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ABSTRACT 

The rising number of infections related to antibiotic-resistance bacteria, in parallel to the 

decline in the development of new antibiotics, has emerged as a global health crisis. Host defense 

peptides (HDPs) are antimicrobial compounds as alternative to antibiotics that kill pathogens 

without inducing bacterial resistance and harming host cells. Since 2000’s, there is an interest to 

develop synthetic polymers that mimic the physiochemical features of HDPs with affordable large-

scale manufacturing cost. Self-immolative polymers (SIMPs) are a novel class of materials that 

can spontaneously depolymerize into monomers in response to a specific triggering event. In this 

dissertation, we present the first generation of antibacterial self-immolative polymers with potent, 

rapid and broad-range antibacterial efficacy. Biological performance of macromolecules were 

evaluated based on cationic functionality in side chains. Polymers with primary ammonium groups 

exhibited the most potent antibacterial activity relative to its tertiary and quaternary ammonium 

analogues. Interestingly, polymers bearing quaternary ammonium showed the lowest hemolysis 

whereas primary and tertiary amine functionalized PBEs were highly toxic to red blood cells 

(RBCs). In this study, PBEs with silyl ether end-caps and pendant allyl side units were modified 

with cationic substitutes via photoinitiated thiol-ene click chemistry. Self-immolative polycations 

retained their inherent degradation behavior upon side chain modification when exposed to 

fluoride ions in solution. Upon depolymerization, small products also possessed potent 

antibacterial activity as intact polymer, yet substantially reduced the hemolytic activity. 

The high hemolytic activity of cationic PBEs is associated with the high hydrophobicity of 

polymer backbone. In next stage, we substituted neutral, hydrophilic PEG grafts in side chains in 

order to reduce to overall hydrophobicity of cationic homopolymers. The molar fraction of the 

statistical copolymers was adjusted to 0% to 100% PEG in side chains with varying the PEG 



 xvi 

length. The biological activity of copolymers was reported in terms of copolymer composition. 

Copolymers having 25-50% PEG-800 showed potent antibacterial efficacy, while hemolytic 

activity decreased with increasing PEG content. The best cell-type selectivity was exhibited by the 

copolymer bearing 50%  primary ammonium and 50% PEG side chains, 56-fold higher compared 

to cationic homopolymer. 

We also developed silyl ether-capped PBE gels containing cationic or PEG units in side 

chains using PEG thiol crosslinkers via photoactivated thiol-ene click reaction. These gels 

maintained the self-immolation ability of PBE when exposed to fluoride in DMF, whereas they 

failed to decompose into monomer in methanol. With increasing PEG length in crosslinker, PBE 

gels also swell in water. However, resulting hydrogels did not degrade in aqueous conditions due 

to the presence of protons in water which re-caps the decapped chain ends.  

Finally, we synthesized a set of oligo(thiophene)s with precisely controlled chain length, 

regioregularity, sequence and pendant side units via iterative convergent/divergent organometallic 

couplings. In addition to cationic and facially amphiphilic features, oligo(thiophene)s exerted a 

photodynamic mechanism of action. In the absence of light, they induce broad-spectrum and rapid 

bactericidal activity in micromolar range as HDPs. In contrast, antibacterial activity significantly 

increased by orders of magnitude upon the illumination of light, while not affecting the hemolytic 

activity. Potent antibacterial efficacy of thiophenes is linked to double mechanism of action: 

combination of bacterial cell binding and production of reactive oxygen species (ROS). 

Comonomer sequence and chain length showed a big impact on biological performance of 

compounds. To emphasize, the best candidate exhibited 1300-fold cell type-selectivity index. 

Furthermore, same compound showed orders of magnitude higher Escherichia coli killing activity 
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than cytotoxicity against HeLa cell without inducing any bacterial resistance in 21 sub-inhibitory 

trials. 
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1. INTRODUCTION 

1.1 Motivation 

Antimicrobial Resistance 

The rapid proliferation of drug-resistant bacteria has launched a global health risk, 

jeopardizing the efficacy of antibiotics that routinely save millions of lives per year. The extensive 

use and misuse of antibiotic drugs in the community and hospitals have incited this crisis1-4. In 

United States, more than 2 million people are annually infected by resistant bacteria, and at least 

23,000 of them die, based on the report of The Centers for Disease Control and Prevention (CDC)2, 

5. By 2050, the number of deaths in a year is predicted to approach 10 million worldwide if current 

trends continue unabated2. The rapid spread of infections associated with drug-resistant pathogens, 

in parallel to the decrease in new drug development, has inspired renewed efforts to identify new 

antimicrobial agents that bacteria cannot evolve resistance against.  

Biofilm formation 

In addition to antibiotic resistance, microbial biofilms further complicate the persistence and 

spread of antimicrobial-resistant pathogens. According to the US National Institutes of Health, 

nearly 80% of all medical infections are associated with biofilm-forming microorganisms and 

these infections bring about deleterious or even fatal outcomes6, 7. Biofilms are communities of 

microorganisms entrapped in a self-produced extracellular matrix8, 9, which mediates the adhesion 

of microbes on a surface and protects them against antibiotics and immune system activity (Figure 

1.1)10, 11. Therefore, cells within biofilm become at least 10 times more resistant to antimicrobial 

agents than the same cells grown in free-floating culture12, 13. Biofilms are major contaminants not 
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only in medicine, but also biofilms are major contamination in dentistry, water treatment, food 

processing, and other fields that affect human life and health14.  

 
Figure 1.1: Biofilm formation process. (a) free-floating cell, (b) reversible adhesion to the surface, (c) 

irreversible adhesion to the surface, (d) generation of microbial colonies by cell division and production of 
extracellular polymeric matrix, (e) maturation to three-dimensional biofilm structure. Cells can either (f) 

actively detach from the biofilm or (g) passively exfoliate via mechanical forces6. 
 

1.2 Host Defense Peptides (HDPs) 

Host defense peptides (HDPs), so-called “Nature’s antibiotics”, are components of the 

innate immune system synthesized by all multicellular organisms15-18. HDPs kill pathogenic 

microorganisms, including bacteria, fungi, viruses and parasites without harming host cells and 

without inducing resistance19. In addition, they play an active role in alarming host cells to initiate 

immediate inflammatory and innate responses in the case of injury or infection20. There is a 

diversity of HDPs that all possess common physicochemical features: they are cationic and 

amphiphilic, regardless of their amino acid sequence and secondary structure. They are positively 

charged at neutral pH (net charge of +1-10) due to the abundance of cationic residues (Lys and 

Arg) and are hydrophobic (proportion of hydrophobic residues around 30-60%), along with 

relatively low molecular weight15, 16, 19. Although the secondary structure of HDPs is classified 
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into four major groups: β-sheet, α-helical, cyclic and disordered random coils, all of such HDPs 

will fold into segregated domains upon contact with biomembranes: cationic units align together 

in a distinct domain projected towards the water phase, wheras hydrophobic residues segregate 

into a domain within the hydrophobic membrane core.  This kind of membrane-activated 

segregation is often called “facial amphiphilicity” (Figure 1.2)19, 21.  

 
Figure 1.2: Schematic representation of a cationic antimicrobial peptide folding into a facially amphiphilic 

helix upon binding to anionic biomembranes22. 
 

The putative mechanism of HDP action involves membrane disruption21, 23. Unlike the 

precise “lock and key” mechanism employed by antibiotics, which is specific to a particular 

binding site24, non-specific membrane permeabilization is much more difficult for bacteria to 

circumvent via resistance pathways. Cationic residues in the HDPs interact with negatively 

charged components of bacterial cell membranes via electrostatic attraction, while hydrophobic 

units disrupt the non-polar membrane core to cause ultimate cell lysis. In contrast to anionic 

bacterial cell membranes, mammalian cells exhibit almost no net charge due to the abundance of 

Zwitterionic phospholipids in their outer leaflets, which bind less avidly to HDPs19, 25. Thus, HDPs 
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are able to distinguish between human cells and bacteria cells, which allows them to selectively 

treat infection without harming the host cell membranes26. 

1.3 Peptide-Mimetic Antimicrobial Polymers  

Several studies showed that peptides fold into globally amphiphilic helices upon touching 

the biomembranes irrespective of conserved sequence or preferred secondary structure27. Hence, 

non-natural homologues of HDPs, such as all D-peptides28, β-peptides29, α/β peptides30 and 

peptoids31 emerged simply by applying the cationic amphiphilicity in a non-natural sequence. 

Man-made analogs of HDPs achieved potent antibacterial activity coupled with low toxicity to 

mammalian cells, while prolonging pharmaceutical shelf life and bioavailability in vivo. These 

synthetic peptides are referred to as antimicrobial peptides “AMPs”. 

In parallel to the discovery of HDPs, conceptually and structurally related polymeric 

disinfectants were introduced in the 1980s. Polymer disinfectants are described as high-molecular-

weight synthetic polymers that contain quaternary ammonium salts (QAS) as the cationic moiety 

and long alkyl chains (C8-C12) as the hydrophobic unit32. A library of macromolecules including 

poly(styrene)s, poly(vinylpyridine)s, poly(vinyl alcohol)s, and polymethacrylates were developed 

with antibacterial activity based on QAS structures33. These polymers kill all type of cells without 

discrimination at similar concentrations, thus they are so-called “biocidal” (bactericidal as well as 

toxic to mammalian cells). Toxicity of these macromolecules can be related to their high molecular 

weight (MW), high cationic charge density, and excessively hydrophobic alkyl chains. In 

principle, design parameters in polymer chemistry, (MW, charge, hydrophobicity) can be easily 

tuned to accomplish desired structure-biological activity relationship. To that end, by the mid-

2000s, the two concepts: non-natural analogs of HDPs and biocidal polymers, were combined to 

generate biocompatible and economic “HDP-mimetic antimicrobial polymers” by implementing 
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the natural design principle of HDPs in affordable and scalable methods of polymer chemistry. In 

2002, Tew and DeGrado demonstrated the first example of such polymers based on amphiphilic 

arylamide polymers with mimicking the physicochemical features of HDPs34. Later, cationic 

amphiphilic polymethacrylates were synthesized by Kuroda and DeGrado in 2005 with potent 

antibacterial efficacy35. In addition, Gellman and co-workers developed peptide-inspired 

antimicrobial polymers from nylon-type synthetic polymers36.   

 
Figure 1.3: The evolution of peptide-mimetic antimicrobial polymers, based on molecular design principle of 

combined ideas of antimicrobial peptides and synthetic polymer disinfectants37. 
 

Polymer chemistry enables us to re-optimize the biocidal polymers in order to confer cell-
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type selectivity. The key for differentiating a cell-selective antibacterial polymer from a biocidal 

one is to tune the design parameters, especially the balance of charge and hydrophobicity. Tuning 

the molecular weight, dispersity, copolymer composition, sequence distribution, identity of 

cationic and hydrophobic units and spatial arrangements of units are some common features of the 

polymer chemistry toolbox. In the context of antimicrobials, these modern synthetic tools have the 

potential to rapidly advance our understanding of the complex interplay between salient 

physiochemical features of macromolecules and their resultant biological activities. 

1.4 Terminology 

It is useful to review the technical jargon of this field before a discussion of structure-

activity relationships in this thesis. There are several microplate assays that are employed to assess 

antibacterial performance against various types of bacteria and toxicity against mammalian cells. 

The most commonly used measure of antibacterial activity is the Minimum Inhibitory 

Concentration (MIC). The MIC is the lowest concentration of the polymer that inhibits the growth 

of bacteria in nutrient broth. The MIC represents the bacteriostatic concentration at which bacteria 

do not grow, but may or may not be dead. The Minimum Bactericidal Concentration (MBC) is the 

lowest concentration that definitively kills most or all bacteria cells. The MBC indicates at least 

99.9% (or 99.99%) reduction in the number of viable colony forming units (CFU) per mL relative 

to initial inoculum. Although MBC assay is more labor-intensive, since it requires spreading on 

nutrient agar plates and colony counting, it is more informative. In both assays, a lower value of 

MIC or MBC implies better antibacterial activity. Hemolysis assays are frequently used technique 

to measure toxicity of mammalian cells. It is typically reported as the HC50, the concentration of a 

compound that causes 50% release of hemoglobin from a suspension of red blood cells (RBCs). 

This colorimetric assay performs a quantification of the membrane-lytic activity against 
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mammalian cell membranes. More informative cytotoxicity tests against mammalian cell cultures 

in vitro are less often reported. It is termed the LC50, the concentration of compound that induces 

50% reduction in cell viability. Various cell lines (HeLa, HEp-2 Cos7, Jurkat, etc) along with 

various high-throughput colorimetric assay kits (LDH, MTT, XTT, etc) are frequently preferred 

in toxicity assays. A higher value of HC50 or LC50 implies less toxicity. Here, we refer “very potent” 

activity in a concentration range of 1-10 μg/mL, “moderate” if the range is 10-100 μg/mL, 100-

1000 μg/mL is “weak” and >1000 μg/mL is “inactive”. These ranges help readers to guide to 

understand the discussion of activity and do not mean a strict rule.  

Table 1.1: Technical jargon widely used in the antimicrobial polymers field37. 
 

Term Definition Comments 
Minimum Inhibitory 
Concentration (MIC) 
 

The lowest concentration of 
polymer that completely inhibits 
the growth of a 
microorganism in nutrient media 

• Turbidity-based, high 
throughput assay 
• Lower MIC = better activity 
• Bacteriostatic activity 

Minimum Bactericidal 
Concentration (MBC) 
 

The lowest concentration of 
polymer that reduces bacteria cell 
viability by at least 
99.9% of the initial inoculum. 

• Colony counting, low 
throughput assay 
• Lower MBC = better activity 
• Bactericidal activity 

Hemolytic 
Concentration (HC50) 
 

The concentration that induces 
50% release of hemoglobin from 
red blood cells in buffer. 

•  Colorimetric, high throughput 
assay 
• Lower HC50 = worse toxicity 

Lethal Concentration 
(LC50) 
 

The concentration that reduces 
mammalian cell viability by 50% 
in culture media 

• Colorimetric, high throughput 
assay 
• Lower LC50 = worse toxicity 

 

1.5 Structure-Activity Relationships (SAR) 

1.5.1 Amphiphilic Balance 

Of all design criteria for synthetic antimicrobial polymers, the most universal and 

fundamental idea is the “balance” between the cationic and hydrophobic units in the polymer 

structure. Excessively hydrophobic polymers induce high toxicity, thus lacking any appreciable 
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cell-type selectivity and suffer from low aqueous solubility. At the other extreme, polycations with 

low hydrophobicity don’t exhibit potent antibacterial efficacy and also tend to cause 

hemagglutination (aggregation of RBCs). Between these two scenarios, there is a control over the 

formulation of the hydrophobic and cationic character to achieve desired amphiphilic “balance.” 

For instance, among the poly(methacrylate) random copolymers synthesized by Kuroda and co-

workers, the most desired cell-type of selectivity (potent antibacterial efficacy, minimal hemolytic 

activity) was represented by poly(methacrylate) with 40% methyl side chains and 60% aminoethyl 

side chains (with 40% methyl side chains), while the cationic homopolymers was completely 

ineffective to kill E. coli, and extremely hydrophobic polymers (containing more than 70% methyl 

side chains) are highly hemolytic and poorly water-soluble38. Figure 1.4 displays the optimization 

of amphiphilic balance on an example of random copolymers of methacrylate with cationic and 

hydrophobic side units.  

 
Figure 1.4: Amphiphilic balance is a widely employed concept for optimization copolymer composition in 

antibacterial polymers37. 
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In summary, the overall hydrophobicity of the polymer dictates the hemolytic behavior. 

Therefore, the goal is to identify a formulation with the minimum possible hydrophobicity required 

to confer antibacterial activity, but no more than that. Figure 1.4 exhibits the diversity of structural 

cationic and hydrophobic groups that have been employed to poly(methacrylate) systems in order 

to achieve optimal amphiphilic balance. These same principles have been applied to numerous 

other polymer systems as well. 

1.5.2 Cationic Groups 

The identity of the cationic source, the charge density, and the spatial arrangements of 

charges along the polymer structure all significantly affect the biological activity of polymers. 

Positively charged residues within the polymer architecture are the major driving force to mediate 

polymer binding to anionic bacterial cell surfaces. Accrodingly, a wide range of cationic moieties 

including pyridium, imidazolium, triazolium, thiazolium, or guanidinium have been utilized. Of 

these, the majority of HDP-mimetic antibacterial polymers contain primary ammonium groups 

(inspired by Lysine-rich HDPs), in contrast to biocidal polymers (synthetic polymer disinfectants) 

that typically bear quaternary ammonium salts (QAS) as a source of cationic charge.  

In 2009, Palermo and Kuroda made a direct comparison (same Mn, Đ and % copolymer 

composition) of primary versus quaternary ammonium groups as cationic functionality in 

poly(methacrylate)s39. They reported polymers with primary ammonium units had better 

performance over their tertiary and quaternary ammonium homologues in terms of stronger 

antibacterial activity and lower toxicity to human cells. The outstanding biological activity of 

polymers bearing primary amines in comparison to polymers with QAS was associated with the 

combination of electrostatic attraction and hydrogen bonding which strongly complex to 

phospholipid head groups40. Same trend was observed in poly(styrene) derivatives containing 
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tertiary ammonium or QAS charges41. 

Although the majority of studies on antimicrobial polymers focused on ammonium groups 

as the source of cationic charge, there are several groups showed polymers with guanidinium units, 

inspired by Arginine found abundantly in certain HDPs. The guanidine group is known to complex 

anionic phospholipids via precisely oriented bidentate hydrogen bonding in addition to Columbic 

attraction forces. Locock et al. developed poly(methacrylate)s containing guanidine units with 

more potent activity against E. coli, S. aureus, S. epidermidis and C. albicans, and lower 

haemotoxicity compared to primary ammonium functionalized-poly(methacrylate)s analogues42. 

Similar effects were reported in poly(methacrylamide)s with guanidine moieties by Morgan and 

co-workers43.  

Imidazolium groups, inspired by histidine-rich HDPs, are another type of cationic charge 

source used in certain antimicrobial polymers. Hedrick and coworkers synthesized biodegradable 

cationic polycarbonates containing imidazole side chains with broad-spectrum activity against 

pathogens with low toxicity to red blood cells. There are other antimicrobial polymer studies that 

showed potent antibacterial activity with imidazolium functionality44, 45. A variety of cationic 

functionality has been applied to endow antibacterial properties to synthetic polymers. For more 

details, see several excellent reviews33, 46-49. 
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Figure 1.5: The broad diversity of cationic and hydrophobic group structures, and their relative spatial 
arrangements, have been applied to poly(methacrylate) platforms37. 

 

In addition to the identity of cationic functionality, degree of positive charge density 

arrangement along the polymer chains have an impact on biological activity of materials. Tew and 

co-workers synthesized poly(norbornene)s with one, two or three primary amine groups on each 

monomer to evaluate the effect of charge density50. With increasing degree of positive charge, they 

observed a decrease in hemolytic activity of polymers while retaining antibacterial efficacy against 

E. coli and S. aureus. Similar result was reported in imidazolium-functionalized poly(ionic liquid)s 

(PILs) by Yang et al.44. They showed lower MIC (better antibacterial activity) values for PILs with 

higher charge density.  

HDPs are composed of cationic and hydrophobic units in the side chains of their amino 

acid residues, arranged in a precise sequence. In contrast, polymeric disinfectants contain a 

cationic moiety directly attached to a hydrophobic tail. The first case is sometimes called “different 

center” amphiphilic approach, whereas the second one is called “same center” approach. The first 

comparison between two approaches was reported by Sen and co-workers in 200851. They 
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synthesized a library of amphiphilic pyridinium-methacrylate copolymers differing in the 

coordination of charge and alkyl tail, either all on the same center or different center. Despite 

higher antimicrobial potency of polymers with different centered groups, macromolecules with 

cationic pyridines and lipophilic tail on the same center was less prone to toxicity against human 

cells. The effect of spatial arrangement of cationic and hydrophobic residues along the backbone 

was also studied by Punia et al.52. They developed highly antibacterial and non-hemolytic 

PEGylated acrylate copolymers with hydrophobic hexyl and cationic group on the same repeating 

unit. On the other hand, terpolymers with “different center” motifs exhibited potent toxicity to 

RBCs up to 40% PEG content in polymer chains.  

 

 
Figure 1.6: The relative spatial arrangements of cationic and hydrophobic groups in an antibacterial polymer 

generally fall into three categories: (A) “different-centered”, (B) “same-centered” and (C) “facially” 
amphiphilic structures. The approach in part (A) is evocative of HDP primary structure, whereas (C) more 

closely mimics the typical secondary structure of a membrane bound HDP. The approach in (B) appears 
similar to that of poly(BAC) disinfectants, but can give activity similar to that of HDPs in some cases37. 

 

1.5.3 Molecular Weight 

HDPs are generally made of ~10-50 amino acids, in contrast biocidal polymeric 

disinfectants that possess much higher molecular weight. The impact of chain length on activity 

was studied by several groups. Most of them concluded that higher molecular weights enhance the 

antibacterial and hemolytic activities of polymers. In 2009, Kuroda et al. indicated that random 

copolymers of methacrylate derivatives lost cell-type selectivity as MW was increased38. Another 

interesting study on the role of MW was showed by Lienkamp et al. on  thick peptidoglycan layer 
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on model membranes (to mimic Gram-positives)53. They found out that short-chain 

polynorbornene derivatives of MW ~ 3 kDa can diffuse through the barrier, while translocation 

across the peptidoglycan barrier fails with higher MW analogues of ~50 kDa. Thus a size exclusion 

effect was theorized to explain their Gram selectivity. Furthermore, Tang and co-workers revealed 

the effect of molecular size on cationic polymethacrylates containing hydrophobic bulky rosin 

moieties while keeping the degree of quaternization constant54. In their findings, low MW 

polymers showed more powerful antimicrobial efficacy against both Gram-positive and Gram-

negative strains. Combined, these results reinforce the prudence of choosing shorter chain 

polymers as selective antibacterial compounds that mimic the short chain lengths that are typical 

in most AMPs. 

1.5.4  Neutral, Hydrophilic Groups 

 The early examples of HDP-mimetic antimicrobial polymers, and still the majority of 

them, were synthesized by tuning the ratio, identity and spatial arrangement of two main 

components: a hydrophobic residue and cationic unit. However, a study by G. C. L. Wong and co-

workers showed that binary copolymers possess a larger proportion of cationic units and greater 

overall hydrophobicity than the average HDP55. Explicitly, there is a missing component in HDP-

mimetic design. Indeed, HDPs are not binary copolymers of hydrophobic and cationic groups: they 

contain a substantial fraction of neutral, hydrophilic residues in amino acid sequences (28%, or 

40% including Gly, as shown in Figure 1.7). In order to mimic these HDPs more completely, 

multiple research groups developed ternary copolymer variants of HDP-mimetic polymers bearing 

neutral, hydrophilic groups such as hydroxyl, sugar, and grafted PEG chains. In most cases, the 

third component played a significant role in lowering hemolytic toxicity while retaining or 

enhancing antibacterial efficacy. 
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Figure 1.7: (A) Averaged composition of all 2903 AMPs in the database, (B) percent incidence of each a.a. and 

(C) their hydropathy indices37. 
 

In 2007, Youngblood and co-workers introduced one of the first generation ternary 

antimicrobial polymers with neutral, hydrophilic groups, as well as cationic amphiphilicity. They 

copolymerized vinyl pyridine (4VP) with PEG methacrylate and then quaternized the pyridine 

groups with alkyl halides. It was previously shown that quaternized poly(4VP) is inherently 

biocidal (antibacterial, but also highly hemolytic). Substituting hydrophilic units in the design 

represented diminished hemolytic activity and did not repeal the antibacterial properties56. Hence, 

incorporating a third component could indeed modify biocidal polymer to endow cell-type 

preference.  

Several other examples have demonstrated the similar design feature can be carried out to 
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polymers of norbornenes57, methacrylates58, and nylon-3 type materials59 (Figure 1.8). Although 

PEG has been utilized for these purposes by a majority, there is a library of other hydrophilic 

residues such as, hydroxyl substituents (which mimic Ser residues)52, 60, sugars61, 62, and 

Zwitterionic moieties57 that have been employed to give comparable results. We believe that these 

ternary systems are highly attractive candidates for biocompatible antibacterial materials. 

 
 
Figure 1.8: Ternary amphiphilic polymers containing hydrophobic, cationic, and neutral/hydrophilic groups 

(hydroxyl, sugar, PEG, and Zwitterionic37. 
 

1.6 Target Parameters in Future  

Nature perfectly synthesizes macromolecules with precise control of chain length, 

stereochemistry and comonomer sequence. In synthetic polymer chemistry, this approach is a big 

challenge. Even though mimicking the physiochemical features of HDPs seems to be a more 

prominent impact than specific sequence, exact chain length, or stereochemistry, these  

microstructural properties of the polymer chain do influence the physiochemical characteristics 

and thus will likely affect biological activity. 
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1.6.1 Dispersity 

HDPs are monodisperse in chain length. In contrast, controlled/living polymerization 

ideally generates a Poisson distribution, and uncontrolled polymerization yields the Flory-Shultz 

distribution in theory (Figure 1.9). In comparison to Magainin-2, a HDP having exactly 23 amino 

acids (Đ = 1), the  Poisson (Đ = 1.04) and Flory-Shultz (Đ =1.98) distributions with a number 

average chain length of 23 repeat units possess a broad range of chain lengths. According to 

Poisson distribution with DP = 23, only 0.0001 wt% of chains exceed 50 repeat units, whereas a 

Flory-Schultz distribution with DP = 23 would contain 35 wt% of chains exceeding 50 repeat units. 

If one assumes that longer chains are more toxic to mammalian cells than the shorter ones (which 

is true in most cases), then we would expect the narrower distribution to exert better cell-type 

selectivity. 

 

Figure 1.9: Comparison of theoretical chain length distributions for controlled and uncontrolled 
polymerizations37. 

 
Dispersity is also considered in copolymer composition if there is a “different center” 

approach in polymer design (not an issue for the “same center”). For instance, a random polymer 

with an average of 50% hydrophobic residues presumably consists of non-negligable amount of 

individual chains with ~25% and ~75% hydrophobes. If the former subpopulation is ineffective 
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and the latter subpopulation is highly toxic, such compositional dispersity may substantially hinder 

the efforts to enhance cell-type selectivity. Although Mowery et al. addressed the possibility of 

sub-populations within heterogeneous mixtures of nylon-3 copolymers may assert different 

mechanisms of antibacterial activity63, there is no such a study discussing this effect quantitatively 

due to the technical challenges in characterization of compositional distribution. Hence, the extent 

to which a truly unimolecular compound confers any advantage relative to a narrow distribution 

remains to be demonstrated in a clear side-by-side comparison. 

 
1.6.2 Sequence-Control 

Interestingly, randomly sequenced HDP-mimetic synthetic peptides exhibited as good or 

even better activity than those having strictly controlled sequences64. Based on that, one might 

think that sequence restriction in synthetic copolymers is not needed. Nevertheless, sequence 

distribution in copolymers does affect the physical properties of polymer chains, which may in 

turn impact the biological activity. In the study of Oda et al., random and block copolymers of 

vinyl ether-based monomers illustrated similar antibacterial activity with significant difference in 

HC50 values: random copolymers are highly hemolytic while the block copolymers are completely 

hemocompatible65.   

Alternating copolymers are appealing antimicrobials since they represent very high degrees 

of sequence fidelity and very low compositional fluctuation. Although synthesis of alternating 

copolymers by step-growth polymerization looks straightforward, there is a tendency to have a 

broad chain length dispersity in copolymers. A study carried out by Sampson and co-workers 

displayed ROMP of 1-substituted cyclobutenes and cyclohexene possesses alternating copolymers 

with precise spacing between functional units as shown in Figure 1.1066. In that example, 
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alternating sequences of cationic and hydrophobic groups exhibited better antibacterial 

performance and less hemolytic activity relative to random copolymer homologues. Furthermore,  

increasing the hydrophobicity of the groups between the cations did not drastically increase the 

hemolytic toxicity, as typically seen with other copolymer mimics of HDPs.  

Perrier and co-workers recently developed statistical, diblock, and multiblock linear 

copolymers of poly(acrylamide)s bearing hydrophobic isopropyl and cationic aminoethyl side 

chains67. The antibacterial activity of copolymers was highly influenced by the change in the 

sequence: the MIC against P. aeruginosa decreased from 1000 μg/mL for the statistical copolymer 

to 32 μg/mL for the diblock and 8 μg/mL for the heptablock. None of the copolymers showed 

significant hemolytic activity. In summary, it is believed that gathering hydrophobic side units into 

small regions within the chain las a multiblock architecture is an appealing way to increase the 

antibacterial efficacy. 

 
 

Figure 1.10: Alternating copolymers as platforms for antibacterial polymers37. 
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2. CATIONIC POLY(BENZYL ETHER)S AS SELF-

IMMOLATIVE ANTIMICROBIAL POLYMERS 

2.1 Abstract 

1Self-immolative polymers (SIMPs) are macromolecules that spontaneously undergo 

depolymerization into small molecules when triggered by specific external stimuli. We report 

here the first examples of antimicrobial SIMPs with potent, rapid, broad-spectrum bactericidal 

activity. Their antibacterial and hemolytic activities are examined as a function of cationic 

functionality. Polymers bearing primary ammonium cationic groups showed more potent 

bactericidal activity against E. coli, relative to tertiary and quaternary ammonium 

counterparts, whereas the quaternary ammonium polymers showed the lowest hemolytic 

toxicity. These antibacterial polycations undergo end-to-end depolymerization when 

triggered by an externally applied stimulus. Specifically, poly(benzyl ether)s end-capped with 

a silyl ether group and bearing pendant allyl side chains were converted to polycations by 

photo-initiated thiol-ene radical addition using cysteamine HCl. The intact polycations are 

stable in solution, but they spontaneously unzip into their component monomers upon 

exposure to fluoride ions, with excellent sensitivity and selectivity. Upon triggered 

depolymerization, the antibacterial potency is largely retained but the hemolytic toxicity is 

substantially reduced. Thus, we reveal the first example of a self-immolative antibacterial 

                                                
Portions of this chapter previously appeared as: 

 
Ergene, C.; Palermo, E. F. Cationic Poly(benzyl ether)s as Self-Immolative Antimicrobial 
Polymers. Biomacromolecules 2017, 18 (10), 3400-3409. 



 20 

polymer platform that will enable antibacterial materials to spontaneously unzip into 

biologically active small molecules upon the introduction of a specifically designed stimulus. 

2.2 Introduction 

Polymer chemistry has long been devoted to the conversion of small molecules into long 

chain macromolecules. “Self-immolative” polymers (SIMPs) perform exactly the opposite task; 

these macromolecules are designed to spontaneously unzip into small molecules upon the 

introduction of a specific stimulus68-70. SIMPs are thermodynamically metastable polymers above 

their ceiling temperature (Tc), but remain kinetically trapped in the macromolecular state by an 

end-capping process. Upon end-cap cleavage above the Tc, the polymers unzip into their 

component small molecules in an end-to-end chain reaction. Classically, Otto Vogl showed that 

ionic polymerization of acetaldehyde to polyacetal (far below the Tc of –39 °C), requires an end-

capping process to prevent chain unzipping at elevated temperature71, 72. Recently, there has been 

renewed interest in low Tc polymers with the goal of capitalizing on the triggered depolymerization 

as a signal amplification tool73-77. Low Tc polymers that are intentionally designed to unzip upon 

end-cap cleavage are referred to as “self-immolative” polymers. Unlike conventional 

biodegradable polymers, which are gradually cleaved at random sites along the backbone in a 

stepwise manner, SIMPs undergo an end-to-end chain reaction when activated by a stimulus at the 

terminal chain end but are inert in the absence of the trigger signal78-83. The study of SIMPs is a 

rapidly expanding field with potential to impact drug delivery84-87, biosensing88-90 and dynamic 

plastics91-93. However, these intriguing materials have never been used as a platform for 

development of self-immolative antibacterial materials. 

 The proliferation of antibiotic-resistant bacterial pathogens, coupled with the declining 

number of new antibiotic drug approvals, has produced an emergent public health crisis 
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worldwide1, 94-96. One strategy to limit the spread of antibiotic-resistant microorganisms is to apply 

surface coatings composed of polymeric disinfectants in hospitals and public spaces. Such 

materials possess cationic and amphiphilic characteristics that mediate on-contact bactericidal 

action by a putative surfactant-like mechanism involving cell membrane lysis. In the 1980s, Ikeda 

et al. reported the first example of polymerizable disinfectants based on styrenic derivatives of 

benzalkonium chlorides97, a class of common household disinfectants. Such polymeric surfactants 

contain long alkyl groups attached to a quaternary ammonium salt (QAS) group as the source of 

cationic charge, in each repeating unit. The biological activity of polymeric disinfectants is similar 

to biocidal peptides such as the bee venom toxin melittin, also cationic and hydrophobic, which 

indiscriminately lyses bacterial and mammalian cell membranes at low micromolar 

concentrations98. A wide variety of biocidal polymers have been synthesized based on surfactant-

like structures that feature a high degree of cationic charge and hydrophobicity33. 

In contrast, host defense peptides are cationic and amphiphilic but exert selective activity 

against bacterial cells with low toxicity to human cells15, 19, 21, 99-103.  Synthetic mimics of HDPs 

including β-peptides104, 105, peptoids106, 107, nylon-3 copolymers36, 63, polymethacrylates35, 42, 48, 108-

112, polycarbonates45, 113-115, polynorbornenes53, 116-118, with the requisite cationic amphiphilicity, 

exert excellent antibacterial potency with minimal toxicity to human cells. Advantages of synthetic 

antimicrobial polymers include scalability, cost-effectiveness, and chemical stability in the 

biological milieu (i.e., they are not subject to rapid proteolytic degradation in vivo). There are a 

few key structural distinctions between biocidal polymer surfactants and the HDP-mimetic 

polymers: the latter are generally much less hydrophobic, have much lower MW, and contain 

primary ammonium or guanidinium groups as the source of cationic charge instead of QAS48.  
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One challenge associated with vinyl-based synthetic antibacterial polymers (including both 

the biocidal and the HDP-mimetic variants) is that they will not degrade on physiologically-

relevant time scales. The fact that they are too chemically stable may pose a roadblock to their 

development due to long-term toxicity or environmental persistence. Thus, biodegradable versions 

of antibacterial polyesters, polyurethanes, and polycarbonates have been explored45, 119. Still, it is 

important to recognize that HDPs are not used as therapeutics, in part because they degrade too 

rapidly in response to protease activity. That is, they are too chemically unstable in physiological 

conditions. Thus, the ideal antibacterial polymer should strike a fine balance between these two 

extremes: too easily degraded in the case of peptides versus too chemically persistent in the case 

of vinyl polymers. It is our hypothesis that meta-stable self-immolative polymers will provide a 

new paradigm to control the onset of degradability in antibacterial polymers, rather than solely 

controlling the rate of release. In particular, the specifically triggered nature of the SIMP 

depolymerization affords a wealth of opportunities for degradation on-demand, which is not 

typically accessible in conventional biodegradable platforms.  

Specifically in this first report, we functionalized a self-immolative polymer with cationic 

moieties, which conferred the desired antibacterial activity while maintaining the ability to 

specifically trigger chain unzipping. The synthesis of low-Tc poly(benzyl ether)s (PBEs) bearing 

allyl side chains and silyl ether end-caps (sensitive to fluoride ion) were based on the route by 

Phillips group78. We then further modified the allyl side chains via thiol-ene radical addition to 

give amphiphilic polycations which exerted a biological activity profile evocative of biocidal 

polymeric surfactants. The polymers kill bacteria in solution and undergo triggered 

depolymerization in response to a specific trigger. Thus, we leverage the unique stimuli-

responsiveness of SIMPs to develop a new class of antibacterial materials, with the potential to 
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vertically advance this emerging class of polymers at the interface of materials science and 

microbiology. We envision these materials could be used as biocidal coatings that kill bacteria on 

contact and are then triggered to release disinfectant small molecules upon washing with a solution 

that contains the triggering signal. 

2.3 Experimental 

Detailed descriptions of the material and methods, including the synthesis of monomer and 

polymers, post-polymerization modifications, triggered depolymerization, biological assays, and 

microscopy procedures, are included in the Appendix A. 

2.4 Results and Discussion 

2.4.1 Synthesis 

We report the first synthesis and characterization of antimicrobial self-immolative 

polymers. As a proof-of-concept study, we chose to target derivatives of the poly(benzyl ether)s 

(PBEs) developed recently by Phillips and co-workers78, 89 as the design platform for this work 

due to their relatively facile, scalable, and reproducible synthesis. These advantages favor PBEs 

relative to other self-immolative polymers classes such as the more sensitive polyacetal and 

poly(ortho-phthaldehyde) platforms. Another advantage of PBEs is that the monomers are derived 

from abundant, inexpensive bisphenols that are readily prepared by condensation of 2,6-xylenol 

with formaldehyde on the multi-gram scale in our group.  

To that end, a library of poly(benzyl ether)s with cationic side chains and specifically 

cleavable ω-end groups were prepared by minor modifications to literature procedures (Figure 

2.1). Anionic polymerizations were performed at −20 °C in THF, which is far below the reported 

Tc of these PBEs (~0 °C at 1M). By adjusting the ratio of monomer 1 to alkoxide initiator from 

10:1 to 200:1, the number average molecular weights by GPC were tuned from Mn = 3 to 28 kg/mol 
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with dispersity ranging from Đ = 1.2 to 1.8.  The Mn values by 1H NMR end-group analysis (details 

given in the SI) are in reasonably good agreement with the GPC data, although there is an 

overestimation in the latter values due to the use of PS standards. 

 

Figure 2.1: Synthetic scheme for self-immolative antibacterial polymer preparation. Anionic polymerization 
of a quinone methide monomer, end capping, post-polymerization thiol-ene functionalization with a visible 

light photoinitiator, and triggered unzipping of poly(benzyl ether)s are shown. 
 

The yields of allyl-functionalized pre-polymers P0 after precipitation from MeOH were 

reasonable in most cases (~80%) except for the lowest monomer-to-initiator ratio (10:1), which 

gives relatively poor yield (~30%) presumably due to loss of MeOH-soluble oligomers. The broad 

dispersity of the polymers suggests that the mechanism is not a strictly controlled “living” 

polymerization but rather some chain transfer or termination processes might be operative. 

Another possible explanation invokes MWD broadening due to chain length equilibration after 

complete conversion, due to the reversible nature of propagation in this system, although the 

mechanistic details are beyond the scope of this work. Regardless of their dispersity, a variety of 
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self-immolative polymers were successfully obtained, further functionalized with cationic 

moieties in the side chains, and utilized to assess the structure-property relationships in this 

emerging class of stimuli-responsive antibacterial compounds.  

The central goal of this work was to functionalize the side chains of the PBEs to endow 

antibacterial properties. The pre-polymer with pendant allyl side chains P0 was modified by a thiol-

ene radical addition using cysteamine (primary amines, P1) or N,N-dimethyl cysteamine (tertiary 

amines, P3). To obtain the quaternary ammonium-functionalized P4 series, the P3 polymers were 

quaternized with methyl iodide. Radical additions were carried out with a visible light 

photoinitiator (NuH-640, Spectra Group Lmtd) under illumination with a common desktop reading 

lamp. Standard UV photo-initiators (e.g. Irgacure) are also effective in this context, although 

intense UV-irradiation induces premature depolymerization of PBEs and thus UV exposure was 

avoided. The functionalization reactions went to practically quantitative conversion within the 

sensitivity of 1H NMR spectroscopy (supporting information). The functionalized polymers are 

soluble in polar solvents including MeOH, DMF, and DMSO but are only sparingly soluble in 

aqueous buffers.  Nonetheless, when diluted from DMSO stock solution (10 mg/mL), they are 

soluble in aqueous buffers at final concentrations in the μg/mL range, which is the relevant range 

for the biological assays used in this work. Trace amounts of residual DMSO in the relevant 

concentration range have no detectable effect on bacterial cell viability in our assays as confirmed 

by a positive control with 5% v/v DMSO in buffer. 

Nomenclature 

The allyl-functionalized pre-polymer is referred to as P0. The cationic polymers P1, P3, and 

P4 bear primary, tertiary, and quaternary ammonium groups in the side chains, respectively. The 

suffixes –S and –M indicate end capping with either TBDMS-Cl (fluoride reactive) or MeI (inert 
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negative control), respectively. The numerical suffix indicates the molecular weight in units of 

kg/mol. For example, the polymer containing the TBDMS end cap and primary amine side chains, 

with Mn = 23 kg/mol, is denoted as “P1-S-23”. 

2.4.2 Depolymerization 

Triggered depolymerization of the allyl-functionalized poly(benzyl ether)s P0 in THF 

solution containing TBAF was monitored by GPC (Figure 2.2) and 1H NMR (Appendices). After 

exposure to TBAF, the TBDMS-capped polymers exhibit rapid depolymerization to small 

molecule byproducts, corresponding to a mixture of monomeric and dimeric species by GPC. 

Conversely, the GPC profile of the negative control methoxy-capped polymer remains practically 

unchanged in the same conditions. Moreover, the 1H NMR spectra corroborate the 

depolymerization of TBDMS-capped polymers: the broad feature in the aromatic region indicative 

of the poly(benzyl ether) backbone protons disappears and is replaced by sharp signals attributable 

to the small molecule byproducts of depolymerization. 
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Figure 2.2: GPC data for the triggered depolymerization of PBE end-capped with silyl ether by fluoride ion. 
The methyl-capped analog does not depolymerize in the same conditions. 

 

After side chain functionalization, we confirmed that the TBDMS end-capped polymers 

indeed retain their ability to depolymerize in response to fluoride ions (CsF in MeOH solution) by 

1H NMR (Figure 2.3). By comparison, the methyl-capped polymers are inert to fluoride and do 

not depolymerize appreciably in identical conditions. Hence, we confirmed that the fluoride-

triggered depolymerization event is indeed specific to the cleavage of the silyl ether end cap for 

both the pre-polymer and the functionalized polycation derivatives. 
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Figure 2.3: NMR spectra in MeOH-d6 of (A) the intact polymer P1-S-4.5 before addition of CsF, (B) the same 
polymer sample after exposure to 2 equivalents of CsF, and (C) a small molecule model compound of the 

monomer. 
 

2.4.3 Chemical Stability 

To assess the robustness of the SIMPs in the absence of specific triggers, we subjected a 

methyl end-capped polymer to various conditions and analyzed the molecular weight distributions. 

These polymers survive heating up to 150 oC in air by TGA (Appendices), UV irradiation with a 

handheld 6W lamp, treatment with weak acid (0.01% acetic acid in THF), and weak base 

(piperidine), without any detectable depolymerization. It should be noted, however, that premature 

non-specific depolymerization does occur in harsh conditions, including: a high intensity 100 W 

lamp UV irradiation for 18 hrs, 4M HCl in dioxane, neat TFA, and I2 in THF at room temperature 

for 18 hr.  In summary, the SIMPs in this work are stable in the relatively mild conditions inherent 
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to biological assays, and thus are sufficiently stable for use as antibacterial polymers. These meta-

stable materials are indeed subject to degrade either non-specifically in very harsh chemical 

conditions or else upon a mild, specific chemical trigger. 

2.4.4 Bactericidal Activity 

  The minimum bactericidal concentration (MBC) was defined as the lowest polymer 

concentration that induced at least a 99.9% reduction in the number of viable bacterial cells in PBS 

buffer after 1 or 4 hr incubation at 37 °C. Excitingly, the polymer with primary ammonium side 

chains, P1-M-4.6, exhibited potent bactericidal activity with an MBC value of 16 μg/mL against 

E. coli, which is similar to the activity of many HDPs. For comparison, the bee venom toxin 

peptide melittin gave an MBC of 4 μg/mL in the same assay conditions. P1-M-4.6 also shows 

broad-spectrum activity, although MBC values are typically better for Gram-negative bacteria 

relative to Gram-positive strains (Figure 2.4). The MBC values for the polymer P1-M-4.6 against 

methicillin-susceptible and methicillin-resistant S. aureus were both > 1000 μg/mL after 1 hr 

incubation. Upon 4 hr incubation, the MBC values came down to 250 μg/mL for both S. aureus 

and MRSA. The activity against Gram-positive E. faecalis followed a similar trend, with an MBC 

of 62 μg/mL after 4 hr.  On the other hand, the polymers were highly active against Gram-positive 

B. subtilis with an MBC of < 1 μg/mL after 4 hr. It has been frequently reported that B. subtilis is 

particularly susceptible to membrane-active antimicrobials. 

The unusual observation that these polycations are generally more active against Gram-

negative bacteria relative to their Gram-positive counterparts suggests that the structure of the 

bacterial cell wall may play a role in the structure-property relationships. Typically, membrane-

active antibacterial polymers exert more potent activity against Gram-positive bacteria, although 

some examples do show the opposite preference. Perhaps the simplest explanation of this 
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phenomenon is that the thickness of the peptidoglycan layer, or the presence of teichoic acid 

polymers, in Gram-positive bacterial membranes hinders the diffusion of polycations to the 

phospholipid bilayer and thus slows the kinetics of membrane permeabilization. A mechanistic 

study by the Tew group on model lipid vesicles suggested that polymers of norbornene derivatives 

possess Gram selectivity based on differences in membrane structure.  The presence of inner and 

outer membranes in Gram–negatives appeared to influence membrane activity more than 

differences in lipid composition between Gram–negative and –positive strains. On the other hand, 

penetration of the thick peptidoglycan layer present in Gram positives displayed a molecular 

sieving effect, with higher MW polymers unable to translocate the cross-linked matrix.  The 

mechanism of action exerted by the new class of antibacterial poly(benzyl ether)s in this work 

remains relatively unexplored to date and will be the subject of future studies. Thus far, confocal 

images (vide infra) of E. coli cells after polymer exposure revealed internalization of a propidium 

iodine stain, which is consistent with a membrane damage event. 

 
 

Figure 2.4: Broad spectrum activity of AM-SIMP against a panel of Gram-positive and Gram-negative 
bacterial strains. 

 

2.4.5 Bactericidal Kinetics 

The bactericidal kinetics of P1-M-4.6 against Gram-negative bacteria were quantified by 

withdrawing aliquots from bacterial suspensions containing polymer at various time points, 
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following by streaking on agar and colony counting (Figure 2.5). Against E. coli, P1-M-4.6 causes 

at least a 3-log (99.9%) reduction in the number of viable E. coli cells in PBS after 1 hr of 

incubation at 37 °C (at a polymer concentration of 2×MBC = 32 μg/mL) relative to the positive 

control sample, containing only E. coli in PBS, which shows little change in the number of viable 

cells (~4×105) over the time scale of the experiment (90 min).  

It is worth noting that antibacterial polymers are typically screened by a turbidity-based 

growth inhibition assay to give the minimum inhibitory concentration (MIC). The polymers in this 

work precipitated from solution upon mixing with the Muller-Hinton broth used to culture the 

bacteria, and thus quantification of the turbidity was not practical. Hence, we utilized the more 

labor intensive but also more informative MBC assay in PBS buffer, which shows a reduction in 

the number of viable cells rather than simply inhibition of cell growth. 

 

Figure 2.5: Bactericidal kinetics of P1-M-4.6 against E. coli in PBS. Open symbols represent the positive 
growth control to confirm the viability of E. coli alone in PBS. The negative growth control (data not shown) 

is PBS alone, which showed zero viable colonies. 
 

2.4.6 Role of Cationic Functionality 

The poly(benzyl ether)s functionalized with primary, tertiary, and quaternary ammonium 

groups in their side chains were screened for MBC values against E. coli. The identity of the 

ammonium group plays a key role in the bactericidal activity: whereas primary ammonium groups 

endow the PBEs with potent activity, the tertiary ammonium analogue P3-M-4.6 was completely 
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inactive up to the highest concentration tested with an MBC >1000 μg/mL, and the quaternized 

variant P4-M-4.6 showed intermediate activity with a relatively modest MBC value of 250 μg/mL 

(Figure 2.6A).  

 

Figure 2.6: Bactericidal and hemolytic activity of poly(benzyl ether)s bearing primary, tertiary, and 
quaternary ammonium groups in the side chains as a function of polymer concentration in PBS buffer. 

 

It is interesting that the tertiary ammonium polymers (P3) showed an anomalous lack of 

bactericidal activity despite the fact that both the primary (P1) and quaternary (P4) ammonium 

groups confer antibacterial activity. The role of cationic group structure in dictating biological 

activity of antibacterial polymers has been studied previously in the polymethacrylate and 

polystyrene platforms. It has been reported that primary amines exert more potent antibacterial 

activity compared to tertiary and quaternary analogues, provided that the molecular weight and 

copolymer composition are fixed108. For the polymethacrylates case, it was reported that the 

complexation of primary amines with phospholipid bilayers induces a reorganization of the bilayer 

as evidenced by solid state NMR109. In the present case, these poly(benzyl ether)s are highly 

hydrophobic and thus possess limited aqueous solubility. For this reason, the hydrophilicity of the 

cationic ammonium side chains is perhaps the most important determinant of activity. We 

speculate that the tertiary ammonium side chains are less hydrophilic than the primary and 

quaternary analogues, inducing polymer-polymer aggregation in the assay buffer and thus 
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reducing the effective propensity of polymers to bind bacterial biomembranes. This hypothesis is 

consistent with our observation that precipitates form in the wells of the microplate containing 

higher concentrations of P3 polymers, whereas P1 and particularly P4 displayed better solubility. 

2.4.7 Hemolytic Activity 

The toxicity of the polymers in this work was assessed by measuring hemoglobin release 

from red blood cells (RBCs). The polymer concentration which induced 50% hemolysis, termed 

the HC50, was determined by curve fitting to the Hill equation. Polymers containing primary 

ammonium groups were remarkably hemolytic, e.g. the HC50 value for P1-M-4.6 was 8 μg/mL, 

which is similar to that of the toxic peptide melittin (HC50 = 6 μg/mL) in the same assay conditions 

(Figure 2.6B). The polymers bearing pendant tertiary ammonium groups was also rather hemolytic 

with an HC50 for P3-M-4.6 of 57 μg/mL. On the other hand, the quaternary ammonium salt 

polymers were completely non-hemolytic with less than 5% hemolysis induced even at a 

concentration of 1000 μg/mL. Considering that the MBC value for the QAS polymer P4-M-4.6 

was 250 μg/mL, this polymer represents the most cell-type selective example in this work, albeit 

with relatively modest antibacterial activity. In summary, the poly(benzyl ether)s are antimicrobial 

when functionalized with primary ammonium salt groups but are also highly hemolytic. 

PEGylation of antibacterial polymers is known to reduce the hemolytic toxicity while retaining 

antimicrobial activity.56  

2.4.8 Effect of Depolymerization on Biological Activities 

We quantified the effect of triggered depolymerization on the bacteridical and hemolytic 

activities of the poly(benzyl ether)s. The MBC value for the intact polymer P1-S-4.9 is 16 μg/mL. 

Upon exposure to the fluoride trigger, P1-S-4.9 depolymerizes into small molecules that show an 

MBC value of 32 μg/mL (Figure 7B), which matches that of the authentic monomer model 



 34 

compound (structure shown in Figure 2.3C). Interestingly, the self-immolation markedly reduces 

the hemolytic toxicity relative to polymer; intact P1-S-4.9 has an HC50 value of 6 μg/mL whereas 

the product of depolymerization has an HC50 of 74 μg/mL (Figure 2.7C), thus reflecting more than 

a 10-fold improvement in hemocompatibility upon depolymerization. In contrast, the polymer P1-

M-4.6 is end-capped with a methoxy substituent that is inert to fluoride. This inert polymer shows 

almost exactly the same MBC and HC50 values before and after exposure to CsF (Appendices), 

thus further confirming that the depolymerization is indeed specific to silyl ether-capped polymer.  

The CsF was not removed prior to testing the activity of the depolymerization products. 

Control experiments showed that CsF has no impact on E. coli cell viability even at concentrations 

10× higher than present in the MBC assays. Similarly high concentrations of CsF induced 0% 

hemolysis of RBC in the same conditions. Thus, the effect of the added salt was considered 

negligible. 

Based on the GPC and 1H NMR after depolymerization (Figures 2.2 and 2.3, vide supra), 

it is evident that the products of self-immolation are a mixture of monomers and dimers. In aqueous 

conditions, the quinone methide products are rapidly quenched by water to give the re-aromatized 

final product. As control samples for comparison, we synthesized a small molecule model 

compound to represent the monomeric product of depolymerization (structure in shown Figure 

2.3C). Additionally, we prepared oligomers by mixing the initiator and monomer in a 1:2 ratio and 

stirring at room temperature for 1 hour. Both of these samples were subject to MBC and HC50 

assays and their activity was comparable to that of the depolymerization byproducts produced in 

the self-immolation process (triggered by CsF in MeOH). As a negative control, we also exposed 

the methyl end-capped polymers to triggering conditions, confirmed that depolymerization does 

not occur, and tested them again for MBC and HC50. As expected, the molecular weight 
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distribution and the resulting biological activity of the methyl-capped polymers do not change 

significantly upon exposure to CsF. Thus, we confirmed that the triggered depolymerization 

process is a sensitive and specific method to degrade biologically active macromolecules on-

demand. 

In this report, the fluoride ion is introduced as an externally applied stimulus. It is present 

in fluoridated municipal tap water and toothpaste formulations (at about 1 μg/mL, which is lower 

than the lowest polymer concentrations that kill E. coli, 16 μg/mL). The PBE platform is highly 

versatile and can be end-capped with a wide range of responsive groups. Naturally occurring 

stimuli are also of interest to us and our laboratory is currently exploring other end caps that 

respond to triggers such as light, pH, redox, and bacterial enzymes. 

2.4.9 Role of Molecular Weight 

The number average molecular weight Mn and dispersity Đ of a self-immolative polymer 

are important determinants of the depolymerization kinetics.  Modeling and experiment by the 

Gillies group has shown the depolymerization is a pseudo-zeroth order process in polymer until a 

transition to first-order regime at the late stages of the process, both of which depend on Mn and 

Đ120. Thus, we sought to quantify the effect of Mn on the antibacterial and hemolytic activity of 

these polymers. Interestingly, varying the Mn from 4 to 25 kg/mol had little impact on the MBC 

and HC50 values in the P1 series (primary ammonium) when activities were expressed in units of 

μg/mL (as opposed to μM units, see Appendices for further details). Thus, tuning molecular weight 

may represent a strategy to tune the aqueous solubility as well as the kinetics of depolymerization 

without dramatically impacting the antibacterial activity. 
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Figure 2.7: (A) Scheme of CsF-triggered depolymerization of P1-S-4.9, (B) bactericidal activity and (C) 
hemolytic activity, before and after exposure to CsF. The dotted lines show a comparison to the activity of the 

model bisphenol that represents monomer product of depolymerization. 
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2.4.10 Confocal Microscopy 

As a complementary approach to the solution-based colony counting assays described 

above, we also examined the bactericidal activity of the polymers in this work by confocal laser 

scanning microscopy at 100× magnification. E. coli were stained using the LIVE/DEAD assay kit, 

which consists of two fluorophores: a proprietary SYTO9 dye (green channel) that stains all cells 

both live and dead, and propidium iodide (PI, red channel) which only emits when intercalated 

into DNA within the cytoplasm. Since PI is not emissive in the assay media itself, the red stain 

thus provides evidence of membrane permeabilization of individual cells.   

The poly(benzyl ether)s containing primary amine side chains (P1-S-4.9, 64 μg/mL in PBS) 

were incubated with E. coli (5×107 CFU/mL) for 1 hr at 37 °C, followed by staining with the 

LIVE/DEAD kit and analysis by confocal microscopy (Figure 2.8). The same experiment was 

repeated after this polymer was depolymerized using CsF. In parallel, a positive E. coli control in 

the absence of polymer was also analyzed. In the confocal images of the positive control sample, 

smooth rod-shaped E. coli cells are clearly observed with only green fluorescence emission. Thus, 

intact viable cells do not show significant PI staining. On the other hand, E. coli exposed to both 

the polymer and its byproducts of depolymerization (a mixture of dimer and monomer) are stained 

both with the green and red dyes. The image overlays reveal that all cells in the sample emit 

intensely in the red channel, strongly indicating the presence of DNA-intercalated PI stain present 

within the cytoplasm. Since PI cannot translocate across healthy E. coli membranes, this 

observation clearly suggests that the polymer induces permeabilization of the inner and outer 

membranes of the E. coli cells. Thus, it is reasonable to speculate that the mechanism of 

bactericidal action exerted by these PBEs involves membrane disruption, in accord with a large 

body of literature on related antibacterial polymers.  
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Figure 2.8: Confocal images of E. coli cells (A-C) alone, (D-F) after exposure to P1-S-4.9, (G-I) after exposure 
to CsF depolymerized P1-S-4.9, and (J-L) after exposure to the small molecule model compound. Scale bar is 

10 μm in all panels. 
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Both the polymer P1-S-4.6, and its self-immolation byproducts produced by CsF treatment, 

induced extensive cell-cell aggregation. In the confocal overlay images (Figure 8F and I), it is clear 

that large aggregates (~ 10μm) of green-stained cell lysate and polymer are colocalized with red-

stained dead cells. Interestingly, the small molecule model compound also permeabilized E. coli 

membranes but did not induce extensive aggregation (Figure 2.8L).  

The confocal results led us to conclude that the cationic poly(benzyl ether)s and their small 

molecule byproducts of polymerization behave in manner analogous to benzalkonium chloride 

disinfectants. Such cationic and hydrophobic disinfectants are known to act by a surfactant-like 

membrane disruption mechanism lacking cell-type selectivity. Following such non-specific 

membrane lysis, the hydrophobic contents of the bacterial cell lysate are expected to aggregate 

with the hydrophobic regions of the surfactant micelles, which is consistent with the observation 

of large dead cell aggregates in the confocal images. In that light, we enviosion that these polymers 

could be used as surface coatings that degrade on-demand into small molecule disinfectants to 

clean and sterilize surfaces simultaneously. 

    
2.5 Conclusions 

We report the first examples of self-immolative antibacterial polymers. The cationic 

poly(benzyl ether)s exert broad-spectrum antibacterial activity and rapid bactericidal kinetics, 

combined with the ability to undergo specifically triggered depolymerization into small molecules 

in response to applied chemical stimuli.  Specifically, cysteamine-functionalized PBEs with silyl 

ether end caps unzip into component small molecules when exposed to solutions containing 

fluoride ions. The products of depolymerization retain the antibacterial activity of the parent 

polymer, but show improved solubility in aqueous media as well as substantially reduced 

hemolytic toxicity. In this first generation of AM-SIMPs provides an highly encouraging proof-
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of-concept, but the intensely hydrophobic nature of the PBE backbone limits aqueous solubility 

and causes prohibitively high hemolytic activity, thus precluding certain biomedical applications 

at this time. Nonetheless, the self-immolative feature of these polymers confers two key 

advantages in the design of antibacterial or biocidal materials: first, the triggered depolymerization 

caused a > 10-fold reduction in hemolytic toxicity relative to intact polymer; second, the 

mechanical properties and solubility characteristics of the small molecule byproducts differ 

dramatically from those of intact polymer, thus opening the door to bioresponsive “smart” coatings 

applications. We envision practical applications of these AM-SIMPs materials that may include 

dual-acting biocidal surface-coatings that kill bacteria on contact, as well as the leaching of 

antibacterial small molecules of self-immolation upon specific triggering events such as wiping 

with a cleaning solution that contains the trigger molecule. These and related studies are currently 

underway in our laboratory. 
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3. SELF-IMMOLATIVE POLYMERS WITH POTENT AND 

SELECTIVE ANTIBACTERIAL ACTIVITY BY 

HYDROPHILIC SIDE CHAIN GRAFTING 

3.1 Abstract 

2We report the first example of a self-immolative polymer that exerts potent antibacterial 

activity combined with relatively low hemolytic toxicity. Specifically, self-immolative 

poly(benzyl ether)s bearing pendant cationic ammonium groups and grafted poly(ethylene glycol) 

chains in the side chains were prepared via post-polymerization thiol-ene chemistry. These 

functional polymers undergo sensitive and specific triggered depolymerization into small 

molecules upon exposure to a designed stimulus (in this example, fluoride ion cleaves a silyl ether 

end cap). The molar composition of the resulting statistical copolymers was varied from 0 to 100% 

PEG side chains. The average molar mass of the pendant PEG chains was either 800 or 2000 g/mol. 

The antibacterial and hemolytic activities were evaluated as function of copolymer composition. 

Strong bactericidal activity (low μg/mL MBC) was retained in copolymers containing 25 − 50% 

PEG-800, whereas hemolytic toxicity monotonically decreased (up to HC50 >1000 μg/mL) with 

increasing PEG content. PEG-2000 was far less effective; both the MBC and HC50 decreased to a 

comparable extent with increasing PEGylation.  Overall, the best cell type selectivity index 

(HC50/MBC ~ 28) was obtained for the copolymer containing ~ 50% cysteamine and ~50% PEG-

800 side chains, as compared to the cationic homopolymer (HC50/MBC < 1). Thus, systematic 

                                                
Portions of this chapter previously appeared as: 

 
Ergene, C.; Palermo, E. F. Self-Immolative Polymers with Potent and Selective Antibacterial 
Activity by Hydrophilic Side Chain Grafting. J. Mater. Chem. B 2018, 6 (44), 7217-7229. 
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tuning of PEG graft density and chain length effectively enhances the cell-type selectivity of these 

self-immolative polymers by orders of magnitude. 

3.2 Introduction 

The alarmingly rapid proliferation of antibiotic-resistance bacterial infections, 

compounded by the continuously declining number of new antibiotic drug approvals, is a global 

health crisis. The urgency of this problem has led many researchers to seek new antibacterial 

agents1, 4, 94. Host defense peptides (HDPs) are components of innate immunity that exert 

antibacterial efficacy with minimal toxicity to host cells15, 17, 19. Synthetic mimics of HDPs 

including b-peptides29, peptoids31, nylon-3 copolymers36, polymethacrylates35, 108, 110, 

polymethacrylamides39, polycarbonates45, 113, 121, 122 and polynorbornenes116, 123, 124, are designed 

to capture the essential physiochemical features of the peptides: cationic charge, hydrophobicity, 

and short chain length37, 125-128. HDPs and their synthetic mimics are widely thought to exert a 

mechanism of action involving membrane disruption21, 129 and are less likely to induce bacterial 

resistance as compared to conventional antibiotic drugs130. Still, HDPs are expensive to 

manufacture and are rapidly degraded by proteases in vivo131, which motivates the continued 

development of biomimetic synthetic polymers49, 132, 133. 

In contrast to the proteolytic instability of HDPs, vinyl-based synthetic antibacterial 

polymers do not degrade appreciably in physiological conditions. Their chemical stability may 

restrict biomedical use due to long-term toxicity in vivo, even if they are non-toxic in short-term 

in vitro studies113, 134. Thus, biodegradable antibacterial polymers such as polyesters119, 134, 

polycarbonates45, 115 and even acetal networks135 are of increasingly high interest. These polymers 

are subject to cleavage at random sites along the backbone of the polymer chains, thus representing 

a passive degradation rate that is dictated by the chemical structure of the linkage and the solvent-
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accessibility of the microenvironment136. In contrast to conventional biodegradable polymers, 

metastable “self-immolative” polymers (SIMPs) undergo triggered end-to-end depolymerization 

in response to a specific stimulus137. Upon the cleavage of a labile ω-end-cap, above the ceiling 

temperature Tc, the active species of depropagation is liberated and the chain will spontaneously 

unzip into its component monomers68-70, 81. This unique phenomenon provides marked signal 

amplification, as well as mechanical transduction of chemical signals, and the unparalleled 

specificity to control the onset of chemical degradation (rather than simply tuning the passive 

release profile). SIMPs have been used in applications of drug delivery85, 86, 138, biosensors88, 

microfluidics139 and dynamically recyclable plastics90, 93 but were not utilized in antimicrobial 

platforms until very recently. In the context of antibacterial materials development, self-

immolation provides a unique opportunity to trigger the conversion from polymer to small 

molecule, which dramatically alters the mechanical properties and solubility characteristics of the 

material, on demand. One may envision application in “smart” bio-responsive coatings that 

mediate triggered release of biologically active small molecules into the surrounding media. 

We recently reported the first example of a biocidal self-immolative polymer140 based on 

modifications to the poly(benzyl ether) (PBE) platform pioneered by Phillips and co-workers78, 141. 

The cationic PBEs bearing primary amine groups displayed rapid, broad-spectrum antibacterial 

activity and were readily depolymerized into small molecules upon introduction of chemical 

“trigger”. However, these first-generation cationic PBEs are also highly toxic to red blood cells 

(RBCs). We hypothesized that the intensely hydrophobic nature of the PBE backbone leads to the 

high hemolytic toxicity and limits aqueous solubility. In this work, we present a simple PEGylation 

strategy to decrease the overall hydrophobicity of the PBEs and thus reduce the hemolytic toxicity, 

while retaining the antibacterial potency. 
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The classical approach to HDP-mimetic design involves optimization of two key features 

in a polymer structure: the cationic charge and the hydrophobicity. However, binary copolymers 

were found to contain both higher cationic charge density and higher hydrophobicity than the 

average HDP55. It is clear that HDPs are not solely composed of cationic and hydrophobic residues, 

but also contain an abundance of neutral, hydrophilic groups. Consequently, ternary copolymer 

systems containing neutral, hydrophilic groups (hydroxyls59, 60, sugars61, 62, Zwitterions57, PEG52, 

58) have been studied. Incorporation of the third component played an important role in modulating 

the cell-type selectivity of a polymer by reducing the hemolytic toxicity while maintaining (or 

even improving) the antibacterial efficacy. Youngblood and co-workers reported56 ternary 

antimicrobial copolymers of hydrophobically quaternized 4-vinyl pyridine (4VP) with PEG 

methacrylate. Compared to highly antibacterial and hemolytic quaternized PVP, the PEGylated 

copolymers exhibited lower hemolytic toxicity and their retained antibacterial activity56.  

In this paper, we modified cationic PBEs with varying content of PEG grafts in the side 

chains to quantify the effects of reducing hydrophobicity on the antibacterial and hemolytic 

activities. Poly (benzyl ether)s with allyl side chains and silyl ether end-caps were synthesized 

based on modifications to the route recently described by Phillips and co-workers78. Relative to 

the first-generation cationic PBEs, the PEGylated variants exhibited lower hemolytic toxicity 

while maintaining comparable level of antibacterial potency. The best example showed a 28-fold 

selectivity toward E. coli over red blood cells, which is a remarkable improvement over our first-

generation biocidal SIMPs, which gave a selectivity index of  < 1. 

3.3 Experimental 

Synthetic procedures largely followed the precedent by Phillips78, and our own prior 

report140, with minor modifications. Further synthetic details, triggered depolymerization, NMR 
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and GPC data, biological assay protocols, and microscopy procedures, are included in the 

Appendices. 

3.4 Results and Discussion 

3.4.1 Polymer Synthesis 

We prepared a library of PBEs with PEGylated and cationic side chains, in various 

copolymer ratios and with two different PEG chain lengths (Figure 3.1). Briefly, anionic 

polymerization was carried out at -20 °C in THF, which is below the ceiling temperature of PBE 

(Tc ~ 0 °C at 1M), followed by end-capping with TBDMS-Cl, to give the pre-polymer P0. The 

monomer:initiator ratio was fixed at 10:1 in all polymerizations to give short oligomers, because 

previous work has shown this chain length regime to be the most promising for nontoxic 

antibacterials. 

 
Figure 3.1: General scheme for the synthesis of self-immolative antibacterial polymers with pendant PEG and 

ammonium groups: low-temperature anionic polymerization of a quinone methide monomer, end-capping, 
post-polymerization thiol−ene functionalization, and chemically triggered depolymerization with fluoride. 
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We obtained PBEs with the number-average molecular weights in the range of Mn = 3.4 − 

3.6 kDa with dispersities of Đ = 1.42 − 1.57 by GPC. The moderately broad dispersities observed 

here are comparable to previous reports on related polymerizations by Phillips78 and our group140. 

Although the “livingness” of this polymerization has not been examined mechanistically to date, 

there are two reasonable hypotheses regarding the cause of MWD broadness; either chain transfer 

or equilibration of the propagation and depropagation processes following complete conversion. 

Similar Mn values were found by 1H NMR end-group analysis (see Appendices). The side chains 

of P0 are allyl-functionalized for further modification.  

The goal of this study was to incorporate neutral, hydrophilic functionality into self-

immolative polymers to confer antibacterial activity with minimal hemolytic toxicity. To that end, 

the allyl side chains of the pre-polymer P0 were functionalized with cysteamine HCl (the thiol 

obtained by cleavage of the disulfide bond in cystamine HCl) and PEG methyl ether thiol (PEG-

SH Mn ~ 800 Da or 2 kDa) via thiol-ene radical addition. The UV photoiniator Irgacure 651 was 

employed under irradiation of a handheld UV lamp (6W, 365 nm) for 10 min at room temp. In 

order to control the ratio of PEG and primary amines in the side chains, we first functionalized a 

fraction of the allyl side groups with PEG thiols, confirmed the partial conversion by 1H NMR (see 

data in ESI), and then proceeded to functionalization of the remaining unreacted allyl groups with 

excess cysteamine HCl. Each copolymer was purified by preparative size exclusion 

chromatography on LH-20 gel in MeOH. Copolymer compositions and number-average chain 

lengths were quantified by 1H NMR for the final copolymer products (Figure 3.2). See the SI for 

spectra of all polymers. We successfully obtained graft copolymers across the full range of 

copolymer compositions (from 0 to 100 mol% PEG). In all cases, the observed copolymer 

composition is in good agreement with the target values (data in Appendices). 
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All of the functionalized copolymers dissolve in polar solvents such as MeOH, DMF and 

DMSO. Whereas the copolymers containing 0-33% PEG800 are not soluble in aqueous buffers, the 

copolymers with 50% or more PEG800 in side chains demonstrated facile water solubility (up to 1 

mg/mL). This observation is consistent with the idea that PEGylation alleviates the intense 

hydrophobicity of the PBE scaffold. Each copolymer was serially diluted in 2-fold increments 

from a DMSO stock solution (20 mg/mL) into aqueous buffers to give final polymer 

concentrations in the μg/mL range, which is the desired range for our biological assays. As a 

control experiment, we confirmed that the residual amount of DMSO (maximum 5% v/v in assay 

condition) had no significant effect on bacterial cell viability or on hemolytic activity. 

 
Figure 3.2: 1H NMR spectrum (CD3OD) of P1-25-PEG800. Copolymer composition and degree of 

polymerization are calculated based on the ratios of integrated peak areas. 
 

3.4.2 Dye-Labeled Polymers 

 We also prepared PBEs end-capped with Rhodamine NHS ester, in order to enable their 

observation by confocal fluorescence microscopy (Figure 3.6A and 3.6B), as well as to aide in 
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quantification of the water-octanol partition coefficients [logP = log([polymer]octanol / 

[polymer]water)], a standard measure of hydrophobicity that is widely used as a metric in structure-

activity relationship (SAR) studies. Positive logP values indicate a preference for solubility in 

octanol, whereas negative values indicate preference for the water phase. These dye labeled 

polymers were functionalized with cysteamine and PEG-SH in various ratios (0, 50, and 100% 

PEG) by the same methods as above. Our hypothesis was that PEGylation would reduce the overall 

hydrophobicity of the copolymers. Indeed, the logP values exhibit a marked dependence on PEG 

fraction. The logP values for copolymer containing 0, 50, and 100% PEG800 in the side chains are 

+0.26, −0.56, and −1.20, respectively (Figure 3). Thus, the hydrophobicity trend is quite clear: 

increasing the PEG content leads to markedly increased hydrophilicity in the copolymers, which 

strongly supports of the central hypothesis driving this work. Encouraged by this result, we 

proceeded to perform SAR studies on this class of polymers. 

 

Figure 3.3: Water-octanol partition coefficients (logP) for the Rhodamine-labeled polymers with 0, 50, and 
100% PEG800 in the side chains. 

 

3.4.3 Bactericidal Activity 
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The minimum bactericidal concentration (MBC) is defined here as the lowest polymer 

concentration required to induce at least a 3-log reduction in the number of viable E. coli cells in 

PBS buffer after 90 min incubation at 37 °C. We quantified the effect of PEGylation extent, as 

well as the length of the pendant PEG chains, on bactericidal activity  (Table 3.1 and Figure 3.4). 

The cationic homopolymer, bearing 100% primary ammonium side chains (P1-0), exhibited potent 

bactericidal action against E. coli with a MBC of 12 µg/mL, which is similar to the MBC of the 

bee venom toxin peptide melittin (MBC = 4 µg/mL) in the same assay conditions. In our earlier 

study, we reported similar polymers as strong bactericides with a high degree of cationic charge 

and hydrophobicity via surfactant-like mode of action. 

To dilute the high degree of cationic charge and partially screen the hydrophobicity of the 

PBE backbone, we grafted hydrophilic PEG chains onto a fraction of the PBE side chains. 

Incorporation of modest amounts of PEG800 (11 and 25 mol %) did not significantly alter the 

antibacterial potency, with MBC values of 26 µg/mL. Further increasing the PEG content (33 and 

50 mol %) resulted in MBC values of 12 µg/mL, which is unchanged relative to the cationic 

homopolymer. Although PEGylation reduces the hydrophobicity and cationic charge of the 

copolymers, the improved aqueous solubility of the PEGylated copolymers is a countervailing 

effect that may offset the reduced electrostatic interaction with bacterial membranes142. Further 

increases in the PEG800 content (beyond 50%) lead to a dramatic loss of antibacterial potency; the 

copolymer with 57 mol% PEG800 has a modest MBC value of 219 µg/mL and those with 63 mol% 

or higher do not measurably kill E. coli even at the highest concentration tested (1000 µg/mL). 
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Figure 3.4: Antibacterial activity and hemolytic activities of polymers with varying mole % of (A) PEG-800 
and (B) PEG-2k, as a function of PEG content. 

 

The size effect of grafted PEG chains on antibacterial activity is rather pronounced. When 

PEG2k is employed instead of PEG800, the antibacterial potency decreases monotonically with 

increasing PEG content across the entire range of copolymer compositions (0-100%).  Inclusion 

of just 12 mol% PEG2k in side chains caused an increase in the MBC to 94 µg/mL, compared to 

the cationic homopolymer MBC of 12 µg/mL (~8-fold change). Further increasing PEG2k content 

significantly abrogated the antibacterial activity, leading to MBC values on the order of some 
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hundreds of µg/mL. Copolymers containing 50 mol% or more of PEG2k are completely inactive 

against E. coli even at the highest concentration tested (1000 µg/mL). The simplest explanation 

for this trend is that longer PEG2k chains excessively shield the cationic charge and backbone 

hydrophobicity of the polymers, thus deterring the interaction between polymers and cell 

membranes to a greater extent than the shorter PEG800 chains. 

Table 3.1: Summary of antimicrobial and hemolytic activities of cationic amphiphilic poly(benzyl ether)s as a 
function of molar percent PEGylation and PEG chain length. (*Degree of polymerization (DP) from 1H NMR 

end group analysis). 

Polymer mol% 
PEG DP* 

MBC  
E. coli 

(µg/mL) 

HC50 

(µg/mL) 
HC50 / 
MBC 

P1-100-PEG800 100 10 >1000 >1000 -- 
P1-85-PEG800 85 12 >1000 >1000 -- 
P1-63-PEG800 63 11 >1000 >1000 -- 
P1-57-PEG800 57 11 219 >1000 > 4.6 
P1-50-PEG800 50 12 12 340 28.3 
P1-33-PEG800 33 12 12 83 6.9 
P1-25-PEG800 25 12 26 89 3.4 
P1-11-PEG800 11 12 26 25 0.96 
P1-100-PEG2k 100 13 >1000 >1000 -- 
P1-70-PEG2k 70 13 >1000 >1000 -- 
P1-50-PEG2k 50 11 750 >1000 >1.3 
P1-34-PEG2k 34 12 438 >1000 >2.3 
P1-22-PEG2k 22 12 313 234 0.8 
P1-12-PEG2k 12 11 94 46 0.5 

P1-0** 0 13 12 < 8 < 0.7 
M2 100 -- >1000 >1000 -- 
M1 0 -- 31 62 2 

DP1-50-PEG800  
(+ CsF) 

50 -- 8 104 13 

 

It is widely understood that “amphiphilic balance” – finely tuning the interplay of cationic 

charge to hydrophobic character – is central to the design rationale for antibacterial polymers48, 143. 

Overall, the results here show that PEGylation is an effective strategy to influence the “amphiphilic 

balance” of cationic, amphiphilic polymers, although judiciously tuning the PEG content and PEG 
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chain length is clearly required. This stands in accord with literature precedent on other polymer 

platforms56, 142. The optimal formulation identified in this work is the copolymer containing ~50% 

PEG800, which shows improved solubility and slightly enhanced antibacterial activity relative to 

the cationic PBE homopolymer (P1-0). 

We also compared the activity of dye labeled polymers to that of their unlabeled (silyl ether 

end-capped) counterparts. The MBC values for RhB-P1-0, RhB-P1-40-PEG800 and RhB-P1-100-

PEG800 are 31, 31 and >1000 µg/mL, respectively, which are comparable to P1-0, P1-50-PEG800 

and P1-100-PEG800 (12, 12, and >1000 µg/mL) Thus we conclude that dye itself has only a 

marginal effect on the antibacterial activity, differing only by a single 2-fold dilution, and therefore 

these dye-capped polymers are appropriately representative of the polymer library in this work. 

3.4.4 Hemolytic Activity 

The toxicity of these copolymers against mammalian cell membranes is quantified in terms 

of hemoglobin release from sheep red blood cells (RBCs). The hemolytic concentration (HC50) is 

defined here as the characteristic polymer concentration that induces 50% hemolysis after 1 h 

incubation at 37 °C, as determined by curve fitting to the Hill equation. The cationic homopolymer 

(P1-0) was markedly hemolytic with an HC50 value lower than 8 µg/mL, which is comparable to 

melittin (HC50 = 6 µg/mL) in the same assay conditions, in agreement with our recent 

report140.Incorporation of increasing amounts of PEG800 monotonically increases the HC50 values 

by orders of magnitude (Table 3.1 and Figure 3.4). The addition of just 11 mol% of PEG800 in side 

chains reduced the hemolytic toxicity by ~ 4-fold (HC50 = 25 µg/mL). Further increasing the 

PEG800 content to 25% and 33% mole led to an additional ~3-fold increase in the HC50 (89 µg/mL). 

This trend continued for copolymers containing up to 50 mol% PEG800 (HC50 = 340 µg/mL). 
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Higher PEG800 content led to complete loss of hemolytic activity with HC50 values above the 

highest concentration tested (1000 µg/mL). Cell-type selectivity against bacterial cells without 

toxicity to mammalian cells is crucial for biomedical-related applications. Comparing the relative 

magnitudes of HC50 and MBC values for the copolymers in this work reveals that the most 

promising example thus far is the PBE copolymer containing 50% PEG800 (HC50/MBC = 28.3). 

This metric represents a very marked improvement relative to our first-generation self-immolative 

antibacterial PBE (HC50/MBC = 0.5)140. Thus, we report the first example of a cell-type selective 

antibacterial polymer that possesses the unique self-immolative characteristic. 

Incorporation of longer grafted PEG2k in side chains exhibited similar effect on hemolytic 

activity; higher degrees of PEG substitution are associated with loss of hemolytic toxicity in a 

monotonic manner. The slope of the HC50 versus PEG mol% plot (Figure 4) is higher for PEG2k 

than for PEG800, implying that the longer PEG chains impact the activity more significantly in the 

low PEG content regime. For example, incorporation of 12 mol% PEG2k gave an HC50 value of 

46 µg/mL, which is about 6-fold higher than the cationic homopolymer P1-0 and about 2-fold less 

hemolytic than the copolymer containing about the same molar percent of PEG800. Increasing 

PEG2k mole content to 20% further decreased hemolytic activity. All polymers having 34% or 

more of PEG2k in the side chains were non-hemolytic even at maximum concentration tested, 1000 

µg/mL. Comparing two polymers with similar % mole of PEG, it is obvious that those with longer 

PEG2k units showed much more hemocompatibility relative to polymer bearing shorter PEG800. 

For example, P1-34-PEG2k has an HC50 > 1000 µg/mL, compared to P1-33-PEG800, which has 

HC50 = 83 µg/mL (a difference of more than 12-fold). The effect again can be explained by 

backbone screening by the longer grafted PEG chains, which shields the potent hydrophobicity of 

the benzyl ether backbone, thus diminishing the interactions with RBC lipid bilayers. Even though 
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polymers with longer PEG side groups are non-hemolytic, they are also less potent antibacterial 

agents, and hence do not confer excellent selectivity. The best cell-selectivity for a copolymer 

bearing PEG2k was a modest HC50/MBC > 2.3 for the polymer with 34 mol% PEG2k. This value is 

far lower than the best example from the PEG800 series, which was HC50/MBC = 28.3. It is thus 

reasonable to speculate that even shorter PEGs may have an even greater effect on the 

enhancement of selectivity, although at some point the palliative effect is expected to diminish. 

In contrast to negatively charged bacterial cell surfaces, the outer leaflet of the 

phospholipid bilayer in the RBC membrane displays a lower density of anionic charges19, 21. The 

hemolytic behavior of amphiphilic polymers has thus been mostly associated with their 

hydrophobicity, which results in membrane binding and surfactant-like disruption27. The 

incorporation of hydrophilic PEG side chains plays a prominent role in dictating the hemolytic 

activity of synthetic polymers. Plasma proteins in blood absorb on RBCs and protect them from 

external stresses. In the absence of blood plasma, RBCs become more delicate and susceptible to 

lytic agents (such as in PBS, the assay media used here)144. PEG also behaves as a protective agent 

by shielding cells from foreign body contact. It has been shown that PEG weakly absorbs to the 

cell membrane via hydrogen bonding to improve protection through cells145. Consequently, 

polymers containing PEG may also reduce hemolytic toxicity by these or related mechanisms, in 

addition to its role in reducing the overall hydrophobicity of the copolymers.  

3.4.5 Broad Spectrum and Kinetics 

The most promising candidate identified in our initial screen was the copolymer containing 

50 mol% PEG800 and 50 mol% cysteamine in the side chains, P1-50-PEG800.  We further examined 

the bactericidal profile of this select formulation in terms of broad-spectrum activity and 

bactericidal kinetics (Figure 3.5). The copolymer does exert bactericidal activity against both 
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Gram-positive and Gram-negative bacteria. Bactericidal activity is generally more potent in the 

case of Gram-negatives; the MBC values against E. coli and P. aureginosa are 12 and 4 μg/mL, 

respectively, whereas against S. aureus and E. faecalis the values are 250 and 125 μg/mL. This 

observation is similar to our previous findings with PBE cationic homopolymers, which exerted 

much more potent activity against Gram-negatives as compared to Gram-positives. In addition, it 

was found that the kinetics are slower against Gram- positives, requiring 4-hr incubation to induce 

a 4-log reduction in the number of viable S. aureus cells (99.99% killing) as opposed to less than 

1-hr in the case of E. coli. It is interesting that these PEGylated PBEs generally show better activity 

against Gram negative strains relative to Gram positives. Indeed, many examples of antibacterial 

polymers are more active against Gram-positive bacteria relative to Gram-negatives, although 

there are also examples that show the opposite preference117. A study by Lienkamp et al found that 

there may also be a molecular sieving effect of the peptidoglycan layer in Gram positves53. The 

details of the mechanism of action are outside the scope of this work, but we hypothesize that the 

thick, cross-linked peptidoglycan layer present in Gram positives may be difficult for these PBE-

graft-PEG copolymers to translocate.  

The PEGylated copolymer P1-50-PEG800 exerts markedly faster bactericidal kinetics 

against E. coli (4-log reduction in < 30 min) relative to the cationic homopolymer P1-0 (~ 90 min), 

as shown in Figure 3.5A. This observation initially seems counterintuitive because the PEGylated 

copolymer has a lower cationic charge density and lower hydrophobicity, relative to the cationic 

homopolymer, and the membrane disruption is thought to depend on both electrostatic and 

hydrophobic interactions. We hypothesized that the PEGylated polymer acts faster overall due to 

the more subtle hydrophobicity, which disfavors aggregation in solution and thus may facilitate 

the binding of individually solvated polymer chains onto the bacterial cell envelope. In contrast,  
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Figure 3.5: (a) Bactericidal kinetics of P1-0 and P1-50-PEG800 against E. coli in PBS at 2×MBC and (b) Broad 

spectrum activity against Gram-positive and -negative bacteria. 
 

the excessively hydrophobic P1-0 may exist as aggregates in solution that display cationic groups 

on the surface and bury the hydrophobic residues in an inner globule. This sort of hydrophobic 

clustering hypothesis has been invoked to explain the reduced antibacterial activity in the case of 

excessively hydrophobic polymethacrylates38. 

To probe our hypothesis, we used the Rhodamine-labeled variants of P1-0, P1-50-PEG800, 

and P1-100-PEG800 each containing one dye tag in the terminal end group (see Appendices for 
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synthetic details). The MBC values of these tagged polymers are similar to the untagged polymers 

of same copolymer composition (data in Appendices). Indeed, confocal microscopy images of the 

RhB-P1-0 show micron-sized aggregates in PBS buffer at concentrations as low as 16 μg/mL 

(Figure 3.6A), which is similar to the MBC value. In stark contrast, RhB-P1-50-PEG800 and RhB-

P1-100-PEG800 both show diffuse, uniform fluorescence intensity in PBS even up to 1000 μg/mL, 

which is well above the MBC value (Figure 3.6B). A detailed study on the polymer aggregates 

using Dynamic Light Scattering (DLS) is beyond the scope of this work, but may be an interesting 

avenue for future work. 

 

Figure 3.6: Confocal images of (A, B) rhodamine dye-labeled polymers in PBS media and (C, D) non-labeled 
polymers at 2x MBC with E. coli and LIVE/DEAD stains. 

 

Moreover, when the Rhodamine-labeled polymers are mixed with E. coli cells, there is a 

very clear localization of RhB-P1-50-PEG800 specifically on the cell membrane observed in the 

confocal images (Figure 3.7A). In contrast, when RhB-P1-0 is mixed with the E. coli cells, 
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aggregates on the order of 10-30 microns are observed, with no clear individual rod-shaped 

bacteria cells (Figure 3.7B). These data strongly support the notion that the activity of the cationic 

homopolymer P1-0 is indeed hampered by extensive polymer-polymer aggregation in aqueous 

media, as we expected. The PEGylation strategy indeed alleviates the excessive hydrophobicity of 

the PBE backbone and brings the global physiochemical properties of the copolymer into the 

appropriate range for “amphiphilic balance” required to give favorable biological activity. 

 

Figure 3.7: (A) Rhodamine-labeled polymer with 50% PEG800 in the side chains binds specifically to the 
membranes of individual planktonic E. coli cells, seen as bright emission from the outlines of smooth rod-

shaped cells. (B) Rhodamine-labeled polymer with no PEG( all cysteamine side chains) shows only indistinct 
aggregates. 

 

3.4.6 Triggered Depolymerization 

We next examined the influence of specifically triggered depolymerization on the 

antibacterial and hemolytic activities of PEGylated cationic PBEs. In accord with our prior work, 

TBDMS-capped pre-polymers (P0) undergo rapid depolymerization to small molecules upon 

fluoride exposure, evidenced by 1H NMR and GPC140. In this work, fluoride was introduced as an 

exogenous trigger. In general, the PBE platform boasts a great deal of diversity in terms of end-

cap/trigger combinations that can be used to mediate self-immolation. The present example was 

selected for synthetic accessibility and because the fluoride ion is biologically inactive against 
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bacterial and human cells. Indeed, we are also interested in expanding this work to include 

naturally occurring endogenous triggering chemistries, perhaps involving natural changes in 

redox, pH, or enzymatic cues, but these efforts are outside the scope of the present work. 

Triggered depolymerization of P1-50-PEG800 was initiated by cesium fluoride (CsF) in 

MeOH or DMF, and monitored by 1H NMR and GPC (Figure 3.8). Upon F- treatment, broad 

features in the 1H NMR spectra attributed to the PBE backbone disappeared and were replaced by 

sharp peaks corresponding to small molecule products of depolymerization. The disappearance of 

the resonance at ~5.5 ppm is used to quantify the percentage of depolymerization, which reached 

completion after stirring overnight (Figure in Appendix B). The GPC trace (in DMF) also shows 

a corresponding shift to longer retention times, in accord with products of smaller hydrodynamic 

volume that match the chromatogram for the PEG800 grafted monomer M2. The MBC for intact 

polymer P1-50-PEG800 was 12 µg/mL. In response to fluoride, P1-50-PEG800 degraded into its 

small molecule components (referred to as DP1-50-PEG800 in Table 3.1), which had an MBC value 

of 8 µg/mL. Thus, the products of depolymerization appeared to exert similar antibacterial activity 

than the intact polymer. The small change in MBC upon depolymerization is consistent with the 

observation that the small molecule product of depolymerization containing an ammonium cation 

is a potent antibacterial agent, although the PEGylated monomer has no antibacterial activity.  

We also investigated the biological activities of model small molecule compounds that 

contain either primary amine (M1 in Table 3.1) or PEG800 (M2) attached to a single unit of the 

bisphenol (chemical structures given in Figure 3.1) as a standard for comparison. In contrast to the 

potent antibacterial activity of the primary amine functionalized monomer M1 (31 µg/mL), the 

PEGylated monomer M2 was inactive against E. coli up to 1000 µg/mL.  
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Figure 3.8: 1H NMR (CDOD3) and GPC (DMF) of P1-50-PEG800 before and after CsF in MeOH, with their 

corresponding chemical structures and biological activities. 
 

Triggered self-immolation also influences the emolytic activity compared to intact 

polymer. For example, P1-50-PEG800 (HC50 = 340 µg/mL) depolymerized into DP1-50-PEG800 

(HC50 = 104 µg/mL), about a 3-fold change. This result can be understood in terms of the HC50 

values for the two monomer components: 62 µg/mL for M1 and >1000 µg/ml for M2. If one 

considers that the two are present in approximately a 1:1 ratio (for this 50-50% copolymer), and 

that one component is completely inactive, then we expect the simple mixture to have an HC50 

value that is simply double that of the active component (2 × 62 = 124 µg/mL). The experimental 

result is 104 µg/mL, which is in reasonably good agreement with the prediction for a simple 

mixture. Slight differences may be due to the presence of some amount of dimeric species, which 

has been observed previously in the depolymerization byproducts for PBE140. 

In addition to the MBC assay that quantified cell death in terms of the number of viable 

colonies observable to the unaided eye, we also evaluated the antibacterial activity of polymers 



 61 

and its small components by confocal laser scanning microscopy to visualize the antibacterial 

effect at the individual cell level, before and after depolymerization (Figure 3.9).  

 
Figure 3.9: Confocal images of E. coli cells (a−c) alone, (d-f) after exposure to P1-50-PEG800, (g-i) after 

exposure to CsF-depolymerization products DP1-50-PEG800. Scale bar is 10 μm in all images. Additional 
images of cells treated with M1 and M2 are in the Appendix B11. 

 

For this study, we employed the commercially-available BacLight LIVE/DEAD staining 

kit, which includes the proprietary SYTO9 dye (green) that stains both live and dead cells 

indiscriminately, and propidium iodide (PI, red) that emits only when intercalated into DNA within 

the cytoplasm.146 PI staining is thus used as a metric to confirm the permeabilization of the cell 
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membrane, which is the putative mechanism of action for cationic, amphiphilic antibacterial 

agents.109, 147-150 Firstly, as a positive control, E. coli cells in the absence of polymers were 

examined. In confocal images, we observed smooth, rod-shaped E. coli cells in the green SYTO9 

channel with no detectable emission in the red PI channel, which suggests healthy live cells (Figure 

9 a-c). To assess the impact of the polymers, E. coli (5×107 CFU/mL) was incubated for 90 min at 

37 °C in the presence of antibacterial polymers above their lethal concentration (4×MBC). We 

examined both the intact copolymer P1-50-PEG800 (Figure 3.9 d-f) as well as the products of the 

triggered depolymerization DP1-50-PEG800 (Figure 3.9 g-i). Both samples showed bright emission 

in the green and red channels, suggesting substantial co-localization of both fluorophores within 

the cells.  

Based on the fact that the PI stain cannot translocate healthy cell membranes, combined 

with specific membrane stained by our Rh-labeled polymers, we conclude that DNA-intercalated 

PI stain within the cytoplasm is associated with a deterioration of the cell membrane barrier 

function upon exposure to antibacterial polymers. Thus, it would appear that the polymers in this 

work are capable of permeabilizing the E. coli cells, in accord with numerous other literature 

examples on cationic, amphiphilic polymers109, 147-150.  

The primary amine functionalized model monomer M1 also showed extensive PI staining 

within the cells (images in Appendices). On the other hand, monomer with PEG800 functionality 

M2 did not induce any red PI emission from cells, which again confirms that the PEG800 monomer 

units are not bactericidal (images in Appendices). Interestingly, the confocal images in this work 

are rather different in appearance relative to our previous report on the cationic homopolymer. 

Whereas P1-0 showed red PI staining of large cell-cell aggregates on the order of several tens of 

microns (Figure 3.6C)140, the PEGylated variants in the present study appear to stain cells 
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individually without inducing extensive cell-cell aggregation (Figure 3.6D and 3.7B), which is 

also consistent with the concept of reduced hydrophobicity (more negative logP values) for the 

PEGylated polymers. 

3.4.7 Control Experiments 

The CsF was not removed prior to testing the biological activity; CsF showed no effect on 

E. coli cell viability even at concentrations 10× higher than present in the assays. As a negative 

control for triggering, PBEs were end-capped with inert methyl groups, side-chain functionalized 

and exposed to CsF under same conditions. The fluoride-triggered depolymerization did not occur 

in those polymers, evidenced by 1H NMR, and tested for MBC and HC50. Before and after CsF 

exposure, MBC and HC50 values did not show any significant changes. Hence, we confirmed that 

fluoride-triggered depolymerization is specific to silyl ether end-capped polymers. In addition, we 

confirmed that no adverse side reactions occur when the allyl functionalized pre-polymer P0 is 

exposed to cysteamine (or PEG-SH) under UV irradiation with no photoinitiator present. 

Similarly, no reaction is observed when P0 and photoinitiator under UV irradiation without any 

thiol present. 

3.5 Conclusions 

We functionalized the side chains of a self-immolative poly(benzyl ether) with a 

combination of cationic ammonium groups and neutral, hydrophilic PEG chains. The antibacterial 

and hemolytic activity of these copolymers is sensitively dependent on the cationic charge and 

hydrophobicity of the polymer chains. Here, we find that side chain PEGylation is a highly 

effective strategy to modulate the hydrophobicity and to enhance cell-type selectivity. The 

copolymer composition (molar percentage of PEG grafts) and the PEG chain length are key design 

parameters for tuning biological activity. From our library of PBE copolymers, the most promising 



 64 

example is one that contains 50 mol% PEG800 and 50 mol% primary ammonium cationic side 

chains. This select example exerts excellent 28-fold selectivity for bacterial cells relative to 

mammalian RBCs. The sensitive and specific self-immolative characteristics of the backbone are 

retained upon side chain functionalization.  

In this work, we used stimuli-responsive end-caps that are cleaved on demand by externally 

applied stimulus, like fluoride ions. The beauty of the self-immolative PBE platform is that these 

polymers can be designed with a variety of responsive groups, triggered by light, pH, or redox. 

Currently, we are developing biologically active degradable macromolecules that can be degraded 

by naturally occurring stimuli including bacterial enzymes. We envision these materials may be 

useful in a broad range of antibacterial and antibiofilm coatings with unique “triggered-cleaning” 

characteristics. These and related studies are currently underway in our laboratory. 
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4. SEQUENCE AND DISPERSITY ARE DETERMINANTS 

OF PHOTODYNAMIC ANTIBACTERIAL ACTIVITY 

EXERTED BY PEPTIDOMIMETIC OLIGO(THIOPHENE)S 

4.1 Abstract 

3 A library of functionalized oligo(thiophene)s with precisely controlled chain length, 

regioregularity, sequence, and pendant moieties in the side chains, was prepared by iterative 

convergent/divergent organometallic couplings. The cationic and facially amphiphilic structures 

were designed to mimic the salient physiochemical features of host defense peptides (HDPs) while 

concurrently exerting a photodynamic mechanism of antibacterial activity. In the dark, the 

oligothiophenes exert broad-spectrum and rapid bactericidal activity in the micromolar regime, 

which is the typical range of HDP activity. Under visible light, the antibacterial potency is 

enhanced by orders of magnitude, leading to potency in the nanomolar concentration range, 

whereas the toxicity to red blood cells is almost unaffected by the same visible light exposure. We 

attribute the potent and selective antibacterial activity to a dual mechanism of action that involves 

bacterial cell binding, combined with ROS production in the bound state. Comonomer sequence 

and chain length dispersity play important roles in dictating the observed biological activities. The 

most promising candidate compound from a set of screening experiments showed antibacterial 

activity that is three orders of magnitude more potent against bacteria relative to toxicity against 

                                                
Portions of this chapter previously appeared as: 
 
Zhou, Z.;  Ergene, C.;  Lee, J. Y.;  Shirley, D. J.;  Carone, B. R.;  Caputo, G. A.; Palermo, E. F. 
Sequence and Dispersity Are Determinants of Photodynamic Antibacterial Activity Exerted by 
Peptidomimetic Oligo(thiophene)s. ACS Appl. Mater. Inter. 2019, 11 (2), 1896-1906. 
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RBCs. Importantly, this compound did not induce resistance upon 21 subinhibitory passages, 

whereas the activity of Ciprofloxacin was reduced 32× in the same condition. Cytotoxicity against 

HeLa cells in vitro is orders of magnitude weaker than antibacterial activity under visible light 

illumination. Thus, we have established a new class of HDP-mimetic antibacterial compounds with 

nanomolar activity and cell type selectivity of greater than 1300-fold. These and related 

compounds may be highly promising candidates in the urgent search for new topical photodynamic 

antibacterial formulations. 

Author Contributions 

Zhe Zhou performed all synthesis and characterization of oligo(thiophene)s in this work. 

Cansu Ergene performed all biological activity assays, confocal microscopy and ROS detection. 

4.2 Introduction 

The alarmingly rapid proliferation of antibiotic drug-resistant bacterial infections, 

exacerbated by the shrinking arsenal of new antibiotic drug approvals, has created a looming public 

health crisis1. Host defense peptides (HDPs)15, 103, 151, 152 and their synthetic polymer mimics35, 36, 

49, 116 show promise as broad-spectrum antibiotics that do not induce resistance121, by a putative 

mechanism involving membrane disruption21, 153. Although the native peptide sequences suffer 

from proteolytic instability and poor pharmacokinetics154, synthetic mimics of HDPs have recently 

advanced to clinical trials19, 155. Photodynamic therapy is a highly promising route to next-

generation antibiotics that are activated by light to generate reactive oxygen species (ROS) that 

are toxic to microbes156. Whitten and co-workers pioneered water-soluble π-conjugated 

polyelectrolytes with pendant quaternary ammonium salt (QAS) groups as light-activated 

antibacterial agents, starting in 2005157. Since then, many research groups have designed and 
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synthesized π-conjugated polymers158-165 and oligomers166-169 that contain pendant cationic 

moieties (typically QAS or imidazole) to mediate bacterial inactivation via photodynamic 

effects170. Interestingly, one study revealed that tertiary amines were more effective antibacterial 

agents as directly compared to QAS analogues, suggesting that the chemical structure of the 

cationic groups is a key determinant of photodynamic activity171. 

Whereas structure-activity relationship (SAR) studies among HDPs and their synthetic 

polymer mimics have been reported extensively in the past few decades37, 128, 133, 172, there is still a 

relative paucity of precisely detailed SAR data regarding photodynamic cationic π-conjugated 

systems, especially with regards to HDP-mimetic analogues. Thus, we sought to converge HDP-

mimetic molecular design principles into the context of photodynamic activity, using sequence 

controlled π-conjugated oligomers of thiophene as an example platform (Figure 4.1). Encouraged 

by literature precedent on “facially amphiphilic” antimicrobial arylamide oligomers34, 173-175 and 

photodynamic π-conjugated polymers/oligomers160, 176-178, we endeavored to design thiophene 

oligomers with HDP-mimetic structures that absorb visible light, thus producing ROS on demand. 

In particular, we targeted oligo(thiophene) derivatives via convergent/divergent iterative Stille 

coupling179, which yields precisely controlled unimolecular chain length, regioregularity, and 

comonomer sequence180. The target comonomers are the hydrophobic 3-methyl thiophene and 3-

(2-aminoethyl)thiophene, which is cationic by virtue of protonation in aqueous buffers of neutral 

pH. Alternating copolymers of these two repeat units are expected to prefer conformations that 

project the cationic groups to one face of the molecule while projecting the hydrophobic groups to 

the opposite face. This “facially amphiphilic” segregation of hydrophobic and cationic character 

is a hallmark of HDP-mimetic design30, 63, 123. 
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The photodynamic antibacterial polymers reported to date contain permanently charged 

quaternary ammonium salt (QAS) or imidazolium groups, as the source of cationic charge, 

whereas HDPs employ reversibly protonated primary amine groups (Lys) and/or guanidine 

(Arg)181. Primary amines that are cationic by virtue of protonation (−NH3+) differ in subtle but 

important ways from permanently charged QAS groups (e.g. −N(CH3)3+) in terms of antibacterial 

potency41. Indeed, prior studies on HDP-mimetic polymers have shown that protonated primary 

amines outperform their QAS counterparts, in a direct comparison108, 140. These results are 

understood in terms of the binding affinity between protonated primary amines and the anionic 

phospholipid head groups present in the bacterial cell membrane, which are enhanced by hydrogen 

bonding interactions not accessible to the QAS groups109. Accordingly, we designed sequence-

controlled and monodisperse oligo(thiophene)s with primary amine groups pendant in the side 

chains, as source of reversibly protonated cationic charge (−NH3+). We employed the synthetic 

strategy of iterative convergent/divergent coupling of oligothiophenes179 bearing functional groups 

in the side chains for further modification180. The resulting compounds are soluble in aqueous 

buffers and bear a cationic charge at neutral pH. The hydrophobicity of the thiophene backbone 

renders the structure “facially amphiphilic” at the repeat unit level. Control of comonomer 

sequence, unimolecular chain length, and dispersity (or lack thereof) are accessible by this 

methodology. 

4.3 Experimental  

Detailed experimental procedures for biological activity assays, confocal microscopy and 

ROS detection in Appendices. 
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Figure 4.1: Convergence of molecular design principles from HDP-mimetic antibacterials and 
photodynamic π-conjugated oligomers. Primary amines are intended to mimic the lysine residues that are 

abundant in HDPs. 

4.4 Results and Discussion  

4.4.1 Oligomer Synthesis 

Alternating oligomers of 3-thiophene ethanol and 3-methyl thiophene were prepared by 

convergent/divergent iterative coupling179, 180 (Figure 4.2). Detailed synthetic procedures are given 

in the literature180.  

 
Figure 4.2: Iterative convergent/divergent synthesis of precise unimolecular oligomers of thiophene bearing 

cationic and hydrophobic side chains. 
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4.4.2 Antibacterial Activity 

The minimum inhibitory concentration (MIC) is defined as the lowest concentration of 

thiophene oligomer that completely inhibits the growth of bacterial cells (~106 CFU/mL) in MH 

broth after incubation for 18 hours at 37 °C. In this report, we further define MICdark and MIClight 

as the observed MIC values for incubation in the dark versus incubation under the illumination of 

a common desktop reading lamp (3.55 W LED bulb, distance 5 cm, ~320 lumens). It is important 

to emphasize that a lower value of MIC conveys more potent antibacterial activity. 

In the dark, these thiophene oligomers exert potent antibacterial activity against E. coli, 

which depends sensitively on the chain length and comonomer composition (Figure 4.3 and Table 

4.1). Generally, the antibacterial activity of (AB)n/2 is enhanced (MICdark decreases) as the number 

of thiophene units in the chain is increased from two to four (n = 2, 4). Upon further elongation to 

six thiophene units (n = 6), the antibacterial activity is abruptly lost due to poor solubility of the 

hexamers in aqueous solution (precipitation from the MH broth media is observed in the case of 

[AB]3). The comonomer composition also plays a prominent role in dictating the antibacterial 

acitvity. The amine-functionalized homo-oligomers of type (A)n, where n = 1 to 4, are generally 

less active than the copolymers containing 50% hydrophobic B units. The trimers with 33% 

hydrophobic groups (ABA and AAB) gave MIC values that are intermediate between those of the 

cationic homooligomers and the more hydrophobic tetramers ABAB and BBAA. Thus, we find 

that increasing the hydrophobicity enhances antibacterial activity (in the dark) up to a certain 

threshold near the solubility limit, beyond which activity is abruptly lost. These findings are well 

in accord with prior studies on HDP-mimetic copolymers38. 
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Table 4.1: Antibacterial and Hemolytic Activities in the Light and Dark. (*n is the total number of thiophene 
units in the oligomer, # fmethyl is the fraction of 3-methyl thiophene units in the co-oligomers, +MIC is the 

Minimum Inhibitory Concentration against E. coli (ATCC 25922) in MH broth). 

Compound n* fmethyl
# MW 

(g/mol) 

MIC+ (μg/mL) HC50 (μg/mL) HC50/MIC 

dark light dark light dark light 

A 1 0 163.7 > 500 > 500 > 500 > 500 -- -- 
AA 2 0 325.3 188 125 > 500 > 500 > 3 > 4 

AAA 3 0 487.0 31 1.5 775 705 25 481 
AAAA 4 0 506.2 31 2.0 584 415 19 212 

AB 2 ½ 259.8 63 31 255 185 4 6 
ABA 3 ⅓ 421.5 16 4.9 243 174 16 36 
AAB 3 ⅓ 421.5 16 0.85 102 67 6 78 

ABAB 4 ½ 517.6 4 0.49 38 44 10 91 
BAAB 4 ½ 517.6 8 0.49 36 14 5 29 
BBAA 4 ½ 517.6 4 0.41 23 23 6 57 
AABA 4 ¼ 583.1 4 0.046 74 60 19 1311 

ABABAB 6 ½ 775.4 313 31 518 128 2 4 

1:1:1 mix AB, 
ABAB, and 
ABABAB 

4 ½ 
Mn = 517.6 
Mw = 603.2 

Đ = 1.17 
16 3 64 73 4 24 

 

 
Figure 4.3: MIC and HC50 values of sequence-controlled, unimolecular oligothiophenes; both in the dark and 

under visible light. 
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When exposed to visible light, the MIC values, for all trimers and tetramers in this library, 

decrease by orders of magnitude, which is the hallmark of a photodynamic antibacterial agent. For 

example, the MIClight value of ABAB is 0.49 μg/mL, which is much more potent than the same 

compound in the dark (MICdark = 4 μg/mL). An exceptionally marked enhancement of activity was 

observed in the case of AABA, which gave MIClight = 0.046 μg/mL (46 ng/mL), an enhancement 

of 87-fold when compared to the activity of AABA in the dark (4 μg/mL).  Thus, it is clear from 

the structure-activity data across this library of oligothiophenes that potent photodynamic 

antibacterial activity is sensitively dependent on the chain length, comonomer composition, and 

sequence of the thiophene units in the oligomeric chain. This photodynamic enhancement of 

antibacterial activity is striking, especially when one considers that these relatively short oligomers 

of thiophene only absorb a fraction of the visible light spectra in the blue. Thus, further 

optimization of the amphiphilic balance among longer chains of thiophene (or other low bandgap 

backbone structures) is reasonably expected to yield even more potent and selective examples than 

those identified in this first-generation library screening. The monomer A and the dimers AA and 

AB do not absorb in the visible spectrum and thus are unaffected by illumination (MIClight ~ 

MICdark), as expected. 

4.4.3 Kinetics and Broad Spectrum 

The compound AABA is a broad-spectrum antibacterial agent against a panel of Gram-

positive and Gram-negative strains, including some notoriously problematic drug-resistant 

pathogens182, such as A. baumanni and methicillin-resistant S. aureus (MRSA). The MICdark values 

are all in the range of 1−32 μg/mL whereas MIClight values are all below 100 ng/mL regardless of 

bacterial strain. The compound also exerts rapid bactericidal activity against E. coli. Under visible 

light, AABA induced a 4-log reduction (99.99% killing) in the number of viable E. coli CFU/mL, 
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in just 30 minutes, at a concentration of just 100 nanograms/mL. Thus, we confirmed that AABA 

exerts extremely potent, broad-spectrum, and fast-acting photodynamic antibacterial agent (Figure 

4.4).  This compound is therefore a prime candidate for further study in terms of biological activity 

as well as mechanism of action. 

 
Figure 4.4: (A) Bactericidal kinetics of AABA against E. coli (ATCC 25922) under visible light illumination. 
(B) Broad spectrum antibacterial activity, in the light and dark, against a panel of Gram-positive and Gram-

negative strains. 
 

4.4.4 Antibacterial Photomask 

 In order to visually highlight the spatial selectivity of photo-induced bactericidal action, 

we fabricated a simple photomask on the lid of a petri dish (diameter 6 cm) filled with MH agar 

(Figure 4.5). A solution containing E. coli cells (106 CFU/mL) mixed with AABA, at a 

concentration above MIClight but below MICdark (0.8 μg/mL), was spread onto the agar plate. The 
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sample was then incubated for 18 hours, under visible light illumination. Colonies of E. coli grow 

preferentially in the regions where the mask casts a shadow on the agar surface whereas the growth 

is effectively suppressed in the regions that are illuminated (Figure 4.5). Thus, the notion that 

visible light selectively induces killing in this concentration range is clearly supported. This result 

is important because it illustrates how localized topical therapies could potentially be employed to 

solely attack the site of an infection without need for concern over side effects or toxicity in distant 

regions of space. 

 
Figure 4.5: Selective illumination of E. coli (~0.5×106 CFU/mL) and AABA (MICdark > 0.8 μg/mL > 

MIClight) through a photomask enables spatial control of bacterial inactivation. 
 

4.4.5 Hemolytic Activity 

In order to assess the toxicity of the oligothiophenes compounds against mammalian cells, 

we employed a hemolysis assay with red blood cells (RBCs). The extent of cell lysis is monitored 

by quantifying the absorbance of hemoglobin released from the RBCs. The hemolytic 

concentration (HC50) is defined as the concentration of the compound that induces 50% release of 

hemoglobin from the RBCs, relative to the positive control for complete lysis, TritonX-100. The 

hemolytic activity of these cationic, amphiphilic compounds is sensitively dependent on charge, 

hydrophobic content, and chain length. The cationic monomer A and the homodimer AA were 

both completely non-hemolytic up to the highest concentration tested (500 ug/mL). As the 

homooligomer chain length is further increased, weakly hemolytic behavior was observed for the 

trimer AAA (HC50 = 775 μg/mL) and the tetramer AAAA (HC50 = 584 μg/mL). For the 
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amphiphilic oligomers bearing cationic and hydrophobic units in a 1:1 ratio, hemolytic activity 

also increases with chain length. The heterodimer AB is moderately hemolytic (HC50 = 255 

μg/mL), whereas the alternating tetramer ABAB is more potently hemolytic (HC50 = 38 μg/mL). 

On the other hand, the sparingly water-soluble ABABAB is only weakly hemolytic (HC50 = 518 

μg/mL), mainly due to precipitation from the assay media. 

The effect of visible light illumination on the observed hemolytic activities was rather 

marginal, especially when compared to the remarkable enhancement of antibacterial activity under 

the same conditions. The HC50 values for nearly all compounds in the library are not substantially 

impacted by white light illumination (HC50,light ~ HC50,dark). For example, AABA is moderately 

hemolytic in the dark (74 μg/mL) and similarly in the light (60 μg/mL). We propose the simplest 

explanation for this remarkable observation is related to selective cell binding. We propose that 

the cationic oligomers preferentially bind to anionic components of the bacterial cell membranes, 

enabling localized production of toxic ROS near the target. In contrast, the relatively weak binding 

to RBC and HeLa membranes results in ROS production further away from the cells and thus has 

little effect. This idea is supported by the fact that ROS are generally very short-lived species in 

aqueous solution; thus, ROS production must occur within close range to a target in order to result 

in cell death. 

From this initial screening, the most exceptional candidate, in terms of photodynamic potency 

combined with high cell type selectivity, is the tetramer AABA containing 25% hydrophobic side 

chains and bears a 3+ charge at neutral pH. The MIClight value for this compound is a remarkable 

46 ng/mL and the selectivity index (HC50,light/MIClight = 1311) is extremely high value a synthetic 

mimic of antimicrobial peptides. 
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4.4.6 Cytotoxicity 

In addition to the hemoglobin-release assay using RBCs, we also quantified the 

cytotoxicity of these oligo(thiophene)s against HeLa cells using the CellTiter-Blue reagent from 

Promega, both in the light and dark conditions.  This assay works by measuring the conversion of 

Resazurin to Resorufin, which occurs in a linear relationship dependent on the ability of viable 

cells to reduce this molecule which can then be read in 96-well fluorescent plate reader at λEm = 

584nm183, 184. Briefly, a confluent monolayer of HeLa cells was treated with media containing 

AABA at concentrations ranging from ~ 0.002 to 100 μg/mL, incubated for 24 hours, and then 

evaluated to quantify the % cytotoxicity as a function of AABA concentration. The resulting dose-

response curve is given in Figure 4.6.  In the dark, the compound showed an LC50,dark value of 

approximately 20 μg/mL (selectivity LC50,dark /MICdark = 434). The assay was repeated with a 30 

min white light illumination of HeLa cells exposed to AABA, using the same exposure conditions 

as the antibacterial and hemolytic assays, followed by a 24 hr incubation in the dark. Under this 

condition, the LC50, light value (12 μg/mL) was only slightly lower than the dark value, suggesting 

that the cytotoxicity against cultured mammalian cells is not as significantly impacted by ROS 

production, compared to the marked effects on bacterial cells (orders of magnitude enhancement 

of MIC under illumination).  
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Figure 4.6: Dose response curve of the cytotoxicity of AABA to HeLa cells.  Cells were exposed to indicated 

AABA concentration for a period of 24 hours. Cytotoxcity was measured using CellTiter-Blue assay.  Toxicity 
is normalized to 3% CTAB (100% cytotoxic) and PB. 

 

4.4.7 Sequence Effects 

Whereas each specific HDP is composed of a defined sequence of amino acids64, there is 

no one conserved sequence across this very diverse class of peptides181. Moreover, statistically 

random copolymers have been shown to exert HDP-mimetic activity despite their complete lack 

of sequence control35, 38, 185. But on the other hand, the sequence distribution of synthetic 

copolymers is known to play a major role in dictating the structure-activity relationships; a direct 

comparison of block and random copolymers revealed marked differences in biological activity65, 

186. The Alabi group has beautifully demonstrated sequence effects in well-defined cationic 

oligo(thioetheramide)s187-189. These studies encouraged us to consider the role of comonomer 

sequence in the context of photodynamic activity, which has never been studied to our knowledge. 

 
Figure 4.7: Putative conformations of ABA and AAB at a theoretical oil-water interface. 
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Among the library of thiophenes in this work, it appears that the sequence of the 

comonomer units does impact the antibacterial and hemolytic activities, even when chain length 

and composition are held fixed. For example, the two oligomers AAB and ABA have exactly the 

same chain length and chemical composition, but differ only in the arrangement of cationic 

charges. The MICdark is the same for both (16 μg/mL), but quite remarkably, their MIClight values 

differ by a factor of ~6×. This result shows that sequence can play a subtle but important role, 

especially in terms of the photodynamic effect even if the activity in the dark is unaffected by 

sequence. On the other hand, the HC50 values for AAB and ABA differ only by a factor of 2× in 

both the dark and light. We speculate that the conformation of the thiophene oligomer in the 

membrane-bound state may depend on the sequence (Figure 4.7), in a manner analogous to 

“facially amphiphilic” secondary structures of HDPs at interfaces. The lowest energy 

conformation for regioregular P3HT features an alternating sequence of conformers with every 

other side chain projected to opposite faces of the backbone190. In the present case, where every 

other unit bears a cationic charge, the structure is thus highly predisposed to adopt a “facially 

amphiphilic” conformation. Indeed, we designed the compounds of type [AB]n as alternating 

sequences based on the hypothesis that a facially amphiphilic lowest-energy conformer would 

promote localization at the water-membrane interface. But interestingly, ABA and AAB have the 

same MICdark, as do ABAB and BBAA, which implies that the membrane disruption mechanism 

is not highly sensitive to sequence at least at the trimer and tetramer level (in the dark). However, 

the significant difference (~6×) in the MIClight values for ABA and AAB would seem to suggest 

that ROS production (vide infra) within the membrane might be sensitive to sequence. This effect 

may be related to the conformation of the π-conjugated thiophene backbone, or its depth of 

penetration into the membrane, in the bound state. Schematically, one may envision the putative 



 79 

conformers of ABA and AAB localized at an oil-water interface as shown in Figure 2.6.  Studies 

to examine the role of sequence in membrane binding and insertion, from both experimental and 

computational perspectives, are currently underway. 

4.4.8 Dispersity Effects 

Like HDPs, the oligo(thiophene)s in this study are discrete unimolecular molecules, as 

opposed to most synthetic antibacterial polymers, which inherently posses a statistical distribution 

of chain lengths and comonomer compositions. We sought to probe the role of dispersity in an 

exact manner, using these discrete thiophenes as model compounds. To that end, we prepared a 

mixture of AB, ABAB and ABABAB in a 1:1:1 molar ratio. The mixture is artificially disperse in 

terms of chain length (theoretically, Đ = 1.17), but has the exact same number average Mn (517.6) 

and composition (50% A) as the unimolecular tetramer ABAB. Hence, comparing the activity of 

ABAB to that of the mixture enables a simple and direct way to probe if dispersity plays any role. 

A similar strategy was employed recently to probe the effect of dispersity in unimolecular 

fractionated samples of P3HT.191 The methods for calculation of Mn = ΣniMi/Σni, Mw = 

ΣniMi2/ΣniMi, and Đ = Mw/Mn are given in the SI document. 

In the dark, the antibacterial potency of ABAB is 4-fold better than that of the mixture 

(MICdark = 4 versus 16 μg/mL for the mixture) and the selectivity index is somewhat better as well 

(10× versus 4×). Under visible light, the effect is even more pronounced, with MIClight = 3 μg/mL 

for the artificially disperse mixture, compared to MIClight = 0.5 μg/mL for ABAB (a factor of 6×). 

Thus, it is evident that dispersity is indeed a significant determinant of biological activity. To our 

knowledge, no prior study has ever elucidated the role that dispersity plays in dictating the 

antibacterial and hemolytic activities, either for conventional antibacterial polymers or their 

photodynamic counterparts.   
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It is particularly informative to compare the MIC of the artificially disperse mixture to the 

theoretical Reuss average of MIC values (activity is inversely related to the effective 

concentration) for the components in the mixture AB, ABAB, and ABABAB as follows: 

 1
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1
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           (4.1) 

 

which gives MICReuss = 11 μg/mL and similarly HC50,Reuss = 93 μg/mL. The experimental mixture 

is similarly antibacterial (MIC = 16 μg/mL) and hemolytic (HC50 = 64 μg/mL) when compared to 

the predictions of the Reuss average, within less than a 2× dilution in both cases. Considering these 

data, the activity of the blend appears to obey the expectation for a simple mixture but it deviates 

significantly from the unimolecular compound ABAB (Đ = 1).  Hence, we show for the first time 

that dispersity plays an important role in dictating the biological activity of HDP-mimics, which 

has thus far received insufficient attention. It is also noteworthy that the dispersity studied here (Đ 

=1.17) would be considered very narrow in the context of synthetic polymer chemistry. Thus, truly 

unimolecular chain length does appear to confer an advantage relative to even very highly 

controlled polymerization techniques, in terms of photodynamic antibacterial activity. 

4.4.9 Induction of Resistance 

One of the primary motivations for developing new antibacterial platforms is that bacteria 

readily develop resistance to conventional small molecule antibiotic drugs. The membrane active 

HDPs and their synthetic mimics tend to be much less prone to induce resistance due to their 

physiochemically-driven membrane disrupting action. To our knowledge, induction of resistance 

is not widely explored in the field of photodynamic antibacterial polymers and oligomers. Thus, 

we sought to quantify the extent to which E. coli cells are able to develop resistance against the 
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bactericidal effects of our lead compound in this study, AABA. Following the standard MIC test, 

cells are isolated from highest subinhibitory concentration of compound (½ MIC well), re-cultured 

in growth media, and re-subjected to the MIC test conditions. In the case where the MIC value 

remains largely unchanged as a function of serial sub-inihibitory passages, the compound does not 

induce resistance. In a direct comparison, we also evaluated the antibiotic drug Ciprofloxacin using 

the same method. Excitingly, our compound did not display any large change in the MIC value 

over the course of twenty subinhibitory passages, whereas the MIC of Cipro is increased (loss of 

potency) by a factor of 32× in the same conditions (Figure 4.8). Cipro had an initial MIC of 8 

ng/mL but increased to 250 ng/mL after 21 subinhibitory passages. In contrast, AABA maintained 

a steady value of about 46 ng/mL across all passages. Hence, we can confidently conclude that 

AABA is much less prone to induction of resistance as compared to a standard antibiotic drug, in 

addition to outstanding potency and cell-type selectivity. 

 
Figure 4.8: Induction of resistance by E. coli against Cipro and AABA. 

 

4.4.10 Bacteria Cell Imaging 

  The compound AABA exhibits an absorbance peak maximum at a wavelength of 380 nm 

and emits with a max near 515 nm in dilute aqueous solution. Since the compound itself is 

inherently emissive, we first examined the binding of AABA to E. coli cells with no other stains 
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or dyes included. This enables a direct observation of the binding event without any possible 

changes to the system that may result from dye inclusion. Cells were treated with 0.8 μg/mL of 

AABA, which is above the MIClight but below the MICdark, and then exposed to white light for 1 

hour. Indeed, the confocal images showed a bright contrast in the blue, clearly revealing the smooth 

rod-shaped E. coli cells (Figure 4.9). That the E. coli maintains the characteristic shape suggests 

that the compound binds to but does not completely lyse the cells, which effectively refutes the 

idea of a surfactant-like mechanism of action. It would appear that the emission intensity is 

uniformly distributed throughout the cells, which suggests uptake of the compound into the 

cytoplasm rather than accumulation solely on the membrane surface. This observation may suggest 

that the polythiophenes penetrate cells by translocation of the membrane, perhaps even binding to 

intracellular targets. Such finer mechanistic details will be the subject of our ongoing 

investigations.  

 
Figure 4.9: (A) Absorbance and emission spectra of AABA in aqueous buffer, (B) Confocal microscopy 

images of E. coli cells in PBS with AABA and no other dyes present. 
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We next proceeded to examine the confocal images of the thiophene in combination with 

the commercially available LIVE/DEAD assay kit, which employs SYTO-9 and propidium iodide. 

The SYTO-9 (green channel) stains all cells, live or dead, whereas the PI (red channel) is a DNA-

intercalation agent that cannot translocate healthy bacteria cell membrane. Thus, the PI only emits 

a signal when the membrane of the cell has been permeabilized.  For this experiment, suspensions 

of E. coli were treated with AABA (0.8 μg/mL) and the mixtures were then stained with the 

LIVE/DEAD kit in media (Appendices). The sample was exposed to visible light illumination for 

1 hour. All cells showed bright red PI emission, indicative of cell death. All three signals (blue, 

red, and green) appear uniformly distributed throughout the rod-shaped cells. Thus, AABA kills 

bacteria cells at concentrations below MICdark but above MIClight, leading to cellular uptake of the 

PI stain as well as the thiophene compound itself. The fact that the E. coli cells maintain their 

smooth rod-like morphology after cell death implies that the mechanism does not depend on 

complete “surfactant-like” lysis of the cells. This result is potentially impactful because 

bacteriolytic antibiotics are known to induce endotoxin release and trigger sepsis192-194. 

4.4.11 ROS Production 

We hypothesized that cationic and amphiphilic thiophene oligomers exert dual modes of 

action involving both bacterial cell binding and ROS production. To probe the production of ROS 

by these thiophenes in solution, we employed an antioxidant activity assay using sodium ascorbate 

(Vitamin C) and the colorimetric probe 2,2-diphenyl-1-picrylhydrazyl (DPPH)195. This probe is a 

stable free radical that absorbs visible light at 520 nm, but the absorbance intensity decreases upon 

reaction with antioxidants. For example, vitamin C reduces the DPPH and the solution color 

abruptly changes from a bright purple to pale yellow (Figure 4.10). The thiophene oligomer AABA 

was incubated with vitamin C (1:1 mol ratio) in aqueous solution under visible light illumination 
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(1 hr, room temp), and then DPPH was added. No color change was observed and the absorbance 

peak at 520 nm persisted (Figure 4.10). ROS produced by thiophene in solution are expected to 

react with the sodium ascorbate and quench its antioxidant property. Indeed, the persistence of 

purple color of DPPH, in the presence of vitamin C/AABA mixtures, implies that the ROS 

produced by thiophene effectively abrogates the antioxidant activity of the vitamin compound 

(Figure 4.10). Thus, we confirm the notion that the bactericidal activity of these thiophene-based 

compounds is attributable to a photodynamic mechanism involving ROS production. Combined 

with the confocal images (Figures 4.9 and Appendices), we propose a putative mechanism of 

action that invokes selective bacterial binding (and/or cell penetration) combined with ROS 

production in the bound state, leading to selective inactivation of bacteria relative to mammalian 

red blood cells.  

 
Figure 4.10: Oxidation of Vitamin C by AABA under visible light is evident in a DPPH colorimetric 

antioxidant activity assay. 
 

4.5 Conclusions 

Oligomers of thiophene bearing hydrophobic and cationic substituents in precisely defined 

sequence, with discrete unimolecular chain length and perfect regioregularity, effectively 
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demonstrated the role of dispersity and sequence as determinants of antibacterial and hemolytic 

activities among photodynamic π-conjugated oligomers. To our knowledge, this is the first 

structure-activity relationship study on photodynamic mimics of host defense peptides (HDPs). By 

combining design principles from the HDP-mimicry field with the photodynamic therapy 

approach, we rapidly generated a library of oligo(thiophene) derivatives that display potent, rapid, 

broad-spectrum antibacterial activity when exposed to white light illumination. One of the key 

advantages in photodynamic therapy is the spatial control of bacterial inactivation, i.e. the bacterial 

lethality can be “turned on” exclusively at the site of infection, leaving other regions unaffected 

(and thus avoiding any systemic toxicity concerns). We demonstrated the spatially selective 

inactivation of bacterial colony growth on nutrient-rich agar by illumination through a photomask.  

By comparison to the excellent antibacterial potency, the hemolytic activity against RBCs 

was orders of magnitude less potent; in one particularly striking example, the selectivity index 

HC50/MIC was greater than 1300-fold, which is indicative of extremely high cell-type selectivity. 

Cytotoxicity against HeLa cells demonstrated a similarly high level of cell-type selectivity. 

Moreover, bacteria cell binding was directly observed by confocal microscopy and ROS 

production was confirmed by a simple colorimetric assay. Permeabilization of E. coli outer 

membranes (OM) but not inner membranes (IM), both in the light and dark, was demonstrated by 

an enzymatic leakage assay. Finally, the compounds do not induce resistance upon 21 serial sub-

inhibitory passages. Thus, we have identified a new molecular design platform for the optimization 

of photodynamic therapy using HDP-mimetic design principles. Further optimization and 

derivatization efforts among expanded libraries, as well as combined experimental and 

computational/simulation work to probe the mechanism of action, are currently underway in our 

laboratory and with others. 
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5. ONGOING STUDY: ANTIBACTERIAL, SELF-

IMMOLATIVE POLYMERIC SURFACES 

5.1 Abstract 

There are several polymeric surfaces that aim to kill bacteria and keep the surfaces clean 

from the microbes. However, most of these strategies fail in long-term applications due to 

continuous accumulation of pathogens on surfaces. Here, we target to develop smart antibacterial  

surfaces based on self-immolative hydrogels that can kill bacteria on contact and degrade on 

demand to release adhered bacteria from the surface. In order to endow antibacterial property to 

hydrogels, proportion of allyl side groups of silyl ether-capped poly(benzyl ether)s was modified 

with cysteamine via photo-activated thiol-ene click chemistry. Then, rest of the unreacted allyl 

groups were used to crosslink the polymer using 4-armed PEG-thiols by same chemistry. Here, we 

firstly demonstrate the contact killing ability of primary amine-functionalized PBE coatings by 

live-dead assay under fluorescence microscopy. Secondly, the degradation study of silyl ether-

capped PBE hydrogels are conducted in solutions of DMF, methanol and water having fluoride 

ions. PBE hydrogels degrade in response to fluoride ions when they are immersed in DMF and 

methanol. They fail to degrade in cesium fluoride (CsF) solution in H2O at physiological pH due 

to hydrogen exchange between cleaved chain ends and water. Same hydrogel rapidly degrades in 

H2O at highly basic conditions. 

5.2 Introduction 

The elevating number of infections associated with resistant bacterial strains possess a 

severe health threat to the public1, 96. Even the surfaces of common objects touched by people in 

daily life (e.g., door knobs, computer keyboards, telephones etc.) may act as a major source of 
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pathogenic bacteria. In modern medicine, medical devices play an important role to provide a 

healthy living. However, most of the bacterial infections start with the adhesion and colonization 

of microorganisms at the surface of a device (especially ones in contact with the body fluids)196. 

Since material interface allows the transportation of bacteria into human body, several novel 

surfaces have been emerged to inhibit the initial adhesion of bacteria, such as anti-biofouling 

coatings197, 198, biocide-releasing materials199, 200, and antimicrobial surfaces201, 202.  

Antimicrobial polymer surfaces have been produced to kill bacteria on contact203. Even 

though the mechanism of action has not been clearly explained, the electrostatic interaction 

between polycationic surface and negatively charged bacterial membranes must play a role as well 

as. Nevertheless, the killing efficiency of conventional antimicrobial surfaces is shielded by time 

due to continuous accumulation of bacteria on the debris of lysed cells or other biomolecules. Once 

the surface loses the contact with the bacteria, cells settle on surface without disruption, ultimately 

grow a mature biofilm which cannot be eradicated by the innate immunity26. Here, where persistent 

bacterial infections occur. To that end, contaminated surfaces must be either cleaned or replaced 

repeatedly. Especially, if it is an implanted device, it may require time- and cost-intensive surgeries 

to renew the device. In the case of emergency, such as earthquakes, floods etc., the surface of 

medical devices also may not be cleaned properly, hence it causes the spread of infections. For 

this reason, smart surfaces with unique properties (self-cleaning, self-replenishing, or self-

polishing) in addition to their antibacterial properties are needed for sustained and renewable 

antimicrobial activity.  

In one example, Jiang and co-workers developed switchable antimicrobial brushes that can 

be transformed into protein- and bacteria-repellent (nonfouling) polyzwitterions204. Antimicrobial 

polymer brushes represented a potent bactericidal activity (more than 99.9%) against Escherichia 
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coli.  These brushes were converted into polyzwitterions after hydrolysis for 8 days at pH 10.0 and 

37° to release 98% of dead cells to provide a clean surface. The major limitation of this technology 

was reported as the transition from cationic to Zwitterionic state occurs irreversibly, thus material 

offers a single use. To address this restriction, authors developed new polymers that can undergo 

reversible switch between states205. Similar design principle was applied by Luan and co-workers 

on chitosan (CS) nonwoven wound dressing and styrenic thermoplastic elastomers (poly(styrene-

b-isobutylene-b-styrene) (SIBS)206, 207. Another approach is to generate renewable surfaces. Bieser 

et. al., presented a hydrolytically degradable polymer with cationic groups208. This surface can 

remove the contamination upon the degradation of polymeric matrix. Similar approach was applied 

by Nottelet and co-workers, instead using enzymes released by dead bacteria as a trigger209. 

Liemkamp and co-workers very recently developed a new technique like reptile-skin shedding to 

remove the contaminated part from the surface210. In their approach, they constructed polymer 

multilayers initially attached each other, yet can be separated by breaking the adhesive forces 

between them. These multilayer stacks consist of two polycationic antimicrobial layers, connected 

together by a hydrolytically degradable polymer interlayer. Once interlayer hydrolyses, the 

adhesion forces between two antimicrobial layers break and the top layer is ultimately shed. There 

are several more strategies for smart antibacterial surface for long-term applications, yet not 

discussed here211, 212.  

The idea of “kill and release” is a promising technique to lyse the cells on contact and clean 

the surface from adhered dead debris and other contaminants to maintain long-lasting antibacterial 

performance. Self-immolative polymers (SIMPs) exhibit a high potential to be utilized as smart 

antibacterial surfaces. As we showed in our previous studies, poly(benzyl ether)s can be 

functionalized by cationic groups and endow antibacterial properties. These polymers can also 
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undergo rapid degradation upon the exposure of a specific trigger, yet stays chemically stable in 

the absence of it. By taking the advantage of SIMP features, we can design surfaces that kill 

bacteria on contact, degrade on demand by a specific stimulus and shed the biomass from the 

material to provide a clean surface. In this chapter, we will discuss the contact killing of 

polycationic poly(benzyl ether)s and their degradation characteristics in solution- and gel-phase.  

5.3 Experimental 

5.3.1 Fluorescence Imaging 

Firstly, a solution of P1-S-4.9 (100% cysteamine-functionalized PBE with silyl ether-caps) 

was prepared in MeOH in the concentration of 33 mg/ml. 200 µl of polymer solution was dropped 

on sterile glass-bottom petri dish to form a uniform polymer layer on the surface and dried until 

MeOH was completely removed.  

A single colony of Escherichia coli ATCC 25922 was inoculated in Muller-Hinton broth 

at 37 °C in shaking incubator overnight. The turbid suspension was diluted to OD600 = 0.1, regrown 

for 90 min to midlogarithmic phase (OD600 = 0.5 – 0.6) in MH broth. Resulting suspension was 

centrifuged at 2000 rpm for 3 min and the supernatant was carefully removed by pipetting. 

Collected bacteria in centrifuge tube was resuspended in PBS of pH 6.0. Bacterial suspension was 

diluted to OD600 = 0.1 (~5x107 cells/ml). Later, cells were stained with 3 µl of SYTO 9 and 

propidium iodine (PI) solution (equal volumes of Component A and Component B of BacLightTM 

Bacterial Viability Kit L-7007) and incubated at room temperature for 15 min in dark. 1 ml stained 

bacterial suspension was placed on polymer coated petri dish. As a negative control, 1 ml stained 

bacterial suspension was placed on sterile petri dish with no polymer coating. Petri dishes were 

shaked slowly for 2h at 37°. After 2h incubation, petri dishes were examined under laser scanning 
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confocal microscope (Zeiss LSM 510 Meta) using Argon (458-488-514 nm) and HeNe1 (543 nm) 

lasers. 512 x 512 pixel images were recorded from multiple z-stacks. 

5.3.2 Cross-linking Poly(benzyl ether)s 

Poly(benzyl ether)s with allyl side chains (1.0 equiv) were dissolved in DMF or in THF to 

adjust the final concentration of a solution 20 mM. 2,2’-(ethylenedioxy)diethanethiol (0.2 equiv 

of number of allyl side chains) was added into solution with stirring. In an amber vial, stock 

solution of DMPA (UV photoiniator Irgacure 651) was prepared in DMF or in THF and added 

into reaction vial as 0.02 equiv of number of allyl side chains. Then, solutions was illuminated 

under UV light (100W, l = 365 nm)  for couple of mins to form polymer gels.  

5.3.3 Crosslinking Side Chain-Functionalized Poly(benzyl ether)s 

First of all, some portion of allyl side chains of polymers was functionalized by either 

cysteamine or poly (ethylene glycol) methyl ether thiol. Poly(benzyl ether)s with allyl side chains 

(1.0 equiv) and cysteamine or poly (ethylene glycol) methyl ether thiol (Mn=2K g/mol) (0.6 equiv 

relative to number of total allyl units) were dissolved in DMF (20 mM). In an amber vial, DMPA 

(photo-initiator) (0.06 equiv) was prepared in DMF and added into reaction. Reaction was sealed 

and bubbled with N2 for 5 mins to remove gases in solution. Sealed reaction was stirred in N2 flow 

for 30 min at room temperature under irradiation of UV light (UV source: 100W, l = 365 nm). 

After side chain functionalization complete, crosslinker (either 0.2 equiv of 2,2’-

(ethylenedioxy)diethanethiol or 0.1 equiv of 4-armed PEG thiol (Mn=10K g/mol) relative to 

number of total allyl units) was dissolved in minimum amount of DMF and added into first reaction 

vial. At last, DMPA (10% of crosslinker) was added into vial to initiate cross-linking. Reaction 

was placed under UV irradiation (100W, l = 365 nm)  for couple of mins to form organogels or 

hydrogels (depending on both side chain and cross-linker). 
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Figure 5.1: Side chain functionalization of PBEs and crosslinking via thiol-ene click chemistry. 

 

5.4 Results and Discussion 

5.4.1 Contact-Killing of Cationic Poly(benzyl ether)s 

The bactericidal activity of cationic PBE films was determined by Live/Dead assay. The 

petri dishes coated with cationic polymers were placed in contact with stained Escherichia coli 

culture for 2h. Live/Dead BacLight solution involves two fluorophores: SYTO 9 and Propidium 

Iodide (PI). It stains all bacteria green (live or dead), whereas red emission is only observed in 

cells with damaged membranes (dead). As shown in Figure 5.2, cationic polymeric surface 

attracted bacterial cells and killed all of them upon contact. This asserts polymers in solid phase 

can still bear positive charge and interact with negatively charged bacterial membranes in aqueous 

media. In contrast, control sample demonstrates mostly live cells that proves 2h incubation 

maintains the cell viability. Interesting point of these images is that we can still clearly visualize 

smooth rod-like morphology of E. coli after cell lysis. It might an implication of killing mechanism 

of polymers are not completely surfactant-like.  
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Figure 5.2: Confocal images of E. coli cells (a−c) on P1-S-4.9 on polymer film and E. coli cells (d-f) alone. Scale 

bar is 10 μm in all images. 
 

5.4.2 Crosslinking Poly(benzyl ether)s with Pendant Allyl Side Groups and 

Degradation of Polymer Gels 

We produced TBDMS-capped PBE gels by using 2,2’-(ethylenedioxy)diethanethiol as 

crosslinker via photoactivated thiol-ene click reaction with UV photoiniator Irgacure 651 

(DMPA). There are two equal reactions prepared separately in DMF and in THF. Crosslinking 

fraction in polymer network was adjusted to 40% relative to total number of allyl side groups. 50 

µl of reaction was placed in a glass vial and exposed to UV light (6W, 365 nm). Gel formation 

occurred in a min. After gels formed, they were dipped in clean DMF and THF for couple of hours 

to swell and remove impurities from gels.  

Two separate 1 mM TBAF solutions were prepared in DMF and THF at 25 °C in which 

round-shape polymer gels around 1 cm diameter were added. Treatment of TBDMS-capped PBE 



 93 

gels with TBAF resulted in instantaneous and complete degradation of gels, as evidenced by a 

color change of solutions and disappearance of gels. Colorless gels immediately started to take 

purplish color which is indicative of the decapping step. After few mins, clear TBAF solutions 

began to take purple color that shows the self-immolation of chains into solution. Both TBAF 

solutions became darker purple by time while size of gels significantly decreased. In one hour, 

complete degradation of gels were observed in both solvent systems. Degradation of polymer gels 

occurred rapidly in both solvent systems, even though it was slightly faster in DMF than that in 

THF. To summarize, silyl-capped PBEs polymers in the form of crosslinked gels retained their 

self-immolative ability to depolymerize in response to F-. 

 
Figure 5.3: Degradation of TBDMS-capped PBE gels with pendant allyl side groups in the presence of TBAF 

as a source of fluoride ions. 
 

5.4.3 Crosslinking Cysteamine-Functionalized Poly(benzyl ether)s and 

Degradation of Polymer Gels 

In our previous studies, we showed successful side chain functionalization of self-

immolative PBEs to confer biological activity. To endow similar properties to polymer gels, allyl 

side chains of TBDMS-capped PBEs were partially modified with cysteamine hydrochloride in 
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DMF via photoactivated thiol-ene radical addition at 25 °C. The proportion of cationic units were 

adjusted to 60% relative to total number of allyl side groups, then rest of the unreacted side chains 

were used to crosslink the polymer with 2,2’-(ethylenedioxy)diethanethiol or 4-armed PEG thiol 

(Mn=10K g/mol). The main reason to choose the fraction of cationic units 60% functionalized is 

to keep the modified polymers still soluble in DMF (>60% cysteamine functionalized polymers in 

the side chains does not dissolve in DMF and crush out from the solution). Prior to crosslinking, 

side chain functionalization was confirmed by 1H NMR. Crosslinking was carried out via thiol-

ene click chemistry in the presence of DMPA under irradiation of UV lamp. 50 µl of reaction was 

placed in a glass vial and gels formed in a min. Later, gels were immersed in clean DMF for couple 

of hours to swell and diffuse out impurities. Gels also swell in MeOH. Polymer gels crosslinked 

with 2,2’-(ethylenedioxy)diethanethiol or 4-arm PEG thiol (Mn= 5K g/mol) does not properly 

swell in water. In contrast, increasing PEG length in crosslinker enhanced the swelling 

characteristic of polymer gels. 

Swollen cationic PBE gels were exposed to 1mM TBAF solution in DMF at 25 °C. They 

degraded slower relative to their homologues with pendant allyl side chains. Complete degradation 

of gels was observed in 4 hours. PBE gels with cysteamine side chains or TBAF solution did not 

change color immediately (transition from colorless to purple). After some time, TBAF solution 

gradually started to take purplish color that advocates the initiation of degradation. The slower 

degradation rate might be explained by the electrostatic repulsion between positively charged  

cysteamine side chains in gel-network. This may restirct the rotational freedom of the 

depolymerizing chain-end phenolate unit in polymer network that slows down the degradation 

process213, 214.  
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Degradation of cationic gels was also carried out in 20 mM Cesium Fluoride (CsF) solution 

in methanol. Polymer gels did not completely disappeared within a day. Very gradual degradation 

of gels was observed in one week. Finally, cationic polymers crosslinked with 4-arm PEG thiol 

(Mn= 10K g/mol) were exposed to CsF solution in H2O. Nonetheless, degradation did not occur in 

H2O at neutral conditions (pH 7). The reason of  failed degradation might occur due to hydrogen 

exchange in H2O. Decapped chains were constantly re-capped by the abundance of protons in H2O 

which restricts the self-immolation of polymers in gel-form. This situation was also confirmed by 

solution-based triggered-depolymerization studies in H2O. Water soluble, functionalized PBEs 

does not degrade in water. Interestingly, these gels degraded only in high pH aqueous conditions. 

As a control, PBE polymers with inert methoxy caps were also treated with pH 10 NaOH solution. 

Regardless of end-caps, PBEs degrade in highly basic conditions and lose their specifically-

triggered depolymerization ability. In summary, we observed cationically modified PBE gels 

might retain their self-immolative ability depending on solvent and conditions used for 

degradation. 

 
Figure 5.4: Degradation of cationic PBE gels in H20 having different pH  conditions. 

 

5.4.4 Crosslinking PEGylated Poly(benzyl ether) and Degradation of 

Hydrogels 
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In this section, we functionalized the 60% of total allyl side chains with poly(ethylene 

glycol) methyl ether thiol (Mn = 2K g/mol) by same method applied in Section 5.3.3 to see the 

effect of side units in depolymerization. Partially PEGylated polymers were crosslinked with 4-

armed PEG thiol (Mn=10K g/mol) under UV irradiation via thiol-ene click chemistry. After gels 

formed, each of them were placed in three separate vials including DMF, MeOH and H2O to swell 

for couple of hours. These gels also exhibited hydrogel characteristics due to PEG-functionality in 

the side chains and the abundance of PEG crosslinker.   

First of all, swollen gel in DMF were treated with 1mM TBAF solution in DMF. Gels 

immediately degraded within an hour. Other gel was exposed to 20 mM cesium fluoride (CsF) 

solution in MeOH. As gels with cysteamine functionality, PEGylated gels also gradually 

depolymerize in MeOH. Same case was observed in 20mM cesium fluoride (CsF) solution in H2O. 

Hydrogels did not undergo depolymerization in response to F-. These hydrogels only degraded in 

highly basic aqueous conditions (> pH 10.0). In neutral conditions, depolymerization trigger 

cleaves the stimuli-responsive end-groups and then the abundance of proton in H2O recap the 

broken chain ends. In contrast, there is no hydrogen exchange occurs in basic conditions after the 

cleavage of the end-caps and depolymerization propagates continuously.  

5.5 Conclusion 

It is important to design smart antibacterial surfaces that effectively kill bacteria in long-

term biomedical use. For this reason, “kill and release” strategy has emerged for antibacterial 

polymers to kill bacteria on contact and remove the sacrificial layer to clean the dead cells from 

the material. We envision self-immolative polymers may be useful in antibacterial and 

antibiofouling coatings to obtain specifically triggered surface cleaning. We firstly confirmed the 

contact killing ability of primary amine-functionalized PBEs coatings by live-dead assay under  
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fluorescence microscopy. In this study, we also developed a library of crosslinked poly (benzyl 

ether)s gels with different side chain functionality and different crosslinker via thiol-ene click 

chemistry. The degradation of silyl ether-capped polymer gels were studied in various systems 

having fluoride ions. PBE gels with pendant allyl side groups rapidly degraded in the presence of 

F- in DMF and in THF. Once the side chains partially functionalized with cationic primary amine 

groups, degradation kinetics substantially slowed. Complete degradation of cationic PBE gels was 

observed within 4 hours. These polymers showed solvent-dependent degradation characteristics. 

Unlike in DMF, gels didn’t depolymerize in methanol. In order to investigate the effect of side 

chain functionality, we also modified polymers with PEG grafts and then crosslinked. PEGylated 

polymer gels undergo fast and continuous degradation by TBAF treatment in DMF. Furthermore, 

these gels showed hydrogel characteristics that can swell water. However, degradation did not 

occur in H2O except in highly basic conditions. 
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6. CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions 

6.1.1 Cationic Poly (Benzyl ether)s as Self-Immolative Antimicrobial Polymers  

We synthesized the first generation of self-immolative antibacterial polymers. As a self-

immolative platform, poly (benzyl ether)s were selected and modified with positively charged 

groups including primary, tertiary and quaternary ammonium units. The cationic PBEs, especially 

the one functionalized with primary amines, possess broad-spectrum antibacterial activity and 

rapid E. coli killing, coupled with unique degradation profile triggered by specific chemical 

stimuli. The small molecules of depolymerization also exert potent antibacterial activity of parent 

polymer, yet show increased hemocompatibility and water-solubility. In this study, we also 

examined the effect of cationic identity of side chains on biological activity. Polymers with 

quaternary amine units exhibited moderate antibacterial performance with high hemocompatibility 

relative to analogues having primary amine. Polymers bearing tertiary amine side units were 

completely ineffective to kill bacteria even up to highest polymer concentration tested. We didn’t 

observe any impact of molecular weight on biological performance of primary amine 

functionalized polymers. All molecular sizes presented high hemolytic activity as well as high 

antibacterial performance. The major restriction of this system is reported as extreme hydrophobic 

nature of  PBE backbone. Highly hydrophobic polymers limit the aqueous solubility and represent 

high hemolytic characteristic. Even though first examples of antibacterial PBEs presented great 

initial promise, without desired cell-type selectivity, biomedical applications of cationic PBEs will 

be precluded. To tackle this limitation, the hydrophobicity of cationic PBEs should be reduced by 

further modifications. 
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6.1.2 Self-Immolative Polymers with Potent and Selective Antibacterial Activity 

by Hydrophilic Side Chain Grafting 

In this chapter, we aimed to increase the water solubility and reduce the hemolytic activity 

of antibacterial poly (benzylether)s. To that end, self-immolative PBEs with a party of positively 

charged primary amine groups and neutrally charged, hydrophilic molecules were synthesized. 

The biological activity of polymers is tuned by the amphiphilic balance of polymers: in other 

words, by the ratio of cationic proportion and hydrophobic proportion. Here, we include side chain 

PEGylation to increase the overall hydrophilicity of polymers in addition to improve cell-type 

selectivity. There are two main parameters: the copolymer composition (molar percentage of PEG) 

and the PEG length, were adjusted for desired biological activity. The biological performance was 

recorded by PBE bearing 50 mol% PEG800 and 50 mol% primary amine in side chains. This 

polymer exhibited 28-fold selectivity over E. coli cells relative to mammalian red blood cells. After 

side chain functionalization, PEGylated cationic PBEs retained their ability of specifically 

triggered depolymerization. Polymers having more than 33 mol% PEG800 in side chains presented 

complete solubility in aqueous media. Using longer PEG (PEG2k) decreased the hemolysis of 

polymers as well, while it minimized the bactericidal effect of polymers even at low molar 

percentage of PEG in side chains.  

6.1.3 Sequence and Dispersity are Determinants of Photodynamic Antibacterial 

Activity Exerted by Peptidomimetic Oligo(thiophene)s 

In this study, we represented the first-structure activity relationship among photodynamic 

mimics of host defense peptides (HDPs). In order to reveal the impact of dispersity and sequence 

on antibacterial and hemolytic activity, photodynamic oligomers of thiophenes having cationic and 

hydrophobic units in precisely defined sequence, with discrete unimolecular chain length and 
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perfect regioregularity were produced. We developed a set of oligo(thiophene)s  that exert 

efficient, fast-killing, broad-spectrum antibacterial activity under illumination of white light. The 

photodynamic therapy offers an outstanding opportunity for spatially selective inactivation of 

bacteria. For example, bactericidal properties can be only activated exclusively at the site of 

infection, but leaving other sites unharmed to prevent any systematic toxicity. We showed the 

spatially selective bacterial colony inactivation on nutrient-rich agar through a photomask via light 

illumination. 

In addition to  exceptional antibacterial potency of photodynamic oligo(thiophene)s, they 

displayed excellent cell-type selectivity over bacterial cells. The hemolytic activity against RBCs 

(HC50) was order of magnitude lower than minimum inhibitory concentration (MIC). In one 

particular example, the selectivity index (HC50/MIC) was recorded greater than 1300-fold, which 

is a great demonstration of high cell-type selectivity. Furthermore, production of reactive oxygen 

species (ROS) was detected by a simple colorimetric assay. Complementary to solution-based 

bacterial assays, bacteria cell binding was confirmed by confocal microscopy. Compounds did not 

show any bacterial resistance upon 21 serial sub-inhibitory passages. Finally, permeabilization of 

E. coli outer membrane (OM), but not inner membranes (IM), both in dark and light, was evidenced 

by enzymatic leakage assays. Here, we generated a novel design platform for potent photodynamic 

therapy by mimicking the natural design principles of HDPs.  

6.1.4 Antibacterial Self-Immolative Polymeric Surfaces 

Here, we produced a variety of self-immolative polymer gels based on silyl ether-capped 

PBEs and studied the degradation of them in the presence of external chemical trigger. For gels, 

crosslinking proportion was adjusted to 40% of total number of allyl side chains and carried out 

via photo-activated thiol-ene click chemistry. To begin with, we developed PBE gels having 
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pendant allyl side groups. These gels rapidly undergo depolymerization upon the exposure of F- in 

organic solvents such as, DMF and THF. In order to confer biological activities to gels, PBEs was 

partially functionalized by cationic primary amines in the side chain and then crosslinked. These 

gels showed solvent-dependent depolymerization characteristic. Cationic gels degraded gradually 

when they treated with TBAF in DMF, whereas they degraded very slowly in the presence of 

cesium fluoride (CsF) in methanol. These gels exhibit hydrogel characteristics if long PEG 

crosslinker is used, but they didn’t degrade in water at pH 7which remains as a challenge in this 

study.   

6.2 Future Directions 

6.2.1 Shedding Biofilm from Surfaces Coated by Cationic PBE Films 

Surfaces are initially contaminated by adherence of a few microorganisms, but then 

generates into a biofilm in 24 h215. Biofilms exhibit extreme tolerance to antibiotics and the host’s 

innate immunity. Several studies have been driven to prevent initial adhesion of bacteria on surface 

or kill upon contact. However, these strategies lose their efficiency to repel or kill bacteria in long-

term use due to continuous deposition of cells. One attractive strategy can be the removal of the 

antibacterial material to provide a clean surface.  

In our research, we envision cationic self-immolative PBEs in a wide-range of  antibacterial 

and anti-biofilm coatings that can lyse cells when adhered to surface and then can be removed 

when wiped with a cleaning solution containing trigger molecules. Biofilm will be formed by 

culturing S. aureus or S. epidermidis polymer films and then be stained with crystal violet to allow 

visualization216. Once biofilm formation occurs on surface, depolymerization of silyl ether-capped 

polymers will be activated by Cesium Fluoride solution in methanol. Upon washing with a solution 

containing fluoride ions, polymer film will unzip and release disinfectant small molecules of self-
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immolation as well as shedding the biofilm to provide a clean surface. Even though using organic 

solvents in biological application is not completely applicable, the potential use of self-immolative 

polymers still can be considered in external biomedical applications. Another encouraging key 

feature of self-immolative platforms is that they can be synthesized with a library of responsive 

groups, triggered by other external stimuli such as, light, pH or redox. However, we mainly target 

to develop specifically degradable systems that can degrade by naturally occurring stimuli like 

enzymes released by bacterial cell membranes.  

6.2.2 Multilayer Stacks of Polymers as Anti-Biofilm Coatings with Prolonged 

Antibacterial Activity 

The strategy discussed in 6.2.1 only offers a single use to remove the antibacterial polymer 

layer from the surface. However, surfaces are constantly under attack of microorganisms or other 

contaminants, therefore it is crucial to sustain the antibacterial and antibiofouling activities of 

surface in long-term use. Very recently, Liemkamp and Gillies groups presented an appealing 

strategy to address this limitation. In their design, they developed multilayer stacks of polymers 

consisting of two layers of antimicrobial polymer, assembled by a hydrolytically degradable 

interlayer210. When the interlayer hydrolyzes, the top layer will shed along with the biofilm formed 

on surface. This strategy differs from degradation of systems via layer-by-layer technique217 based 

on electrostatic forces. LbL method forms films with low average thickness  and interpenetration 

of layers due to strong electrostatic interactions. Even though it is possible to develop degradable 

LbL assemblies of cationic self-immolative PBE, selective shedding of individual layers may not 

be accomplished218. In order to apply multilayer polymer design to our self-immolative platform, 

cationic PBE hydrogels will be produced as antibacterial layer. As shown in Chapter 5., these gels 

allow water to penetrate in, but do not degrade even they are self-immolative. Water-soluble or 
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hydrolytically degradable polymers such as, PLLA or polyacrylamide will be employed as a 

binding interlayer. Once biofilm formation occurs on surface, antimicrobial self-immolative layer 

will be washed with a DMF solution containing TBAF. Upon fluoride treatment, antimicrobial 

layer will degrade and release the biofilm from top of the surface. In order to generate a fresh 

antibacterial layer, surface will be rinsed with water to remove water-soluble layer. With stacks of 

these multilayers, we envision to produce long-lasting renewable antibacterial self-immolative 

surfaces, based on PBEs.  

6.2.3 Challenges Remaining 

Synthetic polymers have been on high demand in pharmaceutical, dental and biomedical 

applications due to their tunable chemical and physical properties and inexpensive large-scale 

manufacturing capabilities. Control over physicochemical features of polymers allow researchers 

to develop host defense peptides mimetics that fight infectious diseases without inducing bacterial 

resistance. There are a elevating number of early-stage in vivo studies of HDP-mimetic polymers 

published with promising results that encourages us to advance these compounds in therapeutic 

field219. In one example, Thoma et al. developed a topical formulation based on low MW cationic 

homopolymers of aminoethyl methacrylate eradicated S. aureus infection in a mouse nasal 

infection model219. They showed bactericidal activity against S. aureus at low micromolar 

concentrations even in the presence of serum in vitro, yet non-toxicity to various mammalian cell 

lines including RBCs, HEp-2 and COS. They also did not induce bacterial resistance upon 15 sub-

inhibitory exposures. These polymers eradicated S. aureus infection in vivo more efficiently than 

the small molecule antibiotic drug mupirocin. Since we developed the first example of antibacterial 

water-soluble self-immolative polymers with high cell-type selectivity and unique degradation 

characteristics, the idea of employing these novel compounds as potential drugs or drug carriers 
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must be encouraged. However, performing biological activity in vivo requires a well-depth 

research prior to propose these macromolecules as drug candidates. First of all, knowledge of their 

efficacy in the presence of complex body fluids (in vitro assays are only carried out in either 

nutrient-rich broths or in buffer solutions). Furthermore, comprehensive cytotoxicity and any 

potential mechanism of bacterial resistance in response to polymer attack should be investigated 

thoroughly. Once all issues are completely understood, best candidates of antibacterial self-

immolative polymers with high selectivity-index can be utilized in various in vivo applications. 

To prove the efficacy and toxicity of polymers will be ultimately examined in animal trials. 
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APPENDICES 

Appendix A Materials and Methods  

A.1 Materials 

Reagents were purchased commercially and used as received without further purification 

unless noted. 4,4'-methylenebis(2,6-dimethylphenol) was purchased from Tokyo Chemical 

Industry (USA). Potassium carbonate (K2CO3), allyl bromide (allyl Br), ammonium chloride 

(NH4Cl), sodium chloride (NaCl), anhydrous sodium sulfates (Na2SO4), silver oxide (Ag2O), 4,5-

dimethoxy-2-nitrobenzyl chloroformate (NVOC-Cl), tert-butyldimethylsilyl chloride (TBDMS-

Cl), imidazole, iodomethane, 2-aminoethanethiol hydrochloride (cysteamine), 2-(dimethylamino) 

ethanethiol hydrochloride, cesium fluoride (CsF), poly(ethylene glycol) methyl ether thiol (Mn = 

800g/mole and Mn= 2000 g/mole), 2,2- dimethoxy-2-phenylacetophenone (DMPA), Triton X-100, 

sodium phosphate monobasic monohydrate, Vitamin C, sodium phosphate dibasic heptahydrate, 

3-thiophene ethanol, 3-methyl thiophene, N-bromo succinimide (NBS), tert-butyldimethylsilyl 

chloride, imidazole, tributyltin chloride, p-Toluenesulfonyl chloride, sodium azide, lithium 

aluminum hydride, n-butyllithium (2.5M in hexanes), diisopropylamine, tetrakis 

triphenylphosphine palladium, cyclooctadiene, exo-3 norbornyl carboxylic acid, diisopropyl 

carbodiimide, and 4-dimethyl aminopyridine were purchased from Sigma-Aldrich (USA). 1-tert-

Butyl-2,2,4,4,4-pentakis(dimethylamino)-2λ5,4λ5-catenadi(phosphazene) (P2-t-Bu base) (2.0 M 

solution in THF), iodomethane (2.0 M solution in tert-butyl methyl ether), Tributyltin chloride, n-

BuLi (2.5M in THF), diisopropyl amide (LDA) and tetra-n-butylammonium fluoride (TBAF) (1.0 

M solution in THF) were also purchased from Sigma-Aldrich and stored in a glove box under N2 

atmosphere. 2,2-Diphenyl-1-picrylhydrazyl (free radical), 95% (DPPH) was obtained from Alfa 

Aesar. H-Nu 640 photo-initiator and Borate-V co-initiator were purchased from Spectra Group 
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Limited, Inc. (USA). BacLightTM Bacterial Viability Kit L-7007 and NHS-Rhodamine (5/6-

carboxy-tetramethyl-rhodamine succinimidyl ester) were purchased from Thermo Fisher 

Scientific (USA). 10% (v/v) red blood cells (RBCs) was obtained from MP Biomedicals (USA). 

Organic solvents: dichloromethane (DCM), diethyl ether (Et2O), N,N-dimethylformamide (DMF), 

ethyl acetate, hexane, methanol (MeOH), toluene, pyridine and dimethyl sulfoxide (DMSO) were 

obtained from Sigma-Aldrich (USA). Triethylamine (Et3N) and isopropanol (iPrOH) were 

distilled before use. Anhydrous tetrahydrofuran (THF) was obtained from solvent purification 

system. Deionized water was purified using EDM Millipore purification system. Flash-column 

chromatography was employed using silica gel (60 Å pore size, 40-63 μm technical grade, Sigma-

Aldrich). Thin-layer chromatography was performed on IB2-F J.T. Baker silica gel TLC 

(Germany). Mainstays 13.75" LED Desk Lamp (Integrated 3.55-watt LED bulb) was used for light 

illumination. 

A.2 Synthesis of Allyl-Protected Monomer 

 
 

Figure A.1: Synthesis of allyl-protected monomer. 
 

Allyl Br (1.0 equiv) was added dropwise to a stirred mixture of 4,4'-methylenebis(2,6-

dimethylphenol) (1.0 equiv) and K2CO3 (1.1 equiv) in DMF (0.4 M). After 24 h reaction at room 

temperature, the mixture was extracted with ethyl acetate and deionized H2O. The organic layer 

was washed with saturated NH4Cl solution and then brine. It was dried over anhydrous Na2SO4, 

filtered to separate salts and concentrated via rotary evaporation. On TLC plate, there were three 
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spots observed, assigned to compounds with double allyl and single allyl in the side chains, and 

unreacted starting material. The viscous oil was purified by silica gel column chromatography with 

gradient elution of solvents (10 – 33% ethyl acetate in hexanes) to afford compound with single 

allyl as a yellow oil (28%). 1H NMR (500 MHz, CDCl3): d 6.81 (s, 2H), 6.80 (s, 2H), 6.11 (m, 

1H), 5.42 (d, 1H), 5.24 (d, 1H), 4.49 (s, 1H), 4.28 (d, 2H), 3.72 (s, 2H), 2.23 (s, 6H), 2.21 (s, 6H). 

13C NMR (500 MHz, CDCl3): d 154.20, 150.52, 137.14, 134.36, 133.11, 130.84, 129.08, 129.04, 

123.04, 117.08, 73.19, 40.59, 16.49, 16.03. HRMS (ESI): calculated for C20H23O2 295.1704 g/mol, 

found 295.1683 g/mol. 

Ag2O (2.0 equiv) was added into the solution of single allyl compound (1.0 equiv) and 

Et2O (0.1 M). The reaction was stirred for 16 h at room temperature. The mixture was filtered to 

remove silver oxide particles, concentrated via rotary evaporator and recrystallized in hot 

cyclohexane to afford yellow crystals. The monomer crystals were ground and dried in vacuum 

for 72 h. Dry monomer (67%) was store in inert atmosphere of glovebox for polymerization. 1H 

NMR (CDCl3, 500 MHz): d 7.55 (s, 1H), 7.15 (s, 2H), 7.07 (s, 1H), 7.03 (s, 1H), 6.13 (m, 1H), 

5.46 (d, 1H), 5.30 (d, 1H), 4.37 (d, 2H), 2.34 (s, 6H), 2.08 (s, 3H), 2.06 (s, 3H)89. 13C NMR (500 

MHz, CDCl3): d 187.25, 157.32, 142.93, 139.07, 137.27, 135.30, 133.65, 131.70, 131.42, 131.30, 

131.26, 117.57, 73.26, 16.94, 16.55, 16.21. HRMS (ESI): calculated for C20H23O2 295.1704 g/mol, 

found 295.1684 g/mol. 

A.3 Synthesis of Poly(benzyl ether)s and End-capping 

Allyl-protected monomer was dissolved in anhydrous THF. A stock solution of distilled 

iPrOH and 2.0 M P2-t-Bu base solution in THF was prepared in anhydrous THF (1:1 ratio). The 

chain length of polymer was tuned by altering the number of equivalents of initiator relative to 
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monomer. Based on that, certain amount of initiator-base stock solution was added into monomer 

solution to pre-initiate and stirred for 1 h at room temperature. Final concentration of reaction was 

adjusted to 0.8 M. The reaction became dark red from bright yellow color after the addition of 

base. Following the initiation, polymerization was conducted in -20 °C for 4 h with stirring. All 

steps were carried out in glovebox under inert N2 environment. 

 
Figure A.2: Polymerization and TBDMS-Cl end-capping. 

 

TBDMS-Cl (10.0 equiv) and imidazole (10.0 equiv) were dissolved in anhydrous THF and 

then injected into polymer reaction at -20 °C which immediately turned into orange-yellow color 

from dark red. Reaction was stirred for 24 h at -20 °C. It was allowed to warm to room temperature 

and continued to stir at this temperature for few hours.  The polymer was precipitated in MeOH 

and collected via centrifuge. Excess MeOH was decanted. The polymer was redissolved in THF 

and precipitated in MeOH and centrifuged again, whole process was repeated three times. 

Polymers were dried in vacuum for 24 h. (All equivalents were relative to initiator). 1H NMR 

(CD2Cl2, 500 MHz): d 6.92 (bs, 4H), 6.09 (m, 1H), 5.49 (bs, 1H), 5.41 (d, 1H), 5.23 (d, 1H), 4.28 

(bs, 2H), 2.21 (bs, 6H), 1.86 (s, 3H), 1.84 (s, 3H). (1.01 (s, 9H) and 0.17 (s, 6H) ppm correspond 

to TBDMS end-capping group, integration in NMR spectrum was expressed based on single unit 

of the polymer) 
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Figure A.3: Polymerization and Me end-capping. 
 

Polymerization was quenched with 2.0 M iodomethane solution in tert-butyl methyl ether 

(10.0 equiv). The reaction was stirred for 48 h at -20 °C. It was allowed to warm to room 

temperature and continued to stir at this temperature for few hours.  The polymer was precipitated 

in MeOH and collected via centrifuge. Excess MeOH was decanted. The polymer was redissolved 

in THF and precipitated in MeOH and centrifuged again, whole process was repeated three times. 

Polymers were dried in vacuum for 24 h. (All equivalents were relative to initiator). 1H NMR 

(CDCl3, 500 MHz): d 6.91 (bs, 4H), 6.08 (m, 1H), 5.52 (bs, 1H), 5.42 (d, 1H), 5.23 (d, 1H), 4.29 

(bs, 2H), 2.21 (bs, 6H), 1.85 (s, 3H), 1.83 (s, 3H). (3.70 (s, 3H) ppm corresponds to methyl end-

capping group, integration in NMR spectrum was expressed based on single unit of the polymer) 

A.4 Side Chain Functionalization of Poly(benzyl ether)s with Cationic Groups 

 
Figure A.4: Side chain modification of poly(benzyl ether)s with cysteamine. 

 

Poly(benzyl ether)s (P0-M-4.6) and cysteamine (10.0 equiv relative to number of total allyl 

units) were dissolved in DMF (34 mM). In an amber vial, H-Nu 640 (photo-initiator) (0.01 equiv) 

and Borate-V (co-initiator) (0.02 equiv) were prepared in DMF and added into reaction. Reaction 
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was sealed and bubbled with N2 for 10 min to remove gases in solution. Sealed reaction was stirred 

in N2 flow for couple of days (4-5 days) at room temperature under irradiation of visible light (light 

source: desk lamp). Once reaction was complete (visible light quenches the blue color of photo-

initiator to lightly green color), DMF was evaporated and the reaction was washed with deionized 

H2O to discard excess thiol.  Aggregated polymers in water were collected by centrifuge. Washing 

with H2O and centrifuge process repeated three times. Dry polymers were dissolved in MeOH and 

precipitated from diethyl ether (Et2O). White solids were collected via centrifuge and dried under 

vacuum for 24 h (yield: 53%). 1H NMR ((CD3)2OS, 500 MHz): d 6.89 (bs, 4H), 5.50 (bs, 1H), 3.72 

(bs, 2H), 2.93 (bs, 2H), 2.72 (bs, 4H,overlap), 2.11 (bs, 6H), 1.92 (bs, 2H) 1.74 (bs, 6H). (NMR 

spectra were expressed based on single unit of the polymer) 

 
Figure A.5: Side chain modification of pol(benzyl ether)s with 2-(dimethylamino)ethanethiol hydrochloride. 

 

Poly(benzyl ether)s (P0-M-4.6) and 2-(dimethylamino)ethanethiol hydrochloride (10.0 

equiv relative to number of total allyl units) were dissolved in DMF (34 mM). In an amber vial, 

H-Nu 640 (photo-initiator) (0.01 equiv) and Borate-V (co-initiator) (0.02 equiv) were prepared in 

DMF and added into reaction. Reaction was sealed and bubbled with N2 for 10 min to remove 

gases in solution. Sealed reaction was stirred in N2 flow for couple of days (4-5 days) at room 

temperature under irradiation of visible light (light source: desk lamp). Once reaction was 

complete (visible light quenches the blue color of photo-initiator to lightly green color), DMF was 

evaporated and the reaction was washed with deionized H2O to discard excess thiol.  Aggregated 
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polymers in water were collected by centrifuge. Washing with H2O and centrifuge process 

repeated three times. Dry polymers were dissolved in MeOH and precipitated from diethyl ether 

(Et2O) to afford P3-M-4.6. White solids were collected via centrifuge and dried under vacuum for 

24 h (yield: 50%).  1H NMR ((CD3)2OS, 500 MHz): d 6.91 (bs, 4H), 5.55 (bs, 1H), 3.76 (bs, 2H), 

3.19 (bs, 2H), 2.87 (bs, 2H), 2.72 (m, 8H, overlap), 2.15 (bs, 6H), 1.98 (bs, 2H) 1.79 (bs, 6H). 

(NMR spectrum was expressed based on single unit of the polymer)  

A.5 Quaternization of Tertiary Amine Side Groups 

 
Figure A.6: Quaternization of tertiary amine groups. 

 

P0-M-4.6 and 2-(dimethylamino)ethanethiol hydrochloride (10.0 equiv relative to number 

of total allyl units) were dissolved in DMF (34 mM). In an amber vial, H-Nu 640 (photo-initiator) 

(0.01 equiv) and Borates-V (co-initiator) (0.02 equiv) were prepared in DMF and added into 

reaction. Reaction was sealed and bubbled with N2 for 10 min to remove gases in solution. Sealed 

reaction was stirred in N2 flow for couple of days (4-5 days) at room temperature under irradiation 

of visible light (light source: desk lamp). Once reaction was complete (visible light quenches the 

blue color of photo-initiator to lightly green color), it was concentrated. Instead H2O, crude 

reaction was washed with PBS of pH 8.0 to neutralize the tertiary amine groups. Aggregated 

polymers were collected via centrifuge. Washing with PBS and centrifuge process repeated three 

times. Polymers were dried and dissolved in THF, followed by the addition of iodomethane (10.0 

equiv relative to number of total amine groups). Reaction was allowed to run for 2 h at room 
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temperature with the addition of MeOH. After that, reaction was concentrated by rotary 

evaporator, dissolved in MeOH/DMSO and precipitated from Et2O to afford P4-M-4.6. 

Precipitates were collected by centrifuge and dried in vacuum for 24 h (yield: 41%). 1H NMR 

((CD3)2OS, 500 MHz): d 6.87 (bs, 4H), 5.53 (bs, 1H), 3.75 (bs, 2H), 3.51 (bs, 2H), 3.05 (bs, 9H), 

2.90 (bs, 2H), 2.77 (bs, 8H, overlap), 2.12 (bs, 6H), 1.93 (bs, 2H) 1.76 (bs, 6H). 

A.6 PEGylation of Poly (benzyl ether)s with Allyl Side Chains  

 
Figure A.7: PEGylation of poly(benzyl ether)s with pendant allyl side chains. 

 

Poly(benzyl ether)s with allyl side chains (1.0 equiv) and poly (ethylene glycol) methyl 

ether thiol (0.x equiv relative to number of total allyl units) were dissolved in DMF (0.85 M). In 

an amber vial, DMPA (photo-initiator) (0.0x equiv) was prepared in DMF and added into reaction. 

Reaction was sealed and bubbled with N2 for 5 mins to remove gases in solution. Sealed reaction 

was stirred in N2 flow for 30 min at room temperature under irradiation of UV light (UV source: 

100W, l = 365 nm).  

 
Figure A.8:  Cysteamine side-chain functionalization of partially PEGylated polymers with allyl groups. 
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Into same reaction vial in which PEGylation was carried out, cysteamine (0.yy equiv 

relative to number of total allyl units) was added. In an amber vial, DMPA (photo-initiator) (0.00y 

equiv) was prepared in DMF and added into reaction. Reaction was sealed and bubbled with N2 

for 5 mins to remove gases in solution. Sealed reaction was stirred in N2 flow for 30 min at room 

temperature under irradiation of UV light (UV source: 100W, l = 365 nm). Once reaction was 

complete, DMF was evaporated and then polymers were purified from excess cysteamine and 

photoinitiator via running them in Sephadex LH-20 prepared in MeOH. 1H NMR ((CD3)2OS, 500 

MHz): d 6.89 (bs), 5.50 (bs,), 3.85 (bs), 3.61 (bs), 3.51 (bs), 3.17 (bs), 2.85 (bs), 2.71 (bs) 2.68 (bs, 

2H), 2.18 (bs), 1.80 (bs), 0.99 (bs), 0.15 (bs).  

Rhodamine-tagged polymers were also functionalized in same way. Repeated 

precipitations and purification on LH-20 ensured that no unreacted dye remains in the polymer 

samples. 

A.7 PEGylation of Single Allyl Compound 

 
Figure A.9: PEGylation of single allyl compound, M2. 

 
Single allyl compound (1.0 equiv) and PEG-thiol (1.5 equiv) were dissolved in DMF (0.85 

M). In an amber vial, DMPA (photo-initiator) (0.01 equiv) was prepared in DMF and added into 

reaction. Reaction was sealed and bubbled with N2 for 5 min to remove gases in solution. Sealed 

reaction was stirred in N2 flow for 2 h at room temperature under irradiation of irradiation of UV 
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light (UV source: 100W, l = 365 nm). Once the reaction was complete, it was concentrated via 

rotovap and dried under vacuum for 24 h. We couldn’t separate excess PEG from the compound 

and used in tests as this. 1H NMR ((CD3OD, 500 MHz): d 6.84 (s, 2H), 6.78 (s, 2H), 3.81 (t, 2H), 

3.64 (bs), 3.55 (t, 2H), 2.80 (t, 2H), 2.74 (t, 2H), 2.22 (s, 6H), 2.20 (s, 6H), 2.08 (t, 2H). 13C NMR 

(500 MHz, CD3OD): d 138.92, 131.49, 130.15, 129.76, 125.50, 72.97, 72.29, 71.56, 71.36, 59.10, 

41.52, 32.33, 31.59, 30.51, 29.83, 16.72.  

A.8 Side Chain Functionalization of Single Allyl Compound with Cysteamine 

 
Figure A.10: Side chain modification of single allyl compound with cysteamine. 

 

Single allyl compound and cysteamine (10.0 equiv relative to number of total allyl units) 

were dissolved in DMF (34 mM). In an amber vial, H-Nu 640 (photo-initiator) (0.01 equiv) and 

Borate-V (co-initiator) (0.02 equiv) were prepared in DMF and added into reaction. Reaction was 

sealed and bubbled with N2 for 10 min to remove gases in solution. Sealed reaction was stirred in 

N2 flow for couple of days (4-5 days) at room temperature under irradiation of visible light (light 

source: desk lamp). Once the reaction was complete (visible light quenches the blue color of photo-

initiator to lightly green color), it was concentrated. It was purified by silica gel chromatography 

(10% MeOH in DCM). Oil product (yield: 8.3%) was concentrated via rotovap and dried under 

vacuum for 24 h. 1H NMR ((CD3OD, 500 MHz): d 6.78 (s, 2H), 6.70 (s, 2H), 3.83 (t, 2H), 3.65 (s, 

2H), 3.08 (t, 2H), 2.81 (td, 4H), 2.20 (s, 6H), 2.15 (s, 6H), 2.05 (p, 2H). 13C NMR (500 MHz, 

CDCl3): d 154.96, 152.32, 139.01, 133.96, 131.41, 130.14, 129.74, 129.46, 129.20, 128.49, 

OH

O

NuH-640
DMF, rt

HS NH3

OH

O S NH3

Cl

Cl
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125.49, 71.19, 41.46, 36.94, 31.23, 29.01, 16.70, 16.50. HRMS (ESI): calculated for C22H32NO2S 

374.2148 g/mol; found 374.2137 g/mol. 

A.9 Water-Octanol Partition Coefficients (logP) 

2 µl from 20 mg/ml DMSO stock solution of rhodamine-tagged poly (benzyl ether)s were 

added in 2 ml water, 2 ml octanol mixture in 15 ml centrifuge tubes (final concentration of polymer 

= 34 µM). Tubes are vortexed for 1 min and placed in orbital shaker for 16h at RT in dark. Next 

day, tubes were centrifuged to separate liquid phases. 100 µl from each phase was added in 1 ml 

MeOH. Emission spectra were recorded from 540 nm to 750 nm. (Ex = 525 nm, Em = 575 nm for 

Rhodamine)  

A.10 ROS Detection of AABA 

ROS detection of AABA was determined with using antioxidant (Vitamin C) via DPPH 

staining. A sample with AABA and Vitamin C (Sample 1) in 1:1 molar ratio (103 µM of each 

compound) was prepared in MeOH. It was stirred at room temperature for 4 h under visible light 

illumination. Later, 10 µl of 5 mM DPPH solution in MeOH was added in AABA and Vitamin C 

solution, incubated in dark at 30 °C. Absorbance spectrum was recorded between 250-700 nm 

(Absmax for DPPH is 517 nm). There were also control samples and measured in same way. 

(Sample 2, Sample 3 and Sample 4).  

Table A.1: ROS detection of AABA and control samples for comparison. 
 

Sample *AABA 
(mg) 

+Vitamin C stock 
solution (µl) 

H20 
(µl) 

MeOH 
(µl) 

~DPPH stock 
solution (µl) 

Total 
volume (µl) 

1 0.06 2.2 x 1000 10 1012.2 
2 0.06 x 2.2 1000 10 1012.2 
3 x 2.2 x 1000 10 1012.2 
4 x x 2.2 1000 10 1012.2 
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*AABA: 6 µl of 10 mg/ml DMSO stock solution of AABA was dried and dissolved in 1 ml of 
MeOH (~ 103 µM) 

+Vitamin C stock solution: 9.5 mg in 1 ml of H20 

~DPPH stock solution: 2.1 mg in 1 ml MeOH (5mM) 

A.11 Bacterial Strains and Growth Conditions 

Table A.2: Bacterium type and growth conditions. All broths and agars were obtained from Becton Dickinson 
(BD). 

 

Bacterium Growth 
media Growth agar Growth 

Temperature (°C) 

Escherichia coli ATCC 25922 Mueller-
Hinton broth 

Mueller-
Hinton 37 

Acinetobacter baumannii ATCC 
17978 

Mueller-
Hinton broth 

Mueller-
Hinton 37 

Pseudomonas aeruginosa ATCC 
27853 

Trypticase soy 
broth 

Trypticase soy 
agar 37 

Staphylococcus aureus ATCC 
25923 

Mueller-
Hinton broth 

Mueller-
Hinton 37 

Methicillin-resistant Staphylococcus 
aureus ATCC 33591 

Mueller-
Hinton broth 

Mueller-
Hinton 37 

Enterococcus faecalis ATCC 29212 Brain Heart 
Infusion broth 

Brain Heart 
Infusion agar 37 

Bacillus subtilis ATCC 33712 VY medium VY agar 30 
 

A.12 Antibacterial Activity Assay I: Minimum Bactericidal Concentration 

(MBC) 

The in vitro minimum bactericidal concentration (MBC) of side chain-functionalized 

poly(benzyl ether)s was assessed by the colony counting method. Polymer stock solutions were 

prepared in 50% DMSO-deionized H2O with 2-fold serial dilutions of the stock, starting from 10 

mg/ml to 5 µg/ml. A single colony of Escherichia coli ATCC 25922 was inoculated in Muller-

Hinton (MH) broth at 37 °C in shaking incubator overnight. The turbid dilution was diluted to 

OD600 = 0.1 (measured by Molecular Devices SpectraMax M2), regrown for 90 min to 
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midlogarithmic phase (OD600 = 0.5 – 0.6) in MH broth. Resulting suspension was centrifuged at 

2000 rpm for 3 min and the supernatant was carefully removed by pipetting. Collected bacteria in 

centrifuge tube was resuspended in PBS (10mM phosphate, 137 mM sodium chloride) of pH 6.0. 

It was diluted to OD600 = 0.001 in PBS, corresponding to ~5 x 105 cfu/ml based upon colony 

counting on MH agar plates. The bacterial suspension (90 µl) was mixed with each polymer 

concentration (10 µl) in a sterile 96-well round-bottom polypropylene microplate (Chemglass 

#229590) and wrapped with parafilm. The microplate was incubated for 60 min at 37 °C in orbital 

shaker (180 rpm). After 60 min incubation, 10 µl of bacteria-polymer mixture was diluted in fresh 

PBS in same microplate to produce 10-fold and 102-fold dilutions. 10 µl of each dilution (0-10-

102-fold) was pipetted onto MH agar plates, streaked and incubated 37 °C overnight. E. coli colony 

forming units (cfu) were counted. MBC was defined as the lowest concentration of polymer which 

induces at least 3 log10 reduction in the number of viable cells after incubation (mostly refers to 

³99.9% killing). All set of polymers were tested twice, each in duplicate, in different days. Final 

MBC values was determined by the average MBC of multiple tests. As a negative control, stock 

solution of DMSO was prepared in microplates with 2-fold serial dilutions, starting from 5% (v/v) 

and tested as polymers.  

In addition to E. coli, polymers were performed against a broad range of bacteria. As gram-

negative strains, Acinetobacter baumannii ATCC 17978 and Pseudomonas aeruginosa ATCC 

27853 were used and incubated with polymers for 60 min. Gram-positive strains, including 

Staphylococcus aureus ATCC 25923, Methicillin-resistant Staphylococcus aureus ATCC 33591, 

Enterococcus faecalis ATCC 29212 and Bacillus subtilis ATCC 33712 were incubated with 

polymers for both 60 min and 4 h. In each bacterial case, appropriate broths, agars and 

temperatures were used to grow bacteria as shown in Table A.1. 
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A.13 Antibacterial Activity Assay II: Minimum Inhibitory Concentration 

(MIC) 

The in vitro minimum inhibition concentration (MIC) of polythiophenes was assessed. 

Polymer stock solutions were prepared in 50% DMSO-50% of 0.01% acetic acid-deionized H2O 

with 2-fold serial dilutions of the stock, starting from 5 mg/ml to 0.15 µg/ml. A single colony of 

Escherichia coli ATCC 25922 was inoculated in Muller-Hinton (MH) broth at 37 °C in shaking 

incubator overnight. The turbid dilution was diluted to OD600 = 0.1 (measured by Molecular 

Devices SpectraMax M2), regrown for 90 min to midlogarithmic phase (OD600 = 0.5 – 0.6) in MH 

broth. It was diluted to OD600 = 0.001 in MH broth, corresponding to ~5 x 105 cfu/ml based upon 

colony counting on MH agar plates. The bacterial suspension (90 µl) was mixed with each polymer 

concentration (10 µl) in a sterile 96-well round-bottom polypropylene microplate (Chemglass 

#229590) and wrapped with parafilm. The microplate was incubated for 16 hours at 37 °C either 

in dark or light. MIC was defined as the lowest concentration of polymer which inhibits visible 

cell growth. All set of polymers were tested twice, each in duplicate, in different days. Final MIC 

values was determined by the average MIC of multiple tests. As a negative control, stock solution 

of DMSO in 0.01% acetic acid-deionized H2O was prepared in microplates with 2-fold serial 

dilutions, starting from 5% (v/v) and tested as polymers.  

In addition to E. coli, polymers were performed against a broad range of bacteria. As gram-

negative strains, Acinetobacter baumannii ATCC 17978 and Pseudomonas aeruginosa ATCC 

27853 were used. Gram-positive strains, including Staphylococcus aureus ATCC 25923, 

Methicillin-resistant Staphylococcus aureus ATCC 33591 and Enterococcus faecalis ATCC 

29212 were used. In each bacterial case, appropriate broths, agars and temperatures were used to 

grow bacteria as shown in Table A.1.  
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A.14 Time-killing Assay of E. coli 

A single colony of Escherichia coli ATCC 25922 was inoculated in Muller-Hinton broth 

at 37 °C in shaking incubator overnight. The turbid dilution was diluted to OD600 = 0.1 (measured 

by Molecular Devices SpectraMax M2), regrown for 90 min to midlogarithmic phase (OD600 = 0.5 

– 0.6) in MH broth. Resulting suspension was centrifuged at 2000 rpm for 3 min and the 

supernatant was carefully removed by pipetting. Collected bacteria in centrifuge tube was 

resuspended in PBS of pH 6.0. It was diluted to OD600 = 0.001 in PBS. 1 ml of test samplestock 

solution (310 µg/ml in 3.1% (v/v) DMSO-PBS) was added in 4 ml of bacterial suspension to 

provide the final polymer concentration of 2 x MBC or 2 x MIC. Centrifuge tube was placed in 

orbital shaker at 37 °C. Every 5 min, 10 µl aliquots from the tube was serially diluted in fresh PBS 

to produce 10-fold dilutions (101, 102, and 103), and 10 µl of each dilution was pipetted onto MH 

agar plates and streaked. Plates were incubated overnight at 37 °C, followed by colony counting. 

As a negative control, 1 ml of DMSO stock solution (3.1% (v/v) DMSO-PBS) was added in 4 ml 

of bacterial suspension to provide the final DMSO concentration in polymers (0.62%) and tested 

as polymers.   

A.15 Induction of E. coli Resistance of AABA under visible light 

Firstly, the in vitro minimum inhibition concentration (MIC) of AABA was assessed. 

AABA stock solutions were prepared in 0.2% DMSO-99.8% of 0.01% acetic acid-deionized H2O 

with 2-fold serial dilutions of the stock, starting from 20 µg/ml to 0.15 µg/ml. A single colony of 

Escherichia coli ATCC 25922 was inoculated in Muller-Hinton (MH) broth at 37 °C in shaking 

incubator overnight. The turbid dilution was diluted to OD600 = 0.1 (measured by Molecular Devices 

SpectraMax M2), regrown for 90 min to midlogarithmic phase (OD600 = 0.5 – 0.6) in MH broth. It 

was diluted to OD600 = 0.001 in MH broth, corresponding to ~5 x 105 cfu/ml based upon colony 
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counting on MH agar plates. The bacterial suspension (90 µl) was mixed with each polymer 

concentration (10 µl) in a sterile 96-well round-bottom polypropylene microplate (Chemglass 

#229590) and wrapped with parafilm. The microplate was incubated for 16 hours at 37 °C under 

light. MIC was defined as the lowest concentration of polymer which inhibits visible cell growth. 

Polymer was tested in duplicates. Later, 10 µl E.coli suspension from 1/2 MIC well was inoculated 

in Muller-Hinton (MH) broth at 37 °C in shaking incubator overnight and MIC tests were repeated 

21 times in same way to examine the resistance of E. coli against AABA.  

A.16 Fluorescence Imaging  

A single colony of Escherichia coli ATCC 25922 was inoculated in Muller-Hinton broth 

at 37 °C in shaking incubator overnight. The turbid suspension was diluted to OD600 = 0.1, regrown 

for 90 min to midlogarithmic phase (OD600 = 0.5 – 0.6) in MH broth. Resulting suspension was 

centrifuged at 2000 rpm for 3 min and the supernatant was carefully removed by pipetting. 

Collected bacteria in centrifuge tube was resuspended in PBS of pH 6.0. Bacterial suspension was 

diluted to OD600 = 0.1 (~5x107 cells/ml). Polymer solution (620 µg/ml in 6.2% (v/v) DMSO-PBS) 

was added into 4 ml of bacterial suspension to provide the final concentration of polymer of 4 x 

MBC (125 µg/ml). The mixture was incubated with cells for 150 min. Once incubation was 

complete, mixture was centrifuged at 2000 rpm for 5 min and resuspended in 1 ml of imaging 

solution (10 mM HEPES, pH 7.4, containing 140 mM NaCl, 295 mM KCl, 2 mM CaCl2, 2 mM 

MgCl2, 5 mM D-glucose). Cells were stained with 3 µl of SYTO 9 and propidium iodine (PI) 

solution (equal volumes of Component A and Component B) and incubated at room temperature 

for 15 min in dark. 5 µl of dyed bacterial suspension was placed on NuncTM glass bottom dish 

(Thermo Fisher Scientific) and covered with glass cover slip. Cells were visualized under laser 
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scanning confocal microscopy using Argon and HeNe1 lasers. SYTO9 (green dye) stain both live 

and dead cells, but PI (red dye) stains just dead cells. Same procedure above was applied for 

depolymerized byproducts of functionalized poly (benzylether)s after CsF treatment and negative 

control (1.24% DMSO-PBS). 

Laser scanning confocal microscopy (Zeiss LSM 510 Meta) was employed using Argon 

(458-488-514 nm) and HeNe1 (543 nm) lasers. 512 x 512 pixel images were recorded from single 

scan or multiple z-stacks.  

For rhodamine-tagged polymers, no live/dead assay kit was used. Polymers (RhB-P1-0-

PEG800, RhB-P1-40-PEG800 and RhB-P1-100-PEG800) (no bacteria) were shaked at room 

temperature in PBS pH 6.0 for 2 hours and then imaged. Only HeNe1 (543 nm) laser was 

employed.  

A.17 Hemolytic Activity Assay 

Hemolytic activity of test samples was determined by hemoglobin release assay using the 

same polymer stock solutions for bacterial assays. 1 ml of 10% (v/v) sheep red blood cells was 

centrifuged at 1000 rpm for 5 min and washed with PBS. The supernatant was carefully removed 

by pipetting. The RBCs were washed with PBS two more times. The resulting stock was diluted 

10-fold in PBS to provide 1% (v/v) RBC assay stock. In a sterile 96-well round-bottom 

polypropylene microplate, 90 µl of 1% (v/v) RBC assay stock was mixed with 10 µl of each of the 

polymer dilution. As negative controls, PBS and 5% (v/v) DMSO, as positive control 0.1% (v/v) 

Triton X-100 were used. Microplate was wrapped with parafilm, secured in orbital shaker at 37 

°C and incubated at 180 rpm for 60 min. The microplate was centrifuged at 1000 rpm for 10 min. 

In another sterile microplate, 10 µl of supernatant was diluted in 90 µl PBS. The absorbance at 
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415 nm was recorded using a microplate reader. Hemolysis was plotted as a function of polymer 

concentration and the HC50 that is described as the polymer concentration causing 50% hemolysis 

relative to the positive control. This value was estimated by the fitting the experimental data to the 

function where H (=[OD415(polymer)-OD415(buffer)]/[OD415(TritonX)-OD415(buffer)]) is the 

hemolysis fraction P is the polymer concentration, n and K are variable parameters.  

All experiments were repeated twice, each in duplicate, on different days. The absorbance 

values from each trial were averaged and then the HC50 was calculated.  

A.18 E. coli Outer Membrane (OM) Permeabilization Assay 

Permeabilization of the E. coli OM was performed as described previously.70 A singular E. coli 

D31 colony was transferred into LB broth with 100μg/mL ampicillin (LB-Amp) followed by incubated at 

37 °C with shaking for 18 hours.  The inoculated culture was diluted into fresh LB-Amp at a 1:240 ratio.  

The diluted culture was placed back in incubation at 37 °C with shaking until OD600 reached 0.2-0.6.  Once 

the appropriate OD600 was achieved, the culture was centrifuged at 2500 rpm for 15 minutes in a benchtop 

clinical centrifuge.  Supernatant was discarded and the pellet resuspensed in identical volume of PBS.  

Nitrocefin solution was prepared dissolving 1mg nitrocefin in 100μL DMSO with subsequently dilution 

with 1.9mL PBS to achieve a final stock concentration of 500μg/mL.  Nitrocefin solution was covered in 

aluminum foil and stored at 4 °C before dispensing into plates. Solutions were dispensed into a 96 well 

plate in the subsequent order: 10μL of oligo(thiophene)s with serial dilutions starting from 64μg/mL 

(excluding the last row containing 10μL distilled H2O), 80μL E.coli, and 10μL of 500μg/mL nitrocefin.  

Following the addition of nitrocefin to the wells, the absorbance was immediately recorded at 486nm and 

was recorded every 5 minutes over the next 90 minutes.   

A.19 Cytotoxicity Assay 

Cytotoxicity of AABA was evaluated in HeLa cells as assayed by CellTiter-Blue reagent from 

Promega.  In this assay, active cellular metabolism is measured by the enzymatic conversion of Resarzurin 
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to Resorufin (florescent at 590nm).  HeLa cells were seeded into a 96-well flat bottom cell culture plate at 

100,000 cells per well and grown for 24hrs in 180uL of DMEM 10% FBS, 1% Pen/Strep, 1% L-Glut.  After 

24 hrs, cells were exposed to various concentrations (20uL) of AABA beginning at 64 ug/mL final 

concentration and serially diluted in 0.01% Acetic acid 2-fold to ~2 ng/mL. As a positive control for 

cytotoxicity, CTAB reagent was used at both 3% (completely cytotoxic) and 0.1% (partially cytotoxic), 

PBS was used as a negative control.  One 96 well plate was exposed to “light” for 30 min at 2 inches 

distance, a second plate was kept in the dark for the same 30 min “dark”.  Both plates were incubated in a 

standard CO2 incubator 5% CO2 37 °C for 24 hours. Following 24hrs of incubation with AABA, 20uL of 

CellTiter-Blue reagent was added directly to plate, mixed and incubated at 37oC for 3 hrs and analyzed on 

Synergy HT florescent plate reader, with λEx = 485 nm, λEm = 590nm.   
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Appendix B Characterization of Antimicrobial Self-Immolative Polymers 

B.1 Characterization of Poly (benzyl ether)s by 1H NMR and 13C NMR 

Analyses 

Proton nuclear magnetic resonance (1H NMR) spectra were recorded using 500 MHz 

Agilent NMR spectrometer at 25 °C. NMR chemical shifts were reported in parts per million (ppm, 

d) and referenced to tetramethylsilane ((CH3)4Si, 0.00 ppm) or to residual solvent signals (CDCl3 

(d 7.27), CD2Cl2 (d 5.32); (CD3)2OS (d 2.50), CD3OD (d 3.31 and 4.78). Data are expressed as 

chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet and/or 

multiple resonances, br = broad) and integration. Carbon nuclear magnetic resonance (13C NMR) 

spectra were recorded using 500 MHz Agilent NMR spectrometer at 25 °C. NMR chemical shifts 

were reported in parts per million (ppm, d) and referenced to residual solvent signals (CDCl3 (d 

77.0), CD3OD (d 49.0). 

 
1H NMR spectrum of single allyl compound (CDCl3, 500 MHz) 
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13C NMR spectrum of single allyl compound (CDCl3, 500 MHz) 

 

 
1H NMR spectrum of monomer (CDCl3, 500 MHz) 
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13C NMR spectrum of monomer (CDCl3, 500 MHz) 

 

 
1H NMR spectrum of P0-S-4.9 (CD2Cl2, 500 MHz) 
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1H NMR spectrum of P0-M-4.6 (CDCl3, 500 MHz) 

 
 

 

 
1H NMR spectrum of P0-M-5.2 (CD2Cl2, 500 MHz) 
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1H NMR spectrum of P0-M-12.4 (CDCl3, 500 MHz) 

 

 

 
1H NMR spectrum of P0-M-20 (CDCl3, 500 MHz) 
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1H NMR spectrum of P0-1 (CDCl3, 500 MHz) 

 

 

 
1H NMR spectrum of P0-2 (CDCl3, 500 MHz) 
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1H NMR spectrum of RhB-P0-1 (CDCl3, 500 MHz) 

 

 

 
1H NMR spectrum of P1-M-4.6 ((CD3)2OS, 500 MHz) 
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1H NMR spectrum of P1-M-12.4 ((CD3)2OS, 500 MHz) 

 

 
1H NMR spectrum of P1-M-20 ((CD3)2OS, 500 MHz) 
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1H NMR spectrum of P1-S-4.9 (CD3OD, 500 MHz) 

 

 
1H NMR spectrum of P3-M-4.6 (((CD3)2OS, 500 MHz) 
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1H NMR spectrum of P4-M-4.6 ((CD3)2OS, 500 MHz) 

 

 
1H NMR spectrum of P1-0 (CD3OD, 500 MHz) 

 



 148 

 
1H NMR spectrum of P1-11-PEG800 (CD3OD, 500 MHz) 

 

 
1H NMR spectrum of P1-25-PEG800 (CD3OD, 500 MHz) 
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1H NMR spectrum of P1-33-PEG800 (CD3OD, 500 MHz) 

 

 
1H NMR spectrum of P1-50-PEG800 (CD3OD, 500 MHz) 
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1H NMR spectrum of P1-57-PEG800 (CD3OD, 500 MHz) 

 

 
1H NMR spectrum of P1-63-PEG800 (CD3OD, 500 MHz) 
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1H NMR spectrum of P1-85-PEG800 (CD3OD, 500 MHz) 

 

 
1H NMR spectrum of P1-100-PEG800 (CDCl3, 500 MHz) 
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1H NMR spectrum of RhB-P1-0-PEG800 ((CD3)2OS, 500 MHz) 

 

 

 
1H NMR spectrum of RhB-P1-40-PEG800 ((CD3)2OS, 500 MHz) 
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1H NMR spectrum of RhB-P1-100-PEG800 ((CD3)2OS, 500 MHz) 

 

 

 
1H NMR spectrum of P1-12-PEG2k (CD3OD, 500 MHz) 
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1H NMR spectrum of P1-26-PEG2k (CD3OD, 500 MHz) 

 

 
1H NMR spectrum of P1-34-PEG2k (CD3OD, 500 MHz) 
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1H NMR spectrum of P1-52-PEG2k ((CD3)2OS, 500 MHz) 

 

 
1H NMR spectrum of P1-72-PEG2k ((CD3)2OS, 500 MHz) 
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1H NMR spectrum of primary amine-functionalized single allyl compound, M2-PEG800 (CDCl3, 500 MHz) 

 

 
13C NMR spectrum of primary amine-functionalized single allyl compound, M2-PEG800 (CD3OD, 500 MHz) 

 



 157 

 
1H NMR spectrum of primary amine-functionalized single allyl compound, M1 (CD3OD, 500 MHz) 

 

 
13C NMR spectrum of primary amine-functionalized single allyl compound, M1 (CD3OD, 500 MHz 
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B.2 Characterization of Poly (benzyl ether)s by Gel Permeation 

Chromatography  

Size exclusion chromatography (SEC) was operated on Agilent Technologies 1260 Infinity 

GPC system equipped with a refractive index detector and PLGel columns using THF as the 

mobile phase (flow rate: 1 mL/min, 25 °C). Molecular weight was calibrated using monodisperse 

polystyrene standards.  

Table B.3: Summary of molecular weight and yielding of polymers. 
 

Polymer Mn (SEC) 
(kDa) 

Mw (SEC) 
(kDa) PDI Mn (NMR) 

(kDa) Yield (%) 

P0-S-4.9 4.9 7.7 1.57 4.9 63 
P0-M-4.6 4.6 6.5 1.42 4.8 60 
P0-M-5.2 5.2 8 1.53 4.6 67 
P0-M-12.4 12.4 22 1.77 9.2 56 
P0-M-20 20 34 1.70 27 70 

P0-1 3558 5048 1.42 3406 71 
P0-2 3367 5270 1.57 3174 73 

RhB-P0-1 2955 4684 1.585 - 30 
 

B.3 Characterization of Polymers by Thermogravimetric Analysis  

Thermogravimetric analysis (TGA) were employed on TA Instruments TGA-Q50. The 

heating rate was 20 ºC/min between 21-650 ºC under nitrogen. 
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Figure B.1: TGA of P0-M-4.6. 

 

 
Figure B.2: TGA of P0-S-4.9. 

 

B.4 Characterization by Mass Spectrometry 

 Mass spectra were measured on Thermo LTQ XL Orbitrap mass spectrometer (Thermo, 

Bremen, Germany) with electrospray ionization ion source. Samples were injected using an 

Agilent 1200 nano-HPLC system (Agilent, Palo Alto, CA) using an Agilent 1200 autosampler.   

The flow rate of the solvent was 50 µL/min.  The injection volume was 1-2 µL.  The data were 

collected in m/z range of 100-900 at the resolution of 30,000.  The accuracy of mass measurements 

was ~3 ppm. 
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B.5 Depolymerization Studies of Poly (benzylether)s by 1H NMR Analysis 

1.0 M solution of TBAF in THF (3.0 equiv) was added to P0-S-4.9 (1.0 equiv) in THF and 

stirred for 16 h at room temperature. Reaction was concentrated by rotovap and analyzed by NMR. 

Same procedure was repeated for P0-M-5.2.  

CsF (3.0 equiv) was added to P1-S-4.9 (1.0 equiv) and P1-50-PEG800 (1.0 equiv) in MeOH. 

Reaction was stirred for 16 h at room temperature. Reaction was concentrated by rotovap and 

analyzed by NMR. Same procedure was repeated for P1-M-4.6. 

 
Figure B.3: 1H NMR spectra of depolymerization of P0-S-4.9 (CDCl3, 500 MHz). TBAF exposure in THF. 
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Figure B.4: 1H NMR spectra of depolymerization of P0-M-5.2 (CDCl3, 500 MHz). TBAF exposure in THF. 
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Figure B.5: 1H NMR spectra of depolymerization of P1-S-4.9 (CD3OD, 500 MHz). CsF exposure in MeOH. 
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Figure B.6 1H NMR spectra of depolymerization of P1-M-4.6 (CD3OD, 500 MHz). CsF exposure in MeOH. 
 

B.6 Thiol-ene Click Chemistry: Conversion of Allyl Side Chains 

Observed % of conversion of allyl side chains was determined by 1H NMR peak integration. 
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Figure B.7: Target % of PEG side functionalization vs. Observed % PEG side functionalization. 

 
 

B.7 Supplemental Fluorescence Emission of Rhodamine-tagged Poly (benzyl 

ether)s in Water and Octanol Phases 
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Figure B.8: Fluoresence emission of rhodamine polymers in water and octanol. 

 

UV-Visible spectra of polythiophenes were recorded by Molecular Devices SpectraMax 

M2 in a range of wavelengths: 200-700 nm. Fluorescent emission spectra were recorded from 380 

nm to 700 nm. (Ex = 370 nm)  

 
Figure B.9: Absorbance of oligothiophenes 

 

B.8 Supplemental Antibacterial Activity of Rhodamine-tagged Polymers Against 
E. coli 
 

Table B.4: MBC of rhodamine-tagged polymers against E. coli. 
 

Polymer MBC (µg/ml) 
RhB-P1-0-PEG800 31 
RhB-P1-40-PEG800 31 
RhB-P1-100-PEG800 >1000 
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B.9 Hemolysis Fraction of Poly (benzyl ether)s and Oligothiophenes 

 

 
Figure B.10: Hemolysis fraction vs. PEGylated antibacterial poly(benzyl ether) polymers concentration 

curves. 
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Figure B.11: Hemolysis fraction vs. thiophene concentration curves (in both dark and light) 
 

B.10 Supplement Biological Activity: the Effect of Molecular Weigh  

 
Figure B.12: The effect of molecular weight on antibacterial activity   

               
 

 
Figure B.13: The effect of molecular weight on antibacterial activity 
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B.11 Supplemental Fluorescence Images 

 
Figure B.14: Confocal images of E. coli cells (first row) after exposure to M1, (second row) after exposure to 

M2-PEG800. Scale bar is 10 μm in all images 
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Figure B.15: Confocal images of E. coli cells after AABA exposure (a) SYTO9 (Live) (b) PI (Dead) (c) Red-
green channels overlap (d) no stain (e) all channels overlap images. Scale bar is 10 μm 

 

 


