
ABSTRACT 

STOLL, KEVIN. Antimicrobial Photodynamic Therapy Utilizing BODIPY Embedded 
Electrospun Materials. (Under the direction of Dr. Reza A. Ghiladi). 
 

The transmission of pathogenic bacteria and viruses that adhere to surfaces poses an 

escalating threat to human health. According to the Centers for Disease Control, about 1.7 

million healthcare-associated infections, representing 5-10% of all hospitalized patients, cause 

upwards of 99,000 deaths annually in the United States, adding about $30-45 billion to health 

care costs every year. Consequently, more research into effective surface disinfection and 

alternative materials (fabrics, plastics or coatings) with antimicrobial properties is needed. A 

promising area for anti-infective materials is antimicrobial photodynamic inactivation (aPDI), 

a branch of photomedicine that employs light, air (specifically oxygen), and a photosensitizer 

(PS) to generate primarily singlet oxygen (1O2) as the biocidal agent, and represents a 

complementary strategy for the treatment of microbial infections. 

In previous work, 2,6-diiodo-1,3,5,7-tetramethyl-8-(N-methyl-4-pyridyl)-4,4’-

difluoroboradiazaindacene (BODIPY(+)) in solution demonstrated outstanding antiviral, 

antibacterial and antifungal photodynamic inactivation. The results of BODIPY(+) in solution 

suggested this compound to be an effective photosensitizer. As such, here we investigated 

BODIPY(+) embedded in scaffolds (i.e., polyacrylonitrile and nylon nanofibers) via 

electrospinning to determine their efficacy as anti-infective materials. Highlighted results 

include a 6 log-unit reduction of Gram-positive methicillin-resistant Staphylococcus aureus 

(MRSA), Gram-positive vancomycin-resistant Enterococcus faecium (VRE), and Gram-

negative multi-drug resistant Acinetobacter baumannii (MDRAB). Inactivation studies also 

included the Gram-negative bacteria Klebsiella pneumoniae, which proved to be more resistant 

to BODIPY(+) and aPDI. 



The success seen against both Gram-positive and Gram-negative strains of bacteria led 

to an interest in the materials’ efficacy against an additional viral microbe, with the hypothesis 

that this one photosensitizer embedded material and technique could be used to inactivate 

multiple species of microbes. Vesicular stomatitis virus was studied as a model DNA virus to 

explore the potential utility of these PS materials for antiviral photodynamic inactivation. Full 

inactivation, to the detection limit, using the electrospun materials was observed. Taken 

together, these results demonstrate the potential of this new class of photosensitizer embedded 

materials as a more broadly applicable anti-infective product. Application of these materials in 

medical environments could greatly reduce and prevent the further spread of such dangerous 

microbes of varying species with one, broad spectrum material. 
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CHAPTER 1 

General Introduction 

1.1 Antimicrobials 

Infectious diseases are the second-leading cause of death throughout the world, and the 

third leading cause of death in developed countries, which is why the spread of infectious 

diseases remains a top concern for health care facilities in industrialized countries.1,2 Over half 

of the infections spread throughout hospitals in these countries are from drug-resistant 

microorganisms.3 In fact, in some areas bacterial strains that are drug-resistant are now more 

common than the drug-susceptible strains.4 Members of these strains can cause significant 

damage to the human body, and even lead to death.5 For example, Acinetobacter baumannii, 

commonly seen in military patients, can cause pneumonia and serious bloodstream infections, 

leading to a 34-43.4% mortality rate in ICUs.5 Another example is vancomycin-resistant 

Enterococcus faecium (VRE), which is routinely the third-leading cause of nosocomial 

bloodstream infection in the United States.6  

Unfortunately, there are minimal, if any, drugs that can combat these advanced diseases, 

and it appears that drug development has come to a near halt.4,6,7 Projan explains that there has 

been a significant decrease in drug development due to the acceptance that there are better 

ways to spend money than trying to create new drugs to fight these ever-changing diseases.2 

The estimated cost of R&D for a new drug to be developed is $802 million US dollars.7 

Unfortunately, as soon as the originally targeted strain evolves and develops resistance to the 

developed drug, another $802 million drug will need to be developed. According to Boucher 

et al. there are no drugs that are able to fight against ESKAPE pathogens, especially those that 

have reached advanced stages of development, and focus must therefore be placed in 
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maximizing medical centers’ abilities to prevent the spread of such diseases.6 

Luckily, drugs are not the only means to fight against these diseases. Non-drug based 

antimicrobial technology can aid in the treatment and, more importantly, the prevention of 

these infectious diseases, and stand as the primary capability to decrease mortality.2,8,9 

Specifically, photodynamic therapy (PDT) has shown great promise in the fight against these 

pathogens and shows great potential in combating multiple diseases with one compound.10,11 

 

1.2 Photodynamic Therapy 

1.2.1 History 

In general, photodynamic therapy is the process by which a compound is introduced to 

specific tissue or cells that are then illuminated, causing a chemical excitation that ultimately 

leads to singlet oxygen formation. This singlet oxygen then reacts with the cell, leading to 

irreversible oxidative damage, and ultimately incorporation of the oxygen atoms into the 

oxidized cell products. This reaction with the cell causes catastrophic damage, which 

ultimately leads to cell death.12,13 The photodynamic process was conceived by a medical 

student, Oscar Raab in the late 1800s.11,14 During his research, Raab noticed that certain 

compounds were able to kill paramecia. He later found that these compounds were only able 

to inactivate the microbe when exposed to light, but had no effect in the dark. In 1903, French 

neurologist J. Prime noticed dermatitis, inflammation of the skin, on patients that he had 

previously treated for epilepsy with eosin.12 Following this discovery, H. von Tappeiner 

(Raab’s supervisor) and H. Jesionek used eosin and light to explore its effect on skin cancer, 

marking the first application of photodynamic therapy against tumors. In 1907, H. von 

Tappeiner and A. Jodlbauer were able to explain the mechanism by which this cell deactivation 
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occurred (see paragraph 1.2.2). Despite these discoveries, few advances were made in 

photodynamic inactivation until the 1960s when Schwartz and Lipson made advances in the 

field.15 Then, in the 1990s, photodynamic therapy made its mark as a viable option for 

treatment against microbes that had continually proven to be victorious over the antibiotics 

developed to fight them.16 

Thus far, the primary focus and application of photodynamic therapy has been in cancer 

treatment, both malignant and benign tumors, specifically cancer residing in the skin, 

gastrointestinal tract, retroperitoneum, genital and urinary systems, chest, central nervous 

system, and the eye.17 Photodynamic therapy is also acquiring a lot of attention for its use in 

antimicrobials, primarily because of its ability to fight multiple strains of bacteria, yeast, fungi, 

and virus, including drug-resistant strains.10,11,18 

 

1.2.2 Mechanism 

There are two mechanisms by which photodynamic therapy causes catastrophic cell 

damage (see Figure 1.1).11 The first step for both mechanisms is illuminating the 

photosensitizer (PS) (initially in the ground singlet state), causing an electron to be excited 

from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular 

orbital (LUMO). This new configuration, known as the excited singlet state, is short lived and 

very unstable. From this point, the photosensitizer either i) returns to the ground singlet state 

via fluorescence or non-radiative decay, or ii) relaxes to the triplet state via intersystem 

crossing, which has a longer lifetime then the excited singlet state. At this point, one of two 

mechanisms may take place. 
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Figure 1.1. Mechanism of photodynamic therapy. Adapted from Szacilowski et al. Chem. Rev. 
2005, 6, 119. 
 

 

The first mechanism, termed a Type I mechanism, is carried out when the photosensitizer 

in the triplet state transfers an electron or a hydrogen directly to molecular oxygen, producing 

either a reactive radical, superoxide (O• ), or other reactive oxygen species such as hydroxyl 

radicals (•OH) or hydrogen peroxide (H2O2). 

The second mechanism, termed a Type II mechanism, is carried out when there is an energy 

transfer from the triplet state photosensitizer to the ground triplet state oxygen molecule, 

causing the molecular oxygen to enter the excited singlet state ( O ). Singlet oxygen is 

extremely reactive, causing irreversible damage to cells, yet also has a short lifetime (10-6 s). 

 

1.2.3 Good photosensitizers and known flaws 

There are a few primary characteristics that make one photosensitizer better than another. 

A good photosensitizer is one that is non-toxic until exposed to a specific wavelength of light. 

In addition, it needs to be delocalized, which means there is little energy required to excite the 

photosensitizer from its ground singlet state to its excited triplet state. Also, photosensitizers 

that have low fluorescence allow for a more efficient intersystem crossing to the triplet state, 
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producing more singlet oxygen, leading to a higher efficacy. Cationic photosensitizers have 

also shown to be more lethal than neutral or anionic molecules (see paragraph 1.3).19 

Despite the promise shown by photodynamic therapy and its use in antimicrobials, there 

are some challenges that are yet to be tackled. The main known flaws include i) a 

photosensitizers inability to target only specific, dangerous cells, as opposed to healthy cells 

ii) the requirement of light limits use in applications deep within tissue or other areas that direct 

light cannot be obtained and iii) photobleaching destroying the photosensitizer. It’s important 

to note, however, that challenges i) and ii) are for in vivo treatments only, antimicrobial PDT 

is not restricted by these challenges. 

 

1.3 Photodynamic Inactivation against Bacteria 

Bacterial species, even within the same category and strains, can have varying external 

surfaces. For the most part, however, bacteria can be broken down into two categories: Gram-

positive and Gram-negative18. The key difference between these two types of bacteria is the 

presence of an additional outer membrane on Gram-negative bacteria in addition to the 

peptidoglycan and cytoplasmic membrane. The surface of Gram-positive bacteria, on the 

contrary, consists of simply peptidoglycan and the cytoplasmic membrane. This key difference 

is responsible for Gram-negative species being more difficult to inactivate than Gram-positive 

bacteria via PDT. The additional outer membrane is an efficient permeability barrier, making 

it difficult for photosensitizers to enter the cell to cause damage.19 
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Figure 1.2. A comparison of Gram-negative vs Gram-positive bacteria (BioNinja). 
 

 

Identifying a photosensitizer that is able to utilize photodynamic inactivation against both 

Gram-negative and Gram-positive bacteria is made easier by the presence of naturally 

occurring negative charge on the outer surface of both types of bacteria. Gram-positive 

bacterial cell wells contain a negative charge in the residue on the peptidoglycan layer, while 

Gram-negative species contain a negative charge on the lipopolysaccharide layer of the outer 

membrane.19 A cationic photosensitizer then utilizes the electrostatic interaction between the 

bacteria’s cell wall and the positive charge of the photosensitizer to maximize the binding of 

the photosensitizer to the cell wall, increasing the damage caused to the bacteria. Therefore, a 

cationic photosensitizer is more effective than an anionic or neutral molecule. 

 

1.4 Conclusion 

Microbes that continue to evolve and mutate have created a serious need for a new means 

of defense against infection that antibiotics are unable to perform. With cost and death totals 

rising, a new means to fight these infections is needed. Photodynamic inactivation presents an 

opportunity to inactivate a multitude of microbes with the one photosensitizer, regardless of 
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drug-resistance. 

Within this context, the aim of this thesis is to explore the application of photodynamic 

therapy within a polymer scaffold, thereby creating novel, self-disinfecting materials that could 

help prevent the transmission of pathogens. Here, we have explored the BODIPY compound 

2,6-diiodo-1,3,5,7-tetramethyl-8-(N-methyl-4-pyridyl)-4,4’-difluoroboradiazaindacene 

(BODIPY(+)) and studied the antimicrobial efficacy of BODIPY(+) after electrospinning the 

photosensitizer into two materials: nylon and polyacrylonitrile. The study included inactivation 

studies of four bacterial species (methicillin-resistant Staphylococcus aureus (MRSA), 

vancomycin-resistant Enterococcus faecium (VRE), multi-drug resistant Acinetobacter 

baumannii (MDRAB), and Klebsiella pneumoniae) and one viral species (vesicular stomatitis 

virus (VSV)). 
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CHAPTER 2 

BODIPY Embedded Nylon and Polyacrylonitrile Nanofibers for Photodynamic 

Inactivation of Bacteria and Viruses 

2.1 Abstract 

Hospital acquired infections (HAI) remain a top priority for the Centers for Disease Control 

(CDC), especially drug-resistant strains of bacteria. Better technology designed to inactivate 

various microbes is needed to decrease the threat of these pathogens. Here, antimicrobial 

photodynamic inactivation (aPDI) utilizing BODIPY embedded electrospun polyacrylonitrile 

(PAN) and nylon was applied to study the inactivation of various microbes including Gram-

positive bacteria, Gram-negative bacteria, and virus. With photosensitizer loadings by weight 

as low as 1.51% (PAN) and 0.25% (nylon), 100% inactivation, up to detection limits, was 

observed for four out of five microbes studied: methicillin-resistant Staphylococcus aureus 

(ATCC-44), vancomycin-resistant Enterococcus faecium (ATCC-2320), multidrug resistant 

Acinetobacter baumannii (ATCC-1605), and vesicular stomatitis virus. Klebsiella pneumoniae 

(ATCC-2146) was the fifth microbe examined, but proved to be more resistant to inactivation, 

as expected from previous studies. In general, these new BODIPY embedded electrospun 

materials demonstrate efficient inactivation of multiple microbes, even at low photosensitizer 

loadings. 

 

2.2 Introduction 

As defined by the World Health Organization, a hospital acquired infection (HAI) is one 

acquired by a patient in a medical facility or hospital that was not in incubation upon admission 

to the facility. According the CDC, the number of HAIs in America has reached over 1.7 



 

11 

million annually, an increase of 36% in the past 20 years. HAIs are also responsible for over 

99,000 deaths annually in the United States alone- greater than breast cancer, AIDS, and 

vehicle accidents combined. It has also been reported that the annual cost of treatment now 

exceeds $45 billion as facilities battle these infections. A key contributor to these treatment 

costs being so high is drug-resistant strains of bacteria.1,2 While antibiotics remain on the front 

lines of the fight against HAIs, the ability that various bacterial strains have to develop 

resistance to these drugs remains an issue and continues to drive treatment costs up. What if 

the bacteria that cause these infections could be inactivated before a human infection could 

occur? 

Antimicrobial Photodynamic inactivation (aPDI) provides an opportunity to inactivate 

various microbes prior to human infection. aPDI uses light (visible or near infrared) to excite 

a chromophore, or photosensitizer (PS), to its triplet state.3 Once it the triplet the state, the PS 

undergoes an energy transfer to molecular oxygen, which has a ground triplet state.3-6 The 

excited oxygen, now in the singlet state, is known to cause catastrophic cell damage and death 

to bacteria, virus, fungi, and yeast.  

While momentum continues to increase for photodynamic inactivation as a method of 

treatment against HAIs, there is a great window of opportunity for exploration into self-

sterilizing materials utilizing this technology. There are countless benefits to being able to 

easily remove microbes from various surfaces via simple illumination. These materials have a 

wide range of uses from hospitals to hotels to infant care centers and beyond. 

There have been a few antimicrobial studies that have explored BODIPY photosensitizers 

in solution (mainly Caruso4, O’Shea5, and Ghiladi6), but none have explored the potential to 

incorporate them into self-sterilizing materials and measure inactivation of multiple microbes, 
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included drug-resistant bacterial strains, as well as viral strains. Embedding these 

photosensitizers into antimicrobial materials may be a means of infection control through 

prevention of transmission. 

Here, we focus on creating self-sterilizing materials using a process called electrospinning, 

a relatively simple and inexpensive technique that creates consistent and uniform fiber material 

from a polymer powder.7 These materials, first patented in 1934, have been applied in various 

applications including, filtration, tissue engineering scaffolds, wound healing, energy storage, 

and antimicrobial.8-12 Specifically, Khil et al used an electrospun polyurethane membrane a 

wound dressing, which provided protection from the environment, while still allowing 

adequate fluid drainage from the wound and ideal oxygen permeability.12 

Electrospun fibers possess a number of characteristics important for aPDI, including a high 

surface area to volume ratio, which allows for an increased interaction between microbial cells 

and the photosensitizer that is embedded into the material.7 Another main benefit of 

electrospun materials is the capability to embed a compound within the polymer versus 

chemically bonding the compound to a surface. This feature saves steps in the synthesis process 

by eliminating the need to further functionalize the compound to add linking groups. It also 

allows molecules that can no longer be further functionalized to be incorporated into a material. 

More on how materials were developed via electrospinning for this study can be found in 

paragraph 2.3.4. 

While some electrospun materials have been developed with antimicrobial properties, 

more development into this area is needed. Many produced materials get their antimicrobial 

activity from incorporating metals into the fibers.13,14 de Faria et al. developed electrospun 

mats designed to cover various surfaces and provide antimicrobial characteristics with the 
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addition of graphene oxide-silver nanocomposites.13 These materials were electrospun, and 

then further functionalized by reacting with graphene-oxide compounds to provide 

antimicrobial activity against E. coli (99% inactivation), P. aeruginosa (99% inactivation), and 

S. aureus (76% inactivation). 

There has also been exploration into materials that utilize a photodynamic mode of 

action.3,15-17 Kim et al. polymerized rose bengal and phloxine B photosensitizers with acrylic 

aced and styrene sulfonic acid, which proved as an effective means of combating Aspergillus 

fumigatus.16 Arenbergerova et al. were also able to demonstrate promising results for aPDI 

materials with their use of tetraphenylporphrin embedded electrospun polyurethane. The 

material was able to fully inactivate Staphylococcus aureus, Pseudomonas aeruginosa and 

Escherichia coli upon illumination, which they then studied in vivo on patients with leg ulcers. 

Notable clinical results include a 35% decrease in wound size and 71% decrease in pain.17 

Work with BODIPY compounds as photosensitizers has led to a few key pieces of 

information that have aided in the selection of the BODIPY compound studied here. First, 

Carpenter et al. showed that BODIPY(+) (Figure 2.1) inactivates cells via a Type II mechanism, 

in which the photosensitizer goes through an energy transfer to produce singlet oxygen as the 

microbiocidal reagent.6 Second, the addition of two iodine atoms in the 2 and 6 position of the 

parent BODIPY compound are vital in achieving the heavy atom effect,4 thereby increasing 

the efficiency of intersystem crossing from the singlet state to the triplet state by minimizing 

fluorescence, leading to an increased yield of singlet oxygen that translates to higher 

inactivation efficiencies.18 The third key feature is the addition of a cationic charge, achieved 

here by the methylation of the pyridyl group in the meso position. By nature, bacterial cells 

have a negative, or anionic, charge on the exterior cell wall.19 A cationic photosensitizer then 
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attracts the anionic bacterial cells, increasing interaction and maximizing inactivation. 

 

Figure 2.1. Key components of an efficient, mono-cationic BODIPY photosensitizer 
(BODIPY(+)). 
 
 

2.3 Experimental Section 

2.3.1 Materials 

Buffer salts and Criterion agar (bacteriological grade) were purchased through Fisher 

Scientific; LB broth through Teknova; Tryptic Soy Broth #211822, Brain Heart Infusion 

#237500, and Nutrient Broth #234000 were purchased through Difco Bacto. Ampicillin was 

purchased through Fisher Scientific and Tetracycline was purchased through Shelton 

Scientific. Unless otherwise stated, deionized water was used in synthesis, buffers solutions, 

and washings, as well as antibacterial testing. All other chemicals used in the synthesis of the 

molecules were obtained in the purity as described in the source documents from commercial 

sources. 

UV-visible absorption measurements were recorded using a Varian Cary® 50 UV-Vis 

Spectrophotometer (Agilent). Mass spectrometry and nuclear magnetic resonance spectra were 

collected on an AB Sciex 5800 MALDI-TOF/TOF mass spectrometer and Varian Mercury 400 

MHz NMR spectrometer, respectively. Scanning electron microscope data were gathered on a 

FEI Verios 460L field-emission scanning electron microscope (FESEM). Optical density 
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measurements were gathered on a Thermo Electron Crop. Genesys 10 UV scanning 

spectrophotometer. Thermal gravimetric analysis data were collected on a SDT Q600 under 

argon/oxygen (80/20) at 10 °C/ min. Illumination studies were conducted using a non-coherent 

light source Lumacare LC122 (400-700 nm), and light intensity was determined using an Orion 

Power Meter (Ophir Optronics Ltd., Israel). 

 

2.3.2 BODIPY(+) 

Scheme 1. Synthesis of BODIPY compound. 

 

The photosensitizer BODIPY(+) was synthesized per literature protocol with the exception 

of the initial synthesis of compound 2.4 The procedure for iodination (compound 3) and 

methylation (compound 4) were per literature protocol. 

1,3,5,7-tetramethyl-8-(4-pyridyl)-dipyrromethane (1). 18.77 mmol (1.77 mL) of pyridine-

4-carboxaldehyde and 262.76 mmol (27.06 mL) of 2,4-dimethylpyrrole were reacted at 100 

°C for 24 hours. Excess pyrrole was removed under vacuum, and precipitated in 
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dichloromethane (DCM) and hexanes. Compound 1 was recovered as a reddish-brown solid 

(5.20g, >99%). C18H21N3, Mw = 279.39. 1H NMR (CDCl3) δ: 1.82 (s, 6H, 2 x CH3); 2.16 (s, 

6H, 2 x CH3); 5.41 (s, 1H); 5.72 (d, 2H); 7.08 (m, 2H); 7.24 (s, 2H, NH); 8.52 (dd, 2H). 13C 

NMR (CDCl3) δ: 11.06, 13.05, 40.04, 108.79, 115.66, 123.55, 124.16, 126.25, 150.06, 151.54. 

UV-vis(dichloromethane): λ 460 nm (ε = 65.053 M-1 cm-1). HRMS (ESI+) calculated: 280.18082, 

found: 280.18042. Melting point: 146.8 °C. 

1,3,5,7-tetramethyl-8-(4-pyridyl)-4,4’-diflouroboradiazaindacene (2). 3.17 mmol 

(0.8856g) of compound 1 and 3.17 mmol (0.7196 g) of 2,3-dichloro-5,6-dicyano-1,4-

benzoquinone were dissolved in 190 mL DCM under N2 atmosphere at room temperature for 

1 hour. At this time, 22.19 mmol (3.09 mL) of triethylamine was added and stirred for 15 

minutes. Then, 22.19 mmol borontriflouride etherate (2.74 mL) was added and stirred for 6 

hours. Upon completion, the crude product was filtered and the DCM was removed under 

vacuum. The raw material was then purified via column chromatography (SiO2, DCM), 

affording 502mg (49% yield) of compound 2 as a reddish-orange solid. C18H18N3BF2, Mw = 

325.16. 1H NMR (CDCl3) δ: 1.41 (s, 6H, 2 x CH3); 2.56 (s, 6H, 2 x CH3); 6.02 (s, 2H); 7.48 

(d, 2H); 8.85 (d, 2H). UV-vis(dichloromethane): 505 nm (ε = 85,700 as reported by Caruso et al.4). 

HRMS (ESI+) calculated: 326.16346, found: 326.16299. 

2,6-diiodi-1,3,5,7-tetramethyl-8-(4-pyridyl)-4,4’-diflouroboradiazaindacene (3). 0.55 

mmol (0.1803 g) of compound 2, 1.12 mmol (0.2876 g) iodine, and 1.12 mmol (0.1983 g) iodic 

acid were dissolved in 35 mL ethanol and reacted for 21 hours at 55 °C with a condenser. 

When TLC showed no starting material present, the reaction was removed from the heat and 

the excess solvent to removed under vacuum. The product was precipitated in DCM and 

hexanes and compound 3 was recovered as a purple solid (196 mg, 61%). C18H16N3BF2I2, Mw 
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= 576.96. 1H NMR (CDCl3) δ: 1.42 (s, 6H, 2 x CH3); 2.65 (s, 6H, 2 x CH3); 7.30 (dd, 2H); 

8.82 (dd, 2H). UV-vis(dichloromethane): 540 nm (ε = 78,800 as reported by Caruso et al.4). HRMS 

(ESI+) calculated: 577.95675, found: 577.95533. 

2,6-diiodi-1,3,5,7-tetramethyl-8-(N-methyl-4-pyridyl)-4,4’-diflouroboradiazaindacene 

(4). 0.8 mmol (0.4651 g) of compound 3 and 36.8 mmol (2.29 mL) methyl iodide were 

dissolved in 100 mL of THF and refluxed for 48 hours. After cooling, the product was 

precipitated by adding 300 mL diethyl ether and thoroughly washed with diethyl ether. 

Compound 4 was recovered as a dark purple solid (0.3940 g, 83%). C19H21N3BF2I2, Mw = 

590.97. 1H NMR (DMSO) δ: 1.40 (s, 6H, 2 x CH3); 2.56 (s, 6H, 2 x CH3); 4.44 (s, 3H); 8.39 

(d, 2H); 9.20 (d, 2H). UV-vis(dichloromethane): 546 nm (ε = 110,000 as reported by Caruso et al.4). 

HRMS (ESI+) calculated: 591.97240, found: 591.97087. 

2.3.3 Electrospinning 

Nylon was electrospun (see Figure 2.2) by first dissolving the nylon polymer and the 

BODIPY(+) photosensitizer in formic acid at a concentration of 12% by weight (nylon to 

solvent). A current of 20 kV was then run through the solution and a collector plate (aluminum 

foil), which was placed 15 cm from the solvent syringe tip. The syringe was then set to a feed 

rate of 0.1 mL/h and the material was collected on the collector plate. 

Polyacrylonitrile (PAN) was electrospun in a similar fashion, however the solvent used for 

the polymer/photosensitizer solution was dimethylformamide (DMF) at a concentration of 5% 

by weight (PAN to solvent). The collector plate distance remained at 15 cm, however the 

voltage was decreased to 15 kV and the feed rate was increased to 0.75 mL/h. 

Upon completion of the electrospinning process, materials were stored at room temperature 

in a dark environment to prevent photobleaching. 
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Figure 2.2. Production of electrospun materials. 

 

2.3.4 Bacterial growth conditions 

Bacterial strains were grown at 37 °C at either 250 rpm on a New Brunswick scientific 

Excella E24 Incubator Shaker Series, or 400 rpm on a VWR minishaker until their OD reading 

reached a concentration of 1-4 x 108 as determined via growth curves. At this time, the bacteria 

was pelleted via centrifuge (10 min at ~3700 g), the broth was decanted, and the bacteria were 

resuspended in pH 7.2 phosphate buffer solution (PBS) with 0.5% Tween 80. 

Methicillin-resistant Staphylococcus aureus (MRSA, ATCC #BAA-44) was grown in 

Tryptic Soy Broth with 5 µg/mL tetracycline. Vancomycin-resistant Enterococcus faecium 

(VRE, ATCC #BAA-2146) was grown in BD Difco Bacto Brain Heart Infusion #237500 with 

100 µg/mL ampicillin. Klebsiella pneumoniae (ATCC #BAA-2146) was grown in BD Difco 

Nutrient Broth #234000 with 100 µg/mL ampicillin. Multidrug-resistant Acinetobacter 

baumannii (MDRAB, ATCC #BAA-1605) was grown in Miller-LB Broth with 5 µg/mL 

tetracycline. 
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2.3.5 Bacterial inactivation assay 

Two 24 well plates (1.5 cm diameter wells) were used for bacterial inactivation assays. The 

first well plate was prepared for the illuminated samples and a second for the dark control. 

Light studies were performed in triplicate, so four 1.5 cm material cutouts were made and 

washed. PAN-BODIPY(+) samples were lightly shaken at room temperature for one minute in 

one mL PBS per cutout seven times, while nylon-BODIPY(+) samples were washed together 

at room temperature for 16 hours in 50 mL PBS at 100 RPM. Materials were considered fully 

washed when the concentration of BODIPY(+) removed during the washing was less than 10 

nM as verified by UV-visible spectroscopy. Washed samples were then placed into the wells 

of the plates (three in the illuminated plate and one in the dark control plate). 400 µL of the 

bacterial solution in PBS was then added to each material well and incubated in the dark for a 

designated amount of time. MRSA required no incubation period, however, VRE, K. 

pneumoniae and MDRAB utilized a 60 minute incubation period. When the incubation period 

was expired, the light study plate was illuminated, while the dark control well plate remained 

in the dark for the duration of the illumination. MRSA was illuminated for 30 minutes at 40±5 

mW/cm2, while the other three strains were illuminated for 60 minutes at 65±5 mW/cm2. Upon 

completion of the illumination period, 10 µL of the bacterial solution from the illuminated 

plate was serially diluted at 1:10 in PBS five times. The six samples (5 dilutions and 1 pure 

sample) were plated and incubated at 37 °C overnight. The dark control was serially diluted in 

the same manner twice in duplicate, resulting in 4 dark control plates (1A, 1B, 2A, 2B) that 

were also incubated at 37 °C overnight. Finally, the original bacterial solution in PBS was 

serially diluted and plated as described above as a compound free control. The following day, 

the colony forming units (CFU) were counted and the illuminated samples were compared to 
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the dark controls (deemed 100% survival) to determine a percent survivability of the bacteria. 

Calculated probabilities were calculated via a two-tailed, unpaired Student’s t-test. 

 

2.3.6 Viral inactivation assay 

PAN-BODIPY(+) and nylon-BODIPY(+) were also tested against vesicular stomatitis virus 

(Paramyxoviridae) (VSV). Similarly to the bacterial inactivation study, two plates were used: 

an illumination plate and a dark control, and all were run in triplicate. Samples of both materials 

were loaded with 25 µL of virus and the light study plates were illuminated for 60 minutes at 

65±5 mW/cm2 with 400-700 nm light, while the dark control plates remained unilluminated. 

After the illumination time was expired, 75 µL of MEM supplemented with 10 mM HEPES, 

1% FBS, and antibiotics (penicillin, streptomycin, and amphotericin B) was added. The 

samples were then tittered on Vero cells in a serial 10-fold dilution. Plaques were then detected 

via crystal violet staining, which highlighted viral infected cells. Comparing the illuminated 

samples to the dark control allowed a percent survival to be determined. Compound free 

controls during viral studies were also gathered in triplicate. 

 

2.4 Material Analysis 

2.4.1 Material loading 

Material loading was determined for a greater understanding of the antimicrobial activities 

of each material. To start, a material cutout was washed as denoted in the Experimental section 

and dried in an incubator overnight (37 °C). The material was then weighed and dissolved in 

1 mL of the solvent used in the electrospinning process (nylon: formic acid, PAN: DMF). Once 

the material was fully dissolved, 9 mL of acetone (nylon) or water (PAN) was added and the 
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sample was centrifuged to pull any non-fully dissolved material out of solution. At this time, 

a 110 µL sample was taken and its UV-vis spectrum was acquired. Utilizing the published 

molar extinction coefficient for BODIPY(+) in water6 and acetone4 (75,900 M-1cm-1 and 

110,000 M-1cm-1, respectively), the amount of BODIPY(+) per milligram of material were 

calculated using Beer’s Law. The nylon-BODIPY(+) loading was found to be 0.25% by weight, 

while the PAN-BODIPY(+) loading was calculated to be 1.51% by weight. 

Table 2.1. Loading of nylon- and PAN-BODIPY(+) into electrospun materials. 

Material Sample mass (mg) nmol BODIPY/ mg material % by weight 
Nylon 8.6 3.44 0.25% 

Polyacrylonitrile 1.3 21.06 1.51% 
 
 
 

2.4.2 UV-vis diffuse reflectance spectroscopy 

The UV-vis diffuse reflectance spectra of both the nylon- and PAN-BODIPY(+)materials 

showed a maximum absorbance at a wavelength of 553 nm. This results in a 7 nm shift from 

the pure BODIPY(+) sample in acetone prior to being electrospun into the material. These 

results suggest that no significant changes occur to our photosensitizer molecules after being 

electrospun into nylon and PAN. 

 

Figure 2.3. UV-vis diffuse reflectance spectra of BODIPY(+) electrospun materials. 
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2.4.3 Thermal gravimetric analysis 

Thermal gravimetric analysis (TGA) was performed to compare the thermal stability of the 

two materials. Apart from a minor initial loss of mass, which can be attributed to residual 

solvent evaporation, both the nylon and the polyacrylonitrile materials proved to be relatively 

stable up to 300 °C with a loss of 5.0 and 9.5%, respectively. At 400 °C, however, the nylon 

material weighed 86% of its original mass, while the polyacrylonitrile material only weighed 

70% of its original mass, showing nylon to be more thermally stable. However, the nylon 

material is observed to decay more rapidly once the maximum stability temperature was 

reached compared to the PAN. At the maximum recorded temperature of 440 °C, the percent 

material remaining was 38% for nylon and 63% for PAN. Literature values for pure PAN 

samples identify thermal stability to 302 °C and pure nylon to 424 °C.20,21 Overall, however, 

PAN-BODIPY(+) exhibited thermal stability up to 300 °C and nylon-BODIPY(+) exhibited 

thermal stability up to 400 °C, resulting in minimal, if any, thermal degradation because of the 

embedded photosensitizer. 

 

Figure 2.4. Thermal gravimetric analysis of electrospun nylon-BODIPY(+) (purple) and PAN-
BODIPY(+) (pink). 
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2.4.4 Scanning electron microscopy 

Scanning electron microscopy (SEM) was used to further characterize the electrospun 

materials. Materials were coated in gold/palladium to increase image quality at higher 

magnification. The images gathered show a relatively uniform and consistent fibrous material 

with an average fiber diameter of 215 nm for nylon-BODIPY(+) and 125 nm for PAN-

BODIPY(+). When microscopic images of the photosensitizer loaded materials were compared 

to the pure materials (nylon and PAN), the only variation noted was fiber diameter. Pure nylon 

measured 123 nm in diameter, and PAN measured 126 nm in diameter. The make-up and 

random fiber pattern remained constant. The varying fiber diameter with the addition of 

photosensitizer could be caused by a few variables. First, there are the uncontrollable 

experimental parameters, such as voltage instability, room temperature fluctuation, and even 

air movement in the room. Fluctuation could also be caused by the fact that the photosensitizer 

has a charge, which may impact the current, though this issue was not researched in greater 

detail. 
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Figure 2.5. SEM images for (A) nylon-BODIPY(+), (B) PAN-BODIPY(+), (C) pure electrospun 
nylon and (D) pure electrospun PAN. 
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2.5 Results 

2.5.1 Antibacterial inactivation 

Photodynamic inactivation studies were performed in vitro against four different bacterial 

strains: MRSA, VRE, K. pneumoniae, and MDRAB utilizing BODIPY(+) embedded into 

polyacrylonitrile (PAN) and nylon via electrospinning. No incubation period and a 30 minute 

illumination period was used for MRSA, while a 60 minute incubation period and a 60 minute 

illumination period was used for the 3 remaining bacterial strains. The light intensities were 

also varied. MRSA studies were performed at 40±5 mW/cm2, while the remaining bacteria 

were studied utilizing 65±5 mW/cm2. The two Gram-positive bacteria, MRSA and VRE, were 

both very susceptible to inactivation as expected. MRSA and VRE plates showed no colony 

forming units (CFU) after the final incubation period was completed, which produces an 

inactivation percentage to our minimum detectable limit of 99.99999% for both the nylon-

BODIPY(+) (MRSA: p<0.0016, VRE: p<0.0045) and the PAN-BODIPY(+) (MRSA: p<0.0213, 

VRE: p<0.0005) materials. MDRAB also showed minimal resistance to the materials, with an 

inactivation percent of 99.95% with nylon-BODIPY(+) (p<0.0014) and 99.99999% with PAN-

BODIPY(+) (p<0.0400). K. pneumoniae, however, proved to be the most difficult of the 

bacteria to inactivate. 47.23% inactivation was observed for nylon-BODIPY(+) (p<0.0014) and 

75.12% inactivation was observed for PAN-BODIPY(+) (p<0.0310). 
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Figure 2.6. Antibacterial photodynamic inactivation of electrospun materials. (A) Nylon-
BODIPY(+) against methicillin-resistant S. aureus (MRSA) ATCC-2913, vancomycin-resistant 
E. faecium (VRE) ATCC-2320, K. pneumoniae (KP) ATCC-2146, and multidrug-resistant A. 
baumannii (MDRAB) ATCC-19606. (B) PAN-BODIPY(+) against methicillin-resistant S. 
aureus (MRSA) ATCC-2913, vancomycin-resistant E. faecium (VRE) ATCC-2320, K. 
pneumoniae (KP) ATCC-2146, and multidrug-resistant A. baumannii (MDRAB) ATCC-
19606. The black bars represent the % survival of compound free control (no photosensitizer 
embedded material) as a percent of the dark control (purple bars). The pink bars represent the 
illuminated samples with the photosensitizer embedded material as a percent of the dark 
control (purple bars). The grey shaded region represents the minimum detectable values. The 
detection limit for the plating technique utilized in the studies was <0.0001% (grey shaded 
region of graphs). Due to this limitation, all data points under 0.0001% were set equal to 
0.00001% in the graphs. For MRSA, illumination conditions were as follows: 30 min, 400-700 
nm, 40±5 mW/cm2. For VRE, K. pneumoniae, and MDRAB, there was a 60 minute dark 
incubation period and illumination conditions were as follows: 60 min, 400-700 nm, 65±5 
mW/cm2. 
 
 

2.5.2 Antiviral inactivation 

The efficacy of the PAN-BODIPY(+) was also studied against enveloped vesicular 

stomatitis virus (VSV). No VSV plaque forming units (PFU) remained after the illumination 

study was completed (60 min, 400-700nm, 65 ± 5 mW/cm2), which leads to an inactivation of 

VSV up to the detection limit of 99.999999% (p<0.0058). 
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Figure 2.7. Antiviral photodynamic inactivation of PAN-BODIPY(+). The black bar represents 
the % survival of compound free control (no photosensitizer embedded material) as a percent 
of the dark control (purple bar). The pink bars represent the illuminated samples with the 
photosensitizer embedded material as a percent of the dark control (purple bar). The grey 
shaded region represents the minimum detectable values. The detection limit for the plating 
technique utilized in the studies was <0.000001% (grey shaded region of graphs). Due to this 
limitation, all data points under 0.000001% were set equal to 0.000001% in the graphs. No 
incubation period was used and the illumination conditions were as follows: 60 min, 400-700 
nm, 65±5 mW/cm2. 
 
 

2.5.3 Photobleaching Studies 

The efficacy of both nylon-BODIPY(+) and PAN-BODIPY(+) were also explored after the 

materials had undergone an extended illumination time (photobleaching) prior to bacterial 

interaction. The studies were carried out as described in the antibacterial inactivation section, 

however, the washed materials were pre-illuminated with 11 hours (nylon-BODIPY(+)) and 9 

hours (PAN-BODIPY(+)) of light (400-700 nm, 65 ± 5 mW/cm2) prior to bacterial inactivation 

light studies. As seen in Figure 2.8, the photobleached samples of both nylon-BODIPY(+) and 

PAN-BODIPY(+) performed equally as well as the standard, non-photobleached samples. This 

highlights the outstanding durability these materials exhibit in regards to extended exposure to 

light. 
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Figure 2.8. Antibacterial photodynamic inactivation of photobleached PAN-BODIPY(+) and 
nylon-BODIPY(+). (A) Photobleached PAN-BODIPY(+) (9 hr, 400-700 nm, 65 ± 5 mW/cm2) 
and PAN-BODIPY(+) vs MRSA. (B) Photobleached nylon-BODIPY(+) (11 hr, 400-700 nm, 65 
± 5 mW/cm2) and nylon-BODIPY(+) vs MRSA. The black bar represents the % survival of 
compound free control (no photosensitizer embedded material) as a percent of the dark control 
(purple bar). The pink bars represent the illuminated samples with the photosensitizer 
embedded material after photobleaching as a percent of the dark control (purple bar). The grey 
shaded region represents the minimum detectable values. The detection limit for the plating 
technique utilized in the studies was <0.000001% (grey shaded region of graphs). Due to this 
limitation, all data points under 0.000001% were set equal to 0.000001% in the graphs. No 
incubation period was used and the illumination conditions were as follows: 30 min, 400-700 
nm, 65±5 mW/cm2. 
 
 

2.6 Discussion 

In this work, we demonstrated that electrospun nylon-BODIPY(+) and PAN-BODIPY(+) 

show promising antimicrobial efficacy. Specifically, even at a loading as low as 1.51 percent 

by weight, PAN-BODIPY(+) was able to inactivate both Gram-positive and Gram-negative 

bacteria to our minimum detection limit of 99.99999%. Both Gram-positive bacterial strains 

also proved to be susceptible to nylon-BODIPY(+), despite being loaded at only 0.25 percent 

by weight. 

Electrospinning offers a few major benefits over other methods for producing 
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photosensitizer materials. First, it allows for the embedment of a wide variety of compounds. 

Compounds are not required to have any specific functional groups in order to be incorporated. 

This opens the door to a wide variety of photosensitizers to be implemented regardless of size, 

functional groups, or charge. Secondly, production of these materials is a simple, relatively 

inexpensive method. Extreme temperatures and numerous, harsh chemicals can be avoided 

using electrospinning techniques. In addition, because the polymer and photosensitizer are 

prepared in one solvent solution, there is minimal variation in the uniformity of the material, 

i.e. no “hot spots”. Finally, in previous studies by Stanley et al., it was demonstrated that 

photosensitizers have an increased resistance to photobleaching when electrospun into 

polyacrylonitrile. Porphyrin loaded PAN was illuminated at 65 ± 5 mW/cm2 for 8 hours and 

then tested against K. pneumoniae, resulting in minimal reduction in efficacy from PAN that 

had no additional illumination time, showing excellent material robustness.22 

There were a few experimental design changes made to inactivate the Gram-negative 

bacteria. First, an incubation period was added. Whereas MRSA did not require an incubation 

period to see full inactivation of bacterial cells, a 60 min incubation period was used for K. 

pneumoniae and MDRAB. Incubation is important because it maximizes the functionality of 

the cationic charge added via the methylation reaction. The longer the incubation period, the 

more bacterial cells are attracted to the material’s surface by the electrostatic interaction. The 

second and third variation are both designed to increase the production of the biocidal singlet 

oxygen. They include increases in the illumination intensity and illumination time. A higher 

light intensity increases the number excitation episodes by the photosensitizer, which increases 

the singlet oxygen levels. By the same token, increased illumination time increases the number 

of excitation episodes and, therefore, increases singlet oxygen production. These increases in 
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singlet oxygen production increase the inactivation percent by causing an increased number of 

cell deaths during the study. 

As mentioned, Stanley et al. first used electrospun materials to embed a porphyrin 

photosensitizer into polyacrylonitrile (PAN-Por(+)).22 Their PAN-Por(+) development resulted 

in a material with an average fiber diameter of 175 nm and a photosensitizer loading of 3.9% 

by weight. By comparison, both nylon-BODIPY(+) and PAN-BODIPY(+) performed equally as 

well as PAN-Por(+) when employed against MRSA and VRE, all achieving maximum, or near 

maximum (99.9998% for PAN-Por(+)) detectable inactivation. When comparing the Gram-

negative strains of bacteria, all materials were able to inactivate MDRAB, however PAN-Por(+) 

was much more efficient at inactivating KP (99.995% inactivation). The average BODIPY(+) 

materials inactivated KP at 61%. It should also be noted that the BODIPIY(+) experiments 

included an additional 60 minute incubation period and an additional 30 minute illumination 

time for VRE, MDRAB, and KP. 

PAN-Por(+) was most likely able to inactivate at a higher efficiency primarily because of 

the increased loading percentage. The other key factor aiding in the Por(+) material is the 

presence of three cationic charges versus the single cationic charge of BODIPY(+). As 

previously discussed, these cationic charges are vital for the inactivation of Gram-negative 

bacteria. By observing the efficacy versus the Gram-positive strains, there is minimal 

difference between the materials. When comparing the Gram-negative strains, however, the 

tri-cationic photosensitizer greatly out performs the mono-cationic photosensitizer. 

PAN-BODIPY(+) and nylon-BODIPY(+) also revealed their robust nature when their 

efficacy was explored after 9 and 11 hours of prior light treatment (photobleaching), 

respectively. Both materials exhibited full inactivation, to the detection limit, of MRSA under 
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standard illumination conditions (30 min, 400-700 nm, 65 ± 5 mW/cm2. This data 

demonstrations the future potential of the longevity of these materials for prolonged use. 

PAN-BODIPY(+) proved to be effective not only against various bacterial strains, but 

against a viral strain as well. The observed maximum inactivation of VSV, to the detection 

limit, is a promising result because it demonstrates that these materials have the ability to 

inactivate multiple microbes. This multifaceted capability displayed by a single material is 

especially important when combating HAIs. These materials now provide a wider variety of 

security against diverse pathogens. 

 

2.7 Conclusion 

The BODIPY(+) photosensitizer was successfully embedded into self-sterilizing materials 

including nylon and polyacrylonitrile utilizing the electrospinning process and was verified via 

UV-vis spectroscopy. These materials were then studied for their antimicrobial efficacy, and 

both showed a broad spectrum of pathogen inactivation against two Gram-positive and two 

Gram-negative bacterial strains, as well as against the model virus VSV. While PAN-

BODIPY(+) showed a higher efficacy against these microbes, this is likely due it possessing a 

six-fold higher photosensitizer loading when compared to the corresponding nylon-BODIPY(+) 

material. 

The results shown here provide a promising future for aPDI materials as a viable means to 

prevent the spread of hospital acquired infections and other harmful microbes. First, we’ve 

shown that BODIPY(+) is cable of a materials-based aPDI process. Secondly, by embedding 

the BODIPY(+) photosensitizer we remove additional synthetic reactions required to further 

functionalize the molecule to enable covalently attaching to the material. This increases the 
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practicality of scaling up material development for commercial use. In addition, these materials 

are able to withstand 9-11 hours of light treatment prior to antimicrobial studies and still show 

outstanding efficacy. Most importantly is the fact that these materials have the capability to 

inactivate multiple species of microbes during the same excitation event, making them 

attractive for facilities across the globe. 
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