.12–14 In the nature, 

living organisms produce antimicrobial peptides (AMPs) as a part of their 

innate immune system to protect them from pathogenic bacteria. AMPs act 

through membrane interaction which leads to events that are hypothesized to 

be fatal for bacteria, for example, pore formation,15 membrane depolarization16, 
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lipid segregation,17 and damaging intracellular targets.18 Selectivity of AMPs for 

bacteria arises from differences in lipid composition of cell membranes between 

bacteria and eukaryotic cells. To date, many synthetic AMPs and AMP-mimics 

have been designed. Despite a large library of peptides, many of them still 

suffer from toxicity, stability, and cost of production.19–21 Similar membrane-

interacting principles have also been used to synthesize small molecule 

antibiotics. Due to a discovery void in antibiotic space and the rise of 

antimicrobial resistance (AMR), membrane-active compounds could provide us a 

promising platform for novel antibiotics that are much needed.  

1.2 Introduction to conjugated oligoelectrolytes 

Conjugated oligoelectrolytes (COEs) are a class of synthetic compounds that 

are characterized by a π-conjugated core with ionic pendant functionalities at 

the molecular termini. Unlike conjugated polyelectrolytes (CPEs), the π-

delocalized core only contains several repeating units (Figure 1.1). Provided that 

there is an appropriate ratio of hydrophilic and hydrophobic components, these 

COEs can function as membrane intercalating agents due to the similarity the 

amphiphilic profile of COE molecules to that of lipid bilayers. The COE 

molecules would align themselves parallel to the normal of lipid bilayer 

spanning across the membrane as illustrated in Figure 1.1.  
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Figure 1.1 Cartoon representation of a membrane-intercalating COE in a lipid 

bilayer 

 

Our group has successfully demonstrated the uses of COEs in various 

applications though some of them were not intended specifically for biological 

systems.22 An application of COEs that interfaces them with bacteria, although 

not for their membrane-intercalating properties, was reported in 2010 by Dr. 

Aidee Duarte.23 This work utilized Förster resonance energy transfer (FRET) as 

a tool for an array-based bacteria detection. COEs were developed as FRET 

donors. They form electrostatic complexes with single-stranded DNAs (ssDNAs) 

labeled with fluorescein which act as FRET acceptors. 

The work that pioneered the uses of COEs as membrane-intercalating 

agents was also reported in 2010 by Dr. Logan Garner and co-workers.24 This 

work demonstrates that DSBN+ and DSSN+ can intercalate into lipid vesicles 

and living yeast cells. Furthermore, they showed that the COEs can facilitate 

electron transport across membranes and improve the efficiency of yeast 

microbial fuel cells (MFCs). Many studies were later reported on using these 
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COEs in bioelectrochemical systems.25–28 It was originally hypothesized that 

COEs function as a nanowire that conducts electron across cell membranes. 

However, it was later shown that the increased electron transfer efficiency 

arises from the membrane permeabilizing activity of COEs.29 

Another generation of COEs with a redox active center were synthesized by 

Dr. Zach Rengert.30 The design principle of this series of COEs is to mimic the 

function of hemes in natural membrane proteins found in S. oneidensis. 

Electrons transport across membranes by hopping through ferrocenes–redox 

active moieties in the conjugated core. The COEs demonstrated marked 

enhancement in biological electron production, even in non-electrogenic strains 

(Mtr knockouts). Subsequent structure modifications of ferrocene containing 

COEs were reported.31 It was found that the increase in current generation 

were observed only at the potential higher than the redox potential of each 

COE. 

In addition to bioelectronic applications of COEs, Dr. Chelsea Catania 

started investigating the membrane-permeabilizing properties of COEs as a 

potentially useful tool for whole-cell biocatalysis.32 It was found that, upon 

intercalation into bacterial cells, COEs increased the transport of small 

molecules across the outer membrane. Furthermore, she found that a 

periplasmic protein alkaline phosphatase (ALP) was released from the cells. The 

permeabilizing effect was found to be dependent on the COE concentration. A 

subsequent study by Dr. Stephanie Fronk and co-workers reported the use of 
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COEs to permeabilize yeast cells.33 This work proves that the rate of whole-cell 

biocatalysis can be improved with little toxicity by the addition of COEs. The 

extent of acceleration was shown to be highly dependent on the concentration 

and the structure of COEs. A study of an azobenzene-based COE by Dr. Dirk 

Leifert also enables a method to permeabilize cells and vesicles upon light 

irradiation.34 

Dr. Hengjing Yan screened a set of COEs for their antimicrobial activity and 

found that the length of the conjugated core significantly impacts the 

antimicrobial activity.35 The molecular dynamic (MD) simulation showed that a 

short COE introduces hydrophobic mismatch and leads to membrane 

“pinching”.36 In addition, Dr. Bing Wang reported a COE that efficiently 

generates singlet oxygen upon light irradiation demonstrating a COE for 

photodynamic antimicrobial therapy.37 He also reported two narrow-bandgap 

COEs that are near-infrared absorbing with high photothermal conversion 

efficiency.38   

1.3 Overview and objectives 

With cell membranes pose a barrier to machineries and other vital 

components of microorganisms, materials approach to modulate membrane 

properties using COEs is therefore of great interest. The scope of research in 

this dissertation is to rationally design and synthesize series of COEs to probe 

their impacts on membrane properties and their overall effects on biological 

systems (e.g., bacterial cells and lipid vesicles). Two main applications of COEs 



 

 7 

will be featured throughout this dissertation: (1) whole-cell biocatalysis and (2) 

antimicrobial compound development. The rational design of COEs will feature 

modular chemical structures that allows many possible structure modulations 

by changing starting material “building blocks” as depicted in Figure 1.2. 

 

Figure 1.2 Modular structure of COEs. Each colored segment on the structure 

can be tailored by using different building blocks. 

 

 In Chapter 2, the design of a novel COE with a non-planar conjugated 

core will be described. Based on COE2-3C as a parent structure, a phenyl ring 

in the central conjugated core was replaced by a [2.2]paracyclophane unit which 

added a dimensionality to the overall conjugated core. Despite its non-planar 

shape, it is still considered conjugated due to a through-space π-conjugation. 

Experimental and computational studies of the impacts of this change on cell 

membranes will be described in detail. These findings show increased in 

membrane perturbation without increasing antimicrobial activity, thus 

highlighting the potential of using COEs as cell permeabilizing agents without 

being toxic to microorganism. 

In Chapter 3, based on previous works in our group on antimicrobial 

activities of COEs, a series of distyrylbenzene-based COEs will be used to 



 

 8 

establish structure-activity relationship pertaining to their antimicrobial 

activities and mammalian cell cytotoxicity. This series of COEs will be based on 

COE2-3C as a parent structure, similar to the work in Chapter 2. Specifically, 

different length of aliphatic alkoxy linkers and terminal chains were installed to 

a distyrylbenzene unit. Cationic moieties remained quaternary ammoniums. 

Detailed investigation of their activities will be presented. The fact that 

antimicrobial activities and cytotoxicity can be decoupled through careful 

structure modulation will be highlighted. 

Chapter 4 explores another set of COEs that contain amide groups. The 

addition of amides introduces hydrogen bonding capability to the COEs. COEs 

in this Chapter will be based on a distyrylbenzene unit with propoxy groups as 

linkers. Terminal chains containing a primary amide with different alkyl groups 

were installed on the linker with quaternary ammonium groups serving as 

cationic moieties. Membrane-active properties of the COEs as well as their 

antimicrobial activities will be investigated. 

In Chapter 5, the findings in Chapter 4 will be utilized in the molecular 

design of the new series of COEs. The structures of the COEs in this Chapter 

will be based on the structures from Chapter 4. However, the cationic and 

terminal groups will be replaced by amidine moieties which provide hydrogen 

bonding and cationic characteristics within the same unit. Experimental results 

on their antimicrobial activities and cytotoxicity will be presented. 
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Chapter 6 contains additional information and experiments that did not get 

incorporated into the previous chapters. The first part will disclose additional 

COE structures that were designed for antimicrobial purposes. The second part 

will be discussing a method to determine relative hydrophobicity of 

distyrylbenzene-based COEs presented in Chapter 3–5 by a reverse phase 

HPLC method.  
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Chapter 2: Increasing dimensionality of a COE to improve 

membrane permeabilization activity for whole cell 

biocatalysis1 
 

2.1 Introduction 

Conjugated oligoelectrolytes (COEs) are defined by a conjugated backbone 

with ionic pendant groups tethered by hydrocarbon chains.26,39 COEs typically 

intercalate within microbial membranes in a well-organized fashion.40 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.41 Additionally, the number of repeat units affects the 

distortion of the lipid bilayer and is a strong modulator of antimicrobial 

efficacy.35,36 Microbes with COEs have their properties and behavior modified in 

ways that are desirable for specific applications. Consider, the homologous 

series of oligophenylenevinylene COEs illustrated by DSBN+, DSSN+ and 

COE1-5C (Figure 2.1). 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.32,36,42 

Oligophenylenevinylene COEs studied thus far largely contain a planar, two-

dimensional conjugated fragment. A molecular structural variation that has yet 

 
1 The contents of this chapter have appeared in J. Limwongyut, Y. Liu, G. S. Chilambi, T. 

Seviour, J. Hinks, Y. Mu, and G. C. Bazan, RSC Adv., 2018, 8, 39849–39853. 
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to be considered concerns introducing dimensionality to the conjugated segment 

in order to understand possible repercussion of this structural modification 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 lipid disorder in the membrane. The 

structural evolution is illustrated in Figure 2.1. 

 

 

Figure 2.1 Structural evolution from the COE1 series to the paracyclophane-

based COE (COE2-3-pCp). Iodide counterions are omitted from the structures 

for clarity. 
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We compared the properties of COE2-3-pCp to those of its linear counterpart 

COE2-3C by first carrying out molecular dynamics simulations to elucidate 

deformations and disorder within a model lipid bilayer structure. The results of 

the simulations provide a framework for understanding observed differences in 

the modification of E. coli K12 brought about by membrane modification with 

additional context provided by biophysical experiments with vesicles and cells. 

Of interest is the finding that while COE2-3-pCp has a lower minimum 

inhibitory concentration (MIC) relative to COE2-3C, it can induce similar levels 

of membrane permeabilization. Implications of increased permeabilization for 

whole-cell biocatalysis have been previously investigated using E. coli K12 and 

yeast.32,43,44 

2.2 Synthesis and photophysical properties of COE2-3-pCp 

The synthesis of COE2-3-pCp is shown in Figure 2.2. 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 
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trimethylamine provides COE2-3-pCp. COE2-3C, which is the planar analogue 

of COE2-3-pCp, was synthesized according to reported protocols.26,35 

 

 

Figure 2.2 Synthesis of paracyclophane-based COE (COE2-3-pCp). Reaction 

conditions: (a) s-BuLi (2.3 equiv), DMF (10 equiv), THF, –78 °C to rt, 3 h; (b) 

NaBH4 (3 equiv), EtOH/THF (1:5), rt, 3 h; (c) SOCl2 (2.4 equiv), MeCN, 50 °C, 5 

h; (d) P(OEt)3, 135 °C, 48 h; (e) 6 (1.95 equiv), NaOtBu (2.1 equiv), THF, rt, 6 h; 

(f) excess NMe3, THF, MeOH, CHCl3, rt, 48 h. 

 

Absorption and fluorescence spectra of COE2-3-pCp are summarized in 

Figure 2.3 and Table 2.1. The UV-visible absorption spectrum 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 fluorescence exhibits 

an emission maximum at 436 nm. The emission maximum exhibits a 

hypsochromic shift 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, fluorescence emission will shift 

to shorter wavelength due to the change of environment from a polar (water) to 

a non-polar (lipid tails) environment. Hence, the observed shift in the emission 
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of COE2-3-pCp in the vesicles suggests that COE2-3-pCp similarly intercalates 

into lipid membranes.24 

 

 

Figure 2.3 UV-Visible absorption spectrum of COE2-3-pCp in water (top); 

fluorescence spectra of COE2-3-pCp in water (black trend) and when it 

intercalated into DMPC vesicles (red trend) (bottom). 
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Table 2.1 Absorption maxima of COE2-3-pCp in water and their molar 

extinction coefficients (ε). 

Absorption maximum 

(λmax / nm) 

Molar extinction coefficient 

(ε / 104 M–1cm–1) 

225 12.5 

311 4.3 

328 3.8 

 

2.3 Validation of membrane intercalation of COE2-3-pCp 

To validate intercalation into lipid bilayers in microbes, E. coli K12 was 

treated with COE2-3-pCp in 50 mM phosphate buffered saline (PBS) at the 

turbidity of OD600 = 1. After staining, cells were centrifuged at 7000 rpm for 7 

minutes and the supernatant was collected for UV-visible absorption 

measurements revealing more than 90% association of COE2-3-pCp to E. coli 

K12 cells, even when [COE2-3-pCp] = 40 μM (Figure 2.4a). Zeta potentials of 

cells and liposomes treated with COE2-3-pCp in 50 mM PBS were also 

measured (Figure 2.4b and c). An increase in zeta potential should be observed 

when COEs intercalate into the bilayers. However, while an increase was 

observed for liposomes, little change occurred with the cells (Figure 2.4b). The 

same observations were observed for COE2-3C with E. coli K12.45 A plausible 

reason underlying the relatively constant zeta potential 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 
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reach the surface of the cells after their intercalation into the lipid bilayer due 

to the molecular length of the COEs.45–47 

 

 

Figure 2.4 (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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To verify COE2-3-pCp intercalation, we examined liposomes made of E. coli 

total lipid extract, which lacks the LPS layer. As shown in Figure 2.4c, the zeta 

potential increased with COE2-3-pCp concentration, indicating intercalation 

into the bilayer. Finally, to visually illustrate COE uptake, fluorescence signals 

in cell suspensions were imaged using two-photon microscopy. The images 

clearly show the accumulation of COE on the cells (Figure 2.5). 

 

Figure 2.5 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. 

 

2.4 Molecular dynamic simulations 

Molecular dynamics (MD) simulations were undertaken on Gram-negative 

model membrane bilayer systems (3 : 1 

palmitoyloleoylphosphatidylethanolamine/palmitoyloleoylphospatidylglycerol, 

or POPE/POPG) doped with either COE2-3-pCp or COE2-3C 

(COE : POPE : POPG = 4 : 110 : 36). Relative to COE2-3C, COE2-3-pCp induced a 
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greater degree of disorder, as illustrated by the more pronounced reduction in 

deuterium order parameter along the first fatty acid chain (sn1) of POPE 

predicted for COE2-3-pCp (Figure 2.6). The same effect was observed on POPG 

for both the sn1 and sn2 (i.e., second fatty acid) chain (Figure 2.7). 

 

 

Figure 2.6  (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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Figure 2.7 (a) Local deuterium order parameter along the sn2 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) Local 

deuterium order parameter along the sn1 aliphatic chain of POPG 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), (c)  Local deuterium order 

parameter along the sn2 aliphatic chain of POPG 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). The data were averaged across the last 50 ns 

of 3 × 200 ns simulations. 

 

This increased disorder observed for COE2-3-pCp relative to COE2-3C 

resulted in a greater reduction of the average bilayer thickness of the COE2-3-

pCp-doped lipid bilayer (Figure 2.6b). 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 
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broth microdilution method.48 All experiments were performed in triplicate. 

Specifically, the minimum inhibitory concentrations (MICs) of COE2-3-pCp on 

E. coli K12 and yeast are 64 μM and 128 μM, respectively, whereas those of 

COE2-3C are 16 μM and 64 μM, respectively. Modification 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 fluorinated 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.36 

According to the probability distribution for intermolecular distance between 

each COE pair in a four COE simulation (see Section 2.7 for definition) (Figure 

2.6c), there was a 36% reduction in the 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. 

2.5 Whole-cell permeabilization and biocatalysis 

COE permeabilization ability was determined by calcein released from E. 

coli total lipid extract vesicles treated with the two COEs. At the COE amount 
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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 (Figure 2.8a). 

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 investigated using E. coli 

K12 hydrolysis of o-nitrophenyl β-D-galactopyranoside (ONPG) by β-

galactosidase.49,50 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 μM COE2-3-pCp and COE2-3C, respectively (Figure 2.8b). 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.51 

 

 

Figure 2.8 (a) Leakage of calcein from E. coli total lipid extract vesicles over 

time (legend: ▲ = 2.5 mol% COE2-3-pCp, ● = 1 mol% COE2-3-pCp, ♦ = 2.5 

mol% COE2-3C, ▼ = 1 mol% COE2-3C, ■ = control), (b) rate of ONPG 

hydrolysis at different staining concentrations in E. coli K12. 
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The membrane permeabilization effect was also tested with yeast. Relative 

extracellular ATP levels were used as an indicator of permeabilization as 

previously described.52 The amount of ATP in the supernatant is directly 

proportional to the observed luminescence signal from the luciferase–luciferin 

system. Yeast treated with 100 μM of COEs show higher extracellular ATP than 

control, indicating permeabilization (Figure 2.9a). 

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.53 Yeast cells were treated with 25 μM COEs per 0.1 

g wet cells. Cells with COE2-3-pCp show significant catalytic acceleration from 

untreated cells at comparable degree to those treated with COE2-3C (Figure 

2.9b). 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. 

 

Figure 2.9 (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 μM of 

the indicated COEs. 
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2.6 Conclusions 

In summary, the paracyclophane-based COE2-3-pCp was designed and 

synthesized. Despite its similar length and cell association profile 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 permeabilization—findings that are relevant within 

the context of whole-cell biocatalysis. 

 

2.7 Experimental methods 

Materials and instruments 

All chemicals and solvents were purchased from Sigma-Aldrich, Fisher 

Scientific, Alfa Aesar, Acros, and 1-Materials and used as received without 
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further purification unless otherwise stated. Tetrahydrofuran (THF) and N,N-

dimethylformamide (DMF) was purified and dried under solvent purification 

system. Water was purified using a MilliQ Plus System (Millipore Corporation) 

to the resistivity of 18 MΩ.cm. Analytical thin layer chromatography was 

performed using Merck aluminum plate pre-coated with silica gel 60 F254. 

Flash column chromatography was carried out using silica gel Silicycle 

SiliaFlash P60 (230-400 mesh). UV-visible absorption spectrum was recorded 

using Perkin Elmer Lambda 750 spectrometer. Fluorescence spectra were 

recorded using PTI Quanta Master spectrofluorometer. Nuclear magnetic 

resonance (NMR) spectra were recorded on a Varian 500 MHz and Varian 600 

MHz spectrometers. Cell imaging were performed using an Olympus Fluoview 

1000MPE Multiphoton/Laser Scanning Confocal microscope. 

 

Cell culture 

A single colony of E. coli K12 (ATCC 10798) from an agar plate was cultured 

in Lysogeny broth (10 g bacto tryptone, 5 g yeast extract, 10 g NaCl in 1 L 

water) at 37 ºC. Yeast (S. cerevisiae) was bought from a local grocery store and 

rehydrated in yeast selective growth medium (40 g dextrose, 10 g 

casaminoacids, 3.4 g yeast nitrogen base without (NH4)2SO4 and amino acids, 

10.6 g (NH4)2SO4, 2.7 g Na2HPO4, 4.28 g NaH2PO4, 100 mg Pen/Strep/Neo, 20 

mg Amp, and 20 mg Kan in 1 L water) or 0.1 M neutral phosphate buffer at 30 

ºC with 200 rpm shaking. 



 

 25 

Zeta potential measurements of E. coli K12 cells 

E. coli K12 suspension in 50 mM PBS at OD600 of 2 was prepared using the 

same protocol for cell association assay above. 500 µL of the suspension was 

mixed with 500 µL of COE solution at desired concentrations. The mixtures of 

COE and cells were then incubated at 30 ºC for 1.5 hours. After incubation, the 

mixtures were diluted 10-fold. The diluted solutions were used for zeta potential 

measurements by Zeta Sizer Nano ZS (Malvern Panalytical Inc.) 

 

Zeta potential measurements of E. coli total lipid extract vesicles 

E. coli total lipid extract (Avanti Polar Lipids) was weighed in a vial, 

dissolved in chloroform. The lipid solution was dried using rotary evaporator 

and put under high vacuum overnight. The lipid film was kept at –20 ºC until 

use. Prepared lipid film was taken out of a freezer and warmed up to room 

temperature. Then, 50 mM PBS was added to resuspend the lipid. The resulting 

suspension was extruded through 0.2 µm polycarbonate filter (Whatman) 11 

times, followed by 0.1 µm polycarbonate filter (Whatman) 11 times. Freshly 

prepared vesicles were diluted with the buffer and treated with COE2-3-pCp at 

different final COE concentrations. The final concentration of lipid vesicles was 

3 mg mL–1. The vesicles were then incubated at 30 ºC for 1 hour and were 

sample out for zeta potential measurements using Zeta Sizer Nano ZS (Malvern 

Panalytical Inc.) 
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Minimum inhibitory concentration experiments 

MIC Experiments were performed based on broth microdilution method on 

96-well plates. For E. coli K12, cells were inoculated and collected during late 

log phase. Cell suspension was diluted down in LB to reach 1 × 106 cfu/mL. The 

resulting suspension was mixed with different concentrations of COE2-3-pCp 

and COE2-3C in a 96-well plate (Thermo Fisher). The plate was incubated 

overnight at 37 ºC with 200 rpm shaking. For yeast, cells were rehydrated 

according to the aforementioned protocol and diluted down in yeast selective 

growth medium to OD600 = 0.04. The resulting suspension was mixed with 

different concentrations of COE2-3-pCp and COE2-3C in a 96-well plate 

(Thermo Fisher). The plate was incubated overnight at 30 ºC with 200 rpm 

shaking for two days. MICs were determined as the lowest concentration of 

COEs that inhibit visible growth of microorganisms. All experiments were 

performed in triplicate. 

 

Figure 2.10 Final OD600 of (a) E. coli K12 and (b) yeast after the incubation with 

different concentration of COE2-3C and COE2-3-pCp. MICs are defined as the 

lowest COE concentration that no growth of microorganisms was observed. 
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Calcein leakage assay 

Lipid film was prepared from E. coli total lipid extract (Avanti Polar Lipids) 

using the same protocol as described in Zeta potential measurements of E. coli 

total lipid extract vesicles. The lipid was resuspended in 20 mM calcein solution 

in 50 mM PBS. The suspension was extruded through 200-nm and 100-nm 

filters, respectively. Calcein-loaded liposomes were purified by size exclusion 

chromatography using Sephadex G50 (bead size 50–150 µm). The liposomes 

were immediately used after purification. In a 96-well plate (Thermo Fisher), 

200 µL of liposome suspension was mixed with 200 µL of COE2-3-pCp or COE2-

3C solution in 50 mM phosphate buffer saline to obtain final COE 

concentrations of 0, 1, and 2.5 mol% of lipid. The plate was incubated at 30 ºC 

and the fluorescence signal was recorded every 5 minutes using a Tecan Infinite 

M200 Plate Reader with the excitation wavelength of 495 nm and the emission 

wavelength of 520 nm. Liposomes in 3% Triton X-100 was used as a reference 

for the complete release of calcein. 

 

ONPG turnover assay by E. coli K12 

A single colony of E. coli K12 was inoculated in LB supplemented with 2% 

lactose to induce lacZ expression at 37 ºC overnight with 200 rpm shaking. Cell 

suspension was then centrifuged at 7000 rpm for 7 minutes to remove the 

growth medium and washed with M9 minimal salt solution. The cells were 

resuspended and treated with different concentration of COEs in M9 minimal 
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salt solution at the final turbidity of 0.6 OD600 for 1.5 hours at 30 ºC. Then the 

cells were centrifuged, washed and resuspended. In a 96-well plate (Thermo 

Fisher), 100 µL of bacteria suspension, 3.9 mM ONPG solution, and M9 salt 

solution were mixed together and the absorbance was measured at 420 nm 

every 5 minutes for 90 minutes at 37 ºC using a Tecan Infinite M200 Plate 

Reader. 

 

Extracellular ATP assay 

The extracellular ATP was quantified as a measure of the membrane 

damage by COE2-3-pCp and COE2-3C. Yeast was rehydrated in 0.1 M neutral 

phosphate buffer at 30 ºC for 1 hour and washed with the buffer. Then, 0.1 g of 

wet yeast were weighed in clean centrifuge tube and resuspended with 4 mL of 

the buffer. The yeast was treated with 100 μM of COEs for 120 minutes at 30 

ºC. An equal volume of buffer was added in the untreated control. After COE 

treatment, samples were centrifuged at 4000 × g for 10 min and the 

supernatant was collected to determine the extracellular ATP concentration. 

100 µL of sample was added to 100 µl of BacTiter Glo reagent in a 96-well plate 

(Corning). After 5 minutes of incubation, the luminescence was measured using 

a Tecan infinite pro M200 microplate reader. Samples were taken in triplicate 

and standard deviation was measured. The luminescence was proportional to 

the amount of extracellular ATP released after membrane damage in the 

samples. 
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Fumarate conversion by yeast 

In a centrifuge tube with 2 mL of a warm 0.1 M phosphate buffer, 0.3 g of 

dry yeast cells were suspended, and 12 mL of yeast selective media were added. 

Cell suspension was incubated at 30 ºC overnight with 200 rpm shaking. After 

the incubation, the cells were pelleted and washed with the buffer. 0.1 g of wet 

yeast was used in each reaction tube. The wet yeast cells were treated with 25 

μM of COEs in the buffer (4 mL) at 30 ºC for 2 hours. The buffer without any 

COE was added to the untreated control tube. After that, cells were centrifuged, 

washed, and resuspended in the buffer containing 50 mM fumaric acid. The 

tubes were incubated at 30 ºC with 200 rpm shaking. Supernatants were 

sampled at 2.5, 5, 7.5, and 22 hours of incubation. The aliquots were filtered 

through 0.22 µm PFTE filter (Thermo Fisher) and diluted 10-fold in an eluent. 

Amount of L-malate presented in the aliquots was then analyzed by HPLC 

using a Shimadzu UFLC instrument SIL-20AHT with an organic acid 

compatible C18 Kinetix column 2.6 µM FS 100A 150 × 4.6 mm. (Pheonomenex). 

The eluent was 20 mM potassium phosphate pH 2.0 with the flow rate of 1.25 

mL/min. 

 

Molecular dynamic simulations 

All the Molecular Dynamics (MD) simulations were carried out by Gromacs 

4.6.7 package.54 CHARMM general force field55 and CHARMM36 lipid force 

field56 were used to characterize the COE molecules and the lipid molecules, 
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respectively. Totally three different systems were simulated in this study (200 

ns × 3 repeats), the pure lipid bilayer (referred as control), the lipid bilayer 

embedded with COE2-3-pCp molecules (referred as COE2-3-pCp), and the lipid 

bilayer embedded with COE2-3C molecules (referred as COE2-3C). The pure 

lipid bilayer was modeled as a generalized Gram-negative bacterial inner 

membrane, which contains POPE and POPG with a ratio 122:40. After 200 ns 

simulation, the last frame was used to build up the COE-embedded bilayers. 6 

POPE molecules and 2 POPG molecules were removed from each leaflet of the 

bilayer to insert 4 COE molecules. The final model (COE:POPE:POPG equals to 

4:110:36) is equilibrated for another 50 ns with position restraints of COE 

molecules before the production run. During the simulation, a leap-frog 

algorithm was used to integrate Newton’s equation of motion, and the time step 

was set to 2 fs. The Na+ and Cl- ions were added to TIP3P water model57 to 

neutralize the system and reach a concentration of a 0.15 M physiological salt 

solution. All the covalent bonds in solutes and solvents were constrained by the 

LINCS algorithm58 and the SETTLE algorithm,59 respectively. The simulations 

were performed in NPT ensemble with the temperature of 310 K and pressure 

of 1 bar. The Nose-Hoover algorithm60 and the semi-isotropic Parrinello-

Rahman algorithm61 were used for the temperature coupling and the pressure 

coupling. The cut-off for the short-range electrostatics and Lennard-Jones 

interactions were both set as 1.2 nm and the particle mesh Ewald (PME)62 

algorithm was used to calculate the long-range electrostatic interactions.  
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The intermolecular distance is defined as the minimum atom-distance in one 

COE-pair. Two COE molecules are considered contacted if this distance is 

smaller than 0.5 nm. Four COE molecules lead to six different COE-pairs. The 

last 50 ns trajectories of the three repeats were used for the statistics. Based on 

the results, the contacting probability of two COE2-3-pCp molecules is 15.75%, 

while that of two COE2-3C molecules is 24.57%. 

 

2.8 Synthetic methods 

Synthesis of 4,16-diformyl[2.2]paracyclophane (2) 

 

To a dry round bottom flask was charged with 4,16-

dibromo[2.2]paracyclophane (1) (600 mg, 1.64 mmol) under argon and 36 mL of 

dry THF was added. The resulting suspension was stirred and cooled down to –

78 ºC. Then, s-BuLi (1.6 M in cyclohexane) (2.36 mL, 3.77 mmol) was added via 

syringe. The reaction mixture immediately turned yellow. The solution was 

stirred at –78 ºC for an hour to ensure complete lithiation. Afterward, 0.6 mL of 

dry DMF was added. The resulting mixture was heated up to room temperature 

and kept stirring for 3 hours. Dilute HCl (1 M) was added afterward to quench 

the reaction. The solution was diluted with dichloromethane, washed with 

saturated sodium bicarbonate solution followed by brine. Combined organics 
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were dried over Na2SO4. Solvent was removed under reduced pressure. Crude 

mixture was purified by column chromatography using 2:8 ethyl acetate/hexane 

as an eluent to obtain white solid (303 mg, 70%). 

1H NMR (600 MHz, CDCl3): δ (ppm) = 9.94 (s, 2H), 7.05 (d, 2H, J = 2.0 Hz), 6.63 

(dd, 2H, J = 7.7 Hz, J = 2.0 Hz), 6.52 (d, 2H, J = 7.7 Hz), 4.15–4.11 (m, 2H), 

3.31–3.27 (m, 2H), 3.18–3.13 (m, 2H), 3.04–2.99 (m, 2H); 13C NMR (150 MHz, 

CDCl3): δ (ppm) = 192.04, 143.05, 140.67, 137.11, 136.93, 136.68, 135.38, 34.51, 

32.96; HRMS (ESI) m/z calcd for C18H16O2: 264.1150, found: 264.1160 [M]+. 

 

Synthesis of 4,16-di(hydroxymethyl)[2.2]paracyclophane (3) 

 

To a dry round bottom flask was charged with 2 (200 mg, 0.757 mmol). 20 

mL of THF was later added and the mixture was stirred until all solid dissolved. 

In a separate flask, NaBH4 (86 mg, 2.27 mmol) was added under inert 

atmosphere and dissolved in 1 mL of ethanol. The ethanolic solution was 

immediately transferred to the reaction flask via syringe. The reaction mixture 

was stirred at room temperature for 2 hours. After reaction completion 

indicated by TLC, dilute HCl (1 M) was added dropwise to quench any leftover 

reagent. The resulting mixture was diluted with ethyl acetate, washed with 

saturated sodium bicarbonate solution and brine. Combined organic phase was 

dried over Na2SO4. Solvent was removed using rotary evaporator. Crude 
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mixture was recrystallized in ethyl acetate/hexane solvent system to yield 

compound 3 as white powder (142 mg, 70%). 

1H NMR (600 MHz, methanol-d4): δ (ppm) = 6.63 (dd, 2H, J = 7.7 Hz, J = 1.9 

Hz), 6.41 (d, 2H, J = 1.9 Hz), 6.35 (d, 2H, J = 7.7 Hz), 4.69 (d, 2H, J = 13.0 Hz), 

4.36 (d, 2H, J = 13.0 Hz), 3.41–3.37 (m, 2H), 3.10–3.01 (m, 4H), 2.88–2.83 (m, 

2H); 13C NMR (150 MHz, methanol-d4): δ (ppm) = 141.42, 140.75, 138.48, 

135.03, 133.84, 129.13, 64.62, 34.60, 33.12; HRMS (ESI) m/z calcd for C18H20O2: 

268.1463, found: 268.1472 [M]+. 

 

Synthesis of 4,16-di(chloromethyl)[2.2]paracyclophane (4) 

 

A suspension of 3 (100 mg, 0.373 mmol) in 5 mL of acetonitrile was stirred in 

a flame-dried round bottom flask under argon. Then, SOCl2 (0.065 mL, 0.894 

mmol) was slowly added to the suspension using a syringe. The resulting 

mixture was stirred under argon at 50 ºC for 4 hours. Excess SOCl2 was 

quenched via addition of water after the solution cooled down to room 

temperature. The solution was diluted using dichloromethane, washed with 

saturated sodium bicarbonate solution and brine. Organic phases were dried 

over Na2SO4. Solvent was removed using rotary evaporator. Crude mixture was 

recrystallized in dichloromethane/methanol solvent system to yield 4 as white 

crystalline solid (91 mg, 80%). 
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1H NMR (600 MHz, CDCl3): δ (ppm) = 6.61 (dd, 2H, J = 7.8 Hz, J = 1.9 Hz), 6.42 

(d, 2H, J = 1.9 Hz), 6.38 (d, 2H, J = 7.7 Hz), 4.58 (d, 2H, J = 11.8 Hz), 4.32 (d, 

2H, J = 11.8 Hz), 3.46–3.41 (m, 2H), 3.14–3.03 (m, 4H), 2.95–2.90 (m, 2H); 13C 

NMR (150 MHz, CDCl3): δ (ppm) = 139.97, 138.17, 136.58, 134.65, 134.44, 

130.10, 45.62, 33.94, 32.47; HRMS (ESI) m/z calcd for C18H18Cl2: 304.0786, 

found: 304.0791 [M]+. 

 

Synthesis of tetraethyl 4,16-bismethylene[2.2]paracyclophanebisphosphonate 

(5) 

 

To a dry gas-tight vessel was charged with 4 (142 mg, 0.465 mmol) and 2 mL 

of P(OEt)3. The vessel was sealed, and the resulting suspension was stirred at 

135 ºC for 48 hours. After that, the solution was cooled down to room 

temperature. Precipitates were vacuumed filtered and recrystallized in hot 

toluene to obtain compound 5 as white crystalline solid (166 mg, 70%). 

1H NMR (600 MHz, CDCl3): δ (ppm) = 6.61 (dt, 2H, J = 7.9 Hz, J = 2.0 Hz), 6.35 

(dd, 2H, J = 7.9 Hz, J = 1.6 Hz), 6.19 (t, 2H, J = 1.9 Hz), 3.93–3.82 (m, 8H), 3.48–

3.43 (m, 2H), 3.12 (dd, J = 14.8 Hz, J = 22.0 Hz), 3.08–3.04 (m, 2H), 2.97–2.92 

(m, 2H), 2.83 (dd, J = 14.8 Hz, J = 21.8 Hz), 2.82–2.77 (m, 2H), 1.15 (td, J = 7.0 

Hz, J = 0.8 Hz); 13C NMR (150 MHz, CDCl3): δ (ppm) = 139.30, 139.28, 138.27, 

138.23, 136.76, 136.72, 133.82, 133.80, 131.18, 131.12, 127.42, 127.40, 62.12, 
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62.08, 62.03, 61.99, 33.24, 33.21, 33.12, 32.32, 16.30, 16.25 (Most peaks appear 

as doublets which may be caused by C–P couplings); HRMS (ESI) m/z calcd for 

C26H38O6P2Na: 531.2042, found: 531.2046 [M+Na]+. 

 

Synthesis of 7 

 

A flame-dried round bottom flask was charged with a Teflon-coated magnetic 

stir bar, 5 (80 mg, 0.157 mmol), 3,5-bis(6-iodohexyloxy)benzaldehyde (6) (171 

mg, 0.307 mmol). Anhydrous THF was later added to the flask to dissolve 

compounds. The resulting solution was cooled down to 0 ºC in an ice bath. 

Sodium tert-butoxide (32 mg, 0.330 mmol) was taken out of the glovebox in a 

round-bottom flask and was connected to Schlenk manifold. THF was added to 

the base and the resulting solution was immediately transferred to the reaction 

flask via syringe. After complete addition of the base, the reaction was heated 

up to room temperature and stirred overnight. The mixture was then diluted 

with dichloromethane, washed with water and brine, dried over Na2SO4, and 

concentrated in vacuo. Crude reaction mixture was purified by column 

chromatography using 1:1 dichloromethane/hexane as an eluent to yield 7 as 

white powder (81 mg, 39%) 
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1H NMR (600 MHz, CDCl3): δ (ppm) = 7.16 (d, 2H, J = 16.2 Hz), 6.78 (d, 2H, 

J = 16.2 Hz), 6.71 (d, 4H, J = 2.4 Hz), 6.66–6.64 (m, 4H), 6.42–6.40 (m, 4H), 4.02 

(t, 8H, J = 6.6 Hz), 3.56 (t, 2H, J = 13.2 Hz), 3.22 (t, 8H, J = 7.2 Hz), 3.08 (t, 2H, 

J = 13.2 Hz), 3.02–2.97 (m, 2H), 2.94–2.89 (m, 2H), 1.91-1.82 (m, 16H), 1.57–

1.50 (m, 16H); 13C NMR (150 MHz, CDCl3): δ (ppm) = 160.62, 140.02, 139.60, 

138.40, 137.37, 133.70, 130.36, 129.71, 129.56, 127.60, 105.41, 100.62, 68.02, 

34.65, 33.56, 33.52, 30.42, 29.28, 25.29, 7.16; MS (FD) m/z calcd for: 1316.16, 

found: 1316.2. 

 

Synthesis of COE2-3-pCp 

 

To a round-bottom flask charged with a magnetic stir bar was added 7 (68 

mg, 0.052 mmol) under argon. 5 mL of dry THF was added to dissolve all of the 

solid. Then, a 3.2 M methanolic solution of trimethylamine (0.16 mL, 0.520 

mmol) was added via a syringe. The resulting solution was stirred at room 

temperature for 48 hours. Small portions of chloroform were later added to the 

flask periodically to dissolve any precipitates formed during the course of the 

reaction. Organic solvents were removed under reduced pressure and deionized 

water was added to the flask to dissolve the desired compound. The aqueous 
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solution was filtered through 0.2 µm filter and freeze dried to yield COE2-3-pCp 

as white fluffy solid (79 mg, 98%). 

1H NMR (500 MHz, DMSO-d6): δ (ppm) = 7.26 (d, 2H, J = 16.1 Hz), 6.90 (d, 

2H, J = 16.1 Hz), 6.84 (s, 4H), 6.74 (s, 2H), 6.52 (d, 2H, J = 7.7 Hz), 6.44 (d, 2H, 

J = 7.7 Hz), 6.42 (s, 2H), 4.03 (t, 8H, J = 6.4 Hz), 3.63–3.61 (m, 2H), 3.06 (s, 

36H), 2.92–2.88 (m, 6H), 1.80–1.70 (m, 16H), 1.55–1.49 (m, 8H), 1.40–1.34 (m, 

8H); 13C NMR (125 MHz, DMSO-d6): δ (ppm) = 160.05, 139.63. 139.11, 138.17, 

137.06, 133.41, 129.92, 129.23, 129.09, 127.15, 105.12, 100.36, 67.39, 65.27, 

52.44, 52.21, 52.18, 34.00, 32.69, 28.51, 25.51, 25.12, 22.04; HRMS (ESI) m/z 

calcd for [C68H108N4O4I2]2+: 649.3230, found: 649.3230 [M-2I]2+. 
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Chapter 3: Molecular designs of antimicrobial COEs with 

enhanced selectivity towards bacterial cells1 
 

3.1 Introduction 

Antimicrobial resistance is expected to cause up to 10 million deaths per 

year by 2050, along with a massive economic burden.63,64 Indeed, learned 

opinions have placed the problem at par with possible damage by climate 

change.65–67 Despite the foreseeable crisis, there have been few new antibiotics 

introduced to the market, in part because of the long drug development cycle, 

rapid acquisition of drug resistance, and poor investment return.68,69 Studies of 

new antimicrobial compounds at a basic research level are thus warranted.70,71 

Different approaches are being considered for designing new antibiotics that 

target different machineries in bacterial cells. Examples include cell wall 

synthesis,72,73 DNA and RNA synthesis,74,75 protein biosynthesis,76 folic acid 

metabolism,77 and the cell membrane.78,79 Compounds that target cell 

membranes typically kill bacterial cells by selectively disrupting bacterial 

membranes over mammalian cell membranes due to difference in lipid 

compositions between the two cell types.80 Potential advantages of this 

mechanism include that bacteria are known to be less likely to develop 

resistance to membrane-disrupting compounds81,82 and its potential to eradicate 

persistent infections in which bacteria are in dormant states.83 

 
1 The contents of this chapter have appeared in J. Limwongyut, C. Nie, A. S. Moreland, and 

G. C. Bazan, Chem. Sci., 2020, 11, 8138–8144. 
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Conjugated oligoelectrolytes (COEs) are a class of synthetic water-soluble 

conjugated molecules containing a conjugated core and pendant ionic groups. 

COEs have been reported to spontaneously interact with lipid bilayers and 

modify the properties of bilayers.24,40 The extent of membrane perturbation can 

be fine-tuned via molecular design approaches.33,35 A general guiding principle 

is that the mismatch between the bilayer thickness and length of the COE leads 

to membrane disruption.36,84 

In particular, the distyrylbenzene derivative COE2-3C-C6 (previously 

referred to as COE2-3C, see Figure 3.1) was reported to have the lowest 

minimum inhibitory concentration (MIC) against E. coli K12 among a 

homologous series of structures that differed in the number of 

phenylenevinylene units.35 We also recently reported a subsequent study that 

illustrated the relationship between antimicrobial activity and the 

hydrophobicity of stilbene-based COEs with an apparent correlation between 

increased hydrophobicity and increased antimicrobial potency.85 Up to now, the 

cytotoxicity of COEs against mammalian cells has yet to be explored despite its 

importance in determining suitable chemical structures for drug development.86 

With prior information in hand, we describe herein a series of COEs based 

on the distyrylbenzene core that is generated by modulating two molecular 

features: linker length (parameter n) and terminal alkyl chains length 

(parameter m), see Figure 3.1. We examined antimicrobial efficacy and 
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mammalian cell cytotoxicity. Bacterial selectivity was determined and the 

optimal compound in the series was identified thereafter. 

 

 

Figure 3.1 Chemical structure of COE2-3C-C6 (top) and general structure of 

COEs in this study (bottom). 

 

3.2 Synthesis of distyrylbenzene COEs 

The general synthetic approach to generate the new series of COEs is shown 

in Figure 3.2. Aldehyde precursors were first synthesized by alkylation of 

methyl 3,5-dihydroxybenzoate with α,ω-dibromoalkanes. Isolated aryl ether 

products 1a–1c were subsequently reduced by using diisobutylaluminium 

hydride (DIBAL) and then oxidized with MnO2 to obtain the aldehyde 

derivatives 2a–2c. Next, the aldehydes were reacted with compound 3 via 

Horner–Wadsworth–Emmons (HWE) reaction to obtain distyrylbenzene 

intermediates 4a–4c. Finkelstein halide exchange reactions were then used for 

bromide/iodide exchange, thereby yielding neutral intermediates 5a–5c. Finally, 

5a–5c underwent quaternization reactions with various tertiary amines to 
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obtain target molecules. COE2-3C-C3propyl (n = 3, m = 3) and COE2-3C-

C4propyl (n = 4, m = 3) were synthesized via a slightly different pathway 

(Figure 3.3). Abbreviations of the COEs are listed in Table 3.1. 

 

Figure 3.2 Preparation of COEs reported in this study: (i) α,ω-dibromoalkanes, 

K2CO3, acetone, reflux, 2 d; (ii) DIBAL, THF, −78 °C to rt, overnight; (iii) MnO2, 

DCM, rt, overnight; (iv) NaOtBu, THF, −78 °C to rt, overnight; (v) NaI, acetone, 

reflux, 2 d; (vi) DMF, 45 °C, 2 d. 

 

 

Figure 3.3 Preparation of COE2-3C-C3propyl and COE2-3C-C4propyl from the 

intermediates 5a and 5b. 
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Table 3.1 Names of the synthesized COEs in this study. 

m n = 2 n = 3 n = 4 

1 COE2-3C-C2 COE2-3C-C3 COE2-3C-C4 

2 COE2-3C-C2ethyl COE2-3C-C3ethyl COE2-3C-C4ethyl 

3 — COE2-3C-C3propyl COE2-3C-C4propyl 

4 COE2-3C-C2butyl COE2-3C-C3butyl COE2-3C-C4butyl 

5 — — COE2-3C-C4pentyl 

6 COE2-3C-C2hexyl COE2-3C-C3hexyl COE2-3C-C4hexyl 

 

3.3 Antimicrobial efficacy 

The antimicrobial efficacies of COEs were screened by determining 

minimum inhibitory concentrations (MICs) against Gram-negative bacteria E. 

coli K12 (Figure 3.4a). When the terminal alkyl chains, i.e., N substituents, are 

short (m ≤ 2), one observes that the MIC gradually increased (less potent 

antibiotics) in response to decreasing linker length (parameter n). For example, 

at m = 1, the MIC values increase from 16 μg mL−1 for COE2-3C-C6 (n = 6, m = 

1) to 128 μg mL−1 for COE2-3C-C2 (n = 2, m = 1). Similarly, for m = 2, MIC 

increases from 16 μg mL−1 for COE2-3C-C4ethyl (n = 4, m = 2) to 64 μg mL−1 for 

COE2-3C-C2ethyl (n = 2, m = 2). Upon elongation of the terminal alkyl chains, 

the MIC is largely insensitive relative to linker length. As seen in Figure 3.4a, 

COEs with N-substituents of butyl or longer (m ≥ 4) have similar antimicrobial 

efficacies, with MICs around 4 μg mL−1. This similarity of the MICs suggests 

that effects from the terminal alkyl chains dominate over the influence by the 
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linkers. Therefore, for this limited set of compounds, COEs with m ≥ 4 are 

desirable for maintaining good antimicrobial efficacy regardless of linkers. In 

addition to antimicrobial activities against E. coli K12, MICs for a subset of 

COEs against another Gram-negative bacteria (K. pneumoniae) and two Gram-

positive bacteria (E. faecium, and S. aureus) were determined (see Section 3.10, 

Table 3.3) at Emery Pharma (Alameda, CA). In short, similar trends in MICs 

were observed in those bacterial strains and all these COEs showed relatively 

low MICs toward tested Gram-positive bacteria. 

 

 

Figure 3.4 (a) MICs of COEs against E. coli K12; (b) IC50 of COEs against 

HepG2 cell line; (c) heatmap of IC50/MIC values of each COE. The greener box 

indicates the higher selectivity toward bacterial cells. All MIC and IC50 values 

are reported in μg mL−1. 

 

3.4 Mammalian cell cytotoxicity 

Antimicrobial compounds need to have low MICs against bacteria but also 

low cytotoxicity toward mammalian cells. In order to determine cytotoxicity, 
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half maximal inhibitory concentration (IC50) values were determined in vitro 

against human hepatocellular carcinoma cell line (HepG2) by using the MTT 

assay. As shown in Figure 3.4b, COEs with m ≤ 3 show low cytotoxicity, as their 

IC50 values are higher than 1024 μg mL−1, the highest concentration tested. 

Cytotoxicity generally increases in response to an increase in m. For instance, 

at n = 4, IC50 decreases from >1024 μg mL−1 (m = 1–4) to 256 μg mL−1 and 15 μg 

mL−1 for pentyl (m = 5) and hexyl (m = 6) groups, respectively. When the 

terminal groups are butyl (m = 4), there is a slight reduction in IC50 values for 

COEs containing linkers with 3 carbon atoms or less (n ≤ 3; 889 μg mL−1 and 

637 μg mL−1 for n = 1 and 2, respectively). According to the trends of IC50, 

minimizing cytotoxicity can be realized by having terminal alkyl chains that are 

butyl groups or shorter (m ≤ 4). Additionally, at m = 4, the four-carbon linker (n 

= 4) is slightly favored due to a small increase in cytotoxicity of COEs with 

shorter linkers (n = 2 and 3). 

 

3.5 Bacterial selectivity analysis 

An optimal structure of COEs requires balance between antimicrobial 

properties and mammalian cell cytotoxicity. With the data in Figure 3.4a and b, 

a ratio between IC50 and MIC was used to evaluate the bacterial selectivity of 

COEs. Higher IC50/MIC values are more desirable. Figure 3.4c illustrates a 

heatmap of IC50/MIC values, showing the trend of bacterial selectivity. The 

heatmap shows that COEs with methyl or ethyl terminal alkyl chains (m = 1 
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and 2) exhibit low selectivity indices due to their low antimicrobial activities 

(MIC ≥ 16 μg mL−1) despite their low cytotoxicity. On the other hand, COEs 

containing longer terminal alkyl chains (m = 5 and 6) do not show promising 

selectivity indices due to cytotoxicity. COEs with hexyl groups (m = 6) have 

extremely low IC50/MIC values at 3.25, 1.88, and 3.75 for n = 2, 3 and, 4 

respectively. COE2-3C-C4butyl (n = 4, m = 4) is shown to have highest 

selectivity index with IC50/MIC greater than 256. Thus, it was identified as the 

optimal structure for this specific set of compounds. 

 

3.6 Hemolytic activity 

Hemolytic activity is an essential measure that determines suitability for in 

vivo clinical chemistry tests. Thus, the HC50 values (defined as a concentration 

at which 50% of red blood cells were lysed) of COEs were determined towards 

fresh CD-1 mouse red blood cells, see Table 3.2. In these experiments, red blood 

cells were collected from whole blood, washed with phosphate buffered saline 

(PBS) and incubated with different concentrations of COE2-3C-C4 analogs (n = 

4) at 37 °C for 1 hour. After incubation, the red blood cells were removed and 

the amount of hemoglobin in the supernatant was determined from absorption 

at 450 nm. Of particular interest from Table 3.2 is that significant hemolysis is 

observed only with m = 6, with HC50 = 53 μg mL−1. At the maximum 

concentration tested (1024 μg mL−1), there is no significant hemolysis (<5%) of 

red blood cells treated with COEs with m ≤ 4. An abrupt change in hemolytic 
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activity of COE2-3C-C4pentyl (m = 5) and COE2-3C-C4hexyl (m = 6) suggests 

that there is a threshold of the length of alkyl chain termini that triggers 

significant hemolysis. A similar behavior was reported in membrane-active 

antimicrobial agents with different alkyl side chains.87,88 The observed 

hemolytic activity of COE2-3C-C4 series generally agrees with its trend of 

cytotoxicity (IC50, Figure 3.4b, n = 4, m = 1–6). 

 

Table 3.2 HC50 and percent hemolysis of CD-1 mouse red blood cells treated 

with COE2-3C-C4 series at 1024 μg mL−1 in PBS 

Compound 
HC50 

(µg mL–1) 

Hemolysis at 1024 µg mL–1 

(%) 

COE2-3C-C4 >1024 3.0 ± 0.1 

COE2-3C-C4ethyl >1024 2.3 ± 0.3 

COE2-3C-C4propyl >1024 1.6 ± 0.2 

COE2-3C-C4butyl >1024 4.9 ± 0.6 

COE2-3C-C4pentyl >1024 20.4 ± 2.7 

COE2-3C-C4hexyl 53 75.8 ± 1.0 

 

3.7 Cell association studies 

Cell association experiments were performed using bacterial and 

mammalian cells in order to see to what extent COE associating affinity could 

be correlated to antimicrobial and cytotoxicity profiles. E. coli K12 (OD = 1) and 

HepG2 cells (2 × 106 cells per mL) were treated at 37 °C for 2 hours in Hank's 

balanced salt solution (HBSS) without calcium and magnesium ions. Cells were 
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centrifuged and the amount of net unassociated COE in the buffer was 

determined from the absorbance at 380 nm. The results of these studies are 

summarized in Figure 3.5 and the numbers of COE molecules associated to each 

E. coli K12 and HepG2 cell were calculated (see Section 3.10, Table 3.4). From 

Figure 3.5a, one observes that for n = 4 there is an increase in association with 

E. coli K12 as m increases from 1 to 6. COE2-3C-C4hexyl (n = 4, m = 6) also 

shows the highest association to HepG2 cells. However, from m = 1 to 5, the 

associations to HepG2 cells are similar within experimental errors 

(approximately 20% associated). Figure 3.5b provides the cell association profile 

for m = 1 and n = 2–6. Highest association to E. coli K12 and HepG2 cells is 

observed for COE2-3C-C6 (i.e., n = 6, m = 1). In this series, association to both 

cell types decrease for n ≤ 4. Specifically, association to E. coli K12 decreases in 

a “step function” fashion from 83 ± 1% when n = 6 to less than 10% when n ≤ 4. 

A decrease in association was also observed for HepG2 cells from 58 ± 3% to 14 

± 11% when n decreases from n = 6 to n = 4, but is followed by a trend that is 

difficult to discern given the experimental uncertainties. 

By and large, E. coli K12 association tracks well with the hydrophobic 

content in the end groups (Figure 3.5a, parameter m). Considering the linker 

length (Figure 3.5b), the most hydrophobic compound (n = 6, m = 1) in the series 

also shows the highest cell association. A similar behavior has been observed in 

certain antimicrobial peptides (AMPs).89 However, the trend of cell association 

is less clear when n < 6 (i.e., 4, 3, and 2). One possible line of thought is that 
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apart from hydrophobicity, the distance between charges also impacts the 

equilibrium for intercalation within lipid bilayers because of structural 

mismatch. 

 

 

Figure 3.5 Cell association of (a) COEs with different terminal alkyl groups 

(COE2-3C-C4 series, n = 4 and m = 1–6) and (b) COEs with different linker 

length and methyl terminal groups (n = 2, 3, 4, and 6 and m = 1) at the 

concentration of 20 μM in HBSS with E. coli K12 and HepG2 cells. 

 

It is worth noting that there is a similar cell association for COE2-3C-

C4hexyl (n = 4, m = 6; 101 ± 2% and 14 ± 1% to E. coli K12 and HepG2 cells, 

respectively) and COE2-3C-C6 (n = 6, m = 1; 83 ± 1% and 12 ± 1% to E. coli K12 

and HepG2 cells, respectively). However, their MIC and IC50 values are 

different. Specifically, COE2-3C-C4hexyl has significantly higher antimicrobial 
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activity and cytotoxicity (MIC = 4 μg mL−1 and IC50 = 15 μg mL−1) than COE2-

3C-C6 (MIC = 16 μg mL−1 and IC50 > 1024 μg mL−1; Figure 3.4a and b). Another 

interesting observation arises from a similar percent association to cells for 

COE2-3C-C4pentyl (n = 4, m = 5; 80 ± 1% and 23 ± 12% to E. coli K12 and 

HepG2 cells, respectively) and COE2-3C-C4butyl (n = 4, m = 4; 70 ± 4% and 22 ± 

1% to E. coli K12 and HepG2 cells, respectively) (Figure 3.5a). Despite their 

similar associations, they have different IC50/MIC values (64 for COE2-3C-

C4pentyl and >256 for COE2-3C-C4butyl). These two phenomena imply 

contribution by a specific, molecular-structure-dependent mechanism that 

impacts cytotoxicity and antimicrobial efficacy. 

 

3.8 Bactericidal activity of COE2-3C-C4butyl against E. coli 

As a final note, the bactericidal activity of COE2-3C-C4butyl was 

investigated by an in vitro time-kill kinetic assay based on its optimal IC50/MIC 

ratio. It bears noting that according to a time-dependent cell association assay, 

COE2-3C-C4butyl reaches its maximal association to E. coli K12 within 30 

minutes after treatment (see Section 3.10, Figure 3.11). E. coli K12 was 

challenged with COE2-3C-C4butyl at 4× MIC (16 μg mL−1) and 10× MIC (40 μg 

mL−1). As shown in Figure 3.6, with an exposure at 40 μg mL−1 (10× MIC) for 2 

hours, a 3 log10-fold decrease in colony forming units (cfu) was observed. 

Meanwhile, a 3 log10-fold decrease in colony forming units was also achieved 

within 4 hours with exposure at 16 μg mL−1 (4× MIC). As bactericidal activity is 
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defined as greater than 3 log10-fold decrease in colony forming units, which is 

equivalent to 99.9% killing of the inoculum, these results indicate an excellent 

bactericidal activity. 

 

 

Figure 3.6 Time-kill curves of E. coli K12 treated with COE2-3C-C4butyl at 

concentrations of 4× MIC (16 μg mL−1) and 10× MIC (40 μg mL−1). 

 

3.9 Conclusions 

In conclusion, we synthesized a series of distyrylbenzene-based COEs with 

different linker and terminal alkyl chain lengths to explore relationships 

between molecular features and antimicrobial efficacies and mammalian cell 

cytotoxicity. We found that hydrophobicity exerts influence over the degree of 

interactions between COEs and the cells. However, their biological activities 

were also found to be subtle structure dependent, as seen in cases where COEs 

exhibit different antimicrobial efficacy or cytotoxicity but a similar degree of cell 

association. Changes in terminal alkyl chains of COEs have more significant 
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impacts on MIC and cytotoxicity compared to changes in linker lengths. 

Although the mechanism underlying this observation is not clear, the data 

suggest the presence of poorly understood specific interactions that warrant 

further investigation. The optimal structure within the series of COEs studied 

here was found to be COE2-3C-C4butyl based on its highest IC50/MIC value and 

minimal hemolytic activity. It is worth noting that this conclusion is specific for 

tested cell types. Importantly, COE2-3C-C4butyl also shows bactericidal activity 

against E. coli K12. These findings provide indications on how to strategically 

design antimicrobial COEs with low mammalian cell cytotoxicity based on the 

distyrylbenzene framework. 

 

3.10 Experimental methods 

Materials and instruments 

Solvent and reagents were purchased from common suppliers unless 

specified otherwise (e.g., Sigma-Aldrich, Acros Organics, Fisher Scientific, and 

TCI) and used as received. Dry and inhibitor-free THF and DMF were received 

from a solvent purification system using packed alumina columns under argon.  

Flash chromatography was carried out either on Silicycle SiliaFlash P60 

silica gel with pressurized air up to 0.5 bar or on Biotage SNAP C18 columns. 

For thin layer chromatography (TLC), EMD Millipore Analytical 

Chromatography TLC Silica gel 60 F254 with aluminum back were used with 

UV light (254/366 nm) for detection. 
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1H-NMR (500 MHz and 600 MHz) and 13C-NMR (125 MHz and 151 MHz) 

were measured on an actively shielded Varian Unity Inova 500 MHz 

spectrometer or Varian VNMRS 600 MHz. The multiplicity of all signals was 

described by s (singlet), d (doublet), t (triplet), q (quartet), p (pentet), and m 

(multiplet). Chemical shifts (δ in ppm) were referenced to the solvent residual 

peak of CDCl3 (1H-NMR: δ = 7.26; 13C-NMR: δ = 77.0) or DMSO-d6 (1H NMR: δ = 

2.50; 13C-NMR: δ = 39.52). Mass spectra were collected on Waters Micromass 

LCT-Premier mass spectrometer or Bruker Microflex LDF MALDI-TOF mass 

spectrometer. 

 

Minimum inhibitory concentration experiments 

MICs were determined using broth microdilution method.48 Prior to MIC 

experiment, bacterial strains were plated out for single colonies on agar plates 

from frozen glycerol stocks stored at −80 °C. E. coli K12 (ATCC 47076) from a 

single colony on agar plate was inoculated in LB medium (10 g L−1 

bactotryptone, 5 g L−1 yeast extract, and 10 g L−1 NaCl) and cultured at 37 °C 

with 200 rpm shaking for 5 hours before use. Based on optical density at 600 

nm, bacteria suspensions were diluted to the concentration around 1 × 106 cells 

per mL. Compound solutions were added to sterile 96-well plates and further 

diluted with 2-fold dilution successively. Later, by adding the bacteria 

suspensions with the same volume, the final concentrations of compound ranged 

from 0.5 to 128 μg mL−1 and the final concentration of bacteria suspension was 
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5 × 105 cells per mL. The assay plates were incubated at 37 °C with 200 rpm 

shaking overnight. A group with no compound treatment was set as a negative 

control and a group with no bacteria was set as background. OD600 of the assay 

plates were measured on a plate reader (Tecan Spark 10M Multimode). The 

MICs were read as the lowest treatment concentration where less than 10% 

relative growth (treatment group relative to control) was found. A commercially 

available antibiotic, colistin, was used as a positive control and the MIC toward 

E. coli K12 was measured to be 1 μg mL−1, which is in accordance with what is 

reported in the literature.90 Experiments were performed with biological 

replicates. 

MICs of selected COEs were determined by Emery Pharma (Alameda, CA) 

per Clinical and Laboratory Standards Institute (CLSI) guidelines.91,92 Bacterial 

strains tested include two Gram-positive bacteria: Enterococcus faecium VRE 

(EF; 1674620), methicillin-resistant Staphylococcus aureus (SA; ATCC 33591); 

and one Gram-negative bacteria: Klebsiella pneumoniae MDR (KP; ATCC BAA- 

2473). COEs were dissolved in DMSO and serially diluted in a 96-well plate 

while maintaining a final DMSO concentration at 1% v/v in every well. For each 

bacterial strain, bacteria were inoculated in Cation-Adjusted Mueller Hinton 

broth (CAMHB) from a single colony picked from a Trypticase Soy Agar (TSA) 

plate. The inocula were diluted and pipetted into the 96-well plate to achieve 5 

× 105 cfu mL–1. The highest concentration of COEs tested was 64 µg mL–1. 

Plates were incubated for 18–20 hours at 37 ºC. The experiments were 
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performed in triplicate for each compound. Gentamicin was used as a positive 

control in the studies. The results are summarized in Table 3.3. 

 

Table 3.3 MICs of selected COEs against E. faecium (EA), S. aureus (SA), and 

K. pneumoniae (KP). 

n m Compound 
MIC (µg mL–1) 

EF SA KP 

2 4 COE2-3C-C2butyl 1 1 4 

3 
4 COE2-3C-C3butyl 0.25 0.5 4 

6 COE2-3C-C3hexyl 0.25 2 2 

4 

1 COE2-3C-C4 8 2 32 

2 COE2-3C-C4ethyl 4 1 16 

3 COE2-3C-C4propyl 1 1 8 

4 COE2-3C-C4butyl 0.5 0.5 8 

6 COE2-3C-C4hexyl 0.25 0.5 4 

  Gentamicin >64 1 2 

 

Mammalian cell viability assay 

Cellular cytotoxicity was assessed using an MTT viability assay. HepG2 

(ATCC HB-8065) cells were seeded at 1 × 104 cells per well in 96-well plates 

overnight at 37 °C in Dulbecco's Modified Eagle's medium (DMEM, Gibco, 

GlutaMAX™) supplemented with 10% fetal bovine serum (FBS, Gibco, USDA-

approved regions) before use. Compounds were serially diluted with 2-fold 

dilution in PBS and further diluted in culture media to afford a concentration 

ranging from 2 to 128 μg mL−1 and containing 10% PBS (v/v) each. For tests 
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with higher concentration of compounds, compound stock solutions were 

prepared in DMSO and diluted in culture media to obtain a concentration 

ranging from 128 to 1024 μg mL−1 and maintain the final DMSO concentration 

to be less than 1%. The previous culture media were replaced with 100 μL of 

treatment solutions per well, the assay plates were incubated at 37 °C with 5% 

CO2. After 24 hours of incubation, cells were washed with PBS before adding 

100 μL of fresh culture media and 10 μL of a 5 mg mL−1 solution of 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Thermofisher 

Scientific) to each well. After incubation for 2–4 hours, 100 μL of DMSO as 

solubilizing solution was added to each well, and absorbance at 570 nm were 

measured on a plate reader (Tecan Spark 10M Multimode). Percent viability 

was determined by dividing background-corrected absorbance measurements by 

background-corrected measurements for untreated cells. The percentage of cell 

viability was plotted against the concentration of COE (Figure 3.7 and Figure 

3.8) and IC50 values were determined by curve-fitting (Figure 3.9). 
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Figure 3.7 Percent viability of HepG2 after treatments with different 

concentrations of COEs. 
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Figure 3.8 Percent viability of HepG2 after treatments with different 

concentrations of COEs. 
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Determination of IC50 by curve fitting method 

The method for IC50 curve-fitting was adapted from the method published by 

Lambert and Pearson for determining MIC values.93 The data, plotted as cell 

viability (from 0 to 1) versus the logarithm of COE concentrations, was fit to a 

Gompertz model. The resulting fit equation was used to determine the IC50 by 

solving for the COE concentration that resulted in y = 0.5 (i.e., where cell 

viability was equal to 50% of control). An example of the fitted data (black), 

model fit (blue line), and calculated IC50 (red) is provided below. 

 

 

Figure 3.9 Curve fitting method for IC50 determination 

 

Hemolytic activity 

Fresh CD-1 mouse red blood cells (IC05-3054, Innovative Research, Inc.) 

were washed with PBS for three times with centrifuge at 500 × g for 5 minutes. 

The pellet was resuspended to yield a 5% (v/v) suspension in PBS. 160 μL of 

compound solutions were added to a conical bottom 96-well plate as triplicates 

and dilute with 2-fold dilution sequentially. A 40 μL portion of 5% red blood cell 
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solution was added to each well of the 96-well plate. The final concentration of 

compounds ranged from 16 to 1024 μg mL−1 and the final concentration of the 

red blood cells was 1%. Red blood cells with PBS alone were used as a negative 

control and with 1% Triton X-100 (Sigma-Aldrich) treatment as a positive 

control. After incubation for 1 hour at 37 °C, cells were centrifuged at 800 × g. A 

100 μL portion of the resulting supernatant was transferred to a flat-bottomed 

96-well plate and analyzed on a microplate reader via absorbance 

measurements at 450 nm. Percent hemolysis was determined by dividing 

background-corrected absorbance by background-corrected absorbance with 1% 

Triton X-100 treatment. The percentage of hemolysis was plotted against the 

concentration of COE (Figure 3.10). 

 

 

Figure 3.10 Percent hemolysis of CD-1 mouse red blood cells incubated with 

COE2-3C-C4 series for 1 h at 37 ºC in PBS. 
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Cell association experiments 

Cell association experiments were performed in both Gram-negative bacteria 

(E. coli K12, ATCC 47076) and mammalian cells (HepG2, ATCC HB-8065). In 

these experiments, the stock solution of COEs were prepared directly with 

Hank's Balanced Salt Solution with no calcium and magnesium (HBSS, Gibco). 

Specific protocols for each cell type are described as follows: 

Cell association in E. coli K12. Prior the experiments, a single colony of E. 

coli K12 from an agar plate was aerobically inoculated in LB medium at 37 °C 

for 5 hours with 200 rpm shaking. Cells were spun down at 6500 × g for 5 

minutes and washed twice with HBSS and cell density was adjusted to be twice 

of 1 OD600. In a 96-well PCR plate, 100 μL of the cell suspension was mixed with 

100 μL of a COE solution in HBSS in each well. The final concentration of COEs 

was 20 μM. The plate was sealed prior incubation. After the incubation at 37 °C 

for 2 hours, the cells were spun down at 3000 × g for 30 minutes and 100 μL of 

supernatant from each well was transferred to another 96-well plate. Amount of 

the COEs left in the supernatant was determined by measuring absorbance of 

the supernatant at 380 nm using Tecan Infinite M200 Plate Reader. 

Cell association in HepG2 cells. Prior the experiments, HepG2 cells were 

cultured in DMEM supplemented with 10% FBS. Cells were then harvested 

from culture and washed three times with HBSS. Then cell density was 

adjusted to be around 4 × 106 mL−1. In a 96-well PCR plate, 100 μL of the cell 

suspension was mixed with 100 μL of a COE solution in HBSS in each well. The 
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final concentration of COEs was 20 μM. The plate was sealed prior incubation. 

After the incubation at 37 °C for 2 hours, the cells were centrifuged at 400 × g 

for 10 minutes and 100 μL of supernatant from each well was transferred to a 

flat bottom 96-well plate. Amount of the COEs left in the supernatant was 

determined by measuring absorbance of the supernatant at 360 nm using Tecan 

Spark 10M Multimode Plate Reader. 

After the experiments, the number of COE molecules associated in each cell 

was determined by the following equation: 

Molecules associated = % associated × (1.2 × 1013) / number of cells 

The numbers of E. coli K12 and HepG2 cells used in each study were 7.4 × 

107 cells and 8.0 × 105 cells, respectively. The number of molecules was 

calculated from the final concentration and volume of COE solutions in these 

experiments (200 µL of 20 µM solution). The results are shown in Table 3.4. 
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Table 3.4 The number of COE molecules associated to each E. coli K12 and 

HepG2 cell at 37 ºC for 2 hours in HBSS. The concentration of COEs used was 

20 µM. 

n m Compound 
105 molecules associated 

E. coli K12 Hep G2 

2 1 COE2-3C-C2 0.16 ± 0.04 45.0 ± 5.0 

3 1 COE2-3C-C3 0.10 ± 0.03 32.1 ± 6.9 

4 

1 COE2-3C-C4 0.10 ± 0.02 21.3 ± 16.7 

2 COE2-3C-C4ethyl 0.34 ± 0.07 38.0 ± 7.7 

3 COE2-3C-C4propyl 0.51 ± 0.05 29.0 ± 7.8 

4 COE2-3C-C4butyl 1.12 ± 0.06 33.3 ± 1.7 

5 COE2-3C-C4pentyl 1.28 ± 0.01 34.2 ± 18.5 

6 COE2-3C-C4hexyl 1.61 ± 0.04 106.2 ± 4.5 

6 1 COE2-3C-C6 1.33 ± 0.01 87.0 ± 4.5 

 

Time-dependent cell association experiments with E. coli 

A single colony of E. coli K12 from an LB agar plate was inoculated in LB 

medium and cells were harvested during a mid-log phase. The cells were 

centrifuged at 7000 rpm for 5 minutes to remove LB, washed with HBSS, and 

resuspended in HBSS to achieve the cell concentration twice of the 

concentration in 1 OD600. The cell suspension was mixed with a solution of 

COE2-3C-C4butyl in HBSS to achieve the COE final concentrations of 10 µM, 

20 µM, and 27 µM in microcentrifuge tubes. The tubes were incubated in an 

incubator at 37 ºC. Treated bacterial suspension was sampled out after 5, 15, 

30, 60, 90, and 120 minutes of incubation. Supernatants from the sampled 

suspension was obtained by pelleting cells at 7000 rpm for 4.5 minutes. The 
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amount of COE left in the supernatant was determined by the absorption at 380 

nm using Tecan Infinite M200 Plate Reader. 

 

 

Figure 3.11 Percent association of COE2-3C-C4butyl to 1 OD600 of E. coli K12 in 

HBSS with the initial concentrations of COEs of 10 µM, 20 µM, and 27 µM. 

 

Time kill kinetics 

E. coli K12 (ATCC 47076) from a single colony on agar plate was inoculated 

in LB medium and cultured at 37 °C and 200 rpm shaking for around 4 hours 

before use. The bacteria suspension was diluted in LB to afford an OD600 value 

to be around 0.15. The diluted bacteria suspension was then challenged with 

COE2-3C-C4butyl at 10× MIC (40 μg mL−1) and 4× MIC (16 μg mL−1) 

respectively in culture tubes at 37 °C and 280 rpm shaking. Bacteria suspension 

without treatment was used as a control. At intervals, 100 μL aliquots from 

each sample were diluted with 10-fold serial dilution in PBS and were further 

plated on LB agar plates with 100 μL inoculation. After overnight incubation at 



 

 64 

37 °C, colonies were counted and cfu per mL was calculated. Experiments were 

performed in triplicate. 

 

3.11 Synthetic methods 

COE2-3C-C6 in this study was synthesized according to the previously 

reported procedure.26 

 

General procedure for alkylation of 3,5-dihydroxybenzoate 

In a round bottomed flask with a magnetic stir bar, methyl 3,5-

dihydroxybenzoate (1.0 eq) and K2CO3 (2.5 eq) were suspended in acetone 

followed by an addition of α,ω-dibromoalkane (10 eq). The reaction flask was 

equipped with a condenser and heated to reflux under inert atmosphere. After 

stirring for 2 days, the reaction mixture was allowed to cool down. The mixture 

was diluted with dichloromethane and washed with water. Combined organic 

phases were washed with brine, dried over Na2SO4, and filtered. Solvents in the 

resulting solution were removed under reduced pressure. Crude product was 

then purified by silica gel column chromatography (1:1 DCM/hexane) to yield 

the desired compound. 

 

Methyl 3,5-bis(4-bromobutoxy)benzoate (1a) 

1,4-Dibromobutane was used. The product was obtained as white solid 

(77%). 1H-NMR (500 MHz, CDCl3): δ (ppm) 7.16 (d, J = 2.5 Hz, 2H), 6.62 (t, J = 
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2.5 Hz, 1H), 4.01 (t, J = 6 Hz, 4H), 3.90 (s, 3H), 3.47 (t, J = 6.5 Hz, 4H), 2.10 – 

2.04 (m, 4H), 1.98 – 1.92 (m, 4H); 13C-NMR (126 MHz, CDCl3): δ (ppm) 167.19, 

160.29, 132.41, 108.16, 106.98, 67.59, 52.65, 33.73, 29.82, 28.19; HRMS (ESI): 

([M+Na]+) calcd: 460.9763, found: 460.9754. 

 

Methyl 3,5-bis(3-bromopropoxy)benzoate (1b) 

1,3-Dibromopropane was used. The product was obtained as white solid 

(80%). 1H-NMR (500 MHz, CDCl3): δ (ppm) 7.19 (d, J = 2.5 Hz, 2H), 6.65 (t, J = 

2.5 Hz, 1H), 4.12 (t, J = 5.5 Hz, 4H), 3.91 (s, 3H), 3.59 (t, J = 6 Hz, 4H), 2.53-2.29 

(m, 4H); 13C-NMR (126 MHz, CDCl3): δ (ppm) 166.85, 159.86, 132.24, 108.12, 

106.80, 65.77, 52.42, 32.36, 29.94; HRMS (ESI): (M+) calcd: 407.9572, found: 

407.9575. 

 

Methyl 3,5-bis(2-bromoethoxy)benzoate (1c)  

1,2-Dibromoethane was used. The product was obtained as white solid (31%). 

1H-NMR (500 MHz, CDCl3): δ (ppm) 7.21 (d, J = 2.5 Hz, 2H), 6.69 (t, J = 2.5 Hz, 

1H), 4.31 (t, J = 6 Hz, 4H), 3.91 (s, 3H), 3.63 (t, J = 6 Hz, 4H); 13C-NMR (126 

MHz, CDCl3): δ (ppm) 166.51, 159.33, 132.45, 108.61, 107.37, 68.27, 52.50, 

28.97; HRMS (ESI): (M+) calcd: 381.9239, found: 381.9240. 

 

 



 

 66 

General procedure for the synthesis of 3,5-bis(bromoalkoxy)benzaldehydes (2a-

2c) 

A flame-dried round bottomed flask was charged with a stir bar, methyl 3,5-

bis(bromoalkoxy)benzoate (1 eq), and THF. The solution was cooled down to –78 

°C in an acetone-dye ice bath. DIBAL (2.5 eq) was added dropwise to the 

solution via a syringe. The resulting solution was warmed up to room 

temperature and stirred overnight. The reaction was worked up using Fieser 

work-up procedure.94 The crude product was directly transferred to another 

round bottom flask equipped with a stir bar without further purification. 

Activated MnO2 (15 eq) and DCM were added to the flask. The suspension was 

stirred overnight at room temperature and then filtered through Celite. The 

solvent was dried under reduced pressure to obtain the desired product. 

 

3,5-bis(4-bromobutoxy)benzaldehyde (2a) 

Methyl 3,5-bis(4-bromobutoxy)benzoate (1a) was used. The product was 

obtained as white solid (89% over two steps). 1H-NMR (500 MHz, CDCl3): δ 

(ppm) 9.89 (s, 1H), 6.99 (d, J = 2 Hz, 2H), 6.68 (t, J = 2 Hz, 1H), 4.03 (t, J = 6 Hz, 

4H), 3.48 (t, J = 6.5 Hz, 4H), 2.10–2.04 (m, 4H), 1.99-1.94 (m, 4H); 13C-NMR 

(126 MHz, CDCl3): δ (ppm) 192.01, 160.65, 138.55, 108.12, 107.85, 67.46, 33.39, 

29.53, 27.90; HRMS (ESI): ([M+Na+MeOH]+) calcd: 462.9919, found: 462.9913. 
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3,5-bis(3-bromopropoxy)benzaldehyde (2b) 

Methyl 3,5-bis(3-bromopropoxy)benzoate (1b) was used. The product was 

obtained as white solid (90% over two steps). 1H-NMR (500 MHz, CDCl3): δ 

(ppm) 9.91 (s, 1H), 7.03 (d, J = 2 Hz, 2H), 6.72 (t, J = 2.5 Hz, 1H), 4.15 (t, J = 6 

Hz, 4H), 3.59 (t, J = 6.5 Hz, 4H), 2.36-2.32 (m, 4H); 13C-NMR (126 MHz, CDCl3): 

δ (ppm) 191.91, 160.49, 138.60, 108.20, 108.05, 65.89, 32.28, 29.84; HRMS (ESI): 

([M+Na+MeOH]+) calcd: 434.9606, found: 434.9615. 

 

3,5-bis(2-bromoethoxy)benzaldehyde (2c) 

Methyl 3,5-bis(2-bromoethoxy)benzoate was used (1c). The product was 

obtained as white solid (85% over two steps). 1H-NMR (500 MHz, CDCl3): δ 

(ppm) 9.91 (s, 1H), 7.04 (d, J = 2 Hz, 2H), 6.75 (t, J = 2 Hz, 1H), 4.33 (t, J = 6 Hz, 

4H), 3.65 (t, J = 6.5 Hz, 4H); 13C-NMR (126 MHz, CDCl3): δ (ppm) 191.60, 

159.97, 138.72, 108.59, 108.48, 68.33, 28.85; HRMS (ESI): ([M]+) calcd: 

351.9133, found: 351.9124. 

 

General procedure for HWE reactions of 3,5-bis(bromoalkoxy)benzalhydes (2a-

2c). 

A flame dried round bottomed flask equipped with a stir bar was charged 

with 3,5-bis(bromoalkoxy)benzaldehyde (1.95 eq), compound 3 (1 eq), and THF 

under inert atmosphere. The solution was stirred and cooled down to 0 °C in an 

ice bath. A solution of sodium tert-butoxide (2.2 eq) in dry THF was slowly 



 

 68 

added to the reaction flask with a syringe. The resulting solution was allowed to 

warm up to room temperature and was stirred overnight. The reaction mixture 

was diluted and extracted with DCM, washed with water and brine, dried over 

Na2SO4. Organic solvents were removed under vacuum. The crude product was 

purified using silica gel column chromatography (2:3 DCM/hexane) to obtain the 

desire product. 

 

Compound 4a 

The product was obtained as pale yellow solid (75%). 1H-NMR (500 MHz, 

CDCl3): δ (ppm) 7.50 (s, 4H), 7.06 (d, J = 16.5 Hz, 2H), 7.01 (d, J = 16 Hz, 2H), 

6.66 (d, J = 2.5 Hz, 4H), 6.37 (t, J = 2.5 Hz, 2H), 4.02 (t, J = 6 Hz, 8H), 3.50 (t, J 

= 6.5 Hz, 8H), 2.12–2.06 (m, 8H), 1.99–1.94 (m, 8H); 13C-NMR (126 MHz, 

CDCl3): δ (ppm) 160.40, 139.51, 136.76, 128.93, 128.70, 127.07, 105.38, 101.11, 

67.09, 33.59, 29.63, 28.04; MS (MALDI-TOF): calcd: 886.0; found: 886.2. 

 

Compound 4b 

The product was obtained as white solid (89%). 1H-NMR (500 MHz, CDCl3): δ 

(ppm) 7.50 (s, 4H), 7.07 (d, J = 16 Hz, 2H), 7.02 (d, J = 16.5 Hz, 2H), 6.69 (d, J = 

2 Hz, 4H), 6.41 (t, J = 2 Hz, 2H), 4.13 (t, J = 6 Hz, 8H), 3.61 (t, J = 6 Hz, 8H), 

2.37–2.32 (m, 8H); 13C-NMR (126 MHz, CDCl3): δ (ppm) 160.23, 139.61, 136.76, 

129.06, 128.62, 127.10, 105.59, 101.25, 65.59, 32.51, 30.14; MS (MALDI-TOF): 

calcd: 829.946; found: 830.052. 
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Compound 4c 

Due to very low solubility of the product, the product was purified from 

crude reaction by vacuum filtration and washed three times with methanol. The 

product was obtained as white solid (94%). 1H-NMR (500 MHz, DMSO-d6): δ 

(ppm) 7.61 (s, 1H), 7.31 (d, J = 16.5 Hz, 2H), 7.20 (d, J = 16.5 Hz, 2H), 6.85 (d, J 

= 2.5 Hz, 4H), 6.48 (t, J = 2 Hz, 2H), 4.36 (t, J = 5 Hz, 8H), 3.81 (t, J = 6 Hz, 8H); 

MS (MALDI-TOF): calcd: 773.884; found: 773.969. 

 

General Procedure for Finkelstein Reactions of 4a–4c 

In a gas-tight vessel equipped with a magnetic stir bar, 4a, 4b, or 4c (1 eq), 

NaI (20 eq), and acetone were added under inert atmosphere. The vessel was 

sealed and heated up to 70 °C (90 ºC for 4c) with stirring for 2 days. The 

reaction mixture was diluted with DCM and filtered through a silica plug. 

Organic solvents were removed under reduced pressure to yield a target 

molecule. 

 

Compound 5a  

Crude product was purified by recrystallization in DCM/MeOH to obtain the 

compound as pale yellow solid (93%). 1H-NMR (500 MHz, CDCl3): δ (ppm) 7.50 

(s, 4H), 7.06 (d, J = 16.5 Hz, 2H), 7.01 (d, J = 16 Hz, 2H), 6.66 (d, J = 2.5 Hz, 

4H), 6.36 (t, J = 2 Hz, 2H), 4.01 (t, J = 6 Hz, 8H), 3.27 (t, J = 7 Hz, 8H), 2.08–

2.02 (m, 8H), 1.95–1.89 (m, 8H); 13C-NMR (126 MHz, CDCl3): δ (ppm) 160.40, 
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139.51, 136.76, 128.94, 128.70, 127.07, 105.38, 101.11, 66.89, 30.33, 30.29, 6.55; 

MS (MALDI-TOF): calcd: 1074.0, found: 1074.3. 

 

Compound 5b 

Crude product was purified by recrystallization in DCM/MeOH to obtain the 

compound as yellow solid (90 %). 1H-NMR (500 MHz, CDCl3): δ (ppm) 7.50 (s, 

4H), 7.08 (d, J = 16 Hz, 2H), 7.02 (d, J = 16 Hz, 2H), 6.69 (d, J = 2.5 Hz, 4H), 

6.40 (t, J = 2 Hz, 2H), 4.07 (t, J = 6 Hz, 8H), 3.38 (t, J = 7 Hz, 8H), 2.32–2.27 (m, 

8H); 13C-NMR (126 MHz, CDCl3): δ (ppm) 160.22, 139.60, 136.76, 129.07, 

128.62, 127.10, 105.60, 101.27, 67.54, 33.12, 2.63; MS (MALDI-TOF): calcd: 

1017.895, found: 1017.980. 

 

Compound 5c 

The product was obtained by vacuum filtration from crude reaction as pale 

yellow solid (85 %) and was used for quaternization reactions without any 

further purification. 

 

N,N-dimethylpentylamine 

To a flame-dried round bottom flask equipped with a magnetic stir bar, 

dimethylamine (11.1 mL, 2 M in THF) was added under inert atmosphere. The 

solution was cooled down to –78 °C using dry ice-acetone bath. 1-Iodopentane 

(0.3 mL, 2.22 mmol) was added to the flask using a syringe. The reaction flask 
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was allowed to warm up to room temperature and kept stirring overnight. The 

reaction mixture was washed with saturated K3PO4 solution, extracted with 

diethyl ether. Combined organic layers were dried over Na2SO4. Solvents were 

removed under reduced pressure to obtain the product as slightly yellow liquid. 

The product was used without further purification. 1H-NMR: δ (ppm) (500 MHz, 

CDCl3): 2.21 (t, J = 6 Hz, 2H), 2.21 (s, 6H), 1.48–1.42 (m, 2H), 1.36–1.24 (m, 4H), 

0.88 (t, J = 7 Hz, 3H); 13C-NMR: δ (ppm) (126 MHz, CDCl3): 60.11, 45.69, 29.87, 

27.64, 22.80, 14.20. 

 

General procedure for quaternization reactions 

In a 1 Dr vial equipped with a magnetic stir bar, 20 mg of 5a, 5b, or 5c was 

added under inert atmosphere. DMF (1 mL) and an amine (10 eq) were then 

added to the reaction vial. The reaction vial was sealed and kept stirring at 45 

°C for 2 days. After cooling down to room temperature, the reaction mixture was 

precipitated and washed with diethyl ether twice. The precipitate was subjected 

to reverse phase column chromatography (3:7 MeOH:water) to obtain a pure 

target molecule. For the ease of handling of the product, the product was 

dissolved in water and lyophilized. 

 

COE2-3C-C4hexyl 

The product was obtained as white solid (60 %). 1H-NMR: δ (ppm) (500 MHz, 

CD3OD): 7.58 (s, 4H), 7.21 (d, J = 17 Hz, 2H), 7.14 (d, J = 17 Hz, 2H), 6.80 (s, 
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4H), 6.52 (s, 2H), 4.13 (t, J = 6 Hz, 8H), 3.45–3.48 (m, 8H), 3.35–3.37 (m, 8H), 

3.14 (s, 23H), 1.99–2.04 (m, 8H), 1.90–1.94 (m, 8H), 1.76–1.80 (m, 8H), 1.34–

1.41 (m, 24H), 0.91 (t, J = 7 Hz, 12H); 13C-NMR: δ (ppm) (126 MHz, CD3OD): 

161.64, 141.01, 138.15, 129.91, 129.61, 128.03, 106.57, 102.15, 68.18, 65.42, 

64.83, 51.48, 32.41, 27.10, 23.60, 23.53, 20.66, 14.31; HRMS (ESI): ([M-2I]2+) 

calcd: 668.3778; found: 668.3784. 

 

COE2-3C-C4pentyl 

The product was obtained as white solid (65 %). 1H-NMR: δ (ppm) (600 MHz, 

DMSO-d6): 7.61 (s, 4H), 7.28 (d, J = 17 Hz, 2H), 7.20 (d, J = 16 Hz, 2H), 6.82 (s, 

4H), 6.45 (s, 2H), 4.06 (t, J = 6 Hz, 8H), 3.35–3.37 (m, 8H), 3.26–3.27 (m, 8H), 

3.04 (s, 23H), 1.82–1.84 (m, 8H), 1.76–1.77 (m, 8H), 1.66–1.69 (m, 8H), 1.32–

1.35 (m, 8H), 1.23–1.28 (m, 8H), 0.88 (t, J = 6 Hz, 12H); 13C-NMR: δ (ppm) (151 

MHz, DMSO-d6): 159.80, 139.11, 136.35, 128.54, 128.35, 126.88, 105.18, 100.91, 

66.73, 63.00, 62.48, 50.05, 27.90, 25.57, 21.62, 21.40, 18.81, 13.73; HRMS (ESI): 

([M-2I]2+) calcd: 640.3465, found: 640.3456. 

 

COE2-3C-C4butyl 

The product was obtained as white solid (75 %). 1H-NMR: δ (ppm) (500 MHz, 

CD3OD): 7.58 (s, 4H), 7.20 (d, J = 17 Hz, 2H), 7.13 (d, J = 17 Hz, 2H), 6.79 (t, J = 

2 Hz, 4H), 6.51 (s, 2H), 4.12 (t, J = 6 Hz, 8H), 3.44–3.47 (m, 8H), 3.34–3.38 (m, 

8H), 1.98–2.04 (m, 8H), 1.88–1.92 (m, 10H), 1.73–1.79 (m, 8H), 1.38–1.44 (m, 
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10H), 0.99 (t, J = 8 Hz, 12H); 13C-NMR: δ (ppm) (151 MHz, DMSO-d6): 159.81, 

139.13, 136.36, 127.01, 126.80, 105.31, 105.30, 105.06, 101.06, 66.76, 62.84, 

62.50, 50.03, 25.58, 23.71, 19.20, 18.82, 13.53; HRMS (ESI): ([M-2I]2+) calcd: 

612.3152, found: 612.3157. 

 

COE2-3C-C4ethyl 

The product was obtained as white solid (94 %). 1H-NMR: δ (ppm) (500 MHz, 

DMSO-d6): 7.61 (s, 4H), 7.29 (d, J = 16 Hz, 2H), 7.20 (d, J = 16 Hz, 2H), 6.82 (s, 

4H), 6.46 (s, 2H), 4.06 (t, J = 6 Hz, 8H), 3.34–3.39 (m, 15H), 3.02 (s, 23H), 1.81–

1.87 (m, 8H), 1.74–1.79 (m, 8H), 1.24 (t, J = 7 Hz, 12H); 13C-NMR: δ (ppm) (126 

MHz, DMSO-d6): 159.81, 139.13, 136.36, 128.56, 128.36, 126.91, 105.19, 100.96, 

66.83, 62.00, 58.61, 49.50, 25.62, 18.80, 7.86; HRMS (ESI): ([M-2I]2+) calcd: 

556.2526; found: 556.2526. 

 

COE2-3C-C4 

The product was obtained as white solid (94 %). 1H-NMR: δ (ppm) (600 MHz, 

DMSO-d6): 7.60 (s, 4H), 7.25 (dd, J = 36.5, 15.9 Hz, 4H), 6.81 (s, 4H), 6.44 (s, 

2H), 4.05 (t, J = 6.2 Hz, 8H), 3.43–3.37 (m, 8H), 3.10–3.04 (m, 36H), 1.90–1.79 

(m, 8H), 1.74 (p, J = 6.8 Hz, 8H); 13C-NMR: δ (ppm) (151 MHz, DMSO-d6): 

160.27, 139.60, 136.82, 129.03, 128.82, 127.36, 109.99, 105.67, 101.43, 67.32, 

65.45, 52.74, 52.72, 52.69, 40.43, 40.30, 40.16, 40.02, 39.88, 39.81, 39.74, 39.60, 

26.10, 19.70; HRMS (ESI): ([M-2I]2+) calcd: 528.2213, found: 528.2205. 
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COE2-3C-C3hexyl 

The product was obtained as white solid (62 %). 1H-NMR: δ (ppm) (600 MHz, 

DMSO-d6): 7.63 (s, 4H), 7.27 (dd, J = 28.2, 16.5 Hz, 4H), 6.85 (d, J = 2.1 Hz, 4H), 

6.47 (t, J = 2.1 Hz, 2H), 4.11 (t, J = 5.9 Hz, 8H), 3.51–3.45 (m, 8H), 3.09 (s, 24H), 

2.22–2.13 (m, 8H), 1.73–1.64 (m, 8H), 1.32–1.27 (m, 24H), 0.88 (t, J = 6.7 Hz, 

8H); 13C-NMR: δ (ppm) (151 MHz, DMSO-d6): 159.98, 139.76, 136.82, 129.21, 

128.73, 127.41, 105.98, 101.61, 65.29, 63.50, 60.86, 50.72, 40.42, 40.28, 40.15, 

40.01, 39.87, 39.73, 39.59, 31.12, 25.86, 22.70, 22.34, 22.14, 14.29; HRMS (ESI): 

([M-2I]2+) calcd: 640.3465, found: 640.3469. 

 

COE2-3C-C3butyl 

The product was obtained as white solid (72 %). 1H-NMR: δ (ppm) (600 MHz, 

DMSO-d6): 7.63 (s, 4H), 7.27 (dd, J = 26.7, 16.3 Hz, 4H), 6.85 (d, J = 2.3 Hz, 4H), 

6.47 (d, J = 1.7 Hz, 4H), 4.11 (t, J = 6.0 Hz, 8H), 3.53–3.44 (m, 8H), 3.09 (s, 24H), 

2.24–2.11 (m, 8H), 1.72–1.64 (m, 8H), 1.33 (h, J = 7.4 Hz, 8H), 0.95 (t, J = 7.4 

Hz, 12H); 13C-NMR: δ (ppm) (151 MHz, DMSO-d6): 159.98, 139.75, 136.83, 

129.22, 128.73, 127.43, 105.98, 101.61, 65.31, 63.34, 60.91, 50.72, 40.42, 40.28, 

40.14, 40.00, 39.86, 39.72, 39.59, 24.19, 22.71, 19.63, 14.05, 13.98; HRMS (ESI): 

([M-2I]2+) calcd: 584.2839, found: 584.2831. 

 

 



 

 75 

COE2-3C-C3ethyl 

The product was obtained as white solid (80 %). 1H-NMR: δ (ppm) (600 MHz, 

DMSO-d6): 7.63 (s, 4H), 7.28 (dd, J = 30.0, 16.4 Hz, 4H), 6.85 (s, 2H), 6.47 (t, J = 

2.2 Hz, 1H), 4.12 (t, J = 6.0 Hz, 8H), 3.52–3.44 (m, 8H), 3.42 (q, J = 7.2 Hz, 8H), 

3.07 (s, 24H), 2.21–2.13 (m, 8H), 1.28 (t, J = 7.2 Hz, 13H); 13C-NMR: δ (ppm) 

(151 MHz, DMSO-d6): 160.01, 139.75, 136.83, 129.22, 128.73, 127.43, 105.98, 

101.58, 65.33, 60.38, 59.11, 50.16, 40.43, 40.29, 40.15, 40.01, 39.87, 39.73, 39.59, 

22.68, 8.36; HRMS (ESI): ([M-2I]2+) calcd: 528.2213, found: 528.2213. 

 

COE2-3C-C3 

The product was obtained as white solid (76 %). 1H-NMR: δ (ppm) (600 MHz, 

DMSO-d6): 7.63 (s, 4H), 7.27 (dd, J = 30.9, 15.9 Hz, 4H), 6.85 (s, 4H), 6.48 (s, 

2H), 4.11 (t, J = 6.0 Hz, 8H), 3.56–3.50 (m, 8H), 3.14 (s, 36H), 2.20 (dq, J = 11.9, 

6.0 Hz, 8H); 13C-NMR (151 MHz, DMSO-d6): 160.02, 139.75, 136.82, 129.23, 

128.72, 127.43, 105.98, 101.56, 65.37, 63.47, 63.45, 63.43, 52.87, 52.84, 52.82, 

40.41, 40.27, 40.13, 39.99, 39.85, 39.71, 39.57, 23.09; HRMS (ESI): ([M-2I]2+) 

calcd: 500.1900, found: 500.1905. 

 

COE2-3C-C2hexyl 

The product was obtained as white solid (55 %). 1H-NMR: δ (ppm) (500 MHz, 

DMSO-d6): 7.64 (s, 4H), 7.34 (d, J = 17 Hz, 2H), 7.24 (d, J = 17 Hz, 2H), 6.94 (s, 

4H), 6.55 (s, 2H), 4.51 (t, J = 5 Hz, 8H), 3.78 (t, J = 5 Hz, 8H), 3.39–3.42 (m, 8H), 
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3.16 (s, 22H), 1.72–1.75 (m, 8H), 1.29–1.36 (m, 23H), 0.87 (t, J = 7 Hz, 12H); 13C-

NMR: δ (ppm) (126 MHz, DMSO-d6): 158.72, 139.43, 136.35, 129.02, 128.08, 

126.97, 105.92, 101.40, 64.09, 61.88, 61.69, 50.89, 30.70, 25.44, 21.88, 21.82, 

13.83; HRMS (ESI): ([M-2I]2+) calcd: 612.3152, found: 612.3157. 

 

COE2-3C-C2butyl 

The product was obtained as white solid (71 %). 1H-NMR: δ (ppm) (500 MHz, 

DMSO-d6): 7.65 (s, 4H), 7.36 (d, J = 16 Hz, 2H), 7.25 (d, J = 16 Hz, 2H), 6.95 (s, 

4H), 6.56 (s, 2H), 4.51 (t, J = 5 Hz, 8H), 3.79 (t, J = 5 Hz, 8H), 3.41–3.44 (m, 8H), 

3.17 (s, 23H), 1.71–1.74 (m, 8H), 1.32–1.36 (m, 8H), 0.94 (t, J = 8 Hz, 12H); 13C-

NMR: δ (ppm) (126 MHz, DMSO-d6): 159.22, 139.96, 136.86, 129.55, 128.59, 

127.49, 106.41, 101.95, 64.22, 62.39, 62.23, 51.41, 24.34, 19.72, 14.03; HRMS 

(ESI): ([M-2I]2+) calcd: 556.2526, found: 556.2534. 

 

COE2-3C-C2ethyl 

The product was obtained as white solid (75 %). 1H-NMR: δ (ppm) (500 MHz, 

DMSO-d6): 7.64 (s, 4H), 7.36 (d, J = 16.5 Hz, 2H), 7.24 (d, J = 16 Hz, 2H), 6.95 

(d, J = 2 Hz, 4H), 6.60 (s, 2H), 4.51 (t, J = 5 Hz, 8H), 3.79 (t, J = 5 Hz, 8H), 3.53-

3.50 (m, 8H), 3.15 (s, 24H), 1.30 (t, J = 7 Hz, 12H); 13C-NMR: δ (ppm) (126 MHz, 

DMSO-d6): 158.72, 139.37, 136.34, 129.01, 128.04, 126.95, 105.98, 101.41, 61.70, 

61.38, 59.70, 50.29, 8.01; HRMS (ESI): ([M-2I]2+) calcd: 500.1900, found: 

500.1896. 
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COE2-3C-C2 

The product was obtained as white solid (81 %). 1H-NMR: δ (ppm) (600 MHz, 

DMSO-d6): 7.64 (s, 4H), 7.36 (d, J = 16 Hz, 2H), 7.25 (d, J = 16 Hz, 2H), 6.96 (d, 

J = 2 Hz, 4H), 6.60 (t, J = 2 Hz, 2H), 4.52 (t, J = 5 Hz, 8H), 3.82 (t, J = 5 Hz, 8H), 

3.23 (s, 36H); 13C-NMR: δ (ppm) (151 MHz, DMSO-d6): 158.71, 139.41, 136.36, 

129.01, 128.07, 126.96, 106.04, 101.53, 64.87, 64.04, 53.23; HRMS (ESI): ([M-

2I]2+) calcd: 472.1587, found: 472.1596. 

 

General procedure for COE2-3C-Cnpropyl (n = 3 or 4) 

In a 1 Dr vial equipped with a magnetic stir bar, 5a or 5b was added followed 

by the addition of propylamine and THF (2:3). The reaction vial was then sealed 

and kept stirring under inert atmosphere at room temperature. After the 

solution was stirred for 2 days, the solvent was removed under reduced pressure 

and the crude reaction was azeotroped with methanol twice. The crude reaction 

was used without further purification. To the vial, K2CO3 (10 eq), iodomethane 

(20 eq), and DMF was added under inert atmosphere. The resulting suspension 

was stirred at 45 °C for 2 days. The crude product was precipitated and washed 

with diethyl ether, purified by reverse phase column chromatography to obtain 

a pure product. The product was dissolved in water and lyophilized for the ease 

of handling. 
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COE2-3C-C4propyl 

The product was obtained as white solid (73 %). 1H-NMR: δ (ppm) (500 MHz, 

DMSO-d6): 7.62 (s, 4H), 7.30 (d, J = 17 Hz, 2H), 7.21 (d, J = 17 Hz, 2H), 6.83 (s, 

4H), 6.45 (t, J = 3 Hz, 2H), 4.06 (t, J = 7 Hz, 8H), 3.36–3.39 (m, 8H), 3.24–3.27 

(m, 8H), 1.82–1.88 (m, 8H), 1.76–1.70 (m, 8H), 1.66–1.75 (m, 8H), 0.89 (t, J = 7 

Hz, 12H); 13C-NMR: δ (ppm) (126 MHz, DMSO-d6): 167.02, 145.12, 142.17, 

133.91, 133.67, 132.16, 109.16, 104.67, 68.47, 65.94, 64.09, 50.71, 24.75, 17.59, 

13.98, 8.77; HRMS (ESI): ([M-2I]2+) calcd: 584.2839, found: 584.2826. 

 

COE2-3C-C3propyl 

The product was obtained as white solid (77 %). 1H-NMR: δ (ppm) (500 MHz, 

DMSO-d6): 7.63 (s, 4H), 7.30 (d, J = 17 Hz, 2H), 7.22 (d, J = 17 Hz, 2H), 6.85 (d, 

J = 2 Hz, 4H), 6.47 (t, J = 2 Hz, 2H), 4.10 (t, J = 6 Hz, 8H), 3.48–3.51 (m, 8H), 

3.29–3.31 (m, 8H), 3.09 (s, 22H), 2.15–2.21 (m, 8H), 1.68–1.75 (m, 8H), 0.91 (t, J 

= 7 Hz, 12H); 13C-NMR: δ (ppm) (126 MHz, DMSO-d6): 159.50, 139.25, 136.33, 

128.72, 128.22, 126.93, 105.50, 101.12, 64.85, 64.41, 60.55, 50.21, 22.22, 15.41, 

10.46; HRMS (ESI): ([M-2I]2+) calcd: 556.2526, found: 556.2536. 
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Chapter 4:  Amide moieties modulate antimicrobial 

activities of COEs against Gram-negative bacteria1 
 

4.1 Introduction 

Failure to combat drug-resistant bacteria is anticipated to result in a sharp 

increase in lethal infections63,95 and in the risk of acquiring difficult to treat 

infections from hospitals.96 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.97–99 Despite the 

alarming crisis, few new antibiotic classes have been introduced due to factors, 

such as a long development processes and poor investment incentives.68,100 

Developing novel classes of antimicrobial compounds is, therefore, greatly 

warranted. 

Amphiphilic cationic molecules have emerged as novel antimicrobial 

agents.101–103 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.83,104–107 Selectivity towards bacteria is due to differences in lipid 

compositions between bacteria and mammalian cells.105 

Considering lipid compositions of bacteria, a fraction of lipid head groups  

 
1 The contents of this Chapter have been accepted for publication (J. Limwongyut, A. S. 

Moreland, C. Nie, J. Read de Alaniz, G. C. Bazan, ChemistryOpen, 2022). 
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contains phosphatidylglycerol (PG), which is not commonly present in 

mammalian cells.108 PG head groups can act as a hydrogen bond donor. 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.109 

Conjugated oligoelectrolytes (COEs) are being studied in the context of 

antibiotic development.39,85,110 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.111 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 (Figure 4.1, 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 (Figure 

4.1, bottom). We also show that the COEs in this study are membrane-active 

and can disrupt the cytoplasmic membrane (CM) of E. coli, a representative 

Gram-negative bacterium. 
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Figure 4.1 Amide-containing COEs (top) and quaternary ammonium COEs used 

for comparisons in this study (bottom). 

 

4.2 Synthesis of amide containing COEs 

The preparation of amide-containing COEs reported herein relies on COE2-

3I-C3111 as a common starting material, see Figure 4.2. 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 reactions 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 
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COE2-3C-C3propyl and COE2-3C-C3hexyl were synthesized according to a 

previously reported procedures.111 

 

 

Figure 4.2 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. 

 

4.3 Antimicrobial activities 

Antimicrobial activities were evaluated against E. coli K12 (ATCC 47076) by 

determining their minimum inhibitory concentrations (MICs) in an LB medium 

(Table 4.1). The decrease in MIC from COE2-3C-C3-Amethyl (16 µg mL–1) to 

COE2-3C-C3-Apropyl (2 µg mL–1) would be reasonably attributed to an increase 
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in hydrophobicity with longer alkyl chains. However, the MIC of COE2-3C-C3-

Ahexyl is 8 µg mL–1.  We note that COE2-3C-C3-Ahexyl solutions turn turbid in 

LB at concentrations >128 µg mL–1, despite its high water solubility (>10 mg 

mL–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 

phenomenon has been observed in other antimicrobial agents.112 COE2-3C-

C3propyl and COE2-3C-C3hexyl both have an MIC of 8 µg mL–1. To 

demonstrate that COEs have antimicrobial activities against other Gram-

negative bacteria, MICs of COEs against K. pneumoniae and S. enterica 

Typhimurium were also determined (Table 4.3). 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.113,114 Table 4.1 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 µg mL–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. 
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Table 4.1 Summary of MICs, IC50’s, HC50’s and selectivity indices of COEs in 

this study. 

Compound 
MICa 

(µg mL–1) 

MIC with 

HSAb  

(µg mL–1) 

IC50
c 

(µg mL–1) 

HC50 

(µg mL–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 15 

a MIC against E. coli K12 in LB, b The concentration of HSA was 40 g L–1, c IC50 

against the HepG2 cell line. 

 

4.4 Cytotoxicity and hemolytic activities 

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 4.1 and Figure 4.3, 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 of 1,024 µg 

mL–1. COE2-3C-C3-Apropyl retains relatively low cytotoxicity with IC50 = 740 

µg mL–1. However, COE2-3C-C3-Ahexyl is cytotoxic (IC50 = 10 µg mL–1). This 

trend is also observed for COE2-3C-C3propyl and COE2-3C-C3hexyl, which 

have IC50 values of >1,024 µg mL–1 and 15 µg mL–1, respectively. These data 
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suggest that considerations of hydrophobicity are particularly useful to 

minimize undesirable cytotoxicity profiles.111 

 

 

Figure 4.3 Cell viability of HepG2 cells after treatments of COEs measured by 

Cell Counting Kit-8 (CCK-8) 

 

The half maximal hemolytic concentration (HC50) value for each compound 

was determined towards human red blood cells, as described previously.111 One 

can observe from Table 4.1 that among amide-containing COEs, only COE2-3C-

C3-Ahexyl shows high hemolytic activity (HC50 = 40 µg mL–1), whereas no 

hemolytic activity was detected, even up to 1,024 µg mL–1, for COE2-3C-C3-

Amethyl and COE2-3-C3-Apropyl (Figure 4.4). A similar observation was 

observed with COE2-3C-C3propyl (HC50 >1,024 µg mL–1) and COE2-3C-C3hexyl 

(HC50 = 197 µg mL–1). Like cytotoxicity against HepG2 cells, hemolytic activities 

corelate well to general considerations of hydrophobicity. Taking activity and 
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safety considerations into account, COE2-3C-C3-Apropyl was identified to be 

the optimal compound with a selectivity index (HC50/MIC) greater than 512. 

 

 

Figure 4.4 Percent hemolysis of human red blood cells after treatments with 

COEs. 

 

4.5 Effects of COEs on membrane model vesicles 

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-

phosphoethanolamine (POPE) and 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoglycerol (POPG) in a ratio of 3:1.115 As shown in Figure 4.5a, COE2-3C-

C3-Ahexyl induced the highest level of leakage at 57%. COE2-3C-C3-Apropyl 

and COE2-3C-C3hexyl induced a similar level of permeabilization, with 

leakages of 29% and 34%, respectively. COE2-3C-C3-Amethyl (11%) and COE2-
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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 compared to COE2-3C-C3hexyl. 

According to the relative hydrophobicity of COEs, as determined by RP-HPLC 

retention time measurements, amide containing COEs have similar 

hydrophobicity compared to non-amide COEs with the same terminal alkyl 

groups (Table 4.2).  

Table 4.2 RP-HPLC retention times of COEs in this study. 

Compound 
Retention time 

(min) 

COE2-3C-C3-Amethyl 13.4 

COE2-3C-C3-Apropyl 20.8 

COE2-3C-C3-Ahexyl 11.1 

COE2-3C-C3propyl 14.8 

COE2-3C-C3hexyl 21.2 

 

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 4.5a does not 

correlate to the MIC trend on Table 4.1 hints to possible non-specific 

interactions of COEs with components in the LB media (vide supra) or 

interactions between COEs and other cell wall components. 
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Unlike bacteria, mammalian cell lipids largely consist of the zwitterionic 

head group phosphatidylcholine (PC).108 Mammalian cell lipid mimic vesicles 

were thus prepared from egg yolk L-α-phosphatidylcholine (EYPC). Calcein 

release measurements (Figure 4.5b) 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 4.1. 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 4.6). We found that COE2-3C-C3-

Amethyl can partially quench calcein emission (Figure 4.7) and hypothesize 

that this COE may associate with EYPC vesicles by an unknown mechanism 

and to interact with calcein. 
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Figure 4.5 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. 

 

 

Figure 4.6 EYPC vesicle size after COE treatments measured by a dynamic 

light scattering technique. COE concentration was 2 mol% relative to lipids. 
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Figure 4.7 COE2-3C-C3-Amethyl is shown to partially quench fluorescence 

signal of 10 µM calcein in 50 mM PBS. The excitation wavelength was 495 nm 

and the emission wavelength was 520 nm. 

 

4.6 Effects of COEs on E. coli membranes 

The outer membrane (OM) is an important barrier before compounds enter 

or exit Gram-negative bacteria. From Figure 4.8, 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-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 4.9). Cell association behavior of COEs is in accordance 

with an immediate increase in Nile Red fluorescence after treatments. This 



 

 91 

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. 

 

Figure 4.8 Fluorescence signal from Nile Red uptake assay with E. coli K12 

after COE treatment at 8 µg mL–1. An increase in fluorescence intensity 

indicates OM permeabilization. 

 

Figure 4.9 Percent of COEs associated to E. coli K12 cells after incubation at 

different time points in 5 mM HEPES with 20 mM glucose. 

 

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 
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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 4.10. 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 4.10 and the MIC values in Table 4.1 suggests that 

CM depolarization, as determined by the DiSC3(5) assay, does not contribute 

significantly to the COE bactericidal mechanism of action. 

 

Figure 4.10 Changes in fluorescence signal of DiSC3(5) in CM depolarization 

assays with E. coli after COE treatment at 8 µg mL–1. 
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Another measure of CM damage is an increase in permeability. Propidium 

iodide (PI) permeates compromised membranes 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 4.11a, COE2-3C-C3-Apropyl and COE2-3C-

C3hexyl caused the highest degree of permeabilization. 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 observed could be attributed to high non-specific 

interactions of the COE to proteins or other cellular components. Interestingly, 

the effect by COE2-3C-C3propyl appears to take a longer time than the other 

COEs. From Figure 4.11a, one surmises that the amide moieties help COEs to 

more effectively permeabilize the CM. According to the trend of CM 

permeabilization, this is the most diagnostic assay, yet not perfect, for the MICs 

of COEs in this study. 
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Figure 4.11 (a) Fluorescence signal of propidium iodide (PI) in CM 

permeabilization 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 µg mL–1. 

 

4.7 Time-kill kinetics studies 

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 µg mL–1. 

As shown in Figure 4.11b, COE2-3C-C3-Apropyl eradicated 99.9% of bacteria 

within 1.5 hours. Eradication of bacteria to <10 cfu mL–1 was also observed 4 

hours after treatment. COE2-3C-C3propyl requires approximately twice of the 
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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 but at a slower rate. 

 

4.8 Conclusions 

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 
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category of intermolecular interactions distinct from electrostatic and 

hydrophobic interactions, for tuning activity of COEs against bacterial cells and 

increasing selectivity relative to mammalian cells. 

 

4.9 Experimental methods 

Materials and Instruments 

All solvents and chemicals were obtained from common suppliers (e.g., 

MilliporeSigma, Acros Organics, TCI, Fisher Scientific, and Combi-Blocks) and 

were used without further purification unless otherwise stated. Dry and 

inhibitor free THF and DMF were received from a solvent purification system 

using packed alumina columns under argon. 

Flash chromatography was carried out either on Silicycle SiliaFlash P60 

silica gel with pressurized air up to 0.5 bar or on Biotage SNAP C18 columns. 

EMD Millipore Analytical Chromatography TLC Silica gel 60 F254 with 

aluminum back were used to perform thin layer chromatography (TLC) with UV 

light (254/366 nm) or iodine stain for detection. 

High performance liquid chromatography (HPLC) measurements were 

performed using a Shimadzu UFLC model SIL-20AHT. Data were collected 

using LCSolutions software. The column used for analyses was a Phenomenex 

Kinetex 2.6 µm PS C18 100 Å column (150 × 4.6 mm). Eluents were of HPLC 

grade. 
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1H NMR (500 MHz) and 13C NMR (125 MHz) were measured on an actively 

shielded Varian Unity Inova 500 MHz spectrometer. The multiplicity of all 

signals was described by s (singlet), d (doublet), t (triplet), q (quartet), p 

(pentet), and m (multiplet). Chemical shifts (δ in ppm) were referenced to 

solvent residual peak of CDCl3 (1H NMR: δ = 7.26 ppm, 13C NMR: δ = 77.1 ppm) 

or DMSO-d6 (1H NMR: δ = 2.50 ppm, 13C NMR: δ = 39.52 ppm). Mass spectra 

were collected on Waters Micromass LCT-Premier mass spectrometer. 

 

Minimum inhibitory concentration experiments 

Minimum inhibitory concentrations (MICs) of COEs were determined using 

broth microdilution method. E. coli K12 (ATCC 47076) from a –80°C glycerol 

frozen stock was plated on an LB agar plate. A single colony of E. coli K12 from 

an agar plate was inoculated in LB medium (10 g L–1 bactotryptone, 5 g L–1 

yeast extract, and 10 g L–1 NaCl) at 37°C with 200 rpm orbital shaking for 4 

hours before use. Bacteria culture was diluted to the cell density around 1 × 106 

cfu mL–1. For MIC experiments with the presence of human serum albumin 

(HSA), the LB medium was supplemented with 40 g L–1 HSA and was sterile 

filtered through a 0.22 µm filter before use. Compounds were added to a sterile 

96-well plate and were further diluted with 2-fold dilutions. The same volume of 

the bacteria suspension was then added to each well in the plate to achieve the 

final cell density of 5 × 105 cfu mL–1. The final concentrations of COEs were 0.5 

to 64 µg mL–1. The 96-well plate was incubated at 37°C with 200 rpm shaking 
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overnight. A group with no compound treatment was set as a negative control 

and a group with only growth medium was set as a blank. The optical density at 

600 nm (OD600) was measured from the plate with a plate reader (Tecan Spark 

M10). The minimum concentrations with bacterial growth less than 10% 

relative to the control group were determined as the MICs. A commercially 

available antibiotic, polymyxin B, was used as a positive control for this assay. 

The MIC of polymyxin B was found to be 1 µg mL–1 which is in a good 

agreement to the value reported in the literature.116 Experiments were 

performed with biological replicates. 

For MIC experiments against other Gram-negative bacteria (i.e., K. 

pneumoniae ATCC 700603 and S. enterica Typhimurium ATCC 14028), a single 

colony from an agar plate of each type of bacteria was inoculated in cation-

adjusted Mueller-Hinton Broth (CA-MHB) at 37 °C with 200 rpm shaking for 5 

hours. The resulting bacterial suspensions were subjected to the same protocol 

as described above in CA-MHB without HSA supplements. The results are 

shown below in Table 4.3. 
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Table 4.3 MICs of COEs in this study against K. pneumoniae and S. enterica 

Typhimurium. 

Compound 

MIC against 

K. pneumoniae 

(µg mL–1) 

MIC against 

S. enterica Typhimurium  

(µg mL–1) 

COE2-3C-C3-Amethyl 16 8 

COE2-3C-C3-Apropyl 8 4 

COE2-3C-C3-Ahexyl 32 32 

COE2-3C-C3propyl 8 8 

COE2-3C-C3hexyl 8 8 

 

Cytotoxicity assay 

Cellular cytotoxicity was assessed using Cell Counting Kit-8 (CCK-8, 

Dojindo Molecular Technologies, Inc.). HepG2 (ATCC HB-8065) cells were 

seeded at 1 × 104 cells per well in 96-well plates overnight at 37 °C in Dulbecco’s 

Modified Eagle’s medium (DMEM, Gibco, GlutaMAX™) supplemented with 10% 

fetal bovine serum (FBS, Gibco, USDA-approved regions) before use. 

Compounds were serially diluted with 2-fold dilution in PBS and further diluted 

in culture media to afford a concentration ranging from 16 to 1,024 μg mL–1 for 

each COE except COE2-3C-C3Ahexyl which was diluted to afford a 

concentration ranging from 2 to 128 μg mL–1. Each treatment solution contains 

10% PBS (v/v). The previous culture media were replaced with 100 µL of 

treatment solutions per well, the assay plates were incubated at 37 °C with 5% 

CO2. After 24 hours of incubation, cells were washed with PBS before adding 

100 µL of fresh culture media and 10 µL of CCK-8 to each well. After incubation 
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for 1–2 hours, the absorbance of each well at 450 nm were measured on a 

microplate reader (Tecan Infinite 200). Percent viability was determined by 

dividing background-corrected absorbance measurements by background-

corrected measurements for untreated cells. 

 

Hemolysis assay 

Human red blood cells (SciMed, Singapore) were washed with PBS for three 

times with centrifuge at 500×g for 5 minutes. The pellet was resuspended to 

yield a 5% (v/v) suspension in PBS. 160 μL of compound solutions were added to 

a conical bottom 96-well plate as triplicates and dilute with 2-fold dilution 

sequentially. A 40 μL portion of 5% red blood cell solution was added to each 

well of the 96-well plate. The final concentration of compounds ranged from 16 

to 1,024 μg mL–1 and the final concentration of the red blood cells was 1%. Red 

blood cells with PBS alone were used as a negative control and with 1% Triton 

X-100 (Sigma-Aldrich) treatment as a positive control. After incubation for 1 

hour at 37 °C, cells were centrifuged at 800×g. A 100 μL portion of the resulting 

supernatant was transferred to a flat-bottomed 96-well plate and analyzed on a 

microplate reader via absorbance measurements at 450 nm. Percent hemolysis 

was determined by dividing background-corrected absorbance by background-

corrected absorbance with 1% Triton X-100 treatment. 

 

 



 

 101 

Lipid film preparation 

Prior the experiment, lipids were dissolved in chloroform (4:1 POPE/POPG 

for a Gram-negative bacteria model and EYPC for a mammalian lipid model). 

Chloroform was evaporated from lipid solutions under reduced pressure and the 

resulting films were further dried under vacuum overnight at room 

temperature. Dried lipid films were stored under argon at –20°C. 

 

Calcein leakage assays 

Lipid films prepared according to the stated protocol was resuspended 20 

mM calcein in 50 mM PBS. The lipid suspension was incubated at 37°C with 

200 rpm shaking for 30 minutes. The resulting suspension was extruded 

through a 0.2 µm polycarbonate filter (Whatman) 11 times, followed by 

extrusions through a 0.1 µm polycarbonate filter (Whatman) for 11 times. Free 

calcein was removed from the vesicles by size exclusion chromatography (SEC) 

using Sephadex G50 (bead size 50–150 µm). The purified vesicles were diluted 

to achieve the concentration of 2 mM based on an average molecular weight of 

lipids and were used in the assay immediately after purification. In a black 

clear-bottom 96-well plate, 100 µL of vesicle suspension was mixed with 100 µL 

of COE solutions in 50 mM PBS to obtain the final concentration of COE of 2 

mol% of lipid. Fluorescence signal was recorded for 25 minutes using Tecan 

Spark 10M at the excitation wavelength of 495 nm and the emission wavelength 
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of 520 nm. 3% Triton X-100 was used as a positive control. Percent leakage of 

calcein in each well was calculated using the equation: 

Percent leakage (%) = (I – Io)/(IT – Io) × 100 

where I = fluorescence intensity at a certain time point after compound 

treatment, Io = fluorescence intensity of a negative control, and IT = fluorescence 

intensity of a positive control (Triton X-100). 

 

HPLC analyses and HPLC traces of COEs 

To evaluate relative hydrophobicity of COEs in this study, COEs were 

analyzed by a reverse phase HPLC method to determine their retention time on 

a column. The retention time of COEs could be used to rank their 

hydrophobicity.117,118 Eluent gradient used was 5% to 40% acetonitrile in water 

with 0.1% acetic acid as an additive. 

 

Figure 4.12 HPLC chromatogram of COEs in this study 
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Figure 4.12 HPLC chromatogram of COEs in this study (continued) 
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Dynamic light scattering experiments of EYPC vesicles 

Egg yolk L-α-phosphatidylcholine film was hydrated with 50 mM PBS and 

was incubated at 37°C for 30 minutes. The resulting suspension was extruded 

through a 0.2 µm polycarbonate filter (Whatman) for 11 times and through 0.1 

µm polycarbonate filter (Whatman) for 11 times. Extruded vesicles were diluted 

with 50 mM PBS to achieve a concentration of 2 mM. In a cuvette, 500 µL of 

lipid vesicles was mixed with 500 µL of COE2-3C-C3-Amethyl or COE2-3C-C3-

Apropyl (or buffer for a control experiment). The final concentration of COE was 

2 mol% of lipids. Vesicle sizes were measured by Zeta Sizer Nano ZS (Malvern 

Panalytical Inc.) every 5 minutes for 30 minutes. No change in vesicle size was 

observed after COE treatments. 

 

Cell association experiments 

A single colony of E. coli K12 from an LB agar plate was inoculated in LB 

medium and cells were harvested during a mid-log phase. The cells were 

centrifuged at 7,000 rpm for 4 minutes to remove LB, washed, and resuspended 

in 5 mM HEPES buffer with 20 mM glucose (pH 7.3) to achieve the cell density 

twice of that at 1 OD600. The cell suspension was mixed with a solution of COEs 

to achieve the COE final concentrations of 32 µg mL–1 in microcentrifuge tubes. 

Treated bacterial suspension was sampled out after 5, 15, 30, 60, 90, and 120 

minutes of incubation. Supernatants from the sampled suspensions were 

obtained by pelleting cells at 7,000 rpm for 4 minutes. The amount of COE left 
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in the supernatant was determined by the absorption at 380 nm using Tecan 

Spark 10M Plate Reader. 

 

Outer membrane permeabilization assay 

A log phase liquid culture of E. coli K12 was centrifuged at 7,000 rpm for 4 

minutes. Cells were washed twice to get rid of a growth medium and 

resuspended in 5 mM HEPES buffer (pH 7.3) with 20 mM glucose at OD600 of 

0.5. In a clear-bottomed black 96-well plate, 100 µL of bacterial suspension was 

pipetted into each well and was allowed to thermally equilibrate inside a plate 

reader (Tecan Spark 10M) at 30°C. After a thermal equilibration, 2 µL of Nile 

Red solution (50 µM in 1:4 EtOH/water) and 100 µL of each compound were 

added to achieve a final concentration of 8 µg mL–1 for all compounds. 

Fluorescence signals of Nile Red were measured for 30 minutes with the 

excitation wavelength of 525 nm and the emission wavelength of 630 nm. 

 

Cytoplasmic membrane depolarization assay 

E. coli K12 was harvested from an LB liquid culture during log phase by 

centrifugation at 7,000 rpm for 4 minutes, washed twice. Cell pellet was 

resuspended in 5 mM HEPES buffer (pH 7.3) containing 20 mM glucose and 5 

mM EDTA to achieve the cell density of OD600 = 0.05. Then, cells were treated 

with 0.4 µM DiSC3(5) from a 1 mM stock solution in DMSO. The cell suspension 

was incubated in the dark for 30 minutes to allow dye uptake by bacteria. In a 
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black clear-bottom 96-well plate, 75 µL of the cell suspension was pipetted into 

each well. Fluorescence signal was monitored until the stable baseline was 

achieved. After that, 25 µL of each compound was added to each well. The final 

concentration of the compounds was 8 µg mL–1. The fluorescence intensity of 

DiSC3(5) was monitored for an hour after compound treatments. The excitation 

and emission wavelengths for this assay were 622 nm and 670 nm, respectively. 

 

Cytoplasmic membrane permeabilization assay 

Propidium iodide (PI) was used as a dye to evaluate inner membrane 

permeability. In brief, a log phase culture of E. coli K12 was harvested by 

centrifugation at 7000 rpm for 4 minutes, washed, and resuspended in 5 mM 

HEPES buffer (pH 7.3) with 20 mM glucose to achieve cell density at OD600 of 

0.1. The cell suspension was treated with 10 µM PI immediately before the 

assay. In a clear-bottomed black 96-well plate, 75 µL of the cell suspension was 

pipetted into each well. Fluorescence intensity of PI was measured for several 

minutes to ensure a stable baseline. Then, 25 µL of each compound was added 

to each well and the fluorescence signal was monitored for another 30 minutes. 

The excitation and emission wavelengths were 535 nm and 617 nm, 

respectively. 
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Time-kill kinetics  

A single colony of E. coli K12 from an agar plate was cultured in LB for 4 

hours at 37°C with 200 rpm shaking before use. The bacteria suspension was 

diluted in LB to afford the OD600 to be around 0.1. In sterile culture tubes, the 

diluted bacteria suspension was challenged with COE2-3C-C3Apropyl or COE2-

3C-C3propyl at a concentration of 16 µg mL–1 at 37°C with 280 rpm shaking. A 

bacteria suspension without treatment was used as a control. At intervals, 20 

µL aliquots from each sample were serially diluted with 10-fold serial dilution. 

The appropriate dilutions were further plated on LB agar plates with 50 µL or 

100 µL aliquots. After overnight incubation at 37°C, bacteria colonies on agar 

plates were counted and cfu per mL were calculated. Experiments were 

performed in triplicate. 

4.10 Synthetic methods 

Synthesis of intermediate 1 

 

To a round-bottom flask equipped with a magnetic stir bar was charged with 

COE2-3I-C3 (146 mg). The starting material was dissolved in 12 mL of THF 

under inert atmosphere. Dimethylamine (2 M in THF) (40 eqiv) was then added 

to the reaction flask via a syringe. After stirring the reaction mixture at room 

temperature for 2 days, the reaction mixture was diluted in DCM and poured 
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into a K3PO4 solution. Crude reaction was extracted with DCM, dried over 

Na2SO4. Solvents were removed under reduced pressure to obtain the 

intermediate 1 as pale-yellow solid with a quantitative yield. 1H NMR (500 

MHz, CDCl3): δ (ppm) 7.49 (s, 4H), 7.06 (d, J = 16.5 Hz, 2H), 7.01 (d, J = 16 Hz, 

2H), 6.67 (d, J = 2.5 Hz, 4H), 6.40 (t, J = 2 Hz, 2H), 4.03 (t, J = 6.5 Hz, 8H), 2.45 

(t, J = 7 Hz, 8H), 2.27 (s, 24H), 1.94 (p, J = 7 Hz, 8H); 13C NMR (125 MHz, 

CDCl3): δ (ppm) 160.53, 139.37, 136.78, 128.80, 128.77, 127.03, 105.35, 101.15, 

66.49, 56.61, 45.71, 27.75; HRMS (ESI): ([M]2+) calcd: 344.2464, found: 

344.2459. 

 

General procedure for synthesis of intermediate 2b and 2c 

 

In a flame-dried round-bottom flask with a magnetic stir bar, bromoacetyl 

bromide (1 g, 1.1 equiv) and K2CO3 (1.1 equiv.) was added to 10 mL of dry DCM 

under inert atmosphere. The resulting suspension was cooled down to –5°C. 

Then, primary amine (1 equiv) was added to the reaction via a syringe. After 

warming up to room temperature, the reaction mixture was stirred for 3 hours 

before it was quenched by water. The reaction mixture was extracted with 

DCM, washed with water and brine, dried over Na2SO4. Solvents were removed 

from the organic layer under reduced pressure to obtain intermediate 2b or 2c. 
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2b: the product was obtained as white solid (74%). 1H NMR (500 MHz, CDCl3): δ 

(ppm) 6.52 (s, 1H), 3.88 (s, 2H), 3.23 (q, J = 6.5 Hz, 2H), 1.53 (m, 2H), 0.92 (t, J = 

7.5 Hz, 3H); 13C NMR (125 MHz, CDCl3): δ (ppm) 165.37, 42.01, 29.52, 22.69, 

11.39; HRMS (ESI): ([M+Na]+) calcd: 201.9843, found: 201.9852. 

 

2c: the product was obtained as white solid (82%). 1H NMR (500 MHz, CDCl3): δ 

(ppm) 6.47 (s, 1H), 3.88 (s, 2H), 3.26 (q, J = 6.5 Hz, 2H), 1.27 (m, 6H), 0.88 (t, J = 

6.5 Hz, 3H); 13C NMR (125 MHz, CDCl3): δ (ppm) 165.28, 40.41, 31.54, 29.57, 

29.38, 26.61, 22.66, 14.13; HRMS (ESI): ([M+Na]+) calcd: 244.0313, found: 

244.0322. 

 

General procedure for synthesis of target molecules 

 

In a 1 Dram vial equipped with a magnetic stir bar, 30 mg of 1 and 2a, 2b, or 

2c (10 eqiv) were added under inert atmosphere. 1 mL of DMF was then added 

to dissolve starting materials. The reaction vessel was sealed and heated with 

stirring at 55°C for 2 days. After cooling down to room temperature, the reaction 

mixture was precipitated and washed twice in diethyl ether. The crude reaction 

mixture was subjected to reverse phase column chromatography (3:7 

MeOH/water) to obtain a target molecule. The purified molecule was lyophilized 
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and store under inert atmosphere for the ease of handling due to its hygroscopic 

properties. 

 

COE2-3C-C3-Amethyl: the product was obtained as white solid (89%). 1H NMR 

(500 MHz, DMSO-d6): δ (ppm) 8.61 (q, J = 4 Hz, 4H), 7.62 (s, 4H), 7.30 (d, J = 

16.5 Hz, 2H), 7.21 (d, J = 16.5 Hz, 2H), 6.84 (d, J = 2 Hz, 4H), 6.46 (s, 2H), 4.19 

(s, 8H), 4.10 (t, J = 6 Hz, 8H), 3.71 (m, 8H), 3.27 (s, 24H), 2.66 (d, J = 4.5 Hz, 

12H), 2.19 (m, 8H); 13C NMR (125 MHz, DMSO-d6): δ (ppm) 163.50, 159.50, 

139.27, 136.36, 128.77, 128.25, 126.94, 105.33, 101.09, 64.81, 62.06, 62.00, 

51.26, 25.47, 22.43; HRMS (ESI): ([M+2Br]2+) calcd: 566.2468, found: 566.2480. 

 

COE2-3C-C3-Apropyl: the product was obtained as white solid (88%). 1H NMR 

(500 MHz, DMSO-d6): δ (ppm) 8.63 (t, J = 5.5 Hz, 4H), 7.62 (s, 4H), 7.29 (d, J = 

16.5 Hz, 2H), 7.21 (d, J = 16 Hz, 2H), 6.83 (d, J = 2 Hz, 4H), 6.44 (t, J = 2 Hz, 

2H), 4.17 (s, 8H), 4.09 (t, J = 6 Hz, 8H), 3.70 (m, 8H), 3.26 (s, 24H), 3.07 (q, J = 

6.5 Hz, 8H), 2.19 (m, 8H), 1.42 (m, 8H), 0.85 (t, J = 7.5 Hz, 12H); 13C NMR (125 

MHz, DMSO-d6): δ (ppm) 162.97, 159.52, 139.28, 136.37, 128.77, 128.28, 126.96, 

105.51, 101.04, 64.81, 62.04, 51.32, 40.41, 22.45, 21.94, 11.39; HRMS (ESI): 

([M+2Br]2+) calcd: 622.3094, found: 622.3106. 

 

COE2-3C-C3-Ahexyl: the product was obtained as white solid (74%). 1H NMR 

(500 MHz, DMSO-d6): δ (ppm) 8.63 (t, J = 6 Hz, 4H), 7.62 (s, 4H), 7.29 (d, J = 
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16.5 Hz, 2H), 7.20 (d, J = 16 Hz, 2H), 6.83 (d, J = 2 Hz, 4H), 6.44 (t, J = 2 Hz, 

2H), 4.17 (s, 8H), 4.09 (t, J = 6 Hz, 8H), 3.69 (m, 8H), 3.26 (s, 24H), 3.10 (q, J = 

6.5 Hz, 8H), 2.19 (m, 8H), 1.40 (m, 8H), 1.21 (m, 24H), 0.82 (t, J = 7 Hz, 12H); 

13C NMR (125 MHz, DMSO-d6): δ (ppm) 162.91, 159.33, 139.27, 136.37, 128.76, 

128.26, 126.94, 105.50, 101.01, 64.81, 62.04, 61.96, 51.36, 38.64, 30.88, 28.57, 

26.03, 22.46, 22.03, 13.90; HRMS (ESI): ([M+2Br]2+) calcd: 706.4033, found: 

706.4039. 
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Chapter 5: Amidine-based conjugated oligoelectrolytes 

5.1 Introduction 

As mentioned in Chapter 3 and 4, the number of antibiotic resistant bacteria 

is growing at an alarming rate. Antibiotics that were approved in the market 

are based on classes of antibiotics discovered in 1980s or earlier.119 Therefore, 

exploring chemical spaces to generate a variety of antimicrobial compounds is 

greatly warranted to combat such emerging crisis. 

Amphiphilic compounds have gained attention from researchers as a new 

strategy for antimicrobial compound development. Inspired by host defense 

peptides (HDPs) which contains variety degrees of hydrophobic and hydrophilic 

segments, many small molecules and polymers mimicking amphiphilic nature of 

HDPs have been designed and reported, including COEs designed in our 

group.85,111,120,121 Notably, a significant number of these compounds contains 

quaternary ammonium cations serving as permanently-charged hydrophilic 

segments. Even though these compounds show minimum or undetectable in 

vitro cytotoxicity, concerns regarding in vivo toxicity of quaternary ammonium 

compounds have been raised.122–124 One of the concerns is related to acute 

toxicity due to off-target ion channel blockades. The human ether-à-go-go-

related gene (hERG) channel is of particular importance. Inhibition of the hERG 

channel could lead to torsades de pointes (TdP) and cardiac arrest.125,126  
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Due to such QACs concerns, we sought to explore alternative chemical 

moieties to replace quaternary ammoniums. Amidines are an attractive option 

for this purpose. Charge delocalization over three atoms in an amidine moiety 

gives rise to a larger and more polarizable cationic unit compared to a 

quaternary ammonium moiety which could potentially reduce off-target 

interactions with ion channels. Amidine groups contain two different 

characteristics from quaternary ammonium groups and amide groups: positively 

charged and hydrogen bond forming. Their high basicity (pKa = 12) allows them 

to exist as protonated species under a physiological condition, thus retaining an 

ability of COEs to interact with bacterial membranes. In addition, they also 

have an ability to act as hydrogen bond acceptors due to hydrogen atoms on two 

different nitrogen sites, therefore they could potentially possess rapid 

cytoplasmic membrane permeabilizing and bactericidal activities as observed in 

the amide-containing COEs reported in Chapter 4. 

In this work, COEs with different amidines were designed with three 

different locations of functionalization including imino nitrogen, amino 

nitrogen, and end group. Chemical structures of COEs in this series are 

depicted in Figure 5.1. Different substitutions on each type of nitrogen atoms 

were synthesized to study the impact of substituent positions on biological 

activities of COEs. Amidine side chains were varied to modulate hydrophobicity 

of the molecules.  
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Figure 5.1 List of synthesized compounds in amidine-based COE series. 

 

5.2 Synthesis of amidine-based COEs 

Amidine moieties in this series of COEs were furnished onto side chains of 

conjugated core as late-stage modifications by Pinner reactions between various 

amines installed on the side chains of the COE and imidate salts (Pinner salts). 

Distyrylbenzene conjugated cores of amidine-based COEs were synthesized 

from two different pathways as illustrated in Figure 5.2.  
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Figure 5.2. Synthetic scheme of conjugated cores 1–4. Intermediate 1 and 2 

were synthesized as HCl salts. Reaction conditions: (i) Boc2O, TEA, DCM, 0°C to 

rt, o.n.; (ii) CH3I, NaH, rt, o.n.; (iii) 3,5-dihydroxybenzaldehyde, K2CO3, DMF, 

100°C, 5 h; (iv) tetraethyl (1,4-phenylenebis(methylene))bis(phosphonate), 

NaOtBu, THF, 0°C to rt, o.n.; (v) HCl (g), CHCl3, MeOH, rt, 5 h; (vi) R-NH2, 

THF, rt, o.n. 

 

For intermediate 1 and 2, 3-chloro-n-propylamine HCl was reacted with 

Boc2O to yield Boc-protected 3-chloro-n-propylamine (5). Some of intermediate 5 

was methylated at the NHBoc position with methyl iodide to yield intermediate 

7. Then, both intermediates 5 and 7 were reacted with 3,5-

dihydroxybenzaldehyde under a Williamson ether synthesis condition to form 

intermediates 6 and 8 in excellent yields. Finally, to form distyrylbenzene units, 

compounds 6 and 8 were subjected to a Horner-Wadsworth-Emmons (HWE) 

reaction condition with tetraethyl (1,4-phenylenebis(methylene)) 

bis(phosphonate), followed by a Boc deprotection condition with HCl yielding 

compounds 1 HCl and 2 HCl in excellent yields. Intermediates 3 and 4 were 
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synthesized directly from COE2-3I-C3 with either cyclopropylamine or n-

propylamine. Another set of fragments that is a reagent for Pinner amidine 

synthesis is imidate salts. Figure 5.3 shows the synthetic scheme for imidate 

salts a–f. 

 

Figure 5.3 Synthetic scheme of imidate salts a–f. Reaction conditions: (i) HCl 

(g), MeOH, rt, 5 h; (ii) MeOTf, Et2O, 0°C to rt, o.n., then K2CO3, then HCl; (iii) 

cyclopropylamine, Et3N, DCM, 0°C to rt, o.n. 

 

Two different approaches to form imidate salts were employed. For 

derivatives with unsubstituted imino nitrogens, standard Pinner reaction 

conditions were used to synthesize their imidate salts. In short, alkyl nitriles 

were dissolved in dry MeOH that was pre-saturated with HCl to obtain their 

imidate salt derivatives a–c in moderate to good yields. Imidate salts with 

substituted imino nitrogens were synthesized from secondary amides. N-

methylacetamide and pyrrolidin-2-one are commercially available. N-

cyclopropylacetamide (9) was synthesized from a reaction between acetic 

anhydride and cyclopropylamine in a quantitative yield. These amides were 
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methylated at the carbonyl oxygen atom by methyl triflate. Triflate anions were 

removed by a treatment of K2CO3 followed by a filtration into etherated HCl to 

form imidate HCl salts d–f in moderate yields. 

With amine and imidate salt intermediates prepared, amidine moieties were 

formed under the Pinner reaction conditions. Attempts to form amidines 

directly from HCl salts failed with no detectable amount of products observed. 

Solubility of the COE cores 1–4 as HCl salts proved to be a problem during the 

reaction. Therefore, we decided to neutralize all HCl salts of the starting 

materials beforehand. Intermediates 1 HCl and 2 HCl were neutralized with 

either basic water extraction or Amberlyst A21 resin. Prior to setting up Pinner 

reactions, imidate salts a–f were neutralized with 1 M K2CO3. The free base 

forms were then extracted with chloroform and were added directly to reactions. 

Acetic acid was later added to the reaction vessels to provide acetate 

counterions. Figure 5.4 shows the general scheme of the Pinner reaction 

condition. 
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Figure 5.4 General synthetic scheme of amidine-based COEs 

 

5.3 Antimicrobial activity of amidine-based COEs 

Synthesized COEs were tested for their antimicrobial activities by 

determining their minimum inhibitory concentrations (MICs) against four 

different strains of Gram-negative bacteria, including E. coli K12, E. coli ATCC 

25922, K. pneumoniae ATCC 700603, P. aeruginosa ATCC 27853, S. enterica 

Typhimurium ATCC 14028, and one strain of Gram-positive bacteria (S. aureus 

ATCC 29123) in LB medium. The results are shown in Table 5.1. 

 

 

 



 

 119 

Table 5.1 Summary of MICs of amidine-based COEs against different strain of 

bacteria in LB medium. MICs are reported in µg mL–1. 

Compound EC-K12a ECb STc KPNd PAe SAf 

1a 2 1 2 8 8 1 

1b 2 1 1 4 2 < 0.5 

1c 2 2 2 4 8 1 

1d 4 2 2 16 32 1 

1e 2 2 2 16 16 1 

1f 2 2 2 8 32 1 

2a 2 1 2 16 8 1 

2b 2 1 1 8 8 1 

3a 2 2 2 8 16 1 

4a 2 2 2 8 16 1 

4b 2 2 2 8 32 1 

a E. coli K12, b E. coli ATCC 25922, c S. enterica Typhimurium ATCC 14028, d K. 
pneumoniae ATCC 700603, e P. aeruginosa ATCC 27853, f S. aureus ATCC 

29123. 

 

To conform with the standard protocol for antimicrobial susceptibility testing 

by the Clinical and Laboratory Standards Institute (CLSI),91 two representative 

compounds with best antimicrobial activity from the initial screening were 

chosen to determine their MIC values in cation-adjusted Mueller Hinton Broth 

(CA-MHB). Table 5.2 shows that there is no significant change in antimicrobial 

activities of compound 1a and 1b against E. coli ATCC 25922 in CA-MHB 

confirming their potent antimicrobial efficacies.  
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Table 5.2 MICs of compound 1a and 1b against E. coli ATCC 25922 in LB and 

CA-MHB. 

Compound 
MIC in LB 

(µg mL–1) 

MIC in CA-MHB 

(µg mL–1) 

1a 1 1 

1b 1 1 

 

In addition to the bacterial strains tested in Table 5.1, due to the low MIC 

against P. aeruginosa of compound 1b, the compound 1b was further tested for 

its MICs against a broader panel of P. aeruginosa by the Walter Reed Army 

Institute of Research (WRAIR). A total of 100 strains of P. aeruginosa were 

tested with levofloxacin as an antibiotic control. The results are summarized as 

a histogram in Figure 5.5. 1b shows a good MIC distribution against P. 

aeruginosa strains with the 90th percentile MIC (MIC90) of 16 µg mL–1, whereas 

the MIC90 of levofloxacin is 64 µg mL–1. This implies that 1b can inhibit the 

growth of 90% of P. aeruginosa strains at a lower concentration than 

levofloxacin. 
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Figure 5.5 Histogram of MIC distribution of compound 1b and levofloxacin 

against a broad panel of P. aeruginosa. 

 

5.4 Cytotoxicity of amidine COEs 

To preliminarily screen whether each amidine COEs has suitable 

cytotoxicity towards mammalian cells and to elucidate the correlation of COE 

structure and cytotoxicity, the MTT assay was performed with HepG2 cells. 

Figure 5.6 shows the IC50 of each COE against HepG2 cells. 

 

Figure 5.6 IC50 values of amidine COEs against HepG2 cells evaluated by the 

MTT assay. The values are in the unit of µg mL–1. 
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According to the data shown in Figure 5.6, the most active compound (1b) 

has little cytotoxicity against HepG2 cells. Notably, cytotoxicity is highly 

sensitive to hydrophobicity of a substituent on an amino nitrogen of an amidine 

unit. Compounds with propyl substituents on amino nitrogens (3a, 4a, and 4b) 

show high cytotoxic effects. 3a has slightly lower cytotoxicity (IC50 = 128 µg mL–

1) compared to 4a and 4b (IC50 = 32 and 16 µg mL–1, respectively) due to a lower 

hydrophobicity of cyclopropyl substituents compared to n-propyl substituents. 

Hydrophobicity of terminal alkyl groups also affects cytotoxicity of COEs. As 

terminal alkyl groups get larger (more hydrophobic), one observes a decrease in 

IC50. For example, 1c has significantly lower IC50 (256 µg mL–1) compared to 1a 

and 1b (1,024 µg mL–1). This could be explained by the high hydrophobicity of a 

methylcyclopropyl group in 1c compared to ethyl and cyclopropyl groups in 1a 

and 1b, respectively. Similar trend can also be observed for 4a and 4b which 

have an IC50 of 32 and 16 µg mL–1, respectively. While toxicity profile is highly 

sensitive to substituents on amino nitrogens, it was interestingly not found to 

be highly dependent on substituents on imino nitrogens. There is no IC50 

reduction in 1f compared to 1d (>1,024 µg mL–1) which has methyl and 

cyclopropyl substituents at imino nitrogens, respectively. In addition, a COE 

with cyclopropyl groups on amino nitrogens (1c) exhibits significantly higher 

cytotoxicity compared to a COE with cyclopropyl groups on imino nitrogens (1f). 
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5.5 Conclusions 

In summary, we report a novel series of COEs with amidine groups with 

various substituents and terminal alkyl groups. Amidine groups simultaneously 

act as cationic and hydrogen bond forming moiety thus replacing quaternary 

ammonium and amide groups in COEs structures in Chapter 4. Overall, we 

found an amidine unit to be a “privileged” scaffold for antimicrobial applications 

as it markedly improves broad spectrum activity of COEs compared to 

quaternary ammonium groups. 1b has the most potent broad spectrum 

antimicrobial activity with undetectable in vitro cytotoxicity. However, its 

potency against P. aeruginosa biofilms has not yet been explored. In vitro 

cytotoxicity of the COEs shows strong correlation to hydrophobicity of 

substituents on terminal alkyl groups and on amino nitrogens of amidine units, 

whereas there is little change in the cytotoxicity across various substituents on 

imino nitrogens. This work paves a path for COE designs that do not contain 

quaternary ammonium cations yet maintain excellent antimicrobial efficacy 

which could be further improved to address in vivo toxicity liabilities.  

 

5.6 Experimental methods 

Materials and instruments 

Solvent and reagents were purchased from common suppliers unless 

specified otherwise (e.g., Sigma-Aldrich, Acros Organics, Fisher Scientific, and 
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TCI) and used as received. Dry and inhibitor-free THF and DMF were received 

from a solvent purification system using packed alumina columns under argon.  

Flash chromatography was carried out either on Silicycle SiliaFlash P60 

silica gel with pressurized air up to 0.5 bar or on Biotage Sfär Duo C18 columns. 

For thin layer chromatography (TLC), EMD Millipore Analytical 

Chromatography TLC Silica gel 60 F254 with aluminum back were used with 

UV light (254/366 nm) for detection. Purities of target compounds were analyzed 

by high performance liquid chromatography (HPLC) (Shimadzu) with a PS-C18 

column (Phenomenex) using 5% to 40% acetonitrile in water as an eluent 

system with 0.1% acetic acid as an additive. 

1H-NMR (500 MHz and 600 MHz) and 13C-NMR (125 MHz and 151 MHz) 

spectra were obtained from an actively shielded Varian Unity Inova 500 MHz 

spectrometer or Varian VNMRS 600 MHz. The multiplicity of all signals was 

described by s (singlet), d (doublet), t (triplet), and m (multiplet). Chemical 

shifts (δ in ppm) were referenced to the solvent residual peak of CDCl3 (1H-

NMR: δ = 7.26; 13C-NMR: δ = 77.0), CD3CN (1H-NMR: δ = 1.94; 13C-NMR: δ = 

1.32 and 118.36), or DMSO-d6 (1H NMR: δ = 2.50; 13C-NMR: δ = 39.52). Mass 

spectra were collected on Waters Micromass LCT-Premier mass spectrometer. 

 

Minimum inhibitory concentration experiments 

The experiments were performed by a broth-microdilution method. First, 

each bacterial stain from a frozen stock were incubated on an LB agar plate 
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overnight at 37 °C. A single colony from an agar plate was inoculated in either 

LB or CA-MHB for 3-5 hours at 37 °C with 200 rpm orbital shaking. Bacterial 

cultures were harvested at mid-log phase and were diluted in LB or CA-MHB to 

achieve the cell density of 1 × 106 cfu mL–1. COEs and antibiotic solutions were 

serially diluted in 96-well plates. Each well contains 50 µL of COE or antibiotic 

solutions. Then, 50 µL of the diluted bacterial suspensions were added to each 

well. The 96-well plates were incubated at 37 °C with 200 rpm orbital shaking 

overnight. The concentrations that inhibit the growth of bacteria by visible eyes 

are recorded as MICs. 

 

5.7 Synthetic methods 

Synthesis of N-Boc-3-chloropropylamine (5) 

 

In a round-bottomed flask equipped with a magnetic stir bar and a dropping 

funnel, 3-chloropropylamine HCl (5 g, 1 equiv) and TEA (11 mL, 2.1 equiv) was 

suspended in 30 mL of DCM. The suspension was cooled down to 0 °C by an ice 

bath. A solution of Boc2O (9.2 g, 1.1 equiv) in 25 mL DCM was added to the 

dropping funnel and was added to the reaction flask dropwise. Then, the 

reaction mixture was allowed to warm up to room temperature and stirred 

overnight. The crude reaction was diluted in DCM and washed with water and 

brine. Combined organic layers were dried over Na2SO4 and evaporated under 
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reduced pressure. The product was purified by a silica gel column 

chromatography (20% EA/hexanes) to obtain compound 5 as a clear oil (97%). 

1H NMR (500 MHz, CDCl3): δ (ppm) 4.64 (s, 1H), 3.59 (t, J = 6 Hz, 2H), 3.26–

3.30 (m, 2H), 1.95–1.98 (m, 2H), 1.44 (s, 9H); 13C NMR (125 MHz, CDCl3): δ 

(ppm) 156.09, 42.51, 38.05, 32.71, 28.52, 27.55. 

 

Synthesis of compound 6 

 

In a flame-dried round bottom flask equipped with a stir bar, 3,5-

dihydroxybenzaldehyde (650 mg, 1 equiv), compound 5 (2 g, 2.3 equiv), and 

K2CO3 (1.5 g, 2.5 equiv) were added under inert atmosphere followed by an 

addition of 20 mL dry DMF. The resulting suspension was stirred under inert 

atmosphere at 100 °C for 5 hours. After cooling down to room temperature, the 

reaction mixture was diluted in DCM, washed with 1 M LiCl, water, and brine. 

The combined organics were dried over Na2SO4 and solvents were evaporated 

using a rotary evaporator. The crude reaction was purified by a silica gel 

column chromatography (40% EA/hexanes) to obtain compound 6 as a clear 

viscous liquid (95%).  

1H NMR (500 MHz, CDCl3): δ (ppm) 9.89 (s, 1H), 6.99 (d, J = 2.5 Hz, 2H), 

6.69 (t, J = 2.5 Hz, 1H), 4.71 (s, 2H), 4.05 (t, J = 6 Hz, 4H), 3.31–3.35 (m, 4H), 
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1.97–2.02 (m, 4H), 1.44 (s, 18H); 13C NMR (125 MHz, CDCl3): δ (ppm) 191.74, 

160.32, 155.86, 138.27, 107.91, 107.69, 79.23, 65.97, 37.70, 31.48, 29.37, 28.29. 

 

Synthesis of compound 7 

 

In a dry round bottom flask was added 5 and dry THF. NaH (60% in mineral 

oil, 1.1 equiv) was slowly added to the reaction flask at room temperature and 

the mixture was stirred for 1 hour. Then, methyl iodide (1.2 equiv) was added 

via a syringe. The resulting mixture was stirred overnight at room temperature. 

The mixture was concentrated under reduced pressure and diluted in ethyl 

acetate. The crude mixture was washed with water and brine, dried over 

Na2SO4. Solvents were removed by using a rotary evaporator. The pure product 

was afforded by silica gel column chromatography (8% EA/hexanes) as a clear 

liquid (80%).  

1H NMR (500 MHz, CDCl3): δ (ppm) 3.54 (t, J = 6 Hz, 2H), 3.35 (t, J = 7 Hz, 

2H), 2.87 (s, 3H), 1.45 (s, 9H); 13C NMR (125 MHz, CDCl3): δ (ppm) 155.91, 

105.15, 46.48, 42.45, 34.67, 31.19, 28.57. 
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Synthesis of compound 8 

 

Compound 8 was synthesized according to the procedure for compound 6. 1H 

NMR (500 MHz, CDCl3): δ (ppm) 9.88 (s, 1H), 6.98 (d, J = 3 Hz, 2H), 6.68 (t, J = 

3 Hz, 1H), 4.01 (t, J = 7.5 Hz, 4H), 3.41 (t, J = 8.5 Hz, 2H), 2.87 (s, 6H), 1.98 – 

2.04 (m, 4H), 1.43 (s, 18H); 13C NMR (125 MHz, CDCl3): δ (ppm) 192.01, 160.65, 

155.95, 138.50, 108.04, 79.62, 65.89, 46.00, 34.76, 28.57, 27.79. 

 

General procedure for the Horner-Wadsworth-Emmons reactions 

 

A flame-dried round-bottomed flask equipped with a magnetic stir bar was 

added tetraethyl (1,4-phenylenebis(methylene))bis(phosphonate) (1 eqiv) and 

benzaldehyde intermediate 6 or 8 (1.95 eqiv) in dry THF under inert 

atmosphere. After cooling the solution down in an ice bath, a solution of 

NaOtBu in dry THF (2.1 eqiv) was slowly added to the reaction mixture via a 

syringe. The reaction was warmed up to room temperature and was stirred 

overnight. Then, the reaction mixture was diluted in DCM, washed with water 

and brine. Combined organic layers were dried over Na2SO4. Volatile solvents 
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were removed using a rotary evaporator. The crude reaction was recrystallized 

in DCM/hexanes to obtain a pure product. 

 

Compound 1 Boc 

 

1H NMR (500 MHz, CDCl3): δ (ppm) 7.49 (s, 4H), 7.06 (d, J = 16 Hz, 2H), 7.01 

(d, J = 16.5 Hz, 2H), 6.67 (d, J = 2 Hz, 4H), 6.38 (t, J = 2 Hz, 2H), 4.76 (s, 3H), 

4.05 (t, J = 5.5 Hz, 8H), 3.32–3.36 (m, 8H), 1.97–2.01 (m, 8H), 1.45 (s, 36H); 13C 

NMR (125 MHz, CDCl3): δ (ppm) 160.30, 156.16, 139.52, 136.74, 128.97, 128.64, 

127.07, 105.47, 101.16, 79.40, 66.00, 38.13, 29.69, 28.57. 

 

Compound 2 Boc 

 

1H NMR (500 MHz, CDCl3): δ (ppm) 7.49 (s, 4H), 7.05 (d, J = 16 Hz, 2H), 7.00 

(d, J = 16.5 Hz, 2H), 6.65 (d, J = 2.5 Hz, 4H), 6.37 (t, J = 2.5 Hz, 2H), 4.00 (t, J = 

6 Hz, 8H), 3.42 (t, J = 7 Hz, 8H), 2.89 (s, 12H), 2.00–2.03 (m, 8H), 1.45 (s, 36H); 

13C NMR (125 MHz, CDCl3): δ (ppm) 160.38, 155.98, 139.43, 136.75, 128.82, 

128.73, 127.04, 105.29, 101.08, 79.54, 65.29, 46.08, 28.60, 28.11. 
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General procedure for Boc deprotection reactions 

 

A dry reaction vessel containing compound 1 Boc or 2 Boc was added dry 

chloroform to dissolve the starting material. After that, HCl (g) was periodically 

bubbled into the solution at room temperature while stirring. During the course 

of the reaction, small amounts of MeOH was added over time to help dissolve 

precipitates. After 5 hours, the reaction was dried under reduced pressure to 

yield the corresponding amine HCl salt. 

 

Compound 1 HCl 

 

1H NMR (500 MHz, CD3OD): δ (ppm) 7.56 (s, 4H), 7.18 (d, J = 16.5 Hz, 2H), 

7.12 (d, J = 16.5 Hz, 2H), 6.81 (d, J = 2 Hz, 4H), 6.51 (t, J = 2 Hz, 2H), 4.17 (t, J 

= 5.5 Hz, 8H), 3.18 (t, J = 7.5 Hz, 8H), 2.15–2.20 (m, 8H); 13C NMR (125 MHz, 

CD3OD): δ (ppm) 161.34, 141.06, 138.11, 129.99, 129.49, 128.01, 106.59, 102.22, 

66.43, 38.65, 28.37. 
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Compound 2 HCl 

 

1H NMR (500 MHz, CD3OD): δ (ppm) 7.56 (s, 4H), 7.18 (d, J = 16.5 Hz, 2H), 

7.12 (d, J = 16.5 Hz, 2H), 6.82 (d, J = 2 Hz, 4H), 6.52 (t, J = 2 Hz, 2H), 4.17 (t, J 

= 6 Hz, 8H), 3.25 (t, J = 7 Hz, 8H), 2.76 (s, 12H), 2.18–2.23 (m, 8H); 13C NMR 

(125 MHz, CD3OD): δ (ppm) 161.32, 141.12, 138.15, 130.06, 129.49, 128.02, 

106.65, 102.26, 66.40, 48.38, 33.93, 27.21. 

 

General procedure for the preparation of amine intermediates from an alkyl 

iodide 

 

To a dry 1-Dram vial was added COE2-3I-C3 and dry DMF under inert 

atmosphere. Thereafter, appropriate primary amine (40 equiv) was added while 

stirring vigorously. The reaction mixture was stirred overnight at room 

temperature. The mixture was then poured into 3 M HCl solution in diethyl 

ether. Precipitate was collected via centrifugation and washed with two 

additional portions of diethyl ether. The precipitate was dissolved in water and 

partitioned between DCM and 2 M NaOH. The organic layers were collected, 

and the aqueous layer was extracted with 5 additional portions of DCM. The 
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organic layers were combined and dried over Na2SO4. Evaporation of volatile 

solvents yielded a green viscous oil. 

 

Compound 3 

 

Yield: 97%; 1H NMR (500 MHz, CDCl3): δ (ppm) 7.48 (s, 4H), 7.05 (d, J = 16.5 

Hz, 2H), 7.00 (d, J = 16.5 Hz, 2H), 6.66 (d, J = 2.5 Hz, 4H), 6.40 (t, J = 2.5 Hz, 

2H), 4.07 (t, J = 6 Hz, 8H), 2.81 (t, J = 7 Hz, 8H), 2.61 (t, J = 7.5 Hz, 8H), 1.96–

2.01 (m, 8H), 1.49–1.56 (m, 8H), 0.93 (t, J = 7.5 Hz, 12H); 13C NMR (125 MHz, 

CDCl3): δ (ppm) 160.48, 139.37, 136.74, 128.77, 128.75, 127.00, 105.33, 101.15, 

66.65, 52.10, 47.06, 29.98, 23.36, 11.92. 

 

Compound 4 

 

Yield: 98%; 1H NMR (500 MHz, CDCl3): δ (ppm) 7.49 (s, 4H), 7.06 (d, J = 16.5 

Hz, 2H), 7.01 (d, J = 16 Hz, 2H), 6.67 (d, J = 2.5 Hz, 4H), 6.40 (t, J = 2 Hz, 2H), 

4.06 (t, J = 6.5 Hz, 8H), 2.90 (t, J = 6.5 Hz, 8H), 2.13–2.18 (m, 4H), 1.96–2.01 (m, 

8H), 0.43–0.47 (m, 8H), 0.34–0.36 (m, 8H); 13C NMR (125 MHz, CDCl3): δ (ppm) 
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160.51, 139.38, 136.75, 128.79, 128.77, 127.02, 105.35, 101.18, 66.63, 46.75, 

30.57, 29.86, 6.45. 

 

Synthesis of compound 9127 

 

To a flame dried round bottom flask was added cyclopropylamine, 

triethylamine (1.1 equiv), and DCM. The solution was cooled down to 0°C with 

an ice bath and acetic anhydride (1.1 equiv) was slowly added. After the 

addition, the reaction mixture was stirred at room temperature overnight. 

Volatile organic compounds were removed in vacuo. The residue was then 

diluted in diethyl ether and K2CO3 was added to the solution. After stirring for 

2 hours, K2CO3 was filtered off and the residue was dried in vacuo. Crude 

residue was then purified using silica gel column chromatography to obtain a 

product as a mixture of two conformers in a ratio of 5:1 in quantitative yield.  

1H NMR (500 MHz, CDCl3): δ (ppm) 5.90 (s, 1H), 5.72 (s, 0.2H), 2.64–2.69 (m, 

1H), 2.55–2.58 (m, 0.2H), 1.92 (s, 3H), 2.13 (s, 0.6H), 0.71–0.75 (m, 2H), 0.78–

0.82 (m, 0.4H), 0.46–0.49 (m, 2H), 0.56–0.59 (m, 0.4H); 13C NMR (125 MHz, 

CDCl3): δ (ppm) 171.71, 24.50, 23.22, 22.77, 21.14, 8.31, 6.59. 
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General procedure for the syntheses of imidate salts 

Procedure A 

 

In a dry microwave reaction tube with a magnetic stir bar was added 2 mL of 

dry MeOH under inert atmosphere. MeOH was bubbled with HCl (g) for 30 

minutes at room temperature. After saturating MeOH with HCl, nitrile (1 g) 

was added to the reaction vessel. The reaction vessel was then sealed and 

stirred at room temperature for 5 hours. Removal of volatile compounds from 

the reaction under high vacuum yielded the corresponding imidate salt.  

 

Procedure B 

 

Amide is added to a flame-dried round bottomed flask equipped with a stir 

bar and is dissolved in dry diethyl ether. Methyl triflate was then slowly added 

to the solution via a syringe. The resulting mixture was allowed to stir at room 

temperature overnight. Dry K2CO3 powder was then added, and the suspension 

was stirred for 30 minutes. The reaction mixture was filtered and added to 

etherated HCl (2 M). The mixture was then centrifuged, and supernatant was 

discarded. The resulting oil was dried under high vacuum to obtain the 

corresponding imidate salt as a clear oil. 
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Compound a 

 

Yield: 65%; 1H NMR (500 MHz, CD3CN): δ (ppm) 4.16 (s, 3H), 2.70 (q, J = 7.5 

Hz, 2H), 1.23 (t, J = 7.5 Hz, 3H); 13C NMR (125 MHz, CD3CN): δ (ppm) 182.55, 

61.09, 27.25, 9.83. 

 

Compound b 

 

Yield: 80%; 1H NMR (500 MHz, CD3CN): δ (ppm) 12.26 (s, 1H), 10.62 (s, 1H), 

4.08 (s, 3H), 2.28–2.33 (m, 1H), 1.19–1.28 (m, 4H); 13C NMR (125 MHz, CD3CN): 

δ (ppm) 181.96, 60.63, 13.29, 11.12. 

 

Compound c 

 

Yield: 70%; 1H NMR (500 MHz, CD3CN): δ (ppm) 12.20 (s, 1H), 11.22 (s, 1H), 

4.19 (s, 3H), 2.58 (d, J = 7 Hz, 2H), 1.07–1.13 (m, 1H), 0.50–0.60 (m, 2H), 0.33–

0.36 (m, 2H); 13C NMR (125 MHz, CD3CN): δ (ppm) 181.53, 61.20, 37.76, 7.93, 

4.95. 
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Compound d 

 

Yield: 68% (a mixture of two different conformers at 3:1 ratio); 1H NMR (500 

MHz, CD3CN): δ (ppm) 4.17 (s, 3H), 4.14 (s, 1H), 3.12 (d, J = 4.5 Hz, 3H), 2.92 

(d, J = 4.5 Hz, 1H), 2.37 (s, 1H), 2.30 (s, 3H); 13C NMR (125 MHz, CD3CN): δ 

(ppm) 61.15, 60.60, 32.21, 18.28, 17.27. 

 

Compound e 

 

Yield: 63%; 1H NMR (500 MHz, CD3CN): δ (ppm) 4.45 (s, 3H), 4.00 (t, J = 7.5 

Hz, 2H), 3.08 (t, J = 8 Hz, 2H), 2.41–2.47 (m, 2H); 13C NMR (125 MHz, CD3CN): 

δ (ppm) 63.63, 49.07, 31.64, 20.01. 

 

Compound f 

 

Yield: 62% (a mixture of two different conformers at 3:1 ratio); 1H NMR (500 

MHz, CD3CN): δ (ppm) 4.18 (s, 3H), 4.15 (s, 1H), 3.01–3.07 (m, 0.33H), 2.92–

2.97 (m, 1H), 2.53 (s, 1H), 2.46 (s, 3H), 1.11–1.15 (m, 2H), 0.95–0.99 (m, 2.6H), 

0.85–0.89 (m, 0.7H); 13C NMR (125 MHz, CD3CN): δ (ppm) 61.75, 60.61, 28.43, 

18.73, 17.19, 6.86, 5.82. 
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General procedure for the syntheses of amidine COEs 

 

Note: If the amine intermediate is a HCl salt, neutralize the amine HCl by 

basic water extractions or treatments with Amberlyst A21 resin to obtain a free 

base form and evaporate solvents to complete dryness before use.  

In a flame-dried 1-Dram vial, amine intermediate (18 mg) was dissolved in 

0.4 mL of dry DMF under inert atmosphere. Meanwhile, in another 1-Dram 

vial, imidate HCl salt was neutralized with 2 M K2CO3 and extracted with 

chloroform. After the extraction, 0.2 mL of chloroform (containing 10 equiv of 

imidate) was transferred to the reaction vial. Acetic acid (4 equiv) was slowly 

added to the reaction mixture. The reaction was stirred at 40 °C for 1 day. 

Thereafter, the crude reaction was poured into Et2O containing extra equivalent 

of acetic acid to precipitate the product. The crude product was centrifuged and 

washed with Et2O, and dried. Then, the crude product was dissolved in a 

minimal water and was purified by a reverse-phase silica gel column 

chromatography using a flash chromatography system (Gradient: 0% to 40% 

acetonitrile/water with 0.1% acetic acid as an additive). Purified fractions were 

combined and lyophilized to obtain pure product as white solid. 
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Compound 1a 

 

Yield: 91%; 1H NMR (500 MHz, DMSO-d6): δ (ppm) 7.60 (s, 4H), 7.26 (d, J = 

16.5 Hz, 2H), 7.17 (d, J = 16 Hz, 2H), 6.79 (s, 4H), 6.44 (d, J = 2.5 Hz, 2H), 4.08 

(t, J = 6.5 Hz, 8H), 3.36 (t, J = 7 Hz, 8H), 2.38–2.43 (m, 8H), 1.96–2.00 (m, 8H), 

1.67 (s, 12H), 1.14 (t, J = 8 Hz, 12H); 13C NMR (125 MHz, DMSO-d6): δ (ppm) 

174.55, 168.00, 159.80, 139.11, 136.38, 128.55, 128.38, 126.91, 105.32, 100.93, 

65.04, 38.65, 27.30, 25.99, 24.91, 11.83; HRMS (ESI): ([M+2H]2+) calcd: 

398.2682, found: 398.2671. 

 

Compound 1b 

 

Yield: 92%; 1H NMR (500 MHz, DMSO-d6): δ (ppm) 7.60 (s, 4H), 7.27 (d, J = 

16.5 Hz, 2H), 7.18 (d, J = 16.5 Hz, 2H), 6.80 (s, 4H), 6.44 (s, 2H), 4.08 (t, J = 6.5 

Hz, 8H), 3.39 (t, J = 7 Hz, 8H), 1.96–2.02 (m, 8H), 1.93–1.94 (m, 4H), 1.69 (s, 

12H), 1.04–1.11 (m, 8H), 0.97–1.03 (m, 8H); 13C NMR (125 MHz, DMSO-d6): δ 

(ppm) 174.52, 168.14, 159.80, 159.75, 139.12, 136.39, 128.58, 128.38, 126.92, 
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105.28, 100.92, 65.09, 27.33, 24.58, 12.75, 8.35; HRMS (ESI): ([M+2H]2+) calcd: 

422.2682, found: 422.2668. 

 

Compound 1c 

 

Yield: 86%; 1H NMR (500 MHz, DMSO-d6): δ (ppm) 7.60 (s, 4H), 7.27 (d, J = 

16.5 Hz, 2H), 7.18 (d, J = 16.5 Hz, 2H), 6.80 (s, 4H), 6.44 (s, 2H), 4.10 (t, J = 6 

Hz, 8H), 3.42 (t, J = 7 Hz, 8H), 2.33 (d, J = 7.5 Hz, 8H), 1.98–2.04 (m, 8H), 1.71 

(s, 9H), 1.06–1.10 (m, 4H), 0.43–0.47 (m, 8H), 0.27–0.31 (m, 8H); 13C NMR (125 

MHz, DMSO-d6): δ (ppm) 174.27, 166.79, 159.77, 139.13, 136.38, 128.60, 128.34, 

126.92, 105.34, 101.01, 64.90, 38.70, 36.29, 27.19, 24.32, 8.96, 4.08; HRMS 

(ESI): ([M+2H]2+) calcd: 450.2995, found: 450.2993. 

 

Compound 1d 

 

Yield: 82% (NMR shows a mixture of two different conformers at imino 

nitrogen); 1H NMR (500 MHz, DMSO-d6): δ (ppm) 7.60 (s, 4H), 7.27 (d, J = 16.5 

Hz, 2H), 7.18 (d, J = 16 Hz, 2H), 6.79 (s, 4H), 6.43 (s, 2H), 4.07 (t, J = 6.5 Hz, 
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8H), 3.36–3.44 (m, 8H), 2.79–2.86 (m, 12H), 2.15 (s, 12H), 1.99 (t, J = 6 Hz, 8H), 

1.70 (s, 12H).; 13C NMR (125 MHz, DMSO-d6): δ (ppm) 175.00, 163.62, 163.06, 

160.27, 139.60, 136.85, 129.04, 128.85, 127.37, 105.67, 101.31, 65.44, 30.66, 

29.58, 28.85, 27.76, 25.27, 16.88, 16.50; HRMS (ESI): ([M+2H]2+) calcd: 

398.2682, found: 398.2675. 

 

Compound 1e 

 

Yield: quant.; 1H NMR (500 MHz, DMSO-d6): δ (ppm) 7.62 (s, 4H), 7.30 (d, J 

= 16 Hz, 2H), 7.20 (d, J = 17 Hz, 2H), 6.82 (s, 4H), 6.46 (s, 2H), 4.09–4.10 (m, 

8H), 3.50–3.54 (m, 8H), 3.39–3.42 (m, 8H), 2.73–2.75 (m, 8H), 1.97–2.01 (m, 

16H), 1.74 (s, 6H).; 13C NMR (125 MHz, DMSO-d6): δ (ppm) 175.60, 168.25, 

160.26, 139.60, 136.86, 129.08, 128.82, 127.39, 105.72, 101.46, 65.41, 48.82, 

31.19, 28.26, 24.47, 21.23; HRMS (ESI): ([M+2H]2+) calcd: 422.2682, found: 

422.2673. 
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Compound 1f 

 

Yield: quant. (NMR shows a mixture of two different conformers at imino 

nitrogen); 1H NMR (500 MHz, DMSO-d6): δ (ppm) 7.60 (s, 4H), 7.26 (d, J = 16.5 

Hz, 2H), 7.18 (d, J = 16 Hz, 2H), 6.79 (s, 4H), 6.43 (s, 2H), 4.06 (t, J = 6 Hz, 8H), 

3.23–3.51 (m, 8H), 2.62 (m, 4H), 2.19 (s, 12H), 1.96 (m, 8H), 1.70 (s, 12H), 0.71 

(m, 8H), 0.57 (m, 8H); 13C NMR (125 MHz, DMSO-d6): δ (ppm) 174.84, 159.81, 

139.13, 136.39, 128.56, 128.40, 126.91, 105.18, 100.87, 65.01, 28.21, 24.23, 6.49; 

HRMS (ESI): ([M+2H]2+) calcd: 450.2995, found: 450.2996. 

 

Compound 2a 

 

Yield: quant.; 1H NMR (500 MHz, DMSO-d6): δ (ppm) 7.56 (s, 4H), 7.22 (d, J 

= 16 Hz, 2H), 7.14 (d, J = 16 Hz, 2H), 6.76 (s, 4H), 6.38 (d, J = 2.5 Hz, 2H), 4.02 

(t, J = 5.5 Hz, 8H), 3.58 (t, J = 7 Hz, 8H), 3.04 (s, 12H), 2.45–2.50 (m, 8H), 1.97–

2.01 (m, 8H), 1.64 (s, 12H), 1.08 (t, J = 6 Hz, 12H); 13C NMR (125 MHz, DMSO-

d6): δ (ppm) 173.68, 168.29, 159.66, 139.21, 136.39, 128.64, 128.38, 126.93, 
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105.20, 100.85, 64.84, 48.05, 36.92, 26.32, 24.56, 24.41, 11.10; HRMS (ESI): 

([M+2H]2+) calcd: 426.2995, found: 426.2994. 

 

Compound 2b 

 

Yield: quant.; 1H NMR (500 MHz, DMSO-d6): δ (ppm) 7.61 (s, 4H), 7.28 (d, J 

= 16.5 Hz, 2H), 7.19 (d, J = 16 Hz, 2H), 6.80 (d, J = 2 Hz, 4H), 6.44 (t, J = 2 Hz, 

2H), 4.08 (t, J = 6 Hz, 8H), 3.75 (t, J = 7.5 Hz, 8H), 3.13 (s, 12H), 2.02–2.08 (m, 

8H), 1.90–1.96 (m, 4H), 1.70 (s, 9H), 0.96–0.98 (m, 8H), 0.91–0.95 (m, 8H); 13C 

NMR (125 MHz, DMSO-d6): δ (ppm) 173.44, 167.11, 159.73, 139.19, 136.40, 

128.64, 128.39, 126.94, 105.20, 100.87, 64.96, 48.35, 37.36, 26.52, 24.28, 12.54, 

7.02, 6.95; HRMS (ESI): ([M+2H]2+) calcd: 450.2995, found: 450.2994. 

 

Compound 3a 

 

Yield: quant.; 1H NMR (500 MHz, DMSO-d6): δ (ppm) 7.61 (s, 4H), 7.27 (d, J 

= 16.5 Hz, 2H), 7.20 (d, J = 16.5 Hz, 2H), 6.80 (d, J = 2 Hz, 4H), 6.44 (s, 2H), 
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4.07 (t, J = 6 Hz, 8H), 3.60 (t, J = 7 Hz, 8H), 2.76–2.79 (m, 4H), 2.57–2.62 (m, 

8H), 2.02–2.06 (m, 8H), 1.71 (s, 12H), 1.11 (t, J = 7.5 Hz, 12H), 0.93–0.97 (m, 

8H), 0.78–0.82 (m, 8H); 13C NMR (125 MHz, DMSO-d6): δ (ppm) 173.52, 170.54, 

159.73, 139.17, 136.39, 128.60, 128.42, 126.93, 105.18, 100.87, 65.18, 45.65, 

30.32, 26.78, 24.84, 24.15, 11.05, 8.38; HRMS (ESI): ([M+2H]2+) calcd: 478.3308, 

found: 478.3300. 

 

Compound 4a 

 

Yield: quant.; 1H NMR (500 MHz, DMSO-d6): δ (ppm) 7.61 (s, 4H), 7.27 (d, J 

= 16.5 Hz, 2H), 7.19 (d, J = 16.5 Hz, 2H), 6.80 (d, J = 2H, 4H), 6.44 (t, J = 2.5 Hz, 

2H), 4.07 (t, J = 6 Hz, 8H), 3.57 (t, J = 7.5 Hz, 8H), 3.35 (t, J = 8 Hz, 8H), 2.50 

2.54 (m, 8H), 2.00–2.05 (m, 8H), 1.68 (s, 12H), 1.55–1.60 (m, 8H), 1.13 (t, J = 7.5 

Hz, 12H), 0.88 (t, J = 7.5 Hz, 12H); 13C NMR (125 MHz, DMSO-d6): δ (ppm) 

173.64, 167.89, 159.68, 139.22, 136.39, 128.64, 128.38, 126.94, 105.28, 100.86, 

64.88, 50.00, 45.67, 26.71, 24.62, 24.47, 20.19, 11.85, 11.61, 11.58, 10.72; HRMS 

(ESI): ([M+2H]2+) calcd: 482.3621, found: 482.3619. 
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Compound 4b 

 

Yield: quant.; 1H NMR (500 MHz, DMSO-d6): δ (ppm) 7.61 (s, 4H), 7.28 (d, J 

= 16.5 Hz, 2H), 7.20 (d, J = 16.5 Hz, 2H), 6.81 (d, J = 2.5 Hz, 4H), 6.44 (t, J = 2.5 

Hz, 2H), 4.09 (t, J = 6 Hz, 8H), 3.70 (t, J = 7.5 Hz, 8H), 3.48 (t, J = 8 Hz, 8H), 

2.03–2.08 (m, 8H), 1.94–1.99 (m, 4H), 1.72 (s, 9H), 1.57–1.65 (m, 8H), 1.02–1.05 

(m, 8H), 0.95–1.00 (m, 8H), 0.89 (t, J = 7.5 Hz, 12H); 13C NMR (125 MHz, 

DMSO-d6): δ (ppm) 173.34, 166.74, 159.71, 139.21, 136.39, 128.63, 128.38, 

126.93, 105.27, 100.91, 64.96, 50.77, 46.39, 26.67, 23.84, 20.13, 12.41, 10,82, 

7.50. 
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Chapter 6: Additional experiments 

6.1 Additional structures of COEs for antimicrobial applications 

In addition to the structures discussed in the previous chapters, especially 

Chapter 3–5, some other variations of COEs with different conjugated core, side 

chains and quaternary ammonium units were synthesized to further explore 

chemical spaces of COEs for antimicrobial applications. Dr. Hengjing Yan and 

co-workers discovered that antimicrobial activities of COEs are higher when the 

conjugated core is shortened. On an important note, however, reducing the 

conjugated core to stilbene COE2-2C did not provide results that conform to the 

trend (Figure 6.1).35 Because one of the major driving forces of amphiphiles to 

interact with membranes is hydrophobic interaction, one surmises that stilbene 

unit with trimethyl ammonium groups may not have adequate hydrophobicity 

needed for membrane insertion.103,128  

 

Figure 6.1 Trend of MICs of the COEs at different core length. At n = 0, the MIC 

does not further decrease, but rather increases to 128 µM. Note that COE2-3C 

was named as COE2-3C-C6 in Chapter 3. 
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Structural modification of COE2-2C was preliminarily performed by Dr. 

Zichao Zhang and Dr. Alex Moreland. By replacing a methyl group on each 

quaternary ammonium cation with a variety of hydrocarbon units, a compound 

with hexyl groups COE2-2hexyl shows a significant reduction in MIC compared 

to COE2-2C (169 µg mL–1 for COE2-2C and 4 µg mL–1 for COE2-2hexyl against 

E. coli K12). The structure of COE2-2hexyl is shown in Figure 6.2. 

 

 

Figure 6.2 Chemical structure of COE2-2hexyl. 

 
 

After a surprising discovery of COE2-2hexyl, many of its derivatives were 

synthesized with some help from Dr. Alex Moreland aiming at different size and 

shape of terminal alkyl groups. In addition, similar modifications were also 

made to a distyrylbenzene core. In brief, terminal alkyl groups were varied 

between 4 to 7 carbons. Some structures contain either branched or cyclic 

terminal groups. Moreover, COEs with terminal groups capped with extra 

functional groups namely, NH2, glycerol, and SO3
– were also synthesized in our 

group. A comprehensive diagram of chemical structures of COEs synthesized is 

shown in Figure 6.3. Note that some of them were a part of the study in Chapter 

3. 
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Figure 6.3 Chemical structures of possible cores and end groups of additional 

synthesized COEs 

 

With help from Dr. Chenyao Nie, their antimicrobial activities against E. coli 

K12 and cytotoxicity against HepG2 cells were screened to analyze the 

structure-activity relationship. The MICs and IC50’s of the COEs are shown in 

Table 6.1. 

Table 6.1 Summary of MICs and IC50’s of COEs in this study. 

Compound 
MICa 

(µg mL–1) 

IC50
b 

(µg mL–1) 

COE2-2hexyl 4 7.3 

COE2-2pentyl 4 41.3 

COE2-2butyl 4 >128 

COE2-2isohexyl 4 n.d. 

COE2-2isopentyl 4 n.d. 

COE2-2pip 128 n.d. 

COE2-3C-C4hexyl 4 15.3 

COE2-3C-C4pentyl 4 320.5 
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Compound 
MICa 

(µg mL–1) 

IC50
b 

(µg mL–1) 

COE2-3C-C4butyl 4 >1,024 

COE2-3C-C4isohexyl 4 n.d. 

COE2-3C-C4isopentyl 4 n.d. 

COE2-3C-C4pip 4 473.6 

COE2-3C-C3DABCO >128 >128 

COE2-3C-C3propylNH2 32 >128 

COE2-3C-C3propylNMe3 >128 n.d. 

COE2-3C-C3propylOH >128 n.d. 

COE2-3C-C3propyl-glycerol >128 >1,024 

COE2-3C-C3propylSO3 >128 n.d. 

a MICs against E. coli K12 in LB, b IC50’s against HepG2 cells, n.d. = not 

determined 
 

According to Table 6.1, consider the COEs with terminal alkyl chains that 

have no functional groups, the length of terminal alkyl groups greater than four 

carbons do not have any impact on antimicrobial activities. Moreover, the shape 

of the terminal alkyl chains also does not seem to impact the MICs. The MICs of 

all unbranched, branched, and cyclic terminal alkyl chains were 4 µg mL–1 

regardless of a conjugated core, except COE2-2pip which has the MIC of 128 µg 

mL–1. A significant increase in the MIC of COE2-2pip was unexpected. This may 

indicate unique properties of COE2-2pip. However, further investigation is 

warranted to fully understand this outlier.  

Incorporation of additional functional groups to the terminal alkyl chains 

proved to be detrimental to antimicrobial activities. Consider COE2-3C-
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C3DABCO and COE2-3C-C3propylNMe3, both structures contain an extra 

quaternary ammonium cation. It was hypothesized that this could give rise to 

higher bacterial selectivity since it could improve electrostatic interactions with 

negatively charged lipid head groups on bacterial membranes. However, both 

compounds completely lose their antimicrobial efficacy. This could be attributed 

to high hydrophilicity of the COEs making them lack driving forces for 

membrane insertion, as observed in COE2-2C. The introduction of hydroxy 

groups (COE2-3C-C3propylOH and COE2-3C-C3propyl-glycerol) also did not 

yield satisfactory results. Similarly, an addition of a sulfonate group to make a 

zwitterionic COE (COE2-3C-C3propylSO3) completely abolished its 

antimicrobial activity. 

On the cytotoxicity aspect, there seems to be a difference between COEs with 

stilbene and distyrylbenzene cores. For the COEs with the same terminal alkyl 

chains, distyrylbenzene-based COEs show lower cytotoxicity (higher IC50) 

towards HepG2 cells compared to stilbene-based COEs. For example, the IC50’s 

of COE2-2hexyl and COE2-3C-C3hexyl are 7.3 and 15.3 µg mL–1, respectively. 

Similar trend can be observed for COEs with pentyl chains (the IC50’s of COE2-

2pentyl and COE2-3C-C3-pentyl are 41.3 and 320.5 µg mL–1, respectively). This 

data justified the use of a distyrylbenzene as a conjugated core for the design of 

antimicrobial COEs throughout Chapter 3–5. Lastly, it is worth noting that 

introduction of another functional group to COEs did not significantly increase 

cytotoxicity. 
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6.1.1 Synthetic procedures 

In this section, synthetic procedures of the COEs that I led an effort to 

synthesize will be described. According to Figure 6.3, those COEs contain two 

different types of conjugated cores: (1) stilbene and (2) distyrylbenzene. Herein, 

only synthesis of the stilbene core will be described. One should refer to Chapter 

3 for the syntheses of COE2-3I-C3 and COE2-3I-C4, referred to in Chapter 3 as 

compound 5b and 5c, respectively. The synthetic scheme of the intermediate 

COE2-2I is shown in Figure 6.4. Briefly, compound 1 was subjected to a Wittig 

reaction condition with PPh3CH3Br and NaHMDS to achieve styrene derivative 

2. Bromides on 2 were converted into iodide under a Finkelstein reaction and 

the intermediate was directly subjected to olefin metathesis with Grubb’s 

catalyst 2nd generation to yield COE2-2I. 

 

 

Figure 6.4 Synthetic scheme of COE2-2I. Conditions: (i) PPh3CH3Br (1.2 equiv), 

NaHMDS (1.1 equiv), THF, 0°C to rt, 3 h; (ii) NaI (excess), acetone, reflux, o.n.; 

(iii) Grubb’s 2nd generation (0.01 mol%), DCM, reflux, 2 d. 

 

The intermediates COE2-2I, COE2-3I-C3, and COE2-3I-C4 were 

quarternized by various amines in DMF to yield target COEs with moderate to 

excellent yields. 
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Synthesis of compound 2 

 
To a flame-dried round bottom flask equipped with a magnetic stir bar was 

charged with PPh3CH3Br (1.2 equiv) and dry THF at 0°C under inert 

atmosphere. NaHMDS (2 M in THF, 1.1 equiv) was slowly added to the reaction 

flask via a syringe. The reaction mixture was then stirred at 0°C for 15 minutes. 

After that, a solution of 1 in dry THF was cannulated into the reaction. The 

reaction mixture was warmed to room temperature and stirred for 3 hours. 

Upon completion of the reaction, the reaction mixture was diluted in ethyl 

acetate, washed with water and brine, dried over Na2SO4. Organic solvents 

were removed under reduced pressure. The crude mixture was purified by silica 

gel column chromatography (5% ethyl acetate/hexanes then 15% DCM/hexanes) 

to obtain compound 2 as white solid (78%). 1H NMR (500 MHz, CDCl3): δ (ppm) 

6.62 (dd, J = 10.5 Hz, J = 17.5 Hz, 1H), 6.54 (d, J = 2.5 Hz, 2H), 6.37 (t, J = 2 Hz, 

1H), 5.70 (d, J = 17.5 Hz, 1H), 5.22 (d, J = 10.5 Hz, 1H), 3.95 (t, J = 6 Hz, 4H), 

3.43 (t, J = 7 Hz, 4H), 1.87–1.93 (m, 4H), 1.77–1.82 (m, 4H), 1.49–1.52 (m, 8H); 

13C NMR (125 MHz, CDCl3): δ (ppm) 160.35, 139.47, 136.92, 114.11, 104.83, 

100.96, 77.25, 77.00, 76.74, 67.93, 33.97, 32.77, 29.21, 29.16, 28.68, 28.08, 25.95. 
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Synthesis of COE2-2I 

 
In a gas-tight vessel, compound 2 was and excess NaI were dissolved in 

acetone. The vessel was sealed and heated at reflux temperature for 2 days. 

After that, the crude reaction was diluted in DCM as passed through a silica gel 

plug. Solvents were dried under vacuum and the crude reaction was used in an 

olefin metathesis reaction without further purification. 

To a flame-dried round bottom flask equipped with a stir bar and a 

condenser was charged with the crude reaction and dry DCM under inert 

atmosphere. Grubb’s catalyst 2nd generation (0.01 mol%) was then added to the 

reaction flask. The reaction mixture was heated to reflux temperature for 2 

days. After cooling down to room temperature, the reaction mixture was diluted 

in DCM, washed with water and brine, dried over Na2SO4. Organic solvents 

were evaporated in vacuo. The crude reaction was purified with silica gel 

column chromatography (30% DCM/hexanes) to obtain COE2-2I as white solid 

(80% over 2 steps). Characterization data match the previously reported spectra 

in the literature.35 

  

General procedure for syntheses of COEs 

In a 1-Dram vial equipped with a stir bar, COE precursor (COE2-2I or 

COE2-3I-C4) was dissolved in dry DMF under inert atmosphere. An amine (10 

equiv) was then added to the reaction mixture. The reaction was stirred at room 
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temperature for 2 days. After that, the crude reaction was precipitated by 

pouring the reaction mixture into diethyl ether. The crude mixture was purified 

by reverse phase silica gel flash column chromatography (30% MeOH/water) 

and lyophilized to obtain a target COE as white or off-white solid. 

 

COE2-2hexyl 

 

Yield: 80%; 1H NMR (500 MHz, DMSO-d6): δ (ppm) 7.19 (s, 2H), 6.75 (d, J = 2 

Hz, 4H), 6.39 (t, J = 2.5 Hz, 2H), 3.99 (t, J = 6.5 Hz, 8H), 3.22–3.27 (m, 16H), 

3.00 (s, 24H), 1.72–1.77 (m, 8H), 1.61–1.70 (m, 16H), 1.45–1.51 (m, 8H), 1.34–

1.38 (m, 8H), 1.26–1.34 (m, 24H), 0.87 (t, J = 6.5 Hz, 12H); 13C NMR (125 MHz, 

CD3OD): δ (ppm) 161.87, 140.70, 130.25, 106.36, 102.46, 69.07, 65.52, 65.40, 

51.40, 48.49, 32.39, 32.37, 30.05, 27.05, 27.03, 26.67, 23.59, 23.57, 23.53, 23.51, 

14.33. 

 

COE2-2pentyl 

 

Yield: 75%; 1H NMR (500 MHz, CD3OD): δ (ppm) 7.12 (s, 2H), 6.75 (d, J = 2 

Hz, 4H), 6.39 (t, J = 2 Hz, 2H), 4.03 (t, J = 7 Hz, 8H), 3.33–3.37 (m, 8H), 3.09 (s, 

23H), 1.74–1.87 (m, 25H), 1.59–1.66 (m, 9H), 1.33–1.52 (m, 26H), 0.95 (t, J = 7 
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Hz, 12H); 13C NMR (125 MHz, DMSO-d6): δ (ppm) 160.46, 139.44, 129.33, 

105.45, 101.25, 67.86, 63.46, 63.40, 50.43, 28.93, 28.36, 25.99, 25.53, 22.16, 

22.09, 21.89, 14.21; HRMS (ESI): ([M-2I]2+) calcd: 645.3856, found: 645.3850. 

 

COE2-2butyl 

 

Yield: 80%; 1H NMR (500 MHz, CD3OD): δ (ppm) 7.16 (s, 2H), 6.78 (s, 4H), 

6.41 (t, J = 3 Hz, 2H), 4.04 (t, J = 6 Hz, 8H), 3.35-3.38 (m, 8H), 3.10 (s, 24H), 

1.72–1.87 (m, 25H), 1.60–1.66 (m, 8H), 1.41–1.52 (m, 17H), 1.02 (t, J = 8 Hz, 

12H); 13C NMR (125 MHz, DMSO-d6): δ (ppm) 159.99, 138.94, 128.87, 104.96, 

100.72, 67.37, 62.92, 62.81, 49.97, 28.50, 25.55, 25.08, 23.70, 21.68, 19.19, 13.49; 

HRMS (ESI): ([M-2I]2+) calcd: 617.3543, found: 617.3544. 

 

COE2-2isohexyl 

 

Yield: 64%; 1H NMR (500 MHz, CD3OD): δ (ppm) 7.15 (s, 2H), 6.78 (d, J = 2 

Hz, 4H), 6.41 (t, J = 2 Hz, 2H), 4.05 (t, J = 6 Hz, 8H), 3.37–3.40 (m, 8H), 3.12 (s, 

24H), 1.75–1.88 (m, 26H), 1.61–1.70 (m, 13H), 1.48–1.54 (m, 9H), 0.96 (d, J = 7 

Hz, 23H); ); 13C NMR (125 MHz, CD3OD): δ (ppm) 161.88, 140.72, 130.22, 
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106.31, 102.31, 68.94, 65.70, 65.43, 51.30, 36.32, 30.07, 28.87, 27.06, 26.70, 

23.57, 22.81, 21.63; HRMS (ESI): ([M-2I]2+) calcd: 673.4169, found: 673.4156. 

 

COE2-2isopentyl 

 

Yield: 78%; 1H NMR (500 MHz, DMSO-d6): δ (ppm) 7.19 (s, 2H), 6.76 (d, J = 3 

Hz, 4H), 6.39 (s, 2H), 3.98 (t, J = 7 Hz, 8H), 3.25–3.29 (m, 17H), 3.01 (s, 24H), 

1.73–1.76 (m, 8H), 1.67–1.70 (m, 9H), 1.53–1.60 (m, 13H), 1.46–1.51 (m, 9H), 

1.33–1.38 (m, 9H), 0.92 (d, J = 6 Hz, 24H); 13C NMR (125 MHz, DMSO-d6): δ 

(ppm) 159.99, 138.94, 128.86, 104.96, 100.72, 67.37, 62.76, 61.87, 49.95, 30.03, 

28.49, 25.69, 25.54, 25.08, 22.18, 21.67; HRMS (ESI): ([M-2I]2+) calcd: 645.3856, 

found: 645.3860. 

 

COE2-2pip 

 

Yield: 80%; 1H NMR (500 MHz, CD3OD): δ (ppm) 7.06 (s, 2H), 6.68 (s, 4H), 

6.32 (s, 2H), 3.96 (t, J = 7 Hz, 8H), 3.23 (s, 12H), 3.00 (s, 12H), 1.71–1.83 (m, 

31H), 1.59–1.67 (m, 9H), 1.51–1.58 (m, 8H), 1.39–1.45 (m, 8H); 13C NMR (125 

MHz, DMSO-d6): δ (ppm) 160.02, 139.98, 128.89, 105.00, 100.78, 67.40, 62.32, 
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59.99, 48.59, 48.46, 47.10, 47.08, 28.50, 25.63, 25.11, 20.95, 20.69, 19.30; HRMS 

(ESI): ([M-2I]2+) calcd: 613.3230, found: 613.3238. 

 

COE2-3C-C4isohexyl 

 

Yield: 55%; 1H NMR (500 MHz, DMSO-d6): δ (ppm) 7.61 (s, 4H), 7.28 (d, J = 

16 Hz, 2H), 7.19 (d, J = 16 Hz, 2H), 6.81 (s, 4H), 6.44 (s, 2H), 4.05 (t, J = 6 Hz, 

8H), 3.35–3.39 (m, 8H), 3.24–3.27 (m, 8H), 3.04 (m, 22H), 1.81–1.87 (m, 8H), 

1.73–1.79 (m, 8H), 1.63–1.70 (m, 8H), 1.53–1.61 (m, 5H), 1.13–1.17 (m, 8H), 0.88 

(d, J = 7 Hz, 23H); 13C NMR (125 MHz, DMSO-d6): δ (ppm) 159.81, 139.12, 

136.36, 128.55, 128.54, 126.90, 105.18, 100.92, 66.76, 63.21, 62.54, 50.03, 34.76, 

27.07, 25.99, 22.30, 19.73, 18.85; HRMS (ESI): ([M-2I]2+) calcd: 668.3778, 

found: 668.3784. 

 

COE2-3C-C4isopentyl 

 

Yield: 75%; 1H NMR (500 MHz, DMSO-d6): δ (ppm) 7.61 (s, 4H), 7.27 (d, J = 

17 Hz, 2H), 7.19 (d, J = 16 Hz, 2H), 6.81 (d, J = 2 Hz, 4H), 6.45 (t, J = 2 Hz, 2H), 

4.05 (t, J = 6 Hz, 8H), 3.33–3.37 (m, 8H), 3.03 (s, 23H), 1.81–1.85 (m, 8H), 1.75–
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1.79 (m, 12H), 0.92 (d, J = 6 Hz, 23H); HRMS (ESI): ([M-2I]2+) calcd: 640.3465, 

found: 640.3465. 

 

COE2-3C-C4pip 

 

Yield: 81%; 1H NMR (500 MHz, DMSO-d6): δ (ppm) 7.62 (s, 4H), 7.29 (d, J = 

17 Hz, 2H), 7.20 (d, J = 16 Hz, 2H), 6.82 (d, J = 2 Hz, 4H), 6.46 (t, J = 2 Hz, 2H), 

4.06 (t, J = 6 Hz, 8H), 3.41–3.44 (m, 8H), 3.33–3.36 (m, 16H), 3.03 (s, 12H), 

1.77–1.91 (m, 33H), 1.50–1.60 (m, 8H); 13C NMR (125 MHz, DMSO-d6): δ (ppm) 

159.83, 139.13, 136.36, 128.56, 128.37, 126.91, 105.20, 100.96, 66.88, 61.92, 

60.03, 47.17, 25.72, 20.68, 19.27, 18.12; HRMS (ESI): ([M-2I]2+) calcd: 608.2839, 

found: 608.2842. 

6.2 Estimation of “hydrophobicity” of COEs by HPLC 

Several studies in Chapter 3–5 have demonstrated a correlation between 

hydrophobicity of terminal alkyl chains and cytotoxicity and hemolytic activity. 

To get a better understanding of the relationship between hydrophobicity of 

COEs and their biological activities, there is a need for a convenient method to 

estimate the hydrophobicity of COEs.  

Traditionally, in medicinal chemistry, hydrophobicity or lipophilicity are 

quantified by descriptors logP and logD, where P and D are partition coefficient 
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and distribution coefficient, respectively. Distribution coefficient is dependent 

on pH for ionizable compounds. These two descriptors can be experimentally 

determined by measuring the concentrations of a compound that partitioned 

into water and 1-octanol by a shake flask method.129,130 Major drawbacks of this 

method are that it is a time consuming process, often requires a relatively large 

amount of compounds, and suffers from data reproducibility.131 Due to relatively 

small scale reactions (often smaller than 30 mg scale) when synthesizing a 

number of COEs, a method that provides an estimated hydrophobicity while 

consuming little amount of compounds is preferrable.  

A reverse phase high performance liquid chromatography (RP-HPLC) 

method is advantageous because it consumes very little amount of compound. It 

has been reported that the retention time of a compound in a RP-HPLC column 

can be correlated to its hydrophobicity.132,133 Therefore, I designed a RP-HPLC 

method to determine the retention time of each COE. The preliminary results 

were promising as there is a strong correlation between the retention time of 

COEs and the length of their terminal alkyl chains with R2 = 0.9999 and 0.9985 

for COE2-3C-C3 series and amide COE series, respectively (Figure 6.5).  
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Figure 6.5 Linear correlation between the number of carbon atoms on each side 

chain of COEs in COE2-3C-C3 series (left) and amide COE series (right) and 

retention time in a RP-HPLC column. 

 

Following the results in Figure 6.5, additional distyrylbenzene-based COEs 

were tested to determine their retention times to explore whether there is a 

correlation to cytotoxicity or antimicrobial activity. Figure 6.6 shows 

correlations between retention times of the COEs to log2(IC50’s against HepG2 

cells) and MICs against E. coli K12. There is indeed a strong trend between 

retention time and cytotoxicity suggesting that a major factor that governs 

cytotoxicity of COEs is the overall hydrophobicity. Thus, this method proves to 

be useful to preliminary predict cytotoxicity of distyrylbenzene-based COEs. 

Further work is warranted to demonstrate whether this method is applicable to 

COEs that have different conjugated cores. 

Interestingly, the plot between retention times and MICs of the COEs shows 

a “parabolic”-like curve. The trend indicates that there is a narrow range of 

hydrophobicity (retention time of 18 to 23 minutes) that makes COEs active 

against E. coli K12. After taking the trend of cytotoxicity into consideration, the 

desirable retention time range for distyrylbenzene-based COEs would be 
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approximately 18 to 20 minutes. According to the data in Figure 6.6, COEs with 

this range of retention time are active against E. coli K12 and have little in vitro 

cytotoxicity towards HepG2 cells. This method of hydrophobicity estimation 

could be very valuable for the development of antimicrobial COEs in the future 

as one can easily and quickly predict the biological properties of the COEs 

without setting up lengthy in vitro experiments, especially when there is a need 

to screen a large library of COEs.  

 

  

Figure 6.6 Plots showing correlation between retention times of COEs and 

log2(IC50) (left) and MIC against E. coli K12 (right). 
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Summary and outlook 

Through rational molecular design, several potential applications of COEs 

on bacterial or yeast cells by means of membrane properties modification have 

been realized. Modular structure of COEs allows us to easily generate a diverse 

library of compounds. It was shown on Chapter 2 that the incorporation of a 

rigid non-planar unit to the conjugated core of a COE reduces its antimicrobial 

activity which is likely due to changes in aggregation behavior of the COE in 

membranes. The COE was able to maintain membrane permeabilizing activity 

and accelerate whole-cell biocatalysis processes. Chapter 3 shows that, by fine-

tuning COE structures, antimicrobial activities and cytotoxicity can be 

modulated to achieve a compound with high bacterial selectivity. This opens up 

a possibility of using a COE framework to develop a novel class of antimicrobial 

agents. Chapter 4 shows that additional modifications of COEs with hydrogen 

bonding moieties further improve their activities against Gram-negative 

bacteria through a higher membrane disruption ability and a rapid cytoplasmic 

membrane disruption. In Chapter 5, an effort to address the in vivo toxicity has 

been made by doing away with quaternary ammoniums. The COEs still show 

potent antimicrobial activities. However, in vivo toxicity of the COEs has not yet 

been fully tested. 

Although the membrane permeabilizing and disrupting abilities of COEs 

have been leveraged, much still need to be studied to get a good understanding 

of the precise mechanisms of such abilities. Naturally, one would hypothesize 
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that high membrane permeabilization will lead to high antimicrobial activity. 

However, results from Chapter 2 along with additional data from our group 

show that these two parameters can be decoupled by a careful design of COEs. 

Such observations suggest that mechanisms of membrane permeabilization and 

bactericidal activities may be different or independent from each other.   

We have shown that COEs can be tailored to perturb bacterial membranes 

selectively and effectively. In Gram-negative bacteria, cytoplasmic membrane 

integrity was observed to be important for their viability. Despite these 

observations, there may be more unexplored processes that contribute to 

bactericidal action at play. Elucidation of the underlying mechanisms of 

membrane permeabilization and bactericidal action could be of great benefits 

for leveraging untapped potentials of COEs and the rational design of COEs for 

microorganism-based applications. 
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