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ABSTRACT 

 
A series of water soluble, cationic, anionic and zwitterionic conjugated 

polyelectrolytes (CPEs) with main chains based on an arylene ethynylene repeat unit 

structure with tetraalkylammonium and/or alkylsulfonate side groups were found to 

exhibit significant antibacterial activity.  A number of these complexes also showed 

pronounced light-induced modulation of their effectiveness, with either biocidal 

enhancement or suppression, depending on such properties as singlet oxygen 

sensitization potential and lipophilicity.   

These collected studies examine the biocidal activity of the CPEs, as determined 

by Confocal Laser Scanning Microscopy (CLSM) and Flow Cytometry, correlating this 

activity with the photophysical properties of the polymers.  We demonstrate biocidal 

activity, both in solution and immobilized, of similar ionic conjugated polyelectrolytes.  

These polymers were tested and shown to be effective in solution, physisorbed or surface 

grafted on non-porous borosilicate microspheres and grafted on fabrics.  



 ix 

Also, studies with templated hollow spheres formed from polymer multilayers 

show considerable bacterial sequestration and significant biocidal activity, especially 

upon light exposure.  The effective killing of Cobetia marina, Pseudomonas aeruginosa 

and Bacillus atrophaeus in these systems is also correlated with a requirement for oxygen 

suggesting that interfacial generation of singlet oxygen is the crucial step in the light-

induced biocidal activity.  

This document begins with an introduction to the problem, including a review of 

literature.  This is followed by an experimental section describing in detail the selection, 

growth and harvesting parameters for the bacteria and a summary of substrate preparation 

protocols.  A number of biocidal experiments using a variety of compounds and 

substrates and evaluated with confocal microscopy and flow cytometry are then covered, 

followed by conclusions and future directions. 
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Chapter 1  

The Need for Antimicrobials 

Introduction 

Since the beginning, presumably, mankind has done battle with the elements of 

nature, including fellow creatures, both big and small.  Some of the tiniest of these have 

proven to be the greatest foes, with viruses and bacteria killing far more humans than all 

of our wars.  Even now, in an age when our mastery of chemical synthesis and our 

understanding of biological systems are greater than ever before, we find these enemies 

to be more adaptable and persistent than anyone would have predicted when antibiotics 

were first discovered.   

The control of these pathogens is a major challenge for the household and 

community, in the hospital environment and for developing defenses against intentional 

release by terrorists or in warfare.  The appearance of new antibiotic resistant bacterial 

strains that cannot be defeated by our current arsenal of drugs elevates the problem to 

another level.  The virulence and drug-resistance of some of these (Methicillin Resistant 

Staphylococcus aureus (MRSA), Clostridium difficile and Pseudomonas aeruginosa, for 

example) are on the increase.(12, 18, 31, 44, 79, 86, 106, 191)  There are several 

contributing human/social factors: overuse of antibiotics (overprescribed, self-

medication, high dosing in animal populations); underuse of antibiotics (lack of access, 

inadequate dosing, poor adherence to dosing, and substandard antimicrobials); 

urbanization/overcrowding and poor sanitation among ever-increasing population 

densities; and an extensive global travel network with increased ease, speed and 
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interconnectedness of transportation, enabling disease to spread rapidly from distant 

areas.  

As for the microbes themselves, a great number of them have an impressive 

ability to survive the assaults visited on them by various antibiotics, antimicrobials and 

disinfectants and emerge with some form of defense which is passed along to their 

progeny and occasionally even shared with other species.  Given their ubiquity and, in 

many cases, increasing virulence, the ability to destroy the pathogenic organisms that 

cause infectious disease is a matter of critical concern to human society.  Unfortunately, 

there are now pathogens emerging with resistance to some or all of the “front-line” 

antibiotic and antibacterial agents.  This bacterial resistance to antibiotics is obviously a 

cause of great concern, especially since the occurrence of nosocomial (hospital-acquired) 

infections in the U.S. alone now amounts to 2 million new cases annually, resulting in 

over 90,000 deaths and more than 5 billion dollars of added healthcare costs.(132, 143, 

26, 86) 

Methods of microbial control 

There are numerous approaches to the elimination of microbial agents external to 

the human body.  These can be grouped into two general types:  physical/mechanical—

heat, filtration, scrubbing (usually with a surfactant to aid in dislodging the microbes)—

and chemical, where compounds which are toxic to the organism of interest (and often to 

other organisms, including humans) are employed (Table 1-1).  These may be combined 

to increase the overall efficacy of the process.  Unfortunately, most of these methods 

involve temporary or intermittent processes that typically require periodic renewal of 

their components.  This leaves a window for resistant microbes to multiply, eventually 
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increasing in population to a point where the method may be rendered less effective and 

potentially thwarted.(106, 191, 145, 209, 172, 125, 41).   

Table 1-1. Physical and Chemical Antimicrobials (23, 201) 

physical chemical 
autoclaving alcohols  
desiccation aldehydes  
heat (dry or moist) halogens  
filtration heavy metals 
freezing organic acids 
ionizing radiation (UV/gamma) oxidizing agents 
 penetrating toxic gases 
 phenolic compounds 
 quaternary ammonium compounds 

 

In the scope of this discussion, our focus will be on chemicals for microbial 

control and elimination.  These chemical agents are called by many names, including 

biocides, microbicides, antimicrobials, antiseptics, sanitizers, disinfectants, antibacterials.  

While there may be subtle differences in the meanings of these terms, with biocide being 

the broadest, most are used somewhat interchangeably, as I have used them throughout 

this document.  Strictly speaking, for our experimental system (having only been tested 

on bacteria so far), the latter term, antibacterial, is the most appropriate.   

Chemical biocides have been employed for centuries, first in the form of naturally 

occurring agents like salts, vinegar and honey.  Later, the halogens (in the form of 

hypochlorite and iodine tincture) found use as general and wound disinfectants, alcohol 

as a skin disinfectant and phenol in antiseptic surgery.  From there, the field has 

burgeoned with the use of synthetic antimicrobials from many different chemical 

families—iodophors, biguanides, bisphenols, aldehydes, isothiazolones, tetracyclines, 

chloramphenicol, beta-lactams, glycopeptides, and 4-quinolones, just to name a few—
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many of which are derived from naturally-occurring sources.  Some of these are listed in 

Scheme 1-1, assembled by Cloete, which groups a number of these agents matched to 

their active sites/primary mechanisms.   

 

Scheme 1-1.  An overview of some commonly used biocides and their 
active sites in the target organisms. (41)  

Much recent research has been directed towards the identification and 

development of catalytic antimicrobial coatings that can capture, entrap and kill 

pathogens, especially pathogenic Gram negative bacteria and bacterial spores.(34, 208, 2, 

8, 178)  These coatings and materials may have important applications in healthcare 

settings for sterilization of medical devices, disinfection of surfaces and liquids, and skin 

antisepsis.(200, 218, 117, 131, 128)  Several biocidal materials have been developed 

wherein the biocidal material releases an “active” reagent such as an antibiotic, iodine, 
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phenols or heavy metals such as silver, tin or mercury.  These conventional 

antimicrobials act by diffusing into the cell and disrupting essential cell functions; this 

requires the release of the antimicrobial from the matrix.(21, 29, 69, 87, 142, 192)  One 

drawback of these “leachable” biocides is that the reagents have a finite lifetime and are 

either rendered useless or must be “recharged” once the leachable component has been 

exhausted.(100, 132)  Also, some of the leachable components may themselves become 

environmental hazards.(24, 88, 123)  Another problem with the environmental 

dissemination of current antimicrobials which target specific cellular metabolic processes 

is that they provide selective pressure for the development of antibiotic resistance.(57, 74, 

180)   

These growing problems have led to the need for the development of non-

leachable self-sterilizing surfaces(121, 170, 181, 100, 115, 103, 153, 8, 149) and 

interfacial coatings (solid-liquid and solid-vapor) that exhibit efficient biocidal activity 

against a variety of bacteria, bacterial spores and other agents.(142, 128)  In contrast to 

the leachable agents, biocides immobilized on a surface can be continuously active or 

reusable and may prevent uncontrolled material release to the environment.(113, 100, 

103, 8)  Among the systems that have been proposed and/or developed are metal ion 

containing formulations (29, 192, 98, 69, 87, 43, 21, 102) (which should be monitored 

over their lifetimes to ensure that release is minimized, as referenced in the previous 

paragraph), coated and uncoated semiconductor particles,(29, 69) and polymer blends or 

surfactants containing pendant reactive organic functionalities (quaternary ammonium 

groups, hydantoins, tetramisole derivatives or alkyl pyridinium structures) that may or 

may not require additional reagents for activation of biocidal function.(213, 77, 217, 211, 
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187, 76, 39, 78, 200, 130, 121, 181, 140, 34, 113)  Bacterial killing based on physical 

interaction (mechanical damage) with carbon nanotubes has also been noted.(94) 

As previously mentioned, the defensive mechanisms of pathogenic bacteria are 

numerous and varied.  The formidable barrier of the bacterial cell membranes, 

metabolically redundant systems, robust repair mechanisms and simple avoidance of 

harm through quiescence (only rapidly dividing cells are susceptible to metabolic 

processing of drugs) are difficult to bypass.  Other sundry processes that promote 

antimicrobial resistance include: rapid transfer of resistance genes (plasmid exchange), 

alteration of target biomolecules or metabolic pathways, antibiotic cleavage 

(penicillinase), chemical traps and removal processes, such as efflux pumping (active 

transport—uses ATP) and biofilm formation (initiated by quorum sensing).   

Defeating these physico-chemical barriers, including the manifold individual cell 

membrane components and the higher complexity interactive structures of biofilms, has 

been a focus of work for our group and several others for a number of years now.  Some 

of the tools for investigating many of the biocidal phenomena have only become widely 

available and/or more affordable very recently.  These include various types of high 

resolution optical devices, such as laser scanning confocal microscopy.  This technique 

doesn’t drastically perturb the system of study, as TEM and SEM tend to do with many 

biological samples.  In addition, the improved specificity and sophistication of stains, the 

availability and reliability of atomic force microscopy (AFM), and increased 

understanding of cell structure and metabolism, including the identification and isolation 

of membrane components, have contributed to these efforts. 
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Development of new biocides. 

One possibility for a persistent, broad-spectrum solution is to create an active 

surface that can sequester and/or kill the microbes on contact and is not damaged or 

leached away under mild cleaning conditions.(137, 200, 129, 120, 71)  Designing a 

surface that is robust and long-lived and that is active or can be activated on demand 

requires understanding and some degree of control over bulk and surface properties.  The 

practice of manipulating materials on ever-decreasing scales has led to the possibility of 

systematically controlling the architecture of nanostructures using individual molecules 

as components.  In terms of interaction with bacteria, this means that size, functionality, 

density, and even tertiary structures can be tailored for the purpose of increasing the 

biocidal characteristics of a given system.  This is predicated on having some empirical 

evidence for disinfection by a class of compounds and/or on the understanding of the 

biocidal mechanism exhibited.(99, 3, 11, 42, 107)  This is a sweeping approach, 

potentially producing prophylaxes that exhibit biocidal activity which could help to 

reduce exposures and propagation of the diseases caused by these microbes. 

Cationic polymers are one such family of materials found to be effective as long-

lasting antimicrobials and biocides.  Some of these compounds are increasingly used to 

reduce environmental impact in certain applications.(199)  Among the advantages of such 

polymers over monomeric and small molecule organic biocides such as glutaraldehyde 

and chloroxylenol are lower residual toxicity, increased lifetimes and increased 

specificity.(96)  Cationic biocidal polymers are thought to function by associating with 

negatively charged bacteria, permeating the bacterial cell wall and physically disrupting 

the underlying cell membrane.(101, 111, 200, 85)  The physical mechanism resulting in 



 8 

membrane disruption has been suggested to involve association of the cationic groups 

with the phospholipid bilayer membrane followed by an ion exchange process in which 

the organic cations exchange with inorganic cations resulting in a destabilization of the 

membrane and subsequent pore formation or collapse.(85, 152)   

In order to investigate the mechanism for biocidal activity, a number of 

researchers have undertaken experiments to build biomimetic membrane systems to 

probe with potential antimicrobial compounds. Their efforts have yielded model systems 

for representing membrane bilayers, as well as experiments where those models have 

been challenged by antimicrobial compounds both natural and synthetic.   

Two such naturally occurring compounds are magainin (Figure 1-1) and 

protegrin-1 (PG-1) which have been dubbed antimicrobial peptides or AMPs.  The R-

helical magainin (isolated from frogs) and α-sheet PG-1 both fold into secondary 

structures that concentrate charges and nonpolar groups into separate areas.  These 

unique properties apparently enable them move through the outer lipopolysaccharides 

and to strongly interact with the phospholipids of Gram negative bacterial cellular 

membranes, to the point of dispersion and eventual perforation of the cell wall.  New 

families of synthetic compounds that build on the active properties of these natural 

products are also being developed.(11, 68, 193) 
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Figure 1-1.  Primary sequence of magainin-2 with side and end-on 
representations based on structures in the protein database. Blue and green 
side groups represent polar and hydrophobic non-polar amino acids, 
respectively, with the cationic amino acids underlined. The secondary 
structure illustrates the facially amphiphilic arrangement of polar and non-
polar residues along the helical backbone, which is in yellow. (66)  The 
amino acids of magainin-2 that contribute to its facially amphiphilic 
properties are:  K-lysine, H-histidine, E-glutamic acid, N-asparagine, S-
serine, G-glycine, I-isoleucine, F-phenylalanine, L-leucine, A-alanine, V-
valine, M-methionine.  Of these, K, H and E are charged, while N and S 
are polar.  These are labeled in blue and mostly occupy the upper (as 
oriented here) surface.  The non-polar G, I, F, L, A, V, and M are labeled 
in green and are consigned to the bottom surface. 

Some new families of cationic polymers that are loosely related to the naturally 

occurring peptides have recently garnered a great deal of interest because of their broad 

spectrum activity against bacterial agents.  This activity arises from the targeting of the 

lipid bilayers of cell membranes rather than specific protein receptors, leading to the 

disordering and destabilization of the cell membrane.  The characteristic chemical and 

structural properties of these compounds allow selective interaction and subsequent 

disruption of bacterial cell membranes.  The mechanistic details of pathogenic interaction 
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of both the naturally-occurring and synthetic polymers are only partially understood and 

have been the subject of considerable debate in the literature.(32, 41, 42, 54, 101, 122, 

159, 172, 208) 

Chemical structures and properties 

Related work herein is being done with a family of conjugated polyelectrolytes 

(CPEs), specifically, polyphenylene ethynylene (PPE) based compounds, synthesized at 

the University of Florida by the Schanze group, and oligo phenylene ethynylene (OPE) 

compounds, developed here at the University of New Mexico by the Whitten group.  

Both types of compounds have been spectroscopically characterized and investigated for 

their biocidal properties.  The ability to study antibacterial efficacy of these compounds, 

establish relevant structure-property relationships and design new polymers or oligomers 

based on this information is a strength of this team effort.   

Conjugated polyelectrolytes have gained significant attention due to their unique 

materials and photophysical properties.(171, 124, 198, 83, 222)  In particular, CPEs are 

soluble in water and polar organic solvents, and the presence of the ionic solubilizing 

groups allows the polymers to interact strongly with ions in solution and with charged 

planar or colloid surfaces.  Due to their relatively high carbon atom to ionic group ratio, 

CPEs can be considered to be amphiphiles.  They self-assemble into nanoscale 

aggregates in aqueous solution and adsorb strongly to charged substrates, forming films 

that can be tailored on the nanoscale.  In addition to these interesting and useful materials 

properties, CPEs also have favorable photophysical properties such as efficient light 

harvesting ability (large absorption coefficients), rapid singlet exciton diffusion along the 

conjugated backbone, high fluorescence quantum yields, and an amplified fluorescence 
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quenching effect.(222, 40, 195, 196)  Such desirable characteristics of CPEs have led to 

their use a variety of applications including chemo- and bio- sensors(222, 151), 

photovoltaic devices(90, 197), and light-activated antimicrobial materials.(126, 37, 47, 

46) 

The commonality between these CPEs and the AMPs is their cationic and/or 

amphiphilic nature.  The CPE polymers (Figure 1-2, Figure 1-3, Figure 1-4 and Figure 

1-5), oligomers (Figure 1-6) and polyampholytes (Scheme 8-1) used in these studies are 

designed to contain both charged groups (quaternary ammonium or sulfonate) and 

nonpolar groups along a rigid, primarily linear backbone.  These studies appear to 

indicate that a defined secondary structure, such as a helix or sheet, is not essential to the 

biocidal functionality.  In either case, little is known about the direct interaction of the 

biocidal agents with the cell membrane.   

These CPE compounds have an additional property of relevance to their 

antimicrobial activity:  some of them have been found to produce singlet oxygen (1O2
*) in 

solution when exposed to visible and near-UV light in the 365-500 nm range.  

Presumably this energetic species can either directly attack a membrane in proximity or 

can generate other reactive (and longer-lived) species which ultimately degrade the 

membrane.(133, 141, 202, 206)  These species have also been shown to be effective in 

destroying viruses, spores and chemical agents (194, 53, 82, 169), making them a 

potentially broad-spectrum solution for a number of threats, depending on their 

engineered delivery mechanisms. 
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Figure 1-2.  Structure of polyphenylene ethynylene molecules first used in 
the antimicrobial studies, referred to as PPE-OR8 (1a) and PPE-OR11 
(1b). These compounds have phenylene units (separated by ethynyls) 
containing alternate functionalization: oligo ethylene glycols terminated 
with a methyl group adjacent to a propyl ether terminated with a 
trialkylammonium group.   
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Figure 1-3.  The structure of compound 2, referred to as PPE-DABCO, 
omits the oligo ethylene glycols and has an ether-linked doubly charged 
diazabicyclooctyl moiety terminated with a hexyl group.   
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Figure 1-4.  Polymer compound 3, a negatively charged polyphenylene 
ethynylene molecule used in these studies.  The structure is somewhat 
analogous to compound 1, with sulfonate groups instead of the 
ammoniums and without the alternating oligo ethylene glycols. 
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Figure 1-5.  Structure of CPE 4 with thiophenyl groups alternating with 
phenylene along the backbone of the polymer.  Herein referred to as PPE-
Th. 
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Figure 1-6.  Structures of three oligomeric compounds, OPE6 (5), OPE17 
(6), and OPE17Th (7)which were tested for antibacterial properties. 

Biocide effects on membranes. 

In general, hydrophilic antibacterial agents are primarily prevented from entering 

the bacterium through the outer membrane by the lipopolysaccharide layer and the 

underlying phospholipids, whereas hydrophobic agents are excluded by outer membrane 

proteins.  These components are illustrated in Scheme 1-2. 
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Gram-negative cell membrane     Gram positive cell membrane 

Gram- inner membrane (96 proteins)  Gram+ acid-fast cell wall (4 proteins) 
Gram- outer membrane (64 proteins)  Gram+ plasma membrane (13 proteins) 

Pores: 0.15 to 3 nm 
 

Scheme 1-2.  Structure of Gram negative (left) and Gram positive (right) 
cell walls, with a comparison of their relative complexity.(41) 

Most of the compounds under study contain both charged groups and non-polar 

segments, such as the long nonpolar side chains, that share some of the nature of the 

typical phospholipids (Figure 1-7) that comprise bacterial cell membranes.  This being 

the case, it would be reasonable to assume that the hydrophilic charged group may act 

similarly to the phospholipid head group, while the hydrophobic non-polar portions of the 

molecule could mimic the tail of the phospholipids.  It may be that this synergistic 

combination of elements is able to confuse defensive mechanisms.  At a minimum, these 

factors would certainly contribute to some affinity for interaction with the membranes 

themselves.  Indeed, many studies have been carried out (primarily looking at insertion 

and transport of drugs) that verify this structure/property relationship (14, 33, 182) and 

membrane modeling has become a useful tool for design of antimicrobials.(54, 127, 190) 
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Figure 1-7.  Structure of a cellular membrane bilayer (left) and an 
individual component phospholipid molecule (right).(4) 

Changes in model membrane integrity have also been observed with AFM.  Due 

to the high resolution of this technique, it is possible to obtain information on changes in 

morphology, porosity, layer thickness and area of a true bilayer (instead of the monolayer 

obtained in a Langmuir trough).  Figure 1-8 shows a continuous dimyristoylphosphatidyl-

choline (DMPC) bilayer exposed to a dendromeric form of a quaternary ammonium 

polycationic complex.  Over a 19 minute exposure, the film experiences significant loss 

of integrity, with the development of 100-200 nm holes. 

 

 

Figure 1-8.  AFM height images of the same area of the 
dimyristoylphosphatidylcholine (DMPC) bilayer (a) 12 to (c) 19 min after 
exposure to G5-amine. Color height scale: 0-20 nm. (152) 
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The conditions are reversed in Figure 1-9, where isolated bilayer “islands” are 

exposed to the protegrin-1 peptide, resulting again in bilayers with disordering, especially 

at the edges, and porosity increasing with time, up to 15 minutes, by which time the 

process seems to have reached maximum entropy. 

 

Figure 1-9.  AFM images of DMPC bilayer patches (A) before and (B and 
C) after introducing 2 µg/mL of PG-1 to the superphase. (scale bar = 500 
nm) (A) Without PG-1, stable supported bilayer patches maintained 
smooth boundaries by line tension. (B) After 5 min of incubation in the 
PG-1 solution, edges were destabilized, and fingerlike structures grew. (C) 
After 15 min, the destabilization process reached completion, and no 
further changes were observed. (105) 

In terms of the effectiveness of these compounds in the actual killing of bacteria, 

a number of studies have been undertaken. (2, 39, 104, 218, 114, 47)  Fluorescence 

microscopy and confocal fluorescence microscopy have been used to analyze a number 

of these trials.  This can generate wavelength specific data which can be viewed as color 

images.  Quantitative analysis of these images can be tedious and uncertain because of 

inhomogeneities in the mounted microscope slides and in the selection of images retained 

for consideration.  Figure 1-10 shows an example of a study where unambiguous results 

were possible because of the absolute killing over the entire sample.  Evolution of a given 

observable area over time may also be difficult to monitor because of photobleaching of 
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the stains, inability to re-locate given features after moving the stage, and drying of the 

sample. 

 

Figure 1-10.  Fluorescence microscopy images of (A) Rhodamine labeled 
vesicles formed from E. coli lipid extracts before addition of polymer and 
(B) after 30 min in the presence of a conjugated norbornene polymer. 
Vesicles had an approximate diameter of 2-3 µm. (C) Stained bacteria (E. 
coli) before addition of polymer and (D) after 30 min in the presence of 
polymer. Bacteria were ~1-2 µm in length. (64) 

Research Goals 

The antimicrobial system currently under study is a family of ethynylene 

polymers with alternating phenyl and ethynyl groups along the polymeric backbone.  

This family of polymers is generally stable in air and at elevated temperatures (>150 ºC), 

both attractive characteristics for materials intended for use in coatings on 

environmentally-exposed surfaces and in biosensors.  Furthermore, these compounds 

have a straightforward synthesis from relatively inexpensive starting materials.  
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Compounds 1a and 1b (Figure 1-2) and compound 4 (Figure 1-5) are disubstituted on 

each phenyl group, while compounds 2 (Figure 1-3) and 3 (Figure 1-4) are disubstituted 

on every other phenyl group.  These ether linked substituent groups provide the charge 

for the polyelectrolyte.  The complexes have been shown to have strong absorbance and 

emission in the visible range, the wavelengths of which may be manipulated by changing 

branching functional groups, branching chain lengths or conjugation lengths.  Studies so 

far have concentrated mainly on synthetic routes to these complexes and their general 

spectroscopic qualities.  Subsequent studies of the biocidal actions of this class of 

compounds in our group were reported by Chemburu et al.(37) and most recently Corbitt 

et al.(45, 47) 

The ability of the CPEs to damage and kill bacteria and spores had been 

previously established within the research group.(126)  In order to further establish proof 

of concept and begin to quantify this activity, we began testing of the CPEs against 

laboratory strains of bacteria that were considered relatively benign.  Our constraints 

were initially somewhat facility-dependent, in that we were originally housed in a 

building not ideally equipped to culture or handle viruses or the more pathogenic forms 

of bacteria.  Neither did we have access to equipment that would enable quantification of 

the degradation of chemical weapons simulants.  With these limitations in mind, a 

number of research goals were developed to guide the work:  

1) Decide on organisms to be tested. 

2) Develop rapid and effective assays for quantification of the biocidal activity. 
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3) Determine the mechanism of killing, specifically the light-activated killing, 

assuming that most dark killing would result from the action of the 

quaternary ammonium moieties only. 

4) Ascertain whether the compounds of interest could retain their recognized 

biocidal capabilities when incorporated into various material substrates. 

5) Examine structure/activity relationships and use these to guide future 

synthetic objectives. 

The summative hypothesis then became:  “The antimicrobial activity of this 

family of CPE compounds can be analytically measured, modified and incorporated into 

various relevant material substrates.”  Thus, this dissertation developed to encompass the 

application of a family of functionalized conjugated phenylene ethynylene electrolytes to 

disinfection of liquids and solid surfaces and the development of techniques and 

protocols to quantify their activities.  Compounds of this type and others with shared 

characteristics (generally cationic, quaternary ammonium complexes) have been shown 

to be very effective antimicrobial agents by our group and others.(159, 37, 55, 74, 85, 

205)  Functionalizing one or both ends of the polymeric chains with appropriate moieties 

provides a means of attachment to various substrates.  This gives the ability to form 

extended structures such as monolayers and vesicles that are amenable to incorporation in 

nanotechnological constructs that are specifically intended to intercept and kill pathogens 

by mechanical damage, chemical toxicity or simple immobilization in the absence of a 

food source.  Mixtures of these compounds, as in layer-by-layer (LbL) coatings of 

polymers of alternating charge, can generate tertiary structures with other desirable 

properties.  In addition, activation of these complexes by visible light may give rise to 
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active intermediates that enhance the biocidal effects.(15, 37, 126, 134, 135, 203)  These 

structures also lend themselves to characterization of the photochemical dynamics by 

various analytical probes, particularly UV/visible and fluorescence spectroscopy.   This 

spectroscopic information may then be used to elucidate the mechanism of biocidal 

action and help determine the active species most responsible for bacterial membrane 

disruption and/or chemical toxicity to cell function. 

The primary goal of this ongoing research is to examine and quantify the scope of 

biocidal action of the individual polymers and extended systems under dark and light-

exposed conditions.  This will promote understanding of how chemical and 

configurational modification can modulate these properties so that their efficacy can be 

increased through design and assembly at a molecular level. 
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Chapter 2  

Experimental Methodology for Investigating Biocidal Activity 

Bacterial Simulants 

Selection and Characteristics 

In selecting bacterial species for investigation in this study of the antimicrobial 

effects of the CPE compounds, a number of factors had to be considered.  The bacteria 

needed to be readily available, robust enough to be grown in our laboratory without 

requiring specialized equipment (beyond the technology of a chemostat) and non-

virulent, to meet the facility standards for hazardous substances.  Due to these 

considerations, the bacterial strains used most frequently were Cobetia marina, a marine 

bacterium (Chapters 3, 4 and 5), Pseudomonas aeruginosa, a soil bacterium and 

opportunistic pathogen (Chapters 3, 4 and 5) and Bacillus atrophaeus, a simulant for 

anthrax (Chapters 5, 6 and 7).  Both Cobetia marina and Pseudomonas aeruginosa, strain 

PAO1are Gram negative bacteria that can be good simulants for Gram negative 

pathogenic bacteria such as Yersinia pestis and Vibrio cholerae.  The complex outer 

membrane and lipoprotein/peptidoglycan layers play a role in shielding these bacteria 

from potentially harmful reagents such as singlet oxygen.(133)   

The Gram-negative (see Scheme 1-2) obligately aerobic halophile Cobetia marina 

(basonym, Halomonas marina) was selected for its robustness and, because it is cultured 

in a strongly saline solution, a low likelihood of contamination from common airborne 

bacteria.  It is of interest for its role in biofouling of marine vessels.   
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Figure 2-1.  Phase contrast image (20x) of Cobetia marina grown in our 
laboratory. 

The second bacterium selected was Pseudomonas aeruginosa.  This ubiquitous 

Gram-negative organism is an opportunistic pathogen which has a highly elastic 

metabolism and exhibits increasing antibiotic resistance of nosocomial strains. Of the two 

million nosocomial infections each year, 10% are caused by P. aeruginosa.  This 

bacterium is the second most common cause of nosocomial pneumonia and the most 

common cause of intensive care unit (ICU) pneumonia and is notorious for contamination 

of catheters and other medical equipment.  It is able to survive on a diverse range of 

carbon sources, including soap residue, adhesives and even on some quaternary 

ammonium compounds used as antiseptics. 

The laboratory strain PAO1 has been used most extensively in common testing, as 

it lacks the virulence of other Pseudomonas strains while retaining the primary properties 

concerning biofilm growth and susceptibility to antibiotics (or lack thereof).  It is also, as 

might be expected, quite easily grown in laboratory cultures.   
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Figure 2-2.  Pseudomonas aeruginosa.  Stained with SYTO 60 (red-live) 
and SYTOX Green (green-dead). 

Although both the Gram negatives C. marina and PAO1 show biocidal effects 

from the polymers, the Pseudomonas generally requires longer exposure times to kill. 

 

Figure 2-3.  CLSM image of Bacillus atrophaeus vegetative cells 
associated with cotton fibers. 
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Bacillus atrophaeus (also known as Bacillus subtilis) has long been used as a 

simulant for its Bacillus relative anthrax, having similar properties in terms of growth, 

antibiotic susceptibility and sporulation, but lacking in pathogenicity.  These are Gram 

positive organisms, having a single, less complex (but thicker) cell membrane, as 

illustrated in Scheme 1-2. 

Bacterial Growth 

General conditions. 

The care and feeding of bacterial cultures constituted the main part of a steep 

learning curve for me concerning general biology and microbiology in particular.  

Approaching the understanding of biological processes with a chemist’s mindset of 

precise measurement of reagents and close monitoring of conditions proved to be 

unnecessary and even a bit of a hindrance at times.  Despite having been a scientist for 

the majority of my life, the ubiquity and flexibility of living things, the dynamic nature of 

bacterial growth, and the complexity underneath it all took me somewhat by surprise.  

The fact is, microbial growth is everywhere.  One estimate of their total numbers on the 

Earth is around 5 x 1030, with as much carbon mass as all plant life and 10 times the N 

and P mass of plants.(214)   

Bacterial growth has three phases:  First is lag phase; slow growth while the cells 

are adapting to a high-nutrient environment.  The cells then accelerate into the 

logarithmic (log) phase by increasing biosynthesis rates, producing proteins necessary for 

rapid exponential growth.  During this phase, nutrients are metabolized at a high rate until 

one of the nutrients is depleted and begins to limit growth, transitioning into stationary 

phase when the majority of the nutrients are depleted.  The cells then decrease metabolic 
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activity and begin to consume non-essential cellular proteins.(174)  Experimenters, when 

examining bacteria out of medium, must keep in mind that these dynamic processes do 

not stop and metabolic changes may occur over the time scale of an experiment.  

Like all other life, bacteria grow best given the proper conditions; for our test 

organisms, these come in the form of a rich media broth.  These broths, such as Difco’s, 

are optimized for nutrient and beneficial salt (primarily calcium and magnesium) content.  

The carbon food source in these broths is of a high concentration, to encourage rapid 

proliferation of the culture.  Detrimental ions such as iron and copper are reduced where 

recommended for clinical applications, bacterial and yeast transformation studies and 

bacterial molecular genetics applications. 

In our experiments, all bacterial work was carried out under sterile conditions 

(flaming, alcohol rinse).  Bacteria for testing were initially obtained from a stock culture 

stored in 20% glycerol at -70˚C.  The thawed stock culture was used to inoculate an agar 

slant that was then stored at 4°C for up to 2 weeks.  Colonies from the slant were used to 

inoculate flasks (usually 250 mL, with 50 mL broth) to grow “overnight” cultures in the 

apposite rich media broths.  This flask was then sealed with a foam stopper covered by Al 

foil, in a shaker/incubator held at the appropriate temperature for 16-18 hours, depending 

somewhat on the particular species.  Populations of overnight cultures for all types of 

bacteria used in these studies frequently exceed 109 mL-1 when properly prepared with 

adequate nutrients and sufficient oxygen availability. 

The overnight bacteria destined for direct experimentation were used immediately 

following a washing procedure (see Preparation of bacterial samples below).  

Alternatively, some of the bacteria from the overnight culture were transferred to a 
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“minimal” media that consists of a mixture of all necessary salts in appropriate 

proportions for a given species with a nutrient source that functioned as a limiting factor.  

These bacteria were then continually grown and harvested from a chemostat, described 

below. 

Once the bacteria from either source had been extracted and washed, they were 

then counted using a hemocytometer, a specially designed microscope slide with a ruled 

grid and ridges on either side of the ruled area that insure that the thickness of the liquid 

layer under the cover slip will be constant (usually 0.1 mm).  We could then establish the 

desired population in solution by dilution with an appropriate buffer solution—either 

artificial sea water (ASW), phosphate buffer solution (PBS) and/or 0.85% NaCl. 

Culture media. 

All media and buffers were prepared in filtered, de-ionized water (Barnstead-

Thermolyne ROPure/Nanopure system).  The final resistivity of the processed water was 

>18 MΩ cm−1.   

Specifically for C. marina, Marine Broth 2216 (MB, Difco) was prepared 

according to the manufacturer’s instructions.  Marine Agar (MA) was prepared by the 

addition of 1.5% Bacto agar (Difco) to MB.  C. marina (ATCC 25374) was revived from 

the original lyophilate and was stored as frozen stock aliquots in MB +20% glycerol at -

70°C.  Experimental stock cultures were maintained on MA slants and were stored at 4°C 

for up to 2 weeks. Prior to experimental use or inoculation into a chemostat, a single 

colony from a MB slant was inoculated into 50 ml of MB and grown overnight with 

shaking at 25°C.  
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Artificial sea water (ASW), used in the preparation of the minimal medium for C. 

marina, contained 400 mM NaCl, 100 mM MgSO4, 20 mM KCl, 10 mM CaCl2.(97)  The 

chemostat solution, modified basic marine medium plus glycerol (MBMMG) (based on 

Kersters’ basal media) contained 0.5× ASW plus 19 mM NH4Cl, 0.33 mM K2HPO4, 0.1 

mM FeSO4·7H2O, 5 mM trishydroxyaminomethane hydrochloride  pH 7, and 2 mM 

glycerol.(89, 97)  A chemostat culture of C. marina was established by inoculating 3 ml 

of the overnight culture into MBMMG.  The chemostat was maintained at a flow rate of 

0.8 mL min-1 (dilution rate, 0.1 hr-1) with constant stirring.  Under these conditions, the 

concentration of the chemostat C. marina culture was ~107 cells mL-2. 

The Pseudomonas aeruginosa, strain PAO1, (a kind gift acquired from Dr Tim 

Tolker-Nielsen) was stored as frozen stock in Nutrient Broth (NB, Difco) prepared 

according to the manufacturer’s directions +20% glycerol at -70°C.  Nutrient agar (NA) 

was made by the addition of 1.5 % Bacto agar to NB.  Experimental stock cultures were 

maintained on NA slants and were stored at 4°C for up to 2 weeks. Prior to inoculation 

into a chemostat, a single colony from a NA slant was inoculated into 50 ml of NB and 

grown overnight (18 hr) with shaking at 25°C.   

Chemostatic growth of Pseudomonas aeruginosa required minimal citrate 

medium (PAMCM))(80) containing 2.5% (NH4)2SO4·2H2O, 0.6% Na2HPO4, 0.3% 

KH2PO4, 0.098% MgCl2, 0.011% CaCl2, 1 mL L-1, Pseudomonas trace elements, and 

1mM sodium citrate (carbon source).  A chemostat culture was established by inoculating 

3 ml of the overnight culture into PAMCM.  The chemostat was maintained at a flow rate 

of 1.0 mL min-1 (dilution rate, 0.12 hr-1) with constant stirring. The concentration of the 

chemostat culture was about 107 cells mL-1.  Chemostatic culturing of P. aeruginosa has 
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been discontinued because of the uncertain biohazard status assigned to this bacterium by 

the University’s Biohazardous Materials oversight committee.  This status eventually 

changed during the course of experiments from BSL1 to BSL2. 

The bacterium B. atrophaeus was similarly inoculated and grown in overnight 

cultures using Tryptic Soy Broth (TSB) as the rich medium.  Chemostatic cultures used 

the same minimal citrate medium as the P. aeruginosa.  The spore form of B. atrophaeus 

was generated using low nutrient agar plating of stock from an overnight culture 

inoculated with a solution high in Ca2+ and Mg2+ and allowed to dry at 4 ˚C for 6-7 days.  

These plates were then rinsed with 0.85% NaCl buffer and prepared for experiments in 

the same manner as vegetative cells.  Spores prepared in this fashion can be stored for up 

to 2 weeks with no apparent degradation. 

Chemostat setup 

Chemostatic growth of bacteria is a process developed in early work (1942) by 

Monod and is based on empirical observation of the relationship between growth rate and 

substrate concentration.(155, 156, 84)  It is a powerful technique for long-term 

experimental studies owing to the advantages offered in control of environment (for both 

the bacteria and the laboratory), reproducibility and modeling.  A chemostat is essentially 

a continuous culture system, where a pump regulates medium flow rate into the static 

working volume of a chemostat vessel, establishing the dilution rate and hence the 

specific growth rate of the culture (most often represented as µ).  One of the systems used 

in these experiments is shown in Figure 2-4. 

Although Monod’s design remains the most widely used, some operational 

problems remain, including foaming, cell damage during agitation, and inhomogeneous 
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mixing.  Dripping the media into the chamber from a point well above the suspension is 

done to prevent bacteria from reaching the reservoir of sterile medium, but can be 

problematic, creating small pulses of nutrients and thus oscillations in concentrations, 

upsetting the static property of the chemostat.  A related and potentially more significant 

effect is cell growth (and migration) on walls and plumbing, due to splashing caused by 

the drops of falling media. 

 

basal 
media 
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Figure 2-4.  Photograph of a chemostat set up for P. aeruginosa culture 
growth.  The arrows indicate the various components, some of which 
(heating and refrigeration) are not required for simple operation.  This 
chemostat has a working volume of 600 mL, which is maintained at this 
level by peristaltic pumping of basal media from a 4 L glass reservoir. 

A metered influx of sterile medium from a reservoir is balanced by the efflux of 

spent medium, living cells and cell debris, allowing growth of microorganisms to occur at 

an equilibrium, with growth of new cells being balanced by those washed out.  In this 
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steady state system, new bacterial growth is equal to the rate at which the culture is being 

diluted.  The relationship between rate of flow of the growth medium into the chemostat 

and the chemostat volume is defined by the dilution rate, D: 

D = F/V        (1) 

where F is the flow rate, and V is the culture volume.  Recalling that µ is the growth rate 

of the culture, the change in the concentration of biomass (x) over time during steady-

state growth can be expressed as 

dx/dt = µx - Dx       (2) 

and since under steady state conditions the biomass concentration is constant: 

dx/dt = 0, thus µx – Dx = 0 or µ = D     (3) 

Therefore, in steady state, the growth rate can be manipulated as a function of the 

dilution rate, provided that the dilution rate is below the maximum specific growth rate 

(µmax) of the organism under the given conditions.  In other words, if the flow is increased 

(or the volume is reduced), to the point where the system is driven past the critical 

dilution rate (Dc) (the rate at which the steady-state biomass concentration is zero), the 

culture washes out of the chemostat. 

Since the growth of microorganisms in continuous culture is governed by D, the 

limiting factor is the rate of supply of a growth-limiting nutrient.  To relate the biomass 

of a steady-state culture to the residual limiting substrate concentration (the limiting 

nutrient in the feed reservoir) and the dilution rate, Monod used the following equation: 

µ = µmax S / (Ks + S)        (4) 
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where S is the residual substrate concentration and Ks is the half rate saturation constant, 

which is equal to S when the growth rate is 0.5 µmax. Therefore, when applied to 

continuous culture, 

D = Dc S / (Ks + S)        (5) 

implying that the growth cycle of an organism is not an inherent property of the organism 

but a result of its interaction with the physico-chemical environment in which it is 

growing.   

Therefore, using a chemostatic system, lag, log and stationary phases of microbial 

growth may be accessed.  This application of continuous culture systems to modulate 

growth and avoid the transient conditions encountered in batch culture offers significant 

advantages to experimenters.  Bacteria grown under chemostatic conditions tend to have 

more uniform characteristics and thus are better suited for experimentation over longer 

periods of time.  In our experiments, cultures of C. marina and P. aeruginosa were 

successfully maintained for up to two months before it became necessary to dismantle the 

chemostats for cleaning. 

Substrate Preparation 

Microspheres 

A detailed study was recently carried out by our group that focused on the 

preparation and characterization of SiO2 particles that contain a surface-grafted layer of 

an anionic conjugated polyelectrolyte.(167)  Uniformly sized silica microspheres were 

purchased from Bangs Lab or from Duke Scientific as a dry powder.  A small amount 

(50-60 mg) was suspended in purified water and the beads were then counted using a 
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hemocytometer.  This weight of 5 µm beads would normally give a population of 

approximately 1-5 x 108 beads/mL.   

This approach was used to prepare 5 µm and 30 µm particles with covalently 

grafted layers of 1a or 1b (SCGP-1a and SGCP-1b).  Briefly, the SiO2 surface of the 

particles is initially functionalized by reaction with an aryl iodide functionalized 

organosilane.  Then a palladium-catalyzed (Sonogashira) polymerization reaction is 

carried out in a solution containing a suspension of the aryl iodide functionalized 

particles.  During the step-growth polymerization process, a fraction of the growing 

chains are captured by cross-coupling with the aryl iodide unit on the particle surface, 

which leads to covalent grafting of the polymer chain to the surface.  Following the 

grafting procedure, the particles were washed extensively to remove material that is not 

covalently bound to the surface.  Thermal gravimetric analysis was carried out in a 

previous study of SGCP particles prepared by the same approach, and the materials 

typically consist of ca 10 wt% polymer.(167)  In addition, on the basis of the TGA and 

transmission electron microscope images, the thickness of the surface-grafted polymer 

layer is estimated to be 12 nm on average.(167) 

Microspheres with physisorbed polymer were also prepared:  A certain amount of 

polymer was weighed and dissolved in deionized water (1 or 4), or taken from the stock 

solution (2) and the absorption spectrum was obtained by using a spectrophotometer 

(Spectramax M5).  The concentration of the polymer (1a, 1b, 2 or 4) in solution was 

calculated using the Beer-Lambert law, using the corresponding extinction coefficients.  

The cationic PPEs have an approximate surface area of 280 square angstroms per 

polymer repeat unit (PRU).(219)   
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Calculations of surface area were done using the given bead diameters and 

assuming a smooth spherical shape to determine the quantity of polymer necessary to 

provide monolayer coverage plus a 20% excess for a given amount of beads.  After the 

addition of the polymer solution to the beads, they were vortexed for 30 min and washed 

5 times in PBS buffer (20 mM PBS + 150 mM NaCl) until the supernatant was no longer 

fluorescent.  The beads were finally suspended in 1 mL of PBS buffer, either PBS, ASW 

or 0.85% NaCl, depending on the subsequent treatment, and stored at and stored at 4 °C 

(1 and 2) or at room temperature (4) until further use.   

These physisorbed microspheres were not employed extensively for antimicrobial 

testing because of a number of perceived inconsistencies in their performance.  It was 

speculated that, despite the extensive washings, these beads were losing some of the 

polymer coating to solution, possibly due to the ionic strength effects of the buffers used 

for the bacterial samples.  This phenomenon was not investigated further, due to the 

ready availability of the chemically grafted beads. 

 

Figure 2-5.  Microscopy images (fluorescence, left, and bright field, right) 
of 5 µm SiO2 microspheres with polymer 2 grafted on the surface. 
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Polyelectrolyte Multilayers (PEMs) 

A number of more recent experiments have been done using a substrate composed 

of conjugated polyelectrolyte multilayer capsules (PEMs), fondly referred to within the 

group as micro“Roach Motels” (µRM).  These multilayer constructs of polyelectrolytes of 

alternating charge (compounds 2 and 3) are formed around a spherical template of 

manganese carbonate that is later dissolved, leaving a hollow polymeric shell.  The 

synthesis of these capsules and their use in biocidal experiments are covered in Chapter 5. 

Biocidal studies 

Preparation of bacterial samples 

The bacterial suspension harvested from the chemostat typically contained around 

107 cells mL-1 and, depending on the number of samples needed, 5-50 mL was extracted 

for washing.  The population per unit volume from overnight batch cultures was usually 

at least an order of magnitude higher and a sufficient quantity for experimentation could 

consequently be obtained from just a few milliliters.   

Once the culture suspensions were extracted, they were then prepared by 

centrifugation at 10 K rpm in an Eppendorf 5415C centrifuge and the supernatant 

removed and discarded.  The remaining pellet was resuspended in 1 mL of buffer 

solution and recentrifuged.  This cycle was repeated for a total of 3 washes and counting 

was carried out in a hemocytometer in order to normalize bacterial concentrations.  The 

bacteria were used immediately after preparation to preserve live population and 

minimize metabolic fluctuations (growth phase changes, sporulation).  C. marina 

prepared in this fashion typically remained viable for 2-3 hours and P. aeruginosa and B. 

atrophaeus for more than 6 hours.  Under low nutrient conditions, the B. atrophaeus 
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would begin to show some signs of sporulation at the longer times (>4 hrs).  This 

phenomenon, which can lead to significant changes in membrane structure and cell 

metabolism, was noted early and the data gathered under such circumstances was not 

consolidated with that gathered on the standard vegetative cells.   

Staining 

Much initial effort was spent in finding a method for quantifying biocidal activity 

of the various CPE complexes and their substrate-dependent formats.  Early experiments 

indicated that the surface grafted conjugated polyelectrolytes (SGCP) on silica substrates 

were highly effective both at capturing bacteria and killing them upon irradiation with 

visible light.  After several trials with culturing and examining both the beads and the 

bacteria in microfluidics channels, it was decided that we would try staining in order to 

achieve unambiguous discrimination between live and dead bacteria.   

In order to assess the effects of the potential antimicrobial compounds, it is often 

expedient to employ fluorescent dyes which stain cells with certain properties.  There are 

two main mechanisms of selective staining of different cellular components by these 

dyes.  The first involves the contrast development due to differences in concentration of 

dye in different areas of the cell arising from differences in the affinities of various 

cellular constituents for the dye.  For instance, basic dyes tend to bind in higher 

concentrations to acidic materials such as nucleic acids, while dyes with high lipid 

solubility stain membranes.   

The second mechanism of staining is environmental enhancement, where 

association with a particular substance or region of the cell leads to an increase of the 

quantum efficiency of a fluorescent dye.  This implies that the utility of fluorescent dyes 
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can be affected by ionic strength, pH, polar or non-polar conditions, and transitions 

between differing environments in the cell.(116, 144, 176, 19)  These properties can be 

used to our advantage; for example, derivatives of fluorescein are routinely used for pH 

measurement within cells.(177)  Reactions of the stains with other chemicals or with 

themselves (e.g. dimerization, polymerization) can also induce shifts in the absorption 

and fluorescence emissions.(186, 48) 

For our application, we require stains that will differentiate between bacterial cells 

that have been damaged or killed by the CPEs and those that have not (so-called “vital” 

staining).  This is not as straightforward as the description “live/dead assay” would 

imply.  Bacteria are resilient organisms that, when damaged, may retain some semblance 

of structure and function, even if unable to reproduce.  Bacteria in this state are referred 

to as “sublethally injured” and may still be pathogenic.  Some bacteria can enter a 

dormant state, not taking up stains, yet having the potential to become active in the right 

environment.  Then there are others that do stain, but are called “ghosts,” bacteria that 

cease to function or respond to stimuli and whose cell walls remain more or less intact.  

To complicate matters a bit further, some bacteria do not grow well on plates, yet can be 

metabolically active and able to reproduce in situ.(22, 158, 25)   

Therefore, when it comes down to a working definition of viability, there is still 

some debate; however, most researchers will agree that bacteria which are unable to 

reproduce and show no signs of cell metabolism are truly dead.  Unfortunately, there is 

no current dye or staining technique that will definitively determine reproductive 

potential of a bacterium.  The criterion we chose for gauging the viability of the cells is 

the retention of membrane integrity as measured by the lack of infiltration of a given cell 
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impermeant fluorescent stain.   

Impermeant dye molecules are generally barred from transport across membranes 

by either size or charge or a combination of the two.  For example, acid dyes such as 

fluorescein do not cross cell membranes, but their neutral esters do.  Alterations in cell 

physiology due to membrane disruption may allow penetration of stains that would 

normally be excluded.  Again, there are caveats: some antibiotics, especially at low 

doses, cause transient permeabilization that will allow cells to take up normally 

impermeant dyes such as propidium iodide (PI) without killing the cells; the dyes 

themselves may also be toxic to cells, and; other harm to the cell may occur due to 

photosensitization when stained cells are exposed to high-intensity laser light.  The stains 

themselves sometimes contain quaternary ammonium and may show a low level of 

cytotoxicity, but this is usually negligible.(13) 

N
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Figure 2-6.  Molecular structure of thiazole orange.  This molecule has 
been substituted in various ways to develop a large family of fluorescent 
dyes, including the SYTO and SYTOX series.(154) 

Fortunately, many of these factors have been considered in the design and 

synthesis of the numerous families of staining compounds.  Molecular Probes’ SYTO 

series of dyes based on the structure of thiazole orange (Figure 2-6) and are cell permeant 

to virtually all cell membranes, staining both DNA and RNA (and sometimes other 

cellular structures such as mitochondria) in mammalian cells and bacteria.  They have a 
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high molar absorptivity, with extinction coefficients >50,000 cm-1M-1 at visible 

absorption maxima and extremely low intrinsic fluorescence, with quantum yields 

typically <0.01 when not bound and >0.4 when bound to nucleic acids.(154)  The 

corresponding SYTOX dyes are widely used as viability indicators and are reported to be 

very impermeant,(186) possibly due to an increased positive charge on the molecules, for 

which structures have not been published. 

Table 2-1.  Spectral characteristics of live/dead stains used in these 
studies.(154) 

permeant stains absorption maximum (nm) emission maximum (nm) 
SYTO 9 485 498 

SYTO 11 508 527 

SYTO 21 494 517 

SYTO 24 490 515 

SYTO 60 652 678 

impermeant stains absorption maximum (nm) emission maximum (nm) 
SYTOX Green 488 520 

propidium iodide 536 617 

 

In order to select stains for the live/dead assays, a number of the SYTO and 

SYTOX stains from Molecular Probes were screened.  The cell permeant (live) stains 

were tested at the manufacturer’s recommended concentrations and at up to three times 

that strength in some cases to establish a protocol for our system; in each case, the 

recommended levels were sufficient.  The stains were tested in groups using bacteria 

from the same culture to compare fluorescence intensity, cell specificity (vs. background) 

and clarity using a Zeiss Axioskop fluorescence microscope.  The differing responses 

between species and even between individual organisms of the same species following 

exposure make it virtually impossible to develop a single comprehensive fluorescent stain 
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based test for the effects of antimicrobial compounds.(185)  The most reliable way to 

quantify the effects is to compare bacterial counts over time in treated and control 

cultures, and no particular set of stains seems superior to another for evaluating biocidal 

effects and/or viability in all types of bacteria.  All of the stains shown in Table 2-1 have 

been used in our experiments at some point, but the following stain sets were utilized for 

the majority of the work: 

Dye-set-1 (red = live, green = dead):  This stain set for live/dead assays consisted 

of SYTO 60 and SYTOX Green stains obtained from Molecular Probes 

(www.invitrogen.com).  These DNA stains produce red (~678 nm) and green (~520 nm) 

emission for live and dead bacteria, respectively.  Upon completion of experimental 

treatment, the dyes were added as a 1:1 mixture to the bacterial samples (2 µL mixed dye 

per mL suspension) and incubated for 15 minutes.  Cells were then examined under a 40x 

oil objective on a Zeiss LSM 510 Meta confocal laser scanning microscope and the 

number of live cells (e.g.,  those fluorescing red only) and dead cells (i.e. those 

fluorescing both red and green) compared.  Dye-set-1 was employed extensively for the 

experiments with C. marina and P. aeruginosa and can be seen in Figure 2-8, where fresh 

C. marina from an overnight preparation show extensive red fluorescence with very little 

green, indicating the very low permeability expected from healthy live cells. 

Dye-set-2 (red = dead, green = live): This is the commercial LIVE/DEAD® 

BacLight assay manufactured by Molecular Probes (www.invitrogen.com). These 

bacterial viability kits contain the dyes SYTO 9 and propidium iodide. With these dyes, 

red fluorescence from PI indicates dead bacteria or bacterial debris, while green 

fluorescence is observed for live bacteria due to SYTO 9.(17)  This stain set was used 
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with C. marina and E. coli.  The double positive charge on propidium (Figure 2-7) 

renders it impermeant to an intact cell membrane and gives it a higher binding affinity for 

double-stranded nucleic acid.(164) 

 

 

Figure 2-7.  Molecular structure of propidium iodide (PI). 

A number of other SYTO stains were also successfully paired with PI in 

experiments with P. aeruginosa (SYTO 21), B. atrophaeus (vegetative-SYTO 11, 24; 

spores-SYTO 21), and S. aureus (SYTO 21).  The fluorescence characteristics of these 

combinations give a highly reliable live/dead assay where live bacteria only fluoresce 

green, while killed bacteria may exhibit both green and red fluorescence, with the red 

gradually coming to dominate in intensity as cell membrane integrity diminishes.   
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Figure 2-8.  CLSM images of the effect of SYTO 60/SYTOX Green 
staining on an overnight culture of C. marina (>109 mL-1).  The upper left 
hand (green) channel shows little apparent fluorescence, indicating very 
few dead C. marina; image upper right with red fluorescence indicates live 
C. marina; lower images are lower left phase contrast bright field and 
right composite. 

Experimental Parameters 

Once the staining protocols were developed, we carried out studies of bacterial 

viability under a variety of conditions.  Bacteria were mixed with free polymer in 

solution, suspensions with SGCP-coated beads in the presence and absence of oxygen 

and light and µRMs in the presence and absence of light.   
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Up to seven types of samples produced under and/or treated in ambient, oxygenated 

and deoxygenated conditions were analyzed by confocal fluorescence microscopy and/or 

flow cytometry:  

1. dead control ((killed with 20 min exposure to 50% isopropanol, then stained) 

2. live control (stained and unstained) 

3. test sample (ambient conditions) with substrate (CPE in solution or coated 

onto microspheres, fabrics, or fibers) added, then exposed to the light source 

for the prescribed time, followed by staining (15 minutes for vegetative 

bacteria, 45 minutes for spores) 

4. live oxygenated control (oxygen bubbled for 15 minutes, then stained) 

5. live deoxygenated control (bubbled with Ar for 15 minutes, then stained) 

6. same as 5, but oxygenated for 15 minutes before adding beads 

7. same as 5, deoxygenated for 15 minutes before adding beads 

Ensuing experiments with the coated microspheres (Chapter 3) showed that 

suspensions of C. marina could survive deaeration by nitrogen or argon for periods of up 

to 2 hours; however longer deprivation of oxygen did result in significant bacterial 

attrition as revealed by the live/dead assay.   

Bacteria were added to SGCP modified particles and µRMs such that there were 

~10-50 bacteria per particle, depending on experiment.  All of these sample preparations 

were completed by staining for 15 minutes with the selected stain set.  Live cells were 

incubated with 50 µL (1.8 x 108 particles/mL) of SGCP modified particles and then 

exposed to the light source for times ranging from 15 to 120 minutes, depending on the 

experiment.  The light source, a Dolan-Jenner Industries Fiber-Lite Model 190 (Fiber-

Lite 190) high intensity fiber optic illuminator on “high” setting, is rated at 30 watts by 

the manufacturer and was measured as producing 1 W/cm2 at 1 cm from the tip of the 
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aperture (the standard exposure distance for our samples) at 480 nm wavelength, using a 

silicon pyranometer.  A handheld UV lamp was used for the shorter wavelength 

excitation (365 nm) required by the oligomers 5 and 6. 

More recently, an enclosed photochamber (ORG Luzchem) with interchangeable 

excitation sources was acquired for sample exposure.  This device has greater sample 

capacity (16 microcentrifuge tubes or cuvettes) and also has a rotating carousel that 

provides more uniform exposures.   

For example, C. marina was obtained from 18 mL aliquots of overnight cultures 

grown for approximately 16 hrs.  These were washed with 0.85% NaCl solution followed 

by centrifugation at 10 K rpm in an Eppendorf 5415C for four minutes and selective 

pipetting.  The pellet was then resuspended in 1 mL 0.85% NaCl solution and 

recentrifuged.  This wash cycle was repeated three times.  

Bacterial concentrations were then normalized using hemocytometer counts. The 

samples were then diluted to 2mL and separated into 200-500µL aliquots.  Samples to be 

oxygenated or deoxygenated were bubbled with the appropriate gas for 15 minutes.  

Bacteria were added to polymer-coated particles in aliquots of 200-500 µL, depending on 

concentration, so that a ratio of 10-50 (depending on experimental parameters) bacteria 

per bead was achieved.  The live control consisted of bacterial cells suspended at similar 

concentrations, but without beads.  Dead controls were observed to be uniformly dead, 

with no fluorescence detected in the red using Dye-set-1.  Live controls usually showed a 

few bacteria with compromised membranes, as shown in Figure 2-8.  This is expected to 

occur during handling procedures and the passage of time in getting the samples washed, 

stained and mounted for analysis. 
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Polymer-coated microsphere/bacteria samples and live controls which required 

exposure to white light were placed at 1 cm from the source aperture of the Fiber Lite 

190 for 15-120 minutes.  All samples were then gently shaken on the lowest setting of a 

Vortex Genie 2 during this exposure period. A separate control set was kept dark by 

covering with Al foil.  Coated beads were added in the desired ratio and the samples 

requiring light exposure.  Samples requiring dark conditions were covered with Al foil 

and shaken during the same interval.   

All samples were treated approximately 15 minutes before microscopy with a 1:1 

mixture of the selected permeant and impermeant stains (2 µL/mL).  Samples were 

mounted on slides with cover slips and examined.  Some slides, especially those that had 

been oxygenated or deoxygenated, were sealed at the edges with immersion oil in order 

to minimize evaporation and oxygen exposure. 

Counting 

Upon addition of the appropriate staining compounds described above, samples 

were incubated for 15 minutes in the dark.  Bacteria were then examined under a 40x oil 

objective on a Zeiss LSM 510 Meta confocal laser scanning microscope and the number 

of live cells (i.e., for Dye-set-1, those fluorescing red only) and dead cells (i.e., for Dye-

set-1, those fluorescing both red and green and those that were primarily red) compared. 

Initially, evaluations of the live/dead assays were carried out by direct visual 

assessment of confocal microscopy images obtained using a Zeiss Axioskop LSM 510 

Meta confocal microscope.  These images enable the subjective identification of live and 

dead bacteria according to staining, fluorescence intensity and size.  Enumeration of 

those bacteria provided a live/dead ratio indicating survival rates under experimental 
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conditions.  Careful visual analysis was required in order to determine bacterial fate 

based on staining, relative fluorescence intensities and morphology of end products, 

whether agglomerated or dispersed.  For larger sets of images, this process usually 

required spending several hours in the dark with a large monitor. 

Frequently, the bacteria agglomerated around the polymer-coated substrates and 

in solution, making it difficult to obtain an accurate count.  Taking a z-stack (a set of 

“slices”) of the agglomerate enabled more accurate enumeration, but was not always 

practical, as this process increases light exposure and experiment times, potentially 

leading to an inaccurate evaluation of polymer-induced bacterial death. 

 

Figure 2-9.  Agglomeration of particles accompanied by cell death.  These 
are P. aeruginosa with surface-grafted DABCO on SiO2, exposed to light 
for 15 min. and stained with Dye-set-1.  Upper left image is green 
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fluorescence (dead); upper right-bright field; lower left-red fluorescence; 
lower right-composite. 

Some of the difficulties in CLSM data acquisition and analysis included: 

1) For samples in general: 

a. Photobleaching of the stains, especially differential photobleaching, where 

one stain photobleached faster than another. 

b. Difficulty in re-locating given features after moving the microscope stage. 

c. Drying of the sample. 

d. Fluid flow within the sample (frequently exacerbated by c, above) would 

occasionally disrupt the acquisition of an image.  This was ameliorated 

somewhat by careful sample preparation and by the serendipitously 

discovered technique of sealing the edges of the cover slips with 

immersion oil.  This technique was originally employed to decrease air 

exposure of the samples during oxygenation/deoxygenation experiments. 

e. Aggregation of particles (both in samples with and without beads) post-

exposure often gave rise to inhomogeneous distributions of clustered 

particles with varying sizes and fluorescence properties, as in Figure 2-9.  

This phenomenon also seemed dependent on bacterial type, although this 

was not strictly quantified in these experiments. 

 
2) For samples with beads as substrate: 

a. Because of manufacturing methods, the bead sizes may vary somewhat, 

usually around 10% (i.e. 5 µm ± 0.5 µm). 

b. Some debris is occasionally present, also from the manufacture and/or 

packaging of the beads, as shown in Figure 2-10.  This is generally quite a 

bit smaller than the average size of the beads, with much of it being in the 

size range of the bacteria (1-2 µm), but typically more irregular in shape. 

c. Aggregation of the beads sometimes occurs prior to exposure to the 

bacteria.  To ameliorate this, coated beads were typically sonicated for ~5 

s prior to exposure.  This was generally effective in redistributing the 
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beads, but may have also introduced unintentional surface damage and/or 

additional debris. 

 
These factors occasionally led to difficulties in evaluating populations for both 

substrate particles and bacterial adherents and in assessing the latter for their survivability 

according to the stains employed.   

 

Figure 2-10.  Image of PPE-SO3 (3) coated 5 µm SiO2 beads excited at 
483 nm on the Confocal Laser Scanning Microscope (CLSM).  Nominal 
bead sizes can be seen to vary over this population and some debris, 
believed to be bead-based, is indicated by the circles. 

The use of a software-assisted counting method using Image J (a product of NIH) 

was attempted in order to improve the speed and reproducibility of counting.  This 

software counting method uses grayscale contrast differences and can accelerate the 
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evaluation of image data in cases where the particle/bacterial population is not too high.  

However, this technique was not widely employed in these experiments because it does 

not discriminate individual components of aggregates based on shape.  If there is particle 

clustering or overlap (as was most often the case), the aggregate is counted as one unit 

and visual evaluation is more accurate.  Frequently, fluorescence of both stains was 

collocated, further complicating evaluation. 

Size discrimination was possible, but this would lead to an undesired exclusion of 

the aforementioned clusters (that mostly contained dead and dying bacteria) and thus 

skew the data toward a higher live count.  The difficulty of developing algorithms to find 

cells is evident from Figure 2-9.  Among the cells present in the image shown, there are 

substantial differences in size and shape, and there are marked inhomogeneities in 

staining intensity within cells.  Humans are actually much better at finding cells and at 

discriminating cells from debris or non-cells, even when cell size, shape, and texture 

vary; we just happen to be much slower. 

Table 2-2. shows a typical set of counting data resulting from visual evaluation of 

the CLSM images.  A number of observables were tracked, including cluster sizes, if 

present, and both the live/dead and dead/live ratios were calculated. 
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Table 2-2.  Example of counting data produced from visual analysis of 
CLSM images in a C. marina/microsphere experiment. 

elapsed time
file name bacteria light/dark oxy/deoxy/ambtype substrate time before image live dead # beads cluster notes live/dead dead/live
CmDclusterC. marina dark amb OR11 5µm SiO2 15 2 70 29 0 2.41 0.41
CmD2 C. marina dark amb OR11 5µm SiO2 15 4 20 14 10 4 1.43 0.70
CmD2b C. marina dark amb OR11 5µm SiO2 15 6 15 11 4 4 1.36 0.73
CmD2c C. marina dark amb OR11 5µm SiO2 15 8 26 22 8 6 1.18 0.85
CmD2d C. marina dark amb OR11 5µm SiO2 15 10 35 21 4 2 1.67 0.60
CmD3 C. marina dark amb OR11 5µm SiO2 15 12 45 36 0 lower right quadrant1.25 0.80
CmD3 C. marina dark amb OR11 5µm SiO2 15 12 76 59 0 wide field 1.29 0.78
CmD3a C. marina dark amb OR11 5µm SiO2 15 15 43 37 1 1 1.16 0.86
CmD4 C. marina dark amb OR11 5µm SiO2 15 18 127 102 7 3 1.25 0.80
CmDO1a C. marina dark oxy OR11 5µm SiO2 15 27 12 12 14 14 1.00 1.00
CmDO2 C. marina dark oxy OR11 5µm SiO2 15 30 55 46 17 15 med field 1.20 0.84
CmDO2a C. marina dark oxy OR11 5µm SiO2 15 32 13 13 15 15 1.00 1.00
CmDO3a C. marina dark oxy OR11 5µm SiO2 15 37 18 21 21 12 0.86 1.17
CmDO4 C. marina dark oxy OR11 5µm SiO2 15 40 59 63 41 16 wide field 0.94 1.07
Cm+2hr 2 C. marina amb amb OR11 5µm SiO2 15 120 47 44 0 1.07 0.94
CmL1a C. marina light amb OR11 5µm SiO2 15 3 13 17 9 7 0.76 1.31
CmL1b C. marina light amb OR11 5µm SiO2 15 4 13 9 5 5 1.44 0.69
CmL2 C. marina light amb OR11 5µm SiO2 15 6 109 78 23 1 wide field 1.40 0.72
CmL2a C. marina light amb OR11 5µm SiO2 15 7 8 5 1 1 1.60 0.63
CmL3a C. marina light amb OR11 5µm SiO2 15 9 17 14 5 3 1.21 0.82
CmL4a C. marina light amb OR11 5µm SiO2 15 11 34 35 24 19 0.97 1.03
CmL5-2 C. marina light amb OR11 5µm SiO2 15 14 105 121 30 6 wide field 0.87 1.15
CmL6a C. marina light amb OR11 5µm SiO2 15 16 86 90 20 0.96 1.05
CmL6b C. marina light amb OR11 5µm SiO2 15 17 34 46 18 7 0.74 1.35

statisticsconditions biocide counts

 

Later in the project, flow cytometry procedures were developed for rapidly 

assessing populations of bacteria, also based on their staining characteristics.  This is 

covered in detail in Chapter 6. 
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Chapter 3  

Biocidal Activity of Two Phenylene Ethynylene Polymers 

Introduction 

As mentioned in Chapter 1, polymeric biocides containing pendant cationic 

groups, especially quaternary ammonium salts, are among the most promising candidates 

for effective antimicrobials.(111, 199, 100)  Tiller et al. have described methods for 

modifying surfaces such as glass, high-density polyethylene, low-density density 

polyethylene, and nylon with pendant quaternary ammonium salts.(200)  Biocidal activity 

is thought to be the result of cationic groups penetrating the cell membrane and the 

relationship between structure and reactivity has been explored.(113, 100, 178, 91)  Ion 

exchange, releasing inorganic ions associated with the bacterial membrane and the 

consequent weakening of the membrane, appears to play a key role.(91, 16, 104)  

Previous research in our group found that cationic conjugated polyelectrolytes (CPEs) 

having the general structure 1 can kill bacteria such as E. coli or B. anthracis when 

solutions of CPEs are mixed with suspensions of the bacteria and irradiated with visible 

light.(126) 

Light inducible biocides represent potential controlled dose antimicrobial agents. 

Compounds used for photodynamic therapy exhibit appreciable antibacterial activity; 

however these and other external singlet oxygen sensitizers are not broad spectrum, 

exhibiting greater activity against Gram positive than Gram negative organisms.(138, 

136, 133, 148)  This difference in activity may be related to quenching or consumption of 

singlet oxygen in the latter, which contain a more complex cell envelope, a property 
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which contributes both to their increased pathogenicity and resistance to generalized 

immune response.  

The fundamental light-induced reactivity of oxygen with bacteria, viruses and 

cells is not well understood.  It is fairly well-established that irradiation of potential 

sensitizers of singlet oxygen can result in damage or death of microorganisms, and in 

several cases, the site of damage produced by the reactive oxygen species (ROS) can be 

determined or inferred.(109, 204)  However, in many cases it is not clear as to what the 

ROS is or how and where it is generated.  In contrast, the reactivity of singlet oxygen 

with organic molecules in organic solvents is very well understood and is, for the most 

part, limited to electron-rich alkenes, 1,3-dienes, aromatics and sulfur-containing 

compounds.  The products of these reactions (usually peroxides) are often themselves 

reactive and some have been shown to undergo secondary reactions with DNA and other 

biological molecules.  It seems probable that in many cases involving light-induced 

activation of oxygen in microbial systems there is an initial generation of singlet oxygen 

followed by its reaction with some component of the cell to generate other species that 

are potentially more reactive and longer lived than singlet oxygen and that these are the 

likely source of cell killing. 

Lu et al.(126) have previously shown that a fluorescent-conjugated 

polyelectrolyte polyphenylene ethynylene (PPE), with pendant quaternary ammonium 

groups is an effective light activated biocide that inhibits the growth of Gram negative 

bacteria such as Escherichia coli and Gram-positive bacterial spores. In these 

experiments we demonstrate biocidal activity of similar cationic conjugated 

polyelectrolytes (CPE) 1 and 2 and surface grafted conjugated polymer (SGCP) beads 
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with the same repeat unit as 1, both in solution and immobilized onto non-porous 

borosilicate microspheres. The biocidal effects of these CPEs were tested against two 

Gram negative bacteria: Cobetia marina, a marine bacterium studied for its role in 

biofouling and Pseudomonas aeruginosa strain PAO1, a model pathogen.  P. aeruginosa 

is emerging in a number of epidemic strains and the matter of its resistance or 

susceptibility to biocides is becoming a popular topic for systematic studies.  Current 

clinical practices for disinfection are inadequate for eliminating these “superbugs” in all 

situations.(35, 57, 62, 108, 112, 132, 179)   

We investigated the role of oxygen in the light induced bacterial killing and 

propose a mechanism for the biocidal activity of the CPEs.  In addition to interrogating 

the biocidal nature of the CPEs, their synthesis, photophysical properties and singlet 

oxygen production were also evaluated.   

Experimental methods 

Polymer synthesis 

Synthesis and characterization of the polymers 1 and 2 were carried out at the 

University of Florida by our collaborators, Katsu Ogawa and Eunkyung Ji.  The synthetic 

procedures may be found in Appendix B, while a description of photophysical analysis 

for singlet oxygen production appears in Appendix B. 

Live/dead assays 

Bacterial samples were prepared according to procedures described in Chapter 2.  

The two different dead/live assays were used in this particular study were Dye-set-1—

SYTO 60 (red = live), and SYTOX Green (green = dead) and Dye-set-2 (LIVE/DEAD® 

BacLight assay) with propidium iodide (red = dead) and Syto 9 (green = live).  Dye-set-1 
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was used in data shown in Figure 3-3, Figure 3-4, and Figure 3-5.  Dye-set-2 was used in 

data shown in Figure 3-6. 

For both controls and, after light exposure, samples treated with CPEs, the dyes 

were added as a 1:1 mixture to the bacterial samples (2 µL mixed dye per mL suspension) 

and incubated for 15 minutes.  Cells were then examined under a 40x oil objective on a 

Zeiss LSM 510 Meta confocal laser scanning microscope and the number of live and 

dead cells compared.   

Microchannel studies 

The polymer supported particles (average diameter 30 µm) were prepared 

according to the procedure described in Chapter 2.  Microchannels were fabricated using 

a protocol described by Zeineldin et al.(220)  Aliquots of polymer supported particles 

suspension were injected into the microchannels and moved through the channels by 

vacuum.  Particle packed channels were kept hydrated with PBS with 150 mM NaCl until 

ready for use. A particle-packed microchannel was mounted onto a sample holder of the 

confocal microscope.  The inlet of the column was connected to a buffer reservoir, while 

the outlet was connected to a vacuum source.  Several microliters of PBS buffer were 

passed through the microchannel before the injection of a bacterial suspension.   

While applying a vacuum at the outlet, a bacterial suspension aliquot was injected 

directly into the column through the inlet silicone tubing using a well calibrated 

micropipette.  As soon as the bacteria reached the “dam” of the microchannel, the 

vacuum was turned off and the silicone inlet and outlet tubes were sealed to prevent 

evaporation of the solvent from the channels.  The microchannel was removed from the 

microscope stage and placed under the Fiber-Lite 190 lamp and irradiated for 15 minutes.  
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The microchannel was remounted onto the confocal microscope sample holder and a 

vacuum applied.  An aliquot of the mixed dead/live dyes was injected and the vacuum 

turned off.  The inlet and the outlet were again sealed as before and the dyes allowed to 

stain the bacteria for 15 minutes.  Confocal images were then acquired. 

Results and Discussion 

Materials and synthesis 

As described in detail in Appendix B, polymers 1a, 1b, and 2 were synthesized 

according to a procedure that is similar to the one reported for preparation of other PPE-

type CPEs.(167)  All of the polymers used in this study are soluble in water, methanol, 

DMF and DMSO.  After preparation and purification, polymers 1a and 1b were 

completely desiccated to afford a dry powder for storage; the polymers were re-dissolved 

without difficulty for use in spectroscopic or biocide experiments.  However, samples of 

polymer 2 were stored as aqueous solutions because it was found that after desiccation 

most of the dry material would not re-dissolve, apparently due to the formation of 

physical crosslinks in the dry polymer. 

Microsphere properties 

The method described in Chapter 2-Substrate Preparation-Microspheres was used 

here to prepare 5 µm particles that feature covalently grafted layers of 1a or 1b (SCGP-

1a and SGCP-1b).  The SGCP particles were imaged by using scanning electron 

microcopy (SEM) to confirm the presence of a grafted layer of the polymer on the 

surface. The SEM image of unmodified silica particles reveals a very smooth surface 

(Figure 3-1a), whereas the particles that are modified with 1b (SGCP-1b) exhibit a 

relatively rough, “cotton ball” like texture (Figure 3-1b and c).  The cotton ball texture 
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suggests that the surface of the particles has been successfully modified with polymer 1b. 

Although the polymer appears to cover the entire surface of the particles, the coverage is 

not uniform (Figure 3-1b and c). In particular, there seem to be regions of the surface 

where “islands” of material are present.  This may be due to the presence of aggregates of 

1b which have been covalently attached to the particle surface.  While the source of the 

aggregates is not known with certainty, we suspect that the aggregates are produced in 

solution during the polymerization; the aggregates then become chemisorbed to the 

surface by crosslinking with the reactive surface groups.  Confocal microscopy (Figure 

3-1d and f) shows that the particles exhibit bright fluorescence consistent with the 

presence of the surface-graft layer of 1b on the surface.  Although the fluorescence is 

observed from the entire surface of the particles, there appears to be some “clustering” of 

the fluorescent material on the surface.  This finding is consistent with the results 

observed in SEM images, which suggest that at least part of the polymer on the surface of 

the particles exists in an aggregated state. 
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Figure 3-1.  Scanning electron microscopy (SEM) images and confocal 
fluorescence microscopy (CFM) images of 5 µm silica particles. a) 
unmodified particles (SEM), b) particles with surface grafted 1b (SEM), c) 
expanded view of particles with surface grafted 1b (SEM), d) phase 
contrast image (CFM), e) fluorescence image (CFM), and f) overlay view 
(CFM). 

Photophysical Characterization. 

We have previously studied the photophysical properties of a number of 

poly(phenylene ethynylene) (PPE)-type conjugated polyelectrolytes.(196, 170, 195, 221, 

167)  These polymers typically absorb strongly in the violet region (λ ∼ 400 – 450 nm) 

and fluoresce strongly in the blue or green region (λ ∼ 450 – 550 nm).  As shown below, 

the cationic CPE 1a exhibits similar photophysical behavior. In particular, the polymer 

exhibits a strongly allowed absorption band with λmax ∼ 415 nm in methanol and in water.  

The fluorescence emission spectrum of 1a is solvent dependent.   In a good solvent, such 

as methanol, 1a exhibits a narrow emission band with λmax ∼ 460 nm with a shoulder at 

500 nm. In a poor solvent, such as water, the emission band is red-shifted to λmax ∼ 500 

f d e 

c a b 
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nm and the relative fluorescence quantum efficiency is lower (Figure 3-2).  Similar 

solvent-dependent fluorescence behavior has been observed for other CPEs, and the 

effects are attributed to aggregation of the chains in water (poor solvent) and consequent 

domination of the fluorescence by interchain excitons (analogous to excimers).(167)   

Due to Mie scattering from the particles, it was not possible to obtain quantitative 

absorption spectra of the SGCP-1a particles.  However, fluorescence spectroscopy was 

possible and these experiments show that the fluorescence of surface-confined polymer 

1a is similar to the fluorescence of the polymer in water (Figure 3-2).  The emission band 

maximum for SGCP-1a (suspension in methanol) appears at λ ∼ 468 nm; however, the 

fluorescence band is considerably broader compared to that of the free polymer, which is 

consistent with the notion that the polymer exists in a strongly aggregated state on the 

surface of the particles. The absorption spectrum of SGCP-1a is approximated by the 

fluorescence excitation scan of the suspended particles which reveal a maximum at 405 

nm. 
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Figure 3-2.  Absorption (excitation) and emission spectra of 1a and 
SGCP-1a. Polymer 1a in methanol solution shown in black (— 
absorption, – – emission), polymer 1a in aqueous solution shown in red 
(— absorption, – – emission), SGCP-1a shown in blue (— excitation, – – 
emission). 

Biocidal activity of CPEs. 

For initial investigations suspensions of bacteria were mixed with solutions (5 

µM) of cationic CPEs 1b or 2, incubated 20 minutes, centrifuged, washed with buffer and 

resuspended.  The bacteria were shown, as previously demonstrated for polymer 1a with 

Escherichia coli (Gram negative) and Bacillus anthracis (Gram positive), to become 

uniformly coated with the fluorescent CPEs.(126)  

Irradiation of the polymer coated bacteria with visible light (Fiber-Lite 190) 

followed by plating of the bacteria in growth media was shown to result in significant 

killing.  As shown in Table 3-1, the biocidal action of CPEs 1b and 2 as “coatings” on 

both bacteria is very efficient; near total (several logs) killing occurs; of the two 

polymers, 2 appears to be slightly more efficient than 1b and the killing of C. marina is 

more complete. 
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Table 3-1.  Effect of CPEs 1b and 2 on Cobetia marina and Pseudomonas 
aeruginosa.  Legend: (approximate number of cfu/plate): + 100-500, ++ 
1000-5000, +++ 10000-50000, ++++ confluent, +/- minimal growth, — 
no growth. 

 C. marina P. aeruginosa 
Dilution 100 10-1 10-2 100 10-1 10-2 
Untreated ++++ ++++ ++++ ++++ ++++ ++++ 
Light Only ++++ ++++ ++++ ++++ ++++ ++++ 
1b + Light +++ ++ + +++ + +/- 
2 + Light ++ — — ++ + — 

 

One of the major goals of these studies was to determine whether surface coatings 

of CPEs such as 1 or 2 would be effective at capturing and killing of these bacteria.  In 

the following sections we report studies of the biocidal activity of the cationic CPEs as 

coatings on silica particles in two specific formats: 1) Polymer 1b as a covalently 

attached surface graft layer (SGCP-1b); and 2) Polymer 2 as a physisorbed coating.  For 

these studies we used confocal fluorescence microscopy to interrogate suspensions of 

CPE-coated particles and bacteria and mixtures of DNA-staining dyes were used to 

perform live-dead assays of bacteria exposed to the coated particles in the light and dark.  

Examining suspensions of bacteria containing either physisorbed polymer 2 or the 

SGCP-1b particles described above, it was found that C. marina are captured by the 

particles and can form clusters where several (~7-12) bacteria are associated with a single 

particle (Figure 3-3).  The association is reversible to some extent and real time 

observation of a single particle-bacteria cluster reveals that some bacteria associate 

briefly and then are released while others appear to be captured irreversibly. 
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Figure 3-3.  Image of single SGCP-particle (red/orange) with captured 
bacteria (brighter green). 

Irradiation of suspensions of C. marina with the CPE-coated particles with visible 

light for short periods (using the Fiber-Lite 190 as described in Chapter 2; typical 

irradiation times for C. marina are 15 minutes) results in effective killing of bacteria that 

are associated with or in the vicinity of the particles; however, very little killing of 

bacteria distant from the particles is observed on short term irradiation.  Figure 3-4 shows 

both wide field and close up images of a suspension of C. marina and 5 µm SGCP-1b 

particles after irradiation of samples in ambient air.  Here the ratio of beads to C. marina 

is 1:50.  Beads and C. marina were mixed together with slight shaking while 

simultaneously being exposed to the Fiber-Lite 190 on the highest setting for 15 mins.  

The close up image shows a cluster of particles and bacteria which typically builds up 

when these suspensions are irradiated.  Most of the bacteria in this cluster are dead as 
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shown by the predominance of green fluorescence from the SYTOX Green nucleic acid 

stain.  While irradiation of suspensions of polymer coated particles and bacteria is not 

necessarily an efficient way of eliminating the bacteria, it is a useful way to obtain 

mechanistic information regarding the biocidal activity of the polymers and gauging 

bacterial response.   

 

 

Figure 3-4.  Composite images of SGCP-1b coated beads with C. marina 
after irradiation in ambient air.  a) wide field of view and b) enlarged 
region with a single cluster. Left panels show green channel corresponding 
to dead bacteria and polymer emission; right panels show red channel 
corresponding to live bacteria (Dye-set-1). 

a 

b 
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We examined suspensions of C. marina and 5 µm SGCP-1b particles kept in the 

dark and those irradiated with visible light. What is shown quite clearly in Figure 3-5 is 

that association of C. marina with SGCP-1b particles occurs in the dark, yet few of the 

associated bacteria are killed during incubation in the dark (i.e., the bacteria still appear 

red).  In contrast as shown in Figure 3-4, most, if not all of the C. marina associated with 

the SGCP particles are killed (i.e., the bacteria appear green) as a consequence of 

irradiation.  A caveat in these studies is that it is very difficult, if not impossible to keep 

the “dark” suspensions rigorously dark; indeed during irradiation for confocal 

fluorescence interrogation with the dead/live stained bacteria it is possible to observe the 

conversion of individual bacteria near or associated with SGCP-1b from red to green 

fluorescence (i.e., live → dead).  While there are always a few dead bacteria observed in 

aerated suspensions of bacteria and particles kept in the dark, the extent of the killing is 

much less as shown visually in Figure 3-5 and through counts of live and dead bacteria as 

compiled in Figure 3-8.  While we cannot exclude dark biocidal activity as a consequence 

of bacteria-surface coated polymer contact, the much greater killing of the bacteria in a 

light-activated process in ambient air is evident. 
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Figure 3-5.  Composite images of SGCP-1b with C. marina without 
irradiation in the presence of ambient air. a) a large field of view and b) 
enlarged region with a single cluster. In both pairs of images, the green 
channel (left) corresponds to dead bacteria (with green fluorescence from 
SGCP-1b) and the red channel (right) corresponds to live bacteria (Dye-
set-1). 

More pronounced evidence of killing of C. marina was obtained by using larger 

(30 micron diameter) silica particles coated with physisorbed polymer 2 in a 

microfluidics channel.  As shown in Figure 3-6a, microchannels can be packed with these 

larger polymer coated particles such that the much smaller C. marina can flow through 

the channel and undergo frequent and multiple collisions with the particles.   

green = dead & SGCP-1b red = live 

a 

b 
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Figure 3-6.  Confocal microscope images of a microchannel formed by 30 
micron silica particles whose surface is modified with single layer of 
physisorbed polymer-2. a) overview, green channel only b) particles and 
bacteria after killing in the middle part of the channel; c) particles and 
bacteria after killing at the edge of the channel.  Note that parts b) and c) 
each contain four different images of the same region, these images 
correspond to the following:  upper left, green channel which highlights 
fluorescence from polymer-2 along with green fluorescence of live 
bacteria; lower left, red channel which highlights fluorescence from dead 
bacteria and bacterial debris; upper right is a 633 nm illuminated image; 
lower right is a composite of the green, red and illuminated images (Dye-
set-2). 

When a suspension of C. marina was passed through the channels until bacteria 

reached the “dam” at the end of the channel and the channel subsequently irradiated for 

15 minutes, the bacteria remaining in the channel were shown by a live/dead assay using 

Dye-set-2 to be almost entirely killed. Interestingly in addition to intact dead bacteria, 

several “red” features smaller than intact bacteria were observed near the end of the 

a 

b c 
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channel (Figure 3-6c), that may be debris formed during physical destruction of the 

bacteria.  We believe that this bacterial debris may be the same material responsible for 

the collection of large clusters of bacteria and the 5 µm SGCP-1b particles shown in 

Figure 3-4b and Figure 3-7. 

 

Figure 3-7.  Confocal images of dead bacteria/microsphere agglomerates 
in an oxygenated sample with Dye-set-1.  Images are: upper left-dead; 
upper right-live; lower left-633 nm illumination; lower right-composite. 

Of major interest is the mechanism for the light-induced bacterial killing.  At least 

two very different initial steps for the biocidal activity appear possible.(138)  As 

previously discussed, polymer 1a has been shown to be a sensitizer of singlet oxygen in 
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both methanol and aqueous solutions.  Studies with 1O2 trapping by CHDDE demonstrate 

that SGCP-1b is also an effective sensitizer (see Appendix B).  Thus, initiation of 

reaction via sensitization of 1O2 at the bacteria-polymer interface is one possibility.  

However a reasonable alternate initial step could be photoinduced charge transfer 

between excited polymer (a polycation) and halide ions associated with the polymer as 

counterions.  This could be thought of as an example of a so-called Type I 

photosensitized process.(136)  Oxidation of a halide ion to a neutral halogen atom 

followed by escape of the halogen onto the surface of the bacteria could result in strong 

damage and subsequent disruption through oxidation of the bacterial membrane, 

lipoproteins and/or peptidoglycans.  The former initial step (via 1O2 sensitization) should 

be catalytic while the latter would lead to destruction of the polymer in prolonged 

irradiation.  While we have observed some slow photobleaching of the polymer during 

prolonged irradiation of the polymer-bacterial suspensions, it is not possible to 

differentiate the two mechanisms on this basis.  More definitive results have been 

obtained by studies of ambient air exposed, deaerated and oxygen-purged suspensions. 
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Biocidal Action of SGCP(1b) on C. marina
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Figure 3-8.  Effects of exposures to 5 µm SGCP-1b particles on dead to 
live ratios of Cobetia marina under various conditions.  (Data compiled 
from measurements on 142 CLSM images.) 

As shown in Figure 3-8, dead/live counting experiments from confocal 

fluorescence images give reasonable reproducibility for dead/live ratios of bacteria under 

each condition.  For light-exposed solutions (in ambient air) there is a consistent but 

small increase in the number of dead bacteria as compared to those kept in the dark 

(recall the caveat discussed above about “dark” samples).  Samples purged with oxygen 

and irradiated with visible light show an increased dead/live ratio.  In contrast, argon 

deaerated samples, dark or irradiated, show very low dead/live ratios, indicating a clear 

role of oxygen in the antimicrobial activity.  Interestingly there is a much more 

substantial difference in the dead/live ratio for deoxygenated in both dark and irradiated 

samples; these samples are purged with argon for 15 minutes prior to irradiation for 

aerated samples and it is expected that little oxygen should enter the suspensions prior to 
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their interrogation with the microscope.  Taken together with the photophysical studies 

described above, these results point to a likely role of oxygen in the light-activated 

biocidal effect of the CPEs.  Interestingly, the dark oxygenated samples show increased 

killing compared to the dark deoxygenated samples, but the mechanism for this is not yet 

understood. 

At this point what we can make several statements regarding the mechanism of 

CPE biocidal activity towards C. marina:  The surface associated CPE (either grafted or 

physisorbed) can associate with the bacteria in an adsorptive process, likely driven by 

hydrophobic and electrostatic interactions, analogous to adsorption of CPEs and other 

polyelectrolytes to an oppositely charged colloidal particle.(126) This process occurs in 

the dark or light and does not, in itself, result in short term killing of the bacteria although 

some physical damage (and longer term killing) of the bacteria may occur.  The longer 

polymer chains with pendant cationic groups may play a key role in this process.(111, 

199, 218, 117, 178)  Irradiation of bacteria-associated polymer with visible light in the 

presence of air results in generation of “reactive oxygen intermediate”, very likely 

excited 1O2, which can enter the bacteria ultimately causing severe damage and cell 

death.  As contents of the bacterial cells are released from the dead or dying bacteria, the 

released debris collects polymer coated particles and bacteria into large aggregates 

(Figure 3-4b).  The extensive degradation of the bacteria (as opposed to simple killing) 

suggests that the initial generation of singlet oxygen may be followed by generation of 

more corrosive reactive oxygen intermediates such has been suggested in other 

investigations. 
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While the initial results reported above with solution phase polymers 1a and 2 

show that both Cobetia marina and Pseudomonas aeruginosa are killed effectively 

following coating by the polymers and irradiation with visible light, preliminary studies 

with the particle-based CPE coated silica samples show that comparable treatment of 

suspensions of P. aeruginosa results in much less killing than for C. marina.  Prolonged 

irradiation of suspensions (~1 hour) does result in significant killing and purging of the 

samples with oxygen prior to irradiation enhances the killing.  The matrix of bacterial 

species and polymer structure remains an important area for future investigations.  The 

studies with large polymer 2 coated particles (30 µm) in a microchannel suggest one 

possible application format for light-activated antimicrobial activity in water purification 

and related filtration processes.(27)   

Summary 

A series of water soluble, cationic conjugated polyelectrolytes (CPEs) with 

backbones based on a poly(phenylene ethynylene) repeat unit structure and 

tetraakylammonium side groups exhibit a profound light-induced biocidal effect.  The 

biocidal activity of the CPEs appears to be correlated with the photophysical properties of 

the polymers.  Biocidal activity was observed both in solution and immobilized, with the 

polymers either physisorbed or surface grafted on non-porous borosilicate microspheres.  

The colloidal polymer-bead assemblies tend to entrap and kill bacteria and agglomerate 

into large aggregates over time.   

Scheme 3-1 summarizes what we believe to be the mechanism.  First, the 

colloidal polymer bead assemblies entrap bacteria in a dark process, as shown in Figures 

3 and 5 (Scheme 2, i).  Next (ii), illumination of the polymer leads to production of 
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singlet oxygen at the polymer/bacteria interface and this singlet oxygen or some 

subsequently produced reactive oxygen intermediate interacts with the bacteria resulting 

in bacterial killing and eventual degradation (iii, iv).  Finally, the bacterial debris 

resulting from the disruption of the bacterial envelope collects and associates with the 

beads resulting in formation of large aggregates of dead bacteria and colloidal particles 

(v). 

 

 

Scheme 3-1.  Mechanism of biocidal action (following the color scheme of 
Dye-set-1). i) reversible and irreversible bacterial adhesion to the particle. 
ii) photoexcitation of CPE. iii) singlet oxygen generation. iv) killing of 
bacteria by singlet oxygen/other reactive species. v) aggregation of 
particles. 

The effective killing of Cobetia marina and Pseudomonas aeruginosa in these 

systems is also correlated with a requirement for oxygen suggesting that interfacial 

generation of singlet oxygen is the crucial step in the light-induced biocidal activity.  

Photophysical studies show clearly that direct excitation of the CPEs leads to moderately 

efficient production of a long-lived triplet excited state, and the triplet is an efficient 

sensitizer of 1O2.  The study shows that suspensions of bacteria plus SGCP beads 

deaerated with argon show little killing in dark or when irradiated.  In contrast, beads 
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plus bacteria oxygenated and irradiated show significant killing (Figure 3-7, Figure 3-8).  

We postulate that, in close proximity to the cell membranes, or once associated with the 

membranes through the interaction of the pendant quaternary ammonium groups, the 

reactive species generated are able to effect or exacerbate reactions disrupting the cell 

membranes, leading to bacterial mortality.  This provides good evidence for an effective 

light-induced biocidal activity of colloidal assemblies containing the CPEs as a surface 

coating.   
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Chapter 4  

An Exception to the Rule: Light and Dark Biocidal Activity of 

a Cationic Polythiophene-ethynylene 

Introduction 

At this point in our investigations, we considered it to be a fairly well-established 

trend that irradiation of the polymers at their relevant absorptive wavelengths would 

increase their biocidal activity.  We expected that trend to hold for a novel cationic 

poly(arylene ethynylene) conjugated polyelectrolyte compound (4, Figure 1-5), for which 

the singlet oxygen producing capacity had been verified and measured quantitatively 

(Appendix B).  This compound is analogous to compound 1a with thiophenyl groups in 

place of the unsubstituted phenyl rings.  The objective of the study then undertaken was 

to compare the behavior of this polymer’s light and dark biocidal activity to the cationic 

PPE polymers 1 and 2 that were previously investigated.  Properties of solution phase 2 

and 4 and physisorbed suspensions of these polymers on silicon microspheres (Si-2 and 

Si-4) were observed.  The photophysical properties of the polymers were evaluated and 

used to understand the striking differences in biocidal activity between the compounds.   

In chapter 3 we found that cationic conjugated polyelectrolytes 1 and 2 show little 

biocidal activity in the dark against Cobetia marina or Pseudomonas aeruginosa strain 

PAO1 (PAO1) when microspheres with physisorbed or surface grafted conjugated 

polyelectrolytes are mixed with bacterial suspensions for short periods of time (15 

minutes-1 hour).(37)  Over prolonged incubation in the dark there is a slow killing of the 

bacteria.  When the same suspensions are irradiated with visible light in the presence of 
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oxygen, however, there is a relatively rapid light-activated biocidal activity that likely 

involves interfacial generation of singlet oxygen and perhaps subsequent formation of 

more corrosive reactive oxygen species.  The principal findings are that the thiophene-

polymer 4 exhibits somewhat different photophysical behavior from CPEs 1 and 2 and 

the new behavior results in dramatically reduced light activated biocidal activity.  We 

find however that 4 does show substantial dark biocidal activity against Pseudomonas 

aeruginosa strain PAO1.  Here we attempt to account for that difference in behavior and 

provide insights into the way dark and light-activated biocidal activity may be adjusted. 

Experimental methods 

Materials 

The syntheses of 2, 4 and CHDDE are covered in Appendix B.  Nonporous 

borosilicate glass microspheres (5 µm diameter) were purchased in dry powder form from 

Duke Scientific (Palo Alto, CA).  1,2-Dioleoyl-sn- Glycero-3-[Phospho-rac-(1-glycerol)] 

(Sodium Salt) (DOPG) was purchased from Avanti Polar Lipids (Alabaster, AL). 

Phosphate buffer saline (PBS) was prepared according to a standard procedure and has a 

pH value of 7.4. Milli-Q water (18.2 MΩ cm-1) was used to prepare all aqueous 

solutions. 

Preparation of PPE-coated silica microspheres 

Following the process outlined in Chapter 2, two different cationic CPEs, 2 and 4 

were adsorbed onto the surface of borosilicate microspheres.  A given quantity of 

microspheres (50 mg, ca. 3.0 × 108 spheres) were suspended in 1 mL of water first and 

mixed for a few minutes by using a vortex mixer. Then, the amount of PPE needed to 

provide 1.2 monolayers of CPE per Si-4 sphere was calculated using molecular surface 
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area per repeat unit and then added to the microsphere suspension. The whole system was 

mixed strongly using a vortex mixer for 30 min.  Finally, the suspension was centrifuged, 

and the supernatant was decanted and discarded.  The PPE-coated silica microspheres 

(Si-2 and Si-4) were resuspended in water and the cycle-centrifuge, decant, discard, and 

resuspend-was repeated 10 times to insure there was no unbound PPE polymer remaining 

in the suspension. 

Preparation of DOPG liposomes and lipobeads 

DOPG liposomes were prepared starting with a 2 mM solution of DOPG in 

chloroform. The chloroform solution was added to a vial and the chloroform was 

removed under vacuum overnight. The dried lipids were then resuspended in PBS buffer 

and mixed for 5 min, and finally extruded to optical clarity by using a mini-extruder 

(Avanti Polar Lipids, Alabaster, AL) and extruding through an 0.8 µm polycarbonate 

membrane filter 11 times. Lipobeads were prepared by adding 100 µL of each stock Si-

PPE suspension to 1 mL of DOPG liposome (2 mM) and mixing at room temperature 

using a vortex mixer for 30 min. The resulting lipobeads, Si-2-DOPG and Si-4-DOPG, 

were centrifuged and the supernatant containing extra liposome was decanted and 

discarded. The cycle—resuspend, centrifuge, decant and discard—was repeated four 

additional times to make sure there was no extra DOPG in the supernatant.  At that point 

the lipobeads were resuspended in 1 mL PBS. 

Data collection 

Fluorescence spectra of polymers 2 and 4 mixed with either PAO1 bacteria or 

DOPG liposome and microspheres coated by these polymers were performed on a 

SpectroMax M-5 microplate reader (Molecular Devices) using a 96-well plate, where 100 
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µL of each sample containing either 1.3 ×10-5 M PPE polymers solution or 3.0 × 106 Si-

PPE microspheres was analyzed.  The excitation wavelengths for polymer 2 and 4 are 

394 nm and 427 nm, respectively.  The emission spectra were collected from 430 to 650 

nm for polymer 2 and from 460 nm to 700 nm for polymer 4. 

Results and discussion 

Photophysical properties 

The structures of CPEs analyzed herein are illustrated in Figure 1-3 and Figure 

1-5. Polymers 2 and 4 are poly(phenylene ethynylene) (PPE)-based CPEs that feature 

quaternary ammonium salts on the side chains. CPEs exist in a “molecularly dissolved” 

state with minimal aggregation in a good solvent, such as methanol.  In poor solvent, on 

the other hand, they exist as aggregates.(196, 195)  Aggregation of polymer chains results 

in changes in photophysical behavior of the polymers in solution.(221, 170, 167)  In 

general, PPE-based CPEs exhibit red-shift and narrowing of absorption spectrum and red-

shift and broadening of fluorescence spectrum upon switching from a good solvent to a 

poor solvent. 
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Figure 4-1. Absorption and emission spectra of 4 in methanol and aqueous 
solution. The spectra are normalized according to absorption coefficients 
(absorption) and relative emission quantum yields (emission). 

As seen in Figure 4-1, a methanol solution of polymer 4 exhibits a broad 

absorption band with λmax at 422 nm.  In aqueous solution, the absorption maximum red-

shifts to 432 nm and also the absorption coefficient decreases.  Here, the emission 

properties are more dependent on the nature of the solvent.  In methanol solution, 

polymer 4 exhibits a narrow emission band at λmax = 475 nm with a vibronic band at λmax 

= 502 nm. In aqueous solution, the emission band becomes broader and the fluorescence 

quantum yield (Φfl = 0.016) is lower than that in methanol (Φfl = 0.045).  Interestingly, 

the emission maximum is at the same position as in methanol (475 nm) with a shoulder at 

502 nm. Such behavior is different from other PPE-based CPEs, which exhibit large red-

shifts of emission band in a poor solvent.  The lack of a spectral shift for 4 is likely due to 

the fact that the aggregated state of the polymer has a much lower quantum yield, and 

therefore its contribution to the total emission spectrum is small.  The photophysical 

properties of 2 were previously studied and reported in the literature.(221)  The 

photophysical data of polymer 2 and 4 are summarized in Table 4-1. 
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Table 4-1. Photophysical properties of 2 and 4. 

polymer solvent λmax
abs/ nm λmax 

fl / nm Φfl Φ∆
e 

2c MeOH 422 441 0.15 (± 0.02)d 0.122 (± 0.012)b 
 H2O 394 436 0.047  (± 0.005)d 0.32 (± 0.039)b 
4 MeOH 422 475, 502 0.045 (± 0.005)a 0.112 (± 0.008)b 
 H2O 432 475, 502 0.016 (± 0.002)a 0.037 (± 0.001)b 

a Coumarin 30 in MeOH as standard, Φfl = 0.307 (ref. (183)), λex = 425 (MeOH), λex = 
419 (H2O).  b Oxygen saturated solution.  c From ref. (221)  d Coumarin 1 in EtOH as 
standard,  Φfl = 0.73 (ref. (92)), λex

 = 370 nm.  e Quantum yield of singlet oxygen. 
 

Transient absorption spectroscopy of 4 also indicates lower intensity of the 

transient absorption in water suggesting that the triplet yield is lower in comparison to 

methanol solution.(46)  This lower triplet yield in water can be explained by aggregation 

of the polymer, which quenches the singlet excited state of the polymer.  This is 

consistent with the reduced fluorescence intensity of the polymer in water compared to in 

methanol. 

Biocidal studies 

Microsphere-based 

A series of experiments to test for biocidal activity were carried out using 4 as a 

physisorbed coating on 5 µm SiO2 microspheres. These microspheres were exposed to 

PAO1 and observed for association and biocidal activity using confocal microscopy.  The 

bacteria attach to the surface-associated polymers in an adsorptive process, likely driven 

by hydrophobic and electrostatic interactions, analogous to adsorption of polyelectrolytes 

to an oppositely charged colloidal particle.(126)  This process occurs in the dark or light 

and does not, in itself, result in short term killing of the bacteria although some physical 

damage (and longer term killing) of the bacteria may occur.  This association is reversible 

to some extent and real time observation of a single particle-bacteria cluster reveals that 
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some bacteria associate briefly and then are released while others appear to be captured 

irreversibly. 

As previously observed,(47, 37) and as shown in Figure 4-2, clusters of 

microspheres along with bacteria begin to agglomerate as bacteria are killed, presumably 

due to the release of microbial agglutinants as the cell membranes are compromised.  In 

solution, these agglomerates tend to be a rough indicator of the antimicrobial activity 

over time, with samples starting out with fairly monodisperse solutions of coated 

microspheres to which the bacteria are added.  In the samples using 4, large aggregates 

with pronounced antimicrobial activity appeared within 15 minutes of introduction of 

bacteria.  Light-exposed samples tended to have less aggregation and actually showed 

diminished biocidal action, even with bacteria intimately associated with the coated 

microspheres (Figure 4-2b). 

   

Figure 4-2.  Comparison of biocidal activity in the dark (a) and light-
exposed (b) solutions of 4 physisorbed onto 5 µm glass microspheres.  In 
the images, the live bacteria are red and the dead bacteria are green.  The 
polymer is observed as a very faint green color on the surface of the glass 
microspheres. 
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This is in contrast with the behavior of physisorbed 1 and 2, suspensions of which 

show some dark and significant light-activated biocidal activity against PAO1 but less 

agglomeration.(37)  Microspheres with physisorbed 1 and 2 also show much stronger 

fluorescence than physisorbed 4 even when coated at the same density. Interestingly, 

when microspheres of physisorbed 4 are overcoated with a phospholipid bilayer the 

fluorescence levels are much stronger.(38)  It should be noted that it is very difficult to 

keep dark suspensions rigorously dark and some irradiation does occur during subsequent 

confocal fluorescence imaging.  Unexposed PAO1 typically remained viable for more 

than six hours, longer than the total experimental time.  For microspheres with 

physisorbed 4 incubation with PAO1 in the dark for 2 hours results in greater than 95 

percent killing of the bacteria. 

Solution activity 

Addition of polymer solutions to suspensions of PAO1 also results in dark 

biocidal activity for both 2 and 4; however there are clear differences in the behaviors of 

the two polymers as shown in Figure 4-3.  Treatment of PAO1 with 4 results in clustering 

of the bacteria and rapid killing, as shown in Figure 4-3a.  In contrast, treatment of PAO1 

with 2 results in very little agglomeration of the bacteria (Figure 4-3b).  As will be 

discussed below we believe this behavior can be attributed to the lipophilic character of 

polymer 4.  
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Figure 4-3.  Confocal microscopy images of PAO1 added to a solution of 
4 (a) and 2 (b) in the dark. We note the formation of large bacterial 
clusters for 4 (a) with very few individual bacteria as compared to 2 (b) 
and to the live control (c).  Dye-set-1 (red indicates live bacteria; green 
indicates dead bacteria.)  Live control is bacteria with same concentration 
but without beads or polymers. 

Fluorescence studies 

Fluorescence spectra of both polymers 2 and 4 in 0.85% NaCl aqueous solution 

were measured in the absence and presence of PAO1 bacteria using a plate reader.  As 

the rod-shaped PAO1 we used is ca. 2 µm in length and 0.7 µm in diameter, the 

calculated surface area of per PAO1 is ca. 4.7 × 10-12 m2.  According to the literature, the 

surface area per PPE repeat unit is ca. 2.8 × 10-18 m2. (195)  Therefore, about 1.7 × 106 

PPE repeat units can be associated on the surface of each PAO1.  A volume of 10 µL of 

polymer 2 and 4 stock solutions (1.3 mM in PPE repeat unit) was respectively added to 

500 µL of PAO1 solution (ca. 2.3 × 108 mL-1 PAO1).  This provides 20 times the 

concentration required for full coverage of PPE polymers on PAO1 surface.  The 

fluorescence emission spectra of mixtures of polymers with PAO1 as well as control 

samples without PAO1 are shown in Figure 4-4.  While mixing with PAO1 resulted in a 

moderate decrease (30%) in the fluorescence intensity of polymer 2, the fluorescence 

intensity for polymer 4 decreased dramatically (~80%) under the same conditions. This 
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result could be attributed to the fact that clusters were formed between PAO1 and 

polymer 4 and that not many clusters formed between PAO1 with polymer 2, as shown in 

Figure 4-3.  In the clusters, polymer 4 aggregated around PAO1 and resulted in higher 

local concentration, which could result in an apparent quenching of the polymer 

fluorescence.  Since the polymer 2 was well distributed in the solution in the presence of 

PAO1 as shown in confocal data, it is reasonable to observe less fluorescence decrease 

for polymer 2.  These results once again confirmed that the structure difference between 

polymers 2 and 4 brings different interaction between CPEs and bacteria, and results in 

different dark biocidal activity.   

 

Figure 4-4.  Fluorescence spectra of polymer 2 (a, λex = 394 nm) and 4 (b, 
λex = 427 nm) with absence and presence of PAO1. 

Singlet oxygen production 

Previous work demonstrated that cationic PPE-type CPEs sensitize singlet oxygen 

(1O2) due to triplet states generated by direct excitation of the CPEs.(37)  In the present 

work singlet oxygen sensitization by 2 and 4 was investigated in CD3OD by monitoring 

the emission at 1260 nm.  The 1O2 emission intensity at 1260 nm was measured for 

various concentrations of the polymer in solution.  A linear relationship was observed 



 82 

between the polymer absorbance at 335 nm and the 1O2 emission intensity.  The quantum 

yields of singlet oxygen generation were determined as 0.112 (± 0.008) for 4 and 0.122 

(± 0.012) for 2 using 2´-acetonaphthone as an actinometer (Φ∆ = 0.79).(216)  The 

observation of the strong 1260 nm emission strongly supports the notion that these CPEs 

sensitize the production of 1O2 in methanol solution. 

Since the biocidal experiments were carried out in aqueous conditions, attempts 

were made to measure the quantum yields of 1O2 emission sensitized by 2 and 4 in D2O. 

However, the direct detection of 1O2 emission was not possible in D2O due to the very 

low efficiency of 1O2 emission in this solvent.(37)  Therefore, an indirect chemical 

method was utilized via chemical trapping of 1O2 using the water soluble “chemical 

trapping agent” 1,3-cyclohexadiene-1,4-diethanoate (CHDDE).  CHDDE reacts with 1O2 

to form stable peroxide (88%) and hydroperoxide (12%) (Scheme 2).(161)  The reaction 

of CHDDE with 1O2 is monitored by UV absorption spectroscopy.  The disappearance of 

CHHDDE is detected as decrease in its absorption band at 270 nm (Figure 4-5).  The 

quantum yield of 1O2 production was determined according to the literature procedure 

using 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin (TPPS) as an actinometer (Φ∆ = 

0.66) to give Φ∆ = 0.32 for 2 and Φ∆ = 0.037 for 4.(37, 163)  These results clearly 

demonstrate that 1O2 can be generated by irradiation of 2 or 4 in water. However, for 4, 

the efficiency of 1O2 generation in water is much lower than that in methanol. The 

decreased efficiency is consistent with the lower triplet yield of 4 in water due to 

quenching of singlet excited states by aggregation (vide supra). On the contrary, 2 

generates singlet oxygen more efficiently in water than in methanol. Such a difference is 
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most likely due to the high solubility of the polymer in water because of its high charge 

density per polymer repeat unit.  

 

Figure 4-5.  Singlet oxygen emission sensitized by 4 (a) and 2 (b) in 
CD3OD. Inset: Integrated 1O2 emission intensity versus optical density of 
the polymer solution.   

Influence of negatively charged phospholipids. 

A negatively charged phospholipid, DOPG, was chosen to interact with polymer 2 

and 4 either in solution or on microspheres.  The mixtures of polymer with DOPG 

liposome were prepared by adding 10 µL of stock PPE solutions to 1 mL of DOPG 

liposome solution followed by 30 min of vortexing.  The resulting ratio between the 

DOPG liposome and PPE polymer in repeat units is 1: 2000.  (The hydrodynamic radius 

of DOPG liposomes prepared by the method mentioned earlier is ca. 110 nm as 

determined by dynamic light scattering.(54)  This results in a calculated surface area of 

ca. 1.5 × 10-13 m2 for each spherical liposome.  As the surface area of each DOPG lipid is 

ca. 55 × 10-20 m2, there are ca. 2.7 × 105 DOPG lipid in each DOPG liposome.  Therefore, 

1 mL of 2 mM of DOPG lipid solution can yield 7 nM of DOPG liposome.  In 1 mL 

liposome-polymer mixtures, there are ca. 7 × 10-12 mol of DOPG liposome and ca. 1.3 

×10-8 mol of PPE repeat units, giving a ratio of 1: 2000 between DOPG liposome and 
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PPE repeat unit.) A control sample of polymer solution without DOPG liposome was also 

prepared by adding the same amount of polymer into 1 mL of PBS solution.  Figure 4-6 

depicts the fluorescence spectra of polymers 2 and 4 in the presence and absence of 

DOPG liposome.  Since DOPG was prepared in PBS buffer, the corresponding liposome 

free samples of polymers were also measured in PBS buffer.  For polymer 4, its 

fluorescence emission in water was also measured and it was found that the change from 

water to PBS buffer induced a red shift from 475 nm to 524 nm.  This showed the 

increase in the ionic strength of the solvent makes the environment more hydrophilic and 

then resulted in more aggregation of polymer 4 and even weaker fluorescence emission.  

Interestingly, fluorescence enhancement and blue shifts of the emission maximum were 

found for both polymer 2 and 4 in the presence of DOPG, except that the extent of 

enhancement is different.  In the case of polymer 2, the emission maximum shifted from 

506 nm to 460 nm and fluorescence intensity increased by less than 2 times in the 

presence of DOPG; on the other hand, in the case of polymer 4, the emission maximum 

shifted from 524 nm to 482 nm and the fluorescence intensity increased by almost one 

order of magnitude.  As described elsewhere and investigated in detail,(54) this 

fluorescence enhancement could be attributed to the interactions between cationic CPEs 

and negatively charged phospholipids, which induce association and further insertion of 

PPE CPEs into DOPG liposome and results in some level of deaggregation of polymers 

and gives rise to increased fluorescence.  The dramatic difference in the fluorescence 

enhancement between polymers 2 and 4 could be due to the difference in their structures, 

where 4 has shorter and less sterically hindered pendant quaternary ammonium groups 

than 2.   
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Figure 4-6.  Fluorescence spectra of polymers 2 (a, λex = 394 nm) and 4 (b, 
λex = 427 nm) in the absence and presence of DOPG liposomes. 

Similar results were also found for lipobeads, where a DOPG bilayer is coated on 

polymer 2 or 4 physisorbed microspheres.  Although both blue shifts in the emission 

maximum and enhancement of fluorescence intensity were found for Si-2-DOPG and Si-

4-DOPG, the fluorescence enhancement for Si-4-DOPG is dramatically larger than Si-2-

DOPG, and there is about 7 times increase for the former, and less than 2 times for the 

latter.  This once again shows polymer 4 is easier to insert into the DOPG bilayer and 

provides for more efficient deaggregation.  Finally, polymer 4 also shows faster and 

higher extent insertion into negatively charged phospholipid monolayer in the Langmuir 

trough than polymer 2.(54)  Clearly polymer 4 is much more lipophilic than polymer 2 as 

indicated by the different interactions with negatively charged phospholipids. The 

enhanced lipophilicity of 4 is a reasonable source of its comparatively enhanced dark 

biocidal activity. 
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Summary 

We have found that polymer 4, although similar in structure and overall 

photophysical behavior to the PPE polymers 1 and 2, exhibits remarkable differences in 

its light activated and dark biocidal activity.  The comparison of the photophysical 

properties of the two cationic CPEs 2 and 4 indicate the effect of solvent on the 

absorption, fluorescence, transient absorption and singlet oxygen sensitization efficiency.  

Both of the polymers exhibit strong fluorescence in methanol solution, but the 

fluorescence is suppressed in aqueous solution (and on microspheres as a physisorbed 

coating) due to aggregation of the hydrophobic polymers.  In the aqueous solutions, the 

fluorescence of 4 is more strongly quenched, indicating that this polymer has a much 

greater propensity to aggregate.  This aggregation of 4, also suggested by the rapid 

accretion of the polymer with bacteria observed by CLSM, thus reduces light activated 

biocidal activity by suppressing singlet oxygen generation.  

The transient absorption studies show that direct excitation of 2 and 4 leads to 

production of a long lived triplet exciton that exhibits broad triplet-triplet absorption in 

the mid-visible region. For both CPEs the triplet-triplet absorption is more intense in 

methanol than in water, suggesting that the triplet yield is reduced in aqueous solution. 

The suppressed triplet yield likely arises due to quenching of the singlet exciton in the 

aggregate. Finally, singlet oxygen emission and trapping studies indicate that both 2 and 

4 sensitize singlet oxygen.(196)  For polymer 4, the singlet oxygen yield is strongly 

reduced in aqueous solution compared to methanol, and this reduction in yield correlates 

with the reduced triplet yield observed for this polymer in water. 
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Although at first surprising, the decrease in light-activated biocidal activity can be 

reasonably attributed to the highly aggregated state of the thiophene polymer in aqueous 

solutions.  This results in low triplet yields and a very poor sensitization of singlet oxygen 

and other reactive oxygen intermediates.  The enhanced dark biocidal activity of the 

thiophene-containing polymers is attributed to their high lipophilicity, which may 

promote bacterial association, and to the presence of the accessible quaternary 

ammonium functionality on the pendant ether side chains, which is likely responsible for 

the immediate cell killing.  The differences in behavior among these polymers suggest 

that the dark and light-activated biocidal activity may be tuned by altering overall 

lipophilicity, according to the membrane properties of the bacterial target, and by 

adjusting relative density, chain length and charge for the associated quaternary 

ammonium groups. 
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Chapter 5  

Polyelectrolyte Multilayer Capsules: Micro-Roach Motels 

Introduction 

New types of coatings that can capture, entrap and kill pathogens, especially 

Gram negative bacteria, have been the subject of several recent investigations.(208, 178, 

34, 8, 2)  Especially interesting and attractive are antimicrobial coatings that can function 

catalytically and that can be used in a variety of environments.  In Chapter 3, we reported 

the use of cationic conjugated polyelectrolytes (CPEs) supported on colloids as 

antimicrobials that can entrap Gram negative bacteria such as Pseudomonas aeruginosa 

and Cobetia marina in a dark process at the colloid-suspension interface and 

subsequently kill the bacteria on irradiation with visible light.(36)  Here we report the 

remarkably enhanced light activated biocidal activity of micron-sized polyelectrolyte 

hollow capsules consisting of alternating layers of a pair of anionic and cationic 

(phenylene ethynylene)-type CPEs.  These novel photoactive polyelectrolyte capsules 

function in a manner reminiscent of the insect entrapping “Roach MotelsTM” with respect 

to their ability to collect, concentrate and kill bacteria trapped within and on the surface 

of the capsules.  This work has recently been published under the title “Conjugated 

Polyelectrolyte Capsules:  Light-Activated Anti-microbial Micro ‘Roach Motels.’”(47) 

As discussed extensively in Chapter 1, controlling pathogenic bacteria is a major 

global concern, from basic household maintenance to intentional release by terrorists.  

Although standard disinfection protocols work well on cells in suspension, those which 

are attached to surfaces, which account for the majority of bacteria in the world, are 
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notoriously resistant to standard disinfection protocols.  Some of these bacterial colonies 

demonstrate a propensity for forming communities, sometimes with several other species, 

that develop their own protected habitat, referred to as a biofilm.  These biofilms can be 

quite complex in makeup and are generally able to withstand harsher conditions, allow 

for communication within their structure, share adaptive traits (through the exchange of 

plasmids) and can confer a robustness to the whole which could not be maintained by the 

individual component bacteria.(49, 18, 30, 63, 173)  The old adage “There’s safety in 

numbers” would seem to apply here.  The harboring of organisms in biofilms is also 

thought to be a potent contributor to the development of antibiotic resistance.(179, 41, 

191) 

The magnitude of this problem is well illustrated in medical settings in which 

bacteria attached to medical devices are associated with up to 1.4 million deaths per 

year.(30, 79, 175)  Among the organisms associated with nosocomial infections, the 

Gram negative opportunistic pathogen Pseudomonas aeruginosa is one of the most 

common, persistent and lethal; the second leading cause of infection in intensive care 

units, this organism quickly acquires multiple drug resistance and lethality factors when 

introduced into the hospital setting.(160)  The strain P. aeruginosa PAO1 has served for 

many years as a nonpathogenic model for understanding mechanisms of P. aeruginosa  

adhesion, and is therefore also a good model organism for understanding 

disinfection.(75) 

Microcapsules consisting of alternating layers of oppositely charged 

polyelectrolytes have been studied extensively in recent years.(119, 9, 52, 118)  Work in 

this area has explored the fabrication, structure and function of the polyelectrolyte 
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capsules, towards their application for compartmentalization and/or release of drugs or 

other agents under a controlled stimulus.(52, 20)  Polyelectrolyte microcapsules are 

prepared via layer-by-layer (LbL) deposition of oppositely charged polyelectrolytes onto 

the surface of micron-sized sacrificial template particles.  Dissolution of the template 

particles affords the hollow polyelectrolyte microcapsules.  In the present investigation 

we have adopted literature methods to fabricate novel polyelectrolyte capsules consisting 

of alternating layers of the (phenylene ethynylene)-type conjugated polycation and 

polyanion, 2 (Figure 1-3) and 3 (Figure 1-4), respectively.(223, 10)  These CPE 

microcapsules are prepared via LbL deposition, beginning with the negatively charged 

polymer 3, which is expected to strongly bind with the predominantly positive surface of 

the MnCO3 template particles.  Alternating coatings of 2 and 3 are then applied to build a 

multilayered structure, ending with an outer deposit of 2.  Given the positive charge of 

the capping polymer 2, we infer that the exterior of the polyelectrolyte capsule surface 

has a positive surface potential.  The reasoning here was that, for our target bacteria, the 

cationic complexes have proven to be more effective in terms of their antimicrobial 

activity than the anionic complex.  Following LbL deposition, the MnCO3 template is 

dissolved by exposure of the particles to a solution of ethylenediamine tetraacetate 

(EDTA).  The resulting polyelectrolyte capsules retain the photoactive properties 

characteristic of the poly(phenylene ethynylene) units, i.e., they are strongly fluorescent 

in the mid-visible, and as shown below, they display light activated biocidal activity. 

The materials present at various stages of the CPE microcapsule fabrication 

process were characterized by a variety of techniques, including dynamic light scattering 
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(DLS), scanning electron microscopy (SEM), epifluorescence microscopy and confocal 

laser scanning microscopy.   

Experimental methods 

Synthesis of PEM capsules 

MnCO3 microparticles were synthesized by modification of a literature procedure 

using nanometer sized particles to seed growth of monodisperse, micron-sized 

particles.(223)  In a typical run, MnCO3 particles were prepared having a mean particle 

size of ~5.0 µm with a standard deviation of ~0.5 µm (DLS).  SEM images of the MnCO3 

template particles reveal their spherical shape and uniform size distribution.  In separate 

containers aqueous solutions of MnSO4 (1 L, 6 mM) and NH4HCO3 (1 L, 60 mM) were 

heated to 50 °C.  A nanoseed solution was prepared by mixing 4 mg of NH4HCO3 and 

0.1 mg of MnSO4 in 20 mL of DI water and stirring the solution for 10 min.  Prior to the 

addition of the nanoseed solution, 5 mL of isopropanol (IPA) was added to each of the 

warm salt solutions to give a final concentration of 0.5%.  Immediately following the 

addition of the IPA, a 10 mL aliquot of the nanoseed solution was added to the MnSO4 

solution.  

The solution was vigorously stirred and the NH4HCO3 solution was quickly 

poured into the MnSO4 solution while stirring. The mixture instantly turned cloudy, and 

stirring was continued for 2 min, then the solution was allowed to stand for 35 min.  

Excess aqueous solution was decanted from the precipitated MnCO3 microparticles, 

which were then isolated by centrifugation, followed by washing 3 times with DI water.  

Typically this procedure yields MnCO3 particles with a mean particle size between 4.5-

5.0 µm with standard deviations of 0.5-0.3 µm between particle batches.  The size 
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distribution of the MnCO3 microparticles was characterized using scanning electron 

microscopy (SEM) and dynamic light scattering (DLS).  SEM images reveal the spherical 

shape of the particles and uniform size distribution.  A typical preparation afforded ~150 

mg of MnCO3 microparticles with 5 µm median diameter (Figure 5-1).   

 

Figure 5-1.  Microscopic image of MnCO3 particles with 5 µm median 
diameter. 

The surface of the MnCO3 particle is somewhat rough from the formation of tiny 

rectangular crystals forming the spherical particle, which is indicated in other literature 

reports for spherical MnCO3 particles.  Data from DLS experiments show a 

monodisperse sample in the 4-6 µm range comprising of 92-98% of the sample, with a 

small signal indicating the formation of aggregates at 8-12 µm range.  This aggregate is 

sensitive to concentration and vigorous stirring during the DLS experiment and therefore 
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can be controlled.  Typical DLS data reveals a sample distribution with a mean particle 

size of 4.568 µm with a standard deviation of 0.387mm representing 98% of the sample, 

with 2% of the sample as an aggregate. The mean particle size is in agreement with 

measurements made during SEM imaging. 

 
 

Scheme 5-1.  Scheme illustrating CPE polymer coating of MnCO3 
microparticles and subsequent etching of the template with EDTA. 

The 2/3 coated MnCO3 microparticles were prepared by a modified literature 

procedure.(95, 9, 10, 223, 52)  The MnCO3 particles (155 mg) were dispersed in 11.75 

mL of DI water assisted by stirring and sonication (~10 s).  A 3.25 mL aliquot of a 

solution of 3 (4.61 mM) and 430 mg of NaCl was added to the MnCO3 particle 

suspension and the mixture was stirred for 15 min. The 3-coated particles were collected 

by centrifugation and washed 3 times with an aqueous NaCl solution (0.2 M). The 

particles were redispersed in 3.5 mL of DI water assisted by stirring and sonication and 
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the same procedure was repeated using an 11.5 mL aliquot solution of 2 (1.3 mM).  The 

overall process was repeated three more times to afford particles coated with four 

bilayers.  A simplified version of this process is illustrated in Scheme 5-1. 

The resulting CPE-coated particles were inspected using epifluorescence and 

confocal fluorescence microscopy.  As shown in Figure 5-2b, the presence of the 2/3 

coating on the surface of the MnCO3 particles is signaled by the bright green fluorescence 

that is characteristic of the CPEs.(221)  Bright field confocal images (DIC mode) of the 

2/3 coated particles clearly show the core due to light refraction by the high index 

MnCO3.   

In the final step of the microcapsule preparation, the MnCO3 cores were dissolved 

using a modified literature procedure.(9, 10)  An aqueous suspension of the CPE-coated 

particles (1.5 mL) was placed into a 3 mL centrifuge tube and 1.5 mL of 0.2 M EDTA 

solution was added.  The mixture was shaken occasionally during a 2 hour period to keep 

the particles and capsules suspended.  The resulting CPE microcapsules were washed 

twice with DI water and collected via centrifugation at 10,000 G for 15 min. 

Analysis of the resulting hollow capsules by using epifluorescence microscopy 

clearly shows the fluorescence from the conjugated polyelectrolyte layers (Figure 5-2c).  

Interestingly, the polyelectrolyte capsules appear to be flexible, as indicated by the 

creases in the capsule walls.  In Figure 5-2d, SEM images of dried 2/3 capsules reveal flat 

pancake-like structures confirming that complete dissolution of the MnCO3 template has 

occurred.  Characterization of the capsules by confocal microscopy also confirms the 

absence of the MnCO3 templates. 
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Figure 5-2.  a) SEM images of MnCO3 microparticles (inset: expanded 
view). b) Fluorescence microscope image of microparticles coated with 4 
bilayers of CPEs. c) Fluorescence microscope image of polyelectrolyte 
capsules. d) SEM images of polyelectrolyte capsules. 

Parameters for biocidal testing 

The bacteria used in this study, Cobetia marina and Pseudomonas aeruginosa 

strain PAO1, were grown in chemostat as described in Chapter 2.(36)  The preparation of 

bacteria and conditions for sample preparation with the CPE colloids has also been 

described in Chapter 2.  Cells were examined under a 40x oil objective on a Zeiss LSM 

510 Meta confocal laser scanning microscope and the number of live cells (i.e.,  those 

fluorescing red only) and dead cells (i.e. those fluorescing green) compared. 

Interactions between P. aeruginosa and the hollow CPE capsules [hereafter 

referred to as micro “Roach Motels”, (µRM)] were monitored by confocal fluorescence 

microscopy.  Bacterial viability was determined upon completion of experimental 

a b 

c d 
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treatment by staining the bacteria with a 1:1 mixture of SYTO 60 and SYTOX Green 

stains (2 µL mixed dye per mL suspension), then incubating for 15 minutes.  These DNA 

stains penetrate the cells and produce red (~650 nm) and green (~530 nm) emission for 

live and dead bacteria, respectively.  As noted above, the µRM also exhibit green 

fluorescence when irradiated with 400-450 nm light (Figure 5-2b and c).   

Results and discussion 

We have previously shown that 5 micron solid particles coated with the cationic 

conjugated polyelectrolyte 2 by physisorption can capture several bacteria on their 

surface; capture of the bacteria by these particles is at least initially a reversible 

process.(36)  In the same experiments, we observed slightly more efficient capture (and 

killing) of P. aeruginosa occurs when a cationic polymer having similar polymer repeat 

unit structure is grown covalently from the surface of 5 micron silica beads.  Studies with 

electron microscopy indicate that the covalently grown polymer provides a rougher 

surface that may be better suited for trapping bacteria irreversibly.   

The surfaces of the µRM capsules formed from the combination of 2 and 3 appear 

much more corrugated than those studied previously (Figure 5-2) and we suspected that 

the µRM surfaces might be more effective at capturing bacteria than the solid colloids.  

We also felt that the open interior of the µRM might afford an irreversible capture of 

bacteria and much more efficient biocidal activity.   
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Figure 5-3.  Composite confocal microscope images of µRM s with 
trapped P. aeruginosa (a) before and (b) after 15 min. irradiation with the 
Fiber-Lite 190 lamp.  Approximate live:dead ratios are (a) 7.0 and (b) 
0.33.  These samples of CPE were taken around 25 minutes after their 
respective treatments, with the bacteria appearing mainly on the outside of 
the particles. 

As shown in Figure 5-3, mixing a suspension of P. aeruginosa with the µRM 

clearly results in effective capture of the bacteria before the capsules are irradiated.  In 

Figure 5-3a the live bacteria show an intense red fluorescence, while the single µRM 

exhibits a dull green fluorescence; at least 14 live (and 1-2 dead) bacteria are associated 

both on the surface of the µRM and within the interior.  

In our study in Chapter 3 with microspheres containing physisorbed 2 we found 

that the colloids entrap C. marina fairly effectively, and the entrapped bacteria are largely 

killed by 15 minute exposure to visible light with a fiber optic lamp (Fiber-Lite 190).(36)  

For P. aeruginosa with the same microspheres there is some entrapment but light-

induced killing requires much longer exposures (up to 1 hour) and even under these 

conditions there is only moderate killing.  The surface grafted conjugated polymer beads 

are somewhat more effective towards P. aeruginosa but there is still much less killing 
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than for C. marina.  In the present study we find that the µRM are much more effective at 

killing and capturing both C. marina and P. aeruginosa.  In Figure 5-3b is shown a fused 

cluster of µRM that has been irradiated with the Fiber-Lite 190 lamp for 15 min in a 

suspension containing P. aeruginosa.  Under these conditions there has been considerable 

photobleaching of the µRM and their fluorescence is very weak.  Significantly, most of 

the bacteria associated with the µRM exhibit green fluorescence indicating that they have 

been killed by visible irradiation. (Under these conditions irradiation of similar 

concentrations of physisorbed or covalently grafted polymer on solid colloids results in 

relatively little killing of P. aeruginosa.)  Similar results were obtained when suspensions 

of µRM and C. marina are irradiated.  Even more effective bacterial trapping and light-

induced biocidal activity is observed for larger clusters of µRM as shown in Figure 5-4. 

 

Figure 5-4.  a) Confocal microscope image of a µRM cluster 10 minutes 
after introduction into a solution of P. aeruginosa (107/mL) kept in the 
dark.  b) Central slice of 20 µm “z-stack” showing interior of µRM cluster 
with entrapped, killed bacteria after 1 hour exposure to white light. 

These clusters, typically containing 4-12 µRM, form in the presence and absence 

of bacteria, as can be seen in the epifluorescence image in Figure 5-2c.  Very prevalent 
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are clusters of four µRM that are approximately tetrahedral in shape; the cluster shown in 

Figure 5-4b appears to arise from fusion of two tetrahedral clusters. These µRM clusters 

are even more efficient in trapping bacteria than isolated µRM.  As shown in Figure 5-4a 

one cluster exposed to a suspension of P. aeruginosa for ten minutes in the dark has 

entrapped hundreds of bacteria and almost all of the bacteria are live.  As shown in 

Figure 5-4b, after irradiation with visible light for one hour all of the P. aeruginosa 

associated with a µRM cluster both within and on the surface have been killed.   

It was previously shown that CPEs such as 2 and 3 are effective sensitizers of 

singlet oxygen in both aqueous and organic solutions.(36)  We have also determined that 

the light-induced antimicrobial action of colloids containing 2 and similar cationic CPEs 

requires the presence of oxygen (Chapter 3).  This has led us to conclude that the light-

activated antimicrobial activity results from the generation of singlet oxygen and likely 

successor reactive oxygen intermediates.  We suspect that the same mechanism for the 

light-activated activity is operative for the µRM. What likely accounts for the more rapid 

and effective killing for the µRM is their greater efficiency in entrapping the bacteria 

irreversibly, or for longer periods of time, compared to the solid colloids. As we have 

discussed above, the µRM should have a positive surface potential, yet also regions of 

negative charge density as well as hydrophobic regions. In other work we have noted that 

bacteria, including those studied here, attach in greater numbers to surfaces that contain 

both positive charged and hydrophobic groups. The heterogeneity of the materials 

comprising the µRM may thus contribute to their ability to attract and bind to bacteria. 

Another factor that may contribute to the irreversible nature of the binding is the potential 

for the material surface to reconstruct upon interaction with the bacterium.  This 
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malleability of the surface is also indicated by the effects of shaking on samples 

containing bacteria, as evidenced in Figure 5-5, where samples held for the same time, 

one with shaking and one without, show distinctly different morphologies. 

  

Figure 5-5.  Effects of agitation on samples.  The confocal image on the 
left (a) shows bacteria on the surface of a CPE-bacteria agglomerate not 
subjected to shaking during exposure to light for 30 minutes.  The image 
on the right (b) is from a central slice of a z-stack of a shaken sample, 
indicating that the (mostly) dead bacteria seen here are on the interior of 
the agglomerate.  The live/dead ratio for (a) is 1:1, while that of (b) is 1:5. 

Another remarkable effect that is observed is the time evolution of the 

µRM/bacteria suspensions.  As documented in a series of composite confocal images 

shown in Figure 5-6, over the course of several hours after being mixed with bacteria, the 

µRM exude fibrillar structures (Figure 5-6a) which appear to be especially effective in 

capturing bacteria.  In addition to the fibrils, sheet-like structures which are very difficult 

to image with the confocal microscope (due to rapid photobleaching) are present, and 

these structures are also very effective at capturing bacteria (see Figure 5-6b and Figure 
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5-6c).   Although the exact nature of these structures is not known at the present time, we 

believe that the material is likely a hydrogel consisting of the mixed CPEs. 

 

  
 

 

Figure 5-6.  A collection of µRM images showing various forms of 
exuded filaments and possible films with entrapped bacteria. 

The presence of this material may help to account for the extremely effective 

sequestration of the bacteria in the solution, as can be seen by the near absence of free 

bacteria in solution in a typical wide-field image after about one hour (Figure 5-7). 
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Figure 5-7.  Wide-field images of the microcapsule/bacterial solution 
showing the dramatic decrease in free bacteria after exposure to the 
µRoach Motels for (a) 6 min. (b) 42 min. and (c) 65 min.  There is some 
photobleaching (mostly of the red SYTO 60 stain) in the center of (a) from 
a previous scan. 

Summary 

Novel polyelectrolyte microcapsules consisting of the photoactive CPEs 2 and 3 

were prepared and challenged with robust Gram negative bacteria.  The microcapsules 

display strong green fluorescence indicating that the constituent conjugated polymers 
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retain their photophysical properties in the capsule structure.  Experiments involving 

mixing of suspensions of polyelectrolyte capsules with C. marina and P. aeruginosa 

demonstrate that the materials act as highly effective light-activated micro “Roach 

Motels”.  In particular, live/dead assays indicate greater than 95% kill after exposure to 

~1 hour of white light.  The remarkable activity of the µRM is clearly due in part to the 

morphology of the capsule structures which leads to very effective capture and 

entrapment of the bacteria by the photoactive polymer material.   

 

Figure 5-8.  B. atrophaeus spores (brighter green dots) trapped within a 
µRM cluster. 

More recently, these µRM showed significant trapping and killing potential when 

tested against B. atrophaeus spores—an anthrax simulant (Figure 5-8).  In this ongoing 

work we seek to explore in more detail the mechanism and efficacy of these novel 

materials in potential antimicrobial applications.  
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Chapter 6  

Flow Cytometry Studies of Antibacterial Activity 

Introduction 

The analysis of microorganisms can be carried out at a number of levels, from 

simple detection or identification to counting to characterization of viability, growth, 

metabolism, and interaction with various chemical and physical agents.  The highest level 

of complexity would require an analytical technique that could detect, identify, count and 

characterize each of several organisms in a mixed population.  Flow cytometry is such a 

technique—basically the generation of a particle stream by various means, usually in a 

liquid, which then undergoes sequential optical analysis.  Although the instrumentation is 

somewhat flexible in its configuration, a typical setup might have a narrow (~10-100 µm) 

hydrodynamically (and more recently, acoustically) focused stream of particles passing 

through one or more illumination/excitation sources (usually laser) and a number of 

detectors (photomultiplier tubes-PMTs) for the light scattering and fluorescence 

generated. (Scheme 6-1)   

At its simplest, flow cytometry is a type of microscopy:  light scattering signals 

provide the same type of information as visual examination of a slide.  Its power lies in 

the ability to analyze (almost) every cell in a given sample individually and rapidly.  This 

greatly increases the speed, reliability and repeatability of sample analyses compared to 

conventional microscopy or even CLSM, with more simultaneously measured parameters 

(and it is carried out electronically rather than visually!). 
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History of flow cytometry 

The concept of interrogating individual particles actually goes back quite some 

time, to a device created in the 1940s to analyze mine dust.(73)  This apparatus was also 

used in World War II by the U.S. Army in experiments for the detection of bacteria and 

spores.(72)  The Coulter Counter, an instrument that uses impedance across a small 

aperture to measure particle sizes was patented by W.H. Coulter(50) and introduced in 

the early 1950s.  Cell analysis by flow cytometry began to develop in earnest in the mid 

1960s with the first real flow cytometer(93), and working cell sorter(59, 60) in 1965, the 

first fluorescence-based flow cytometry device (ICP 11)(70) in 1968 and the first analysis 

of DNA cell cycle in 1969.(207)  Rapid development of computers and digital electronics 

over the next couple of decades finally provided the processing power necessary to gather 

and manipulate the large quantities of data generated by this technique in a timely 

manner, and with enough flexibility to become useful in a number of fields. 

Principles of Flow Cytometry 

As shown in Scheme 6-1, modern flow cytometers have four main components: 

1) a flow cell - liquid stream (sheath fluid), which carries and aligns the cells so 

that they pass single file through the light beam for sensing 

2) an optical system - lamps or lasers (argon, krypton, dye laser) 

3) a detector and analog-to-digital converters which convert scattering and 

fluorescence signals from light into electrical signals 

4) a computer for analysis of the signals. 
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Scheme 6-1.  Components of a flow cytometer.  The computer system 
used to collect and analyze the data is not shown. 

In a flow cytometer, each suspended particle from 0.2 to 150 micrometers passing 

through the incident beam scatters the light while fluorescent chemicals naturally present 

in the particle (intrinsic) or attached to the particle as a probe (extrinsic) may be excited 

into emitting light.  Scattered light is evaluated in two distinct regimes:  one is (nearly) 

axially aligned with the light beam and is referred to as Forward Scatter (FSC); another at 

much larger angles gauges what is called Side Scatter (SSC).  Most instruments have the 

detectors (sometimes several) for these two parameters positioned roughly orthogonally 

to one another.  Fluorescent emissions are picked up by one or more fluorescence 

detectors that are selected for wavelengths of interest.   

All of these detectors are either aimed at the point where the stream passes 

through the light beam or are fed a portion of collected scatter by a train of band-pass 

optics.  By analyzing fluctuations in brightness at each detector it is possible to derive 
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various types of information about the physical structure and chemical properties of each 

individual particle.   

Forward scatter 

This parameter is measured at narrow angles of 0.5 to 5˚ from the axis of the 

incident beam, usually by employing a beam stop of some sort to block the main portion 

of the beam.  For our intended purpose of bacterial cell analysis, forward scatter 

measurements generally correlate with the cell size, and are quite useful in that regard if 

some important factors are considered: 

1) optical properties of the system 

a. the wavelength of the incident beam 

b. the precise range of angles over which light is collected, determined by the 

focal lengths and numerical apertures of collecting lenses (see Figure 6-1) 

c. the size, shape, and position of irises, slits, and obscuration bars in the 

optical system 

(Since there is no standard optical design for forward scatter measurements, it is 

likely that results will differ when measuring the same cells in different instruments.) 

2) cellular properties 

a. a difference in refractive index between the sheath fluid and the cell 

suspension adds noise to scatter measurements and may cut accuracy (51) 

b. the presence of strongly absorbing material in cells tends to decrease the 

amplitude of scatter signals and  

c. highly textured surfaces or internal structures may have a similar effect 

(but often increase the amplitude of side scatter). 
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Figure 6-1.  Plots of intensity vs. scattering angle of a latex bead (left) and 
a lymphocyte (right), illustrating the effect of scattering angles on signal 
intensity. (from ref.(188))  We can also infer from these data some 
influence from particle size and refractive index. 

Side scatter 

Side scatter is somewhat more reliably correlated to the surface complexity and 

granular structure of the particle (i.e., shape of the nucleus, the amount and type of 

cytoplasm granules or the membrane roughness).  The light scattered at large angles to 

the incident beam is usually of higher intensity, probably from a combination of multiple 

reflections and the summation of single scattering events from individual granules. 

Scatter signal arises from the difference in refractive index between cells and the 

medium that is maintained by the barrier of the cell membrane to water and solutes.  The 

refractive index differential of cells with damaged membranes (which are permeable to 

dyes such as SYTOX Green or propidium iodide) is reduced, producing smaller forward 

scatter signals.   

Fluorescence 

Fluorescence measurements are advantageous because of their specificity and 

sensitivity, allowing for reliable and repeatable identification of labeled components even 
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at very low levels.  In addition to single wavelength intensities, a number of other 

fluorescence parameters can be obtained, including total fluorescence, fluorescence 

polarization, fluorescence lifetimes and fluorescence emission spectra.  The use of 

multiple fluorescence detection regimes (currently up to 13 channels available on one 

commercial instrument) can also increase the numbers and types of probes that can be 

deployed simultaneously.  With fluorescence, flow cytometers are capable of detecting 

particles in the femtomolar range (100’s of particles per mL), yet can collect data on up 

to 50,000 particles per second, with only µL volumes required for analysis.(146) 

Once these data have been collected, they can be displayed in a variety of ways.  

The most common way to represent the distribution of events for a single detection 

parameter is a simple histogram.  Somewhat more informative bivariate plots for two 

detection parameters can be constructed using color features to indicate event 

populations.  These are quite useful for identifying the geometric mean of a population in 

order to properly set gates.  More sophisticated software packages can produce contour 

diagrams and three-dimensional plots for multivariate analyses. 

Special issues for bacterial analysis 

As it turns out, despite the varied influences on scattering, size measurements 

with FSC are actually more reliable for bacteria than for eukaryotic cells, since many 

bacteria are close to either spherical or ellipsoidal and behave according to Mie 

theory.(128, 178, 88, 167)   

Photobleaching is much less of a problem when using a flow cytometer to get 

precise quantitative measurements of fluorescence intensity from cells because each cell 

is exposed to excitation light for only a few microseconds as it passes through the 
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illuminating beam.  Flow velocities are also very stable, so the period of exposure for a 

given cross-section is nearly constant.  Nearly equal measurement values for cells with 

equal amounts of fluorescent material give very high precision.  Still, as you might recall 

from Chapter 2, the relationship between staining conditions and viability must be judged 

carefully. 

Some of the dyes used in staining may also bind to the flow cytometer tubing.  If 

the system is not cleaned (with a recommended dilute soap solution) and flushed after 

use, there is a potential for cross-contamination by dyes used in previous runs (and other 

experimenters may be using stains with properties dramatically different from yours). 

Sample processing in flow cytometry usually only takes a couple of minutes per 

sample.  However, it is still a sequential process and time does pass between samples.  

This can be an important consideration if using a batch of bacteria obtained at the same 

time to do protracted experiments with multiple samples.  Even with this constraint, flow 

cytometry is still much faster than either plate counting (overnight) or CLSM (see 

Chapter 2, Biocidal studies, Counting).  On the other hand, plating unequivocally 

demonstrates reproductive viability and microscope slides have rarely been known to 

clog, as a flow cytometer occasionally does.  Plate counting for bacterial susceptibility is 

usually correlated with flow cytometric evaluations, but can differ by more than a factor 

of five.(7)   

Experimental methods 

Instrument specifications 

Flow cytometric studies herein were done using an Accuri C6 flow cytometer, a 

fairly new design with a small footprint (~2’ x 2’), four fluorescence and two scatter 
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detectors.  This instrument has a 200 µm fused silica capillary with a maximum particle 

size limit of 40 µm and is capable of processing up to 10,000 events/second and sample 

concentrations near 107 cells/mL.  (An added bonus is the pleasing musicality of this 

particular instrument during operation.)  The C6 has an unconventional non-pressurized 

flow system employing peristaltic pumps for transport, allowing for precise metering of 

volume.  The distinctly nice thing about this is that cell concentration can be measured 

without the need for adding beads to samples or performing time-consuming 

hemocytometer counts.  The flow system will occasionally clog, (which is not too 

surprising given the agglomerative nature of our polymer/bacteria samples), but these 

clogs are usually quite easily cleared by executing a backflushing procedure that is 

integrated into the hardware.   

The instrument has two lasers, a 488 nm solid state and a 640 nm diode.  There 

are four fluorescence detectors, set up with the optical filters shown in Table 6-1.  These 

have a linearity rating of 2.00 ± 0.05% with < 3.0% CV.  Data are collected on FSC and 

SSC (from the 488 nm laser) and all four fluorescence channels in every run. 

Table 6-1.  Filters for fluorescence detection in the Accuri C6™. (from 
instrument manual) 

filter name excitation source (nm) detection range (nm) 
FL1 488 530 ± 15 
FL2 488 585 ± 20 
FL3 488 670 long pass 
FL4 640 675 ± 12.5 

 

The Accuri C6 was calibrated approximately monthly (more frequently in the 

initial phases of study) with 8 peak “rainbow” beads, and proved to be extremely stable in 

fluorescence as gauged by CV values over the course of one year. 
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Flow experiment parameters 

P. aeruginosa and B. atrophaeus (vegetative) bacterial samples were derived from 

overnight batch cultures having a population of ~5 x 108 bacteria mL-1 and were diluted 

to between 106 and 107 mL-1 in 0.85% NaCl for flow samples.  Spores were prepared as 

described in Chapter 2, Bacterial Growth and used at similar populations.  The sample set 

was much the same as for other biocidal studies (Chapter 2, Biocidal studies-

Experimental Parameters), with the exception of the live and dead controls, which are 

being split into multiple aliquots in the latest flow cytometry testing.  In particular, 

unstained, propidium iodide (PI)-only stained and doubly stained (PI and the appropriate 

permeant SYTO dye) controls are being used to determine the autofluorescence of the B. 

atrophaeus vegetative cells.  Biocidal candidate compounds were added to these samples 

at concentrations between 0.2 and 10 µg/mL.  SYTO 9, 11, 21, 24 and propidium iodide 

stains were used in the flow cytometer experiments, with a 15 minute incubation period 

for the vegetative bacteria and 45 minutes for the spores.  For the following samples, 

light exposures were 15-30 minutes—UV-365nm for the OPEs and broad-spectrum white 

light (Fiber-Lite 190) for the polymers.   

With these stains, the most useful representation for gating the data was the 

bivariate plot of FL1 (530 nm) “green” vs. FL3 (670 nm) “red.”  These channels are FL1 

(530 ± 15 nm—“green”—live) for the SYTO permeant stains and FL3 (670 nm long 

pass—“red”—dead) for the propidium iodide.  For the flow cytometric bivariate plot 

graphics in this section, I have followed the convention of having the green fluorescence 

channel (FL1) on the Y axis and the red fluorescence channel (FL3) on the X axis.  The 

state of samples through their virtual “lifetime” could be followed through the 
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progression of signals clockwise on these plots, starting in the lower left with unstained 

live controls (as in Figure 6-2), moving upward once stained, and then transitioning to the 

right and downward with the increase in membrane permeability and loss of integrity.  

With samples where the antimicrobial polymer compounds were free in solution, the 

signals tended to remain in the upper right quadrant, presumably due to the strong 

binding of the fluorescent polymers.  An example of this type of progression can be seen 

in Figure 6-5. 

In any given experimental set, consistent scattering thresholds were applied across 

all samples and 10K-120K events were collected per run.  The experimental data were 

analyzed using the CFlow software available on the Accuri C6 and with FCS Express 3.0 

from DeNovo Software. 

 

Figure 6-2.  Bacillus atrophaeus.  Live control, no stains. 

Results 

General observations 

Despite the above caveats, the effects of the CPEs on the bacteria in most every 

case were easily observed.  First and foremost, the signals for forward and side scatter 

tended to be dramatically spread out, sometimes with one affected more than the other.  

This spreading is most likely due to two factors: 1) the clumping and agglomeration that 
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was observed by CLSM in many prior experiments, and 2) the variability in the uptake of 

the stains among individual bacteria, clusters and debris particles (which may also be 

contained in the agglomerates).  This contributed to a broadening in the distribution and 

increase in the range of intensities of both scatter and fluorescence, although this had to 

have been mitigated somewhat by the narrowing of the orifice (~40 µm maximum 

particle size(1)) through which any clustered material had to pass.  This same reasoning 

would suggest that many agglomerated bacteria were probably not counted, due to the 

fact that the instrument rejects the acquisition of data if a pulse width exceeds a preset 

threshold.  Also, for cells that were damaged and permeabilized to the “dead” stain, there 

was more of a change in FSC, likely due to the refractive index differential between the 

cells and the solution being diminished by equilibrium processes.   

Gating optimization and threshold effects 

Because of the pronounced spreading in the scatter, gate settings usually included 

<75% of total measured particles and were centered around mean values that were 

usually less than half of the maximum signals for both FSC and SSC.  These settings 

were optimized by monitoring CV values for the fluorescent channels of interest (FL1 

and FL3).   
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Figure 6-3.  Gating optimization showing (lower left) three clearly 
delineated populations (left to right, live; “dying”, and, lower right, dead) 
for this B. atrophaeus sample.  Upper left is the roughly triangular gate, 
based on scatter parameters and on the right is the histogram showing the 
live/dead percentages, where the “dying” and dead populations are 
combined. 

The choices of which channel and where to set the lower boundary (threshold) for 

signal intensity are also critical ones.  A triggering threshold of 10-80K in FSC or 2-10K 

in SSC were usually sufficient for achieving CV values at or below 50%.  Occasionally, 

these thresholds were combined with small valued fluorescence cutoffs (10-1000) in 

order to minimize triggering from cellular debris.  Values higher than 1000 would 

typically begin to cut into legitimate data, since the particles of interest (bacteria) are 

already close to the lower size limits for the instrument.  A comparison of triggering 

threshold effects is shown in Figure 6-4.   
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a) threshold: FSC-H @ 80000 

 
b) threshold: FL1-H @ 1000 

 

Figure 6-4.  A comparison of forward scatter versus FL1 for triggering. 

Here, the difference in live and dead values from one to the other is more than 

18%.  Obviously, there is “room for error” in assigning flow cytometric parameters, 

emphasizing the need for careful population identification and for setting thresholds and 

gating to optimize the capture of those populations. 

Fluorescence factors 

Some autofluorescence of bacteria was also observed, with B. atrophaeus being 

the brightest of the bunch (Figure 6-2).  However, analysis of control samples (without 

CPEs) under the same gating conditions determined that the contribution of the bacteria 

to the overall signal intensity in FL1 (530 ± 15 nm) was somewhat less than 2%.  This 

property of the bacteria allows analysis without a permeant stain, as seen in Figure 6-5.  
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This is quite useful, since the CPE polymers and the permeant SYTO stains have 

somewhat similar excitation and emission characteristics. 

Fluorescence signal strength also shifts between samples with different polymers 

and with differing polymer concentrations; therefore the gating must shift between each 

sample to fit the new means of population.  Usually, this is not a large shift and the 

population profiles or contour shapes tend to remain the same, so setting the new gates 

only requires sliding existing gates along one axis.  An exception to this is seen in 

samples treated with OPE17 (6, Figure 1-6), where the bacteria appear heavily damaged, 

even with low exposure times.  Here, we must assume that membrane integrity is highly 

impacted, causing rapid leakage of the SYTO permeant stain during equilibration with 

the suspension medium.  This is reflected in the significant movement of the population 

by an order of magnitude lower in FL1 and about the same amount higher in FL3 

(downward and to the right in the bivariate plot) as compared to OPE6 (5) and the PPE-

DABCO complex (2).  This effect can be seen in Figure 6-7.   

Effect of CPE concentration 

A study was carried out to determine the concentration dependent effects of PPE-

DABCO (compound 2, Figure 1-3) on B. atrophaeus in solution.  A secondary purpose 

was to determine what effects the free polymers might have on fluorescence readings 

when using the green fluorescing SYTO permeant stains.  Using only propidium iodide 

staining meant that any fluorescence observed in the FL1 parameter (530 ± 15 nm) would 

be due to the adherence/absorption of the polymer.   

The raw flow data for this experiment are shown in Figure 6-5, with the gate 

windows labeled as to bacterial states.  (Table 6-2 contains the numerical data from this 
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experiment, which are also graphed in Figure 6-5.)  Here we note that the bacterial 

control is located mostly in the lower left quadrant, but did have some dead bacteria, 

possibly due to insufficient washing, that were stained by the PI and which appear in the 

lower right quadrant.  It is interesting that even these already dead bacteria seem to 

become coated with the polymer as the concentration increases.  This would indicate that 

the mechanism of polymer attachment is not dependent on any active process in the cells, 

such as nutrient uptake. 

As the concentration is increased, the bacteria are coated more quickly, and are 

seen in the upper left quadrant at 2 mg/mL, where they have increased in green 

fluorescence, but have not all become permeable to the PI stain, as have those in the 

upper right quadrant.  At concentrations of 3 mg/mL and higher, the bacteria are 

essentially all associated with the polymer and have all been killed. 
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Figure 6-5.  Concentration dependence of DABCO polymer (2) on killing 
of Bacillus atrophaeus in vegetative form. (From flow cytometry data).  
Only PI was used in staining. 

Table 6-2.  Data table for Figure 6-5 and Figure 6-6.  

sample 
%live 
no PE 

%live  
+ PE 

%dead 
no PE 

%dead 
+ PE 

%total 
live 

%total 
dead 

control 81.68 0.07 18.01 0.24 81.76 18.24 

1 µg/mL 27.17 13.07 17.48 42.28 40.24 59.76 

2 µg/mL 1.40 34.25 5.43 58.92 35.65 64.35 

3 µg/mL 0.07 1.48 5.00 93.45 1.55 98.45 

5 µg/mL 0.63 0.66 0.54 98.17 1.29 98.71 

10 µg/mL 0.01 0.33 0.29 99.37 0.34 99.66 
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Figure 6-6.  Flow cytometry data for B. atrophaeus survival after 30 min 
light exposure measured against PPE-DABCO (2) concentration in 
solution  

The data in Figure 6-6 indicate that PPE-DABCO can be extremely cytotoxic with 

these Gram positive organisms.  The very low remaining “live, no PPE” bacterial 

percentage in column 3 suggests that even at 2 µg/mL, the polymers have coated almost 

all of the bacteria, and will likely be lethal at longer exposure times. 

Figure 6-7 shows some of the first data gathered on the oligomeric compounds 5 

and 6 (Figure 1-6), by flow cytometry.  This data indicates that the OPEs, particularly 

OPE17, can be effective biocides under dark and light conditions.  OPE6 under dark 

conditions showed < 9% increase in bacterial death over the control, but this increased to 

~25% following light exposure.  The better performer (actually, the best we’ve tested so 
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far) was OPE17, which proved to be almost 100% lethal at 30 minutes, both in the dark 

and after light exposure. 
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Figure 6-7.  A series of SSC-gated contour plots showing the effect of 
OPE 6 & OPE17 (32 µg/mL)on B.atrophaeus, a) live bacterial control; b) 
OPE6 dark; c) OPE6 light; d) OPE17 dark; e) OPE17 light.  The stain set 
used was SYTO 11/PI with light exposures of 30 min.  FSC threshold for 
this series was 80,000. 

Evaluation of control samples that had undergone light exposure were also 

important with the oligomers, since these molecules require shorter wavelength excitation 

for activation.  This did seem to affect some of the bacterial samples more than others, 
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and may have been due to the method of exposure of samples with the portable UV lamp.  

In some instances, the attrition of the bacteria was significant; this is not surprising, since 

UV light is used for sterilization in some applications.  More problematic was that the 

attrition rate varied, possibly from lowered or heightened exposure caused by sample 

placement.  In the worst case, cell death in the live control was measured at 22% (Figure 

6-8).  Even with this handicap, significant differences between the experimental samples 

and the controls can still be observed, but more uniform exposure conditions in the new 

rotating carousel photochamber should certainly help to normalize sample exposures and 

reduce some of the variation observed in light-exposed control samples. 

 

Figure 6-8.  Live (UV-365nm) light-exposed B. atrophaeus control with 
stains. 

However, even at lower concentrations (2 µg/mL) the light activated effects of the 

oligomers were unambiguous, as can be seen in Figure 6-9.  Here the PI staining is 

quantitative and the indicative red fluorescence has increased by 3 orders of magnitude 

over the live control.  This suggests that OPE17 with light exposure is extremely 

effective in permeabilizing the bacterial membrane of Gram positive bacteria. 
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a) OPE 17 dark 

 
b) OPE17 light 

 

Figure 6-9.  Effects of light exposure on B. atrophaeus treated with 6 at a 
concentration of 2 µg/mL. 

Summary 

Progress so far 

A large number of compounds, including 2, 3, 4, 5, 6, the µRM and some newly 

synthesized polyampholytes have all undergone preliminary screening with flow 

cytometry, confirming the observations of antimicrobial effects on bacterial cells made in 

earlier experiments with confocal microscopy.  Some of the oligomers seem especially 

potent and are seen to cause quantitative or near quantitative permeabilization of the 

bacteria.  The PPE-DABCO complex in solution (Figure 6-5 and Figure 6-6) and grafted 

onto cotton and fabric samples shows significant activity as well.   
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The samples with fibers have so far yielded more complex information that 

indicate the existence of other processes, almost certainly moderated by surface 

attachment of the bacteria.  Since flow cytometry can only measure what remains in 

solution, which can be valuable information, this precludes any conclusive analysis at the 

present time.  More studies are under way that involve simultaneous CLSM imaging 

matched to the flow data from the same sample, but protocols for sample handling 

[rinsing, staining (loss of stains to fibers is observed)] still need to be optimized. 

Bacteria: Confusion Reigns [borrowed from Shapiro (186)] 

After describing in detail the instrumental capabilities and lauding the advantages 

of flow cytometry, it now seems somewhat disingenuous not to state that there is 

something of an art to this science.  While the measurement of particle characteristics can 

be very precise, selection of gating parameters, triggering thresholds, sample 

concentrations, staining protocols, flow rates and other factors all have impacts 

(sometimes quite significant) on the results obtained, making it difficult to determine 

what the overall optimum protocol should be.  Keeping as many of the variables as stable 

as possible is the recommended course of action for a project of this type.  (And for 

science in general, I suppose.) 

At this point in the development of flow cytometry, and, based on our current 

understanding of bactericidal processes, it is probably not reasonable to expect that 

changes in one flow cytometric parameter will accurately indicate general bacterial 

susceptibility to a given antimicrobial compound.(166)  Since different antibacterial 

agents may have different direct and indirect impacts on various functions in different 

bacteria, it is obviously important to be able to track more than one parameter to 
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understand the effects of the CPEs on the bacteria.  The multiple parameters available in 

flow cytometry do help to accurately discriminate certain properties, but these properties 

may be difficult to uncouple from each other, so it seems unlikely that a single set of 

testing parameters will be found that fits all bacteria, or even the same bacteria under 

somewhat different sample conditions.   

An important part of refining the process is analysis of the cells in a comparable 

medium (meaning matched pH and ionic strengths) without the challenge of antibacterial 

compounds.(184)  However, once the intrinsic properties of bacterial cells are sufficiently 

characterized, flow cytometry, with or without a given set of stains, may yield much 

useful information.(185, 7)  However, these observations can still shed light on both 

direct and indirect impact of antimicrobials on microorganisms and enable identification 

of mechanisms involved in bacterial death.(5, 6, 165, 147, 157, 215)  Given its rapid 

analysis times, low volume requirements, high sensitivity and synchronous measurement 

of fluorescence sensitivity, flow cytometry can be a powerful tool for the evaluation of 

bacterial responses and may aid in the discovery of new antimicrobial agents. 
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Chapter 7  

Polyelectrolyte-coated Fabric-Preliminary Studies 

Introduction 

Progress in the development of applications for the CPE compounds under study 

is always encouraging.  It had long been considered within the group that grafting of the 

polymers to fabrics and/or fiber material would be a good way to explore the potential for 

protective clothing, bandages, filtration devices, etc. (I recall discussions from 2008 of 

“Whitten mittens.”)  In some environments, fibers with these types of coatings may also 

offer significant resistance to the attachment and buildup of biofilms. 

K. Ogawa, then at the University of Florida, and now a professor at Cal State 

Northridge, was able to accomplish this using a coupling reaction similar to the one 

employed for grafting the polymers onto silica microspheres.  By attaching a siloxane 

linkage to any exposed hydroxyl groups, with the other end of the linkage having a 

phenyl iodide moiety, growing a PPE from the surface becomes a simple matter of 

supplying the monomers for polymerization. 

Experimental methods 

Polymer grafting to fabric samples 

Samples of Battle Dress Uniform (BDU) fabric were supplied by the U.S. Army 

Natick Soldier Systems Center.  These samples were camouflage patterned, with the 

coloring primarily on the outer surface.  These samples were treated according to the 

procedure outlined in Scheme 7-1.  This same process was also later performed on plain 

cotton fibers. 
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Pd0, CuI, DMF, NEt3EtOH, 70°C

 nylon and cotton fabric 
 treated with silane reagent in ethanol at 70°C 
 rinsed with methanol, dried in a vacuum oven at 90°C.  
 DABCO polymer grafted via in situ polymerization.  
 rinsed with methanol.  
 treated with aqueous solution of SDS to remove unattached residual polymer 
 rinsed with water, methanol and dried in a vacuum oven at 90°C. 

 

Scheme 7-1.  Description of grafting method used on fabric samples by K. 
Ogawa. 

Exposure to a UV lamp shows bright fluorescence corresponding closely to the 

wavelength of the unbound CPE polymer (Figure 7-1).  Confocal microscopic 

examination also confirmed the presence of the polymer, but only on some of the fibers 

(Figure 7-2).   
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Visible light 

Back side 
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Untreated Physisorbed   Grafted 
 

 

Figure 7-1.  Physical appearance of fabric samples. Leftmost samples are 
untreated, middle samples have polymer 2 physisorbed and samples on the 
right are polymer 2 grafted. 
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Figure 7-2.  CLSM images of uniform fabric supports—left: untreated 
Natick fabric, right: polymer-grafted (DABCO) Natick fabric 

Biocidal experiments 

Bacterial sample preparation was carried out as described in Chapter 2.  Fabric 

samples were placed in microcentrifuge tubes and submerged with the bacterial 

suspension.  The Fiber Lite 190 was used for irradiation and light exposure times were 

increased to 30 minutes to offset occlusion of the radiation source by the fabrics.  This is 

based on the assumption of a 15 minute average exposure per side while shaking in situ 

with the vortex mixer, during which the microcentrifuge tubes are observed to rotate 

more or less continuously.   

The sample set for fabrics was expanded compared to other biocidal studies 

(Chapter 2, Biocidal studies-Experimental Parameters), with the addition of the split live 

and dead controls for flow cytometry testing (see Chapter 6, Flow experiment 

parameters) and rinse samples, prepared by rinsing the fabric coupons with 0.5 mL buffer 

after removal from suspension, creating a more dilute sample (rinseate) for each trial, 

along with the original, more concentrated suspension.  The rinseate is considered to be 



 130 

more representative of the attached bacteria, which are much more likely to have been 

affected by the CPE antimicrobial activity.  Some concerns arise at this point, related to 

the uncertainty in the rinsing step and the degree of agitation that can or should be 

applied for accurate assessment of the attached bacteria.  Seven experiments so far, with 

both the fabrics and cotton fibers (20 samples total) have not yielded consistent results.  

Our experience is not unique in this regard, as indicated by similar problems encountered 

at Natick relating to spore assessment. (H. Schreuder-Gibson, personal communication). 

Results and discussion 

Photophysical properties of grafted fabrics 

Spectroscopic analysis indicates strong fluorescence in both the physisorbed and 

grafted samples.  Figure 7-3 shows the emission spectra of the grafted and physisorbed 

fabrics, with a comparison to the untreated fabric.  The much lower emission intensity of 

the physisorbed product is attributable to its likely binding orientation lateral to the 

surface of the polymer, driven by the electrostatic attachment.  The grafted product, on 

the other hand, is probably more brush-like in nature, with some lateral orientation and 

cross-linking likely, but not to the extent of the physisorbed material.  The surface grafted 

fabric exhibits bright fluorescence centered at 502 nm; this emission band is red-shifted 

in comparison to its solution emission profile (λmax = ~440 nm). 
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Figure 7-3.  Photophysical Properties of Fabrics.  Excited @ 360 nm, 
Emission λmax = 502 nm. (K. Ogawa) 

Antimicrobial activity 

At this stage, only the grafted fabrics and cotton fibers have been tested for 

biocidal activity.  P. aeruginosa and B. atrophaeus (vegetative and spore forms) have 

been exposed to the substrates in solution.  Both these species (in vegetative form) show 

marked proclivity for attachment to the polymer coated samples as compared to the 

untreated samples (Figure 7-4).  Dead bacteria (as identified by the uptake of impermeant 

stain (PI in all the experiments listed here). are most numerous on the fiber surfaces, 

while, in general, very few are observed in solution relative to the live population.   

The accumulation on the fibers of what is assumed to be bacterial decomposition 

products creates a “plaque” of sorts that is strongly fluorescent in the region of PI 

emission (indicating high DNA content) as seen in Figure 7-6.  This type of deposit has 

also been observed in previous experiments with the CPE coated microspheres (Figure 

3-6 and Figure 3-7) and possibly is the source of the red fluorescence contained within 
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the interior of the µRM in Figure 5-5b.  This material is obviously very “sticky” and is 

thought to contribute to the aggregation of particles in solution. 

 
DABCO-grafted, light -exposed 30 min.  

untreated,  light -
exposed, 30 min. 

DABCO-grafted,  
dark 30 min. 

 

Figure 7-4.  CLSM images of B. atrophaeus on PPE-DABCO grafted 
cotton fibers, stained with Syto 11 and propidium iodide. 

Confocal imaging, due to time limitations, has been mainly of the fibers 

themselves, while solution populations and staining characteristics have been quantified 

using the flow cytometer.  Setting up reliable protocols for exposure and live/dead 

assaying is ongoing:  Some of the fabric samples, most especially the polymer-coated 

ones, tend to float during exposure in the suspensions; some fibers, particularly the raw 

cotton, absorb one or both stains quite effectively.  This is the likely source of much of 

the dim red fluorescence of the fibers in Figure 7-5. 

B. atrophaeus spores, as might be expected, proved difficult to stain, requiring 45 

minutes incubation time.  Also, the spore samples tested did not exhibit nearly the degree 
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of attachment shown by the vegetative cells.  Very little killing of the spores was 

observed, most likely because of their innate hardiness in conjunction with these two 

external factors. 

 

Figure 7-5.  A CLSM image of SYTO 11/PI stained B. Atrophaeus on 
PPE-DABCO grafted cotton fibers.  This 3D projection of a z-stack 
reveals the dense attachment of the bacteria, with numerous live (green) 
and dead cells (brighter red particles). 

  

Figure 7-6.  Images of red “plaque,” believed to be composed of PI stained 
bacterial decomposition products. 
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The effects of bacterial exposure to PPE-DABCO-grafted cotton fibers over time 

under dark and light-exposed conditions are shown in Figure 7-7.  Bear in mind that these 

particular data represent the populations of bacteria not attached to the fibers, but 

remaining in solution after the fibers were removed after the indicated exposure times.  

The data from the flow cytometry measurements suggest that the fibers (submerged in the 

suspension) continue to acquire adherent bacteria up to and perhaps beyond a 2 hr 

exposure time, as indicated by the blue bacterial population lines.   

B. atrophaeus  (veg.) vs. DABCO grafted cotton: 
solution concentration by flow cytometry
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Figure 7-7.  A graph of live, dying and dead B. atrophaeus vegetative cells 
remaining in (original suspension) solution after exposure to PPE-DABCO 
(2)-grafted cotton under both dark and light conditions.  Bacterial 
populations relative to the control are represented by the blue bars. 

The majority of the bacteria remaining in suspension after 2 hours are dead or 

dying (~90%), as compared to the control (~7.5%, not shown).  Again, we hesitate to 
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declare quantitative values for the “true” antimicrobial activity, as this is still a work in 

progress (especially as related to the rinsing, agitation, and access to light exposure 

aspects of the experimental protocols), but the trends are certainly valid and appear to be 

quite promising. 

To offer a final curiosity, the survival of the light-exposed bacteria at longer times 

(120 minutes), as seen in Figure 7-7, is a persistent phenomenon for which I currently 

have no explanation.  Studies of the effects of visible light on bacteria are sparse in the 

literature, with most focusing more on UV wavelengths for decontamination purposes.  

This effect seems to be independent of polymer type and may in fact be predominantly 

cell dependent.  If this is the case, one explanation might be a bacterial response to 

damage induced by intense light exposure that also affords protection from the CPEs.  

Experiments involving irradiation of a number of types of live controls (without CPEs) of 

both Gram positive and Gram negative organisms are planned to further delineate the 

nature and extent of the phenomenon. 

Summary 

These experiments on the PPE-grafted fabrics lend support to their use in 

antimicrobial applications.  The bacteria P. aeruginosa and B. atrophaeus (in vegetative 

form) adhere well to the substrates, as established by CLSM imaging and by the drop in 

the bacterial populations in solution as measured by flow cytometry.  Bacterial damage 

and killing are certainly taking place on the fiber surfaces, as evidenced by CLSM 

observation in numerous experiments, but I am hesitant to report quantitative data 

because of the need for refinement of the light exposure, rinsing, agitation and 

measurement protocols. 
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Further studies are needed to establish polymer loading and retention under 

various conditions.  Analogously, the bacterial loading and retention (and potential for 

cleaning) need to be determined.  Part of the difficulty in completing these studies is due 

to the lack of accepted protocols for measuring these parameters.  Aerosol spraying of the 

bacterial solutions may be one way to control dosing (and avoid the flotation of the 

sample coupons.  Personnel at Natick are working to establish such protocols, but are 

mainly focused on the spore form of the bacteria, which do have quite different 

properties.   

Our few initial tests on the spore form of B. atrophaeus with the fibers did not 

indicate a high degree of spore attachment and/or deactivation.  Staining of the spores is 

known to be much more of a challenge, since they are essentially dormant, hardened 

shells with increased Ca2+ and Mg2+ content that inhibit the transport of many dyes.  It is 

likely that these same properties will inhibit infiltration of our CPE complexes as well, 

though some spores are known to be susceptible to reactive oxygen species.(110, 67) 

Since starting the fabric experiments it has been a goal to run parallel sample 

analyses using both the confocal microscope and the flow cytometer.  While this is a 

sound concept, successful execution has only occurred a few times so far.  Once the new 

protocols have been fully developed and verified, we hope to generate more directly 

comparative (and quantitative!) data sets that can elucidate the bacterial attachment and 

killing processes on the grafted fibers. 
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Chapter 8  

Conclusions & Future Directions 

Conclusions 

A number of innovative and effective antimicrobial compounds have been 

produced based on isolation from environmental sources.  By mimicking these and 

extrapolation of structure-activity relationships gleaned from the analysis of these 

compounds and their primary and secondary structures, artificial compounds with singlet 

oxygen sensitization properties and quaternary ammonium functionalized end caps and/or 

side chains have been identified, synthesized and refined.  Several related studies were 

carried out on this family of organic phenylene ethynylene compounds investigating their 

antimicrobial effectiveness when incorporated into ordered structures on microspheres, as 

hollow, multi-layer capsules, grafted to fibers and free in solution.  Analyses of the 

impacts of these compounds on several species of bacteria exposed under a variety of 

conditions indicate that this is a fruitful approach, worthy of continued research efforts.  

Further work in this area is driven by the rapid emergence of resistance in multiple 

pathogenic species. 

These studies determined that this group of CPE compounds has biocidal activity 

toward certain bacterial species in the absence and/or presence of light in aqueous media.  

Determination of bacterial viability by live-dead (permeabilization) assays in the dark 

versus in the light has been used to determine if the polymers are inherently biocidal 

under various conditions: with and without oxygen and with and without photo-induced 

enhancement of their activity.   
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It is fairly well-established that irradiation of potential sensitizers of singlet 

oxygen can result in damage or death of microorganisms, and in several cases, the site of 

damage produced by the reactive species can be determined or inferred. However, in 

many cases it is not clear as to what the degradation is or how and where it is initiated.  It 

seems probable that in many cases involving light-induced activation of oxygen in 

microbial systems there is an initial generation of singlet oxygen followed by its reaction 

with some component of the cell to generate reactive species that are potentially more 

reactive and longer lived than singlet oxygen and that these are the likely source of cell 

killing.  The mechanisms for surface binding and infiltration of polymers into bacterial 

cells are quite variegated and often not well understood.  This is evidenced by the 

variations in permeabilization, staining intensities and cell agglomeration and the 

difficulty that these and other factors presented in most all experiments and in 

determining a working regime for the flow cytometry experiments in particular.   

Evaluation of goals 

The following goals and objectives of this research project have been met: 

Organisms to be tested were selected on the basis of their availability, ease of 

culturing, pathogenicity (or lack thereof, for the laboratory strains) and Gram staining 

characteristics.  These were then grown, harvested and used in multiple experiments. 

Rapid and effective assays for evaluation of the biocidal activity were developed 

using confocal microscopy and flow cytometry to corroborate quantitative data.  Bacterial 

samples with appropriate stain sets were run with live controls using flow cytometry, 

showing an increase in throughput and allowing for normalization to account for any 
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natural attenuation of bacterial populations over time due to lack of nutrients and/or 

oxygen. 

The presence of oxygen was confirmed to enhance bacterial killing relative to 

ambient conditions, and, conversely, the absence of oxygen reduced the biocidal 

effectiveness of the CPE complexes in solution.  The issue of light activation has turned 

out to be a bit more complex than originally expected, as expounded on in Chapter 4 and 

in recent experiments with a thiophenyl oligomer (Figure 8-3).   

The CPE compounds have proven effective at retaining their recognized biocidal 

capabilities when grafted onto silica microspheres and cotton fibers, and appear to be 

even more effective, especially at bacterial sequestration, when formed into LbL 

capsules.  Some time and concentration dependence of biocidal activity has also been 

determined. 

Examination of structure/activity relationships, as determined by these studies 

(and by the membrane studies mentioned earlier) has been quite valuable.  It has been 

used to guide synthetic objectives, especially for the numerous new oligomers that have 

been synthesized, with more recent synthetic targets designed with the impact of OPE17 

(6) in mind. 

Final comments 

My original hypothesis that the antimicrobial activity of this family of CPE 

compounds can be analytically measured, modified and incorporated into various 

relevant material substrates has been affirmed.  It is hoped that, collectively, these studies 

will inform future synthetic design goals for CPEs and antimicrobial compounds in 

general.  Studies of these and other CPE compounds may be helpful in determining 
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antimicrobial resistance mechanisms, especially if investigated for dosage, binding and 

membrane effects and interrogated in conjunction with currently developing genetic 

analysis techniques.   

It is encouraging to know that, in some small way, these current lines of inquiry 

are supporting the rapid development of antimicrobial compounds that appear to 

circumvent standard antibiotic resistance mechanisms.  There is urgent need for these and 

other compounds and their delivery methods/applications to be developed, refined and 

put into service in novel ways in the fight against disease. 

Future Directions—Near Term 

Mechanistic studies 

Determining the critical properties of the active CPEs and elucidation of their 

biocidal mechanism will be a key part of future investigations.  More oxygenation and 

deoxygenation experiments could help determine the factors affecting the role of oxygen 

in the biocidal activity.  This will help in deciding if future spectroscopic experiments 

will focus on oxygen species or on other potential intermediates.  A commercially 

available, highly selective fluorescent reagent for singlet oxygen known as singlet oxygen 

sensor green (SOSG) has been applied to a range of biological systems that are known to 

generate singlet oxygen.  Increases in SOSG fluorescence closely follow the increase in 

the concentration of conjugated dienes, which is stoichiometrically related to singlet 

oxygen production.  During in vivo tests on liposomal systems, algae and wounded leaves 

showed an increase in SOSG fluorescence, even in the dark.  SOSG or other fluorescent 

indicators can be evaluated with confocal microscopy and/or flow cytometry and thus 

may serve as a probe in our experimental system for the detection of singlet oxygen. (58) 
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Once the mechanism has been deduced, there are several options for maximizing 

the activity of the system.  The light source, frequency and exposure times can be varied, 

along with variations in polymer length and functionalization.  There is also potential for 

species selectivity, wherein different species of Gram positive and Gram negative 

bacteria may be tested for susceptibility to different solution conditions and to variations 

in polymer structure with the objective of optimizing biocidal activity of the beads.  The 

parameters of light exposure, activity in the presence of inhibitors, the addition of 

quenching agents or other conditions found to enhance activity may also be explored. 

Evaluation of the morphological changes in the multilayer systems may be 

another avenue to investigate. The transition of the µRoach Motels over time and upon 

exposure to bacterial solutions is intriguing (see Figure 5-6) and may yield information 

about the “capture” mechanism and the sequestration of bacterial species in more general 

cases. 

Refinement of flow cytometric techniques 

The flow cytometer has proven to be an excellent resource for rapid evaluation of 

the CPE complexes’ antibacterial action.  Although numerous reliable qualitative 

assessments are in hand, several refinements are being made to the flow cytometry 

protocols in order to bolster the reliability of the quantitative data.  The sample 

preparation, threshold and gating parameters, dosing of CPEs and experimental time 

constraints (especially for experiments involving simultaneous CLSM imaging) are all 

under review.   

A number of other dyes and staining protocols are also being considered, with the 

goal of utilizing the second (647 nm) laser on the Accuri C6 as another excitation source.  
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This would extend the spectral range for data acquisitions, increasing the number of 

parameters simultaneously measurable.  The library of dyes is ever expanding and now 

includes many with a high level of specificity for targets in cell structure and metabolism. 

For example, bacteria considered “dead” by dye exclusion criteria are presumed 

to have significantly diminished membrane integrity.  If this is a direct indication of 

membrane porosity, the loss of membrane potential due to the dissipation of ion 

concentration gradients across the membrane may be observable; a number of membrane 

potential measurements by flow cytometry have been reported in the literature.(184, 215, 

189, 28)  Issues of staining relating to membrane integrity, permeability, and “viability” 

have been discussed in the Chapter 2 section on Staining, and these concepts will still 

require careful evaluation of how they relate to bacterial cell death as determined by flow 

cytometry. 

Matching the sheath fluid in the flow cytometer to the buffer composition of the 

samples may result in more accurate analyses, with less distortion resulting from the 

mismatch of refractive indices between the standard sheath (water) and the sample buffer, 

especially for particle sizes of < 1 µm.(139, 7)  According to the user’s manual, this 

should be easily implemented on the Accuri C6. 

The problem of pulse width exclusion of agglomerated bacteria (Chapter 6, 

Results-General observations) is also being considered.  Alteration of the pulse width 

limitations by hardware or software may be possible.  Assessment of the pulse width as it 

relates to other measured parameters might also help to reveal the extent of data loss by 

signal rejection. 
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Synthesis of new CPEs 

Polyampholytes.  Ampholytes are a class of zwitterionic compounds that contain 

a mixture of positively and negatively charged moieties.  These should not be confused 

with amphiphiles, which are compounds with segregated regions of hydrophilicity and 

hydrophilicity.  The charged groups of polyampholytes can be placed along the polymer 

chain in stoichiometrically controlled ratios, either directly on the polymer backbone, or, 

more frequently, in side groups pendant to the polymer chain.  Three such compounds, 

shown in Scheme 8-1, have been synthesized by E. Ji in our group.  Bacterial suspensions 

exposed to each of the two molecules with opposite stoichiometry from Scheme 8-1b 

gave some very complex readings in the flow cytometer; an example is shown in Figure 

8-1.  The samples were observed to have completely coagulated after only a few minutes 

(making data acquisition by flow cytometry a bit uncertain), leaving the previously turbid 

solution completely clear.  These and similar types of ampholytic complexes certainly 

merit further attention. 
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Scheme 8-1.  Starting materials and the target complex structures for 
conjugated phenylene ethynylene polyampholytes to be investigated in 
this study.  The equimolar version is shown in a; the two complexes in b 
have 7:3 (PPE-S7N3) and 3:7 (PPE-S3N7) ratios of sulfonate to 
quaternary ammonium. 
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Figure 8-1.  Flow cytometry results for B. atrophaeus exposed to the 
polyampholyte PPE-S7N3.  It is obviously quite effective in killing the 
bacteria, but the bivariate plot of fluorescence shows unexpected 
complexity, with at least 5 different populations distinguishable. 

Oligomers.  I alluded earlier to the ongoing testing of a large number of 

oligomeric compounds by flow cytometry.  These have been synthesized in our group by 

Z. Zhou and Y. Tang.  Substitutions have been made in the end group and side chain 

chemistries and symmetric and asymmetric configurations have been explored.   
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More recent oligomeric targets have been synthesized that were designed with the 

biocidal success of the OPE17 compound in mind.  Figure 8-3 shows the structure of an 

analog of OPE17 with a thiophenyl ring substituting for the central phenyl group.  In 

preliminary tests, this compound seems to follow the trend for the PPE-Th compound, 

showing much more effective antimicrobial activity (possibly more than OPE17 itself) 

when not exposed to an excitation source. 

 

Figure 8-3.  A recently synthesized oligomeric CPE, designated as 
OPE17-Th. 

Membrane modeling 

Various lipid bilayers and vesicles can be used to form complex biophysical 

systems that closely mimic biological cell membranes.  The simulation of bacterial 

membranes is another way to investigate the likely disruptions, reordering and 

associations resulting from bacterial exposure to the CPE compounds.  Carried out by L. 

Ding and Y. Wang in our group, these studies have already provided some understanding 

of the mechanisms of membrane disruption, insertion characteristics of the complexes 

and quantification of membrane permeabilization.(46, 54) 

In considering the interaction of any antimicrobial system with a cell membrane, 

it is important to keep in mind the variations in (and adaptability of) the organisms.  In 

light of this, matching the activity in the model systems to the actual components of cell 

membranes will be critical as the research progresses.   
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Table 8-1.  Lipid distribution for several different bacterial cell types. (65)  
RBC = red blood cells.  Lipid designations are PC-phosphatidylcholine; 
PE-phosphatidylethanolamine; PG-phosphatidylglycerol; PS-
phosphatidyl-serine; SM-sphingomyelin; CL-cardiolipin; CH-cholesterol. 

 
 

As seen in Table 8-1, the type and quantity of phospholipids in a given organism 

can vary considerably.  Bacterial membranes contain substantial amounts of negatively 

charged phospholipids, such as phosphatidylglycerol (PG) and cardiolipin (CL).  In 

contrast, the outer leaflet of the mammalian cell membrane is composed mainly of 

phosphatidylcholine (PC), phosphatidylethanolamine (PE), and cholesterol (CH), which 

are all charge-neutral at physiological pH.  Future antimicrobial design, particularly 

design for bacterial specificity, will need to be vetted thoroughly against this wide range 

of parameters, as will the consideration for impact on human tissue and systems.   

One of the initial membrane modeling experiments performed by L. Ding shows a 

substantial increase in surface pressure in a PG film upon injection of PPE-Th (4) 

underneath the film, indicating insertion into the monolayer.  Under the same 

circumstances, there appears to be a distinct lack of interaction between complex 4 and 

the PC and PE lipids most commonly found in mammalian cells (Figure 8-4).  This 

indicates that 4 may have potential selectivity in penetrating and killing bacteria over 

mammalian cells.   
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The early stages of mammalian cytotoxicity tests also look promising, with no 

significant bovine aortic endothelial cell deaths after extended incubation with several of 

the oligomeric and polymeric compounds (K.Wilde, UNM, unpublished results).   

  

Figure 8-4.  Data from a Langmuir trough experiment, indicating selective 
insertion of the PPE-Th polymer into a PG monolayer, with no apparent 
influence on PC or PE. 

Structural calculations 

Theoretical and computational modeling are an essential part of modern antibiotic 

design.  Models providing explanations of the interaction of the CPE compounds with 

cell membrane components, analogous to the biophysical studies described above, are 

highly desired.  An understanding of the interaction of cationic, anionic, zwitterionic and 

neutral complexes with lipids (in all their complex permutations, but especially for 

bacterial lipid components) would be very useful.  The difficulties may lie in relating 
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binding affinities to charge, ionic strength and other basic properties of the system, since 

charged systems are notoriously difficult to model ab initio. 

An effort to model oligomeric CPE chemical structures has been undertaken 

within the group by E. Hill, using GAUSSIAN with various basis sets.  This already has 

revealed potential conformational variations away from ring coplanarity and from strict 

rigidity (linearity) along the conjugated chain, even for the smallest oligomers.(81)  

These might be matched with empirically determined or calculated spectrophotometric 

properties to inform synthetic goals. 

Bacterial targets 

Of course, direct experimentation with living microorganisms will still be 

necessary and probably most immediately relevant for development and implementation 

of antimicrobial regimes.  Testing across a range of organisms, including those 

generating a majority of the nosocomial infections should be quite informative in that 

regard.  Staphylococcus aureus, Streptococcus mutans and other potential candidates of 

various Gram positive and negative dispositions are listed in Table 8-2.  Organisms on 

this list are subject to the limitations of availability, space, virulency and pathogenicity 

(as designated by BSL and the University Biosafety Committee).   
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Table 8-2.  A list of potential bacterial targets for antimicrobial candidate 
compounds.  Those highlighted have been examined at some point in 
current and previous studies by our research group. 

scientific name Gram vegetative/spore 
Cobetia marina - veg 
Pseudomonas aeruginosa - veg 
Escherichia coli - veg 
Streptococcus mutans + veg 
Staphylococcus aureus + veg 
Staphylococcus epidermidis + veg 
Bacillus cereus + both 
Bacillus atrophaeus + both 
Klebsiella pneumoniae - veg 
Enterococcus sp + veg 
Bacillus anthracis (Sterne) + spore 
Clostridium difficile + both 

 

Plating and colony-counting of exposed bacterial samples would strongly 

supplement the CLSM and flow cytometry analyses.  Minimum inhibitory concentration 

testing results could be correlated to the concentrations and applications used in clinical 

situations to determine what concentrations are adequate to kill the given pathogens.   

Future Directions—Longer Term 

Molecular design for specific applications 

The fact that a number of the CPE compounds are high molecular weight 

polymers with a proven surface attachment protocol (167) suggests that they may be 

practical and robust as coatings for medical devices, fabrics, surfaces used for food 

preparation, bandages, filter elements and other components.  Having an immobilized 

antimicrobial coating could reduce the incidence of microbial transfer on doorknobs, 

countertops and other fomites.  Applications for these types of compounds may be 

extensive (Table 8-3), especially if they are found to be environmentally stable and 

benign to mammalian species.   
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To further these ends, the material properties of the beads and of the CPE 

coatings, including the molecular weight, charge per repeat unit, pendant functional 

groups and method of attachment/immobilization can potentially be adjusted to maximize 

the activity and robustness for real world use.   

With the controlled formation of extended structures such as monolayers, 

multilayers, vesicles, surface coatings on fibers and planar substrates, etc., these materials 

may make viable, adjustable and stable components for macroscale biocidal systems and 

even for nanotechnological devices such as biosensors.  These products and applications 

would culminate the search for the practical, functional, non-leaching and potentially 

selective biocidal components described in Chapter 1.   

Table 8-3.  Potential Uses for Antimicrobial CPEs 

Non-leaching coatings for: 
 Surgical instruments 
 Catheters 
 Countertops 
 Bandages/sterile dressings 
 Bedding (sheets, mattress covers, pillow cases) 
 Surgical furniture/dividers/curtains 
 Orthopedic prostheses 
 Filter elements 
 Recoverable bacterial absorbents (by filtration or magnetic components) in  
  the form of coated beads or other suitable substrates 
 Separation membranes for bacterial exclusion/extraction/immobilization 
 Disposal bags for biological waste 
 
Could also be incorporated into: 
 Paints 
 Sealants 
 Coagulants/Flocculants 
 Device components (via casting or electrospinning) 
 Electrospun fibers for woven fabrics/filters 
 Biosensors 
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There is also tremendous potential for combining these compounds into new 

forms (such as the LbL capsules in Chapter 5) or incorporating them into applications 

such as drug delivery (one of the motivations for research on LbL constructs) or direct 

use as topical disinfectants or even internally active pharmaceuticals.  (Although a great 

deal of work would obviously have to be done before the latter uses might be realized.) 

Matching the design of these complexes to new substrates could also enhance 

their utility for certain applications.  For example, beads with superparamagnetic centers 

are another type of substrate that may be considered as a support.  These might afford the 

means to manipulate, isolate or otherwise alter the position or activity of CPE-grafted 

particles in solution or on surfaces.  Ideally, this avenue of inquiry might yield a system 

that may be used, for example, to treat contaminated water sources by dispersing them 

into the water and magnetically removing them at the end of such a treatment process, 

minimizing loss and perhaps allowing them to be cleaned and reused.   

Surface morphology 

Effects of surface morphology, which have been found to be important for 

microbial attachment and propagation, can also be explored by changing bead sizes and 

solution concentration, grafting oligomers or polymers of mixed lengths, creating 

textured materials using electrospun fibers or by applying the polymer as a film on 

various patterned surfaces.   

Other types of bacterial studies 

Isolation of any surviving bacteria could also contribute to the identification of 

mutant strains that could then be screened for susceptibility to other biocides and 

antibiotics to determine antimicrobial resistance/susceptibility traits.  Spores, viruses, 
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fungi, protozoa and other pathogens might also be evaluated, if an intrepid graduate 

student is found who is able to culture them and find a working protocol for analysis… 
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Appendix A  

Syntheses of Conjugated Electrolytes 

Reagents 

All chemicals used for synthesis were of reagent grade and purchased from 

Sigma-Aldrich Chemical Company or from J.T. Baker.  Unless otherwise noted, 

chemicals and reagents were used without further purification.  Reactions were carried 

out under a nitrogen atmosphere using freshly distilled solvents.  Tetrahydrofuran and 

triethylamine were distilled over sodium hydride under nitrogen prior to use. 

Dichloromethane was distilled over phosphorus pentoxide.  1 M tetrabutylammonium 

fluoride THF solution (Aldrich), copper(I) iodide, iodine monochloride, 

diisopropylamine (Acros), trimethylsilylacetylene (GFS), and 

tetrakis(triphenylphosphine)- palladium(0) (Strem) were used as received.  All other 

analyticalgrade chemicals and solvents were used without any further treatment.   

Monomers 

1,4-Diiodo-2,5-bis[2-(2-methoxyethoxy)ethoxy]benezene (4a). 2,5-

Diiodohydroquinone (3) (5.79 g, 16 mmol), (2-Methoxyethoxy)ethyl tosylate (11.0 g, 40 

mmol), and potassium carbonate (5.52 g, 40 mmol) were combined in a flask with100 

mL of acetone. The mixture was heated to 70°C and kept stirring for overnight. The 

mixture was filtered and filtrate concentrated by rotary evaporation. Water was added and 

product was extracted with chloroform. The product was purified by column 

chromatography on silica using 2:3 mixture of ethyl acetate and hexane. Solvent was 

removed by rotary evaporation to give yellow oil. 1H NMR (300 MHz, CDCl3): δ 3.40 (s, 
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6H), 3.58 (m, 4H), 3.78 (m, 4H), 3.88 (m, 4H), 4.11 (m, 4H), 7.23 (s, 2H). 13C NMR (75 

MHz, CDCl3): δ 59.5, 69.9, 70.7, 71.4, 72.4, 86.7, 123.8, 153.4. 

1,4-diethynyl-2,5-bis[2-(2-methoxyethoxy)ethoxy]benezene (5a). Compound 

4a (5.65 g, 10 mmol), trimethylsilylacetylene (3.1 mL, 22 mmol), CuI (57 mg, 0.3 

mmol), and Pd(PPh3)4 (0.35 g, 0.3 mmol) were dissolved in 60 mL of THF and 40 mL of 

diisopropyl amine. The mixture was warmed to 70°C and kept stirring overnight. Water 

was added and the mixture was extracted with ether followed by several washings with 

water. Solvent was removed in vacuo.  The product was purified by column 

chromatography on silica using 1:4 mixture of ethyl acetate and hexane.  Solvent was 

removed by rotary evaporation to give a white solid. 

The white solid was dissolved in 50 mL of methanol. To the solution, 50 mL of 

1M NaOH(aq) was added and refluxed for 2 hours. Water was added to the mixture and 

extracted with ether. The organic layer was washed with water several times, then dried 

with Na2SO4. Solvent was removed by rotary evaporation to give reddish solid. The 

product was purified column chromatography on silica using 2:3 mixture of ethyl acetate 

and hexane to give white solid after evaporation of the solvent. 1H NMR (300 MHz, 

CDCl3): δ 3.32 (s, 2H), 3.38 (s, 6H), 3.56 (m, 4H), 3.75 (m, 4H), 3.87 (m, 4H), 4.15 (m, 

4H), 6.99 (s, 2H). 13C NMR (75 MHz, CDCl3): δ 59.4, 69.9, 69.9, 71.3, 72.4, 79.9, 83.1, 

113.9, 118.6, 154.4. 

3,3'-[(2,5-diiodo-1,4-phenylene)bis(oxy)]bis[N,N,N-triethyl-1-

propanaminium] bromide salt (7b). Compound 4 (3.01 g 5 mmol) was suspended in a 

mixture of 100 mL of triethylamine, 38 mL of water, 56 mL of ethanol, and 56 mL of 

acetone. The mixture was refluxed overnight. The solvent was evaporated and the residue 
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was washed with acetone several times to yield white solid. 1H NMR (300 MHz, 

CD3OD): δ 1.30 (t, 12H), 2.16 (m, 4H), 3.33 (q, 8H), 3.45 (m, 4H), 4.04 (m, 4H), 7.30 (s, 

2H). 13C NMR (75 MHz, CD3OD): δ 8.1, 23.3, 54.3, 55.9, 67.9, 87.2, 124.1, 154.1. 

 

Scheme A-1.  General synthetic scheme for polymers 1a and 1b. (NOTE: 
compound numbering, with the exception of 1a and 1b, is unique to this 
appendix.) 

Polymers 

PPE-OR8 (1a) and -OR11 (1b) 

Compound 5a (362 mg, 1 mmol), compound 7a (722 mg, 1 mmol), CuI (5.7 mg, 

0.03 mmol), and Pd(PPh3)4 (35 mg, 0.03 mmol) were dissolved in a mixture of 30 mL of 

DMF, 20 mL of water, and 10 mL of diisopropylamine. The mixture was heated to 70°C 
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and kept stirring overnight. The reaction mixture was concentrated by rotary evaporation 

and added dropwise into 250 mL of acetone. The precipitate was dissolved in a small 

amount of Millipore water and filtered through quantitative filter paper, followed by a 25 

µm glass filter. The solution was dialyzed against water using 6-8 kD MWCO cellulose 

membrane. The solution was concentrated via rotary evaporation and the polymer was 

precipitated with acetone. The precipitate was collected by centrifugation and washed 

with acetone. The product was a bright yellow powder and it was dried under vacuum for 

5 hours. 1H NMR (300 MHz, CD3OD): δ 2.46 (br), 3.05 (br), 3.14 (br), 3.44 (br), 3.60 

(br), 3.79 (br), 4.16 (br), 7.16 (br). Polymer 1b was synthesized in a similar procedure 

using compound 5b (451 mg, 1 mmol), compound 7b (806 mg, 1 mmol) 1H NMR (300 

MHz, CD3OD): δ 1.37 (br), 2.22 (br), 3.02 (br), 3.39 (br), 3.52 (br), 3.75 (br), 4.11 (br), 

7.37 (br). 

PPE-DABCO (2) 

Polymer 2, (221). A deoxygenated solution of 69 mg (60 µmol) of Pd(PPh3)4 and 

11 mg (60 µmol) of CuI in 25 mL of DMF/ diisopropylamine 1:1 mixture was added via 

canula to a deoxygenated solution of 0.380 g (2.00 mmol) of 4 and 1.62 g (2.00 mmol) of 

6 in 150 mL of a DMF/water mixture (1:1 v/v) contained in a Schlenk flask. The 

resulting solution was purged with argon for 10 min and then stirred at 70 °C for 24 h. 

After cooling, the polymerization reaction was terminated by pouring the reaction 

mixture into 700 mL of diethyl ether/acetone/methanol (3:1:1 v/v/v). The precipitated 

polymer was collected by vacuum filtration and redissolved in 50 mL of DMF/water (2:1 

v/v). (This solution was not treated with NaCN.) The polymer was again precipitated by 

addition to 700 mL of diethyl ether/acetone/methanol. The precipitate was isolated by 
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filtration, and it was purified by dialysis against water using a 6000-8000 MWCO 

cellulose membrane.  After dialysis, the polymer solution was filtered through a 0.45 µm 

nylon membrane, and the concentration was adjusted to ca. 1.0 mg mL-1. The polymer 

was stored in this format and diluted as appropriate for spectroscopic studies. 2,5-

Diiodohydroquinone(196) (3), 1,4-diiodo-2,5-bis[2-[2-(2-

methoxyethoxy)ethoxy]ethoxy]benzene(167) (4b), 1,4-diethynyl-2,5-bis[2-[2-(2-

methoxyethoxy)ethoxy]ethoxy]benzene(167) (5b), 1,4-bis(3-bromopropoxy)-2,5-

diiodobenzene(150) (6), and 3,3'-[(2,5-diiodo-1,4-phenylene)bis(oxy)]bis[N,N,N-

trimethyl-1-propanaminium] bromide salt(150) (7a), sodium 1,3-cyclohexadiene 1,4-

diethanoate (CHDDE)(162) were synthesized according to the literature procedure. 

Unless otherwise noted, 1H and 13C NMR spectra were recorded on either a Varian 

Gemini 300, VXR 300, or Mercury 300 spectrometer, and chemical shifts are reported in 

ppm relative to TMS.  
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PPENMe3-Th 

 

Scheme A-2.  Synthesis of PPE-Th.   

Oligomers 

Scheme A-3 shows a typical oligomer synthesis.  Condensation chemistry is much 

the same as for polymers, but requires step-wise protection/deprotection for some 

configurations.  The diethynylbenzene molecule that functions as the central linker can 

also be substituted with various moieties 
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Scheme A-3.  Synthetic route to OPE17. 
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Appendix B  

Photophysical Characterization 

The majority of the photophysical measurement and characterization of the CPE 

polymers was carried out at the University of Florida by K. Ogawa and E. Ji. 

Methods 

UV spectra 

UV-visible absorption spectra were obtained either on a Perkin-Elmer Lambda 25 

dual beam absorption spectrometer or on a Cary 100 UV-vis spectrophotometer using 1 

cm quartz cells. Steady-state fluorescence emission and excitation spectra were recorded 

on either SPEX FluoroMax spectrophotometer or Fluorolog 3 spectrophotometer.  

Steady-state fluorescence emission spectra for particles were recorded on a SPEX 

TRIAX 180 spectrograph coupled with a Spectrum One CCD detector. Transient 

absorption difference spectra were collected using a 1cm path length cell on an apparatus 

described elsewhere.(212) Solutions were prepared in water or methanol and purged with 

argon for 1 hour before making transient absorption spectroscopy measurements.  The 

3rd harmonic (355 nm) of a Continuum Surelite II-10 Nd:YAG laser was used as the 

excitation source.  Singlet oxygen quantum yields were determined in water or methanol 

according to the procedures described elsewhere. 

Characterization of PPE-OR8 (1a)  

Transient absorption spectroscopy 

In previous studies, we have shown that direct excitation of PPE-type conjugated 

polymers affords triplet excited states (triplet excitons) with moderate efficiency.(212, 
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210, 46, 168, 61)  The triplet state is typically detected by its characteristic long-lived 

transient absorption in the red of the visible region. Since the triplet state plays a key role 

in the production of reactive oxygen species (i.e., singlet oxygen), in the course of the 

present study we carried out transient absorption spectroscopy of 1a in methanol and 

water solutions to confirm that direct excitation of the polymer affords a triplet excited 

state.   

b)
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Figure B-1.  Transient absorption difference spectra of 1a in methanol. 
Delays: 50 ns (—), 1050 ns (—), 3050 ns (—), 5050 ns (—), 9050 ns (—). 

As shown in Figure B-1, pulsed laser excitation (λ = 355 nm) of methanol and 

water solutions of 1a affords a long-lived transient absorption that is characterized by 

ground state bleaching (400 – 450 nm) and an intense, broad transient absorption band 

with λmax ∼ 760 nm.  The transient absorption decays with lifetimes of 57 µs in aqueous 

solution and 5.1 µs in methanol solution.  Taken together, the spectral profile and long 

lifetimes provide strong evidence that the transient observed is due to the triplet excited 

state, and thus we conclude that direct excitation of 1a in solution affords the triplet with 

moderate efficiency.  Careful comparison of the amplitude of the transient absorption 
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observed for the polymer in water and methanol revealed that the triplet yield is larger in 

the latter solvent medium.  This finding is consistent with the observation that the 

fluorescence of the polymer is reduced by aggregation in water.  Apparently singlet 

quenching (by the aggregates) reduces the yield of the triplet state. 

Singlet Oxygen Production. 

On the basis of the transient absorption results which indicate that direct 

excitation of 1a affords a triplet state in moderate yield, we anticipated that the cationic 

PPE-type CPEs might be able to sensitize the production of singlet oxygen (1O2).  Thus, 

in order to explore this feature, near-infrared photoluminescence spectroscopy was 

applied to probe for the emission characteristic of 1O2.  As anticipated, excitation of a 

CD3OD solution of polymer 1a at 336 nm in the presence of oxygen gives rise to a 

moderately strong emission band at 1260 nm due to singlet oxygen phosphorescence (see 

supporting information). The concentration dependence of the 1O2 emission was 

investigated by varying the polymer concentration and a linear correlation was observed 

between the polymer absorption at 335 nm and the 1O2 emission intensity. The quantum 

yield of sensitized 1O2 emission(148) by polymer 1a in CD3OD was determined as 0.13 ± 

0.02 using 2’-acetonaphthone as an actinometer (Φ∆ = 0.79).(216) This observation 

clearly indicates that PPE-type CPEs such as 1a are able to sensitize 1O2 with moderate 

efficiency. 

Since the biocidal experiments were carried out in aqueous solution, we were 

interested in providing evidence that the cationic PPE-type CPEs will sensitize 1O2 in 

water. However, near-infrared emission spectroscopy carried out with 1a in D2O in the 

presence of oxygen did not afford any detectable emission from 1O2.  This is likely due to 
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the fact that the quantum efficiency for 1O2 emission is considerably less in D2O, making 

it more difficult to detect in this medium.  Thus, a second approach was used to detect for 

the sensitization of 1O2 by the polymer.  This method is based on the use of a water-

soluble chemical trap, 1,3-cyclohexadiene-1,4-diethanoate (CHDDE), which forms a 

stable endoperoxide when it reacts with 1O2.  In these experiments disappearance of 

CHDDE was monitored by decrease of its absorption at 270 nm as a function of 

irradiation time (see supporting information for details). The quantum yields of singlet 

oxygen generation were determined following a literature procedure using 5,10,15,20-

tetrakis(4-sulfonatophenyl)-porphyrin (TPPS) as an actinometer (Φ∆ = 0.66) affording a 

value of 0.069 for 1O2 generation by polymer 1a.(148)  This result confirms that the 

production of 1O2 is sensitized in water, but with approximately 50% reduced efficiency 

compared to that in methanol.  The decreased efficiency is consistent with the 

photophysical experiments which show that the triplet yield of 1a is lower in water 

relative to methanol, presumably due to quenching of the singlet excited state by 

aggregation. 

Oxygen gas was bubbled into CD3OD solutions of polymer 1a in the dark for 15 

min with stirring. The oxygen-saturated polymer solutions were excited at 336 nm and 

steady-state near-IR phosphorescence spectra recorded on SPEX-2 fluorescence 

spectrophotometer equipped with an Indium-Gallium-Arsenide (InGaAs) detector. A 

long pass filter (LP850) was placed before the emission monochromator to eliminate UV 

and visible light. The singlet oxygen quantum yield of a sample can be calculated by the 

equation 
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where Is and Ir are the absorbed incident light, and I∆s and I∆r are the integrated singlet 

oxygen emission intensities of the sample (polymer 1a)and the reference (2´-

acetonaphthone), respectively. τs and τr are the singlet oxygen phosphorescence lifetime 

in the reference and the sample solvents and Ф∆r is the singlet oxygen quantum yield of 

the reference compound. Quantum efficiency of sensitized singlet oxygen emission was 

determined following a literature procedure(148) using 2´-acetonaphthone as an 

actinometer (Φ∆ = 0.79).(216) 

Quantum Yields of Singlet Oxygen Generation by Chemical Trapping 

Oxygen gas was bubbled into aqueous (D2O) solutions containing CHDDE (100 

µM), phosphate buffer (100 µM, pH 7.0), and polymer 1a (2 µM) in the dark for 15min 

with stirring. Solutions were irradiated at 365 nm with stirring using a xenon short arc 

lamp equipped with a monochromator.  Duration of irradiation was recorded and UV-

visible spectra collected on Cary 100 UV-Vis Spectrophotometer. The disappearance of 

CHDDE was monitored as decrease in absorption at 270 nm. The quantum yields of 

singlet oxygen generation were determined following a literature procedure using 

5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin (TPPS) as an actinometer (Φ∆ = 

0.66).(148) 

The quantum yield can be calculated using equation 7. 

s

r
rs t

t
×Φ=Φ  (7) 

where tr and ts are irradiation time to induce the oxidation of the same amount of CHDDE 

and Фr is the singlet oxygen quantum yield of the reference compound (TPPS). The 

irradiation time for 10 % loss of CHDDE was 48.7 ± 1.1 s (tr) for TPPS and 467 ± 26 s 
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(ts) for polymer 1a. Thus, calculated quantum yield singlet oxygen generation by polymer 

1a is 0.069. 
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Figure B-2.  Singlet oxygen emission sensitized by 1a in CD3OD.  Inset: 
Integrated 1O2 emission intensity versus optical density of the polymer 
solution. 

Wavelength (nm)

300 400 500

A
bs

or
ba

nc
e

0.0

0.2

0.4

0.6

0.8

Irradiation time (min)
0 5 10 15 20

- 
∆
O

.D
. @

 2
70

 n
m

0

10

20

 

Figure B-3.  UV-visible spectra of CHDDE (100 µM) and PPE-OR8 (1a) 
(2 µM) in D2O solution containing phosphate buffer (100 µM, pH 7) as a 
function of the irradiation time (0 - 20 min). Inset: decrease of absorbance 
at 270 nm (%) as a function of irradiation time. 
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Characterization of PPE-Th (4) 

The presence of the triplet excited state in 4 was confirmed by a broad intense 

transient absorption band centered at λmax ~ 760 nm.  As seen in Figure B-4, 4 exhibits a 

transient absorption band centered at λmax ~ 760 nm quite similar to other PPE-based 

CPEs.  The lifetimes of the transient absorption are 40 (± 10) µs in aqueous solution and 

12 (±3) µs in methanol solution.   

 

 

Figure B-4.  Transient absorption difference spectra of 2 and 4. (a) 4 in 
methanol, (b) 4 in water, (c) 2 in methanol, and (d) 2 in water. Insets: 
Transient absorption difference decay curves. All experiments were done 
with solutions having matched OD of 0.7 at 355 nm and excited with the 
same laser energy at 10 mJ. The spectra in (a) and (b) were obtained on 
the laser system described in ref. (212), and those in (c) and (d) were 
obtained on the system described in ref. (56). 

The appearance of the spectra and lifetimes strongly suggest that the transient 

species is the triplet state of 4.  The lower intensity of the transient absorption in water 
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suggests that the triplet yield is lower in comparison to methanol solution.  Such a lower 

triplet yield in water can be explained by aggregation of the polymer, which quenches the 

singlet excited state of the polymer.  This is consistent with the reduced fluorescence 

intensity of polymer in water compared to in methanol. 
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