
ABSTRACT 

SRIMAT TIRUMALA PEDDINTI, BHARADWAJA. Antimicrobial Polymers: Combating 
Pathogens and Spread of Infectious Diseases on Surfaces by Antimicrobial Photodynamic 
Inactivation and Antimicrobial Anionic Inactivation. (Under the direction of Dr. Richard J. 
Spontak). 
 

An alarming rise in the antimicrobial resistance of deadly pathogens has become a 

worrisome development, causing a threat to human health. Misdiagnosis and over prescription of 

antibiotics have further accelerated the problem of antimicrobial resistance in pathogens. 

Previously treatable infections have now become lethal. With only a few novel antibiotics 

discovered in the last few decades, often termed as ‘discovery void’, it has become evident that 

alternative methods have to be employed to tackle antibiotic-resistant pathogens. If this issue is 

not tackled immediately, it is only a matter of time before we start living in the ‘post-antibiotic 

era’. According to Centers for Disease Control and Prevention (CDC), antibiotic-resistant 

infections can occur anywhere. However, most cases occur in healthcare settings such as hospitals 

and nursing homes. Antibiotic-resistant coupled with antibiotic-susceptible pathogens cause 

infections in healthcare settings that is often termed as hospital acquired infections (HAIs). The 

pathogens such as bacteria, virus and fungi adhere onto surfaces such as drapes, linens, counter-

tops, door handles and so on. They can survive for long periods of time, typically several hours to 

days. On contact with personnel, the pathogens transmit and proliferate causing fatal infections. 

To address this concern, several surface disinfection techniques have been tested. Some of the 

techniques involve radiation techniques such as ultraviolet or ionizing radiation, using chemical 

disinfectants such as bleach, peracetic acid or hydrogen peroxide, using metal nanoparticles/salts 

of silver and copper in the polymer surfaces and so on. However, these methods have limitations 

such as eventual reservoir depletion leading to a loss in antimicrobial efficacy, inefficacy against 



diverse pathogens, nanoparticle leaching inducing additional health hazards or harming healthy 

cells in addition to pathogens. 

In this work, two alternative routes of surface disinfection have been investigated: 

antimicrobial photodynamic inactivation (aPDI) and antimicrobial anionic inactivation (aAI). 

Antimicrobial photodynamic inactivation requires a photosensitizer, a light source and molecular 

oxygen. The inactivation of pathogens occurs by the generation of singlet oxygen which is highly 

reactive and therefore can react with many components in pathogens. Unlike the target specific 

action of antibiotics, singlet oxygen inactivates pathogens by multimodal non-specific attack 

eliminating any chance for pathogens to develop resistance. We have employed a porphyrin class 

of photosensitizer, zinc-tetra(4-N-methylpyridyl)porphine (ZnTMPyP4+), in thermoplastic 

elastomer (TPEs) films. A host of bacteria mainly comprising of ESKAPE (Enterococcus faecium, 

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas 

aeruginosa and Enterobacter species) family of pathogens were tested against these films. In 

addition to this, enveloped (Vesicular stomatitis virus and Influenza A virus) and non-enveloped 

viruses (Human adenovirus-5) and fungi (Candida albicans) were tested. As the technique proved 

successful in eliminating a broad-spectrum of pathogens with films, the dissertation takes a shift 

in examining microfibers coated with ZnTMPyP4+. In light of the ongoing pandemic of COVID-

19, one of the alpha coronavirus strains, human coronavirus 229E, was also tested against the 

coated microfibers in addition to S. aureus and E. coli. 

In aAI, inactivation of pathogens is induced by a precipitous drop in the pH of aqueous 

media near polymer surface due to strongly acidic chemical moieties in the polymer. A sudden 

decrease in the pH can disrupt cell wall, promote protein denaturation and enzyme damage 

eventually causing cell death. Several classes of TPEs were used to inactivate similar bacteria and 



viruses as mentioned for aPDI studies. Most promising of the TPEs (poly[tert-butylstyrene-b-

(ethylene-co-propylene)-b-(styrene-co-styrenesulfonate)-b-(ethylene-co-propylene)-b-tert-

butylstyrene]) showed >99.999% efficacy against a hypervirulent Clostridium difficile (R20291) 

strain. In both methods, an inactivation of at least ~ 99.9+% was achieved against all pathogens. 

These results suggest the potential of aPDI and aAI methods to be employed as a prevention-

oriented alternative to combat the spread of deadly pathogens.   
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CHAPTER 1 

A Review on Antimicrobial Polymers 

1.1. THE RISE OF ANTIMICROBIAL RESISTANCE 

With the initial discovery of penicillin in the 1920s, the development of antibiotics for 

infection control continued vigorously up until the 1980s. Since then, however, very few new 

antibiotics have been identified. As seen in Figure 1.1, this period is often referred to as the 

‘Discovery Void’, a time of complacency fueled by the misbelief that antibiotics such as 

erythromycin, vancomycin, carbapenem and daptomycin were sufficient to effectively control the 

pathogens that underpinned most infectious diseases. As we now know, the overuse of antibiotics, 

infection misdiagnosis (e.g., prescribing antibiotics for viral infections), improper dosage and lack 

of effective infection prevention protocols enabled bacteria and fungi to evolve antibiotic 

resistance over time. As resistant strains eventually multiplied and proliferated, so did the 

resistance-conferring genes in these drug-resistant pathogens, thus engendering antimicrobial 

resistance. This rapid increase in antimicrobial resistance as a consequence of pathogen evolution, 

coupled with the lack of new antibiotics during the “discovery void”, has severely impacted the 

health care industry and general community, leading to what many now refer to as the “post-

antibiotic era”, a period where antibiotics are no longer able to control infections. 

Previously, antibiotic-resistant infections were predominantly seen to occur in hospitals, 

clinics and other healthcare settings. However, according to the Centers for Disease Control and 

Prevention (CDC), in the past decade, the spread of such infections has been observed in the wider 

community.1. Although many steps taken by the CDC in the last decade have decreased the spread 

of antibiotic-resistant pathogens that were previously classified as urgent or concerning threats, 

newer pathogens possessing antibiotic-resistance have emerged. Healthcare professionals have 
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been forced to deploy last-resort antibiotics to tackle infections caused by pathogens, often referred 

to as ‘superbugs’, which were once easily treated with classical antibiotics such as carbapenems. 

In 2016, a superbug was identified in a US patient that was resistant to colistin, a last resort drug,2 

and in that same year another case was identified by the CDC where a Klebsiella pneumoniae 

strain that was resistant to 26 different kinds of antibiotics led to the patient’s death.3 According 

to a recent report4 published by the CDC, at least 2.8 million antibiotic-resistant infections occur 

every year causing more than 35,000 deaths. Moreover, Clostridioides difficile, a major contributor 

of hospital acquired infections affecting elderly and patients with weakened immune systems, has 

only increased the burden associated with tragic loss of life. In 2017, C. difficile alone caused 

223,900 cases leading to 12,800 deaths. Although C. difficile itself is often not antibiotic-resistant, 

its proliferation is a side-effect from the use of antibiotics, particularly last-resort ones that are 

needed to treat drug-resistant infections. Antibiotic-resistant infections combined with other 

nosocomial infections incur an enormous economic burden of $28-45 billion every year in the 

United States.5 In a worldwide survey6 funded by the British Government in 2014, an emphasis 

was laid on the increase in antimicrobial resistance and the necessity to tackle it. According to the 

study, 700,000 lives are lost due to antibiotic-resistant infections. In India, 60,000 newborns die 

due to neo-natal antibiotic-resistant infections.7 A report8 published by the World Health 

Organization states that at least 37,000 deaths are caused by antibiotic-resistant pathogens every 

year in Europe. As seen in Figure 1.2, by 2050, it is estimated that 10 million lives could be lost 

if no action is taken to mitigate the spread of antimicrobial resistance. Despite these dire 

predictions, the public research funding between 2009-2014 for antimicrobial research was 15 

times lower than the expenditure for cancer research in the United States.9 In the private sector, 

the situation is much worse. Less than 5% of funding was allocated to antimicrobial research in 
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the pharmaceutical industry.10 These very low levels of investment in antimicrobial research only 

hinder the discovery of potential solutions and alternative strategies to tackle the problem of 

antimicrobial resistance. Without a significant change, the cumulative global cost of antibiotic-

resistant infections is estimated to rise to $100 trillion.6  

 

1.2. TRANSMISSION AND PROLIFERATION OF PATHOGENS 

Typically, pathogens can spread via direct physical contact, body fluids, airborne 

inhalation or indirect contact such as adhering to surfaces and spreading on contact with personnel. 

In the general community, and especially in healthcare settings where most antibiotic-resistant 

pathogens are found, the mode of transmission is by indirect contact. The bacteria, viruses and 

fungi can adhere to inanimate surfaces such as linens11,12, door handles13, packaging14, cleaning 

accessories15, monitoring16-18 and surgical equipment19,20, sanitaryware and so on.21-27 The 

occurrence of pathogens is not only limited to intensive care units and examination rooms, as some 

studies show they are present in ambulances, too.28,29 The pathogens can survive for long 

periods11of time on surfaces, and are then transmitted upon contact by a new host. Subsequently, 

they proliferate and induce infection. Although the pathogens can infect anyone, the patients and 

elderly are more prone to acquiring infection due to compromised or lowered immune systems. 

Patient-to-patient transmission occurs via cross contamination from the hands of healthcare 

personnel.30 In hospital rooms, when proper disinfection protocols are not followed, the next 

patient is at a higher risk of acquiring an infection if the previous patient was infected with disease 

causing pathogens. 

The US CDC has classified antibiotic-resistant pathogens into different threat levels, 

namely, urgent threats, serious threats and concerning threats. In addition to C. difficile which is a 
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major reason for hospital acquired infections, the classification includes most bacteria from the 

ESKAPE31 family (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Pseudomonas aeruginosa, Enterobacter species) and fungi (Candida species). Viruses such as 

norovirus32, adenovirus33 and influenza viruses34 also pose a significant threat as they are highly 

contagious. An estimated 490,600 people were hospitalized, and 34,157 people died during the 

2018-19 flu season35. 

Due to the rise in antibiotic resistance, infections that were previously easily treatable have 

now become fatal. To inhibit the loss of life and economic burden on the healthcare industry, the 

impetus is on finding alternative methods for infection control. Rather than an ex postfacto 

treatment method with the use of antibiotics, it would be beneficial in the long run to develop a 

preventive measure by effectively disinfecting these surfaces on which pathogens adhere, thereby 

eliminated the pathogen threat prior to its transmission to a new host. 

 

1.3. CONTEMPORARY DISINFECTION METHODS AND CONTROL MEASURES 

Currently, various chemical disinfectants such as alcohols, hydrogen peroxide, 

formaldehyde, glutaraldehyde, chlorine or chlorine-containing compounds are used as 

microbiocidal agents to clean surfaces. Alcohols typically include ethyl alcohol and isopropyl 

alcohol.36 The mechanism of disinfection using alcohols is driven by protein denaturation. As 

denaturation is quicker in the presence of water, alcohols are mixed with water and used as 

chemical disinfectants, with 70% ethyl alcohol being the most commonly used to disinfect 

surfaces.37 Although alcohols possess the ability to inactivate a wide variety of pathogens, there is 

evidence that they do not have the ability to completely eliminate spores.38 Moreover, repeated use 

of alcohol damages surfaces.36,39,40 Hydrogen peroxide kills pathogens by generating hydroxyl 
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radicals that attack various cell components in a pathogen. It is FDA approved and is classified as 

a high-level disinfectant, with 3% hydrogen peroxide being generally used to disinfect most 

inanimate surfaces. The limitation with hydrogen peroxide is that long term exposure to vapors 

can cause irritation to the mucous membrane. Often, when used on metal surfaces, hydrogen 

peroxide has a discoloring effect.41 Formaldehyde and glutaraldehyde facilitate alkylation of 

amino, sulfhydryl and carboxyl groups in pathogens which inhibits protein synthesis eventually 

leading to cell death.42-44 Glutaraldehyde is more potent at killing pathogens at lower 

concentrations and contact times in comparison to formaldehyde.45 Formaldehyde is labeled as a 

carcinogen46 by the Occupational Safety and Health Administration (OSHA) and has a pungent 

odor, while prolonged exposure to glutaraldehyde vapors may cause damage to mucous 

membranes, dermatitis or pulmonary disorders.47-52 Chlorine containing compounds such as 

hypochlorites (e.g., bleach) are widely used disinfectants. The mode of pathogens disinfection with 

these compounds occurs in multiple ways. As chlorine is a powerful oxidizer, it can oxidize of 

sulfhydryl groups, inhibit protein synthesis, rupture and/or suppress DNA synthesis, and cause loss 

of nutrients and intracellular contents.53,54 Drawbacks of chlorine-containing compounds include 

corrosiveness, bleaching effects on fabrics55, and toxic vapor release that causes esophagus56 and 

eye irritation57. Other chemical disinfectants, such as peracetic acid58, iodophors59 and phenolics,60 

have also been used on inanimate surfaces. However, most of the chemical disinfectants have one 

or more drawbacks associated with them such as: (i) no FDA approval, (ii) low/ambiguous 

antimicrobial efficacy or loss of efficacy over time due to short shelf-life, (iii) causes health 

concerns, (iv) possesses pungent odor or (v) is corrosive. Even when all the conditions are satisfied, 

all chemical disinfectants require personnel to regularly apply them to clean surfaces. Radiation 

techniques such as ionizing radiation61 and ultraviolet radiation61,62 or chemical treatments such as 
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ozone treatment63 are also used for surface sterilization, however these are cost intensive, harm 

healthy cells, a few are inadequate for use in surface disinfection and would require the removal 

of all personnel from the surroundings. 

To address the limitations posed by the contemporary methods of surface disinfection, it is 

vital to develop surfaces that are self-disinfecting, possess broad-spectrum antimicrobial efficacy, 

independent of frequent cleaning/disinfecting by healthcare personnel, cost-effective, durable and 

retain efficacy for longer periods of time, and above all are not harmful to humans. 

 

1.4. IN VITRO DETERMINATION OF ANTIMICROBIAL ACTIVITY 

Various standard protocols have been followed by researchers to evaluate the in vitro 

efficacy of antimicrobial materials, a few of which are described here. One of the most common 

methods is by the comparison of the colony forming units of bacteria (CFU/mL) exposed to the 

antibacterial material in comparison to a control sample.64-68 In this quantitative method, the 

bacterial stock solution is grown to a known concentration by measuring the optical density (OD), 

and a known volume of this bacterial stock solution is then exposed to the antimicrobial material. 

Subsequently, serial dilutions are prepared, and each dilution is plated on nutrient agar media, and 

the surviving bacteria are allowed to grow typically overnight leading to colony formation. A 

similar procedure is followed with the control materials. The control is taken as a reference and 

the number of colonies are counted to determine the inactivation or survival of bacteria exposed 

to the material. The antimicrobial efficacy is generally reported in terms of log reduction or % 

inactivation/survival. The log reduction and % survival can be calculated and related by the 

following equations: 

                         Log reduction (L)= Log10(A)-Log10(B) (1) 
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                                % Reduction=$1-10-L%×100 (2) 

where A represents number of viable cells in the control or before treatment, and B represents the 

number of viable cells in the sample or after treatment. 

In another standard called the Kirby-Bauer disk diffusion method69, the inhibition zones 

are quantified to determine the antimicrobial efficacy. The material is brought in contact with a 

nutrient agar plate that was previously inoculated with bacteria. After a chosen amount of time, 

the plates are observed for zones where bacterial growth is inhibited. This semi-quantitative 

method determines the diameter of bacterial inhibition while giving an estimate of the diffusion of 

the antimicrobial agents from the material. 

Another widely used test method is by determining the minimum inhibitory concentration 

(MIC) required to inhibit bacterial growth.70,71 This method is usually effective for testing the 

antimicrobial efficacy of materials that can be suspended in the broth, e.g., nanoparticles. The 

active antimicrobial agent is serially diluted to various concentrations. An equal volume of this 

solution is inoculated with a bacterial solution for a chosen period of time. Subsequent to 

incubation, the dilution series is observed for microbial growth. The serial dilution of the 

antimicrobial agent at which no microbial growth is observed corresponds to the MIC. 

Numerous protocols including, but not limited to, end point dilution assay72-74, plaque 

assay75-78, and hemagglutination inhibition assay79,80 are employed to determine antiviral efficacy. 

In plaque assays, the viral suspension is brought in contact with the antimicrobial agent for a 

chosen amount of time. Subsequently, mammalian cells cultured to a known concentration are 

infected with the viral suspension previously exposed to the antimicrobial material. Mammalian 

cells directly infected by a viral stock suspension serves as the control. The live viral cells infect 

the mammalian cells by forming a plaque which can be observed under a light microscope. One 
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can also use staining agents such as crystal violet which selectively stains live mammalian cells. 

The antiviral efficacy is calculated by comparing the plaque forming units (PFU/mL) achieved 

with the control viral stock suspension to the viral suspension exposed to the antimicrobial sample. 

In the endpoint dilution assay, the tissue culture infectious dose (TCID50) is determined. It 

is defined as the viral concentration required to kill 50% of the host cells. Initially, the viral 

suspension is exposed to the antimicrobial material. Later, the mammalian cells are exposed to 

serial dilutions of this viral suspension and incubated for a period of time. Subsequently, the 

infected cells are manually observed and TCID50 is calculated. In most cases, TCID50 is calculated 

by either the Spearman-Karber73,74 or Reed-Muench methods.72 Usually, the end point dilution 

assay yields results faster compared to the plaque assay. Furthermore, the reagents required for the 

end point dilution assay are less expensive. Other methods for the detection of virus include flow 

cytometry81, enzyme-linked immunosorbent assay (ELISA)82,83 and the polymerase chain reaction 

(PCR).84,85 Direct methods, such as transmission electron microscopy86 (TEM), can be used to as 

a quantitative technique to determine antiviral efficacy. However, due to complicated sample 

preparation and the high cost of the equipment, TEM use has been limited. 

  

1.5. ANTIMICROBIAL POLYMERS AS SELF-DISINFECTING SURFACES 

Several strategies have been tried to prepare self-disinfecting surfaces by mainly using 

inherently antimicrobial polymers or physically impregnating or covalently attaching 

microbiocidal agents to the polymers to impart antimicrobial activity.  

 

1.5.1. Antimicrobial agents incorporated in polymers 

Metals, metal nanoparticles & metal oxides. Metal ions, metal nanoparticles and metal oxides 
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have been extensively studied and are known to possess antimicrobial properties. Some of the 

earliest examples employed silver and copper for medical purposes such as sterilizing wounds, 

treating infections and disinfecting drinking water.87,88 More recently, metal oxides such as 

titania89 and zinc oxide90 have been incorporated into polymers, either alone or in combination 

with other antimicrobial agents.  

Many mechanisms have been proposed for the antimicrobial efficacy of silver, but, the 

exact mechanism is still obscure. Silver ions can bind to electron donor groups containing nitrogen, 

oxygen or sulfur such as sulfhydryl groups present in the cell wall, and block respiration and 

electron transfer.91-94 Silver interferes with the ion transport/proton motive force across the cell 

membrane. Additionally, it can form complexes with intracellular components eventually leading 

to cell death.95,96 The cytoplasmic membrane is believed to be the primary target according to some 

studies.92,97 However, there is evidence that silver ions can react with intracellular components 

when present in higher concentrations.95,96 The toxicity of silver nanoparticles is higher than salts 

or elemental silver due to an increase in the surface area that comes into contact with pathogens.98-

100 The size of nanoparticles facilitates easier penetration into the cell membrane and blocks the 

respiratory chain that results in cell death.101 Silver nanoparticles have been reported to disrupt 

DNA replication and inhibit ATP production culminating in a loss of cell viability.102 Moreover, 

the concentrations of silver nanoparticles required to inhibit bacterial growth is typically 10-fold 

lower in comparison to silver ions. In a study by Lok et al.103 nanomolar concentrations with silver 

nanoparticles resulted in same antimicrobial efficacy in comparison to micromolar concentrations 

using silver ions. Although silver has been employed in many forms, silver nanoparticles have 

been the most extensively studied due to larger surface areas and higher antimicrobial efficacies. 

El-Shistawy et al.104 developed an in-situ process for coating cotton fabrics with silver 
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nanoparticles. Pre-wetted cotton fabrics were immersed in silver nitrate solution (AgNO3), 

followed by addition of glucose and cetyl trimethyl ammonium bromide (CTAB) and sodium 

hydroxide (NaOH). Subsequently, the fabrics were washed and dried to obtain silver nanoparticle-

coated cotton fabrics. The presence of silver nanoparticles (AgNPs) was confirmed by scanning 

electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS) and Fourier transform 

infrared analysis (FTIR). As seen in Figure 1.3., the rough texture on the cotton fabrics in the SEM 

images indicates the presence of AgNPs. The AgNPs-coated fabrics were tested against Candida 

albicans, S. aureus, Escherichia coli and Bacillus subtilis using the Kirby-Bauer disc diffusion 

method with a disc diameter of 0.5 cm. The inhibition diameter of 1-1.2 cm was observed against 

all the pathogens tested showing the antimicrobial efficacy of the APNPs loaded cotton fabrics. 

Zhang et al.105 followed similar method by immersing cotton fabrics in colloidal silver 

nanoparticle solutions which were prepared by vigorous mixing of AgNO3 and an amino-

terminated hyperbranched polymer (HBP-NH2). The size of the silver nanoparticles determined 

by dynamic light scattering were 10-30 nm with an average diameter of 18 nm as corroborated by 

TEM images. The presence of AgNPs on cotton fabrics was determined by X-ray photoelectron 

spectroscopy (XPS). An increase in the size of AgNPs to 50 nm due to agglomeration during the 

coating process was reported. The fabrics were tested against S. aureus and E. coli by the colony 

counting method. Although the levels of inactivation initially were 99.26% and 99.01% against S. 

aureus and E. coli initially. The changes in efficacy were insignificant even after twenty laundering 

cycles at 99.02% and 98.77% respectively. 

A nylon polymeric substrate coated with metallic silver was used by Deitch et al.106 A 

novel method of antimicrobial testing was performed where the bottoms of culture tubes were cut 

out and replaced with the silver coated nylon fabric. Nutrient-agar was poured on top and 
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subsequently inoculated with bacteria or fungi from a bacterial or fungal broth grown for 18 h. 

After the setup was incubated for 24 h at 37 °C, the agar surface was observed for growth. A swab 

of half of the top surface of agar was sub-cultured to determine the antimicrobial efficacy of the 

silver coated nylon fabric. It was observed that the silver ions diffuse into the agar to inactivate the 

pathogens. The antimicrobial efficacy was tested for various agar heights. A ~7 log unit reduction 

was observed for P. aeruginosa, S. aureus and C. albicans.  

Although conventional studies have coated either cotton fabric or polymers with silver 

nanoparticles, Maráková et al.107 took advantage of the reducing capability of conducting polymers 

such as polyaniline and polypyrrole. Cotton fabrics were initially coated with the conducting 

polymers. Following this, the fabrics were immersed into AgNO3 solution where the silver was 

reduced to its metallic form and deposited on the polymer surface as nanoparticles as seen in the 

SEM images (Figure 1.4). The antimicrobial efficacy against S. aureus and E. coli was determined 

by measuring the diameter of the inhibition zones. Atmospheric pressure plasma deposition was 

use by Deng et al.108 to deposit a thin reservation layer as termed by the authors of organosilicon 

on a nonwoven polyethylene terephthalate (PET) fabric followed by incorporation of AgNPs by a 

dipping process. The samples were dried, after which a second organosilicon layer was deposited 

to act as a barrier and control the release of silver ions from the AgNPs (Figure 1.5). A decrease 

in the antimicrobial efficacy was observed with an increase in this barrier thickness. Samples with 

no barrier showed at least 80% reduction against S. aureus, P. aeruginosa and C. albicans while 

samples with barrier layers of 10 nm and 50 nm thickness showed 60% and 30% reduction, 

respectively. Even after repeated wash cycles, no appreciable decrease in the antimicrobial 

efficacy was observed in samples with a barrier layer. 

A patented ion-beam assisted deposition (IBAD) technique109,110 was employed by Klueh 
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et al.111 to coat polyethylene terephthalate with metallic silver. Batch and flow cell colonization 

experiments were performed. Antimicrobial growth rate in the presence of silver coated PET was 

5-6 times lower than controls in both cases. A SYTO-9/propidium iodide LIVE/DEAD staining 

assay was used to stain the cells. Live cells with an intact cell membrane are stained green by 

SYTO-9, while propidium iodide enters the ruptured cell wall and stains the cells red112. In a study 

by Tessier et al.,113 silver salts were deposited on nylon fabrics by a dip coating process. Neither 

the original aspect nor color of the fibers had changed after the coating process. The nano-sized 

silver salts can be clearly seen on the surface of the fibers in the SEM images (Figure 1.6). 

Antibacterial tests were carried out against S. aureus and E. coli by measuring the zones of 

inhibition that measured from 2-3 mm. Recently, numerous studies similar to the ones discussed 

above have been performed with metallic silver, AgNPs, silver salts and silver oxide.114-122  

Copper acts in a similar way as silver via the oxidation of proteins and lipids in the cell 

membrane123. Champagne et al.124 demonstrated that killing efficacy varies with the type of 

deposition technique employed, e.g., plasma, arc or cold spray coating. Copper surfaces fabricated 

by the cold spray technique resulted in enhanced antibacterial efficacy of ~4 log units and ~3 log 

units against methicillin-resistant S. aureus in comparison to plasma and arc spray techniques, 

respectively. A difference in deposition density as shown in the cross-sectional images of the 

copper depositions and hardness directly affects antibacterial efficacy (Figure 1.7). Laser cladding 

was employed as a coating technique for deposition of copper-silver alloy on stainless steel by 

Hans et al.125 In this method, copper and silver powders were mixed in a 9:1 ratio and melted 

during their deposition on to a stainless-steel substrate with helium as the protective gas. To get 

maximum adhesion between the clad layer and the substrate, parameters such as laser power, laser 

focal diameter, laser speed and powder flow were optimized. Antimicrobial tests were performed 
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with E. coli and a ~6 log unit reduction was obtained by the end of 180 min with a Cu-Ag clad 

layer, while only a ~4 log unit reduction was achieved for pure Cu after the same period of time. 

Surprisingly, pure Ag did not exhibit any significant reduction despite it being considered an 

antimicrobial metal. It has been shown that there is an enhanced synergistic antimicrobial effect 

of Cu-Ag when compared to either of the individual ions alone.126 Montero et al.127 have performed 

a pilot study at an intensive care unit where high touch surfaces such as bed rails, tables and IV 

poles were coated with a copper composite. The results showed a significant decrease in the 

aerobic microbial burden on bed rails (66%) and overbed tables (56%). In the same report, in vitro 

studies showed a reduction > 99.9% against S. aureus, P. aeruginosa, E. coli and Listeria 

monocytogenes compared to the controls. In a study by Ballo et al.,128 polyurethane catheters were 

coated with Ag/Cu (67/33% atomic ratio) by a direct-current magnetron sputtering technique. The 

catheters were immersed in PBS and rat plasma to closely simulate blood and the effect of plasma 

proteins on the efficacy of the Ag-Cu coated catheters. When exposed to 104 to 108 CFU/mL of 

methicillin-resistant S. aureus, the coated catheters showed only 0-12% colonization while the 

uncoated catheters showed 83-100% colonization. Magnetron sputtering was also previously 

employed by Hussain et al.129 to coat silicon rubber, polyvinyl chloride (PVC), Teflon and butyl 

rubber discs that are commonly used polymeric materials for urinary catheters. An Ag-Cu coating 

was applied to these materials and tested against S. aureus and S. epidermidis. An appreciable 

reduction of bacterial colonies was observed after 10 h of exposure to these coated materials. After 

24 h, the bacterial colonies were completely eliminated. 

Kredl et al.130 used an air plasma jet to develop a very thin layer of (~100 nm) Cu deposited 

coating on acrylonitrile butadiene styrene (ABS) polymer. The height profiles were investigated 

with different air flow rates. Antimicrobial efficacy was ascertained with different flow rates and 
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input currents. A higher air flow rate and input current resulted in a uniform layer of Cu coating 

on ABS, while lower ones resulted in non-uniform coating giving rise to individual copper 

particles instead of a film. The antimicrobial tests were carried out against S. aureus and the 

antimicrobial efficacy was determined using the colony counting method. A reduction of 93% was 

achieved with ABS coated with higher Cu content at a higher input current and air flow rate. 

Similar coating techniques, such as aerosol assisted chemical vapor deposition, have also been 

employed by Ozkan et al.131 to generate superhydrophobic water-repellant antibacterial surfaces. 

In a two-step process, polydimethylsiloxane (PDMS) dissolved in chloroform was initially coated 

on a glass substrate. The solvent evaporated leaving behind a cured thin layer of PDMS. Copper 

nanoparticles were prepared by adding L-ascorbic acid to a copper chloride solution and heated to 

70 °C. A dark brown color indicated the completion of the reaction. Subsequently, Cu 

nanoparticles were suspended in methanol and deposited on to the PDMS layer as shown in Figure 

1.8. Antimicrobial testing was carried out against S. aureus and E. coli. A 4-log unit reduction was 

observed against E. coli just after 15 min, while it took 60 min against S. aureus to show a similar 

reduction. 

Monk et al.132 studied the antimicrobial efficacy of a copper oxide impregnated non-porous 

solid surface developed by Cupron. The substrate comprises a blend of materials such as polyester, 

acrylic alloys, dyes and pigments, and was impregnated with 16% copper oxide by weight. The 

SEM and EDS images (Figure 1.9) reveal the presence of copper oxide particles in surface and 

cross-sectional SEM images (white dots in SEM and purple dots in EDS represent the copper oxide 

particles). Antibacterial tests were performed against the ESKAPE family of pathogens including 

antibiotic-resistant strains. Environmental protection agency (EPA) approved protocols with 

multiple wet and dry abrasion cycles were employed to perform antibacterial testing. All the 
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experiments with every pathogen exhibited a 3-log unit reduction (>99.9%) except for P. 

aeruginosa (99.8% & 99.2%) in the continuous sanitizing test. However, these values were still 

above the approved acceptance criteria ascertained by the EPA (99%) for continuous efficacy kill 

rates. In addition to silver and copper that have been widely investigated for antimicrobial 

properties, other metal oxides such as titanium dioxide133-138 and zinc oxide90, 139-143 have also been 

employed.  

Although the metals and metal oxides have proven to be successful in eliminating 

pathogens, metal resistance has also been reported. Bacteria have developed various mechanisms 

to counteract the effect of these biocidal metals. One such method is to reduce the uptake of 

metals.144,145 Bacteria possess transporters across the cell membrane which can facilitate the efflux 

of metals from the cell.146-148 Extracellular149-152 and intracellular sequestration153,154 mechanisms 

help bacteria to produce extracellular polymers or siderophores that possess functional groups that 

bind with metals, thereby protecting the vital intracellular components. The metals are restricted 

to the outside of the cell membrane in extracellular sequestration, while the metals are restricted 

to the periplasmic space between the outer and inner membrane in intracellular sequestration. 

Alternative metabolic pathways can be followed by bacteria to bypass the loss of activity by metal 

disrupted enzymes.155 Damaged cell components that were oxidized by metals can be repaired by 

cellular enzymes or antioxidants.156 The bacterial cells secrete agents that react with the toxic 

metals in a redox reaction or covalently bind them, thereby, converting them into metal crystals or 

alter the reactivity of highly toxic metals to less toxic forms.148Resistance to silver,157 copper152 

and zinc145 have been observed through the above resistance mechanisms. Moreover, TiO2 kills 

microbes by production of reactive oxygen species (ROS) such as superoxide or hydroxyl radicals, 

when excited with photons of the wavelength below 385 nm making it only active in the ultraviolet 
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(UVA) regime.158 The photocatalytic activity of TiO2 only in the UVA limits its large-scale indoor 

use as a coating. 

 

Photosensitizers. More recently, a number of materials based upon antimicrobial photodynamic 

inactivation (aPDI) have been investigated. Photodynamic materials employ a photosensitizer 

(PS), light and molecular oxygen to generate biocidal reactive oxygen species (ROS). As seen in 

Figure 1.10, when illuminated by light a PS in its ground singlet state (S0) is excited to a higher 

singlet state (S1, S2, S3…Sn) upon photon absorption, and through non-radiative decay relaxes to 

the first excited singlet state (S1). From here, two pathways are possible: (1) the S1 excited singlet 

can relax back to S0 ground singlet state by emitting a photon via fluorescence, or (2) intersystem 

crossing (ISC) occurs, where a spin-forbidden transition occurs as the excited singlet state (S1) 

gets converted to an excited triplet state (T1). From this triplet state, the PS can either lose energy 

through phosphorescence (photon emission), or it can exchange energy with ambient molecular 

oxygen in the triplet ground state (3O2) to produce reactive oxygen species (ROS); in both cases, 

the PS reverts back to its ground singlet state (S0).159 The energy loss due to fluorescence is rapid 

compared to the energy loss by phosphorescence. Therefore, the lifetime of the excited singlet 

state (10-9-10-6 s) is typically orders of magnitude shorter than the excited triplet state (10-3-10-2 

s).160 For an ideal photosensitizer, a high rate of intersystem crossing and slow relaxation pathways 

are vital to produce ROS. Reactive oxygen species can be produced via two mechanisms, termed 

Type I and Type II. The Type I mechanism involves either an electron absorption or transfer 

between a substrate and the excited PS to generate free radicals (e.g., hydroxyl radicals or 

superoxide). The Type II mechanism involves the complete transfer of energy from the excited PS 

to molecular oxygen to produce singlet oxygen (1O2). Although both mechanisms are possible, it 
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has been observed that most photosensitizers operate via Type II mechanism.161For in vitro 

applications such as surface coatings, photophysical properties such as a high triplet quantum 

yield, high singlet oxygen quantum yield, low photobleaching and high PS stability are desired.  

 

Types of photosensitizers. The early development of photosensitizers focused more on their use 

in photodynamic therapy (PDT) to treat acne,162 psoriasis163, and the initial stages of skin cancer.164 

In PDT, typically a red light is used as the skin tissue is more transparent to the near infrared 

wavelength. This is referred to as the phototherapeutic window: the spectral range of visible and 

NIR light (650–850 nm) characterized by a high penetration depth into human tissues.165 Other 

requirements for an ideal PS in PDT are: a strong absorption spectrum in the red/near-infrared 

wavelengths, solubility in biological media, low dark toxicity, should not extensively harm healthy 

cells, and can be rapidly excreted post-treatment. Some of the commercially available PSs 

commonly used in PDT are Photofrin®, Levulan®, Foscan®, Visudyne® and Metvix®. 

Given these PDT-centric requirements, aromatic organic molecules such as porphyrins, 

chlorins, and phthalocyanine dyes were among the earliest classes of photosensitizers investigated 

in photodynamic materials. However, as there is no requirement for light absorption in the 

phototherapeutic window for aPDI-based materials, a wider scope of photosensitizers have been 

studied, including natural and synthetic tetrapyrroles, phthalocyanines, phenothiazines (methylene 

blue) and xanthene dyes (rose Bengal). Nanoscale materials have also garnered significant 

attention for therapeutic applications (e.g., biological imaging, photodynamic therapy and 

nanomedicine), and a number of photodynamic materials have been developed that include 

quantum dots (both metal and carbon-based), doped nanoparticles, and polymer dots. 
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Photodynamic inactivation mechanism of singlet oxygen (1O2): effectiveness and challenges. 

Singlet oxygen (1O2) is produced when the PS exchanges energy with triplet state molecular 

oxygen (3O2). An energy higher than 94 kJ/mol is required for the production of singlet oxygen. 

An advantage of employing singlet oxygen (and other ROS) as a biocidal agent is that it is both 

unstable and very reactive. It can rapidly interact with its surroundings and revert to ground state 

singlet oxygen within a very short period of time, typically on the order of 10-9-10-6 s in aqueous 

media and 10-3 s in air.166,167 Due to these short-lifetimes and rapid loss of energy, singlet oxygen 

can remain effective only at short distances (100-200 nm), called a sphere of activity.168 Single 

celled organisms such as bacteria, viruses and fungi can be easily inactivated by singlet oxygen 

through widespread oxidative damage. Singlet oxygen rapidly oxidizes organic compounds in its 

vicinity, including cellular components such as lipids, nucleic acids, and genomic DNA, and it can 

disrupt various metabolic pathways in a cell. Moreover, singlet oxygen can react with multiple 

components and cause lipoxidation in the cell wall leading to cell lysis.169 In addition to broad-

spectrum pathogen inactivation, an added advantage is that unlike the target-specific effect of 

antibiotics, the multimodal attack of singlet oxygen means that pathogens developing resistance to 

aPDI is highly unlikely.170 

When employed against bacteria, singlet oxygen can inactivate Gram-positive strains more 

easily than Gram-negative ones. This is due to the structural differences between these two 

classification types. As seen in Figure 1.11 Gram-positive bacteria possess a relatively thick (up 

to 80 nm) peptidoglycan layer,171 however, peptidoglycans are not an effective barrier and are 

prone to attack from singlet oxygen (and other ROS), leading to pathogen inactivation. Gram-

negative bacteria possess an outer membrane that consists of a lipopolysaccharide layer that 

protects the 3 nm bi-lamellar peptidoglycan layer (in addition to the inner membrane). This outer 
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membrane is more challenging to disrupt through oxidative stress, making Gram-negative bacteria 

more tolerant to aPDI compared to Gram-positive ones. Another major challenge of photodynamic 

inactivation is overcoming the effect of biofilms, which provide a physical barrier and increased 

separation between the ROS-emitting PS and the pathogen. Spore forming pathogens also pose a 

major challenge to effective photodynamic inactivation. For e.g., C. difficile spores have multiple 

layers (exosporium, coats, cortex, germ cell wall) that protect the core.172 It becomes extremely 

difficult for singlet oxygen to penetrate these multiple layers due to its high reactivity and short 

effective distance. 

 

Case studies of photodynamic photodynamic materials. Numerous studies have fabricated 

photodynamic coatings that employ the PSs in conjunction with a substrate, polymeric or 

otherwise. For example, Shlar et al.173 have employed polyethylene terephthalate as a support 

substrate and electrostatically coated it with poly-L-lysine (PLL), poly-L-glutamic acid (PLGA) 

and carboxymethyl-β-cyclodextrin (CMBCD). These layers possessed the architecture (PLL-

PLGA)6-(PLL-PLGA-PLL-CMBCD)n. To impart the antibacterial properties to the films, 

curcumin, a naturally-derived PS, was crosslinked with cyclodextrin. The maximal antibacterial 

effect was observed when n = 20, with a ~5 log unit reduction acheived after 8 h of exposure at an 

illumination intensity of 1050 ± 250 lux. A similar study was performed by Yao et al.174 where 

another PS, methylene blue (MB), was incorporated into a hyaluronic acid (HA)/cyclodextrin (CD) 

substrate. The HACD coating was prepared by spray deposition subsequent to which MB was 

selectively incorporated at the CD sites by a dipping method. The antibacterial tests were carried 

out against MRSA. HACD/MB coatings showed a 99% inactivation when irradiated by a 660 nm 

laser for 10 min. This was further corroborated by a SYTO-9/propidium iodide (PI) LIVE/DEAD 
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assay. In another study by Perni et al.,175 methylene blue (MB) and gold nanoparticles (AuNPs) 

were embedded in polysiloxane polymers by a swell-encapsulation-shrink method. It was observed 

that the presence of AuNPs enhanced the ability of MB to inactivate bacteria in the presence of 

light. Methicillin-resistant S. aureus (MRSA) and E. coli were tested against various films. 

Irradiation was carried out at 660 nm. Films containing only MB inactivated ~1.0 log unit of E. 

coli after 10 min of exposure while films containing both MB and AuNPs inactivated ~2.0 log 

units. The antimicrobial effect against MRSA was more pronounced: the MB-only films achieved 

a ~3.0 log unit reduction after 8 min of irradiation while this level of inactivation was achieved in 

5 min in the films containing both MB and AuNPs. 

Decraene et al.176 fabricated cellulose acetate coatings containing two commonly used 

photosensitizers, toluidine blue O (TBO) and rose Bengal (RB). The photosensitizers were initially 

added to a solution of cellulose acetate in acetone. Following this, the acetone was allowed to 

evaporate over 48 h. Controls were prepared in a similar fashion. The photodynamic tests were 

conducted at 28 W for 6 h against S. aureus that was sprayed onto the coatings. The bacteria were 

suspended separately for testing in three solutions: phosphate buffered saline, saliva, and horse 

serum. Inactivation of 78.9% and 99.8% was achieved with horse serum and PBS, respectively, 

while 97.6% inactivation was observed with bacteria suspended in saliva. Interestingly, 

inactivation of 72.4% and 88.1% were observed in PS-free samples with bacteria suspended in 

PBS and saliva, while no appreciable inactivation was observed in PS-free sample with bacteria 

suspended in horse serum. Similar cellulose acetate coatings containing TBO were fabricated by 

Wilson.177 The films were tested using a 60 W domestic light bulb. Films without TBO were used 

as controls. Gram-positive MRSA and Gram-negative P. aeruginosa were exposed to the films for 

8, 16 and 24 h. A 94% reduction was observed for MRSA after 24 h while P. aeruginosa showed 
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99.9% reduction. 

While some methods followed physical incorporation and encapsulation of PSs to the 

polymer matrix, Galstyan et al.178 covalently attached the PSs to the polymer substrate. A boronic 

acid functional group was used to anchor silicon (IV) phthalocyanine to polyvinyl alcohol. The 

films were tested against E. coli at various illumination intensities from 0-36 J/cm2. In addition to 

reduction in the CFU/mL the films also showed their efficacy against formation of biofilms as seen 

in Figure 1.12. While most applications require the PS to be physically present at the surface, an 

immobilization technique was adopted by Felgenträger et al.,179 where meso-tetraphenylporphyrin 

(TPP) was immobilized onto a polyurethane (PU) and sprayed onto a polymethylmethacrylate 

(PMMA) substrate. When illuminated at 50 mW/cm2, the gas-permeability of PU was sufficient 

enough to generate singlet oxygen that could diffuse to the surface to inactivate S. aureus. After 

an irradiation time of 30 min, a >3 log unit reduction was observed. 

Another area of photodynamic materials has been in fabricating antimicrobial textiles and 

fabrics that could be employed in healthcare settings (e.g., curtains, linens, medical gowns). Ringot 

et al.180 fabricated a porphyrin-grafted cellulose fabric through a nazide-alkyne Click chemistry 

reaction. Cellulose fabrics were modified by reaction with triphenylphosphine (PPh3) and sodium 

azide (NaN3) to replace the proton on the hydroxyl group and introduce the azide functionality. 

Alkylation of monohydroxyphenyltritolylporphrin was performed with propargyl bromide 

(C3H3Br) in the presence of potassium carbonate (K2CO3) and was subsequently metallated using 

zinc acetate (Zn(CH3COOH)2). The zinc-metallated porphyrin was grafted onto azido cellulose 

fabric by Click chemistry in the presence of copper acetate. The photodynamic fabrics thus 

produced were impregnated onto agar plates seeded with S. aureus and E. coli. Following this, the 

samples were irradiated for 24 h under white light at an intensity of 1000 lux. A similar setup in 



   

22 
 

the dark served as a control. Subsequently, the samples were transferred to 20 mL of PBS, blended, 

and serial dilutions were made and seeded onto agar plates for culture at 37 ºC for 24 h. With 

irradiated samples, a minimal growth of 0.7 log unit compared to the initial count in bacterial stock 

solution was observed. However, the samples kept in dark showed an increase of 3 log units. 

Carpenter et al.181 also employed the Cu(I)-catalyzed Huisgen-Meldal-Sharpless 1,3-dipolar 

cycloaddition reaction to produce cellulose covalently appended with various porphyrin-based and 

borondipyyromethene (BODIPY) PSs. All the photodynamic experiments were carried out at 65 

± 5 mW/cm2 with non-coherent visible light for 30 min. The PS-grafted cellulose papers were 

tested against two Gram-positive bacteria (S. aureus and vancomycin-resistant Enterococcus 

faecium) and three Gram-negative bacteria (A. baumannii, P. aeruginosa and K. pneumoniae). The 

porphyrin-based cellulose papers were more effective than their BODIPY-based counterparts at 

mediating photodynamic inactivation of these pathogens. As seen in Figure 1.13, the inactivation 

of ~99.97 % was observed against P. aeruginosa with porphyrin-based cellulose paper while the 

highest inactivation achieved with BODIPY-based cellulose paper was ~99.5 % against A. 

baumannii. The difference in the performance of the cationic porphyrin-based and neutral 

BODIPY-based cellulose papers can be attributed to the electrostatic charge interaction between 

the PSs and bacteria. It was surmised that the negatively charged anionic bacterial cell membrane 

would favor interaction with the cationic porphyrin photosensitizers, thereby minimizing their 

spatial separation and overcoming the limited diffusion distance of singlet oxygen, whereas the 

neutral PSs fail to do so. The cationic porphyrin-based PS showed an inactivation of ~99.995%, 

~99.5% and ~99.0% against the viruses dengue-1, influenza A and human adenovirus-5, 

respectively.  

To enhance antimicrobial efficacy, dual-action fabrics were produced by Chen et al.182 A 
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cellulose fabric was initially coated with ε-polylysine (EPL) by dipping to obtain EPL-fabric. 

Subsequently, the fabric was dipped in a solution containing zinc phthalocyanine (CPZ) that was 

previously dissolved in dimethylformamide (DMF)/pyridine (95/5 v/v) and incubated overnight 

along with dicyclohexylcarbodiimide (DCC). After the reaction was complete, the fabric was 

washed several times with DMF and DI water to obtain CPZ-EPL-fabric. The two layered coatings 

work in tandem and in distinct manners to synergistically inactivate bacteria. The positively 

charged EPL electrostatically disrupts the negatively charged bacterial membrane, while CPZ 

produces ROS that can inactivate the bacteria by generating an oxidative stress response. When 

illuminated by a red light at 150 mW/cm2, the monolayered EPL-fabric only achieved a 0.5 - 0.7 

log unit reduction with S. aureus, E. coli and MRSA, whereas the dual layered CPZ-EPL-fabric 

achieved a ~2.0 log unit reduction with S. aureus and MRSA and a ~ 3.0 log unit reduction with 

E. coli. Moreover, the mechanical properties of the treated fabrics did not seem to change 

significantly in comparison to untreated fabrics. Stanley et al.183 prepared an electrospun 

polyacrylonitrile (PAN) nonwovens textile that had a cationic porphyrin-based PS embedded in it. 

In addition to bacteria belonging to the ESKAPE family of pathogens, vesicular stomatitis virus 

(VSV, an enveloped virus) and human adenovirus (HAd-5, a non-enveloped virus) were also 

tested. When illuminated with non-coherent light at 65 mW/cm2 for 30 min, all of the bacterial 

strains (two Gram-positive and three Gram-negative bacteria) showed at least ~99.9996% 

inactivation. Under similar conditions, VSV was inactivated to >99.99999% and HAd-5 was 

inactivated up to 99.8%. Stoll et al. 184 also fabricated similar electrospun nylon and PAN fibers 

containing a BODIPY-based photosensitizer. Although ~99.9999% inactivation was achieved 

against MRSA, VR E. faecium, and MDR A. baumannii, the films were not significantly effective 

against K. pneumoniae showing only 47-75% inactivation. 
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In another study by Ringot et al.,185 cotton fabrics were treated with cyanuric chloride to 

facilitate the covalent attachment of anionic, neutral and cationic porphyrin-based PSs. In all cases, 

a grafting density of ~0.3-0.4 μmol/mg of cotton sample was achieved. The covalent attachment 

of PSs was confirmed by Fourier transform infrared spectroscopy in the attenuated total reflectance 

mode (FTIR-ATR). Following 24 h of irradiation at 9.5 J/cm2, an average efficacy of ~ 37.0%, ~ 

93.7% and 100% was achieved with anionic, neutral and cationic PSs. Moreover, cationic PSs 

showed dark cytotoxicity due to the presence of quaternary ammonium charge that has been 

extensively reported in the studies described in the later sections of this chapter to possess 

antibacterial properties. Another reason for the higher performance of the cationic PS was its 

greater singlet oxygen quantum yield in comparison to the neutral and anionic PSs. Bozja et al.186 

have grafted protoporphyrin IX (PPIX) and zinc protoporphyrin IX (ZnPPIX) onto nylon-6,6 films 

using a polyacrylic acid (PAA) scaffolds. A PAA scaffold was grafted onto nylon-6,6 to increase 

the number of reactive sites to which the PSs could be subsequently attached. Initially, nylon films 

measuring 2 x 2 cm were added to PAA solution followed by addition of N‐hydroxy‐succinimide 

(NHS) and 1‐ethyl‐3‐(3‐dimethylaminopropyl) carbodiimide hydrochloride (EDC). After 24 h, the 

films were removed and vigorously washed multiple times for another 4-8 h for complete removal 

of unreacted PAA. Ethylene diamine functionality was introduced on to PPIX and ZnPPIX by 

initially dissolving the PSs in DMF and adding ED followed by NHS and EDC. PPIX-ED was 

precipitated out while ZnPPIX-ED was stored in DMF due to its enhanced solubility. The 

attachment of PPIX-ED and ZnPPIX-ED to PAA-grafted nylon-6,6 films was carried out by 

addition of NHS and EDC. The reaction was left overnight and the final PS-grafted films were 

rinsed and washed thoroughly multiple times. The films were tested against S. aureus and E. coli. 

Irradiation was carried out at various intensities from 10000-60000 lux for 30 min. Although no 
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bacterial killing was observed against E. coli, S. aureus was inactivated to ~95% at 60000 lux with 

both PPIX and ZnPPIX grafted PAA-nylon-6,6 films. Similar studies reported in the literature 

encompass several other photosensitizers, either physically incorporated in or covalently attached, 

to a wide variety of substrates for antimicrobial and other purposes.187-190 

 

1.5.2. Inherently antimicrobial polymers 

Naturally occurring polymers. Naturally occurring antimicrobial polymers present a potential 

solution to the disinfection of surfaces. Advantages of naturally occurring polymers are that they 

are ecofriendly, biocompatible, biodegradable, abundantly available and inexpensive. Chitin, 

chitosan and ε-poly-L-lysine are naturally occurring antimicrobial polymers. Chitosan derivatives 

have also been extensively investigated for their inherent antimicrobial properties. 

Chitin is a long cationic polymeric chain consisting of N-acetylglucosamine units 

connected by β (1→4) glycosidic linkages. It is an abundantly occurring natural polymer only 

second to cellulose. It is the primary component in the cell walls of fungus, exoskeletons of 

crustaceans and insects.191 Its structure is very similar to cellulose except that one of the hydroxyl 

groups is replaced with an acetylamine functionality. Although chitin has limited applications as 

an antimicrobial material for coatings, chitosan and its derivatives have been used independently 

or in conjunction with other antimicrobial materials for application in biomedical implants,192-194 

food packaging195,196 and textiles.197-199 As seen in Figure 1.14, chitosan is obtained by 

deacetylation of chitin. The degree of deacetylation (DDA) defines many properties of chitosan 

such as solubility, electrostatic interaction and antimicrobial properties.200-202 The DDA typically 

ranges from 40-98% as the molecular weight of chitosan varies from 50-2,000 kDa.203 The D-

glucosamine units under mildly acidic conditions can acquire a proton to gain an overall cationic 
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charge. These R-NH3+ groups can electrostatically interact with the negatively charged bacterial 

cell membrane and causing a change in the permeability, disrupt protein synthesis and DNA 

transcription, promote cell lysis leading to leakage of vital intracellular components.204-208 

Zemljic et al.209 coated PET with chitosan by a dipping method to impart antimicrobial 

properties for application as a food packaging material. 90-95% deacetylated chitosan was 

dissolved in distilled water and the pH was adjusted to 4.0 by adding 37% HCl. Following this, 

350 μm PET foil was placed in the chitosan solution for 72 h. Subsequently, the films were dried 

under vacuum at 50 °C. The adsorption of chitosan on the PET films was confirmed in XPS 

analysis by a rise in the nitrogen content due to the presence of the amino groups on chitosan. This 

was also corroborated by detection of the N-H peak at 3440 cm-1 in the FTIR-ATR spectrum. The 

films showed an antimicrobial efficacy of 100% against E. coli and L. monocytogenes, 96% against 

C. albicans, and 38% and 2% against Campylobacter spp. and Salmonella enterica, respectively. 

The antimicrobial efficacy of chitosan also depends upon the microorganism tested and this 

dependence has also been reported in the literature.210 Another limitation of chitosan coatings in 

this study was that chitosan was desorbed when exposed to acidic conditions, after which the films 

lost their antimicrobial efficacy. In another study by Ding et al.211 chitosan and alkynyl chitosan 

hydrogels were co-deposited electrochemically after dissolution in 1% HCl. Four samples with 

different degrees of alkylation from ~ 28-50 % were prepared. All the samples were tested against 

S. aureus and E. coli by the disk diffusion method and MIC values were determined. The inhibition 

zones for the alkynyl chitosan disks were ~2-8 mm against S. aureus and ~ 2-4 mm against E. coli 

while the chitosan disks had an inhibition zone of ~0.5 cm for both S. aureus and E. coli, 

demonstrating that the alkynyl chitosan hydrogel films were significantly more antimicrobial. 

Similar results were obtained with the MIC protocol: the MIC of chitosan against both S. aureus 
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and E. coli was 0.08 %, while the MIC for alkynyl chitosan was lower, ranging from 0.03-0.05%. 

A dipping method was used by Wang et al.212 to coat pretreated PET films with chitosan/poly(vinyl 

pyrollidone) (CHI/PVP). While CHI has the ability to kill the bacteria, PVP was added to increase 

the anti-adhesion properties of the films. The coated films were highly hydrophilic, however, the 

adherence of S. aureus and E. coli to the films were significantly reduced. The SEM images in 

Figure 1.15 depict a decrease in the adherence of S. aureus with an increase in the PVP content. 

After just 10 min of contact, a complete reduction of S. aureus was observed, but E. coli was more 

difficult to kill in comparison. In a study by Bordenave et al.,213 two types of paper were coated 

with chitosan-palmitic acid or a blend of chitosan and O,O-dipalmitoylchitosan emulsions. The 

incorporation of hydrophobic moieties not only increased the water-resistance and grease barrier 

properties of the paper, but also exhibited excellent antibacterial properties with >98% inhibition 

in S. Typhimurium and L. monocytogenes. Other techniques, such as layer by layer deposition, 

have also been used to fabricate nanofilms214 and coat cotton samples.215 

ε-poly-L-lysine (ε-PL; Figure 1.16) is a polymer made up of L-lysine repeat units that 

possesses an overall cationic charge. Approximately 25-30 units are connected to each other by a 

peptide linkage through the α-carboxyl and ε-amino groups of adjacent L-lysine units.216-218 It was 

first discovered in 1970 in the culture filtrates of Streptomyces albulus217 and presently produced 

commercially by fermentation of engineered S. albulus strains.210 As described previously in the 

work of Chen et al.,182 with S. aureus, E. coli and MRSA, ε-PL electrostatically interacts with the 

anionic bacterial cell membrane resulting in structural damage, eventually leading to cell death. A 

similar observation was reported by Ye et al.219 against E. coli. Wahid et al.220 fabricated films 

with a combination of PVA, bacterial cellulose (BC) and ε-PL. The antibacterial properties were 

imparted by ε-PL and the mechanical properties of the PVA films were enhanced by the addition 
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of BC. The composite films were prepared by adding various amounts of ε-PL to aqueous PVA/BC 

nanofiber suspensions that was previously sonicated. The mixture was initially stirred for 1.5 h, 

heated to 50 °C and stirred again for 1 h. Subsequently, the mixture was poured into petri dishes 

and the solvent was allowed to evaporate. These films were tested against S. aureus and E. coli by 

both disk diffusion and CFU counting methods. As expected, neat PVA and PVA/BC films did 

not show any inhibition of both bacteria while the inhibition diameters increased with increasing 

ε-PL content in the films. A similar trend was also shown in the CFU counting method: while PVA 

and PVA/BC control films did not show any inactivation, the PVA/BC film with the lowest 

concentration of ε-PL gave 79% and 70% inactivation against S. aureus and E. coli, respectively, 

while the film with the highest concentration of ε-PL gave 99% inactivation against both bacterial 

strains. However, the antibacterial efficacy of films with lower ε-PL content decreased upon 

recycling, whereas the highest content films still retained 99% efficacy after a 3rd cycle. Another 

study by Limei et al.221 involved coating PET nonwoven fabrics with ε-PL. The PET fabrics were 

modified to introduce a carboxyl functionality on the surface.222 Subsequently, ε-PL was 

immobilized onto carboxyl-modified PET (C-PET) using EDC and NHS coupling followed by 

immersion in ε-PL solution. An average antibacterial efficacy of 99.99% was achieved against S. 

aureus and E. coli. Moreover, the authors claim that the films were stable for a period of over 2 

years in storage. Zhang et al.223 dip coated polyimide fabrics with ε-PL using glutaraldehyde as a 

crosslinking agent. A Schiff base reaction facilitated the anchoring of amino groups in ε-PL and 

polyimide to glutaraldehyde. An increase in the glutaraldehyde and ε-PL concentrations resulted 

in a decrease in the wetting time implying an increased hydrophilicity. These results were 

corroborated by contact angle measurements. The antibacterial efficacy against E. coli was 

determined by shake flask and CFU counting methods. Films containing 3 g/L ε-PL showed 
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~92.6% reduction while films containing 5 g/L ε-PL showed 99.6% pathogen inactivation. Other 

substrates such as wool,224 polypropylene,225 bacterial cellulose nanofibers,226 polyurethane227 and 

titanium228 have been coated with ε-PL using various techniques spanning electrodeposition, 

reactive blending, grafting and layer-by layer deposition, for use in various fields to impart 

antimicrobial properties. Although, natural polymers are an exciting prospect for various 

applications as antimicrobial coatings, mechanical stability and control over the structure 

properties proves to be a limitation.  

 

Synthetic polymers 

Quaternary compounds: QAC’s, QPC’s & TSC’s. Many quaternary compounds are used for 

surface disinfection of non-critical surfaces such as furniture, floors and walls, however only a few 

EPA-approved quaternary ammonium compounds (QACs) have been recommended for 

disinfecting medical equipment. Quaternary ammonium groups work similar to cationic polymers 

by disrupting the anionic bacterial cell membrane. 229 Other reports have also suggested 

inactivation of enzymes, degradation of proteins and nucleic acids, and leakage of low molecular 

weight metabolites.230,231 Several studies have reported a parabolic relationship between the alkyl 

chain length in QACs and antimicrobial efficacy, with the most effective length being between 10-

14 carbon atoms.232,233 An increase in the chain length potentially leads to aggregation, resulting 

in steric interactions that inhibit diffusivity of the chains through bacterial cell wall.235-236 

Majumdar et al.237 have functionalized polyoctahedral silsesquioxanes (POSS) with 

quaternary ammonium to generate Q-POSS and produced polysiloxane coatings containing Q-

POSS. The synthesis of Q-POSS was carried out by mixing POSS and allyldimethylamine in the 

presence of Karstedt’s catalyst to generate tertiaryamino functional POSS which was quaternized 
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to various degrees by reaction with different alkyl halides varying in chain length. The solutions 

of HO-PDMS-OH and Q-POSS solutions were mixed and cast over primed aluminum discs 

followed by curing at 50 °C for 24 h. The antimicrobial efficacy of Q-POSS was determined 

against S. aureus and E. coli by agar plating method. The Q-POSS with an alkyl chain length of 

12 carbon atoms showed optimal antimicrobial efficacy of 7 log units. Interestingly, a lower degree 

of quaternization proved more efficient, and the authors claimed that a higher degree of 

quaternization can lead to aggregation in solution, thus leading to a decrease in efficacy due to 

decreased diffusivity. In another study by Gottenbos et al.,238 3-(trimethoxysilyl)-

propyldimethyloctadecylammonium chloride was covalently bound to a silicone rubber substrate 

initiated by Argon plasma treatment. In the in vitro studies performed in this work, the films 

reduced S. aureus and S. epidermidis from 90 to 0% while E. coli and P. aeruginosa were reduced 

from 90 to 25%. An interpenetrating polymer network (IPN) consisting of QAC monomers 

(HMDQA), polyurethane dimethacrylate oligomers (BIH) and functionalized SiO2 nanoparticles 

coated on poly(methyl methacrylate) (PMMA) was prepared by Cheng et al.239 Three different 

compositions of IPN were made by varying the BIH/HMDQA ratio while keeping SiO2 

concentration constant. The antibacterial efficacy against S. mutans was determined by counting 

the bacterial colonies. The control showed 498 CFU and the coating with the highest HMDAQ 

content showed only 3 units. The destruction of the bacterial cell wall was observed in SEM images 

and corroborated by conducting a LIVE/DEAD assay and subjecting the control and treated cells 

to confocal laser scanning microscopy (CLSM). Similar evidence of cell membrane disruption of 

S. aureus, E. coli and P. aeruginosa tested against maleopimaric acid quaternary ammonium cation 

(MPA-N+) grafted on PDMS was reported by Li et al.240 (Figure 1.17). A few other substrates 

such as polyurea,241 glass,242 cotton,243 and metal surfaces244 have also been coated with QACs for 
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applications in biomedical, textiles and food packaging industries. 

Quaternary phosphonium compounds (QPCs) have also been used along with QACs to 

impart antibacterial properties to polymeric substrates. In a study by Kenawy et al.,245 tributyl 

phosphine, triethyl amine and triphenyl phosphine were added to the side chains of poly(glycidyl 

methacrylate). Gram-positive (S. cereus and S. subtilis) and Gram-negative (E. coli, P. aeruginosa, 

Shigella sp. and S. typhae) bacteria were tested against the modified films. Although the authors 

suggest that the exact mechanism by which QPCs inactivate microbes is unknown and determine 

that further studies are required, modified polymer containing tributyl phosphine gave the 

maximum inhibition diameters in comparison to triethyl amine and triphenyl phosphine, making 

it a more effective antimicrobial agent. A similar conclusion was drawn by Kanazawa et al.246 who 

tested polymerized phosphonium salts and ammonium salts and found that the QPCs exhibited 2 

orders of magnitude higher efficacy compared to QACs with similar structure. The authors suggest 

a six-step mode of inactivation by QPC’s, namely, (i) adsorption onto cell membrane, (ii) diffusion 

through the bacterial cell wall, (iii) cytoplasmic membrane binding, (iv) disruption of cytoplasmic 

membrane, (v) release of cytoplasmic components such as ions, DNA and RNA and (vi) cell death. 

In another study by the same authors,247 physical evidence for the destruction of the bacterial cell 

membrane leading to cell death was exhibited in SEM images of films treated against S. aureus 

and E. coli. As evident from Figure 1.18, the cells exposed to polypropylene films coated with 

polymeric QPCs are deformed and much smaller when compared to the controls, thus supporting 

the inactivation mechanism being the disruption of the cell membrane. Tributyl phosphonium was 

polymerized and cured by UV light to produce antibacterial coatings by Cuthbert et al.248 The 

authors state that an optimal coating integrity and cationic charge were obtained for a 47.5 wt. % 

of monomer. The antibacterial efficacy was determined by zone inhibition and bacterial viability 
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using a LIVE/DEAD assay. Even at high loadings of 107 CFU/mL, the cured films showed 

antibacterial properties against S. aureus and E. coli. In general, QPCs have been reported to have 

higher antimicrobial efficacies than the QACs counterparts. This can be attributed to the difference 

in the electronegativity of the nitrogen to carbon and phosphorus to carbon in QACs and QPCs. In 

QACs, nitrogen is slightly more electronegative (-0.5 eV) than the surrounding carbons (0.3 eV). 

However, due to a larger atomic radius, phosphorus in phosphonium has a slightly positive charge 

(1.1 eV) compared to the surrounding carbons (-0.2 eV). This high positive charge localization 

creates a higher degree of polarization on the negatively charged bacterial cell membrane.247 

Tertiary sulfonium compounds (TSCs) have been employed by Kanazawa et al. 249 to 

inactivate S. aureus and E. coli. Three different molecular weights of polymers were prepared 

ranging from 10.8-46.8 kDa. Three different concentrations of 3.4 µM, 34 µM and 340 µM were 

used. An increase in the molecular weight of the polymer led to higher efficacies even at lower 

concentrations with lower contact times. For example, the 46.8 kDa polymer killed >7 log units of 

S. aureus after 30 min of contact time at 34 µM concentration while the 10.8 kDa polymer was 

only able to achieve same log reduction after 30 min at 10x the concentration (340 µM). Compared 

to the monomeric cations, the polymerized forms were able to achieve a higher antibacterial 

efficacy due to a higher charge density. The authors suggest that the charged density in aqueous 

form increases with increasing molecular weight. This facilitates the higher adsorption of cationic 

polymers onto the negatively charged bacterial membrane, leading to higher inactivation. 

Although very high efficacies were obtained against S. aureus, TSCs in this study were only able 

to inactivate ~1 log unit of E. coli at 340 µM concentration. The authors suggest that the presence 

of an additional outer membrane inhibits the penetration of higher molecular weight molecules 

such as polymers into the cytoplasmic membrane, thus lowering the efficacy against Gram-
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negative bacteria. The QACs, QPCs and TSCs can be grafted onto a polymer backbone, sidechain, 

or can be polymerized themselves. Subsequently, these can be used to coat various substrates or 

themselves be used as antimicrobial surfaces. Various advantages such as increased long-term use, 

mechanical and chemical stability, ability to use in various polymeric substrates, and low toxicity 

towards humans make the cationic polymers a highly attractive solution to promote surface 

disinfection. 

 

Polyanionic block copolymers. More recently, polyanionic pentablock ionomers have been 

employed by Peddinti et al.250 to inactivate a wide range of pathogens that included Gram-positive 

and -negative bacteria and viruses. A pentablock ionomer, poly[tert-butylstyrene-b-ethylene-alt-

propylene-b-(styrene-co-styrenesulfonate)-b-ethylene-alt-propylene-b-tert-butylstyrene] 

(TESETx) and a triblock copolymer poly[tert-butylstyrene-b-(styrene-co-styrenesulfonate)-b-tert- 

butylstyrene] (TSTx) devoid of the rubbery blocks (Figure 1.19), where x represents the degree 

of midblock sulfonation (DOS), were solvent cast into films. The midblocks of the pentablock 

ionomer contain sulfonic acid groups that swell upon hydration by absorbing water. This swelling 

is accompanied by the release of H+ ions into the aqueous solution causing a drastic reduction in 

the pH (< 1.0). The mechanism of inactivation was by a precipitous drop in the surface pH, thereby 

creating a hostile environment for the pathogens. Although bacteria have been known to survive 

in highly acidic (acidophiles) and basic (alkalophiles) conditions, most bacteria are neutrophiles 

and survive in a pH range of 5.5-8.0, especially the strains responsible for causing nosocomial 

infections. A sudden change in the pH can promote denaturation of proteins, cause enzyme 

damage, and disrupt the bacterial membrane, eventually leading to cell death.251 These materials 

act very rapidly, inactivating the pathogens in a matter of minutes. The antimicrobial efficacy and 
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the speed of inactivation depend upon the degree of sulfonation in the midblock. In a temporal 

inactivation study, TESET52 films with a higher DOS inactivated MRSA by ~2.5 log units while 

TESET26 with lower DOS only inactivated ~1 log unit after 3 min. After 5 min of contact, 

TESET52 successfully inactivated MRSA up to minimum detection limit (MDL: 99.9999 %) 

while TESET26 inactivated ~2 log units. In 5 min of contact time, these films were able to 

inactivate other Gram-positive bacteria [methicillin-susceptible S. aureus (MSSA) and 

vancomycin-resistant E. faecium], Gram-negative bacteria (A. baumannii, K. pneumoniae, and E. 

coli) and viruses such as VSV, HAd-5 and Influenza A virus (Inf A) as evident from Figure 1.20. 

The TST polymers were also sulfonated to various degrees. The film with lowest degree of 

sulfonation, TST17, could not inactivate S. aureus, while TST40 and TST63 inactivated it to the 

MDL. The materials lose their antimicrobial efficacy after the sulfonic groups are neutralized by 

complexation with other cations. However, the authors have performed rejuvenation studies that 

suggest that these materials can be recharged to regain their antimicrobial efficacy by treatment 

with HCl. Although the cytotoxicity of these materials towards mammalian cells makes them 

unsuitable for in vivo applications, these are effective for surface disinfection. 

In light of the recent COVID-19 pandemic, another study by Peddinti et al.252 examined 

TESET52 against human coronavirus 229E (HCoV-229E) and SARS-CoV-2. As seen in Figure 

1.21, against SARS-CoV-2, TESET52 was able to inactivate 4 log units (MDL) within the first 5 

min when the viral concentration was 4.30 ´ 104 PFU/mL. When the viral concentration was 

increased to 1.33 ´ 106 PFU/mL, the virus was inactivated to the MDL after 30 min of contact 

time. Against HCoV-229E, with an initial concentration of 1.5 ´ 108 TCID50/mL, TESET26 could 

not inactivate up to the MDL (632 TCID50/mL) even after 30 min of contact time, while TESET52 

inactivated up to the MDL in 20 min. Similar to the previous studies, TST17 could not inactivate 
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HCoV-229E due to very low DOS, while TST40 and TST63 inactivated HCoV-229 E to the MDL 

in 20 min contact time. In addition to the midblock sulfonated polymers, an end block sulfonated 

poly[(styrene-co-styrenesulfonate)-b-(ethylene-co-butylene)-b-(styrene-co-styrenesulfonate)] 

(SEBS) triblock polymer with 44% DOS was tested against HCoV-229E. A reduction to the MDL 

was achieved after 30 min of contact time. The morphology and degree of sulfonation are 

important factors that determine the kinetics of antimicrobial efficacy. In general, TST polymers 

are brittle and hard to handle, however, with the introduction of the ethylene-propylene rubbery 

blocks the films are made mechanically robust. Although films have been employed in these 

studies, other techniques such as spray and dip coating can be used to coat other substrates. 

Moreover, it may be possible to introduce sulfonation in various other polymer systems, thus 

imparting them with an antimicrobial property. Advantages such as rapid inactivation, broad-

spectrum efficacy against pathogens, ease of fabrication, and a rechargeable nature make these 

materials ideal candidates for use as antimicrobial coatings.  

 

Other antimicrobial polymers. Other cationic polymers have been used in various forms against 

pathogens. Zwitterionic polymers have been widely studied for their antimicrobial properties. 

These molecules have equal positive and negative charges. However, due to the localization of 

charge density, these polymers can exhibit both microbiocidal and non-fouling properties. In a 

study by Cao et al.,253 a smart polymer having both attacking and defensive properties was 

synthesized that could kill bacteria, release the cells from surface and resist bacterial adhesion. In 

a dry state, the live bacteria exposed to the surface of N,N‐dimethyl‐2‐morpholinone (CB‐Ring) 

would be killed due to the cationic charges. Once hydrolyzed, localization of the anionic charges 

on the polymer occurs by a CB-Ring opening mechanism to form zwitterionic carboxy betaine 
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(CB‐OH). The localized anionic charge would act as repelling sites to the negatively charged 

bacterial cell membrane and the previously inactivated bacteria on the surface would be washed 

away (Figure 1.22). With this mechanism, the zwitterionic polymers were able to inactivate 99.9% 

of E. coli in the dry state. After hydrolysis, the bacterial density on the surface was at least 4 log 

units lower than that of the controls. A similar study by Cheng et al.254 grafted poly(N,N-dimethyl-

N-(ethoxycarbonylmethyl)-N-[2’-(methacryloyloxy)ethyl]-ammonium bromide (pCBMA) onto a 

gold substrate by surface-initiated atom transfer radical polymerization (ATRP). The coated 

surfaces were able to achieve 99.9% efficacy against E. coli and 98% of the microbial cells could 

be washed away after hydrolysis. 

Synthetic antimicrobial peptides (AMPs) that mimic the naturally occurring host defense 

peptides (HDPs) have been demonstrated to kill Gram-positive and negative bacteria, fungi and 

viruses.255,256 Typically, synthetic polymers that mimic the natural AMPs are guanidine 

based.257,258 The primary inactivation mechanism in bacteria is by tethering onto the negatively 

charged cell membrane, followed by an imbalance in electrostatic potential across the cytoplasmic 

membrane, triggering the activation of autolytic enzymes.259 Cado et al.260 prepared hyaluronic 

acid-catelysin films incorporated with an endogenous host-defensive antimicrobial peptide to 

inhibit the growth of bacteria and yeast. MIC values of 45, 5, and 25 µM were required for 

complete inhibition in the growth of S. aureus, Micrococcus luteus and C. albicans, respectively. 

However, these films lose their antimicrobial efficacy after 2-3 cycles. Rai et al.261 investigated 

the properties of AMPs immobilized on AuNP-coated glass substrates. Initially, the glass 

substrates were functionalized with 3-aminopropyltrimethoxysilane (APTES) and immersed into 

AuNP solution. Cecropin melittin (CM), an AMP, was subsequently immobilized onto the AuNP-

coated glass substrate by a series of reactions with cystamine or thiol-PEG-NH2 and N-[γ-
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maleimidobutyryloxy]sulfosuccinimide ester solution (sulfo-GMBS), followed by immersion in 

CM solution. The attachment of various components in each step was confirmed with FTIR and 

XPS analysis. At a concentration of 110 µg/cm2, the CM functionalized Au-PEG-NH2 surfaces 

were able to kill 106 CFU/cm2 of S. aureus and E. coli in 2 h. K. pneumoniae and P. aeruginosa 

were inactivated after 4 h. However, these surfaces were only able to inactivate 80% of multidrug-

resistant E. coli and S. haemolyticus after 6 h of exposure. Other substrates such as polyurethane,262 

titanium,263 methacrylate-based polymer brushes,264 hydrogel-based contact lenses,265 and 

PDMS266 were coated upon, incorporated, or immobilized with AMPs to inactivate pathogens on 

surfaces such as urinary catheters, dental applications, implants and other medical devices. 

 

1.6. CONCLUSIONS 

As our current arsenal of antibiotics is becoming obsolete with the rise of antimicrobial 

resistance, we may be fast approaching a post-antibiotic era. The infections caused by antibiotic-

resistant strains are a major concern that lays a heavy financial burden on the healthcare industry. 

Antibiotic-resistant infections affect around 2.8 million people every year leading to more than 

35,000 deaths. These antibiotic-resistant strains combined with the susceptible strains, when found 

in healthcare settings, cause infections that are termed as nosocomial or hospital-acquired 

infections (HAIs), and alone are responsible for approximately 100,000 deaths every year. If no 

immediate solution is found, we will regress into an era where once treatable infections will again 

be a major cause of death. It is always beneficial to implement preventive techniques as opposed 

to treating an infection, saving treatment costs and discomfort caused to the patient in the process. 

Moreover, these techniques will not lead to a rise in antimicrobial resistance as the need to 

administer antibiotics is unnecessary. As most pathogens adhere to surfaces, eliminating them at 
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the root cause by the use of antimicrobial coatings as self-disinfecting surfaces provides a potential 

solution. A wide variety of antimicrobial polymers could be employed as surfaces by themselves 

or coated onto other substrates by various coating methods. 

Antimicrobial polymers have gained prominence due to enhanced industrial and academic 

research in this field. They can be broadly classified into polymers incorporated with antimicrobial 

agents and inherently antimicrobial polymers. Polymers incorporated with antimicrobial agents 

are very effective, however, they suffer from limitations such as leaching, losing antimicrobial 

efficacy over time, and other undesirable traits. Moreover, use of nanoparticles can cause 

additional health concerns. Most metal incorporated self-disinfecting surfaces do not possess a 

broad-spectrum antimicrobial efficacy, especially against viruses, and typically take a few hours 

to disinfect surfaces. However, the polymer surfaces incorporated with photosensitizers can be 

durable, possess broad-spectrum efficacy and shorter disinfection times. Although the 

concentration of PSs needed for effective antimicrobial efficacy is very low, they are expensive to 

manufacture and purify. This warrants in depth research on an economical route to manufacture 

PSs. Simultaneously, the PSs should be incorporated in the polymeric substrates in a 

straightforward manner. Naturally antimicrobial polymers, though effective, require more research 

to develop a control over structural properties, mechanical stability and uniformity of coating. 

Synthetic antimicrobial polymers are most suitable for use in surface disinfection due to their 

tunable properties such as degree of control in structure, morphology and mechanical robustness. 

Amongst the synthetic polymers, polyanionic block polymers are very attractive due to rapid kill 

times and broad-spectrum efficacy against most pathogens. Moreover, these anionic polymers can 

be dissolved in appropriate solvents and spray or dip coated on various substrates. Quaternary 

compounds are effective, but they disinfect on longer time scales and require strict control on 
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degree of quaternization and alkyl chain length. Although only one of these techniques alone may 

not be a final solution, a combination of different approaches might ultimately lead to effective 

surface disinfection. 

Although there have been major advances in the research on antimicrobial coatings, biofilm 

formation and spore forming pathogens still pose a challenge to most of the aforementioned 

disinfection techniques. Moreover, the exact mechanism of inactivation with some of the 

antimicrobial polymers has to be further investigated. Additionally, the possibility of antimicrobial 

resistance to these mechanisms have yet to be explored. Finally, more financial investment and 

effective sharing of knowledge and research are required to combat the threat of antimicrobial 

resistance by antimicrobial coatings. 
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Figures 

 

Figure 1.1. The Discovery Void highlights the lack of major advances in the development of 
antibiotics in the past two decades. 
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Figure 1.2. Statistics of the number of fatalities due to various causes, with AMR to exceed 10 
million deaths annually by 2050. (O’Neill6) 
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Figure 1.3 Plain cotton fabric (top); AgNP coated cotton fabric (bottom). (El-Shishtawy et al.104) 
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Figure 1.4. SEM images of cotton fabric coated with (a) polyaniline; (b) polypyrrole; (c) cotton-
polyaniline-silver, and (d) cotton-polypyrrole-silver composites prepared with 0.01 M 
concentration of silver nitrate in aqueous solution. (Marákova et al.107) 
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Figure 1.5. (1) Original sample of non-woven PET fabric; (2) plasma jet system for thin film 
deposition; (3) 1st step: plasma deposition of the reservation layer for silver nanoparticles 
immobilization and to control the silver nanoparticles adhesion to the PET fibres.; (4) prepared 
AgNPs dispersion; (5) 2nd step: AgNPs adhesion on the surface of the samples by immersing into 
the dispersion; (6) 3rd step: plasma deposition of the barrier layer. (Deng et al.108) 
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Figure 1.6. SEM image of nylon fabric dip coated with antimicrobial Ag salt particles. (Tessier et 
al.113) 
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Figure 1.7. Cross sectional view of various copper deposition methods (a) plasma spray; (b) wire 
arc spray and (c) cold spray. (Champagne et al.124) 
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Figure 1.8. (a) Schematic to show fabrication of Cu NPs coated PDMS, (b) images of Sylgard 184 
polymer deposited via AACVD at 390 °C – on the left – and after the NP deposition at 350 °C – 
on the right. (Ozkan et al.131) 
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Figure 1.9. SEM pictures and EDS analysis of a representative countertop containing copper oxide 
particles. (a) SEM image of the countertop (white dots indicating copper oxide particles; (b) EDS 
imaging of the countertop (purple dots indicating the copper oxide); (c) cut through SEM imaging 
of the countertop (white dots indicating copper oxide particles), and (d) corresponding EDS spectra 
of (c), showing a peak corresponding to copper. (Monk et al.132) 
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Figure 1.10. Jablonski diagram depicting the working mechanism of a photosensitizer and 
production of singlet oxygen. 
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Figure 1.11. Structural difference in the cell wall of (a) Gram-positive bacteria and, (b) Gram-
negative bacteria. (Hamblin et al.171) 
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Figure 1.12. SEM images showing biofilm formation of various E. coli strains (from left to right 
– 536, 04441/201/06, 3025/11 and 3588/11) on untreated and treated films. (Galstyan et al.178) 
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Figure 1.13. Antibacterial photodynamic inactivation of (a) Por(+)-paper PS against Gram-positive 
bacteria; (b) Por(+)-paper against Gram-negative bacteria, the black bars represent the % survival 
of the illuminated PS-free control as a percent of the dark PS-free control, whereas the red bars 
represent the % survival of the illuminated porphyrin-paper as a percent of the dark control of 
porphyrin-paper; (c) Bdy(2H)-paper and Bdy(2I)-paper against Gram-positive bacteria and (d) 
Bdy(2H)-paper and Bdy(2I)-paper against Gram-negative bacteria. The dark and light blue bars 
represent the illuminated Bdy(2H)-paper and Bdy(2I)-paper as a percent of the dark control of 
Bdy(2H)-paper and Bdy(2I)-paper respectively. (Carpenter et al.181) 
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Figure 1.14. Deacetylation of chitin to chitosan.  
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Figure 1.15. SEM images of (a) pristine PET; (b) CHI; (c) CHI/15 wt% PVP; (d) CHI/25 wt% 
PVP; (e) CHI/35 wt% PVP and (f) CHI/50 wt% PVP coated on PET after exposure to 
waterborne S. aureus. (Wang et al.212) 
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Figure 1.16. Structure of ε-poly-L-lysine, the number of repeat units ‘n’ typically is 25-30. 
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Figure 1.17. SEM images of bacterial cell wall disruption. The top images depict intact cell 
membranes of various pathogens on PDMS. The bottom images depict membrane disruption of 
various pathogens tested against maleopimaric acid quaternary ammonium cation (MPA-N+) 
grafted on PDMS. (Li et al. 240) 
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Figure 1.18. SEM images of the (a) polypropylene film inoculated with S. aureus; (b) polymeric 
QPCs coated polypropylene films inoculated with S. aureus; (c) polypropylene film inoculated 
with E. coli and (d) polymeric QPC’s coated polypropylene films inoculated with E. coli. 
(Kanazawa et al.247) 
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Figure 1.19. Structure of (a) TESET; (b) sulfonated TST and (c) sulfonated SEBS. (Peddinti et 
al.252)  
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Figure 1.20. Antimicrobial results of polyanionic block copolymers against various pathogens. (a) 
efficacy of TESETx against Gram-positive bacteria; (b) efficacy of TESETx against Gram-
negative bacteria; (c) efficacy of TSTx against S. aureus and (d) efficacy of TESETx against 
viruses. (Peddinti et al.250) 
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Figure 1.21. (A) Survival of SARS-CoV-2 on the TESET52 polymer at several exposure times. 
Results are obtained at each minimum detection limit (MDL, dotted lines). (B-D) infectivity of 
HCoV-229E on three different anionic polymers – (B) TESET, (C) TST and (D) SEBS – at several 
exposure times. The numerical designations represent the DOS (in mol%), and the MDL 
corresponds to 632 TCID50/mL. (Peddinti et al.252) 
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Figure 1.22. A smart polymer coating repeatedly switches between the attacking function (CB‐
Ring, to kill bacteria under dry conditions) and defending function (CB‐OH, to release and resist 
bacteria under wet conditions). CB‐Ring can be hydrolyzed to CB‐OH in neutral or basic aqueous 
solutions and can be regenerated by dipping CB‐OH in acidic media. (Cao et al.253) 
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CHAPTER 2 

Photodynamic Polymers as Comprehensive Anti-Infective Materials: Staying Ahead 

of a Growing Global Threat* 

ABSTRACT 

To combat the global threat posed by surface-adhering pathogens that are becoming 

increasingly drug-resistant, we explore the anti-infective efficacy of bulk thermoplastic elastomer 

films containing ∼1 wt % zinc-tetra(4-N-methylpyridyl)porphine (ZnTMPyP4+), a photoactive 

antimicrobial that utilizes visible light to generate singlet oxygen. This photodynamic polymer is 

capable of inactivating five bacterial strains and two viruses with at least 99.89% and 99.95% 

success, respectively, after exposure to noncoherent light for 60 min. Unlike other anti-infective 

methodologies commonly requiring oxidizing chemicals, carcinogenic radiation, or toxic 

nanoparticles, our approach is nonspecific and safe/nontoxic, and sustainably relies on the 

availability of just oxygen and visible light. 

 

 

 

 

 

 

 

This chapter has been published in its entirety:  

B. S. T. Peddinti, F. Scholle, R. A. Ghiladi and R. J. Spontak. ACS Appl. Mater. Interfaces, 2018, 

10, 25955-25959. 
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2.1. INTRODUCTION 

The adherence of pathogens such as bacteria and viruses on various surfaces routinely leads 

to subsequent transmission to new hosts, significantly promoting the proliferation of potentially 

harmful organisms. This sequence is particularly worrisome in the case of antibiotic-resistant 

pathogens, which are becoming a global threat to human health.1 According to the Centers for 

Disease Control and Prevention,2 1 out of every 20 hospital patients is affected by nosocomial 

infections, subsequently resulting in 100 000 deaths annually in the United States alone. Out of 

these, about 23 000 deaths are attributed to drug-resistant pathogens such as methicillin-resistant 

Staphylococcus aureus (S. aureus) or vancomycin-resistant Enterococcus faecium (E. faecium). 

Strains popularly referred to as “nightmare bacteria” with highly elevated resistance to last-resort 

antibiotics annually account for about 700 000 deaths worldwide.3 To mitigate this rampant 

problem, we examine a photodynamic polymer composed of a polyethylene-based thermoplastic 

elastomer modified with zinc-tetra(4-N-methylpyridyl)porphine (ZnTMPyP4+), a photoactive 

antimicrobial, and demonstrate that this combination is remarkably effective at inactivating 5 

bacterial strains, including S. aureus and Escherichia coli (E. coli) often associated with food 

poisoning, and 2 different viruses upon exposure to noncoherent light. 

The growing increase of bacterial strains exhibiting antibiotic resistance continues to 

impact the healthcare industry and distress the general public.4 With only a handful of new 

antibiotics discovered since the last two decades (often referred to as the discovery void), drug 

resistance in pathogens has increased at an alarming rate. Recent predictions suggest5 that current 

antibiotics will be largely ineffective against bacterial infections by 2050, leading to 10 million 

deaths annually and surpassing the death rate due to cancer. Previously, infections that were easily 

treatable can now become fatal. While infections caused by antibiotic-resistant pathogens can 



   

100 
 

occur anywhere, they are most prolific in healthcare settings such as hospitals (resulting in hospital 

acquired infections, HAIs) and nursing home or care facilities for the elderly.6 There, pathogens 

commonly adhere to surfaces such as linens, countertops, drapes/blinds, monitoring equipment, 

and sanitaryware, and remain infectious for long periods of time on the order of weeks.7 They later 

proliferate upon coming in patient contact, thus inducing infection. Moreover, patients in hospitals 

are at particular risk because of potentially overall poor health conditions and/or compromised 

immune systems. 

In response to this growing health problem, acute care hospitals expended about $9.8 

billion in 2012 to treat such infections.8 Although several methods such as chemical disinfectants9 

and UV exposure10 are used in conjunction with antibiotics, they are not effective for various 

reasons. Chemical disinfectants and ionizing radiation are not always safe, whereas radiation 

techniques are expensive and UV radiation is harmful to healthy cells. Although silver,11 copper,12 

zinc oxide,13 or titanium dioxide14 have been used as surfaces or introduced as nanoparticles into 

a broad range of substrates to serve as antimicrobial agents and eradicate a wide range of 

pathogens, they all suffer from eventual reservoir depletion and tend to be pathogen- or condition-

specific. Moreover, if not covalently bound or tightly embedded, nanoparticles can leach into the 

environment and introduce additional health concerns,15 and some pathogens have become 

immune to metal toxicity through reduced uptake, efflux, or intra/extracellular sequestration.16 

While these and several other antimicrobial agents have been considered, they all suffer from one 

or more shortcomings, including (i) gradual loss of antimicrobial activity, (ii) consumption of 

germicidal components, (iii) biocidal leaching into the environment, (iv) direct pathogenic contact, 

or (v) inefficacy against diverse pathogens. 
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Alternative strategies for surface disinfection must therefore be sought as nonspecific, 

robust preventive measures, rather than as specific cures with compromised performance. One 

such alternative that is gaining attention derives from photodynamic therapy (PDT).17 Commercial 

photosensitizers (PSs) are used in PDT to treat the initial stages of pathogen induced acne, as well 

as nonpathogenic conditions such as skin cancer and psoriasis. After the PS is applied to an 

affected area, the target is illuminated by red light to activate the PS and kill pathogens or unhealthy 

cells for in vivo (patient) applications. In this work, we apply the same principle, designated 

antimicrobial photodynamic inactivation (aPDI), to inactivate pathogens for sterilization purposes. 

An activated PS exchanges energy with molecular oxygen to generate primarily high energy 

singlet oxygen (1O2) or other reactive radical species and induce cytotoxicity by nonspecifically 

reacting with various constituents in a pathogen. In the specific case of photodynamic polymers, 

pathogens are highly unlikely to develop resistance to 1O2 for two reasons: nonspecific damage to 

the pathogen and nontriggering of the oxidative stress response.18 Prior studies of PSs derived from 

methylene blue19 [methylthioninium chloride], rose bengal20 [disodium 2,3,4,5-tetrachloro-6-

(2,4,5,7-tetraiodo-6-oxido-3-oxo-3H-xanthen-9-yl)-benzoate] and borondipyrromethene21 have 

been conducted in solution, as well as in several polymer matrices (high-density polyethylene,19 

polyacrylonitrile,22 and polyurethane23) and on cellulose nanocrystal surfaces and scaffolds.24,25 

 

2.2. EXPERIMENTAL 

Materials and methods. The polymer employed here is an olefinic thermoplastic elastomer, a 

multiblock copolymer composed of high-density polyethylene hard blocks and poly(ethylene-co-

α-octene) soft blocks,26 and synthesized by a catalyst-shuttling reaction.27 This semi-crystalline 

elastomer, designated as OBC26 to reflect its hard-block weight percent and provided by the Dow 
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Chemical Co. (Midland, MI), has been selected in light of its facile processability, as well as its 

ability to exhibit extraordinary (electro)mechanical properties.28 To generate the photodynamic 

polymer, we incorporated ZnTMPyP4+ (depicted in Scheme 2.1) into the OBC26 matrix at ∼1 wt 

% by a combination of solution-casting from toluene/2-propanol and repeated melt-pressing 

conducted at 140 °C. The OBC (INFUSE Grade 9107) was provided by the Dow Chemical Co. 

(Midland, MI) in pellet form and used as-received, and the ZnTMPyP4+ was synthesized in-house 

according to the experimental details provided elsewhere.29 Reagent-grade toluene and buffer salts 

were purchased from Fischer Scientific (Fairlawn, NJ) and used without further purification. 

Deionized (DI) water was employed to prepare all media and buffer solutions. 

A predetermined mass of OBC (5.0 g) was added to 100 mL of toluene to achieve a 

concentration of 5% w/v, and the temperature was increased to 90-95 °C to promote copolymer 

dissolution, after which ~1 wt% ZnTMPyP4+ (0.05 g) dissolved in 25 mL of isopropanol was 

added. While covered with aluminum foil to reduce solvent evaporation, the solution was 

isothermally mixed for 15-20 min. During this time, no additional solvent was introduced, and the 

final volume was ~100 mL. The solution was transferred to a Teflon mold and permitted to dry 

over 2-4 days in a fume hood at ambient temperature. The result was a dry heterogeneous cake 

that was subsequently cut into tiny pieces and repeatedly melt-pressed 7-12x at 140 °C until the 

resultant films appeared macroscopically homogeneous. These bulk films, possessing a green tint, 

measuring ~200 μm thick and weighing ~0.6 g each, were washed repeatedly with DI water to 

ensure complete removal of unbound ZnTMPyP4+. 

After the films were sputter-coated with ~7 nm Au/Pd, their surface characteristics were 

examined by field-emission scanning electron microscopy (SEM) performed on an ultrahigh-

resolution FEI Verios 460L Schottkey emitter microscope equipped with an Oxford EDS detector 
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and operated at an accelerating voltage of 20 kV. Characteristic X-ray spectra and maps were 

acquired from features containing Zn and I, which are both representative of ZnTMPyP4+ (I- is the 

counterion) Time-of-flight secondary ion mass spectrometry (ToF-SIMS) was performed on an 

IONTOF ToF-SIMS V spectrometer equipped with a cesium ion (Cs+) sputtering gun and operated 

at 10 kV. Since the chemical constitution of the OBC and ZnTMPyP4+ are similar, the nitrogen-

containing ion species (CN-) served as a chemical signature for ZnTMPyP4+. Etching was 

conducted under vacuum at a rate of 0.73 nm/s to yield composition depth profiles. The thermal 

stability of the parent compounds and composite films was determined by thermal gravimetric 

analysis (TGA) conducted in a TA SDT Q600 instrument under an atmosphere of 80/20 v/v 

helium/oxygen at a heating rate of 10 °C/min up to 600 °C. 

 

Bacterial studies. We provide experimental details regarding the methods of pathogen culturing 

and inactivation employed in our photodynamic polymer study. Several different nutrient broths 

were obtained from EMD Chemicals (LB broth Miller; Billerica, MA), Teknova (Tryptic Soy 

Broth; Hollister, CA) and BD Difco (Broth #234000; Franklin Lakes, NJ). 

 

Cell culturing. In-vitro antibacterial photodynamic inactivation (aPDI) studies were conducted in 

this study with five bacterial strains: S. aureus, vancomycin-resistant E. faecium, A. baumanni, K. 

pneumoniae and E. coli. Methicillin-susceptible S. aureus (ATCC-29213) was cultured without 

antibiotics in tryptic soy broth. Vancomycin-resistant E. faecium (ATCC-2320) was cultured with 

50 μg/mL ampicillin in DB Difco Bacto Brain Heart Infusion 237500. E. coli BL21-(Dϵ3)pLysS 

(Stratagene, San Diego, CA, USA) was grown in Miller LB media with 100 μg/mL ampicillin. A. 

baumannii (ATCC-19606) was grown in Miller LB media without antibiotics, and K. pneumoniae 
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(ATCC-2146) was cultured with 100 μg/mL ampicillin in DB Difco Nutrient broth #234000. All 

the bacterial strains were grown in 5 mL of their respective broth in a culture tube at 37 °C and 

400 rpm. The optical density of each broth containing bacteria was measured with a Genesys 10 

UV scanning spectrophotometer at a wavelength of 600 nm. Each strain was grown to a 

concentration of 1-4´108 colony-forming units (CFUs) per mL prior to centrifugation at 3600 rpm 

for 10 min. In each case, the supernatant was subsequently discarded, and the resultant bacterial 

pellet was re-suspended in phosphate buffer saline (PBS) to provide a stock solution. 

 

Antibacterial photodynamic inactivation. All the photosensitization experiments were performed 

with a non-coherent light source (LumaCare USA model LC122 PDT). The lamp was equipped 

with an OSRAM 64653 HLX Xenophot bulb (250 W and 24 V) and employed a LUM V fiber 

optic probe (400–700 nm bandpass filter) with an average transmittance (Tavg) of ~95 ± 3%. An 

Orphir Optronics Ltd. (Jerusalem, Israel) Orion power meter was used to determine the fluence 

rate of the light source. Inactivation of Gram-positive bacteria was conducted at a light intensity 

of 65 ± 5 mW/cm2, whereas inactivation of Gram-negative bacteria was performed at 80 ± 5 

mW/cm2. The ZnTMPyP4+/OBC films were cut into circles (~1 cm diameter) with a hole punch 

and precisely fitted to the bottom of a 24-well plate. Afterwards, 200 μl of bacterial solution, 

pipetted from the stock solution that was previously re-suspended in PBS, was deposited on the 

top of each film. The wells were then exposed to non-coherent visible light (400-700 nm, 65 ± 5 

or 80 ± 5 mW/cm2) for 60 min. In parallel, an identical well plate was covered with aluminum foil 

and kept in the dark to serve as a dark control. A PS-free control, included to check the growth of 

the bacterial stock solution on the polymer surface, was used as a reference to calculate the degree 

of inactivation of other samples. Following illumination, 40 μL of bacterial solution from the top 
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of the films was drawn and added to an aliquot containing 360 μL of PBS. This procedure was 

repeated 5´ so that each well underwent 6 serial dilutions (i.e., diluted 10-1000000x). From these 

wells, 10 μL of each aliquot was added onto gridded 6-column square agar plates that were 

previously prepared with appropriate broth and agar for all bacteria (without antibiotics). The agar 

plates were stored in an oven overnight at 37 °C, and the CFUs were subsequently counted later 

so that the level of inactivation of each bacterial strain could be calculated. Time-dependent 

inactivation of S. aureus at various illumination intensities was determined according to the 

procedure described above with illumination intensities varied from 10 – 80 ± 5 mW/cm2. Samples 

for analysis were drawn at 5, 15, 30, 45 and 60 min. Such experiments were performed in at least 

duplicate unless otherwise indicated. 

 

Antiviral photodynamic inactivation 

Vesicular stomatitis virus (VSV). Films were initially cut out with a hole punch so that they 

precisely fit the bottom of a 96-well plate. Three specimens were investigated for light illumination 

(PS-free, OBC and ZnTMPyP4+/OBC films), whereas two specimens were included for the dark 

control (OBC and ZnTMPyP4+/OBC films). All the experiments, performed in at least triplicate 

unless otherwise mentioned, commenced with 25 μL of VSV stock solution added to each well. In 

similar fashion to the bacterial inactivation studies, one well plate was kept in the dark while the 

other was illuminated with a non-coherent visible light source (400-700 nm) for 60 min at an 

intensity of 65 ± 5 mW/cm2. Following illumination, 100 μL of minimum essential medium 

(MEM) supplemented with 1% fetal bovine serum (FBS), 10 mM 4-(2-hydroxyethyl)-1- 

piperazineethanesulfonic acid (HEPES) and antibiotics were added to remove remaining viruses 

from the films. Viruses were later tittered after serial dilution (8 log units for dark samples, 
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illuminated virus and polymer specimens, and 3 log units for the illuminated ZnTMPyP4+/OBC 

specimens) using Vero cells that were previously seeded in a 12-well plate. The concentration of 

VSV was determined by plaque assay. Crystal violet was implemented to stain the Vero cells in 

the 12-well plate after infecting them for 48 h. Antiviral efficacy was calculated by counting the 

number of remaining plaques. 

 

Human adenovirus-5 (HAd-5). The same procedure for VSV detailed above was followed for 

HAd-5. After illumination, 100 μL of Dulbecco’s Modified Eagle’s medium (DMEM) 

supplemented with 10% FBS and antibiotics were added to remove remaining viruses from the 

films. The viruses were tittered after serial dilution (8 log units for dark samples, illuminated virus 

and polymer specimens, and 3 log units for the illuminated ZnTMPyP4+/OBC specimens) using 

A549 cells in 12-well plates at 37 °C. After infecting the cells for 120 h, virus plaques were 

visualized by crystal violet staining and counted as indicated above to discern the antiviral 

efficiency. 

 

2.3. RESULTS & DISCUSSION 

Although most of the PS appears to be dispersed within the polymer matrix, discrete 

aggregates measuring ∼1 μm across are apparent in scanning electron microscopy (SEM) images 

of PS-embedded OBC26 surfaces (cf. Figure 2.1a). Elemental energy-dispersive X-ray 

spectroscopy (EDS) maps corresponding to the area displayed in Figure 2.1b are included in 

Figures 2.1c (for zinc) and 2.1d (for iodine) and confirm that these aggregates correspond to the 

PS. The existence of such aggregates implies either insufficient dispersion during fabrication or 



   

107 
 

thermodynamic incompatibility with the nonpolar matrix or, most likely, a combination of both 

considerations.  

Here, we examine three function/process-related matters regarding this photodynamic 

polymer. The first reflects the fact that microbial inactivation is restricted to the surface of OBC26. 

Since the effective distance over which 1O2 is reactive prior to reverting back to ground-state O2 

is only ∼150 nm in aqueous solution but up to ∼2 μm in air,30 the concentration of ZnTMPyP4+ at 

the surface of the film must be sufficient to generate the level of 1O2 required to inactivate 

pathogens. Composition profiles acquired by time-of-flight secondary ion mass spectrometry 

(ToF-SIMS) for C6−, C5− and CN− ions in Figure 2.2a reveal that the polymer surface is enriched 

by ZnTMPyP4+, identified by its unique CN− signature. Such enrichment extends about 100 nm 

subsurface and is ∼7´ higher at the surface than in the bulk. Moreover, the observation that 

ZnTMPyP4+ is detected and constant at depths below 1 μm from the surface is not only consistent 

with uniform ZnTMPyP4+ dispersion but also indicative that the PS images in Figure 2.1 confirm 

the existence of ZnTMPyP4+ aggregates at the surface of OBC26, the ToF-SIMS results included 

in Figure 2.2a provide unequivocal evidence that ZnTMPyP4+ is distributed throughout the 

polymer film. 

The second consideration is the time dependence of pathogen survival at different light 

intensity levels. These measurements for S. aureus are displayed in Figure 2.2b and confirm that 

intensities of 60−80 mW/cm2 are adequate to reduce survival to the minimum detection limit 

(MDL) of 10−4% after exposure for 45 min, with longer times being required to reach the MDL at 

lower light intensities (linear extrapolation of the data provided in Figure 2.2b yields the estimated 

MDL times included in the inset). Relative to other photodynamic materials,21,24 the light 

intensities determined here for achieving the MDL against S. aureus with ZnTMPyP4+/OBC26 
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suggest that a fluence rate of 60−80 mW/cm2 will be broadly applicable for the photodynamic 

inactivation of both Gram-positive and Gram-negative bacteria, as well as viruses. The final issue 

to be considered concerns the thermal stability of ZnTMPyP4+ as OBC26 is melt-pressed. As 

discerned from thermal calorimetry,28 the melting temperature of OBC26 is 123 °C, which means 

that melt processing is possible below 200 °C. According to the thermal gravimetric analysis 

(TGA) measurements presented in Figure 2.2c, ZnTMPyP4+ gradually loses ∼3 wt % at 200 °C 

and then undergoes catastrophic degradation at about 260 °C. In contrast, OBC26 is stable up to 

200 °C and begins to decompose near 360 °C. Addition of ∼1 wt % ZnTMPyP4+ to OBC26 has 

little effect on low-temperature stability but improves high-temperature stability by shifting the 

decomposition temperature closer to 400 °C. 

In vitro aPDI inactivation studies of ZnTMPyP4+/OBC26 at ∼1 wt % PS have been 

performed under fixed illumination conditions (60 min, 400−700 nm) to enable comparison with 

previous studies. Bacteria cultured to a concentration of ∼1-4´108 colony-forming units (CFUs) 

per mL and resuspended in PBS buffer have been added directly to the material and subsequently 

illuminated using noncoherent light intensities of either 65 ± 5 or 80 ± 5 mW/cm2 for Gram-

positive or Gram-negative bacteria, respectively. The bacteria examined here include S. aureus, 

vancomycin-resistant E. faecium, E. coli, Acinetobacter baumannii (A. baumannii), and Klebsiella 

pneumoniae (K. pneumoniae). Some of these bacteria, such as E. faecium and K. pneumoniae, are 

selected because their resistance to a broad palette of traditional, as well as contemporary 

pharmaceuticals is of growing public health concern in terms of both patient mortality and 

infrastructure expense.8 Resultant survival levels are displayed for two Gram-positive bacteria in 

Figure 2.3a, which includes data collected from a ZnTMPyP4+-free OBC26 control, a 

ZnTMPyP4+-modified OBC26 control maintained under dark conditions, and a ZnTMPyP4+-
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modified OBC26 sample after exposure to noncoherent light (with a wavelength between 400 and 

700 nm). In both cases, the controls register 100% pathogen survival, whereas the photodynamic 

polymers reach the MDL at 10−4 (a 6 logarithmic unit reduction, with a statistical significance 

ascertained by a two-tailed, unpaired Student’s t-test of P < 0.001). 

These results are very promising in terms of the reduction levels achieved, especially when 

one considers that the photodynamic methodology induces nonspecific cytotoxicity. In other 

words, since a particular component of a pathogen is not purposefully targeted for chemical attack 

(as in the case of conventional pharmaceuticals), antibiotic-resistant pathogens such as the ones 

included in Figure 2.3a, b are unlikely to become immune against cytotoxic 1O2 induced during 

aPDI.21 Survival levels for three Gram-negative bacteria, A. baumannii, K. pneumoniae and E. 

coli, are presented in Figure 2.3b. These and other examples of Gram-negative bacteria are 

responsible for outbreaks of, for e.g., Legionnaire’s disease and food poisoning. The controls in 

Figure 2.3b are comparable to those shown in Figure 3a, but the survival levels achieved by 

photodynamic treatment of these bacteria at 80 mW/cm2 for 60 min, while still excellent, are 

reduced relative to the Gram-positive bacteria in Figure 2.3a. This difference is attributed to the 

additional outer lipopolysaccharide cell membrane present in Gram-negative bacteria. With this 

morphological obstacle notwithstanding, measured survival reduction levels are nonetheless 

promising: 99.89% (P < 0.033) for A. baumannii, 99.96% (P < 0.0001) for K. pneumoniae, and 

99.95% (P < 0.0011) for E. coli. 

Antiviral aPDI testing has likewise been performed against two virus strains here: vesicular 

stomatitis virus (VSV), which belongs to the same viral family responsible for rabies, and human 

adenovirus-5 (HAd-5), a respiratory pathogen. An important difference between the two is that 

VSV is enveloped with an outer lipid shell, whereas HAd-5 is nonenveloped. Nonenveloped 
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viruses are protected by their protein shell and are notoriously more difficult to inactivate than 

enveloped viruses. Results acquired from virus inactivation assays are displayed as a function of 

the number of plaque-forming units (PFUs) in Figure 2.3c and include two additional controls, 

viz., neat OBC26 maintained in the dark and exposed to light. As anticipated, the controls indicate 

relatively little (statistically insignificant) inactivation, whereas the ZnTMPyP4+-modified OBC26 

exposed to light achieves 99.96% (P < 0.0127) inactivation of HAd-5 and, more impressively, 

99.9998% (P < 0.003) inactivation of VSV. Taken together, the experimental results provided in 

Figure 2.3 establish that the photodynamic polymer utilized here can be used against Gram-

positive/negative bacteria and viruses with >99.9+% efficacy. 

 

2.4. CONCLUSIONS 

In conclusion, as pathogens such as bacteria and viruses become increasingly resistant to 

target-specific pharmaceuticals, alternative strategies must be developed to protect the public 

health and avoid rising medical costs. In this work, we have demonstrated that a photodynamic 

polymer containing only ∼1 wt % of the ZnTMPyP4+ PS is comprehensively effective against 

several Gram-positive and Gram-negative bacteria comprising most of the ESKAPE family (where 

ESKAPE is an acronym for the most common nosocomial infectious agents:31 E. faecium, S. 

aureus, K. pneumoniae, A. baumannii, Pseudomonas aeruginosa and Enterobacter species), as 

well as enveloped and nonenveloped viruses. Because photodynamic inactivation is nonspecific 

and does not target a particular constituent species, it is unlikely that pathogens can become 

resistant to the 1O2 generated by exposure of a PS to light in the visible and infrared wavelength 

range and possessing a lifetime of a few microseconds in solution. Our findings reported here are 

very promising and warrant further investigation and optimization for commercialization. The 
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performance of ZnTMPyP4+-modified OBC26 can most likely be improved through the use of 

twin-screw melt extrusion to improve PS dispersion in the polymer matrix and melt spinning to 

generate high-surface-area (micro)fibers. Use of readily synthesized PSs in conjunction with 

commercially relevant polymers will greatly benefit process scale-up so that these materials can 

provide a near-term and viable solution to HAI prevention and, in so doing, save valuable lives 

and tremendous cost involved in the treatment of potentially dangerous infections worldwide. 
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Scheme 2.1. Chemical Structure of the Photosensitizer Zinc Tetra(4-N-methylpyridyl)porphine 
(ZnTMPyP4+). 
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Figure 2.1. (a) Field-emission SEM image acquired from the surface of OBC26 modified with 1 
wt % ZnTMPyP4+. Several aggregates are clearly visible, and the surface texture is due to the 
semicrystalline morphology of the copolymer. An enlargement of a ZnTMPyP4+ aggregate is 
included in the inset. (b) Additional SEM image, along with its corresponding EDS maps 
identifying the spatial distribution of (c) Zn and (d) I (due to the 4 iodine counterions on 
ZnTMPyP4+). 
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Figure 2.2. (a) Three ToF-SIMS depth profiles collected from OBC26 modified with 1 wt % 
ZnTMPyP4+. The data corresponding to CN− represent the PS and reveal the existence of surface 
enrichment. (b) Time-dependent survival of S. aureus at different light intensities (labeled, in 
mW/cm2). The minimum detection limit (MDL) is identified and estimates of the time to reach the 
MDL are displayed as a function of light intensity in the inset. The solid lines serve to connect the 
data. (c) TGA results for ZnTMPyP4+, OBC26, and OBC26 modified with 1 wt % ZnTMPyP4+ 
(labeled). 
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Figure 2.3. Experimental results obtained from photodynamic inactivation of (a) two Gram 
positive bacteria, (b) three Gram-negative bacteria, and (c) two viral strains (all pathogens are 
defined in the text and labeled). PS-free (blue) and dark (black) controls and the 
ZnTMPyP4+/OBC26 light study (red), as well as the MDL, are displayed in (a) and (b). In addition 
to the same controls, a PS-free dark control (green) is included in (c) to discern if the solvent used 
to prepare the OBC26 has a deleterious effect. The virus density is expressed in plaque-forming 
units (PFU) per mL, and the error bars correspond to the standard error. 
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CHAPTER 3 

Photodynamic Coatings on Polymer Microfibers for Pathogen Inactivation: Effects of 

Application Method and Composition* 

ABSTRACT 

A substantial increase in the risk of hospital acquired infections (HAIs) has greatly 

impacted the global healthcare industry. Harmful pathogens adhere to a variety of surfaces and 

infect personnel on contact, thereby promoting transmission to new hosts. This is particularly 

worrisome in the case of antibiotic-resistant pathogens, which constitute a growing threat to human 

health worldwide and require new preventative routes of disinfection. In this study, we have 

incorporated different loading levels of a porphyrin photosensitizer capable of generating reactive 

singlet oxygen in the presence of O2 and visible light in a water-soluble photocross-linkable 

polymer coating, which was subsequently deposited on polymer microfibers. Two different 

application methods are considered, and the morphological and chemical characteristics of these 

coated fibers are analyzed to detect the presence of the coating and photosensitizer. To discern the 

efficacy of the fibers against pathogenic bacteria, photodynamic inactivation has been performed 

on two different bacterial strains, Staphylococcus aureus and antibiotic-resistant Escherichia coli, 

with population reductions of 99.9999+% and 99.6%, respectively, after exposure to visible light 

for 1 h. Because of the current COVID-19 pandemic, we also confirm that these coated fibers can 

inactivate a human common cold coronavirus serving as a surrogate for the SARS-CoV-2 virus. 

 

*This chapter has been published in its entirety:  

B. S. T. Peddinti, N. Morales-Gagnon, B. Pourdeyhimi, F. Scholle, R. J. Spontak and R. A. 

Ghiladi, ACS Appl. Mater. Interfaces, 2021, 13, 155-163. 
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3.1. INTRODUCTION 

Hospital-acquired infections (HAIs) are rapidly becoming a major threat to global 

healthcare.1 In these and related instances, pathogens adhere to common surfaces and are able to 

survive for extended periods of time or proliferate, thereby creating a risk of transmission via 

fomites.2 On average, ~5% of hospitalized patients acquire HAIs, as reported3 by the U.S. Centers 

for Disease Control and Prevention (CDC). Although due primarily to compromised immune 

systems, even relatively healthy patients are susceptible to such infections. This statistic translates 

to ~100,000 deaths annually in the United States alone. Of growing concern in this vein are 

antibiotic-resistant pathogens (ARPs). Improper use or unnecessary prescription of antibiotics, 

coupled with the introduction of antibiotics in the food chain, has promoted a dramatic and 

worrisome increase in ARPs.4 Examples of superbugs (urgent and serious threats as per CDC 

classification, or, as the media has coined,5 “nightmare bacteria”) that are resistant to last-resort 

antibiotics include methicillin-resistant Staphylococcus aureus (S. aureus, MRSA), vancomycin-

resistant Enterococcus faecium (E. faecium, VRE) and multidrug-resistant Escherichia coli (E. 

coli, e.g., strain ST131) bacteria. According to the CDC,6 more than 2.8 million infections result 

each year due in the U.S. to ARP-related infections, leading to ~49,000 deaths. A recent survey 

predicts7 that global infections caused by ARPs will increase drastically to ~10 million deaths 

annually, thereby surpassing all cancer-related deaths, by 2050. In addition, the annual expenditure 

invested in the treatment of these potentially fatal infections is estimated to be $28-45 billion.1 

While ARPs are limited to bacteria and fungi, viruses such as Influenza A and B (which are 

responsible for epidemics every year),8 Human adenovirus9 and pathogenic coronaviruses (e.g., 

SARS-CoV and MERS-CoV10) further contribute to the expanding HAI health crisis.  

To combat this escalating threat, alternate routes of effective antimicrobial inactivation on 
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various substrates must be identified and commercialized soon to prevent needless loss of life, as 

well as reduce the financial strain on the healthcare sector. Today, polymeric surfaces constitute 

one of the most ubiquitous substrates encountered in daily life. For this reason, we exclusively 

consider polymer fibers in this study since they account for a wide range of textile products used 

worldwide. While various chemical11 and radiative12 methodologies are routinely employed to kill 

surface microbes, they often require labor-intensive application, strict adherence to protocols, 

harm mammalian cells, contaminate the environment, and remain temporary solutions (i.e., they 

do not prevent recontamination). Strategies developed to endow thermoplastic and elastomeric 

substrates with self-sterilizing antimicrobial properties rely extensively on either (i) surface or bulk 

incorporation of metal (e.g., Ag13 or Cu14) or metal oxide (e.g., TiO2
15) nanoparticles or (ii) surface-

grafting or -growing organic building blocks that contain inherently antimicrobial moieties such 

as quaternary ammonium compounds (QACs)16 or quaternary phosphonium compounds (QPCs).17 

In the specific case of bacteria, however, these pathogens can become resistant to the toxicity of 

metal nanoparticles,18 which can likewise leach into the environment and introduce new health 

challenges associated with the food chain.19 Similarly, quaternized compounds can have an adverse 

impact on the environment.20 Moreover, metal (oxide) and cationic compounds that kill bacteria 

through cell disruption or lysis of the negatively-charged cell membrane by electrostatic 

interaction,21 are generally ineffective against viruses, although viruses containing a phospholipid 

membrane can be inactivated. The critical question we pose here is as follows: can a facile and 

broad-spectrum disinfection alternative be developed that is preventative, eco-friendly and 

compatible with the textile sector?  

Recently, we have demonstrated two material designs that indicate such alternatives are 

indeed possible. One design derives from a partially-sulfonated (anionic) multiblock polymer that, 
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in the presence of water, drastically lowers the surface pH below what is tolerable by the 

pathogens, thereby killing a wide range of bacteria and viruses to the minimum detection limit 

(MDL) of 99.9999% in just minutes with no additional stimuli.22 Recent studies23 confirm that this 

approach is equally effective against the SARS-CoV-2 virus responsible for the COVID-19 

pandemic that has reportedly infected nearly 25 million people, claiming the lives of over 840,000, 

around the world24 as of the time of this writing. Although this revolutionary approach is 

promising, further studies are necessary to functionalize the various polymers used in the textile 

industry. The second materials design involves the surface attachment25,26 or bulk incorporation27 

of photosensitizer (PS) molecules that activate upon exposure to incoherent visible light and 

generate cytotoxic singlet oxygen (1O2) from ground-state oxygen (3O2). Singlet oxygen non-

specifically reacts with multiple chemical constituents of microbial membranes to induce 

inactivation,28 in which case even drug-resistant microbes are susceptible with little to no chance 

of developing resistance. Due to the relatively short lifetime of 1O2 (reported29 as ~2 µs in air), 

however, the distance from a surface over which 1O2 remains antimicrobial is typically just a few 

hundred nanometers in solution. Previously, we have demonstrated30 that the addition of a 

porphyrin PS to a highly nonpolar block copolyolefin prepared by solution casting followed by 

repeated melt pressing yielded encouraging broad-spectrum antimicrobial properties (> 99.89% 

mortality) against not only the same bacteria and viruses tested in our charged multiblock 

copolymer study22 but also fungi.31  

Here, we extend the concept of photodynamic polymers to photodynamic polymer coatings 

by incorporating the same PS into a photocross-linkable polymer that is water-soluble to avoid the 

need for volatile organic compounds (VOCs) during deposition. Of particular interest here are 

coatings on fibrous polymer substrates since polymer fibers are representative of personal 
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protection equipment (PPE) and they afford more surface area than films, thereby increasing 

PS/pathogen interactions. The photocross-linking behavior of the coating utilized in this work has 

been previously investigated,32 as have the polymer fibers that constitute example substrates.33 As 

we have already established the broad-spectrum efficacy of the PS with regard to its ability to 

inactivate a wide range of bacterial strains, we have elected to monitor just two representative 

bacteria, one Gram positive and one Gram negative, for proof of concept in the present 

antimicrobial photodynamic inactivation (aPDI) study. In response to the ongoing COVID-19 

pandemic, we likewise examine the inactivation of a human coronavirus (HCoV229E) that serves34 

as a less-pathogenic proxy for the SARS-CoV-2 virus. 

 

3.2. EXPERIMENTAL 

Materials and methods. The PS employed here was zinc tetra(4-N-methylpyridyl)porphine 

(ZnTMPyP4+) tetrachloride, the chemical structure of which is provided in Scheme 3.1. It was 

obtained from Frontier Scientific (Logan, UT). The UV-cross-linkable coating, N-methyl-4(4’-

formyl-styryl)pyridinium methosulfate acetal poly(vinyl alcohol) (SbQ-PVA) with 4.1 mol% 

functional SbQ groups, was purchased from Polysciences, Inc. (Warrington, PA) and is included 

in Scheme 3.1. Bicomponent fibers composed of nylon-6 (PA6; BASF B27E) “islands” embedded 

in a poly(lactic acid) (PLA; Natureworks 6202D) “sea” were produced in an “islands in the sea” 

cross-sectional arrangement35 (with 37 PA6 channels in a PLA matrix). Spunbond fabrics 

composed of the bicomponent PA6/PLA fibers were formed on a Reicofil R4s Spunbond line (1.2 

m wide) and bonded in an Andritz hydroentangling unit, equipped with a pre-wet and 7 injectors 

capable of pressures up to 250 bar, at the Nonwovens Institute located at North Carolina State 

University. Water jet pressures used during hydroentangling were ramped from 30 to 225 bar. The 
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PLA matrix was removed chemically in a Jet Dyeing instrument (typically used for dyeing but 

likewise ideal for PLA removal because of the constant agitation) to release the PA6 microfibers 

after hydroentangling. Operating parameters included the following: 6-20 L liquor, 0.1-1.5 kg 

fibers, 4-30 m/min agitation speed, 20-150 °C (at 4 bar), and a heating rate of 2-4 °C/min. The 

aqueous liquor contained 8% NaOH, which readily removes PLA at 80 °C, and the resultant PA6 

microfiber mats were coated as-produced. Buffer salts were procured from Fischer 

Scientific (Pittsburgh, PA), whereas tryptic soy broth (TSB) and Miller lysogenic broth (LB) were 

obtained from Teknova (Hollister, CA) and EMD Chemicals (Billerica, MA), respectively. All 

media and buffer solutions were prepared in deionized (DI) water. 

 

Coating protocols. After square sections measuring 5 cm × 5 cm and weighing ~200 mg were cut 

from the PA6 mat, SbQ-PVA was dissolved in DI water and stirred for 15 min at ambient 

temperature until full dissolution was achieved according to the unaided eye. For spray-coated 

(SCPA6) fibers, ZnTMPyP4+ powder was added at three different PS loading levels (0.01, 0.1 and 

1.0% w/w ZnTMPyP4+/SbQ-PVA) to aqueous SbQ-PVA solutions at a constant concentration of 

10% w/v SbQ-PVA/water. For dip-coated (DCPA6) fibers, the loading level was held constant at 

10% w/w ZnTMPyP4+/SbQ-PVA, but the solution concentration was varied from 0.01 to 1.0% w/v 

(ZnTMPyP4++SbQ-PVA)/water to alter the coating thickness. In both cases, the ternary solutions 

were subsequently stirred for an additional 15 min prior to coating. Each of the SCPA6 fibers was 

coated with ~2 mL of solution from a multipurpose precision airbrush with a 0.3 mm fluid tip, 

whereas the DCPA6 fibers were produced by manual dipping into the above solutions. All 

specimens were cured under UV light at 36 W for 1 h and then immersed in the parent aqueous 

SbQ-PVA solution (to add a capping layer) prior to final drying and UV curing for an additional 
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1 h. Two points warrant particular mention here: initial immersion of the coated fibers into aqueous 

SbQ-PVA solutions likely extracted some of the PS, resulting in marginally lower concentrations 

than the original targets, and the PS-free capping layer further decreased the extraction of 

ZnTMPyP4+. After this last step, all specimens were washed overnight to remove unbound 

porphyrin to mitigate leaching during aPDI analysis. This protocol was similar to the one we 

previously reported.25-27,30 The specimens were thoroughly dried prior to exposure to bacteria. 

 

Fiber characterization. The morphologies of the bicomponent PA6/PLA, neat PA6 and coated 

PA6 fibers were examined by scanning electron microscopy (SEM) performed in a variable-

pressure Hitachi S3200N microscope equipped with an Oxford energy-dispersive X-ray 

spectroscopy (EDS) detector. The fiber mats were mounted on aluminum stubs with carbon tape 

and sputtered with ~35 nm of Au-Pd to reduce charging. Images and EDS spectra were acquired 

at an accelerating voltage of 20 kV and a column pressure of 30 Pa (N2). Time-of-flight secondary 

ion mass spectroscopy (ToF-SIMS) analysis was conducted on neat and coated PA6 fibers in an 

IONTOF ToF-SIMS V instrument equipped with a 25 kV bismuth ion (Bi+) sputtering gun. High-

resolution ion-specific images were collected wherein the chlorine counterion (Cl-) on ZnTMPyP4+ 

served to indicate the presence of the PS. Neat and coated PA6 fibers were also subjected to X-ray 

photoelectron spectroscopy (XPS) performed on a PHOIBOS 150 spectrometer operated at 10-14 

kV. The nitrogen (N) content and oxygen/carbon (O/C) ratio were analyzed to ascertain the 

coverage of the SbQ-PVA coatings. 

 

Antimicrobial analysis. The aPDI studies were performed on two bacterial strains that promote 

nosocomial infections: methicillin-susceptible Staphylococcus aureus 29213 (MSSA), an example 
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of Gram-positive bacteria, and ampicillin-resistant Escherichia coli (AREC), an example of Gram-

negative bacteria. While MSSA was cultured without antibiotics in TSB, AREC BL21-

(Dϵ3)pLysS (Stratagene, San Diego, CA) was cultured in LB containing 100  µg/mL ampicillin. 

In each case, 5 mL of broth were used to grow each bacterial strain in a culture tube incubated at 

37 °C in an orbital shaker at 250 rpm. A Genesys 10 UV scanning spectrophotometer operated at 

a wavelength of 600 nm measured the optical density (OD) of each bacterial broth. Both strains 

were grown to broth concentrations possessing an OD of ~0.4, which corresponds to a bacterial 

concentration of 1-4 × 108 CFU/mL (where CFU denotes colony-forming unit). Afterwards, the 

broths were centrifuged for 5 min at 3600 rpm, and the supernatant was subsequently discarded. 

Resultant bacterial pellets produced in this fashion were re-suspended in 5 mL of phosphate buffer 

saline (PBS) solution prior to aPDI analysis of the SCPA6 and DCPA6 coated fibers. This analysis 

required that the coated fiber mats were cut with a hole punch into discs, each measuring ~1 cm 

diameter so that it could fit precisely in the bottom of a well in a 24-well plate. After all the discs 

were inserted into the wells, 200 µL of bacterial solution was pipetted from each PBS stock 

solution and uniformly deposited on top of each disc. The HCoV229E virus was grown on the 

human hepatocarcinoma cell line (Huh-7) in cell growth media (DMEM, 1% antibiotics, 10% fetal 

bovine serum, FBS) at 33 °C. Fibrous mats were cut to fit in the bottom of a 96-well plate, and 25 

µL of virus suspension was added to the plates for a given exposure time.  

All aPDI analyses were performed under ambient conditions via illumination provided by 

a LumaCare LC-122 incoherent visible light source. The lamp was equipped with an OSRAM 

64653 HLX Xenophot bulb (250 W, 24 V) and employed a LUM V fiber optic probe (400–700 

nm band pass filter) with 95 ± 3% average transmittance. An Orphir Optronics Ltd. Orion power 

meter measured the fluence rate of the light source. In accord with our previous studies,30 
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illumination intensities of 65 ± 5 and 80 ± 5 mW/cm2 were employed in aPDI studies of MSSA 

and AREC, respectively. In the case of the HCoV229E virus, both light intensities were employed 

to induce aPDI. After the introduction of microbial suspension, the disc-containing wells were 

covered with Al foil and stored in the dark for 60 min for two purposes: (1) the results served as a 

dark control for aPDI, and (2) the results would reveal if either substrate or ZnTMPyP4+ possessed 

inherent toxicity in the absence of light. For the bacterial tests, well plates containing only 

suspension without a substrate served as a reference used to calculate the inactivation for other 

control and illuminated specimens. Following illumination under the above conditions, the discs 

were removed and placed in a 15 mL centrifuge tube, and the bottom of each well was washed 

with 5 mL of PBS and then added to the centrifuge tube containing the disc. The tube was vortexed 

thoroughly to resuspend the adhered bacteria.  

After the discs were removed, the resulting suspension was centrifuged at 3600 rpm for 5 

min. The supernatant was discarded, and the bacterial pellet was resuspended by vortexing in 200 

µL of PBS. Then, 40 µL of bacterial suspension was withdrawn and added to 360 µL of PBS in 

an aliquot. This procedure was repeated five times to generate six serial dilutions of each 

illuminated specimen. Lastly, 10 µL were pipetted from each aliquot and placed on six-column-

square plates that were previously prepared with agar and antibiotic-free broth for both bacteria. 

The agar plates were stored overnight in an oven maintained at 37 °C. The same procedure was 

followed for specimens kept in the dark. Colony-forming units were later counted and the 

corresponding bacterial inactivation level (along with the p-value from a student statistical t-test) 

was calculated. After exposure of the HCoV229E virus to illumination for 60 min, 75 µL of 

infection media (MEM 1% antibiotics, 1% FBS, 1% HEPES buffer) was added, and the virus was 

eluted by triturating several times, followed by rapid transfer to new wells. Virus suspensions were 
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immediately diluted serially ten-fold, and six replicates of each dilution were used to infect Huh-

7 cells seeded the previous day at a density of 104 cells per well in a TCID50 assay protocol. After 

2 h, 50 µL of cell growth media was added and the plates were incubated at 33 °C with 5% CO2. 

After 96 h, the cytopathic effect was quantitated by visual inspection, and resulting TCID50/mL 

values were calculated according to the Spearman-Kaerber method.36,37  

 

3.3. RESULTS AND DISCUSSION 

Fiber characteristics. The method for producing relatively uniform PA6 microfibers for use in 

this study requires bicomponent fiber spinning wherein PA6 is dispersed within a PLA matrix. 

Such fiber spinning can exploit a wide range of cross-sectional geometries, but one that is used to 

recover a large population of microfibers for nonwoven mats is the “islands in a sea” 

configuration.35 In the present study, 37 equally-sized/spaced PA6 islands are arranged in a 

continuous PLA matrix. Cross-sectional SEM images of such bicomponent fibers are presented 

elsewhere33 and are not reproduced here. Since the PLA is a hydrolyzable polyester whereas PA6 

is highly resistant to dilute alkaline solutions, the PLA can be selectively removed by exposure to 

NaOH(aq), thereby leaving behind discrete PA6 microfibers measuring about 2-3 µm across, 

according to SEM images such as the one displayed in Figure 3.1. The series of SEM images 

provided in Figure 3.2 confirms the existence of a SbQ-PVA coating on SCPA6 and DCPA6 

fibers, and the average coating thickness is estimated to be ~150-200 nm on SCPA6 fibers. Neither 

coating process appears to be particularly efficient, as indicated by the formation cross-linked 

SbQ-PVA webs and sheets located between, and thus connecting, adjacent fibers. This feature is 

particularly evident when a second SbQ-PVA coating is applied. The extent to which the PA6 is 

coated can also be gleaned from XPS spectra (cf. Figure 3.3). As seen from the extracted elemental 
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compositions listed in Table 3.1, addition of the SbQ-PVA coating is signified by an increase in 

surface O and a reduction in N (from PA6). In fact, the surface N content of the SCPA6 specimen 

is below the detection limit, which implies that the PA6 fiber is largely, if not completely, 

unexposed, whereas the DCPA6 specimen exhibits a detectable N level corresponding to either 

very thin or only partial fiber coverage. Lastly, the O/C ratios of the two coated specimens are 

quantitatively similar, whereas that for neat PA6 is noticeably lower. These conclusions are further 

corroborated by EDS in which Cl from the counterion on ZnTMPyP4+ (see Scheme 3.1) is used to 

monitor the PS loading level (see Table 3.2).   

Another method by which to visualize the extent to which the PA6 microfibers are coated 

with ZnTMPyP4+-containing SbQ-PVA involves ToF-SIMS imaging. Here, three ionic species are 

of particular interest: CNO- from neat PA6, C2H3O2
- from SbQ-PVA and Cl- from ZnTMPyP4+. 

Images acquired from each of these species are presented for neat PA6, DCPA6 and SCPA6 

specimens in Figures 3.4-6 and reveal several noteworthy features. In the case of unmodified PA6 

(Figure 3.4), only CNO- ions from the neat fibers are sufficiently detectable at the acquisition 

conditions employed to generate an image. This confirms that the fibers are uncoated. Images of 

the DCPA6 specimens in Figure 3.5 at different coating concentrations (coating thicknesses) 

indicate the presence of both CNO- and C2H3O2
- ions, verifying the presence of the SbQ-PVA 

coating. As the coating concentration is increased, the intensity of the CNO- images systematically 

decreases, while that of the C2H3O2
- images conversely increases, implying that the fibers become 

increasingly better coated. Several isolated bright spots in the Cl- images likewise establish the 

existence of the ZnTMPyP4+ PS, most likely in the form of discrete aggregates. Qualitatively 

similar results are observed for the SCPA6 specimens in Figure 3.6 with two notable exceptions. 

The CNO- images corresponding to PA6 are significantly less well-defined and intense, which 
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suggests that the SCPA6 fibers are more consistently coated with SbQ-PVA than the analogous 

DCPA6 ones, in agreement with our XPS findings. The second difference is that the Cl- image 

collected from the SCPA6 specimen at 1 wt% PS loading level (relative to the coating) displays 

continuous regions that indicate the ZnTMPyP4+ PS is located throughout the coated fibers within 

these regions. Taken together, these results suggest that the coatings on the SCPA6 fibers should 

be more effective at aPDI than their DCPA6 counterparts. 

 

aPDI analysis. Due to the difference in the structure of Gram-positive and Gram-negative bacteria, 

two different illumination intensities (65 ± 5 and 80 ± 5 mW/cm2, respectively) have been utilized 

in this aPDI study. Typically, Gram-negative bacteria possess an extra layer of outer membrane in 

addition to the plasma membrane and peptidoglycan layer that together protect the intracellular 

components of Gram-positive bacteria. The peptidoglycan layer, mainly composed of sugars and 

amino acids, is relatively easy to disrupt, which subsequently leads to cell wall lysis and leakage 

of intracellular components from Gram-positive bacteria. The extra layer of outer membrane in 

Gram-negative bacteria, on the other hand, impedes efforts to destroy the cell wall, thereby 

sheltering the intracellular components. For this reason, a higher light intensity is required against 

Gram-negative AREC to produce more 1O2 and induce cell wall disruption. Another important 

consideration in the present study is fiber coating uniformity, which is expected to influence the 

antibacterial performance of the SCPA6 and DCPA6 fibers. This difference, as well as the role of 

coating concentration, is apparent in Figure 3.7 for coated fibers exposed to MSSA bacteria. While 

both types of coated fibers unequivocally display evidence of antibacterial effectiveness, the 

SCPA6 fibers tend to outperform their DCPA6 analogs at the same coating concentration even 

though the DCPA6 fibers possess a higher ZnTMPyP4+ PS level. In the case of SCPA6 specimens, 
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an increase in ZnTMPyP4+ loading promotes improved antibacterial performance, eventually 

reaching the MDL (99.9999% inactivation, with a 6 log unit reduction in CFU/mL and a p-value 

< 0.0001) at the highest level tested. The efficacy of the DCPA6 fibers with regard to MSSA 

inactivation in Figure 3.7, as well as for AREC inactivation in Figure 3.8, is, however, generally 

less pronounced than the SCPA6 fibers and, in the specific case of MSSA, appears to become 

independent of solution concentration (i.e., coating thickness). It is important to remember that 

both series of coated fibers contain a second coating of ZnTMPyP4+-free SbQ-PVA, which serves 

as a capping layer to prevent ZnTMPyP4+ leaching during the aPDI tests. Upon illumination, any 

1O2 generated by the ZnTMPyP4+ PS in the active coating layer must diffuse through the capping 

layer to ultimately affect bacteria. This consideration, coupled with thinner and possibly less 

uniform coatings on the DCPA6 fibers, most likely constitutes the reason for the lower efficacy of 

the DCPA6 fibers relative to the SCPA6 fibers despite the higher ZnTMPyP4+ loading level in the 

DCPA6 fibers. 

To compare the results from the coated fibers developed here against our previously 

reported results wherein the PS is embedded in a nonpolar block copolyolefin matrix,30 the 

individual results displayed in Figures 3.7 and 3.8 are combined with those earlier findings in 

Figure 3.9 to elucidate the efficacy of the incorporation protocols as a function of PS loading level. 

As expected from the discussion above, we anticipate that the antimicrobial performance will be 

more profound for the Gram-positive (MSSA) bacterial strain than for the Gram-negative (AREC) 

strain. Our prior study has demonstrated that reduction levels of at least 99.89% can be achieved 

for several Gram-negative strains, including AREC, Acinetobacter baumannii (A. baumannii) and 

Klebsiella pneumoniae (K. pneumoniae), under the same exposure conditions. This series of 

bacterial strains is especially relevant here since these pathogens are resistant to various traditional 
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and contemporary pharmaceuticals,38-43 largely comprising the ESKAPE series (i.e., E. faecium, S. 

aureus, K. pneumoniae, A. baumannii, Pseudomonas aeruginosa, and Enterobacter species) of 

bacteria primarily responsible for HAIs,44 and they can likewise cause other infectious outbreaks 

(e.g., food contamination45,46). For AREC in particular, bulk-functionalized polymer films yield 

99.95% inactivation,30 which is comparable to the best result achieved here (99.86% for the SCPA6 

fibers at 1 wt% PS loading level). In marked contrast, Gram-positive bacteria such as MRSA, 

MSSA and VRE are much more susceptible to aPDI, previously attaining the MDL (at 99.9999% 

inactivation) under identical exposure conditions.30 Here, the maximum inactivation levels are 

99.9999% and 99.99% for the SCPA6 and DCPA6 coated fibers, respectively, at 1 wt% PS loading 

level. As our prior study clearly indicated, however, the level of bacterial inactivation achieved is 

sensitively dependent on the coupling between light intensity and exposure time. 

While the primary intention of this study has been to focus on the antibacterial efficacy of 

PS-containing coatings on polymer fibers, the need for effective, long-lasting and comprehensive 

antimicrobial coatings on PPE around the globe is evident in the present COVID-19 pandemic. 

This need is particularly urgent since recent studies47-49 have established that the SARS-CoV-2 

virus can survive for several days on plastic substrates, including nonwoven fibrous facemasks, 

and can thus be transmitted by direct contact, in addition to water droplets and aerosols dispersed 

in the air.50 Due to its infectivity and facile transmission, the SARS-CoV-2 virus requires Biosafety 

Level 3 containment, which was not readily attainable for this study. For this reason, we chose to 

examine the HCoV229E virus as a less pathogenic surrogate that has been shown to possess similar 

environmental stability as the more pathogenic coronaviruses (SARS-CoV, MERS-CoV and 

SARS-CoV-2).34 In addition, clinical disinfection protocols are common among all coronaviruses. 

On the basis of our parallel pH-drop inactivation strategy, we have observed23 that the HCoV229E 
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virus is more resistant to a precipitous reduction in surface pH than the SARS-CoV-2 virus, 

although both viruses are completely inactivated (to the MDL) in a significantly shorter exposure 

time (5-20 min) relative to more traditional antimicrobial surfaces such as copper.47 The aPDI 

results obtained here for HCoV229E are presented in Figure 3.10 and reveal that the uncoated 

microfibers have little, if any, effect on the virus within experimental uncertainty. In contrast, 

microfibers modified with a PS-containing coating (1 wt% PS) reveal a substantial reduction in 

virus survivability after exposure to light at an intensity of 65 mW/cm2 for 60 min. In this case, the 

level of inactivation is 99.7%. By increasing the light intensity to 80 mW/cm2 for the same 

exposure time, the inactivation level is dramatically increased to 99.9998% (corresponding to the 

MDL), which is comparable to the antibacterial effectiveness measured here. These results are 

extremely promising, indicating that the aPDI approach can be applied (in the form of a coating) 

directly to polymer fibers used in PPE, as well as in fibrous furnishings found in homes, offices, 

temporary housing, and medical facilities. 

 

3.4. CONCLUSIONS 

Photodynamic polymer coatings have been prepared by incorporating a ZnTMPyP4+ PS in 

UV-cross-linkable SbQ-PVA, followed by deposition, using two different approaches, on 

microfibers of a common thermoplastic (nylon-6) in the textile industry. An important 

consideration here is that these coatings are anticipated to remain fully antimicrobial (i.e., capable 

of producing 1O2 in the presence of visible light and atmospheric O2) insofar as the integrity of the 

coating is not compromised by factors such as mechanical abrasion/cracking or photobleaching 

due to long-term activation of the PS. Even if the coatings become damaged, the underlying fibers 

can readily be recoated using the methodologies reported here. According to SEM analysis, the 
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present microfibers are coated and, depending on the concentration of the coating solution and the 

number of coatings applied, sheets connecting adjacent fibers are also present. The coverage of 

coatings prepared by spray deposition is particularly encouraging, since corresponding XPS 

spectra display no signal from nitrogen, which is a characteristic signature of the nylon-6 substrate. 

These spectra likewise corroborate that the surface oxygen/carbon ratio of fibers coated by either 

dip or spray deposition increases to a constant level exceeding that of the substrate. Ion-specific 

images acquired by ToF-SIMS further corroborate these independent results by identifying the 

presence of C2H3O2
- from SbQ-PVA and Cl- (the counterion) from ZnTMPyP4+ on both types of 

coated fibers.  

Antimicrobial photodynamic inactivation studies conducted against Gram-positive and 

Gram-negative bacterial strains indicate that, despite deposition-related variations in coating 

coverage, all the coated fibers examined here are antibacterial. In fact, a maximum of 99.9999% 

inactivation (at the MDL) is achieved with methicillin-susceptible S. aureus, whereas 99.86% 

inactivation is observed with ampicillin-resistant E. coli. While these results compare favorably 

our previous study30 of the same PS in a nonpolar copolyolefin, we note that considerable 

inactivation (78.57 to 99.91%) occurs with these coatings at a significantly (100x) lower 

ZnTMPyP4+ concentration. With this substantial reduction in PS loading and the use of polymer 

fibers in conjunction with an eco-friendly water-borne coating, we have demonstrated an 

economically viable and process-friendly alternative by which to produce anti-infective materials 

that show promise in the healthcare, agricultural, defense, textiles and food packaging industries. 

Moreover, although only two bacterial strains have been investigated in this study, we expect on 

the basis of our consistent findings here (cf. Figure 9) that our previous successes with other 

bacteria (e.g., MRSA), as well as (un)encapsulated viruses30 and fungi,31 will translate to these 
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coated fibers. In this spirit, we also report that the inactivation of a human coronavirus serving as 

a surrogate for the SARS-CoV-2 virus34 can reach 99.9998%, thereby confirming that PS-

containing coatings can be used in conjunction with PPE to help prevent the spread of COVID-19. 
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Table 3.1. Surface composition results of neat and coated microfibers according to XPS analysis. 
 

Specimen C O N O/C 
 (at%) (at%) (at%) 
 

 
PA6 75.2 20.6 4.2 0.27 

DCPA6 (1.0% w/v) 75.1 21.7 1.9 0.29 

SCPA6 (1.0% w/w) 76.1 23.2 0.0* 0.30 
 

* Below the detection limit. 
 
 
 
 
 
 
 
Table 3.2. Bulk composition results of neat and coated microfibers according to EDS analysis. 
 

Specimen C O Cl 
 (wt%) (wt%) (wt%) 
 

 
PA6 72.8 24.9 0.0 
     
DCPA6 (0.1% w/v) 77.2 19.4 1.2  
DCPA6 (1.0% w/v) 75.1 20.3 2.4 
   
SCPA6 (0.1% w/w) 71.0 18.9 1.8 
SCPA6 (1.0% w/w) 71.9 17.7 3.4 
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Scheme 3.1. Chemical structures of the zinc tetra(4-N-methylpyridyl)porphine (ZnTMPyP4+) 
photosensitizer (left) and the water-soluble N-methyl-4(4’-formylstyryl)pyridinium methosulfate 
acetal poly(vinyl alcohol) (SbQ-PVA) photocross-linkable coating (right) employed in the present 
study. The counterion on ZnTMPyP4+ is Cl-. 
 
 
 

 
 

Figure 3.1. SEM image of unmodified PA6 microfibers recovered upon removal of the PLA 
matrix in bicomponent PA6/PLA “islands-in-the-sea” fibers, followed by hydroentanglement to 
form a nonwoven mat.  
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Figure 3.2. SEM images acquired from DCPA6 (top row) and SCPA6 (bottom row) fibers coated 
with SbQ-PVA+ZnTMPyP4+ at different coating concentrations (DCPA6), PS loading levels 
(SCPA6) and coating layers (labeled along the top). 
 
 
 

 
 

Figure 3.3. XPS spectra collected from PA6, as well as DCPA6 (1.0% w/v) and SCPA6 (1.0% 
w/w), fibers (labeled and color-coded) with relevant elemental binding energies identified. The 
shaded area highlights the binding energy for nitrogen. 
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Figure 3.4. ToF-SIMS images of Cl- (the PS counterion), CNO- (the PA6 substrate) and C2H3O2

- 
(the SbQ-PVA coating) acquired from neat PA6 microfibers. 
 
 
 

 
 

Figure 3.5. ToF-SIMS images of Cl- (the PS counterion), CNO- (the PA6 substrate) and C2H3O2
- 

(the SbQ-PVA coating) acquired from DCPA6 coated fibers at different coating concentrations 
(labeled). 
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Figure 3.6. ToF-SIMS images of Cl- (the PS counterion), CNO- (the PA6 substrate) and C2H3O2
- 

(the SbQ-PVA coating) acquired from SCPA6 coated fibers at different coating concentrations 
(labeled). 
 
 

 
 

Figure 3.7. MSSA survival after aPDI in the presence of SCPA6 and DCPA6 coated fibers for 1 
h at a light intensity of 65 ± 5 mW/cm2. The controls and PS loading levels (SCPA6) or solution 
concentrations (DCPA6) are labeled and color-coded. The errors bars correspond to the standard 
error.  
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Figure 3.8. AREC survival after aPDI in the presence of SCPA6 and DCPA6 coated fibers for 1 
h at a light intensity of 80 ± 5 mW/cm2. The controls and PS loading levels (SCPA6) or solution 
concentrations (DCPA6) are labeled and color-coded. The errors bars correspond to the standard 
error.  
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Figure 3.9. MSSA (filled circles) and AREC (filled triangles) survival on SCPA6- (black, bottom 
abscissa axis) and DCPA6- (red, top abscissa axis) coated fibers as measured in Figures 3.7 and 
3.8, respectively. The solid lines serve to connect the data, whereas the dashed and dotted lines 
identify the MDL and 99% death conditions, respectively. All of these results are statistically 
significant with p-values below 0.0236. Included for comparison are results obtained earlier for 
the same PS embedded at 1.0 wt% in a block copolyolefin matrix (open yellow symbols) The blue 
shaded region indicates the survival range for all the Gram-negative bacteria reported elsewhere,30 
whereas all the Gram-positive bacteria in the same study achieve the MDL, after comparable 
exposure conditions. 
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Figure 3.10. HCoV229E survival after aPDI in the presence of SCPA6 coated fibers for 1 h at two 
different exposure conditions. The controls, PS loading levels and light intensities are labeled and 
color-coded. The errors bars correspond to the standard error. 
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CHAPTER 4 

Inherently Self-sterilizing Charged Multiblock Polymers That Kill Drug-resistant Microbes 

in Minutes* 

ABSTRACT 

The increasing threat of drug-resistant pathogens is attracting the attention of the 

worldwide healthcare community. While interest in self-sterilizing materials is growing, most rely 

on small improvements in mature methodologies. Here, we investigate the antimicrobial properties 

of midblock-sulfonated multiblock polymers and demonstrate that these self-organizing 

amphiphilic (anionic) materials are inherently antibacterial and antiviral without any additives. 

The major advances reported include (i) inactivation of Gram-positive/negative bacteria, including 

three drug-resistant strains, to the detection limit of 99.9999% within 5 min, (ii) inactivation of 

three viruses again to 99.9999% in 5 min, and (iii) mechanistic studies that establish that the low 

local pH achievable with these materials, which remain mechanically stable as the hydrophilic 

matrix hydrates while the end blocks serve as physical cross-links, is responsible for the observed 

antimicrobial efficacy. Discussions with experts regarding anionic polymers capable of inherently 

killing such a wide variety of pathogens indicate that the combination of broad efficacy and rapid 

potency exhibited by the present materials is novel. We are excited about this discovery and hope 

that the biomedical and polymer fields can benefit from our design paradigm to produce stand-

alone or coating materials that provide proactive care through prevention for the elderly, immune-

compromised or injured, especially in impoverished global communities. 

* This chapter has been published in its entirety: 

B. S. T. Peddinti, F. Scholle, M. G. Vargas, S. D. Smith, R. A. Ghiladi and R. J. Spontak. Mater. 

Horiz. 2019, 6, 2056-2062. 
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4.1. INTRODUCTION 

Drug resistance among infectious pathogens is increasing at an alarming rate around the 

world and is generating global concern regarding the future of public healthcare, particularly in 

underdeveloped countries.1 While many medical treatments based on antibiotics and antivirals 

target specific chemical functionalities to induce microbiocide, several microbes have evolved and 

developed resistance mechanisms that can compromise such treatment.2 Examples of 

‘‘nightmare’’ pathogens, or so-called3 ‘‘superbugs,’’ include methicillin-resistant (MR) 

Staphylococcus aureus (S. aureus), often referred to as MRSA, vancomycin-resistant (VR) 

Enterococcus faecium (E. faecium) and carbapenem-resistant Acinetobacter baumannii (A. 

baumannii).4,5 The worldwide proliferation of drug-resistant infectious microbes has been further 

exacerbated by medical misdiagnosis, antibiotic overuse, and poor prevention. A symptom of this 

growing medical crisis is the increasing propensity of healthcare-associated infections (HAIs) that 

largely threaten elderly, injured and immune-compromised patients in medical and nursing 

facilities.6 According to the U.S. Centers for Disease Control and Prevention (CDC), ~ 1.7 million 

HAI cases are estimated to occur in the U.S. annually, leading to a 5–6% mortality rate of those 

affected. At least 23, 000 and 37, 000 deaths are attributed to drug-resistant pathogens alone each 

year in the U.S. and Europe, respectively,7 and these casualty numbers are expected to increase so 

significantly that, by 2050, deaths due to drug-resistant microbes are predicted to outnumber those 

caused by cancer.8 In addition to the tragic loss of life, HAIs also introduce an enormous financial 

burden on healthcare, estimated to vary from $28–45 billion annually.6 In response to public 

distress associated with infectious diseases, various strategies have been developed to sterilize 

surfaces, since the transmission of potentially harmful bacteria and viruses lying dormant on 

surfaces frequently promotes the spread of disease. Several of these microbiocidal approaches are 
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illustrated in Figure 1. In Figure 1a, for instance, a surface is sterilized by repeated exposure to 

either radiation9 (e.g., UV light) or a chemical disinfectant10 (e.g., bleach, hydrogen peroxide or a 

detergent), which can damage the surface, adversely affect the environment or introduce additional 

health concerns. The approach depicted in Figure 1b employs metal (e.g., Ag or Cu) or metal 

oxide (e.g., ZnO or TiO2) nanoparticles or salts11–14 that are embedded inside the matrix, or on the 

surface, of a polymeric substrate. Although these metals act as toxins to which bacteria can become 

resistant,15–17 this approach suffers from the likelihood that nanoscale metal can leach into the 

environment and contaminate the food chain or directly enter into higher-level organisms at the 

subcellular level.18 Figure 1c displays the principle of photodynamic inactivation, in which 

photosensitive molecules are introduced into a polymer and are subsequently excited by 

noncoherent visible light in the presence of molecular oxygen to generate singlet oxygen (1O2), an 

effective and sustainable microbiocide.19,20 Moreover, since 1O2-induced termination is 

nonspecific, microbes cannot develop chemical resistance. Some polymers are naturally 

antibacterial or can be chemically functionalized (or modified with a surface-grown polymer 

brush21) so that the surface becomes antibacterial (see Figure 1d). Since the corresponding 

mechanism of disinfection relies principally on electrostatic interaction between cationic species 

on the polymer and anionic species on the microbe membrane to induce membrane rupture,22–24 

this approach applies mainly to bacteria and can be largely negated by surface abrasion during 

application. Similarly, as schematically portrayed in Figure 1e, cationic species can be introduced 

into soft hydrogels that swell in the presence of the aqueous microbial suspension25–27 or bulk 

materials.28–30 Unlike conventional plastic surfaces, however, hydrogels are often mechanically 

weak and prone to cohesive failure.  
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In this work, we report that mechanically robust anionic materials produced by selective 

hydration of midblock-sulfonated multiblock polymers (see Figure 1f) provides a surprisingly 

effective and natural alternative to antimicrobial surfaces. The polymer of primary interest is a 

thermoplastic elastomeric poly[tert-butylstyrene-b-(ethylene-alt-propylene)-b-(styrene-co-

styrenesulfonate)-b-(ethylene-alt-propylene)-b-tert-butylstyrene] (TESET) pentablock polymer 

that spontaneously self-assembles into a nanostructured substrate due to thermodynamic 

incompatibility between the contiguous sequences. The morphology of this unique network-

forming material can be chemically templated during solvent casting and subsequently annealed 

in solvent vapor to alter or refine the as-cast morphology.31 Previous studies have established that 

this amphiphilic polymer can be used for water purification,32 gas separation33,34 and organic 

photovoltaics.35 Details regarding the molecular characteristics of the polymer are specified in the 

experimental section and the degree of midblock sulfonation examined here ranges from 26 mol% 

(TESET26) to 52 mol% (TESET52). Due to the presence of sulfonic acid groups along the styrenic 

midblock, the aqueous medium in microbes and/or their suspensions simultaneously promotes 

polymer hydration and reduces the pH. The effect of pH on bacteria has been extensively studied, 

and bacteria are classified according to their preferred pH range: acidophiles (1.0–5.5), 

neutrophiles (5.5–8.0) and alkalophiles (>8.0). Although bacteria can thrive in environments 

differing in pH, they tend to maintain a neutral interior irrespective of the external pH. A sudden 

change in pH, however, promotes stress on the outer membrane and, if sufficiently drastic, destroys 

the membrane, resulting in enzyme damage, protein denaturation and microbe death.36 We explore 

this microbiocidal strategy, with experimental details regarding material and microbe 

preparation/analysis. In addition to this, due to a wide range of available polymeric materials that 
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are capable of exhibiting antimicrobial properties, we have compiled a non-exhaustive list of some 

of these materials and the pathogens against which they are effective in Table 3.1. 

 

4.2. EXPERIMENTAL 

Materials and methods. Two sulfonated grades of the commercial (NEXAR®) poly[tert-

butylstyrene-b-(ethylene-alt-propylene)-b-(styrene-co-styrenesulfonate)-b-(ethylene-alt 

propylene)-b-tert-butylstyrene) (TESET) block polymers were kindly provided in sheet form by 

Kraton Polymers (Houston, TX). The block weights of the parent (unsulfonated) polymers were 

supplied by the manufacturer: 15 (T), 10 (E) and 28 (S) kDa. As described in detail elsewhere,38 

the chemically comparable poly(tert-butylstyrene-b-styrene-b-tert-butylstyrene) (TST) triblock 

copolymer was synthesized by living anionic polymerization initiated by sec-butyllithium in 

cyclohexane at 25-30 °C. According to size exclusion chromatography and proton nuclear 

magnetic resonance (1H NMR) spectroscopy, the T and S block weights were 21 and 80 kDa, 

respectively, and the polydispersity was 1.01. Dichloroethane (DCE, 99.8% pure), sulfuric acid 

(H2SO4, 98% pure), acetic anhydride (AA, 99% pure), and tetrahydrofuran (THF, 99.6% pure), as 

well as buffer salts, were all purchased from Fisher Scientific (Pittsburgh, PA), whereas silver 

nitrate (AgNO3), copper sulfate (CuSO4), zinc chloride (ZnCl2), and aluminum chloride (AlCl3) 

were all acquired from Sigma-Aldrich (St. Louis, MO). The LB broth (Miller) was obtained from 

EMD Chemicals (Billerica, MA), while Tryptic Soy Broth and Nutrient Broth #234000 were 

procured from Teknova (Hollister, CA) and BD Difco (Franklin Lakes, NJ), respectively. 

Deionized (DI) water was used to prepare all salt, media and buffer solutions. 
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Sulfonation of TST polymer. Sulfonation of the TST polymer was conducted according to the 

functionalization procedure previously reported.38 The parent (unsulfonated) TST copolymer was 

dissolved at 5 wt% in an 18/1 v/v DCE/AA mixture. Upon TST dissolution, the solution was heated 

to 50 °C and the sulfonating agent, acetyl sulfate generated from a H2SO4/AA mixture at a molar 

ratio of 1.00/1.15, was added dropwise. The reaction continued at 50 °C for 6 h, after which time 

the reaction products were precipitated upon addition of DI water and purified by repeated dialysis 

against DI water. Complete removal of the starting reactants was ensured by measuring the pH of 

the solution. The degree of midblock sulfonation was quantified by 1H NMR spectroscopy 

according to the protocol described elsewhere.38 Three grades of sulfonated TST copolymers were 

prepared and designated as TSTx, where x represents the degree of sulfonation (in mol%). 

 

Preparation of polymer films. Films were prepared by first adding 10 wt% polymer to THF at 

ambient temperature. After complete polymer dissolution under continuous agitation for ~30 min, 

each solution was transferred to a Teflon mold and subsequently dried for 24 h in a laminar fume 

hood. Resultant films produced in this fashion, measuring about 250-300 μm thick, were further 

dried under vacuum at 40°C for an additional 24 h to help remove entrapped solvent and stored in 

a desiccator until used. Although small concentrations of solvent likely remained entrapped in the 

polymers due to their glass-forming styrenic blocks, small quantities of THF purposefully added 

to the microbial suspensions to discern the effect of solvent on microbial proliferation did not 

promote any discernible level of inactivation. To promote neutralization of the sulfonic acid groups 

in the TESET52 polymer, salt solutions were first prepared at 1.0 M in DI water, and polymer 

films were subsequently immersed in each resulting salt solution, stirred for 24 h at ambient 

temperature and dried under quiescent conditions. 
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Measurement of pH level. All the pH measurements reported in the main narrative were performed 

in triplicate with a Mettler Toledo FiveEasy Plus FP20 pH probe calibrated with respect to standard 

buffer solution. 

 

Antibacterial studies 

Culturing of bacteria. Methicillin-susceptible S. aureus (ATCC-29213) was cultured in antibiotic-

free tryptic soy broth, while MRSA (ATCC-44) was grown in tryptic soy broth containing 5 μg/mL 

tetracycline. Vancomycin-resistant E. faecium (ATCC-2320) was cultured in the presence of 50 

μg/mL ampicillin in DB Difco Bacto Brain Heart Infusion 237500. E. coli BL21-(Dε3)pLysS 

(Stratagene, San Diego, CA) and A. baumannii (ATCC-19606) were both grown in Miller LB 

media with 100 μg/mL ampicillin and without antibiotics, respectively. K. pneumoniae (ATCC-

2146) was cultured in DB Difco Nutrient broth #234000 containing 100 μg/mL ampicillin. Each 

strain was grown in 5 mL of broth in a culture tube incubated at 37 °C and 250 rpm. All strains 

were grown to an optical density (OD600) of ~0.4, which corresponded to 1-4´108 CFU/mL 

(where CFU refers to the number of colony-forming units). After centrifuging the broth at 3600 

rpm for 5 min, the supernatant was removed, and the resultant bacterial cell pellet was re-

suspended in phosphate buffer saline (PBS) solution. 

 

Inactivation of bacteria. The midblock-sulfonated polymer films were cut into discs with a hole 

punch so that each piece fit precisely into a well of a flat-bottom 24-well plate. To each well was 

pipetted 200 μL of bacterial suspension from the stock previously re-suspended in PBS solution. 

A control was used to check the growth of the bacterial stock solution and calculate the inactivation 

of suspended microbes exposed to the polymer surfaces. After a constant exposure time of 5 min 
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(unless otherwise stated), 40 μL of bacterial suspension was withdrawn and added to an aliquot 

containing 360 μL of PBS. This procedure was repeated 5´ so that each well contained 6 serial 

dilutions (from 10-1,000,000´), and 10 μL from each aliquot were then added onto six-column 

square agar plates prepared with appropriate broth and agar for various bacteria. These plates were 

incubated overnight in an oven maintained at 37 °C. The CFUs were counted and the level of 

bacterial inactivation was calculated. In some cases, the exposure time was systematically varied 

(for MRSA on the TESET polymers) or increased beyond 5 min (for S. aureus on the TST17 

polymer). Statistical significance was assessed using an unpaired Student's two-tailed t-test. 

 

Confocal microscopy imaging. Confocal laser scanning microscopy (CLSM) was performed on 

three samples: a live control, a dead control and a bacterial suspension exposed to TESET52. All 

the fluorescence images were acquired on a Zeiss LSM 880 microscope in the Cellular and 

Molecular Imaging Facility at NC State University after staining the bacteria with a live/dead 

assay. A 1:1 SYTO9 : propidium iodide mixture was used for this purpose, and the bacteria were 

stained for 30 min prior to imaging. The CLSM images reported here were collected with a Zeiss 

C-Apochromat 40´ water immersion objective lens (1.2 numerical aperture). Laser wavelengths 

of 488 and 561 nm were used to excite green (for live bacteria) and red (for dead bacteria) 

fluorescence, respectively. 

 

Antiviral studies 

Vesicular stomatitis virus (VSV). Polymer films were prepared in the same fashion as in the 

antibacterial tests, and a similar control was used as a reference to calculate the level of viral 

inactivation. All the tests were performed in at least triplicate unless otherwise noted. After 
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exposing 25 μL of VSV suspension to the TESET polymers for 5 min, 100 μL of minimum 

essential medium (MEM) composed of 1% fetal bovine serum (FBS), 10 mM 4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid (HEPES) and antibiotics were added to remove adhered VSV 

from the polymer films. The viruses were subsequently titered after serial dilution (6 log units) 

using Vero mammalian cells (epithelial cells from the kidney of the African green monkey) that 

were incubated in a 24-well plate under isothermal conditions at 37 °C. The concentration of VSV 

was determined by plaque assay in which crystal violet was used to stain infected Vero mammalian 

cells after infecting them for 24 h. The level of VSV inactivation was determined by counting the 

number of plaques, and the MDL was 66.7 PFU/mL. 

 

Human adenovirus-5 (HAd-5). The procedure here is initially identical to that employed for VSV. 

After an exposure time of 5 min on the TESET26 and TESET52 polymers, 100 μL of Dulbecco's 

Modified Eagle's medium (DMEM) containing 10% FBS and antibiotics were added to remove 

adhered HAd-5 from the films. The viruses were titered as above using A549 cells (from a human 

lung carcinoma cell line) in 24-well plates at 37 °C. The A549 cells were infected for 120 h, after 

which time infected cells were stained with crystal violet. The level of HAd-5 inactivation was 

determined by counting the number of plaques, and the MDL was 66.7 PFU/mL. 

 

Influenza A virus. The procedure here is initially identical to that employed for VSV and HAd-5. 

After an exposure time of 5 min on the TESET26 and TESET52 polymers, DMEM with 0.2% 

bovine serum albumin (BSA), 25 mM HEPES buffer, antibiotics, and 2 μg/mL TPCK (tosyl 

phenylalanyl chloromethyl ketone)-treated trypsin were used to remove adhered Influenza A 

viruses from the films. The viruses were titered as above using Madine-Darby canine kidney cells 
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(MDCK), and the cells were infected for 48 h prior to staining with crystal violet. The level of 

Influenza A inactivation was determined by counting the number of plaques, and the MDL was 

66.7 PFU/mL. 

 

Rejuvenation studies. To discern the extent to which the sulfonic acid groups can be reactivated 

(and the antimicrobial performance rejuvenated), we have exposed the TESET52 material to 10 

successive cycles of S. aureus in PBS These specimens have been subsequently subjected to 

immersion in aqueous HCl solutions at different concentrations (0.01, 0.1 and 1.0 M) for different 

times, and their antimicrobial performance has been re-measured. 

 

Toxicity studies. The self-sterilizing TESET polymers discussed in this work display acute, fast-

acting antimicrobial properties against several (drug-resistant) bacterial and viral strains. Here, we 

consider their toxicity toward mammalian cells in case the materials come into contact with live 

cells in contemporary applications such as wound care dressings or transdermal drug delivery. 

While a full toxicity study is well beyond the scope of the present study, we examine here the 

effect of TESET26 and TESET52 on Vero mammalian cells, described above with regard to our 

VSV antiviral studies. The toxicity of the TESET materials was monitored by a Trypan Blue 

exclusion assay. Briefly, Vero cells were grown in 175 cm2 flasks to confluency, trypsinized and 

adjusted to a cell suspension of 4 ´ 106 cells/mL. Next, 25 μL of this suspension were added to 

discs of TESET26 or TESET52 in the bottom of a 96-well plate, and the cells were incubated for 

different time periods. Wells without TESET served as a negative control. At the end of the 

incubation, 25 μL of growth medium (Dulbecco’s Modified Eagle Medium, supplemented with 

6% fetal bovine serum and 1% penicillin/streptomycin) were added, and each cell suspension was 
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transferred to a fresh well. Lastly, 50 μL of Hyclone Trypan Blue solution was added, and the cells 

were counted in a hemocytometer (Neubauer Improved) at 10x magnification on a Motic AE20 

inverted brightfield microscope. 

 

4.3. RESULTS & DISCUSSION 

The time-dependent survivability of MRSA suspended in phosphate buffer saline (PBS) 

solution upon exposure to the TESET polymers is presented in Figure 4.1g. Although both 

polymers display evidence of antibacterial properties from plaque assays, the more highly 

sulfonated TESET52 polymer is more effective (p < 0.0001) than TESET26 (p = 0.0005) after 3 

min, reaching the minimum detection limit (MDL) of 10-4 % survival (99.9999% inactivation; i.e., 

no colony formation observed) in just 5 min. For this reason and unless stated otherwise, the 

exposure time in the following results is held constant at 5 min. Included in Figure 4.1g is the 

chemical structure of the TESET polymer, wherein the hydrophilic and hydrophobic blocks are 

color-coded. Evidence of bacterial death is likewise apparent from the confocal laser scanning 

microscopy (CLSM) images provided in Figure 4.1h. In these fluorescent images, methicillin-

susceptible S. aureus has been stained to differentiate live (green) and dead (red) controls. The 

appearance of primarily dead bacteria after exposure to TESET52 for 5 min confirms the 

antibacterial effectiveness of this material. While commercial SES thermoplastic elastomers (in 

which E refers to an ethylene containing polyolefin block) are ubiquitous in a wide range of diverse 

technologies, their endblock-sulfonated variants do not exhibit antimicrobial properties because, 

upon self-assembly into nanostructures, the sulfonated endblocks become isolated in a 

hydrophobic matrix. Fully sulfonated polystyrene, on the other hand, is soluble in aqueous media 

and dissolves in aqueous solution. The uniquely sulfonated midblocks of the TESET polymer 
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allow considerable swelling in the presence of liquid water ~170% at 23 °C, but over 1000% at 70 

°C, for TESET52 cast from THF37—so that the nanostructured polymer behaves as an anionic, 

reversible (physical) hydrogel in which swollen midblocks are connected to glassy nanodomains 

that effectively serve as semi-permanent cross-links. 

The results displayed for both Gram-positive and -negative bacteria in Figure 4.2a and b, 

respectively, evince the comprehensive antibacterial nature of the TESET polymers. In the case of 

methicillin-susceptible S. aureus in Figure 4.2a (as well as MRSA in Figure 4.1g), TESET52 is 

capable of inactivating 99.9999% of the bacteria within 5 min (p < 0.04), whereas TESET26 with 

lower midblock sulfonation is significantly more effective at killing methicillin-susceptible S. 

aureus than MRSA over the same exposure time. Despite their difference in midblock sulfonation, 

both polymers are equally capable of inactivating VR E. faecium to the MDL after 5 min (see 

Figure 4.2a). Additional results acquired for three Gram-negative bacteria—A. baumannii, 

Klebsiella pneumoniae (K. pneumoniae) and Escherichia coli (E. coli)—are included for 

TESET26 and TESET52 in Figure 4.2b and reveal that both polymers are equally effective at 

inactivating 99.9999% of each bacterial strain. Four strains examined in Figure 4.2a and b belong 

to the ESKAPE classification of common bacteria responsible for nosocomial infections (E. 

faecium, S. aureus, K. pneumoniae, A. baumannii, Pseudomonas aeruginosa, and Enterobacter 

species). To confirm the antimicrobial property of the commercial TESET polymers and explore 

the role of midblock sulfonation, a complementary TST polymer has been synthesized and 

chemically modified to three different degrees of midblock sulfonation (in mol%): 17 (TST17), 40 

(TST40) and 63 (TST63). Details regarding the synthesis and sulfonation of this polymer are 

available elsewhere.38 The survival of S. aureus on each of these polymers is displayed in Figure 

4.2c. After 5 min, the TST40 and TST63 polymers reduce the bacterial population to the MDL. In 



   

164 
 

contrast, the inactivation level of S. aureus exposed to TST17 after 60 min is lower, measured as 

99.96% (p = 0.0069). 

Our findings provided in Figure 4.2 indicate that (i) Gram-negative bacteria appear to be 

more susceptible to inactivation due to midblock sulfonation and (ii) a minimum degree of 

midblock sulfonation between 26 and 40 mol% is needed to achieve maximum inactivation (to the 

MDL) of all the bacteria examined. Since these functionalized polymers contain sulfonic acid 

groups, we posit that an abrupt and drastic change in pH level is responsible for the observed 

antibacterial inactivation. The pH sensitivity of S. aureus on the control surface is presented in 

Figure 3a and establishes that this bacterial strain perishes at pH levels below 1.5 but propagates 

at pH levels between 2.0 and 8.0. These results therefore identify a clear transition in bacterial 

response to pH between pH ~ 1.5 and pH ~ 2.0. Repeated exposure of both TESET polymers to 

PBS solution yields the pH levels included in Figure 4.3b. Initially, the two polymers promote a 

highly acidic environment by lowering the solution pH to about 0.8. Upon cycling and presumed 

complexation of dissociated cations in PBS solution with sulfonic acid groups on the polymers, 

the solution pH is found to increase monotonically. During the fifth cycle, the solution pH above 

TESET26 lies near the bacterial transition at pH ~ 1.5. Corresponding S. aureus assays displayed 

as a function of TESET cycling in Figure 4.3c corroborate that an increase in pH improves 

bacterial survival after the first cycle for TESET26 and after four cycles for TESET52. In fact, the 

TESET26 polymer shows no evidence of antibacterial properties during the fifth cycle, whereas 

the inactivation level induced by TESET52 drops to 99.94%. If the antibacterial effectiveness of 

these polymers is reduced upon cycling due to progressive complexation of cations from PBS 

solution,39 it follows that both the pH level and bacterial survival will most likely increase if the 

sulfonic acid groups are intentionally neutralized by the addition of metal cations. 
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The results provided in Figure 4.3d for S. aureus confirm this expectation. In the case of 

Ag1+ from AgNO3, the PBS solution in contact with TESET52 becomes fully neutralized (to pH ~ 

7), but little antibacterial performance (~ 36.5% inactivation compared to 99.9999% in Figure 4.2) 

is observed, even though Ag is a well-documented antibacterial metal.11 This substantial reduction 

in effectiveness is attributed to nearly complete complexation of Ag1+ with the sulfonic acid groups 

on the polymer. In contrast, the pH levels measured for two divalent cations (Cu2+ from CuSO4 

and Zn2+ from ZnCl2) and one trivalent cation (Al3+ from AlCl3) all lie between 3.0 and 4.0, 

indicating that complexation is incomplete. Copper, another recognized antibacterial metal,12 

exhibits the highest level of inactivation (~ 63.5%) of the series, whereas the efficacy of Zn is 

comparable to that of Ag. Aluminum, on the other hand, does not possess antibacterial properties 

and, upon complexation, induces negligibly little bacterial inactivation (~ 7.7%). These results 

verify that the ability of the sulfonic acid groups on the TESET (and, by inference, TST) polymers 

to lower the pH of bacterial suspensions is largely, if not exclusively, responsible for rapid and 

dramatic bacterial inactivation. Two other considerations that must be examined relate to the 

possibility that polymer swelling upon exposure to PBS solution either mechanically compromises 

the outer bacterial membrane or draws bacteria to the low-pH polymer surface. To discern if 

swelling influences our findings, we have investigated the survival of MRSA after 5 min in the 

presence of both TESET polymers previously swollen in deionized water to their equilibrium level. 

While the effectiveness of TESET26 is lower (75% compared to ~ 99% in Figure 4.1g), the 

bacterial inactivation level attained by TESET52 remains unaltered, signifying that the degree of 

sulfonation should exceed 26 mol% to achieve reliable antibacterial properties with negligible 

flow-induced complications during polymer swelling.  
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Although materials containing biocidal additives tend to be pathogen-specific, some 

materials40–44 exhibit broad-spectrum antimicrobial efficacy, making them suitable for use against 

bacteria and viruses. In this vein, Figure 4.4 displays the ability of the TESET polymers to 

inactivate three virus species: vesicular stomatitis virus (VSV), human adenovirus-5 (HAd-5) and 

influenza A virus. Of these, only HAd-5 is non-enveloped (i.e., protected by a protein shell), which 

hinders inactivation. The results presented in Figure 4.4 indicate that, after an exposure time of 5 

min, the TESET polymers eradicated both enveloped viruses below the MDL of 66.7 PFU/mL. In 

the case of HAd-5, however, TESET26 is altogether ineffective, whereas TESET52 successfully 

inactivates 99.997% of the virus population, which is comparable to that achieved by 

photodynamic inactivation after an exposure time of 60 min.20 Insofar as we are aware, no other 

polymer is inherently antiviral (we recognize that polymers can be made antiviral by the 

incorporation of additives). We have demonstrated that two series of midblock-sulfonated block 

polymers exhibit remarkably high antimicrobial efficacy due to a unique combination of (i) 

molecular architecture that permits water-induced swelling and physical hydrogel formation while 

retaining robust mechanical properties, and (ii) the ability of the hydrated sulfonic acid groups to 

drastically lower the pH of the bacterial suspension. The results reported herein confirm that these 

polymers afford a largely unexplored route to accelerated, effective and comprehensive 

antimicrobial materials that are activated by the simple presence of water.  

We have demonstrated that repeated exposure to pathogens suspended in PBS results in a 

reduction in antimicrobial efficacy due to complexation of the sulfonic acid groups present along 

the midblock of the multiblock polymer and cations from PBS. It is important to recognize that, in 

practice, cations such as these will most likely not be present at high concentrations, if at all, as 

pathogens come in contact with the polymer surface. In other words, we have presented the worst-
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case scenario wherein the self-sterilizing ability is progressively compromised as the polymer 

undergoes cyclic exposure to PBS. The results, provided in Figure 4.5, clearly affirm that, even 

after deleterious complexation with cationic species from PBS, these charged multiblock polymers 

can be fully reactivated (to yield low S. aureus survival at the MDL) after relatively short 

rejuvenation times that vary inversely with acid strength: 5 min at 1.0 M, 15 min at 0.1 M and 30 

min at 0.01 M. To put these results in perspective, the acidity of the 0.01 M HCl(aq) solution is 

comparable to that of either white distilled vinegar (pH ≈ 2.5) or lemon juice (pH ≈ 2-3). 

Limited toxicity tests (see Figure 4.6) further indicate that these materials can also kill 

mammalian cells over the course of minutes and must be carefully regulated if they come into 

direct contact with live cells during use. Since these midblock-sulfonated polymers can be cast 

into different shapes, coated onto various surfaces and recycled, the antimicrobial strategy 

introduced here nonetheless provides an alternative and comprehensive approach to combat the 

global threat of drug-resistant infectious microbes without compromising environmental welfare. 

 

4.4. CONCLUSIONS 

Drug-resistant microbes loom as a growing threat to global healthcare by greatly increasing 

the risk of hospital-acquired infections that could ultimately become fatal, especially for elderly, 

injured and immune-compromised patients. As a consequence, several materials-related 

antimicrobial strategies have been developed to mitigate this ubiquitous concern, resulting in 

different levels of success and, in some cases, introducing deleterious complications to 

environmental safety. Here, we demonstrate that charged multiblock polymers wherein the 

midblock is selectively sulfonated, and therefore hydrophilic and water-swellable, inherently 

provide self-sterilizing surfaces that rapidly act (killing more than 99.9999% in just 5 min) against 



   

168 
 

a wide range of Gram-positive and -negative bacteria, three of which are antibiotic-resistant. This 

surprising response, which depends on the degree of midblock sulfonation, is attributed to a 

dramatic reduction in surface pH level that is remarkably effective against microbes with a 

typically anionic outer membrane. These polymers, suitable for use in biomedical applications, 

smart textiles, separation membranes, commodity fixtures, and food packaging, are equally 

effective against infectious virus strains. Although the antimicrobial efficacy of these polymers is 

progressively diminished through complexation of sulfonic acid groups with cationic species 

during cyclic exposure to electrolyte solutions, these thermoplastic elastomers can be fully 

rejuvenated to their maximum performance level by relatively short immersion in acidic solutions. 

As a highly promising addition and alternative design paradigm to the expanding arsenal of 

antimicrobial materials, these midblock-sulfonated multiblock polymers constitute a facile, 

inexpensive, comprehensive, and environmentally-benign preventative route by which to combat 

the worldwide proliferation of drug-resistant microbes. 
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Figure 4.1. Mechanisms of polymer surface sterilization: (a) UV radiation or chemical 
disinfectants, (b) metal (oxide) nanoparticles, (c) photosensitive molecules that produce 1O2 in the 
presence of visible light, (d) functionalized polymers or grafted surface layers, (e) cationic 
chemically cross-linked hydrogels or bulk polymers, and (f) anionic block polymers that lower the 
surface pH level. In (g), the survival of MRSA on two TESET polymers, the chemical structure of 
which is included (with hydrophilic and hydrophobic blocks colored blue and red, respectively), 
is presented as a function of exposure time. The minimum detection limit (MDL) at 10-4% is 
identified. A CLSM image of S. aureus after 5 min on TESET52 is provided in (h) to confirm 
bacterial inactivation (live and dead controls in the inset display bacteria as green and red, 
respectively). 
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Figure 4.2. Survival of (a) Gram-positive and (b) Gram-negative bacteria after exposure to a 
control (green), TESET26 (purple) and TESET52 (red) for 5 min. In (c), the survival of methicillin-
susceptible S. aureus is presented for three TST polymers varying in midblock sulfonation content 
(exposure times are included). 
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Figure 4.3. In (a), the survival of methicillin-susceptible S. aureus at different pH levels. The red 
shaded region identifies the transition below which the bacteria are killed. The pH of PBS solutions 
in contact with TESET26 (�) and TESET52 (�) is presented in (b) for up to five successive 
cycles, and the corresponding survival of S. aureus under these change pH conditions is included 
in (c). In (d), the effect of ion complexation on S. aureus exposed to TESET52 is compared with 
pH level (p). In all cases, the solid lines serve to connect the data, and the error bars denote the 
standard error associated with at least triplicate measurements. 
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Figure 4.4. The number density of three infectious viruses after exposure to a control, TESET26 
and TESET52 (color-coded) for 5 min. In the case of the two enveloped viruses, inactivation is 
complete (with virus densities < 1).  
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Figure 4.5. Survival of S. aureus as a function of rejuvenation time for the TESET52 polymer 
immersed in HCl(aq) solutions varying in concentration (labeled and color-coded) after 10 
repeated exposures to PBS (which deactivates the polymer due to complexation of sulfonic acid 
groups on the polymer with cationic species in the PBS). The solid lines serve to connect the data. 
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Figure 4.6. Survival of Vero mammalian cells after exposure to the TESET26 and TESET52 
polymers (labeled) over the course of 15 min. The solid lines serve to connect the data. 
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Table 4.1. Compilation of several effective antimicrobial polymeric materials 
Type  Polymer, Class or Functionality Pathogen(s) examined Ref. 
Zwitterionic &  
cationic polymer  
brushes 
 

Poly(N,N-dimethyl-N-(ethoxy 
carbonylmethyl)-N-[2' 
(methacryloyloxy)ethyl]-
ammonium bromide) 
 

E. coli 23 

Peptide-conjugated 
polymer brushes  

Poly(N,N dimethylacrylamide-co 
N-(3-aminopropyl) 
methacrylamide hydrochloride) 
 

P. aeruginosa  24 

Polycationic hydrogel  Chitosan/dextran-derived  
 

E. coli, P. aeruginosa, 
S. aureus, S. pyogenes, 
C. albicans, C. 
perfringens 

26 

Zwitterionic  
hydrogel  
 

Poly(2-(2-((2-(methacryloyloxy) 
ethyl) dimethylammonio) 
acetoxy) benzoate) with salicylic 
acid conjugated to carboxyl 
betaine 
 

S. epidermis  27 

Cationic bulk polymers  
 

Guanidine-based polymer E. coli, P. aeruginosa, 
S. aureus, C. albicans 

28 

Cationic bulk polymer 
 

Polyethyleneimine derivatives  E. coli, S. aureus  
 

29 

Cationic bulk polymer  Random/alternating copolymers 
and homopolymers containing 
quaternary ammonium groups 
 

E. coli, S. aureus  30 

Aromatic self- 
assembling polymers 
 

Peptide-based diphenylalanine 
and diglycine  

E. coli  
 

40 

Self-assembling  
β-hairpin peptide 
hydrogels 
 

Hydrophobic valine and 
hydrophilic lysine/arginine  

MR S. aureus  41 

Amphiphilic  
monodisperse 
microstructures 
 

Polyethyleneimines  E. coli, S. aureus, B. 
subtilis  
 

42 

Peroxide-releasing  
microgels  

Prepared from N-hydroxyethyl 
acrylamide, methylene bis-
acrylamide and dopamine 
methacrylamide 
 

E. coli, S. epidermis, 
porcine parovirus, 
bovine viral diarrhea 
virus 

43 
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Table 4.1. (continued) 
Amphiphilic peptide 
mimics  

Guanylated polymethacrylates E. coli, S. epidermis, S. 
aureus, C. albicans 
 

44 

Midblock-sulfonated  
block polymers  
 

Poly[tert-butylstyrene-b-ethylene-
alt-propylene-b-(stryrene-co-
styrenesulfonate)-b-ethylene-alt-
propylene-b-tert- butylstyrene] 

E. coli, (MR) S. aureus, 
VR E. faecium, A. 
baumannii, K. 
pneumonia, vesicular 
stomatitis virus, 
humanadenovirus-5, 
influenza A virus 

This 
work 
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CHAPTER 5 

Rapid and Repetitive Inactivation of SARS-CoV-2 and Human Coronavirus on Self-

Disinfecting Anionic Polymers* 

 
ABSTRACT 
 

While the ongoing COVID-19 pandemic affirms an urgent global need for effective 

vaccines as second and third infection waves are spreading worldwide and generating new mutant 

virus strain, it has also revealed the importance of mitigating the transmission of SARS-CoV-2 

through the introduction of restrictive social practices. Here, we demonstrate that an 

architecturally- and chemically-diverse family of nanostructured anionic polymers yield a rapid 

and continuous alternative by which to inactivate coronaviruses and prevent their transmission 

from contact with contaminated surfaces. Operating on a dramatic pH-drop mechanism along the 

polymer/pathogen interface, polymers of this archetype inactivate the SARS-CoV-2 virus, as well 

as a human coronavirus surrogate (HCoV-229E), to the minimum detection limit within minutes. 

Application of these anionic polymers to frequently touched surfaces in medical, educational and 

public-transportation facilities, or personal protection equipment, can provide rapid and repetitive 

protection without detrimental health or environmental complications. 

 

 

 

 

* This chapter has been published in its entirety: 

B. S. T. Peddinti, S. N. Downs, J. Yan, S. D. Smith, R. A. Ghiladi, V. Mhetar, R. Tocchetto, A. 

Griffiths, F. Scholle, and R. J. Spontak. Adv. Sci. Online: https://doi.org/10.1002/advs.202003503. 
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5.1. INTRODUCTION 

As an ongoing example of a catastrophic global health crisis, the COVID-19 pandemic 

caused by the SARS-CoV-2 virus has pummeled strong national economies,1 imposed 

unprecedented social restrictions2 and, above all else, claimed over 2.3 million lives worldwide 

(with over 460,000 in the U.S. and over 560,000 in Europe) at the time of this publication.3 

Although the enveloped SARS-CoV-2 virus is classified as a respiratory pathogen due to its ability 

to compromise the function of, as well as damage, the lungs,4 it is linked to an increased risk of 

health complications in adults with cardiopulmonary disease.5 A Kawasaki-like disease has also 

been reported6 in children infected with SARS-CoV-2. The virus is primarily transmitted via 

miniscule droplets or aerosols7 that disperse in the air during speaking, coughing or sneezing, 

thereby necessitating the wearing of facemasks and other protective personal equipment (PPE). 

Traditionally, these fibrous products function by excluding transmission of particles to body entry 

sites on the sole basis of size.8 Another route by which SARS-CoV-2 transmits, however, is via 

indirect transmission by contact with contaminated surfaces.9 For instance, Munster and co-

workers10 have observed that the virus can remain stable on surfaces for long periods of time: up 

to 2-3 days on stainless steel and unspecified plastic at 21-23 °C and 40% relative humidity. Chin 

et al.11 have measured longer surface stability times, such as 7 days on surgical masks, which 

highlights why disposable PPE should not be reused. Moreover, the survivability of this virus on 

different surfaces appears to be temperature-dependent: infectious virus measured at or above the 

limit of detection has recently been reported12 for commonly encountered surfaces (including paper 

and plastic bank notes) over the course of a few days at 40 °C to nearly a month at 20 °C.  These 

results confirm that SARS-CoV-2, as well as other coronaviruses,13 are capable of spreading after 
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contact with a contaminated surface, which is worrisome in light of post-reopening surges and the 

possibilities of mutations that increase infectivity14 or a more severe wave in the future.  

Several approved vaccines are currently available to protect the global populace from the 

deleterious effects of SARS-CoV-2, but vaccine distribution requires adequate time and 

infrastructure to ensure sufficient public safety. While human trials are presently ongoing, 

additional measures that are capable of affording rapid and continuous prevention of SARS-CoV-

2 proliferation are clearly warranted to help mitigate its worldwide circulation. Whereas various 

chemical and radiative disinfecting protocols have been approved for this purpose, they require 

repeated application and are only virucidal during application (i.e., they do not prevent re-

contamination). In addition, the continual use of approved disinfectants containing, for example, 

quaternary ammonium compounds (QACs) can negatively impact the environment.15 A more 

strategic approach to prevention involves the development of self-disinfecting materials that can 

continuously inactivate the SARS-CoV-2 virus. Although examples of antibacterial materials are 

relatively common and frequently rely on the incorporation of metals16 (e.g., silver or copper) or 

metal oxides17 (e.g., zinc oxide), these bactericidal approaches suffer from known shortcomings, 

including gradual loss of germicidal activity18 and leaching-induced environmental 

contamination,19 and are generally not as effective against viruses. Other antibacterial materials 

utilize cationic polymers as free-standing films, coatings, or surface grafts.20 Alternatively, 

comprehensive effectiveness against several bacteria (both Gram-positive and Gram-negative, as 

well as antibiotic-resistant), enveloped/non-enveloped viruses and fungi has been achieved21,22 in 

polymeric materials modified with photosensitive dye molecules that are capable of generating 

singlet oxygen in the presence of molecular oxygen and noncoherent visible light. These self-
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disinfecting materials can inactivate a broad spectrum of infectious microbes after initial contact, 

and they remain continuously antimicrobial over extended periods of time. 

We recently reported23 a highly effective alternative approach to self-disinfecting materials 

based on anionic block polymers. This class of materials consists of long sequences of dissimilar 

chemical species wherein one species is negatively charged. Because of their inherent 

thermodynamic incompatibility, polymers of this archetype typically self-assemble into soft 

nanostructures.24 Due to the presence of sulfonic acid groups along the polymer backbone, these 

materials fully inactivate (99.9999%, 6 log10 units) a wide range of Gram-positive and Gram-

negative bacteria (including methicillin-resistant Staphylococcus aureus, MRSA) typically 

responsible for nosocomial infections, as well as enveloped/non-enveloped viruses (including 

influenza A), after exposure at ambient temperature for just 5 min.23 The mechanism by which 

inactivation proceeds derives from a dramatic pH drop at the polymer/pathogen interface and 

depends on the number of sulfonic acid moieties present on each polymer molecule (expressed as 

the degree of sulfonation, DOS). Prior results reveal that the DOS affects the kinetics of 

inactivation, thereby indicating that a critical DOS level is required to achieve rapid and substantial 

microbial inactivation. In this work, we have explored the time-dependent inactivation of 

coronaviruses deposited on a family of anionic block polymers. To do so safely, we examine the 

less virulent human coronavirus (HCoV-229E, a temperature-sensitive25 common cold virus that 

can survive on various surfaces26 for 2-6 days) as a surrogate for SARS-CoV-2 on several block 

polymers differing in molecular architecture and chemical modification to demonstrate broad 

activity across this class of polymers, as well as provide mechanistic insight into the structure-

function properties associated with virucidal efficacy. In addition, we further investigate the time-

dependent inactivation of the SARS-CoV-2 virus on one particularly promising anionic block 
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polymer that, as a thermoplastic elastomer, likewise possesses favorable mechanical properties. 

For further comparison, the antiviral properties of a chemically- and architecturally-dissimilar 

perfluorinated polyeletrolyte (Nafion), composed of 1,1,2,2-tetrafluoro-2-({1,1,1,2,3,3-

hexafluoro-3-[(trifluorovinyl)oxy]-2-propanyl}oxy)ethanesulfonic acid and tetrafluoroethylene, 

are also analyzed here. 

 

5.2. EXPERIMENTAL 

Three types of anionic block polymers were employed as virucidal substrates in this study, 

and their chemical structures are presented in Scheme 5.1, wherein the color scheme differentiates 

the hydrophilic (blue) and hydrophobic (red) segments. Only a poly[tert-butylstyrene-b-(ethylene-

alt-propylene)-b-(styrene-co-styrenesulfonate)-b-(ethylene-alt-propylene)-tert-butylstyrene] 

(TESET) block polymer (available as BIAXAMTM from Kraton Corporation) was used to 

investigate the survival kinetics of the SARS-CoV-2 virus at ambient temperature. The two other 

sulfonated block polymers depicted in Scheme 5.1, poly[tert-butylstyrene-b-(styrene-co-styrene-

sulfonate)-b-tert-butylstyrene] (TST) and poly[(styrene-co-styrenesulfonate)-b-(ethylene-co-

butylene)-b-[(styrene-co-styrenesulfonate)] (SEBS), were selected here to study the survival 

kinetics of the HCoV-229E surrogate and determine differences due to polymer architecture. These 

two pre-sulfonated materials were synthesized in-house (TST) or provided commercially (SEBS, 

Kraton Corporation) and subsequently sulfonated to different DOS levels. The number- and 

weight-average molecular weights (Mn and Mw), as well as the composition (expressed as a weight 

percent of the ith block, wi), of each pre-sulfonated block polymer were measured by size-exclusion 

chromatography and proton nuclear magnetic resonance spectroscopy. The results are listed in 

Table 5.1, and the dispersity (Đ = Mw/Mn) is consistently less than 1.10. The numerical value 



   

188 
 

assigned to each polymer identifies its DOS (in mol%). In all cases, these sulfonated block 

polymers were first dissolved in tetrahydrofuran (THF), and the solutions were then cast into 

TeflonTM molds. Following solvent removal, the resultant films were subjected to virucidal testing. 

The Nafion substrate was obtained in film form from Chemours Company and used as-received. 

The SARS-CoV-2 USA-WA1/2020 virus described by Harcourt et al.27 was propagated on 

VeroE6 cells in DMEM with 2% fetal bovine serum (FBS), GlutaMAX, sodium pyruvate, non-

essential amino acids, and antibiotic-antimycotic. The VeroE6 cells used in these assays were 

seeded a day prior to the assay at a density of 8 x 105 cells per well in 6-well plates. Test coupons 

of film were trimmed to 2 cm2 squares and placed into a sterile 6-well plate. Five drops of 10 µL 

(50 µL total) of virus were added to the surface of each coupon and exposed for 5, 10, 20, or 30 

min. At the end of the exposure period, the coupons were added to 2 mL media (DMEM with 2% 

FBS and 1X Antibiotic-Antimycotic). Samples that had been incubated for 30 min were vortexed 

for 30 s, centrifuged at 1000 RFC for 2 min, and serially diluted. [It was confirmed that vortexing 

had no discernible effect on the results reported here.] Samples that had been incubated for 5, 10, 

and 20 min were vortexed for 2-3 s, after which coupons were immediately removed from the 

media. The eluted media was serial diluted using half-logarithmic dilutions from 100 to 10–2.5. 

Dilutions were plated in triplicate (200 µL per well) and incubated for 1 h ± 10 min at 37 °C and 

5% CO2 with periodic rocking. Following the incubation period, wells were overlaid with 2 mL of 

a 1:1 mixture of 2.5% Avicel RC-591 (DuPont Nutrition & Health), 2X Temin’s Modified Eagle 

Media with 10% FBS, 2X GlutaMAX, and 2X Antibiotic-Antimycotic. After a 2-day incubation, 

the plates were fixed with 10% neutral buffered formalin, removed from biocontainment, and 

stained with a 0.2% Gentian Violet and 10% neutral buffered formalin solution. Plaques were 
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counted and used to calculate the titer. The minimum detection level (MDL), or alternatively the 

limit of detection (LOD), was 3 PFU/mL, where PFU refers to a plaque-forming unit. 

The HCoV-229E virus was propagated on the human hepatocarcinoma cell line (Huh-7) in 

cell growth media (DMEM, 1% antibiotics, 10% FBS) at 33 °C. Materials were cut to fit in the 

bottom of a 96-well plate, and 25 µL of virus suspension (stock concentration 1.5 x 108 

TCID50/mL) was added to the plates for a selected length of time. After exposure, 75 µL of 

infection media (MEM 1% antibiotics, 1% FBS, 1% HEPES buffer) was added, and the virus was 

eluted by triturating several times, followed by rapid transfer to new wells. Virus suspensions were 

immediately diluted serially ten-fold from 10-1 to 10-8. Six replicates of each dilution (50 µL per 

well) were used to infect Huh-7 cells seeded the previous day at a density of 104 cells per well. 

After 2 h, 50 µL of cell growth media was added and the plates were incubated at 33 °C with 5% 

CO2. After 96 h, the cytopathic effect was monitored by visual inspection of the wells. Under the 

assay conditions employed here, the MDL was determined to be 6.32 x 102 TCID50/mL. 

Corresponding TCID50 values were calculated using the Spearman-Kaerber method.28,29 These 

values correspond to log10(50% end-point dilution) and are calculated from –(x0 – d/2 + d ∑i ri/ni), 

where x0 corresponds to the log10 of the lowest concentration (highest dilution), d is the log10 of the 

dilution factor, ri represents the number of positive cells in dilution i, and ni is the total number of 

cells in the ith dilution. Other statistical approaches30,31 could likewise have been used for this 

purpose. After determining the mean and standard deviation/error from the titers as functions of 

virus, substrate and exposure time, the statistical significance of each measurement was calculated 

from the unpaired student’s two-tailed t-test.32 In this case, the t-value was determined from  

𝑡 = 	 !!"!"
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where M and n in this context denote the mean and replicate number, respectively, the subscripts 

1 and 2 represent the control and test specimens, respectively, and Sp is the pooled standard 

deviation given by 

𝑆( = +(*!"+)#!"&(*""+)#""

*!&*""-
 (2) 

Here, Si is the standard deviation of the ith specimen set. The t-value and its corresponding p-

value, which provides a measure of statistical significance, can be extracted from distribution 

tables or, as done here, calculated from an on-line algorithm.33 In the present study, statistical 

significance is achieved when p < 0.05. The results of this analysis are summarized in Table 5.2 

and only apply to titers above the MDL.  

 

5.3. RESULTS AND DISCUSSION 

The survival of SARS-CoV-2 on TESET52 is presented as a function of exposure time in 

Figure 5.1 and confirms complete inactivation within experimental detection in 5 min. Included 

for comparison are results for SARS-CoV-2 on copper after 60 and 240 min.10 The minimum 

detection limit (MDL) corresponds to at least 99.9% inactivation, validating that the TESET52 

polymer inactivates SARS-CoV-2 over the course of minutes, not hours. Differences in the MDL 

reflect variations in the virus stock suspension (from 2.15 x 103 PFU/sample at 5 min to 6.65 x 104 

PFU/sample at 30 min), which account for marginally different control titers (from 1.78 x 103 to 

4.96 x 104 PFU/sample, respectively). As mentioned earlier, no p-values are calculated for these 

studies (or included here in Table 5.2) as all the corresponding survival results lie below the MDL. 

The mechanism by which viral inactivation proceeds here is based on a precipitous drop in surface 

pH (to < 1) due to the presence of sulfonic acid groups on the polymer.23 According to our previous 

studies, this block polymer self-organizes into a nanoscale morphology composed of hydrophobic 
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cylinders and alternating lamellae when cast from THF.34 Solvent-vapor annealing generates a 

highly ordered lamellar morphology, which represents the equilibrium morphology of this 

polymer, in agreement with computer simulations.35 Since viral inactivation occurs at the polymer/ 

pathogen interface, the surface chemistry of the TESET52 film is particularly important. An X-ray 

photoelectron spectroscopy (XPS) spectrum acquired from the surface of an as-cast TESET52 film 

is provided in Figure 5.2A and confirms the existence of ionization peaks for C 1s and O 1s, as 

expected from Scheme 5.1. The barely discernible peaks for S indicate that hydrophobic (i.e., low 

surface energy) lamellae preferentially reside at the surface. Upon exposure to phosphate buffer 

saline solution, two additional pairs of peaks become apparent in Figure 5.2A for Ca in the form 

of a mobile cation that readily complexes with sulfonic acid groups, as well as S, which provides 

chemical evidence of water-induced surface topological rearrangement (illustrated in Figure 

5.2B).  Elemental compositions discerned from XPS spectra such as the ones displayed in 

Figure 2A are listed for species at or above 1 at% in Table 5.3. In addition to sulfur, enrichment 

of oxygen at the surface of the TESET52 film after exposure to PBS solution is consistent with an 

increase in the population of sulfonic acid groups at the film surface. 

Comparable behavior is evident in Figure 5.3A for HCoV-229E on two TESET surfaces 

differing in DOS. While both materials are virucidal, this outcome indicates that (i) the TESET52 

polymer with a higher DOS is ultimately more effective at inactivating HCoV-229E than its 

TESET26 homolog, and (ii) the TESET26 polymer possesses an insufficient DOS to achieve 

detection limit inactivation over the course of 30 min. As noted earlier, the DOS must be above a 

critical level for detection-limit inactivation to be achieved after relatively short exposure times, 

such as those investigated here. Similar results have been previously reported23 for MRSA. Due to 

the presence of flexible intermediate blocks, the TESET polymers constitute examples of 
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thermoplastic elastomers and exhibit robust mechanical properties. Removal of these blocks yields 

the TST block polymers, which are relatively brittle plastics. The response of HCoV-229E exposed 

to three TST polymers varying in DOS reveals in Figure 5.3B that the TST17 polymer has an 

insufficiently low DOS level and is therefore unable to inactivate the virus, whereas the TST40 

and TST63 polymers achieve at least 99.998% inactivation of HCoV-229E in 20 min. An 

important consideration regarding midblock-sulfonated block polymers is that they remain intact 

in polar solvent and can, at high levels of sorbed water, behave as stable hydrogels because of their 

nonpolar physical crosslinks.36,37 In marked contrast, the mechanical properties of endblock-

sulfonated thermoplastic elastomers can be severely compromised by polar solvents, which serve 

to plasticize the physical crosslinks. With this shortcoming in mind, results from HCoV-229E 

exposed to an endblock-sulfonated SEBS block polymer with 44 mol% sulfonation are included 

in Figure 5.3C and establish that nearly complete inactivation is likewise achieved in 20 min.  

Our observations in Figure 5.3 are compiled in the form of HCoV-229E survival, defined 

as the ratio of a titer at a given exposure time normalized relative to that of the stock viral 

suspension multiplied by 100%, in Figure 5.4A. Insofar as the DOS level of the styrenic block 

(whether it is a midblock or an endblock) is sufficiently high, all of the anionic polymers examined 

here are inherently virucidal, rapidly inactivating both virus strains to their respective MDL: 99.9% 

for SARS-CoV-2 in 5 min and 99.998% for HCoV-229E in 20 min. These findings suggest that 

this class of polymeric materials could be equally effective against previous coronavirus outbreaks 

(e.g., SARS-CoV-1 and MERS-CoV), as well as mutations in the future. To corroborate the 

comprehensive virucidal nature of the TESET52 polymer in particular, several other viral strains 

— human adenovirus-5 (HAd-5), influenza A virus, vesicular stomatitis virus (VSV), 

parainfluenza-3 virus (PI-3), and xenotropic murine leukemia virus (X-MulV) — are also 
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displayed in Figure 5.4A after an exposure time of 5 min. Since the SARS-CoV-211 and HCoV-

229E25 viruses are sensitive to pH and temperature changes, we have further explored the 

inactivation of HCoV-229E on TESET52 at three different temperatures in Figure 5.4B. As the 

temperature is increased, virus inactivation becomes more pronounced at short times (5 min). At 

longer times, however, complete inactivation occurs faster at 4 and 25 °C (20 min) than at 37 °C 

(30 min). Since the surface pH of deionized (DI) water on TESET52 does not change to any 

appreciable extent with increasing temperature (see the inset in Figure 5.4B), the latter observation 

suggests that the pH rises at 37 °C in the presence of virus media due to accelerated sulfonic acid 

neutralization caused by mobile cations in the media.  

The p-values associated with the statistical significance of the titers measured from the 

SARS-CoV-2 and HCoV-229E viruses presented in Figures 5.1, 5.3 and 5.4 are compiled in Table 

2 for those values that lie above the MDL. All the measurements from the SARS-CoV-2 analysis 

in Figure 5.1 lie below the MDL, but many of the tests focusing on HCoV-229E yield quantifiable 

p-values. For example, the titers collected after an exposure time of 5 min from the sulfonated TST 

and TESET polymers at 25 °C are not statistically significant (1.00 > p > 0.07) relative to the stock 

virus suspension, which we utilize here as the control. To reflect this result, the corresponding 

survival values are highlighted (boxed) in Figure 5.4a. Similarly, none of the p-values calculated 

for the TST17 materials at different exposure times is statistically significant (1.00 > p > 0.21) 

with respect to the stock virus suspension. Since differences between the stock suspension and 

titers measured from the unsulfonated copolymers are also not statistically significant (0.50 > p > 

0.06), use of the stock suspension as the normalizing value for the TST and TESET polymers in 

Figure 5.4 and the control in p-value calculations ensures consistency of analysis, as well as a 

single value of the MDL for, and systematic comparison of, all the materials in these two series. 
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Interestingly, Table 5.2 furthermore reveals that, at all exposure times examined from 5 to 30 min, 

the titers measured for the SEBS44 polymer at 25 °C and the TESET52 polymer at 37 °C are 

statistically significant (p < 0.05), whereas those for the TESET52 polymer at 4 °C are not at short 

times. 

Unlike one-time-use disinfectants that require repeated application at discrete times to 

inactivate infectious microbes without providing future prevention of (re)contamination, the 

antimicrobial properties of the materials examined here are durable and remain antiviral after use, 

as demonstrated by the inactivation of SARS-CoV-2 on TESET52. In an independent test, polymer 

coupons were individually submerged in media (DMEM with 2% FBS and 1X Antibiotic-

Antimycotic) and quickly removed after gentle swirling (without vortexing) so that the exposure 

time was only a few seconds. After a drying time of 24 h, analysis of SARS-CoV-2 yielded the 

following titers after an exposure time of 5 min: 2.56 x 103 PFU/sample stock suspension, 2.46 x 

103 PFU/sample control and undetectable virus after exposure (at or below the MDL). These results 

are included in Figure 5.1 and confirm the continuous efficacy of the TESET52 polymer. Since 

the inactivation mechanism depends sensitively on the surface pH of these anionic block polymers, 

analysis of surface pH provides a straightforward predictive measure of inactivation performance. 

As reported elsewhere,23 for example, these anionic block polymers not only remain continuously 

antimicrobial (until the sulfonic acid groups are appreciably neutralized) but can also be 

subsequently recharged to full effectiveness for further use by short-time (< 1 h) exposure to 

relatively dilute aqueous acids. Moreover, the pH of TESET52 remains unaffected after it is 

initially exposed to DI water (pH = 0.96), dried for 5 days and re-exposed to DI water (pH = 0.99), 

indicating that the polymer, if activated by a relatively cation-free water source, would be expected 

to remain effective after at least several exposures to virus. 
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The results presented in Figures 5.1, 5.3 and 5.4 altogether confirm that the nanostructured 

polymers investigated here are highly effective against both SARS-CoV-2 and HCoV-229E, in 

addition to other bacteria and viruses reported earlier.23 While numerous polymeric and 

organic/inorganic hybrid materials have been described as antimicrobial, most are actually not 

comprehensive and only provide antibacterial properties. Recent reviews, however, have 

specifically addressed the development of polymers as antiviral media in the food38 and health39 

sectors. Here, we examine several antiviral polymer designs and demonstrate that the sulfonated 

materials considered in the present study are ideally suited to combat human coronaviruses by 

affording significantly more expedient antiviral properties. Diblock copolymers containing 

poly(acrylic acid), for example, have been observed40 to be highly effective against both Gram-

positive and Gram-negative bacteria (not viruses), and require exposure times on the order of 

several hours. Although some materials are more broadly suitable for antibacterial and antifungal 

(not antiviral) applications,41 they do not rely on a pH-drop afforded by the presence of acidic 

moieties. Instead, Guo et al.42 use such groups for metal-cation binding purposes only. Early 

studies by Feltz and Regelson43 confirm an interest in ethylene/maleic anhydride copolymers as 

antiviral materials, but their results involving the Echo 9 virus on just the copolymer indicate little, 

if any, antiviral efficacy. Although Mengo virus is believed44 to be resistant to anionic polymers, 

Merigan and Finkelstein45 have reported that several viruses including Mengo virus can be 

inactivated (up to 94%) by a divinyl ether/maleic anhydride copolymer after exposure for 1 h at 

38 °C. Other polycarboxylates containing maleic or acrylic acid units have been found46 to be 

incapable of inactivating tobacco mosaic virus, whereas a styrene-alt-maleic acid copolymer could 

completely inactivate human immunodeficiency virus (HIV) after it was incorporated into 

mammalian cells but not before.47 In contrast, poly(vinyl alcohol sulfate) and its acrylic acid 



   

196 
 

copolymer inhibit the growth of HIV, but remain largely ineffective against a wide range of other 

viruses including influenza.48 Numerous studies have examined the general benefit of acidic 

polymers to prevent virus proliferation for in vivo applications49-53 that typically require 

substantially longer exposure times than those examined here for surface disinfection. To the best 

of our knowledge, only the present anionic polymers with sufficiently robust mechanical properties 

have successfully enabled a surface pH-drop mechanism to inactivate human coronaviruses, as 

well as other bacteria and viruses, on fomites for the sole purpose of preventing disease 

transmission. 

Thus far, we have only considered antiviral polymers on the basis of one archetype of 

nanostructured amphiphilic polymers derived from microphase-separated block polymers. 

Another polymer exhibiting comparable water sorption and diffusion properties54 as the TESET52 

polymer is Nafion, the chemical structure of which is provided in Figure 5.5a. While Nafion is a 

relatively expensive polymer that is most closely associated with proton-exchange membrane 

(PEM) fuel cells,55 both materials have been successfully used in technologies requiring high water 

solubility and transmission, such as ionic polymer-metal composites as electroactive media56 and 

gas-separation membranes for CO2 removal/capture.57 At nanoscale dimensions, both materials 

exhibit continuous hydrophilic pathways, although those in Nafion are significantly smaller (just 

a few nanometers across, according to cryoelectron tomography58) than those formed in the TESET 

polymers, but they can be selectively swollen through the incorporation of a hydrophilic liquid 

(e.g., an ionic liquid59). Included in Figure 5.5a are HCoV-229E titers measured at different 

exposure times. These results appear qualitatively similar to those displayed for the TESET and 

TST polymers, revealing that this anionic polymer likewise possesses antiviral properties in film 

form. We note here, however, that the p-values for these measurements lie just outside the criterion 
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established here for statistical significance (i.e., p < 0.05). For completeness, the p-values for 

HCoV-229E on Nafion range from 0.07 to 0.09 and thus lie within the 90%, rather than 95%, 

confidence interval. Normalized survival values are presented for the TESET and Nafion series in 

Figure 5.5b and confirm that all these nanostructured amphiphilic polymers are similarly 

virucidal, although the TESET52 polymer is the only one that reaches the MDL within an exposure 

time of 30 min. It is interesting that both Nafion and the TESET26 polymer possess comparable 

sulfonate levels corresponding to ion-exchange capacities (IECs) of about 1, whereas the IEC of 

the TESET52 polymer is 2. 

 

5.4. CONCLUSIONS 

In summary, this study introduces a largely unexplored preventative coating strategy that 

relies on the use of nanostructured anionic polymers to generate low surface pH levels (due to the 

presence of protons from sulfonic acid groups that become surface accessible upon exposure to an 

aqueous medium) to expediently inactivate coronaviruses. The precipitous pH drop afforded by 

these substrates promote rapid and repetitive viral inactivation to (i) reduce the likelihood of 

human coronavirus transmission due to contact with contaminated surfaces and (ii) mitigate the 

spread of SARS-CoV-2 in particular, as well as other infectious pathogens in general. Since this 

self-disinfecting strategy does not target specific chemical moieties on microbes, it is non-specific 

and should not result in the development of microbial resistance, which is not necessarily the case 

for recent metal-oxide approaches60 that likewise show promise in combating coronavirus. 

Moreover, the comprehensive antimicrobial nature of this class of polymeric materials makes them 

particularly suitable for applications in which microbes form protective spores (e.g., Clostridioides 

difficile,61 a highly contagious anaerobic pathogen that can cause fatal pseudomembranouscolitis 
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or a plethora of infectious microbes coexist to synergistically promote multiple health problems. 

Lastly, these polymers do not introduce known negative health or environmental implications, and 

the anionic block polymers can be recycled to avoid adding solid waste to landfills and natural 

resources. 
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Table 5.1. Molecular characteristics of the pre-sulfonated block polymers employed in this study.a 

  

 Polymer Mn (kDa) wS (wt%) wT (wt%) 

 TESET 78 36 38 

 TST 122 66 34 

 SEBS 56 30 — 
a The S and T subscripts refer to polystyrene and poly(tert-butylstyrene), respectively. 

Table 5.2. Calculated p-values of the partially sulfonated block polymers investigated in this 
study.a 

 
Virus/specimen Time (min) 
designation 5 10 20 30 
 
 
SARS-CoV-2 virus 
 
  TESET52 Below MDL Below MDL Below MDL Below MDL 
 
HCoV-229E virus 
 
  TESET26 0.1273 0.0498 0.0458 0.0458 
 
  TESET52  
       25 °C 0.8133 0.0467 Below MDL Below MDL 
       4 °C 0.9187 0.4217 Below MDL Below MDL 
       37 °C 0.0498 0.0461 0.0459 0.0458 
 
  TST17 1.0000 0.3818 0.2999 0.2130 
 
  TST40 0.1273 0.0459 Below MDL Below MDL 
 
  TST63 0.0694 0.0459 Below MDL Below MDL 
 
  SEBS44 0.0495 0.0463 0.0458 0.0458 
 
a A time point at which the virus titers register below the MDL is not assigned a p-value if all the observations for that 
time point lie below the MDL. 
 
Table 5.3. Elemental compositions of TESET52 surfaces before and after immersion in PBS. 
 Element Content [at%] 
 C O S Si Ca 
Before immersion 87.49 ± 0.26 7.91 ± 0.29 0.53 ± 0.03 4.07 ± 0.06 — 
After immersion 82.89 ± 0.65 12.31 ± 0.10 2.31 ± 0.26 1.21 ± 0.05 1.15 ± 0.21 
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Scheme 5.1. Chemical structures of the three classes of anionic block polymers investigated here: 
TESET, TST and SEBS (labeled and defined in experimental section). Hydrophilic and 
hydrophobic moieties are colored blue and red, respectively. 

 
Figure 5.1. Survival of the SARS-CoV-2 virus on the TESET52 anionic block polymer at several 
exposure times relative to controls performed on a non-sulfonated block polymer. Results are 
obtained at minimum detection limits (MDLs, dotted and labeled lines), which reflect differences 
in the virus stock and control titers (see the text). For comparison, the outcome of the durability 
test performed 24 h after media exposure on the TESET52 polymer is included (diamond), as are 
the reported10 survival levels of SARS-CoV-2 on copper after ca. 1 and 4 h (dashed and labeled 
lines). Measurements listed at the MDL indicate at or below the corresponding survival level, and 
error bars represent the standard error. The color-matched solid line serves to connect the data. 
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Figure 5.2. A) XPS spectra collected from the TESET52 polymer before (blue) and after (red) 
exposure to PBS solution. Ionization peaks relevant to the polymer (discussed in the text and listed 
in Table 5.3) are labeled (black). Peaks indicating the presence of Si 2s and 2p are attributed to 
the glass substrate, whereas those corresponding to Ca 2s and 2p reflect the presence of complexed 
cations from the PBS solution (the weak Na KLL peak near 500 eV provides additional evidence 
for complexed cationic species). The peak at ≈400 eV (presumably due to N 1s) is not present in 
all the spectra collected and is not considered further. B) Stylized illustration of the surface-
reconstructed TESET52 polymer after exposure to moisture or an aqueous medium, indicating that 
the anionic microdomains needed for pH reduction and SARS-CoV-2 inactivation become surface-
accessible. 
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Figure 5.3. Infectivity of the HCov-229E virus on three different anionic block polymers – (A) 
TESET, (B) TST and (C) SEBS – at several exposure times. The numerical designations assigned 
to each polymer represent the DOS (in mol%), and the displayed MDL (dotted line) corresponds 
to 632 TCID50/mL. While most of these data are statistically significant (see the p-values listed in 
Table 5.2), those for the TST17 polymer are not. In all cases, measurements listed at the MDL 
indicate at or below the corresponding titer level, and error bars represent the standard error.  
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Figure 5.4. (A) Survival of the HCoV-229E virus on different anionic block polymers (color-
matched to the titer data in Figure 5.3). The symbols (black open) in the black oval at 5 min 
correspond to previously examined23 viruses (HAd-5, circle; influenza A, triangle; VSV, X), as 
well as two additional ones [PI-3 (diamond) and X-MulV (inverted triangle)], on TESET52. The 
gray-boxed data at 5 min are statistically non-significant, according to the p-values listed in Table 
5.2. (B) Survival of HCoV-229E on TESET52 as a function of exposure time at three different 
temperatures (in °C, labeled and color-coded): 4, 25 and 37. The temperature dependence of the 
surface pH of DI water is included in the inset. In all cases, measurements listed at the MDL (dotted 
line) indicate at or below the corresponding survival level, and error bars represent the standard 
error. Color-matched solid lines serve to connect the data. 
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Figure 5.5. (A) Infectivity of the HCov-229E virus on Nafion at several exposure times. Included 
is the chemical structure of Nafion illustrating its highly fluorinated (and, hence, hydrophobic) 
content, as well as its hydrophilic sulfonic acid moieties. Corresponding p-values range from ~0.07 
to ~0.09. The displayed MDL (dotted line) corresponds to 632 TCID50/mL. (B) Survival of the 
HCoV-229E virus on the Nafion and TESET polymers (labeled and color-coded). In all cases, 
measurements listed at the MDL indicate at or below the corresponding titer level. Color-matched 
solid lines serve to connect the data, and error bars represent the standard error in both (A) and 
(B). 
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CHAPTER 6 

Preventing the Spread of Clostridioides difficile with a Self-Disinfecting Polymer* 
 

* This chapter was submitted as a letter to The New England Journal of Medicine at the time of 

writing: 

Y. Ciftci, B. S. T. Peddinti, R. A. Ghiladi, R. J. Spontak and R. Govind, N. Engl. J. Med. 

(submitted). 

 

6.1. INTRODUCTION 

Clostridioides difficile is a Gram-positive, anaerobic pathogen that causes antibiotic-

associated diarrhea and potentially fatal pseudomembranous colitis. Infections of this bacterium, 

commonly known as C. difficile infection (CDI), place a significant burden on the national 

healthcare system with approximately 29,000 deaths and $1 billion in annual healthcare 

expenditures in 2017 alone.1 CDI typically presents in patients undergoing antibiotic treatment for 

unrelated infections. The opportunistic nature of the pathogen derives from its ability to form 

highly resistant spores in aerobic environments, contributing to C. difficile transmissibility in 

healthcare settings.2 Once inside the host’s gastrointestinal tract, C. difficile pathogenesis is 

primarily driven by Toxins A and B, which damage the colonic epithelium and cause severe 

diarrhea. The highly resistant nature of this nosocomial pathogen has been shown to negatively 

impact patient outcomes following antibiotic use. Most notably, CDI is particularly life-

threatening for patients 65 and older and is responsible for 80% of CDI-related deaths within this 

demographic.3 This alarming statistic, along with the designation of C. difficile as an urgent threat 

level bacterium by the CDC,1 underlines the importance of developing alternative disinfectant 

methods to abate C. difficile transmissibility in healthcare settings. In this letter, we demonstrate 
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the antibacterial efficacy of a rapid, self-disinfecting polymer to inactivate C. difficile vegetative 

cells and resistant spores. On the basis of our promising findings, we propose the use of this 

surface-coating material as an alternative to alleviate the spread of C. difficile in healthcare 

facilities. 

 

6.2. EXPERIMENTAL 

Materials and Methods 

Polymer film preparation. The BIAXAMTM pentablock polymer, manufactured by Kraton 

Corporation, was obtained in film form and dissolved at 5% w/v in tetrahydrofuran (THF). After 

complete dissolution, it was cast into TeflonTM molds and dried at ambient temperature to form 

mechanically-robust films (the polymer is a thermoplastic elastomer). According to a previous 

analysis,4 casting from THF yields a polymer film whose nanoscale morphology consists of a 

combination of nonpolar cylindrical micelles embedded in an ionic matrix and co-alternating 

bilayers. Both structures endow the polymer with contiguous hydrophilic pathways for proton 

diffusion from sulfonic acid groups (attached to the middle block of the polymer) to the film 

surface in the presence of water, thereby promoting the pH-drop mechanism responsible for 

microbial inactivation. Due to the nonpolar intermediate (rubbery) and end (glassy) blocks of the 

polymer, the film swells, but cannot dissolve, in water. 

 

Bacterial strains and growth conditions. The two bacterial strains used in this study include 

Clostridioides difficile R202915 and 630∆erm.6 Both strains were grown in an anaerobic chamber 

(10% H2, 10% CO2, 80% N2) at 37 °C under optimal conditions. They were grown in Tryptose 
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and Yeast (TY) extract broth or agar and supplemented with kanamycin (50 µg/mL) sodium 

taurocholate (0.1%) when necessary.  

 

C. difficile spore purification. C. difficile spore purification for R20291 and 630∆erm was 

performed as described elsewhere.7 Briefly, C. difficile strains were grown in TY media for 120 h. 

After centrifugation, the supernatant was discarded, and the pellet was resuspended in 1 mL of ice-

cold, distilled H2O. The resulting suspension was stored at -20 °C for 48 h to facilitate lysis of 

vegetative cells. The spore suspension was centrifuged and washed five times with 1 mL ice-cold, 

distilled H2O. After the final wash, the spore suspension was resuspended in 2 mL ice-cold, 

distilled H2O and gently transferred to a 10 mL 50% sucrose gradient. The suspension was 

centrifuged at 4,000g for 20 min. The resulting supernatant was discarded and the pellet containing 

the purified spores was resuspended in 1 mL ice-cold, distilled H2O. The purified spores were 

washed five times with 1 mL ice-cold, distilled H2O, observed under microscope to verify purity, 

and stored at 4 °C for future use. Spores were enumerated through serial dilution. Stock spore 

suspension and dilutions were plated on TY supplemented with 0.1% taurocholate and kanamycin 

and grown for 24 h for enumeration.  

 

Polymer assay to measure spore sensitivity. C. difficile vegetative cells and spores were exposed 

to BIAXAMTM polymer for various timepoints. The BIAXAMTM polymer was cut into discs 

measuring approximately 2 cm in diameter and placed in a 24-well plate. Spores (~100,000) were 

resuspended in 200 µL phosphate buffer saline (PBS) solution and exposed to the polymer for 

various timepoints (5, 10, 20, 30, and 60 min). After exposure, 20 µL of the suspension was 

collected back and added to 180 µL of PBS solution. Serial dilutions of the treated and untreated 
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spores (negative control) were prepared and were plated in TY agar plates supplemented with 0.1% 

taurocholate and kanamycin and incubated anaerobically at 37 °C. Colony forming units (CFUs) 

were observed to enumerate the number of viable spores following exposure to the polymer.  

 

Polymer assay to measure vegetative cell sensitivity. C. difficile strains R20291 and 630∆erm were 

grown overnight in TY broth, and 100 µL of overnight culture was inoculated in 10 mL fresh TY 

broth and grown to an optical density (OD 600) of ~1.0, which corresponds to ~1 x 108 CFU/mL. 

The resulting culture was centrifuged and the pellet resuspended in PBS solution. Approximately 

200 µL of the vegetative cells were exposed for 1, 3 and 5 min to the polymer material and were 

collected back as described above. Serial dilutions of the treated and untreated vegetative cells 

(negative control) were plated in TY agar plates supplemented kanamycin and incubated 

anaerobically in 37 °C to enumerate the surviving cells.  

 

6.3. RESULTS AND DISCUSSION 

The polymer employed here is BIAXAMTM, an anionic block polymer (Kraton 

Corporation) whose chemical structure and efficacy at inactivating several Gram-positive/-

negative bacteria (including drug-resistant strains) and viruses involved in nosocomial infections 

have been detailed elsewhere.8 Due to thermodynamic considerations, this amphiphilic polymer 

self-assembles into a nanostructure in films and surface coatings. Hydrophilic channels transport 

protons from sulfonic acid groups to the film surface in the presence of water and cause the surface 

pH to drop below 1.0. This localized change in pH renders the above pathogens inactive to 

>99.9+% within 5 minutes. Similar exposure results are evident in Figure 6.1a for the vegetative 

state of two C. difficile strains: 630Derm and R20291, which become undetectable (> 7 log10 
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CFU/mL reduction) at 5 and 10 minutes, respectively. In contrast, dormant C. difficile spores are 

known9 to survive the acidic pH of the stomach upon ingestion. Figure 6.1b displays 

corresponding results from both 630Derm and R20291 strains of C. difficile in the spore state, 

revealing spore inactivation commencing after exposure for ~20 minutes. The survival of C. 

difficile from both strains in the vegetative and spore states, compiled in Figure 6.1c, indicates 

that the two strains are inactivated to about 99.99% on average in 1 minute in the vegetative state 

and about 90% in 60 minutes in the spore state. These results confirm that the self-disinfecting 

polymer investigated here will benefit patients in healthcare facilities by continuously preventing 

the spread of C. difficile. 
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Figure 6.1. Concentration of C. difficile in the (a) vegetative and (b) spore states for two strains 
(R20291, red; 630∆erm, blue) as a function of exposure time to an anionic polymer surface. Values 
for which the unpaired student’s two-tailed t-test yield p < 0.05 are identified with an asterisk. The 
survival levels displayed in (c) are obtained by dividing by the concentration at 0 min and 
multiplying by 100%. The error bars in all cases represent the standard error, and the color-
matched solid lines in (c) serve to connect the data. 
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CHAPTER 7 

Conclusions and Future Recommendations 

7.1. CONCLUSIONS 

The threats of infectious pathogens as well as antibiotic-resistance are rising at an alarming 

rate. It has become inevitable that we find alternative strategies and advocate preventive techniques 

to not only eliminate unnecessary loss of life, but also to mitigate the financial burden caused by 

such infections. Although vaccinations and post-infection treatment methods are crucial, the recent 

COVID-19 pandemic has clearly made us realize how unprepared we are for uncontrolled spread 

of dangerous pathogens in the community. At the time of writing this chapter, more than 1.4 

million deaths have been caused due to COVID-19. Nearly 270,000 have died in the US alone. 

Not considering the pandemic, nearly 100,000 people die every year due to drug-resistant 

infections. Approximately 60,000 people die in the flu season every year. As the preparation of 

vaccines and new antibiotics to combat such threats are both costly in terms of financial and time 

considerations, we can be better prepared if we had strategies in place that could alleviate the 

burden caused by such pandemics, and more generally by pathogen spread in hospitals, healthcare 

settings, and the general population. 

One of the main routes by which such infections spread are by indirect transmission 

through fomites, wherein, the pathogens adhere onto inanimate surfaces and get transmitted to new 

hosts on contact. High frequency touch surfaces such as door handles, handrails, keyboards, and 

phones are a few examples of fomites. Especially in a healthcare setting, where many patients are 

immune-compromised and most drug-resistant pathogens are observed according to the CDC, 

many surfaces can act as a medium or carrier for transmission of pathogens. This dissertation has 

focused on mainly two routes of disinfection methods: antimicrobial photodynamic inactivation 
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(aPDI) and antimicrobial anionic inactivation (aAI) to fabricate surfaces with antimicrobial 

efficacy to prevent the spread of infectious pathogens. Antimicrobial efficacy of the fabricated 

materials was tested against the ESKAPE family of bacteria and viruses such as VSV, HAd-5, 

Influenza A, HCoV229E. The TESET52 films that work on the aAI principle were also tested 

against SARS-CoV-2.  

 

Antimicrobial photodynamic inactivation (aPDI). The aPDI method was investigated where a 

porphyrin-based photosensitizer ZnTMPyP4+ was incorporated in two polymeric systems. In the 

first system, a hydrophobic olefinic block copolymer (OBC) was employed. Films were fabricated 

with ZnTMPyP4+/OBC system. Initially, the mixture was solvent cast and subsequently melt-

pressed several times to form films. In the second system, a hydrophilic nylon 6 (PA6) microfiber 

substrate was investigated. The ZnTMPyP4+ was mixed with a UV-crosslinkable polymer SbQ-

PVA. The solution was spray and/or dip coated onto the PA6 fabric. 

Both systems showed a high antimicrobial efficacy when illuminated for 60 min under a 

non-coherent visible light source. The ZnTMPyP4+/OBC films contained 1.0% w/w of the 

photosensitizer and showed at least ~99.89% reduction against bacteria. In contrast, the 

microfibers showed the same reduction at 0.1% w/w photosensitizer. This can be attributed to a 

larger surface area provided by the microfibers and a higher surface concentration due to spray 

coating. Moreover, human coronavirus 229E (HCoV229E), a surrogate of SARS-CoV-2, was also 

effectively inactivated using the spray coated microfiber surfaces. Although aPDI has limitations 

such as the requirement of optimum light for a specific type of photosensitizer, the presence of 

oxygen, and longer disinfection times, the mode of disinfection has several advantages. In this 

technique, the photosensitizer generates singlet oxygen (1O2) by an exchange of energy with triplet 
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molecular oxygen (3O2) in the ambient environment. Being very reactive, it can non-specifically 

target many components such as lipids, proteins, DNA and RNA in a pathogenic cell/cell wall 

leading to its death. As a result of the multi-modal attack of 1O2, pathogens cannot develop 

resistance. Moreover, it is a continuous disinfection mechanism as long as the surfaces are being 

illuminated. Furthermore, as the lifetime of 1O2 is on the order of a few microseconds, and its 

diffusion distance is a few hundred nanometers, the disinfection effect is very localized, and can 

be considered non-toxic to the environment. 

 

Antimicrobial anionic inactivation (aAI). In the second method, sulfonated polymers were 

dissolved in tetrahydrofuran (THF) and subsequently solvent cast to obtain films. Several 

sulfonated anionic polymers, triblock (TST and SEBS) and pentablock (TESET) were prepared by 

this method. The films inactivate the pathogens on the surface by causing a precipitous drop in the 

pH. As most pathogens are neutrophiles, i.e., thrive in a moderate pH (5.5-8.0), a drastic drop in 

the surface pH creates an oxidative stress response, denatures the proteins, and eventually leads to 

cell death. The sulfonated blocks were mainly responsible for the antimicrobial efficacy: we 

observed that antimicrobial efficacy increased with degree of sulfonation and a critical degree of 

sulfonation is required to achieve antimicrobial inactivation. In the polymers examined, the 

TESET series was the most promising due to its mechanical robustness. While the tert-butyl 

styrene groups provided dimensional stability, the ethylene propylene blocks provided the 

toughness and flexibility which was lacking in the TST block copolymers, thereby making the 

latter materials brittle. Although the SEBS films were not brittle, the absorption of water by the 

polar end blocks compromised the mechanical robustness by plasticizing the physical crosslinks. 

One limitation of these films is that the sulfonic acid groups can be neutralized by complexation 
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with other cations thereby reducing their antimicrobial efficacy. However, rejuvenation studies 

were performed, and we observed that the films could be replenished with protons by using a dilute 

aqueous acid to regain their antimicrobial efficacy. With the TESET series, a rapid inactivation of 

99.9999% was achieved within 5 min of contact time against the ESKAPE family of pathogens, 

and viruses such as VSV, HAd-5, Influenza A. More recently, in the light of the ongoing COVID-

19 pandemic, the TESET films were tested against SARS-CoV-2 and its surrogate HCoV229E. 

SARS-CoV-2 was eliminated within 5 min of contact while 20 min of exposure eliminated 

HCoV229E up to the minimum detection limit (MDL). 

 

7.2. FUTURE RECOMMENDATIONS 

Antimicrobial photodynamic polymeric systems. One of the main factors to consider while 

incorporating photosensitizers into the polymeric species is making sure that the photosensitizer 

is on the surface and the polymer is not highly crystalline in nature. Therefore, ZnTMPyP4+ was 

incorporated in a melt-processable grade of SEBS and films were prepared by melt-pressing. The 

preliminary results showed that 0.1% w/w ZnTMPyP4+ achieved 99.9999% inactivation with S. 

aureus and 99.998% against HCoV229E. Although no chemical/elemental mapping of the surface 

morphology was performed, the results suggest a more uniform distribution of the photosensitizer 

relative to ZnTMPyP4+/OBC films. As a result of this, we obtained antimicrobial efficacy even at 

10 times lower concentration. This is an important step moving forward. The porphyrin-based 

photosensitizers are expensive and therefore effective utilization and uniform distribution play a 

crucial role when the process is upscaled. These results are promising and warrant investigation 

into production of ZnTMPyP4+/SEBS fibers by melt-spinning. The previous results combined with 

the preliminary results suggest that a more uniform distribution can be achieved by 
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compounding/extrusion and a larger surface area provided by the fibers would facilitate further 

reduction in the photosensitizer concentration while maintaining antimicrobial efficacy. In terms 

of testing higher threat level pathogens, such materials could be tested against C. difficile 

vegetative cells and spores. 

Although at lower concentrations it is not much of a concern, the photosensitizers typically 

impart color to the polymers. In this spirit, a combination of photosensitizers such as ZnTMPyP4+ 

(green), methylene blue, toluidine blue (blue), and rose Bengal (red) could be used to achieve a 

spectrum of colors for various applications without compromising the antimicrobial property of 

the surfaces. In the light of the recent pandemic, frontline workers are at a high risk due to direct 

exposure to patients. The personal protection equipment used by these workers such as face shields 

could be easily bolstered with antimicrobial surfaces. The first requirement for such an application 

would be optical clarity. Polymers such as polydimethylsiloxane (PDMS), polyethylene glycol 

diacrylate (PEGDA), and SEBS could be incorporated with photosensitizers and used for such 

applications. These materials could be used as peel and stick films as the tack could be modified 

by controlling the degree of crosslinking. 

The durability of photosensitizer/polymer systems is another major concern. The 

photosensitizer produces reactive oxygen species that cause photobleaching over longer periods 

of time that can result in degradation of photosensitizer and/or degradation of the polymer leading 

to a possible reduction of antimicrobial efficacy over time. Short term experiments should be 

designed to simulate the long-term real-life conditions to ascertain the effectiveness and durability 

of films for longer-use commercial applications. 
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Antimicrobial anionic polymeric system. The sulfonated polymeric materials we have tested thus 

far are very promising and have a rapid antimicrobial activity on the order of minutes. However, 

the concern with these polymeric systems is the loss of antimicrobial efficacy after repetitive 

exposure to solvents such as phosphate buffer saline (PBS). It is expected that the high 

concentration of salts in PBS will neutralize the sulfonic acid groups by complexation with various 

cations. Although we have shown through our rejuvenation studies that these surfaces can be 

replenished with dilute aqueous acids, it may be impractical in real-life scenarios. Conversely, the 

solvents used on a daily basis for the cleaning of surfaces do not contain a high concentration of 

salts relative to PBS, and therefore the films are expected to have a prolonged efficacy. Studies 

could be performed using common solvents/sanitizing agents such as Lysol and Purell, and 

abrasion cycles with such chemical solvents can be translated into a period of time (days or 

months) for which the films retain their antimicrobial efficacy. 

To-date, the research with sulfonated anionic polymers had been carried out in the form of 

films. The success achieved with films justifies examination of fiber systems. It is important to 

note that melt processes, such as melt-spinning and spun bonding, cannot be applied to sulfonic 

acid containing systems due to the degradation of sulfonic acid groups at higher temperatures (>40 

°C). However, the sulfonic acid moieties can be covalently bound to the fibers post-preparation. 

For example, PET fibers can be modified with 3-aminopropyltriethoxysilane (APTES), and 

subsequently chemically-modified to incorporate the sulfonic acid containing moieties. Another 

technique that could be explored is spray/ dip coating of the fibers with sulfonic acid containing 

moieties, although challenges such as incompatibility and dewetting are still present.  
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APPENDIX A 

A Facile Strategy for Photoactive Nanocellulose-based Antimicrobial Materials* 

 

ABSTRACT 

The prolonged survival of microbes on surfaces in high-traffic/high-contact environments 

drives the need for a more consistent and passive form of surface sterilization, with the goal of 

minimizing pathogen transmission. Here, we developed self-disinfecting materials through the 

covalent attachment of a porphyrin-based photosensitizer (PS) to nanofibrillated cellulose (NFC) 

and paper (Pap), imparting antimicrobial activity to these renewable scaffolds via 

photodynamically generated singlet oxygen. The facile covalent attachment of the free-base 5-(4-

aminophenyl)-10,15,20-tris-(4-N-methylpyridinium)porphyrin (A3B3+) and metallated [5-(4-

aminophenyl)-10,15,20-tris-(4-N-methylpyridinium)porphyrinato]zinc(II) (Zn-A3B3+) 

photosensitizers was accomplished by aqueous cyanuric chloride coupling, avoiding the use of 

organic solvents of previous coupling strategies, while preventing PS leaching that is an issue with 

non-covalent PS incorportation strategies. Materials characterization and the degree of 

photosensitizer loading were determined by FTIR, elemental and TGA analyses, and UV-Visible 

Diffuse Reflectance Spectroscopy (UV-Vis DRS). The antimicrobial potencies of the resultant PS-

NFC and PS-Pap materials were evaluated against four strains of bacteria recognized by the World 

Health Organization as either critical or high priority pathogens: Gram-positive strains methicillin-

resistant S. aureus (MRSA; ATCC-44) and vancomycin-resistant E. faecium (VRE; ATCC-2320), 

and Gram-negative strains multidrug-resistant A. baumannii (MDRAB; ATCC-1605) and NDM-

1 positive K. pneumoniae (KP; ATCC-2146). Our results demonstrated broad photodynamic 

inactivation of all strains studied upon illumination (30 min; 65±5 mW/cm2; 400-700 nm) by a 
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minimum of 99.999%. Antiviral studies against two enveloped viruses, dengue-1 (DENV) and 

vesicular stomatitis virus (VSV), revealed complete inactivation by both materials. Taken together, 

the results demonstrate the potential for photoactive NFC as the basis for sustainable broad 

spectrum anti-infective materials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* This chapter has been published in its entirety: 

D. R. Alvarado, D. S. Argyropoulos, F. Scholle, B. S. T. Peddinti and R. A. Ghiladi. Green Chem. 

2019, 21, 3424-3425. 
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A.1. INTRODUCTION 

Nosocomial infections have increasingly attracted much attention due to the dwindling 

efficacy of antibiotics against culprit pathogenic microorganisms.1 In 2017, the World Health 

Organization (WHO) released a list of “HIGH” and “CRITICAL” priority Gram-positive and 

Gram-negative bacterial pathogens demanding a global effort towards the advancement of 

antibiotics.2 The origin of infection proliferation lies in the ease with which these pathogens are 

transmitted, not just directly from the healthcare worker to the patient, but also indirectly from the 

hospital environment: the survival of nosocomial pathogens, including Acinetobacter baumannii 

and Staphylococcus aureus, has been documented to range from weeks to months on inanimate 

surfaces.3,4 Bacterial resilience, combined with the rapid evolutionary acquisition of antibiotic 

resistance, makes the development of combative strategies crucial. Among these, efforts to 

minimize nosocomial pathogen transfer have emerged in the form of antimicrobial textile research 

with a targeted approach being passive disinfection.5-11 Ideally, such textiles and/or surfaces should 

possess outstanding cytotoxic characteristics, excellent tolerances for repeated human contact, and 

be based on naturally occurring materials derivatized with minimal environmental impact. 

For these reasons, significant attention has been paid in the literature on cellulose as being the 

basis for such materials.12,13 Cellulose is the most abundant organic biopolymer on the planet, 

possessing easily accessible hydroxyl groups located along its repeating anhydroglucose ring, 

providing ample sites for functionalization and/or covalent incorporation of microbicidal agents.14, 

15 While chemical grafting and embedment are both proven methods for the inclusion of biocidal 

agents,16-23 the preference lies, however, in the immobilization of the microbicide due to obvious 

environmental concerns in case of possible prolonged leaching, and to maintain material efficacy. 

Recently, efforts to conjugate a multitude of antimicrobial agents to cellulose have been successful, 
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including the attachment of silanes, antibiotics, chlorins, and quaternary ammonium salt-

chromophore conjugates, among others.24-27 As such, cellulose-based antimicrobial materials have 

the potential for a considerable array of end use applications,28 including surface coatings or 

personal protective equipment in the healthcare environment. Likewise, any industry or setting 

that benefits from the absence of pathogen contamination is also a candidate. 

Because of the potential for antimicrobial material adoption across multiple industries, it 

is at this stage at which the science and engineering must be optimized for maximum performance 

and minimum environmental impact. Here, we describe the development of a cellulose-based 

antimicrobial material using three components: i) a nanofibrillated cellulose (NFC) scaffold, ii) a 

triazine linker, and iii) a photosensitizer for photodynamic inactivation of bacteria. The rationale 

behind each is as follows: 

i) Nanofibrillated Cellulose (NFC): The use of nanofibrillated cellulose has seen relatively limited 

attention for application in antimicrobial materials,29 specifically covalent functionalization of 

cytotoxic agents.30-35 Key features that advocate its use include its renewable nature, the ease of 

surface functionalization, and high aspect and surface area-to-volume ratios – the specific surface 

area of a single gram of NFC can range as high as 50 to 70 m2, making this material an excellent 

candidate for the development of textiles, surface coatings and an assortment of other 

applications.14 

ii) Triazine Linker: Our earlier work used the Cu(I)-catalyzed Huisgen-Meldal-Sharpless 1,3-

dipolar cycloaddition, a “click” reaction, to covalently couple porphyrin photosensitizers to 

cellulosic substrates.16-18 While this method was successful, this protocol is both cumbersome and 

environmentally unsustainable: drawbacks include a number of pre-treatment steps at elevated 

temperatures for both the cellulose scaffold and the photosensitizer, the need for a metal-based 
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catalyst, and is limited to synthetic photosensitizers. Inspired by the earlier work of Sol and co-

workers,19, 20 we have chosen 2,4,6-trichloro-1,3,5-triazine (otherwise known as cyanuric chloride) 

for the covalent attachment of photosensitizers to cellulose.36 Substitution of the chlorine atoms 

with nucleophiles such as amines, phenols, and thiols is facile, proceeds under mild conditions, 

requires no metal-based catalyst, and with reasonable atom economy.37-40 Covalent coupling of the 

PS also prevents its leaching into the environment that is a drawback of non-covalent (electrostatic 

or embedding) strategies. 

iii) Photosensitizer for aPDI: The mode of operation behind antimicrobial photodynamic 

inactivation (aPDI) is the generation of highly reactive singlet oxygen (1O2) and other reactive 

oxygen species (ROS) upon illumination of a photosensitizer.41 The ability of singlet oxygen to 

react indiscriminately against a variety of microbes (including both Gram-positive and -negative 

bacterial species, viruses with capsid or lipid envelopes, fungi/yeasts, and mycobacteria) makes 

this approach of inactivation highly attractive,42-47 particularly for antimicrobial applications 

involving photoactive nanomaterials.48-51 Moreover, aPDI is equally effective against pathogens 

that are resistant to conventional antibiotics when compared with their drug-susceptible 

counterparts, and resistance to singlet oxygen is believed to be unlikely.52-55  Importantly, given 

the short half-life of singlet oxygen (2 μs) that leads to its limited diffusibility in solution (<250 

nm),56, 57 and the fact that it decays back to harmless, breathable O2 all together make the use of 

singlet oxygen an environmentally benign, yet potent microbicidal agent. 

Given the above considerations, we have developed photosensitizer (PS) linked 

nanofibrillated cellulose (PS-NFC) and paper sheets (PS-Pap) via the covalent attachment of a 

porphyrin-based photosensitizer using a triazine linker methodology. While we selected a 

synthetic porphyrin-based photosensitizer here to allow for comparisons to previously studied 
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materials,16-18, 58, 59 we note that this strategy can be easily extended to naturally occurring 

photosensitizers (i.e., PPIX,60, 61 hypocrellin,62 curcumin,63 etc.). The surface modification of the 

nanofibrillated cellulose scaffold was accomplished under relatively mild conditions where 

recovery of solvent and reagents is feasible, thus lessening environmental impact. As will be 

shown, the PS-NFC and PS-Pap materials were highly effective in the photodynamic inactivation 

of drug-resistant Gram-positive and -negative bacteria, as well as two viruses, and suggests that 

the methodology described below can be a general route for the development of potent 

antimicrobial materials based on a nanocellulose scaffold. 

 

A.2. EXPERIMENTAL 

Materials. Nanofibrillated cellulose (NFC) was provided by Stora Enso Corporation as an aqueous 

suspension containing 5.35±0.04 wt% of solid polysaccharide. VWR qualitative grade 415 filter 

paper was used as the source of cellulose for the photosensitizer-paper conjugate materials. All 

reagents and solvents were purchased from commercial sources and used as received unless 

otherwise noted. Flash chromatography utilized Agela Technologies Flash Silica Gel (40-60 µm 

mesh, 60 Å). Nutrient broths and agar for the culturing of bacteria were purchased from 

commercial vendors (Tryptic Soy Broth, BD Difco Nutrient Broth #234000, and BD Difco Bacto 

Brain Heart Infusion #237500 from BD Biosciences; LB-Media from Teknova; agar from Hardy 

Diagnostics). 

 

Instrumentation. 1H-NMR spectra were acquired using Varian Mercury 300 or 400 MHz 

spectrometers utilizing TMS as an internal standard. UV-visible spectra were acquired on a Varian 

Cary Bio50 spectrophotometer or a Shimadzu UV-3600 spectrophotometer. Mass spectrometry 
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analyses were made in the Molecular Education, Technology, and Research Innovation Center 

(METRIC) at NC State University carried out on an AB Sciex 5800 MALDI-TOF/TOF MS or on 

a Bruker Daltonics autoflex maX MALDI-TOF MS in the absence of a matrix. Ultra-high 

resolution scanning electron microscopy (SEM) images were collected on an FEI Verios 460L 

field-emission scanning electron microscope. Diffuse reflectance UV-Vis (DR-UV-Vis) 

spectroscopy was conducted on a Shimadzu UV-Vis-NIR Spectrophotometer UV-3600 in the 

wavelength range of 300 to 800 nm. Fourier transform infrared spectra were acquired on an IR-

Prestige 21 Shimadzu Fourier Transform Infrared Spectrophotometer equipped with a GladiATR 

attachment, or on a JASCO FT/IR-4100 Spectrometer as KBr pellets. Thermogravimetric analysis 

(TGA) was carried out on a TA Instruments TGA Q500. Elemental analysis was performed by 

Atlantic Microlabs (Norcross, GA) with CHN combustion analysis carried out on a Carlo Erba 

1108 analyzer. Time-resolved emission spectroscopy (TRES) for singlet oxygen quantum yield 

determination was conducted on an FL/FS920 Spectrofluorimeter (Edinburgh Instruments) 

equipped with a 450 W Xe arc lamp. 

 

Photosensitizer Synthesis 

5-(4-nitrophenyl)-10,15,20-tris-(4-pyridyl)porphyrin (1). To a solution of 598 mL propionic 

acid/10% acetic anhydride were added 10 g of 4-nitrobenzaldehyde (66 mmol, 1.75 equiv) and 

10.7 mL of 4-pyridinecarboxaldehyde (113 mmol, 3 equiv) with vigorous stirring at 110 °C. Next, 

10.5 mL of pyrrole (151 mmol, 4 equiv) was added dropwise. After 1.75 h, the reaction mixture 

was removed from the heat source and allowed to stir overnight under ambient conditions. The 

solvent was removed under reduced pressure until approximately 50 mL remained. The remaining 

acid was neutralized with 1 M NaOH at 0 °C. The mixture was then filtered, and the precipitate 
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was washed with additional 1 M NaOH (3 x 100 mL) and deionized (DI) H2O (3 x 200 mL). The 

black precipitate was dried under reduced pressure overnight. To the precipitate, 500 mL of 

CH2Cl2 was added and allowed to stir for 1 h. The mixture was filtered, the filtrate was reduced in 

volume via rotary evaporation, and the crude was purified by flash chromatography 

(CHCl3:MeOH; 98:2-90:10). 629 mg of purple crystalline material was collected (2.5%). TLC 

(CHCl3:MeOH; 9:1): Rf 0.41; UV-visible (DMF) λabs, nm (e, mM-1cm-1): 419 (175), 514 (10.8), 

548 (4.1), 588 (3.6), 644 (1.9); 1H-NMR (400 MHz, CDCl3,) dppm: 9.07 (d, 6H, J = 5.7 Hz, H3,5-

pyridyl), 8.88 (s, 6H, Hb-pyrrolic), 8.82 (d, 2H, J = 5 Hz, Hb-pyrrolic), 8.67 (d, 2H, J = 8.5 Hz, H3,5-

nitrophenyl), 8.40 (d, 2H, J = 8.5 Hz, H2,6-nitrophenyl), 8.16 (d, 6H, J = 5.7 Hz, H2,6-pyridyl), -2.91 (br s, 

2H, NHpyrrole); MALDI-TOF MS m/z: calc’d for C41H27N8O2: 663.2251 [M+H]+, found 663.3428; 

FTIR-ATR: 1068, 1344, 1400, 1516, 1591, 3026 cm-1. 

 

5-(4-nitrophenyl)-10,15,20-tris-(4-N- methylpyridinium)porphyrin triiodide (2). Under Ar, to a 

100-mL flask containing 34 mL DMF and 199 mg (300 mmol, 1 equiv) of 1 was added dropwise 

0.56 mL MeI (9 mmol, 30 equiv). The reaction mixture was allowed to stir at room temperature 

for 24 h, after which the solvent was removed under reduced pressure until minimal amounts of 

DMF remained (~5 mL). The compound was purified by precipitation via addition of diethyl ether 

followed by isolation of the microcrystalline solid by centrifugation, affording a total of 320 mg 

of 2 as a dark red-brown crystalline product (98 %). UV-visible (H2O) λabs, nm (e, mM-1cm-1): 423 

(89.4), 516, (15.8), 551 (12.5), 589 (11.0), 644 (9.6); 1H-NMR (400 MHz, DMSO-d6) dppm: 9.48 

(d, 6H, J = 6.8 Hz, H3,5-pyridyl), 9.13 (m, 8H, Hb-pyrrolic), 9.01 (d, 6H, J = 6.8 Hz, H2,6-pyridyl), 8.74 (d, 

2H, J = 8.0 Hz, H3,5-nitrophenyl), 8.52 (d, 2H, J = 8.0 Hz, H2,6-nitrophenyl), 4.72 (s, 9H, NCH3), -3.06 (br 

s, 2H, NHpyrrole); FTIR-ATR: 1184, 1348, 1512, 1639, 3011, 3419 cm-1. 
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5-(4-aminophenyl)-10,15,20-tris-(4-N- methylpyridinium)porphyrin trihydroxide (3). Under 

ambient conditions, 99 mg (91 µmol, 1 equiv) of 2 was dissolved in 9 mL of 6 M HCl in a 100-

mL round bottom flask. A 9 mL solution of SnCl2∙2H2O (62 mg, 273 µmol, 3 equiv) in 6 M HCl 

was then added dropwise over 5 min. Next, 9 mL of glacial acetic acid was similarly added for 

homogeneity. The reaction mixture was allowed to stir for 15 h in the dark. The mixture was 

transferred to a 500-mL flask and 50 mL of H2O was then introduced. The reaction was quenched 

with 1 M NaOH, and 56 g of Amberlite XAD-2 organic compound scavenger was added over 4 h 

until the solution appeared translucent, indicating nearly complete product scavenging. The resin 

beads were washed with H2O (3 x 500 mL). The resin-product beads were then stirred in 200 mL 

of MeOH for 1 h to recover the target product. The mixture was filtered and the solvent removed 

under reduced pressure, yielding 48 mg (72 %) of 3. UV-visible (H2O) λabs, nm (e, mM-1cm-1): 426 

(82.8), 523 (7.0), 566 (4.9), 582 (4.8), 645 (1.9); 1H-NMR (400 MHz, DMSO-d6) dppm: 9.54 (d, 

6H, J = 6.4 Hz, H3,5-pyridyl), 9.11 (m, 8H, Hb-pyrrolic), 9.00 (d, 6H, J = 6.4 Hz, H2,6-pyridyl), 7.88 (d, 2H, 

J = 8 Hz, H3,5-aminophenyl), 7.05 (d, 2H, J = 8 Hz, H2,6-aminophenyl), 4.73 (s, 9H, NCH3), -2.89 (br s, 2H, 

NHpyrrole); LDI-TOF MS m/z: calc’d for C44H35N8: 675.299 [M-2H+]+, found: 675.286; FTIR-ATR: 

1066, 1249, 1394, 1635, 2987, 3674 cm-1. 

 

[5-(4-aminophenyl)-10,15,20-tris-(4-N- methylpyridinium)porphyrinato]zinc(II) triacetate (4). 

The metallation of 3 was performed in situ following its recovery from the Amberlite resin as 

described above.  The free-based porphyrin was dissolved in 37 mL dry DMF and heated to 80 °C. 

A solution of 10 mL zinc acetate (104 mg, 569 µmol, 5 equiv) in MeOH was then added dropwise. 

After 6 h, the solvent was removed under reduced pressure, and the mixture was resuspended in 

200 mL DI H2O. To the flask, 25 g of Amberlite XAD-2 resin were added, and the mixture was 
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further stirred for 72 h. The resin containing the final product was filtered and washed with water. 

The resin was resuspended in 150 mL MeOH, stirred for 2 h, and was subsequently filtered and 

washed with an additional 100 mL MeOH. The combined MeOH washings were reduced via rotary 

evaporation, yielding 4 as a dark purple-green solid (67 %). UV-visible (H2O) λabs, nm (e, mM-

1cm-1): 437 (93.4), 565 (7.76), 613 (4.18); 1H-NMR (400 MHz, DMSO-d6) dppm: 9.41 (d, 6H, J = 

6.0 Hz, H3,5-pyridyl), 8.98 (m, 8H, Hb-pyrrolic), 8.90 (d, 6H, J = 6.0 Hz, H2,6-pyridyl), 7.82 (d, 2H, J = 7.5 

Hz, H3,5-aminophenyl), 7.00 (d, 2H, J = 7.5 Hz, H2,6-aminophenyl), 4.70 (s, 9H, NCH3); FTIR (KBr): 1185, 

1455, 1526, 1636, 2362, 3424 cm-1. 

 

Cellulose Grafting Procedures 

General Photosensitizer-to-NFC Grafting Procedure. A quantity of stock nanofibrillated 

cellulose in water was treated with 1 M NaOH for 30 min, thereby imparting swelling and 

ionization of its OH groups. The NFC was then filtered without washing to remove excess base. 

The alkali-NFC was added to a stirring solution of cyanuric chloride (20 equiv) in 130 mL acetone 

and stirred under ambient conditions. After 5 min, 130 mL DI water was added, and after an 

additional 15 s, the reaction was quenched with 130 mL 20% glacial acetic acid. The NFC-cyanuric 

chloride conjugate was then filtered and washed with 500 mL DI water followed by 500 mL 

acetone. The modified cellulose was then added to a stirring solution of PS (1 equiv) in 130 mL 

DMF. After 18 h, the PS-NFC was serially washed (4x) with 500 mL H2O, 250 mL DMF, and 500 

mL acetone until the eluent was colorless/PS-free. The resultant PS-NFC materials were dried 

under vacuum. 
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General Photosensitizer-to-Paper Grafting Procedure. An 11-cm diameter sheet of VWR 

qualitative grade 415 filter paper was alkalized in 1 M NaOH over 1 h. The paper was partially 

dried over a Büchner funnel to remove excess base. The alkalized paper was then placed in a 

solution of cyanuric chloride (20 equiv) in 50 mL acetone and manually agitated for 5 min. Then, 

50 mL DI H2O was added followed by the immediate introduction of 50 mL 20% acetic acid to 

quench the reaction. This activated paper sheet was washed with 100 mL H2O and 200 mL acetone 

to remove any unbound cyanuric chloride. The dry sheet was submerged in a solution of PS (1 

equiv) in 80 mL DMF and placed in a shaker at 150 rpm for 18-24 h in the dark. The PS-paper 

conjugate was repeatedly washed with DMF, H2O, and acetone to remove excess PS. The resulting 

PS-paper materials were dried in the dark at 37 °C for 24 h. 

 

Direct Metalation of A3B3+-NFC. To a round bottom flask containing 20 mL DMF was added 50 

mg of A3B3+-NFC (5.1 µmol 3, 1 equiv) under ambient conditions. 5.8 mg of Zn(OAc)2∙2H2O 

(25.4 µmol, 5 equiv) dissolved in 5 mL DMF was then added dropwise over 1 min. After 24 h, the 

material was filtered, washed with 500 mL DI water, 200 mL acetone, and 500 mL water, and then 

dried under vacuum. 

 

Antimicrobial Photodynamic Inactivation Studies 

PDI Instrumentation. All bacteria were cultured in a VWR Incubating Mini Shaker at 350 rpm 

and 37 °C. A Thermo Electron Corporation Genesys 10 UV-Vis scanning spectrophotometer was 

used for the measurement of optical densities. Bacterial pelleting was conducted in a Thermo 

Electron Corporation Sorvall® Legend RT centrifuge. A LumaCare USA model LC122 PDT non-

coherent light source was employed for all antimicrobial photodynamic inactivation studies. The 
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lamp was equipped with an OSRAM 64653 HLX Xenophot bulb (250 W, 24 V), and employed a 

LUM V (400–700 nm band pass filter) fiber optic probe with a ~95 ± 3% average transmittance 

(Tavg). Fluence rates were measured in units of mW/cm2 with an Ophir Orion power meter. 

 

Bacterial Culture Conditions. Multi-drug resistant Acinetobacter baumannii (AB; ATCC-1605) 

was grown in LB-Miller broth with 5 mg/L tetracycline; methicillin-resistant Staphylococcus 

aureus (MRSA; ATCC-44) was grown in tryptic soy broth (TSB) with 5 mg/L tetracycline; 

Klebsiella pneumoniae (KP; ATCC-2146) was grown in BD Difco Nutrient Broth #234000 with 

100 mg/L ampicillin; vancomycin-resistant Enterococcus faecium (VRE; ATCC-2320) was grown 

in BD Difco Bacto Brain Heart Infusion #237500 with 100 mg/L ampicillin. Bacterial strains were 

grown to an initial concentration of 1-5´108 CFU/mL; the concentration of cultures was monitored 

by optical density measurements at 600 nm (OD600). Cultures were pelleted via centrifugation at 

3716 g (4150 rpm) for 10 min, the supernatant was decanted, and the bacteria were resuspended 

in 5 mL of phosphate buffer saline (PBS; aqueous solution of 170 mM NaCl, 3.4 mM KCl, 10.0 

mM Na2HPO4, 1.8 mM KH2PO4, pH 7.2) containing 0.05% Tween-80. 

 

Preparation of PS-NFC Stock Suspensions. Stock suspensions of A3B3+-NFC (1 mM) and 

ZnA3B3+-NFC (100  µM) were prepared with ultrapure water based on molar concentrations (mol 

photosensitizer/g material) determined by CHN combustion analysis and maintained under dark 

conditions. In preparation for each suspension, the dry NFC materials were finely ground with 

mortar and pestle for easy mixing. Before each suspension was used in PDI experiments, the 

samples were vigorously vortexed to ensure homogeneity. 
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Bacterial Inactivation Studies. Inactivation studies were performed using sterile, flat-bottom 24-

well plates (BD Falcon). For PS-paper materials, samples were cut to precisely fit the well bottom 

(~1 cm diam.) using a custom hole punch, whereas those performed using PS-NFC involved the 

resuspension of both bacteria and the respective PS-NFC stock suspension in phosphate buffer 

saline. Aliquots (100 µL) of resuspended cells in PBS were transferred to each well and subjected 

to visible (400–700 nm, 65 ± 5 mW/cm2 fluence rate) light illumination for the indicated time 

period. All bacterial illumination studies were conducted in triplicate, with two dark control 

samples, and one material-free dark control sample taken prior to cell pelleting to verify the final 

growth concentration in colony forming units (CFU). 

Upon the completion of the illumination period, 40 µL aliquots were taken from each of 

the illuminated, material-free dark control, and material-containing dark control wells, and diluted 

by a factor of 10 in 0.65 mL Eppendorf tubes containing 360 µL of PBS. A 1:10 serial dilution 

was conducted a total of six times for each sample. Each series was plated (LB-media-agar for 

multi-drug-resistant A. baumannii (MDRAB); TSB-agar for methicillin-resistant S. aureus; BD 

Difco Nutrient Broth #234000-agar for K. pneumoniae; BD Difco Bacto Brain Heart Infusion 

#237500-agar for vancomycin-resistant E. faecium) using gridded plates as previously published 

by Jett and coworkers.64 The plates were incubated in the dark at 37 °C for a period of 15-24 h. 

Bacterial cell survival was quantified as a ratio of CFU/mL of the illuminated samples relative to 

the material-free dark controls. Representative images of illuminated vs. non-illuminated plates 

employed in the colony-counting method are shown in Figure A.S1 (Supporting Information). The 

highest degree inactivation detectable was limited by the plating technique employed; 6 log units 

of detection in CFU/mL were possible with a starting concentration of 108 CFU/mL. Survivability 
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values limited to  ³ 0.0001% were recorded, with this value representing the detection limit. 

Statistical significance was assessed using an unpaired Student’s two-tailed t-test. 

 

Viral Inactivation Studies. Vero E6 cells (ATCC VERO C1008) were employed to propagate (and 

titer by plaque assay) vesicular stomatitis virus (VSV) NJ strain and dengue-1 virus. 25 µL of 

either viral stock (1´106 plaque forming units (PFU)/mL for VSV, and 2x104 PFU/mL for dengue-

1) were added to either empty well (control), PS-NFC, or PS-Pap in wells of a 96-well plate in the 

dark. The plates were subjected to visible (400–700 nm) light illumination as described above for 

the antibacterial assay, or were kept in the dark for the control experiments. Studies were 

performed in biological triplicates. After illumination, 100 µL of minimum essential medium 

(MEM) supplemented with 1% FBS, 10 mM HEPES and antibiotics were added to wash remaining 

viruses off the textiles. Viruses were subsequently titered by serial dilution (10-fold) using Vero 

cells in 12-well plates at 37 °C. Virus concentration was determined by plaque assay using crystal 

violet staining to visualize the plaques 24 h after infection in the case of VSV. For dengue virus, 

infectious foci were detected at 72 h post infection by immunostaining with the mouse monoclonal 

pan-flavivirus specific antibody D1-4G2 and a horseradish peroxidase conjugated secondary anti-

mouse antibody. Foci were visualized by incubation with the Vector VIP peroxidase substrate kit 

(Vector Laboratories). 

 

A.3. RESULTS AND DISCUSSION 

Synthesis. We have previously employed the Cu(I)-catalyzed Huisgen-Meldal-Sharpless 1,3-

dipolar cycloaddition, a “click reaction”, for the covalent attachment of photosensitizers to 

cellulose.16-18 This procedure required an extensive pretreatment protocol involving the tosylation 
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(48 h) and azide surface modification (24 h) of the cellulose scaffolding followed by the linking 

of the photosensitizer (36 h). Though covalent attachment and successful microbial inactivation 

were observed, material production resulted in low yields with a significant amount of the 

photosensitizer being wasted. Moreover, that strategy was specific to a single, custom-synthesized 

(alkyne-bearing) photosensitizer, and cannot be extended to other commercially available ones. 

As a result, and inspired by the work of Sol and co-workers,19, 20 we have shifted to a more efficient, 

higher yielding, and practical grafting procedure involving the use of a triazine linker, cyanuric 

chloride, as the means to covalently attach a porphyrin photosensitizer to cellulose,36 thereby 

creating our target nanofibrillated cellulose-photosensitizer conjugate. We selected the A3B3+ (3) 

photosensitizer here given that previous studies employing this PS and the related parent 5-

10,15,20-tetrakis-(4-N-methylpyridyl)-21H,23H-porphyrin (TMPyP) strongly suggest a Type II 

mode of action where singlet oxygen is the dominant reactive oxygen species responsible for the 

inactivation of the target pathogen.65-68 

A general route for the synthesis of the PS-NFC (A3B3+-NFC) and PS-paper (A3B3+-Pap) 

materials, as well as their metallated analogs, is shown in Scheme A.1, and their physical 

appearance is shown in Figure A.1. Briefly, mildly alkalized nanocellulose was treated with an 

excess of 2,4,6-trichloro-1,3,5-triazine, filtered to remove the unreacted coupling agent, and then 

reacted with 1 equiv photosensitizer, thereby yielding the desired PS-modified cellulose. When 

compared to the aforementioned “Click chemistry” method that required an alkyne-bearing 

photosensitizer and azide-functionalized cellulose fibers or nanocrystals,16-18 this route affords 

several advantages: 1) no functionalization of the cellulose (i.e., with sodium azide) was needed, 

thus reducing the number of synthetic steps overall; 2) no heating was required, as all reactions 

proceeded under ambient conditions; 3) no metal-based catalyst was used; and 4) although a 
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synthetic porphyrin was used here as the PS, the triazine-coupling method is broadly applicable to 

both synthetic and natural PS that contain a wide variety of nucleophilic groups. Whereas the 

“click reaction” route takes ~5-days, the alkalization of cellulose can be carried out over 1 h, the 

reaction with cyanuric chloride conducted in 10 min, and the covalent attachment of the 

photosensitizer in 18 h (though significant conjugation was observed within 1 h), representing a 

significant savings in time. 

 

Materials Characterization 

Photosensitizer Loading. The nitrogen-content of A3B3+-Pap/NFC and ZnA3B3+-Pap/NFC 

materials was determined by elemental analysis (Table A.1). When compared to the value for the 

corresponding precursor triazine-cellulose intermediate, the difference represented the level of 

porphyrin loading. Calculations of the wt% triazine were based on the stoichiometric molar 

addition of 3 nitrogen atoms to the nitrogen-free cellulose scaffolding, whereas the wt% of PS 

loading accounted for an additional 8 nitrogen atoms of the porphyrin photosensitizer. It was 

determined that the porphyrin content of A3B3+-Paper was 1.94 wt% (28.7 nmol/mg), ZnA3B3+-

Paper was 1.27 wt% (17.2 nmol/mg), and A3B3+-NFC was 7.40 wt% (109 nmol/mg). As 

ZnA3B3+-NFC was metallated directly from the precursor A3B3+-NFC material, the porphyrin 

loading was equivalent in both materials. We surmise that the higher porphyrin loading of the NFC 

scaffold versus paper was due to the increased surface area of the NFC compared to the 

macrofibers of the cellulose paper itself. By way of comparison to previously studied PS-cellulose 

conjugates, Por(+)-paper had a loading of 12.4 nmol PS/mg,17 BC-10-PPIX had a loading of 13.0 

nmol PS/mg,61 Por(+)-CNCs (cellulose nanocrystals) were loaded to 160 nmol PS/mg,16 and RC-

TETA-PPIX-Zn nanofibers were found to have a loading of 412 nmol PS/mg material.60 
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Altogether, PS-cellulose conjugates employing nanoscale scaffolds yield PS loadings in the range 

of 100-400 nmol/mg, whereas those materials employing more conventional scale fibers exhibit 

significantly lower loading values. 

 

Scanning Electron Microscopy. Scanning electron microscopy images were obtained on neat, 

freeze-dried nanofibrillated cellulose and the A3B3+-NFC conjugate to observe the morphological 

impacts on the nanostructure post photosensitizer affixation (Figure A.S2, Supporting 

Information). As expected, the nanoscale characteristics of the neat nanofibrillated cellulose were 

not preserved owing to the dehydration of the freeze-drying process under high vacuum. However, 

the A3B3+-NFC material clearly exhibited nanoscale features (pores and fibers), and we attributed 

this observation to the high level of cross-linking by the triazine linker that prevented the 

hydrogen-bonding induced collapse of the nanostructures. 

 

UV-Visible Diffuse Reflectance Spectroscopy. UV-visible diffuse reflectance spectra were 

obtained for the A3B3+-Pap/NFC and ZnA3B3+-Pap/NFC conjugates and compared to their 

respective unbound porphyrin compounds 3 and 4 in aqueous solution (Figure A.2). Bathochromic 

shifts of the Soret and Q-bands were detected in the UV-Vis DRS spectra of the A3B3+-NFC [436 

(Soret), 526, 567, 588, 651 nm] and A3B3+-Pap [436 (Soret), 526, 558, 585, 651 nm] materials 

relative to the solution A3B3+ porphyrin 3 [426 (Soret), 523, 566, 582, 643 nm] in H2O (Figure 

A.2A). A similar observation was made for both ZnA3B3+-NFC [449 (Soret), 571, 617 nm] and 

ZnA3B3+-Pap [449 (Soret), 571, 617 nm] conjugates in comparison to ZnA3B3+ (4, [437 (Soret), 

565, 613 nm]; Figure A.2B). Such bathochromic shifts have been previously attributed to the 

differences in the local environment (e.g., polarity, solvation) of the porphyrin when covalently 
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appended to cellulose vs. the solution spectrum.16, 17, 60, 61 For both the PS-Pap and PS-NFC 

materials, the characteristic collapse of the four Q bands of the free-base porphyrin to two was 

noted upon metalation by zinc.69 Finally, the presence of a small band at 525 nm in the spectrum 

of the A3B3+Zn-NFC (Figure A.2B, black) was noted, owing to incomplete metalation of the 

precursor A3B3+-NFC that was estimated to be (<10%). 

 

FTIR Spectroscopic Studies. Additional characterization was provided by Fourier transform 

infrared (FTIR) spectroscopy (Figure A.3). Spectra were normalized to the C=O stretching band 

at 1060 cm-1.70 The FTIR spectrum of neat cellulose fibers confirmed several main bands 

characteristic of the natural polymer: 3000-3600 cm-1 (varied O-H stretching modes and 

intermolecular H-bonding), 2750-2950 cm-1 (C-H stretching), 1432 cm-1 (CH2 bending), 1375 (C-

H bending), 1060 cm-1 (C-O stretching).70 The observed peak at 1630-1640 cm-1 is ascribed to 

cellulose’s CH2-O-H bending or H-O-H bending of the material’s absorbed water.71 The spectra 

of the triazine-cellulose intermediates revealed an additional peak between 1715-1725 cm-1, 

indicative of amide functionalization upon the substitution of the final chlorine atom on the triazine 

ring. As expected, no bands of the porphyrin were observed in the PS-cellulose conjugates in 

accordance with the low degree of substitution (< 0.02) of the associated PS (for comparative 

purposes, see the Supporting Information for the ATR-IR spectra of A3B3+ (3) and ZnA3B3+ (4), 

Figure A.S3). 

 

Thermal Gravimetric Analysis. The thermal decomposition profiles of pristine cellulose, triazine-

conjugate intermediates, A3B3+-NFC/-Pap and ZnA3B3+-NFC/-Pap under an inert atmosphere 

were investigated using thermal gravimetric analysis (Figure A.4). In the first stage up to 100 °C, 
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a minor initial weight loss of ~5-10% was noted for all materials, and was attributed to the loss of 

absorbed water. The TGA curves of pristine NFC (Figure A.4A and A.4C) and paper (Figure 

A.4B and A.4D) each showed a main stage of decomposition with onset temperatures of 250 °C 

and 290 °C, respectively, with corresponding decomposition maxima at ca. 350 °C and 360 °C. 

The triazine-NFC precursor showed similar onset and decomposition maximum temperatures as 

pristine NFC, but with modestly greater wt % loss; however, the onset temperature (300 °C) and 

decomposition maximum (400 °C) were higher for triazine-paper vs. pristine paper, suggesting 

that intra-strand crosslinking has a more significant (and stabilizing) effect on the thermal 

decomposition behaviour of cellulose macrofibers than NFC. Finally, the presence of the 

porphyrin photosensitizer in the A3B3+-NFC/-Pap and ZnA3B3+-NFC/-Pap materials had a minor 

effect (± 10 °C) on the TGA profiles when compared with the precursor triazine-cellulose material. 

Altogether, the TGA data suggest that the covalent coupling strategy and choice of porphyrin do 

not negatively affect the overall thermal decomposition behavior of NFC or paper materials. 

 

Pathogen Photodynamic Inactivation Results 

Antibacterial Activity of A3B3+-NFC and ZnA3B3+-NFC. Unless otherwise noted, in vitro aPDI 

assays employing the PS-cellulose conjugates were performed under fixed illumination conditions 

(1 h, 400–700 nm, 65 ± 5 mW/cm2). Both the material-free dark and material-present dark controls 

showed no significant inactivation, demonstrating the requirement for both the photosensitizer and 

light for bacterial inactivation. LIVE/DEAD bacterial cell viability assays (Figure A.S4) further 

confirmed that the bactericidal activity of A3B3+-NFC was attributable directly to the illumination 

of the material. Material-free light controls have also previously shown no statistically-significant 

effect under the conditions examined here,44 ruling out an antimicrobial effect by light alone. For 
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aPDI assays employing the PS-NFC materials, concentration-dependent studies were initially 

performed against MRSA and MDRAB in order to determine the optimal concentration (data not 

shown). Against MRSA, 0.5, 2.5, 5, and 20 µM concentrations of A3B3+-NFC resulted in complete 

(6 log) reduction in the pathogen. Illumination studies against MDRAB saw complete inactivation 

at 20 µM (data not shown), but a decrease in performance at 5 µM, 99.9938% reduction (~4.2 log, 

P = 0.004). As a result, 5 µM was chosen as a comparative concentration between the two 

materials, A3B3+-NFC and ZnA3B3+-NFC. 

Against two Gram-positive bacteria, methicillin-resistant S. aureus ATCC #BAA-44 

(MRSA) and vancomycin-resistant E. faecium ATCC-2320 (VRE), both A3B3+-NFC and 

ZnA3B3+-NFC achieved detection limit inactivation (99.9999%, 6 log units reduction in CFU/mL; 

P < 0.02). Against multidrug-resistant A. baumannii ATCC #BAA-1605 (MDRAB), a Gram-

negative bacterium, A3B3+-NFC achieved a 99.994% (4.5 log units, P = 0.004) inactivation, 

whereas ZnA3B3+-NFC reached the detection limit (99.9999%, 6 log units; P = 0.006). We 

surmise that the higher level of inactivation afforded by ZnA3B3+-NFC is due to a higher singlet 

oxygen quantum yield (FD) of 0.156 for the parent ZnA3B3+ photosensitizer compared to a value 

of 0.044 for A3B3+ (see Table A.S1, Supporting Information), attributable to the heavy atom effect 

upon metalation. For A3B3+-NFC, no statistically significant inactivation of K. pneumoniae 

ATCC-2146 (KP) was observed, whereas inactivation with ZnA3B3+-NFC was minor, ~66% (P = 

0.006). 

Although ZnA3B3+-NFC exhibited detection level photodynamic inactivation against 

MDRAB, MRSA and VRE that was at least comparable to, if not better than, previously studied 

PS-cellulose conjugates employing this photosensitizer,16-18 the results against KP were 

disappointing, particularly as Por(+)-paper was shown to inactivate this strain by 99.994+% (4.5 
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log units reduction).17 We have previously observed that when using photosensitizer-modified 

cellulose nanocrystals, a dark pre-incubation time dependence was noted, possibly allowing for 

the nanoscale material to better interact with the bacteria in solution.16, 18 To determine if such a 

dark incubation time-dependence was needed here with the PS-NFC to improve antimicrobial 

efficacy against KP, the pathogen was pre-incubated with 5 µM A3B3+-NFC or ZnA3B3+-NFC in 

the dark (0-60 min) at 37 °C prior to illumination (Figure A.6). For A3B3+-NFC, a minor (52%) 

but statistically significant level of inactivation was observed with a 30 min dark pre-incubation, 

which increased to 94.8% (~1.3 log, P = 0.001) with a 60 min dark pre-incubation. For ZnA3B3+-

NFC, a more impressive inactivation of 99.91% (~3.0 log, P = 0.0007) with just 5 min pre-

incubation was noted, which further increased to 99.997% (~4.6 log, P = 0.0009), 99.998% (~4.7 

log, P = 0.004), and 99.9994% (5.3 log, P < 0.0001) after 10, 30, and 60 min, respectively. These 

results demonstrated the ability of ZnA3B3+-NFC to achieve near detection limit inactivation of 

KP upon inclusion of a 60 min dark pre-incubation prior to visible light illumination, and compare 

favorably to the level of inactivation achieved in solution studies employing 5 µM ZnA3B3+ (4) 

under identical illumination conditions (see Figure A.S5, Supporting Information). Moreover, 

these findings are consistent with the limited diffusibility of singlet oxygen in solution (<250 

nm),56, 57 and suggest (along with our previous findings with PS-modified CNCs16, 18) that 

nanoscale scaffolds require time in solution to associate with bacteria prior to photodynamic 

inactivation in order to achieve maximal inactivation efficacy. 

Antiviral Activity of A3B3+-NFC and ZnA3B3+-NFC. Antiviral photodynamic inactivation studies 

employing A3B3+-NFC and ZnA3B3+-NFC at 5 µM concentration were conducted against two 

model enveloped viruses, vesicular stomatitis virus (VSV) and dengue-1 (Figure A.7), using 

illumination conditions similar to those of the antibacterial studies (65±5 mW/cm2, 400-700 nm, 
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1 h). Impressively, both materials exhibited complete (i.e., 0 PFU/mL) inactivation of the 

pathogens: dengue-1 by 99.99% (4-log units; A3B3+-NFC, P = 0.001; ZnA3B3+-NFC, P = 0.001), 

and VSV by 99.9999% (6 log units; A3B3+-NFC, P = 0.001; ZnA3B3+-NFC, P < 0.0001). Viral 

inactivation of ~1 log unit was also noted in the dark controls. Given the strong antiviral efficacy 

reported in Figure A.7, we suggest that the dark inactivation resulted from the minimal light 

exposure needed to perform the biological assays. We note that previous photodynamic materials 

with strong antiviral character have also displayed ‘dark’ inactivation that was attributed to 

incidental light exposure.17, 44, 58, 59 

Antibacterial Activity of A3B3+-Pap and ZnA3B3+-Pap. Photodynamic inactivation experiments 

against the above nosocomial pathogens were repeated using the photosensitizer-paper conjugates, 

A3B3+-Pap and ZnA3B3+-Pap (Figure A.8). The conditions were maintained consistent with the 

PS-NFC studies at an illumination intensity 65±5 mW/cm2 and a wavelength range of 400-700 nm 

for 1 h. The freebase porphyrin-containing material, A3B3+-Pap (Figure A.8A), saw a 99.9999% 

(VRE, P = 0.0008; MRSA, P < 0.0001; MDRAB, P < 0.0001) inactivation of VRE, MRSA, and 

MDRAB, and a 99.9994% (~5.3 log, P < 0.0001) inactivation of KP. The metallated counterpart, 

ZnA3B3+-Pap (Figure A.8B) similarly achieved detection-level inactivation of MDRAB, MRSA, 

and VRE, (MDRAB, P = 0.001; MRSA, P = 0.002; VRE, P = 0.002) but a slightly lower 

inactivation of 99.47% (~2.3 log, P < 0.0001) against KP. This drop in antimicrobial efficacy 

against KB from A3B3+-Pap to ZnA3B3+-Pap is counter to the observations of the solution PS and 

NFC-based studies, both of which showed a higher level of inactivation for the metallated 

analogue. We suggest that this decrease in inactivation is more likely attributable to the lower 

photosensitizer loading in ZnA3B3+-Pap (1.27 wt%) compared with A3B3+-Pap (1.94 wt%). 

Gratifyingly, an approximately ~2 log unit improvement (99.996%, P = 0.0003) in antibacterial 
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efficacy against KP was observed for ZnA3B3+-Pap when including a dark pre-incubation of 1 h 

prior to light illumination (data not shown), consistent with the pre-incubation-dependent increase 

in aPDI efficacy noted for the NFC-based materials. 

 

A.4. CONCLUSIONS 

In conclusion, we have shown the synthesis, characterization, and photodynamic 

inactivation of photosensitizer-conjugated nanofibrillated cellulose and cellulose sheets. The 

triazine linker conjugation strategy, complemented by the extensive surface area of NFC, proved 

to be an excellent combination: the facile and relatively fast synthesis led to PS-NFC materials 

that demonstrated the successful inactivation of a variety of pathogenic species spanning 

antibiotic-resistant Gram-negative and Gram-positive bacterial strains, and two viral species. We 

attributed these high levels of photodynamic inactivation to the high photosensitizer loading that 

was achievable through the use of the nanofibrillated scaffold. Although cellulose nanocrystals 

(CNCs) have also demonstrated a high PS-loading, the scalability of NFC and lack of harsh acid 

treatment that is required for CNC production suggest that nanofibrillated cellulose is a preferred 

scaffold from which to design future PS-cellulose conjugates. Moreover, although we employed a 

synthetic and custom porphyrin in this present study, the triazine coupling strategy is amenable for 

use with a large variety of both commercially available (i.e., thionine) or natural (i.e., PPIX, 

hypocrellin) photosensitizers, and will incorporated into future iterations of these materials. Taken 

together, this scalable conjugation strategy has the potential to be used on bulk, nanocellulosic 

materials that may later be woven into a wide variety of textiles for their use in the prevention of 

nosocomial infections. 
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Scheme A.1. Synthesis of nanofibrillated cellulose-porphyrin conjugates by 2,4,6-trichloro-1,3,5-
triazine. (i) 1 M NaOH, RT, 1 h; (ii) 20 equiv. 2,4,6-trichloro-1,3,5-triazine, acetone, RT, 10 min; 
(iii) 1 equiv 3 or 4, DMF, RT, 18 h. 
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Figure A.1. Photosensitizer-cellulose conjugate materials (A) A3B3+-Pap; (B) A3B3+-NFC; (C) 
ZnA3B3+-Pap; (D) ZnA3B3+-NFC. 
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Figure A.2. UV-Vis diffuse reflectance spectra of PS-cellulose conjugates. (A) A3B3+-Pap 
(dashed) and A3B3+-NFC (black) overlaid with the solution spectrum of 3 in H2O (brown). (B) 
A3B3+Zn-Pap (dashed) and A3B3+Zn-NFC (black) overlaid with the solution spectrum of 4 in 
H2O (green). 
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Figure A.3. Fourier transform infrared spectra of (A) A3B3+-NFC (brown), (B) A3B3+-Pap 
(brown), (C) ZnA3B3+-NFC (green), and (D) ZnA3B3+-Pap (green). For panels A-D, the black 
spectra represent neat cellulose material, and the red spectra represent the triazine-cellulose 
intermediate.  
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Figure A.4. Thermal gravimetric analysis of A) A3B3+-NFC, B) A3B3+-Pap, C) ZnA3B3+-NFC, 
and D) ZnA3B3+-Pap. 
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Figure A.5. Photodynamic inactivation studies at 5 µM (A) A3B3+-NFC and (B) ZnA3B3+-NFC 
against nosocomial bacterial pathogens K. pneumoniae ATCC-2146 (KP), multidrug-resistant A. 
baumannii ATCC-1605 (MDRAB), methicillin-resistant S. aureus ATCC-44 (MRSA), and 
vancomycin-resistant Enterococcus faecium ATCC-2320 (VRE). For both panels, displayed are 
the material-free (cells-only) dark control set to 100% (black bars), as well as the dark controls of 
A3B3+-NFC (dark yellow) and ZnA3B3+-NFC (dark green), and the illuminated studies of A3B3+-
NFC (light yellow) and ZnA3B3+-NFC (light green) displayed as the percent survival of the 
material-free dark control. For all bacteria, the illumination conditions were as follows: 60 min, 
400−700 nm, 65 ± 5 mW/cm2. As the plating technique employed to determine % survival did not 
allow for detection of survival rates of <0.0001%, data points below the detection limit were set 
to 0.0001% survival for graphing purposes and are indicated by the grey shaded area. 
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Figure A.6. Photodynamic inactivation studies of K. pneumoniae ATCC-2146 (KP) as a function 
of dark pre-incubation time at 5 µM (A) A3B3+-NFC and (B) ZnA3B3+-NFC. For both panels, 
displayed are the material-free (cells-only) dark control set to 100%, as well as the dark controls 
of A3B3+-NFC (dark yellow) and ZnA3B3+-NFC (dark green), and the illuminated studies of 
A3B3+-NFC (light yellow) and ZnA3B3+-NFC (light green) displayed as the percent survival of 
the material-free dark control. The dark pre-incubation periods specified in panels A & B were 
performed at 37 °C in PBS. Illumination conditions and detection limits were as described in 
Figure A.5. 
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Figure A.7. Photodynamic inactivation studies employing 5 µM A3B3+-NFC or ZnA3B3+-NFC 
against (A) dengue-1 and (B) vesicular stomatitis virus (VSV). For both panels, displayed are the 
material-free (cells-only) dark control set to 100%, as well as the dark controls of A3B3+-NFC 
(dark yellow) and ZnA3B3+-NFC (dark green), and the illuminated studies of A3B3+-NFC (light 
yellow) and ZnA3B3+-NFC (light green) displayed as the percent survival of the material-free dark 
control. Illumination conditions were as described in Figure A.5. In all cases, no detectable plaque-
forming units were observed, and were set to 1 PFU/mL for graphing purposes. 
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Figure A.8. Photodynamic inactivation studies employing (A) A3B3+-Pap and (B) ZnA3B3+-Pap 
against nosocomial bacterial pathogens K. pneumoniae ATCC-2146 (KP), multidrug-resistant A. 
baumannii ATCC-1605 (MDRAB), methicillin-resistant S. aureus ATCC-44 (MRSA), and 
vancomycin-resistant Enterococcus faecium ATCC-2320 (VRE). For both panels, displayed are 
the material-free (cells-only) dark control set to 100% (black bars), as well as the dark controls of 
A3B3+-Pap (dark yellow) and ZnA3B3+-Pap (dark green), and the illuminated studies of A3B3+-
Pap (light yellow) and ZnA3B3+-Pap (light green) displayed as the percent survival of the 
material-free dark control. Illumination conditions and detection limits were as described in Figure 
A.5. 
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Table A.1. Elemental analysis (wt% N) and calculated photosensitizer loading and degree of 
substitution values (D. S.). 

 A3B3+-Paper ZnA3B3+-Paper A3B3+-NFC 

wt% N    

Triazine-cellulose  0.51 0.57 0.90 

PS-cellulose 0.79 0.77 2.04 

PS loading    

wt% PS 1.94 1.27 7.40 

nmol PS/mg 28.7 17.2 109 

D.S.a 0.0048 0.0029 0.0198 

a D.S. = degree of substitution based on the molecular weight of the anhydroglucose unit of 162 
g/mol. 
 

A.7. SUPPORTING INFORMATION 

Photosensitizer singlet oxygen quantum yield (FD) determination by time-resolved 

phosphorescence measurements. Time-resolved singlet oxygen phosphorescence experiments 

were conducted in D2O to determine singlet oxygen quantum yield (FD) values for (3) and (4) 

using TMPyP as the standard (FD=0.741). Singlet oxygen quantum yield determination relies on 

its phosphorescence at 1270 nm and by quantitatively comparing emission intensities of optically-

equivalent photosensitizer and standard solutions. Samples were prepared to equal absorbance 

values (0.31) at the excitation wavelength of 433 nm. Due to the weak nature of the 1O2 

phosphorescence emission band at 1270 nm, sample excitation at 433 nm and emission bandwidth 

data were performed with a 20 nm (433±10 nm) bandwidth. Emission intensities were baselined 

and integrated from 1225 and 1325 nm. The 1O2 quantum yield values were calculated according 

to the following equation: 
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𝑄 = 𝑄.
/
/%

01%
01

   and   𝑂𝐷 = 1 − 10"234   (1) 

 

where the integrated singlet oxygen phosphorescence intensity is represented by I, and OD is the 

optical density at the excitation wavelength, or range R refers to the reference photosensitizer, 

TMPyP.2 

 

LIVE/DEAD Bacterial Viability Assays. Confocal laser scanning microscopy was performed to 

image S. aureus (ATCC-29213) after staining the cells with a LIVE/DEAD BacLight Bacterial 

Viability and Counting Kit that consisted of green-fluorescent SYTO9 and red-fluorescent 

propidium iodide (PI) stains As shown in Figure A.S4, samples included: (A) compound free S. 

aureus cells only that served as a live control, (B) S. aureus cells washed with ethanol that served 

as a dead control, (C) S. aureus cells exposed to A3B+-NFC and kept in the dark that served as 

dark control, and (D-F) S. aureus cells exposed to A3B+-NFC that were illuminated by non-

coherent visible light at 65 ± 5 mW/cm2. A 5 µM solution of the A3B+-NFC was used for the dark 

control and the illuminated samples. Initially, the cells were separated from phosphate buffer saline 

(PBS) via centrifugation. Subsequently, the cells were washed with 0.9 % w/v sodium chloride 

(NaCl). Following this, the cells were resuspended in 0.9 % w/v NaCl, and a premix of SYTO9 : 

propidium iodide (1:1) was added. The cells were then vortexed, incubated at room temperature 

for 30 min, and then a few microliters of the stained cell solution were taken in a glass holder 

added with a coverslip and imaged with a Zeiss LSM 880 confocal microscope (NC State 

University Cellular and Molecular Imaging Facility, NSF grant DBI-1624613). Live cells 

possessing intact cell membranes are stained bright green by SYTO9, whereas the dead cells with 

the ruptured/damaged cell membranes are stained red and exhibit less/negligible green 
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fluorescence. As seen in Figure A.S4, the fluorescent images for the material-free control (Figure 

A.S4A) and the material-present cells kept in the dark (Figure A.S4C) both show significantly 

higher number of live cells. As expected, the light illuminated samples (Figure A.S4D-F) only 

show dead cells, comparable to the ethanol treated dead control (Figure A.S4B), demonstrating 

that A3B+-NFC is bactericidal when illuminated. 

 

Solution Based Antimicrobial Activity of A3B3+ (3) and ZnA3B3+ (4). Solution studies comparing 

the antimicrobial efficacy of freebase A3B3+ (3) and metallated ZnA3B3+ (4) porphyrins in the 

inactivation of K. pneumoniae (KP), the least susceptible to PDI of the two Gram-negative strains 

in this study, were conducted (Figure A.S3). An initial test of A3B3+ at a 1 µM concentration 

resulted in no antimicrobial activity against KP, thus a higher concentration, 2.5 µM, was pursued. 

Inactivation studies at 2.5 µM concentrations revealed a 98.2734% (P < 0.0001) and 99.9991% (P 

= 0.0002) reduction in K. pneumoniae for A3B3+ and ZnA3B3+ respectively. Studies conducted at 

5 µM yielded a 99.9996% (P < 0.0001) and 99.9999% (P = 0.0004) reduction in KP for A3B3+ and 

ZnA3B3+. The metallated macrocycle exhibited a greater degree of PDI activity, as was expected, 

due to the heavy atom effect, which increases excited triplet state quantum yields toward singlet 

oxygen generation. 

 

 

 

 

 

 



   

264 
 

References 

1. X. Ragàs, D. Sánchez-García, R. Ruiz-González, T. Dai, M. Agut, M. R. Hamblin and S. 

Nonell, Journal of Medicinal Chemistry, 2010, 53, 7796-7803. 

2. Joseph R. Lakowicz, Principles of Fluorescence Spectroscopy, Kluwer Academic/Plenum 

Publishers, New York, 2nd edn., 1999. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

265 
 

SI Figures 

 
Figure A.S1. Representative colony-counting data (TSB-agar plates) obtained for the 
photodynamic inactivation studies employing 5 µM A3B3+-NFC against methicillin-resistant S. 
aureus ATCC-44 (MRSA): top panel, without illumination (material-present dark control); bottom 
panel, illuminated study (60 min, 400−700 nm, 65 ± 5 mW/cm2). Each vertical column represents 
a 1:10 serial dilution, with increasing dilution from right to left. 
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Figure A.S2. Scanning electron microscopy images of (A) unmodified freeze-dried NFC and (B) 
A3B3+-NFC.  
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Figure A.S3. ATR-IR spectra of A3B3+ (3) and ZnA3B3+ (4). 
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Figure A.S4. Confocal laser scanning microscopy images of A) material-free cells only (live 
control), B) S. aureus cells exposed to ethanol (dead control), C) S. aureus cells exposed to A3B+-
NFC kept in dark (material-present dark control), and D-F) S. aureus cells exposed to A3B+-NFC 
illuminated at 65 ± 5 mW/cm2 for 60 minutes, 400-700 nm. 
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Figure A.S5. Solution-based photodynamic inactivation studies of K. pneumoniae using A3B3+ (3) 
and ZnA3B3+ (4) as photosensitizers. Displayed are the compound-free (cells-only) control (black 
bars), as well as the dark controls of A3B3+ (dark yellow) and ZnA3B3+ (dark green), and the 
illuminated studies of A3B3+ (light yellow) and ZnA3B3+ (light green) displayed as the percent 
survival of the compound-free control. The illumination conditions were as follows: 60 min, 
400−700 nm, 65 ± 5 mW/cm2. As the plating technique employed to determine % survival did not 
allow for detection of survival rates of <0.0001%, data points below the detection limit were set 
to 0.0001% survival for graphing purposes and are indicated by the grey shaded area. 
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SI Tables 

 
Table A.S1. Singlet oxygen quantum yield values (FD) as determined by time-resolved 
phosphorescence measurements in D2O. 

 FD (D2O) 

A3B3+ (3) 0.044a 

ZnA3B3+ (4) 0.156a 

aTMPyP (FD=0.74) was used as reference PS for 1O2 quantum yield measurements.1  

 

 

 


