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Abstract of Dissertation

Development of Functional Nanomaterials for
Controlling Environmental Pathogens

Environmental pathogens, residing in the external environment during most of their
lifetime, cause diseases with measurable frequency after being introduced into human body.
Notorious examples include airborne SARS-CoV-2, the pathogen responsible for the
current global COVID-19 pandemic. The ability to survive and thrive in diverse niches
makes environmental pathogens outside human hosts to be less effectively inactivated by
conventional environmental disinfection methods, such as chlorine, ultraviolet (UV) light,
and ozone. Moreover, due to the wide spread antibiotic resistance and formation of biofilms,
conventional clinical antimicrobial treatments have limited performance against
environmental pathogens propagated in the human host. Compared with conventional
treatments, functional nanomaterials with desirable characteristics, e.g., high specific
surface area and enhanced photo- or thermal reactivity, are promising candidates for
controlling environmental pathogens. This dissertation focuses on the application of
functional nanomaterials, i.e., graphitic carbon nitride (g-CsNs) and electrospun
nanofibrous membranes, for stopping the spread of environmental pathogens.

In the first part of this dissertation, the anti-biofilm efficacy of g-C3sN4 under visible
light irradiation was investigated. The visible light responsive photocatalyst could not only
inhibit biofilm development but also eradicate established biofilms from surfaces.
Moreover, it was demonstrated that the potent photocatalysis removed the extracellular
polymeric substances within biofilms and thus destroyed the integrated and cohesive

structure of biofilms.
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In the second part, to overcome the poor processability of g-CsN4 powder, a composite
biomaterial was developed by incorporating g-CsN4 into a polymeric matrix of chitosan.
Under visible light irradiation, the composite with enhanced processability showed high
efficacy for inhibiting and removing a broad spectrum of biofilms.

In the third part, electrospinning was employed to fabricate non-woven mats with
ultrafine nanofibers (~ 300 nm). Compared with face masks available on the market, the
product membranes exhibited a great filtration efficiency for removing coronavirus
aerosols (generated from murine hepatitis virus A59 (MHV-A59)) with a desirable pressure
drop amid filtrations. In addition, NaCl aerosols were verified as a conservative surrogate
for real coronavirus aerosols in the filtration tests.

In the last part, photosensitized electrospun nanofibrous membranes were synthesized
by incorporating photoreactive dyes into the electrospun matrix. In the aerosol filtration
tests, the optimized membranes caught 99.2% of NHV-A59 aerosols. Furthermore, the
photosensitized membranes rapidly inactivated 98.9% of MHV-A59 in virus-laden
droplets only after 15 min irradiation of visible light. The influence of photo-oxidative
stress on the viral lifecycle, i.e., binding, internalization, and infectivity, was also
thoroughly investigated.

The research provides insights into developing advanced nanomaterials and explores
the interactions between nanomaterials and environmental pathogens. This dissertation has
demonstrated that functional nanomaterials could find broad applications for controlling
environmental pathogens. The results will have a lasting impact on public health and

material science.
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Chapter 1: Introduction

1.1 General Overview

Environmental pathogens, defined as microorganisms which spend substantial lifetime
outside human hosts, may cause diseases once they are transmitted into human hosts and
raise significant health concerns and economic losses.! The two most notorious examples
are biofilms on various surfaces and airborne viruses. The ability to survive and thrive in
diverse niches makes environmental pathogens to be less effectively inactivated by
conventional environmental disinfection methods, such as chlorine, ultraviolet (UV) light,
and ozone.

In the narrow sense, biofilms are a complex community of bacteria embedded in self-
secreted extracellular polymeric substances (EPS) which are mainly comprised of
polysaccharides, proteins, extra DNAs, and lipids (Figure 1.1).2 Besides bacteria, however,
other microbes including yeasts, fungi, viruses, and protozoa either form or closely interact
with biofilms. For instance, extracellular assemblages of human T-cell leukemia virus type
1 (HTLV-1) were found to share similarities with bacterial biofilms in terms of
composition, organization, and dissemination. In particular, the viral biofilms also possess
a carbohydrate-rich adhesive matrix which enhances the infectious capacity of viruses.®
Biofilm formation has been observed on a wide variety of surfaces, e.g., food and food
contact surfaces, water distribution pipes, and medical devices, and causes many harmful
issues such as drinking water contamination, nosocomial infections (e.g., catheter
associated urinary tract infections (CAUTIS)), food spoilage, and foodborne diseases.*®

Specifically, biofilms have been recognized as a leading cause of human infections, e.g.,



chronic diabetic foot ulcers and urinary tract infections.”® A typical biofilm lifecycle is
initiated by reversible bacterial attachment to the surface, which is in turn followed by
irreversible bacterial attachment, biofilm maturation, and biofilm dispersion.’® Once
formed, it is difficult, if not impossible, to completely eradicate biofilms from the
surfaces.'! Due to the unique properties and the protection of EPS, compared with isolated
or planktonic microorganisms, bacteria within biofilms are much more resistant to both
environmental and clinical routine disinfection methods.'>** For example, the
concentrations of antibiotics for effective biofilm inhibition and removal are always orders
of magnitude higher than those for planktonic microorganisms due to limited diffusion of
antibiotics in biofilm matrices, slowed metabolic and growth rates of bacteria within

biofilms, and consumption of antibiotics by biofilm EPS.1516

Figure 1.1 The scanning electron microscopy (SEM) image of Staphylococcus
epidermidis biofilms. The scale bar is 10 um.
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Figure 1.2 Phases involved in airborne transmission of respiratory viruses. Reproduced
with permission from ref 17.

Airborne transmission of SARS-CoV-2, the viral pathogen of COVID-19, has been
confirmed to be responsible for the fast and wide spread of the disease (Figure 1.2).1” The
small size (aerodynamic diameters < 5 um) enables virus-laden aerosols to suspend in the
air for a long duration. SARS-CoV-2 possesses a half-life of 1.1 h in aerosols based on a
lab study, which shows the persistence and potential infectivity of coronaviruses within
aerosols.*® In addition to SARS-CoV-2, a lot of viruses, e.g., measles virus, influenza virus,
and Middle East respiratory syndrome coronavirus, are also confirmed to be air
transmissible.!” It is widely accepted that physical barriers, e.g., face masks, respirators,
and air filters, can mitigate the transmission of airborne viruses.’®*?! Face masks and
respirators, especially surgical masks and N95 respirators, have been demonstrated to be
effective measures in constraining the spread of COVID-19. However, at the beginning of
the COVID-19 pandemic, surgical masks and N95 respirators were once not readily
available. The US Centers for Disease Control and Prevention (CDC) had to recommend

the public to wear homemade cloth face masks rather than these strategic medical supplies



which are intended for healthcare workers.?? However, homemade cloth face masks usually
fail to achieve a satisfactory removal efficiency against viral aerosols.? In addition, most
air filters for residential, commercial, and industrial buildings, e.g., air filters in heating,
ventilation, and air conditioning (HVAC) systems, can only capture large airborne particles,
e.g., dusts, mold spores, and bacteria, but not submicrometer viral aerosols.?* Even though
high-efficiency particulate air (HEPA) filters could be employed, their feasibility and wide
application are always limited by the prohibitively high operational costs and energy
consumption.

To resolve the challenges of environmental pathogens, especially biofilms and airborne
viruses, it is necessary to develop sustainable, broad-spectrum effective, and economically
feasible alternatives. Among numerous attempts, functional nanomaterials have emerged
as promising candidates for both capturing and inactivating environmental pathogens due
to their desirable characteristics.?>?® For instance, nano-photocatalysts hold promise for
inactivation of biofilms because of their low likelihood of disinfection byproducts
formation, broad spectrum under ambient conditions, easy operation and maintenance, low
cost, and potent antibacterial activity.?” Photocatalysts translate O, and/or H20 at ambient
conditions to reactive oxygen species (ROS, e.g., O +/HOz+, H20, 102, OH*) under the
irradiation of UV, visible, or even infrared (IR) light (Figure 1.3).28-% These ROS along
with holes (also known as electron vacancies) induce oxidative stress onto and finally
inactivate pathogens.3**? So far, a lot of nano-photocatalysts, such as titanium dioxide
(TiO2) and zinc oxide (ZnO), have been synthesized and investigated in lab scale
antimicrobial studies.*3* Beyond them, graphitic carbon nitride (g-C3Ns), a stacked two-

dimensional (2D) photocatalyst, possesses many unique properties desirable for



photocatalytic disinfection. The most important one is that the band gap of g-C3Ns is 1.8-
2.7 eV, which enables g-CsNa to utilize visible light with wavelength of 460-698 nm 3>
And this absorption spectrum is consistent with emission spectra of indoor lighting sources
(e.g., incandescent, fluorescent, and halogen lamps, and light emitting diodes (LEDS)),
which means g-CsN4 can harvest indoor lighting energy to achieve antimicrobial effect. In
addition, it has been demonstrated that electrospun nanofibrous membranes can efficiently
filter out airborne viruses.®” During electrospinning, dope solutions are stretched by a
strong electronic field (i.e., 1-5 kV cm™) to form nonwoven nanofibrous membranes.
Compared with conventional air filtration media, the electrospun nanofibrous mats possess
a reduced pore size (submicrometer to several micrometers), a larger specific surface area
and porosity, and retained surface and volume charges, which enables a high viral aerosol
filtration efficiency and a low pressure drop amid air filtration applications (Figure 1.4).%
So far, a lot of studies have demonstrated the outstanding performance of electrospun
membranes in removing airborne pathogens, including bacteria, fungi, and viruses from air
streams.>>%° Particularly, electrospun air filters fabricated in our previous study could
remove up to 99.9% of coronavirus aerosols, which highlights the promising potential of
electrospun membranes for controlling the airborne transmission of SARS-CoV-2 and

beyond.*
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Figure 1.4 SEM images of commercial face masks and the electrospun nanofibrous
membrane.
However, these nanomaterials are still facing challenges especially when they are

considered to be used in practical applications. Take g-C3Nas as an example, even though



several studies have investigated the antimicrobial potential of g-C3N4 and its derivatives
against planktonic bacteria and viruses, biofilm control by g-CaNa is still at its nascent stage
with limited studies.*>** In addition, the bactericidal mechanisms of g-CsN4 under visible
light irradiation are still ambiguous. Furthermore, g-C3N4, as a powder, cannot be directly
employed in most practical applications such as antimicrobial coating, food packaging, and
urinary catheters. In addition, like most face masks, respirators, and air filters currently
used on the market, electrospun nanofibrous membranes only physically capture viral
aerosols but they do not inactivate the viruses, which could lead to secondary
contamination and potential infection (e.g., via the contact of the contaminated masks/air
filters or viruses dislodged from the masks/filters).*> To promote the safe reuse of face
masks and respirators, disinfection by hydrogen peroxide vapor, ozone, UV light
irradiation, and heat has been adopted.*®* Nevertheless, these disinfection strategies are
energy and chemical intensive, most of them are not operated under ambient conditions,
and they could compromise the filtration efficiency in reuse.
1.2 Research Objectives

The overall goal of this thesis is to develop functional nanomaterials with unique
characteristics to control two representative environmental pathogens, i.e., biofilms and
airborne viruses. Herein, the antibacterial capacity of carbon-doped g-C3N4 (MCBy7) and
its derivative with enhanced processability, chitosan-MCBo o7 composite material, under
the visible light irradiation was investigated. The promising efficacy of photocatalysis
mediated by the nano-photocatalysts for both biofilm inhibition and eradication has been
demonstrated. For airborne viruses, non-woven membranes with ultrafine nanofibers (~

300 nm in diameter) were first fabricated via electrospinning. The air filtration performance,



including aerosol filtration efficiency and pressure drop, of the electrospun nanofibrous
membranes was evaluated. Furthermore, photosensitized electrospun nanofibrous filters
with excellent capture-and-kill performance against coronavirus aerosols were developed
by incorporating photoreactive dyes into electrospinning. The specific objectives of this
thesis are as follows:
Obijective 1: Understand the anti-biofilm mechanism of MCBo 07 under the irradiation of
visible light.

| hypothesize that MCBo.¢7 not only inhibits biofilm development but also eradicates
pre-established biofilms under visible-light irradiation. In addition to bacteria within
biofilms, reactive oxidative species (ROS) produced during photocatalysis also oxidize and
decompose EPS within biofilms, which enhances the destruction and removal of biofilms.
Obijective 2: Shed light on the fabrication of chitosan-MCBo.07 composite material with
enhanced processability.

| hypothesize that the incorporation of MCBoo7 into chitosan, an earth-abundant
biopolymer, will achieve flexible composite material with promising antibacterial
performance. The material could be used in different scenarios, e.g., antimicrobial food
packaging and implantable urinary catheters. In addition, the composite material will have
a broad spectrum of antimicrobial activity against a wide variety of biofilms.
Obijective 3: Comprehend the aerosol filtration performance of electrospun nanofibrous
membranes.

| hypothesize that nanofibrous membranes fabricated via electrospinning could

efficiently remove aerosol particles from air stream with a relatively low pressure drop.



The commonly used inorganic aerosols, i.e., NaCl, in previous aerosol studies could be a
conservative surrogate for coronavirus aerosols in the filtration tests.
Objective 4: Elucidate the capture-and-kill capacity of photosensitized electrospun
nanofibrous membranes against coronavirus aerosols.

| hypothesize that the photosensitized electrospun nanofibrous membranes could not
only efficiently filter out coronavirus aerosols, but also potently inactivate captured
coronaviruses under the irradiation of visible light. ROS generated in photosensitization
unselectively oxidize viral biomolecules and thus damage the virus genome and impair
virus biological functions.
1.3 Outline of Thesis

Chapter 2 contains the work published in ACS Appl. Mater. Interfaces entitled “Visible-
Light-Responsive Photocatalyst of Graphitic Carbon Nitride for Pathogenic Biofilm
Control” with co-authors Enrique A. Lépez-Guerra, Ruochen Zhu, Tara Diba, Qinmin
Zheng, Santiago D. Solares, Jason M. Zara, Danmeng Shuai, and Yun Shen in 2018. This
work addresses the Research Objective 1, which interrogated the anti-biofilm potential of
MCBoo7. Chapter 3 contains the work published in J. Hazard. Mater. entitled
“Photocatalytic Graphitic Carbon Nitride-Chitosan Composites for Pathogenic Biofilm
Control under Visible Light Irradiation” with co-authors David P Durkin, Ashlee Aiello,
Tara Diba, John Lafleur, Jason M Zara, Yun Shen, and Danmeng Shuai in 2021. This work
addresses the Research Objective 2, which fabricated chitosan-MCBoo7 composite
material with enhanced processability and bactericidal efficacy. Chapter 4 contains the
work published in Environ. Sci. Technol. Lett. entitled “Development of Electrospun

Nanofibrous Filters for Controlling Coronavirus Aerosols” with co-authors Zhe Zhou,



Haihuan Wang, Mengyang Zhang, Minghao Han, David P Durkin, Danmeng Shuai and
Yun Shen in 2021. This work addresses the Research Objective 3, which investigated the
aerosol filtration performance of electrospun nanofibrous membranes. Chapter 5 contains
an unpublished work in preparation. This work addresses the Research Objective 4, which
deciphered the capture-and-Kkill efficacy of photosensitized electrospun nanofibrous filters
against coronavirus aerosols. Chapter 6 contains major conclusions and future research

directions.

10



Chapter 2: Visible-Light-Responsive Photocatalyst of Graphitic Carbon Nitride for
Pathogenic Biofilm Control *

2.1 Introduction

Pathogenic biofilms raise significant public health and economic concerns. They can
contaminate the surfaces in healthcare and food preparation facilities or develop on human
tissues and organs. The biofilms are also persistent and difficult to remove, and they may
result in serious infectious diseases (or disease outbreaks).>*%>0 For example, biofilms on
the surface of food processing facilities (e.g., slicers, cutters, fillers and packing machines,
and conveyors) and packaging materials can lead to the cross-contamination of foods, the
reduction of food shelf-life, and foodborne diseases.* Conventional treatment strategies to
control hospital- or food-industry-associated biofilms, including mechanical cleaning (e.g.,
pressure-jet washing and scrubbing), ultraviolet (UV) light disinfection, and chemical
disinfection, are complicated, costly, and energy or chemical intensive.>>® Frequent
application of these strategies is needed to maintain the efficacy for biofilm control.
Moreover, biofilms can lead to infections in vivo, e.g., dental plaques, chronic diabetic foot
ulcers, and urinary tract infections (due to the use of dwelling urinary catheters), and these
infections could be resistant to antimicrobial therapy.’*” The resistance of biofilms against
antibiotics may be orders of magnitude higher than that of planktonic bacteria, because of
limited diffusion of antibiotics in biofilm matrices, slowed metabolic and growth rates of
bacteria within biofilms, and consumption of antibiotics by biofilm extracellular polymeric

substances (EPS).'® The presence of antibiotic-resistant pathogens, e.g., multidrug-

! Reprinted with permission and modification from Shen H., Lopez-Guerra E. A., Zhu R., Diba T., Zheng Q.,
Solares S. D., Zara J. M., Shuai D., Shen Y. Visible-Light-Responsive Photocatalyst of Graphitic Carbon
Nitride for Pathogenic Biofilm Control. ACS Appl. Mater. Interfaces 2018, 11 (1): 373-84. Copyright 2019
American Chemical Society.
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resistant, extensively drug-resistant, and pandrug-resistant pathogens, further challenges
the effectiveness of current antibiotics for curing infections. Therefore, there is a pressing
need to develop new antimicrobial treatments that are broad-spectrum effective,
economically feasible, and sustainable for controlling pathogenic biofilms in the
environment and in vivo.

Photocatalysis holds promise for biofilm control, because photocatalysts produce
reactive oxygen species (ROS, e.g., O2+/HOz¢, H202, '0,, OH*) that are effective for
inactivating a broad spectrum of pathogens at an ambient condition upon exposure to UV,
visible, or even infrared (IR) light.2-3 Unlike antibiotics, photocatalysis not only
inactivates bacteria but also reacts with the polymer matrix of biofilms (also known as
EPS), and thus it may be more effective to destroy or decompose biofilms.58%
Photocatalysis also inactivates antibiotic-resistant bacteria effectively.®® Moreover,
photocatalysis is very unlikely to promote the generation of bacterial oxidant resistance, in
contrast to pathogens developing antibiotic resistance when antibiotics are extensively used,
because ROS are highly reactive and non-selective, and kill bacteria before they can
respond to the oxidative stress.® In addition, no extra chemical is needed for photocatalysis
other than oxygen gas; photocatalysts are functional in the presence of light, e.g., ambient
light and sunlight, and the photocatalysts are not consumed in the reactions. Hence,
photocatalysts are ideal for developing a low-cost self-cleaning surface with minimal
maintenance. Photocatalysts have been extensively studied for inactivating planktonic
bacteria and biofilms in water and air, on engineering surfaces, and for in vivo treatment
(also known as photodynamic therapy).62-%* However, challenges exist with many current

photocatalysis for biofilm control, including the need for high-energy UV light that is not
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always available in indoor environment for exciting many photocatalysts (e.g., TiO2 and
Zn0), high cost for photocatalyst fabrication and implementation, and limited stability and
biocompatibility of the photocatalysts.

Graphitic carbon nitride (g-CsNa4) has emerged as an innovative photocatalyst in recent
years for chemical synthesis, water splitting, CO. reduction, as well as contaminant
degradation for water and air purification.%>%" The photocatalyst has attracted growing
attention because of its desirable characteristics: the material is responsive to visible light
that can be used for indoor environment (g-CsN4 with a band gap of 2.7 eV can harvest and
utilize photons with a wavelength shorter than 460 nm), it is synthesized from inexpensive,
earth-abundant precursors (e.g., urea, melamine), it is chemically and thermally stable
under harsh environment, and its properties are highly tunable for improving photocatalytic
performance.?” A broad range of g-CsN4 and their derivatives have been synthesized and
their antimicrobial potential against planktonic bacteria and viruses has been demonstrated
to date, but antimicrobial performance needs improvement to treat biofilms efficiently.*244
Moreover, biofilm control by g-CsNa is still at its nascent stage with limited studies.** Our
lab has recently developed a carbon-doped g-CsN4 (MCBoo7) through a rational design
guided by molecular simulations, and the photocatalyst showed an increased surface area
and charge separation rate and greatly enhanced reactivity for organic contaminant
degradation in water.® In this study, we systematically evaluated the performance of
MCBo.o7 for the control and eradication of biofilms of Staphylococcus epidermidis (S.
epidermidis), an important opportunistic pathogen that causes nosocomial infections, under

simulated indoor visible light.

13



In this work, MCBo o7 powder was fabricated and pressed into coupons to explore S.
epidermidis biofilm development on coupon surfaces in dark and under continuous visible
light irradiation. Pre-formed biofilms on the coupons were also exposed to visible light to
explore biofilm eradication. Biofilm viability, structure, morphology, and composition
were comprehensively characterized by confocal laser scanning microscopy (CLSM),
optical coherence tomography (OCT), scanning electron microscopy (SEM), and atomic
force microscopy (AFM). We demonstrated that g-CsNas-based photocatalysis under visible
light irradiation not only inactivated bacteria but also removed EPS, and thus achieved
complete biofilm eradication. In addition, ROS that are responsible for biofilm control
were also evaluated, and a schematic of photocatalytic inactivation of biofilms was
proposed. Our study advocates the viability of using g-CsN4 for developing anti-biofilm
self-cleaning surfaces for indoor environment, and it will promote a broad range of hospital,
food industry, kitchen and bathroom utility, and household applications.

2.2 Experiment

2.2.1 Chemicals

Melamine (99%, Fisher), cyanuric acid (98%, Sigma-Aldrich), barbituric acid (98%,
Sigma-Aldrich), NaCl (99%, VWR), KCI (99%, Sigma-Aldrich), NazHPO4 (99%, Fisher),
KH2PO4 (99%, Fisher), tryptic soy broth (BD Biosciences), yeast extract (BD Biosciences),
tryptone (BD Biosciences), para-chlorobenzoic acid (p-CBA, 98%, Sigma-Aldrich),
furfuryl alcohol (FFA, 98%, Sigma-Aldrich), 2, 3-bis (2-methoxy-4-nitro-5-sulfophenyl)-
2H-tetrazolium-5-carboxanilide (XTT, Cayman Chemical), N,N-diethyl-p-
phenylenediamine sulfate salt (DPD, 98%, Sigma-Aldrich), glutaraldehyde (8 wt%,

Electron Microscopy Sciences), paraformaldehyde (16 wt%, Electron Microscopy
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Sciences), sodium cacodylate buffer (0.2 M, pH 7.4, Electron Microscopy Sciences),
hexamethyldisilazane (HMDS, 99%, Electron Microscopy Sciences), and ethanol (200
proof, Electron Microscopy Sciences) were used without further purification. Filmtracer™
LIVE/DEAD® Biofilm Viability Kit (ThermoFisher) and Invitrogen™ Molecular
Probes™ Wheat Germ Agglutinin (WGA, Alexa Fluor™ 488 Conjugate, ThermoFisher)
were used for fluorescent staining. Ultrapure water was produced by DIRECT-Q® 3
SYSTEM (18.2 MQecm at 25 °C) for preparing aqueous solutions. Without further
specification, all media, buffers, and water used in biological studies were sterilized by
autoclave.

2.2.2 Synthesis of g-C3sN4 Powder and Coupons

g-CsNs (MCBoo7) was synthesized as described in our previous study.%® Briefly,
melamine, cyanuric acid, and barbituric acid were mixed into 40 ml of ethanol with a mass
ratio of 2:1.93:0.07 g. Next the mixture was stirred at 1,000 rpm at room temperature for 3
h, sonicated at room temperature for another 3 h, and dried on a hot plate at 80 °C with a
mixing rate of 600 rpm overnight. The precursors formed a supramolecular complex
through hydrogen bonding. Finally, the dried mixture was heated up to 550 °C in a covered
crucible (not sealed) for 4 h in air to produce MCBo.07 powder. Details of MCBo.07 powder
characterization are included in our previous publication.®® MCBooz coupons were
fabricated from the powder via a hydraulic press (0.06 g of MCBo.o7 powder was pressed
into a coupon with a diameter of 10 mm and a thickness of 1 mm). The MCBo.07 powder
and coupons were sterilized by exposure to 70% of ethanol and subsequent drying in a

biosafety cabinet before biological studies.
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2.2.3 Bacterial Strains and Biofilm Development in the Dark and under Visible
Light Exposure

Escherichia coli (E. coli), a Gram-negative bacterium, is widely found in food, water,
human body wounds, etc.%° In this study, E. coli (ATCC 11775) was selected as a pathogen
surrogate for disinfection experiments against planktonic cells. E. coli was firstly cultured
in Luria-Bertani broth (LB, 10 g tryptone, 5 g yeast extract, and 10 g NaCl in 1 L of
ultrapure water) at 37 °C with mixing (120 rpm on a rotary shaker) overnight. The bacterial
cells in their late-exponential phase were harvested by centrifugation at 3000 rpm and
resuspended in a phosphate-buffered saline (PBS, pH 7.4) to prepare a bacterial suspension
(ODeoo = 0.5). Next, 25 ml of the bacterial suspension was mixed with 0.0015 g of MCBo.07
powder in a sterile glass beaker (0.06 g L of photocatalyst loading), and the beaker was
placed under a white light-emitting diode (LED) lamp (7 W) for bacterial inactivation by
photocatalysis. The distance between the surface of the bacterial suspension and the LED
lamp was maintained at 15 cm. The spectral irradiance of the light source was recorded in
Figure 2.1, and the photon flux and the optical power density were 161.66 pmol s* m?
and 4,359.48 pW cm, respectively, considering the photons that could be utilized in
photocatalysis (MCBo.o7 uses photons with a wavelength shorter than 460 nm). The white
LED lamp was used in our study to simulate indoor lighting, and the results will provide
insights for antimicrobial applications by g-CsN4 for indoor environment. Bacterial
suspension samples were withdrawn from the beaker every half an hour. The samples were
duplicated, diluted in series with the PBS, and plate counting was conducted to determine
bacterial viability. The disinfection performance of MCBo.o7 powder under LED light

irradiation was shown in Figure 2.2. Dark and light control experiments were also
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performed under the same experimental conditions, with the presence of the photocatalyst

but no light and with the presence of light but no photocatalyst, respectively.
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Figure 2.1 Spectrum of (a) white LED light and (b) weak visible indoor light.
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Figure 2.2 Disinfection of planktonic E. coli under white LED light irradiation in PBS.
Dark and light control experiments represent the study with the presence of the
photocatalyst but no light and with the presence of light but no photocatalyst,
respectively. CFU represents colony forming units.

S. epidermidis (ATCC 35984), a Gram-positive bacterium, was selected to form
biofilms on the surface of MCBy 07 coupons due to its clinical significance.” S. epidermidis
was cultured in TSB at 37 °C with mixing (120 rpm on a rotary shaker) overnight, and then
bacteria were harvested during the late-exponential phase by centrifugation at 3000 rpm.
After being washed for triple times with PBS (pH 7.4), bacteria were resuspended in the
PBS to prepare a bacterial suspension (ODesoo = 0.5). MCBo.07 coupons were placed into a
sterile six-well plate, and completely submerged by the bacterial suspension (2 ml for each
coupon in each well). The system was first incubated at 37 °C for 24 h in the dark (covered
with an alumina foil) without mixing to ensure effective bacterial attachment on coupon
surfaces. Next the suspension was evacuated by aspiration, and 2 ml of 10-fold diluted TSB

was added to submerge the coupons. To grow mature biofilms, the coupons were placed in
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the dark for 3 days and incubated at 37 °C with a mixing rate of 80 rpm, with nutrient
replenishment of 10-fold diluted TSB daily. For biofilm inhibition experiments, the
coupons were exposed under continuous irradiation of a white LED lamp (7 W). For
biofilm eradication experiments, the pre-formed mature biofilms on the coupons (grown in
the dark for 3 days in 10-fold diluted TSB) were exposed to white LED irradiation. In the
biofilm inhibition and eradication experiments, the same incubation temperature (37 °C),
mixing rate (80 rpm), nutrient condition (10-fold diluted TSB), and light source (white
LED) were used. The white LED lamp was maintained 15 cm away from the surface of the
10-fold diluted TSB solution. The photon flux and the optical power density were the same
as those reported in Figure 2.1. We also explored biofilm eradication under weak indoor
lighting, and the spectrum of the indoor light was also recorded in Figure 2.1. The photon
flux and the optical power density were 0.18 umol s m? and 3.63 pW cm™, respectively,
considering the photons that could be utilized in photocatalysis (A < 460 nm). For biofilm
eradication under weak indoor lighting, the same incubation temperature (37 °C) and
mixing rate (80 rpm) were used. Both 10-fold diluted TSB and PBS were used as the
solution for the light treatment of biofilms.

2.2.4 OCT for Characterizing Biofilm Morphology, Coverage, and Thickness

OCT is one of the most promising modalities to image biofilms because of its capability
to analyze biomaterials in vivo, and its high resolution and imaging depths (cross-sectional
image resolution of microns and depths of millimeters).”* OCT is based on a low-coherence
interferometry technique, utilizes IR light wave that reflects from the internal
microstructure, and measures backscattered IR light. We used OCT to image the

morphology, coverage, and thickness of biofilms grown under different experimental
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conditions. Compared with other techniques for biofilm characterization, such as CLSM
and AFM, OCT can analyze a much larger area of the coupons with biofilms residing on
(mm x mm vs. umx pum). Therefore, OCT is more reliable to provide the understanding of
biofilm global properties. In this study, a Ganymede Il (Thorlabs Inc.) Spectral Domain
OCT system was used for imaging biofilms and details of Ganymede Il system
specification are shown in Table 2.1.

Table 2.1 Ganymede Il OCT System Specification

Center Wavelength 930 nm
A-scan Rate 36 kHz
Axial Resolution (Water) 4.5 pum
Lateral Resolution 8 um
Imaging Depth (Water) 2.2 mm
Sensitivity 101 dB

OCT images were processed using Mathworks MATLAB with custom-written
programs. To gain quantitative characteristics of biofilms, five representative images with
a lateral dimension up to 5 mm of mature biofilms (grown in the dark for 3 days) and
mature biofilms after 9 h of LED light exposure were selected, and the average biofilm
thickness, coverage, and relative roughness were calculated. For the calculation of
coverage, 4.5 um was justified as the threshold to determine whether the surface was
covered by biofilms or not due to the axial resolution of OCT system. If the height of
biofilms at a certain location was less than 4.5 um, the surface was considered to be bare,
and vice versa. The relative roughness (Ra) was estimated according to the following

equations:’?
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where N is the number of thickness measurements, E; is the local biofilm thickness (um),
and E is the average biofilm thickness (pm).

2.2.5 CLSM for Characterizing Biofilm Viability and EPS

To visualize biofilms and differentiate live and dead bacteria within biofilms, the
Filmtracer™ LIVE/DEAD® Biofilm Viability Kit was used as instructed in the manual.
Before staining, MCBoo7 coupons with biofilms were taken out from the medium, and
gently rinsed with the PBS three times to remove residual TSB and loosely attached
biomass. After 20 min of staining in the dark, the coupons were again gently rinsed by
ultrapure water for three times to remove the unbounded dyes. All the fluorescently stained
samples were imaged using a confocal microscope (Carl Zeiss 710 Spectral Confocal
Microscope) equipped with a 63 x oil immersed objective. The numbers of green pixels
and red pixels of the images were calculated by software ImageJ (https://imagej.nih.gov/ij/),
and the ratio of live to dead cells in the biofilms was calculated from the ratio of green
pixels to red pixels.'*

Polysaccharide intercellular adhesin (P1A), a polymer comprised of -1, 6-linked 2-
acetamido-2-deoxy-D-glucopyranosyl residues, is one important component of the EPS
matrix within S. epidermidis biofilms.”>"* In this study, the Invitrogen Molecular Probes
WGA, Alexa Fluor™ 488 Conjugate, was used to specifically target the PIA and to track
the distribution of EPS. The concentration of WGA work solution was adjusted to 10 pg
ml? for staining. Similar to biofilm live/dead staining, biofilms for PIA staining were
gently rinsed with PBS and ultrapure water three times before and after staining. All the
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fluorescently stained samples were imaged using a confocal microscope (Carl Zeiss 710
Spectral Confocal Microscope) equipped with a 63 x oil immersed objective.

2.2.6 SEM for Characterizing Biofilm Morphology

Biofilms on the MCBo.07 coupons were placed in a fixative solution consisting of 2.5%
glutaraldehyde and 1% paraformaldehyde in 0.12 M sodium cacodylate buffer (pH 7.4) for
1 h at room temperature with mild mixing. Next the samples were rinsed by 0.12 M sodium
cacodylate buffer and ultrapure water three times. After being dehydrated through a series
of ethanol washes (15, 30, 50, 70, 80, 90, and 100% v/v solution of ethanol in ultrapure
water), the samples were submerged in HMDS and evaporated in a chemical hood
overnight. Before SEM imaging, samples were coated with 2 nm of iridium nanoparticles
in a sputter coater. The biofilms samples were examined by a FEI Teneo LV FEG SEM
microscope.

2.2.7 AFM for Characterizing Biofilm Morphology and Mechanical Properties

High resolution topographical images of the biofilms were acquired using tapping
mode AFM. Tapping mode AFM, also known as amplitude modulation AFM, is a popular
AFM method where the probe is dynamically excited with a sinusoidal signal of a
frequency that often matches the cantilever’s first mode resonance frequency. In this basic
dynamic mode of operation, accurate topographical images are acquired with nanoscale
resolution due to its less invasive nature.” In addition, we employed a basic AFM
technique known as static force spectroscopy (SFS) that allows directly measuring tip-
sample forces, which is not available in a tapping mode experiment. In SFS AFM, the
probe’s base approaches toward the sample with constant speed at rates far enough from

the probe’s resonance frequency.’®’’ As a result, the cantilever deflection provides a direct
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relation to the tip-sample interaction force, and a tip-sample force profile is accessible
which can be exploited to derive meaningful mechanical properties. We used these two
complementary techniques since each has its own advantages.

For topographical and mechanical characterization of the biofilms, commercial AFM
cantilevers (Olympus AC200TS R3) with force constant of approximately 1.1 N m™ were
used. All the measurements were performed using a Cypher atomic force microscope
equipped with an ARC2 controller (Asylum Research, Santa Barbara, CA). In SFS, the raw
signal of deflection, d, measured in volts was converted to distance through the standard
inverse optical lever sensitivity (InvOLS) calibration with a hard substrate. Then it was
converted to force through the relation:

= (- 1) 3)
where s the cantilever’s spring constant measured through the standard thermal noise
method (N m™?), and , is the zero-deflection position of the cantilever (m).”®”® The
relative cantilever position, z (m), was used to calculate indentation (m), through the
relation:

=(-0-(- 0 @
where o (m)and o (m) are the cantilever relative position and deflection at the point of
zero-indentation (point of contact), which in Derjaguin-Muller-Toporov (DMT) theory is
assumed to be at the point of maximum negative deflection.”®8 Following calculations of
force and indentation, elastic constant values were derived by fitting data to the DMT
model .8 In DMT theory, the relationship between force exerted by a hard indenter, F (N),

and sample indentation, (m), follows the form:

— 15

= 15— )
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where we summarized

4y
e (6)

as a sample’s elastic parameter that includes Young’s modulus (E, Pa), Poisson’s ratio ( )
and tip radius (R, m). The parameter
=4 (7)

gives the adhesion contribution during contact (dictated by the work of adhesion, y (N m"
1)), and was obtained by calculating the minimum tip-sample force. The elastic constants
() calculated for each measurement were normalized through division by the maximum
elastic constant value within the data analyzed. Specifically, the largest value measured
was 4 = 602.8 kKN m™°, As a result, we reported values of normalized stiffness that ranged
between zero and one. This strategy allows us to avoid assumptions about specific tip
radius which can be hard to quantify for the sharp tip used in our experiments. To make
the elastic constants comparable between sets, we used the same tip when measuring the
three sample sets. All measurements were done at a cantilever approach velocity, °, of 1
mm s, and viscoelastic effects were not considered at this point. The biofilm samples were
dried gently in air in a vacuum desiccator at room temperature before AFM characterization.
A bacterial suspension of S. epidermidis harvested during the late-exponential phase was
washed repeatedly with ultrapure water (for 5 times) to remove EPS extensively, and the
cells were harvested via centrifugation at 3000 rpm. This low-EPS bacterial sample, acting
as a benchmark for the biofilms before and after photocatalysis, was also dried gently in

air in a vacuum desiccator at room temperature and characterized by AFM.
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2.2.8 Identification and Quantification of ROS

Four kinds of potential ROS (i.e., O2¢/HOz¢, H202, 02, OH+) were determined and
quantified in the g-C3N4 photocatalytic system, and radical probes that are selective in
reacting with specific ROS were employed, as described in our previous publication.8!
Briefly, p-CBA and FFA were selected to determine the steady-state concentration of OHe
and 'O in photocatalysis, respectively, based on the decay of the p-CBA and FFA
concentration that was measured by high performance liquid chromatography (HPLC) as
a function of time.®*828 XTT reacts with Oz selectively to form XTT-s, which was
determined by a UV-vis spectrophotometer (Hach DR6000), and the steady-state
concentration of Oy« was also determined based on the decay of XTT with time.?* The
concentration of HO2¢ was negligible compared with that of O2¢, because the pKa of HO2¢/
Oz is 4.8 and it is much smaller than the solution pH in photocatalysis (pH 7.4). A
colorimetrical DPD method was utilized to measure the accumulated concentration of
H202.2% In all tests for ROS identification and quantification, the MCBo o7 coupons were
placed in the PBS (2 ml) under white LED irradiation, and the experimental conditions
were the same as the ones in biofilm control and eradication studies (i.e., temperature,
mixing rate, light spectrum and intensity). The PBS was used instead of 10-fold diluted
TSB used for biofilm control and eradication, because the complex composition of TSB
interfered with ROS quantification. Therefore, the quantified ROS concentrations provide
a semi-quantitative understanding of the dominant reactive species in photocatalysis,
because the concentrations could be different from those in biofilm control and eradication
with the presence of TSB.

2.3 Results and Discussion
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2.3.1 Biofilm Inhibition and Eradication on g-C3N4 Coupons under Visible Light
Irradiation

To investigate biofilm inhibition under visible light exposure, S. epidermidis biofilms
were cultured on the surface of MCBoo7 coupons under continuous white LED light
irradiation. The biofilms were also developed on the coupons in the dark for comparison.
Three days later, biofilms developed in the dark were found to be flourishing on the coupon
surface (Figure 2.3a) and most bacteria were live (labeled by the green fluorescent dye,
Figure 2.3a), as observed by OCT and CLSM. g-CsNa did not show noticeable inhibition
on biofilm development in the dark, which suggests the photocatalyst is biocompatible with
limited toxicity, as shown in previous studies.?”887 Excellent biocompatibility enables the
photocatalyst to find broad biomedical, food, and environmental applications. For the
biofilms cultured under continuous white LED light exposure, however, no obvious
biofilms could be observed by OCT (Figure 2.3b). In addition, CLSM only identified a
thin layer of bacteria on the coupon surface, and almost all bacterial cells were dead
(labeled by the red fluorescent dye, Figure 2.3b). The results demonstrate that g-C3zNa was

active under visible light exposure and successfully inhibited biofilm development.
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Figure 2.3 (a) S. epidermidis biofilms cultured on the surface of g-C3zNa4 coupons in the
dark for 3 days; (b) S. epidermidis biofilms cultured under continuous visible white LED
light irradiation for 3 days; and (c) mature S. epidermidis biofilms exposed to visible
white LED light for 1 day. Scale bars in 2D-confocal laser scanning microscopic
(CLSM), 3D-CLSM, and optical coherence tomographic (OCT) images are 20, 50, and
100 um, respectively. In the OCT images, biofilms were highlighted by orange
rectangles.

Mature biofilms, once developed on a surface, are resistant to removal because of the

sophisticated structure of biofilms and the protection of EPS. In practical engineering
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applications, intensive efforts have to be spent for biofilm removal (e.g., high-pressure jet
washing, cleaning with detergents or strong oxidants), which are costly and require a high
energy and chemical footprint. In our study, we observed that the biofilms were
successfully eradicated from the surface of g-C3N4 coupons under a mild condition. Mature
S. epidermidis biofilms were first achieved after 3-day development on the surface of g-
C3N4 coupons in the dark, and next the system was exposed to LED light irradiation for
one more day. Thin and discontinuous biofilms were observed on the coupon surface after
light treatment, as indicated by OCT (Figure 2.3c), implying a large amount of mature
biofilms were eradicated and the integrated structure of the biofilms might be destroyed.
More importantly, the dominant bacteria attached to the coupon surface were inactivated
after light treatment, as suggested by CLSM (Figure 2.3c). These results demonstrate that
g-CsNg is able to control biofilm development and eradicate pre-formed mature biofilms
under visible light exposure. No harsh condition and additional chemicals (other than
oxygen gas) is needed for biofilm control, and the system can potentially utilize indoor
lighting for self-cleaning of biofoulants. Therefore, g-CsNa enables an effective and

sustainable strategy for antimicrobial applications.
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Figure 2.4 Mature S. epidermidis biofilm eradication from the g-C3Na4 coupon surface
under weak visible indoor light irradiation in 10-fold diluted TSB. (a) Mature biofilms
grown in TSB in the dark for 3 days and (b) mature biofilms exposed to weak indoor
light for 3 days in TSB. 10-fold diluted TSB was replenished daily. The scale bars in 2D-
confocal laser scanning microscopic (CLSM), 3D-CLSM, and optical coherence
tomographic (OCT) images are 20, 50, and 100 um, respectively.
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Figure 2.5 Mature S. epidermidis biofilm eradication from the g-CsN4 coupon surface
under weak visible indoor light irradiation in PBS. (a) Mature biofilms grown in 10-fold
diluted TSB in the dark for 3 days; (b) mature biofilms exposed to weak indoor light for 1
day in PBS; (c) mature biofilms exposed to weak indoor light for 2 days in PBS; and (d)
mature biofilms exposed to weak indoor light for 3 days in PBS. The scale bars in 2D-
confocal laser scanning microscopic (CLSM) and 3D-CLSM images are 20 and 50 um,
respectively.

To further explore the potential of using visible indoor lighting for controlling biofilms,
we tested biofilm eradication under weak indoor light exposure. The photon flux and the
optical power density of the indoor light was much smaller than that of the white LED light,
as suggested in the Experiment section. Neither noticeable biofilm inactivation nor
eradication was observed under indoor light exposure for 3 days, in contrast to LED light

exposure, when the 10-fold diluted TSB was used as the nutrient in biofilm eradication
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experiments (Figure 2.4). We next evaluated biofilm eradication in the PBS, where no
nutrient was provided, and weak indoor light was able to inactive and eradicate the mature
biofilms in 3 days (Figure 2.5). We speculated that biofilm inactivation/eradication in
photocatalysis was in competition with biofilm growth. ROS production was limited in
photocatalysis under the irradiation of weak indoor light, and biofilms were able to
maintain their viability and/or grow under this oxidative stress with the presence of
nutrients. However, the PBS only maintained biofilm viability for a certain duration (no
significant biofilm inactivation was observed in the PBS for 2 days in the dark, Figure 2.6),
and the biofilms were more susceptible to the oxidative stress in this mineral solution and
subjected to death and removal. Another explanation could be related with reduced ROS
concentrations in the TSB compared to the PBS, because organics nutrients in the TSB
could consume the ROS generated in photocatalysis. Therefore, the presence of nutrients
challenges biofilm removal in photocatalysis under weak visible light exposure; and the
enhancement of photoactivity of g-C3Ns is needed for effective biofilm control, which can

be achieved via the improvement of intrinsic photocatalytic reactivity or light exposure.
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Figure 2.6 Viability of mature S. epidermidis biofilms on the g-C3N4 coupon surface in
PBS in the dark. (a) Mature biofilms cultured in 10-fold diluted TSB in the dark for 3
days; (b) mature biofilms in PBS in the dark for 1 day; (c) mature biofilms in PBS in the
dark for 2 days; and (d) mature biofilms in PBS in the dark for 3 days. The scale bars in
2D-confocal laser scanning microscopic (CLSM) and 3D-CLSM images are 20 and 50
um, respectively.

2.3.2 Photocatalytic Eradication Kinetics of S. epidermidis Biofilms under Visible
Light Irradiation

To understand the mechanism of biofilm removal in photocatalysis, reaction kinetics
of S. epidermidis biofilms eradication on the g-CsN4 surface under white LED light
irradiation was interrogated. CLSM characterization of mature biofilms grown in the dark

(cultured for 3 days in the dark in 10-fold diluted TSB) and the mature biofilms exposed
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to LED light for 1, 4, and 7 h was conducted. As seen in the CLSM images, no apparent
bacteria killing was observed after 1 h of LED light exposure compared to the mature
biofilms (Figure 2.7). The ratio of live to dead cells in the biofilms decreased significantly
from 3.23 £ 0.51 to 0.96 + 0.08 after 4 h of LED light exposure, and it further decreased to
0.29 + 0.16 after 7 h of LED light exposure (Figure 2.7). Interestingly, after 4 h of LED
light irradiation, we observed that live bacterial cells (labeled by the green fluorescent dye)
were surrounded by dead cells (labeled by the red fluorescent dye), which suggests that
bacterial cells were continuously inactivated from the surface toward the center of the
biofilms by oxidative species. The biofilm thickness also decreased based on OCT analyses
(Figure 2.8): nonuniform, large aggregates of biofilms with a size up to ca. 300 um were
frequently observed for the mature biofilms before light irradiation (an average height of
57.8 = 70.51 um); nevertheless, much uniform and smaller biofilm aggregates with an
average height of 31.04 + 18.33 um were observed after 9 h of LED light exposure. In
addition, the relative roughness of biofilms decreased from 0.75 to 0.51 yet the coverage
increased from 72% to 98% of the coupon surface. The decrease of biofilm height and
roughness and the increase of biofilm coverage after photocatalysis all suggest that
biofilms disintegrated and dispersed after light treatment and the biofilms were dead (based
on CLSM characterization). The kinetics study provides a dynamic and comprehensive
overview about how biofilms responded in photocatalysis. The diffusion of ROS through
the biofilms may play an important role for biofilm eradication, which not only inactivates

bacterial cells but also destructs the integrated and cohesive structure of the biofilms.
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Figure 2.7 Photocatalytic eradication kinetics of S. epidermidis biofilms under visible
white LED light irradiation. Mature biofilms were first grown on g-C3Na4 coupon surfaces
in the dark for 3 days prior to LED light exposure (0 h), and next the mature biofilms
were treated under LED light irradiation for different durations (1, 4, and 7 h). Scale bars
in 2D- and 3D-confocal laser scanning microscopic (CLSM) images are 20 and 50 um,
respectively.
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Figure 2.8 Photocatalytic eradication kinetics of S. epidermidis biofilms from the g-CzNa
coupon surface characterized by optical coherence tomography (OCT). Mature biofilms

were first grown on the g-CaN4 coupon surface in 10-fold diluted TSB in the dark for 3

days prior to visible white LED light exposure (0 h), and next the mature biofilms were

treated under LED light irradiation for different durations (3, 6, and 9 h) in 10-fold
diluted TSB. Scale bars are 100 pm.

2.3.3 Removal of EPS and PIA within S. epidermidis Biofilms by Photocatalysis

Biofilms distinguish themselves from their planktonic counterparts mostly by the

contribution of EPS for maintaining an adhesive, integral, and robust structure that enables
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strong attachment on a surface, and these self-produced polymeric matrices play important
and multiple roles in the formation and development of biofilms, including adhesion,
aggregation of bacteria, and retention of water.%® As an important component of the EPS
in S. epidermidis biofilms, PIA not only mediates cell-cell adhesion and biofilm
mechanical properties, but also helps microorganisms within biofilms survive innate
immune responses and subsequently increases the virulence of infections caused by S.
epidermidis biofilms.8°! It is critical to understand the response of PIA, in terms of
distribution and abundance, in photocatalysis mediated by g-CsNs4, because of the
important role of PIA in maintaining a cohesive biofilm structure and the virulence of
infection. Decomposing and destructing PIA could facilitate biofilm eradication and reduce

the infectivity of S. epidermidis.

36



Figure 2.9 Scanning electron microscopic (SEM) images of S. epidermidis biofilms. (a)
and (c) Mature biofilms grown in the dark for 3 days; and (b) and (d) mature biofilms
after 6 h of visible white LED light exposure. EPS in the biofilms are highlighted by

yellow arrows.

SEM and CLSM were used to characterize the EPS in mature S. epidermidis biofilms
cultured in the dark for 3 days and the treated biofilms after 6 h of visible white LED light
exposure. A typical biofilm structure was observed in the mature biofilms, and bacterial
cells were embedded in abundant EPS (Figure 2.9a, c). The filament structure shown in
the SEM image could be resulted from the collapse of EPS matrices in dehydration.%? For
light treated biofilms, most bacterial cells were isolated on the coupon surface and only a
small amount of the cells formed clusters. More importantly, little EPS was observed after
LED light irradiation (Figure 2.9b, d). The PIA was highlighted by WGA fluorescent

staining, and CLSM results showed that large aggregates of PIA were observed in mature
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biofilms (Figure 2.10a, c), suggesting bacterial cells in the mature S. epidermidis biofilms
were embedded in the EPS. After 6 h of LED light irradiation, most PIA was decomposed
or removed, and only a few aggregates could be observed on the g-C3Na4 coupon surface
(Figure 2.10b, d). Both SEM and CLSM characterizations indicate that the mature S.
epidermidis biofilms were EPS- and PIA-rich before photocatalysis, but the EPS and PIA
were decomposed or removed during photocatalysis. It is speculated that ROS produced in
photocatalysis could oxidize and remove EPS and PIA, and the ROS would be
characterized in detail in the following section. Given the fact that PIA is responsible for
cell-cell interactions and is indispensable for biofilm development, less PIA suggests
weaker attractive forces among cells within S. epidermidis biofilms and the reduced
likelihood of biofilm formation.®® The decomposition and removal of EPS and PIA may
destruct the cohesive and integral structure of biofilms and facilitate biofilm eradication

from a surface.
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Figure 2.10 Confocal laser scanning microscopic (CLSM) images of green fluorescence
labeled polysaccharide intercellular adhesin (PIA) in S. epidermidis biofilms. (a) and (c)
2D- and 3D-CLSM characterization of mature biofilms grown in the dark for 3 days; and
(b) and (d) 2D- and 3D-CLSM characterization of mature biofilms after 6 h of visible
white LED light exposure.
2.3.4 Increased Biofilm Stiffness of S. epidermidis Biofilms after Photocatalysis
The advancement of AFM techniques enables researchers to gain insights of
biomaterial mechanical properties, e.g., biofilms, at a micro- or nano-scale,*% which
could elucidate the phase of cell growth, response of cells to external environment and

important biological pathways within cells.®®-% We used AFM tapping mode imaging and

SFS measurements to interrogate the presence/absence and abundance of EPS and
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mechanical stiffness of S. epidermidis biofilms before and after photocatalysis. Bacterial
cells and abundant EPS (with a fibrous structure) within the mature biofilms were clearly
observed by tapping mode topographical images (Figure 2.11a). However, after 6 h of
visible white LED light irradiation, EPS were removed from the surface of bacterial cells
and clusters (Figure 2.11b). To confirm that photocatalysis removed EPS, a benchmark
sample of EPS-deficient S. epidermidis was prepared by extensive washing of the bacterial
cells with ultrapure water, which could remove loosely associated EPS.*® AFM
topographical images suggest that only bacterial cells but not EPS were present in this EPS-
deficient sample (Figure 2.11c), confirming the viability of this less invasive dynamic

AFM method (tapping mode) in differentiating bacterial cells versus EPS.
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Figure 2.11 Morphology and stiffness of S. epidermidis biofilms characterized by atomic
force microscopy (AFM). Tapping mode AFM images showing the morphology of (a)
mature biofilms grown in the dark for 3 days, (b) mature biofilms after visible white LED
light exposure of 6 h, and (c) EPS-deficient S. epidermidis bacteria; normalized stiffness
histograms calculated from SFS AFM data of (d) mature biofilms grown in the dark for 3
days, (e) mature biofilms after visible white LED light exposure of 6 h, and (f) EPS-
deficient S. epidermidis bacteria.

We next evaluated the mechanical properties of mature biofilms, mature biofilms after
photocatalysis, and the EPS-deficient bacterial sample from SFS AFM data as described in
the Experiment section. Histograms of sample’s normalized stiffness (normalized by the
maximum value among all three sets) are shown in Figure 2.11d-f. The normalized values
range from zero to one indicating degrees of relative stiffness within the three data sets
analyzed. Values closer to one indicate higher stiffness and closer to zero indicate the
opposite. The stiffness normalization process is described in the Experiment section. The
histograms indicate that softer biofilms were observed before photocatalysis (all analyzed

data < 0.25), but stiffer biofilms were obtained after photocatalysis (the presence of

normalized stiffness up to 0.87). The EPS-deficient bacterial sample also showed a large
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fraction (23.16%) of analyzed normalized stiffness within the range of 0.25 - 1. Box plots
of biofilm normalized stiffness (Figure 2.12) also suggested that the biofilms after light
treatment are statistically stiffer than those before the treatment, and EPS-deficient
bacterial sample was the stiffest among all samples. Our previous study also observed that
biofilms in drinking water distribution pipes became stiffer with the presence of
disinfectants (i.e., chlorine, chloramine), and these strong oxidants were able to decompose
EPS.10 Cécile Formosa-Dague et al. mapped elasticity of methicillin-resistant
Staphylococcus aureus (MRSA) via AFM and found that EPS (mainly comprised of PIA,
similar to S. epidermidis) had a relatively low elasticity compared to the rigid cell wall.1%
S. epidermidis bacterial cells, which mainly contain a thick layer of peptidoglycan, are
believed to be stiffer compared to EPS due to the crosslinked structure of peptidoglycan.%
The linear or highly branched structure of EPS, however, makes this extracellular matrix
much more flexible and softer.2% It is in consistent with the fact that the stiffness of the
Staphylococcus aureus cell envelope decreases with the reduction of peptidoglycan

crosslinking.1%
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Figure 2.12 Box plots of normalized stiffness of different S. epidermidis biofilm and
bacterial samples summarizing the data shown in the histograms in Figure 2.11.

2.3.5 ROS Quantification and a Schematic for Biofilm Control and Eradication in
g-CsN4-Based Photocatalysis

ROS generated during photocatalysis were quantified by radical probes that selectively
react with a specific radical, and the production of four kinds of potential ROS (i.e., Oz,
H202, 10, OH*) were determined. O, (steady-state concentration of 3.32 (+ 2.06) x10™
M), Oz« (steady-state concentration of 4.44 (+ 3.24) x10* M), and H.0O2 (cumulative
concentration of 1.69 uM after 2 h of photocatalysis) were detected but no noticeable OHe
was measured (below the detection limit of 10°> M). To further understand the mechanism
of biofilm inhibition and removal, the antimicrobial potential of each ROS and holes was
evaluated respectively. O2 is relatively less reactive, and the low reactivity of Oz« with

polysaccharides, amino acids, and lipids is well-documented.!®-1% In addition, bacterial
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cells can secrete superoxide dismutase or similar oxidant scavengers to decompose Oz».1%®
Therefore, the contribution of Oz« to antimicrobial potential could be negligible. H>O; is
a strong oxidant and represents effective antimicrobial potential against Listeria
monocytogenes biofilms.1® The concentration of H,O, needed in disinfection applications
is always in the range of mM or even M; however, the concentration of H2O2 produced in
our photocatalytic system was far below its desired concentration for practical applications.
Similar to producing superoxide dismutase for mitigating O2", bacteria could produce
catalase to withstand H20, and thus survive under low-dose exposure of H20.}1°
Furthermore, there is no evidence showing H20> could induce EPS decomposition, which
was observed during biofilm removal on the surface of g-CsN4 coupons in our study. The
holes (also known as electron vacancies), though they cannot be easily quantified, only
enable surface-mediated reactions. However, we observed biofilm inactivation from the
surface to the center and this phenomenon could not be explained by the hole oxidation of
biofilms (because only the bottom of the biofilms was in contact with g-CsNa4). As a result,
Oz, H202 OHe, and holes may not play a dominant role in biofilm inhibition and
eradication. 1O is a highly reactive species observed in our study, and it is reactive enough
to inactivate bacteria by the oxidation of cell membranes, cell walls, and enzymes.®*110,
is also able to decompose EPS due to its high reactivity with sugars, lipids, and amino acids
even though its steady-state concentration is relatively low.? In contrast to H.O2 and Oz
«, no defending mechanism against *O; in pathogenic bacteria has been found so far.5!
Therefore, we speculate O, is most likely to be the effective agent for biofilm control and
eradication. However, one counter-argument is that the lifetime of O is too short (about

2us in distilled H20) to inactivate biofilms with a scale of hundreds of um.!!3 O, loses
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energy by collision with neighboring water molecules, and strong quenching of O, by
water could be mitigated with the presence of a high bacterial concentration and the lifetime
of 102 could increase from 6 to 40 ps.''* Biofilms are a complex composite with a high
bacterial cell density, and it is reasonable to speculate that the lifetime of 1O, might also
increase in our system to kill biofilms. However, more explanations and experimental
studies are needed to further elucidate the antimicrobial mechanism of g-CsNas-based

photocatalysis.
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Figure 2.13 A schematic of biofilm inhibition and eradication on the surface of g-C3Na4
under visible light irradiation. EPS and ROS represent extracellular polymeric substances
and reactive oxygen species, respectively.
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To explain the phenomenon of biofilms inhibition and eradication, a schematic of
biofilm response in visible-light-driven photocatalysis was proposed (Figure 2.13). Upon
the absorption of visible-light photons, a series of oxidative species were generated on the
surface of g-CsN4 coupons, including ROS and the holes. *O2 could contribute most for
biofilm removal in our study: it first oxidizes and degrades the EPS within S. epidermidis
biofilms from outside to inside, and the oxidation weakens the cohesive and integral
structure of EPS. Our previous study observed that the photocatalytic oxidation of humic
acid, a natural organic polymer derived from biopolymers, reduced the interactions among
humic acid molecules.!*® Bing et al. have demonstrated that Ag/g-CsN4 nanohybrids were
able to decompose polysaccharides, nucleic acids, and proteins, which are the main
components of EPS within biofilms, under visible light irradiation.*® 1O, next inactivates
bacterial cells, via reactions with the cells free of EPS protection or after diffusion through
the EPS. The dead bacterial cells lose their biological activity to produce future EPS which
maintain the biofilm structure. Finally, the inactivated biofilms are loose and dispersed,
and they can be easily detached from the remaining live biofilms or the g-C3Na4 coupon
surface.

2.4 Conclusion

In this study, we demonstrated that g-C3N4 not only inhibited S. epidermidis biofilm
development but also eradicated pre-established biofilms under visible light irradiation,
based on CLSM and OCT results. Biofilm eradication was observed from the outside-to-
inside inactivation of bacterial cells, and O is speculated to play a key role for biofilm
removal. CLSM, SEM, and AFM characterization also indicated EPS were decomposed

when the biofilms were subjected to photocatalysis. The inactivation of bacterial cells and
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the destruction of an integral and cohesive structure of biofilms via EPS removal contribute
to successful biofilm eradication in photocatalysis.

As a visible-light-responsive photocatalyst, g-CsN4 has several unique merits that
promote its broad-spectrum engineering applications, such as the use of renewable or waste
energy sources for promoting sustainable societal development, low cost in material
fabrication, scalable material production, high thermal and chemical stability, and excellent
biocompatibility. For instance, g-C3N4 powder could be potentially incorporated into paint
and packages, and the resulting antimicrobial products can produce self-cleaning surfaces
for healthcare, food, and many other industrial and household applications. g-CsN4 can also
be used for inactivating airborne and waterborne pathogens for environmental remediation.
Moreover, g-C3sNa, possibly in the form of nanomaterials with better dispersion, could be
used for photodynamic therapy and treat long-term biofilm infections. In contrast to well-
investigated TiO2 or ZnO and their numerous derivatives that need UV light with extra
costs and operational complexity (e.g., maintenance, safety protocol management), g-CsN4
can be excited under visible indoor light for antimicrobial applications. Compared to many
other conventional strategies for biofilm control in vivo or on engineering surfaces, g-C3Na-
based photocatalysis could achieve complete inactivation of bacterial cells and destruction
of EPS to promote effective biofilm removal. In summary, visible-light-responsive g-CsN4
holds promise for providing an effective, broad-spectrum, and sustainable antimicrobial

strategy for biofilm inhibition and eradication in the future.
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Chapter 3: Photocatalytic Graphitic Carbon Nitride-Chitosan Composites for
Pathogenic Biofilm Control under Visible Light Irradiation 2

3.1 Introduction

In the chapter 2, it has been demonstrated that the novel visible-light-responsive
photocatalyst, carbon-doped graphitic carbon nitride (g-CsN4), holds promise for both
inhibiting and eradicating biofilms. This photocatalyst can harvest photons with a
wavelength shorter than 460 nm (corresponding bandgap of 2.7 eV). Thus it is reactive
under the irradiation of fluorescent lamps and white light emitting diodes (LEDs), which
is suitable for indoor environment applications.2”1® During photocatalysis, carbon-doped
g-C3N4 converts oxygen gas continuously into reactive oxygen species (ROS, i.e., Oz,
H202, 102), and these inexhaustible ROS inactivate bacteria within biofilms by fast and
effective reactions with biomacromolecules. In addition, EPS, key building blocks in
biofilms that support biofilm development and survival, were decomposed and removed
after photocatalysis. Chemical oxidation in photocatalysis has been shown to break down
the integral and cohesive structure of biofilms and facilitate complete biofilm removal, as
opposed to slowing biofilm propagation.! Furthermore, in contrast to antibiotics and many
other antimicrobials, there is a lower likelihood for bacteria to develop resistance against
photocatalysis because ROS react with biomacromolecules rapidly and non-selectively.5!
Therefore, photoreactive carbon-doped g-CsN4 can overcome the drawbacks of other anti-
biofilm strategies, and it enables the development of emerging and innovative self-cleaning

materials for pathogenic biofilm control.

2 Reprinted with permission and modification from Shen H., Durkin D. P., Aiello A., Diba T., Lafleur J.,
Zara J. M., Shen Y., Shuai D. Photocatalytic Graphitic Carbon Nitride-Chitosan Composites for Pathogenic
Biofilm Control under Visible Light Irradiation. J. Hazard. Mater. 2020, 124890. Copyright 2020 Elsevier
B.V.
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Despite the advantages of applying carbon-doped g-CsN4 in biofilm control, one major
limitation of this material is its poor processability for fabricating self-cleaning surfaces.
Synthesis of carbon-doped g-CsN4 using thermal polycondensation always results in a
powder form, and it is challenging to use this powdered material as a coating or in the
development of continuous and robust self-cleaning materials. To address this concern,
chitosan was selected as a polymer matrix to hold the photocatalyst.!'’ Chitosan is a partial
deacetylation derivative of chitin which constitutes the exoskeleton of crustaceans such as
shrimp. Chitosan has desirable characteristics that enable broad engineering applications
(e.g., biodegradability, biocompatibility, economic feasibility, scalability), and
incorporating the photocatalyst powder of carbon-doped g-CsNs into chitosan confers upon
the composites improved processability for developing self-cleaning surfaces.!*®1°
Depending on the applications, these composites can be easily tailored to different shapes
and dimensions (e.g., thin films for food packaging, internal coatings for urinary catheters).

In this study, we synthesized a photocatalytic and self-cleaning composite by
incorporating carbon-doped g-CsNs into a chitosan matrix for inactivating and eradicating
biofilms from Staphylococcus epidermidis, Pseudomonas aeruginosa PAO1, Escherichia
coli O157: H7 (a foodborne pathogen), and from mixture of bacterial species in urine of
urinary tract infections (UTI) patients. To understand the physical, chemical, thermal, and
morphological properties of this composite, scanning electron microscopy (SEM),
attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR), thermal
gravimetric (TG) analysis, and Brunauer-Emmett-Teller (BET) surface area analysis were
conducted. To determine the antimicrobial performance of the composite under visible

light irradiation, the viability, composition, morphology, and coverage of biofilms
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developed on the self-cleaning composite were comprehensively examined by confocal
laser scanning microscopy (CLSM), optical coherence tomography (OCT), and SEM. Our
results showed that the self-cleaning composite successfully inhibited biofilm propagation
and/or eradicated mature biofilms. Moreover, to elucidate the mechanisms of how this
composite controlled biofilm, ROS quenching experiments were conducted and
demonstrated that O, was likely to be responsible for biofilm inactivation. Our study
highlights that the self-cleaning composite developed from carbon-doped g-CsN4 and
chitosan has excellent broad-spectrum antimicrobial performance, and photocatalysis
controlled diverse pathogenic biofilms developed from single or multiple bacterial species.
Incorporating the photocatalyst powder into a polymer matrix enhances the processability
and maintains the antimicrobial performance of the photocatalyst, and the composite holds
promise for a broad range of self-cleaning applications, including but not limited to food
packaging, urinary catheters, sanitary wares, and contact surfaces.

3.2 Experiment

3.2.1 Synthesis of Carbon-Doped g-CsN4 Powder and Fabrication of Its Chitosan
Composite (i.e., Photocatalyst- Chitosan Composite)

Carbon-doped g-CsNa was synthesized as described in our previous study.® For
developing its chitosan composite, 1 g of the photocatalytic powder and 1 g of chitosan
were amended into 40 ml of acetic acid solution (2.5%, v/v) and dispersed by probe
ultrasonication (300 W) for 1 h. Next, the mixture was magnetically stirred until a uniform
emulsion was obtained. 0.2 ml of crosslinker, i.e., epichlorohydrin, was added into the
emulsion and the mixture was magnetically stirred for additional 4 h at the room

temperature. Crosslinking significantly reduces the solubility of chitosan in water, and thus
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enhances the practicality of this composite for engineering applications especially in
contact with water. After crosslinking, 1 ml of emulsion was placed in a plastic mold with
a dimension of 2 cm x 2 cm and dried at the room temperature overnight. The obtained
composite was peeled off from the mold and rinsed by 1 M NaOH solution for 2 h to
neutralize residual acetic acid. Finally, the composite was washed to a neutral pH with
ultrapure water for several times. The developed composites of carbon-doped g-C3N4 and
chitosan were utilized for all antimicrobial experiments. Chitosan-only films were also
developed with the same procedure as control samples, without introducing the carbon-
doped g-C3N4 powder.

3.2.2 Material Characterization of Photocatalyst-Chitosan Composites and
Chitosan-Only Films

The photocatalyst-chitosan composites and chitosan-only films were characterized by
ATR-FTIR, BET surface area analysis, SEM, and TG analysis. Details are included in our
previous study. !’

3.2.3 Development of Biofilms from Single Bacterial Species and Examination of
Biofilm Inhibition and Eradication

To demonstrate the broad-spectrum antimicrobial activity of the photocatalyst-chitosan
composite, different microorganisms including Staphylococcus epidermidis (S.
epidermidis, Gram-positive, ATCC 35984), Pseudomonas aeruginosa PAO1 (P.
aeruginosa PAO1, Gram-negative, ATCC 47085), and one notorious foodborne pathogen
Escherichia coli 0157: H7 (E. coli O157: H7, Gram-negative, ATCC 43894) were selected

to develop single-species biofilms on the surface of the photocatalyst-chitosan composite.
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Biofilm development from single bacterial species and biofilm inhibition and
eradication followed the procedure described in our previous study with minor revisions.!
Specifically, for biofilm development, S. epidermidis and E. coli O157: H7 were cultured
on the photocatalyst-chitosan composite surfaces in 10-fold diluted tryptic soy broth (TSB)
for 3 days in the dark, while P. aeruginosa PAO1 was cultured on the composite surface
in 50-fold diluted TSB for 7 days in the dark. For biofilm inhibition, the photocatalyst-
chitosan composites were placed under continuous irradiation of a white LED lamp (7W)
with the same duration as described in biofilm development for each bacterial strain. For
biofilm eradication, mature S. epidermidis and P. aeruginosa PAOL1 biofilms on the
composite surfaces were exposed to white LED light for 1 day in phosphate buffered saline
(PBS). However, more challenging conditions were adopted for mature E. coli O157:H7
biofilms, including using a blue LED lamp or a shorter distance between the lamp and the
PBS solution to increase the light intensity and extending light exposure duration. The
corresponding photon flux and the optical power density could be utilized in photocatalysis
were summarized in the Table 3.1.

Table 3.1 Irradiation parameters, including the type of LED lamps, distance between the

lamp and PBS solution surface, and exposure duration, used in the biofilm eradication
experiments for E. coli 0157: H7

No LED Distance Exposure Photon flux Power density

lamp (cm)  duration (umol m? s (uW cm?)
(days)

1 White 15 1 1.70 x 107 4.64 x 10°
2 White 15 2 1.70 x 102 4.64 x 10°
3 White 5 2 3.46 x 10° 9.50 x 10°
4 White 5 3 3.46 x 107 9.50 x 10°
5 Blue 5 3 1.38x 10° 3.70 x 10*
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3.2.4 Biofilm Inhibition on the Photocatalyst-Chitosan Composites in Patient
Urine

To further explore the potential of applying the antimicrobial photocatalyst-chitosan
composites in medical devices (e.g., developing antimicrobial urinary catheters) and
sanitary wares, the inhibition of multi-species biofilms developed from UTI patient urine
was evaluated. Patients were 18 years or older, and arrived at the Emergency Department
of The George Washington University Hospital (Washington, DC) with one or more
urinary symptom(s) (e.g., burning, increased frequency, flank pain, nausea/emesis, and
chills) and urine white blood cell counts more than 10 per high power field. Patients were
excluded from the study if they did not understand consent (i.e., under the influence of
drugs, alcohol, or cognitively impaired) or had been treated with antibiotics before
obtaining the urine samples. Patients who agreed to participate in the study reviewed their
urinary symptom(s) with study personnel, gave permission for the research team to extract
relevant patient and treatment information, and signed written informed consent. Study
personnel documented patient age, gender, vital signs, urinary symptoms, and selected
laboratory test results.

The photocatalyst-chitosan composites were placed in sterile six-well plates and
submerged by 6 ml of infected urine. For the inhibition tests, the system was placed under
continuous blue LED light (7 W) irradiation for 6 days, and the distance between the blue
LED lamp and the surface of urine was maintained at 6 cm. Compared with the white LED
light used in Section 3.2.3, blue LED light used in the urine experiment showed a higher
intensity that can be utilized by carbon-doped g-CsNj4 (the spectral irradiance of both light

sources were recorded in Figure 3.1). For the control study, a composite with urine was
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kept in the dark for 6 days. Other conditions like temperature (37 °C) and mixing rate (80

rpm) were the same for both studies.
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Figure 3.1 Spectral distribution of (a) blue LED light (7 W, d = 15 cm), (b) blue LED
light (7 W, d =5 cm), (c) white LED light (7 W, d = 15 cm), and (d) white LED light (7
W, d =5 cm). d denotes for the distance between the light sources and the solution
surface.

3.25 Optical Coherence Tomography (OCT) for Characterizing Biofilm
Thickness and Coverage

In this study, different biofilms on the surface of the photocatalyst-chitosan composites
were directly visualized by a Ganymede Il (Thorlabs Inc.) Spectral Domain OCT system.

OCT images were processed using the software ImageJ (https://imagej.nih.gov/ij/).
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Biofilms were first outlined manually, and the corresponding average thickness and
coverage were calculated with the same method described in our previous study.!

3.2.6 Confocal Laser Scanning Microscopy (CLSM) for Characterizing Bacterial
Viability and Extracellular Polymeric Substances (EPS) within Biofilms

The Filmtracer LIVE/DEAD® Biofilm Viability Kit and the Invitrogen™ Molecular
Probes™ Wheat Germ Agglutinin (WGA, Alexa Fluor™ 488 Conjugate) were used to
evaluate bacterial viability within different biofilms and to characterize EPS abundance
and distribution within S. epidermidis biofilms, respectively. Sample preparation, CLSM
operation, and the calculation of the ratio of live to dead cells in the biofilms were described
in our previous study.?

3.2.7 Scanning Electron Microscopy (SEM) for Characterizing Biofilm
Morphology

The photocatalyst-chitosan composites with biofilms were gently rinsed by PBS once
to remove loosely bounded biomass, and the samples were immediately placed into the -
20 °C fridge overnight. Next, the frozen samples were freeze dried. Before SEM imaging,
the samples were sputter-coated with iridium to prevent sample charging. The biofilm
samples were examined using a FEI Teneo LV FEG SEM. The freeze-drying method was
used for biofilm characterization and it can retain as much as biomass for analysis. This
method is advantageous compared with the fixation method with glutaraldehyde and
paraformaldehyde because it avoids multiple steps of biofilm rinsing that leads to

significant biomass loss.
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3.2.8 Identification and Quantification of Reactive Oxygen Species (ROS) in
Photocatalysis for Biofilm Control

Radical probes that specifically react with certain ROS were utilized to identify and
quantify ROS generated during photocatalysis. Specifically, para-chlorobenzoic acid (p-
CBA), furfuryl alcohol (FFA), and 2, 3-bis (2-methoxy-4-nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxanilide (XTT) were used to detect OHs, 1Oz, and Oz, respectively. In
addition, the accumulated concentration of H202 was quantified by a colorimetric method
with N,N-diethyl-p-phenylenediamine sulfate salt (DPD). Details can be found in our
previous study.!!

To identify the most important ROS for inactivating biofilms, ROS quenching
experiments were also conducted. The photocatalyst-chitosan composite coated glass slide
(Figure 3.2) was prepared, loaded with planktonic bacteria of S. epidermidis, and subjected
to photocatalysis with ROS scavengers. Bacterial viability was determined by CLSM and
compared in the presence or absence of the ROS scavengers to elucidate the critical role of
a certain ROS. Briefly, the glass slide was first dipped into the emulsion prepared from
carbon-doped g-CsN4 and chitosan (after crosslinking), as described in the Section 3.2.1,
for 20 s, and drawn vertically. After being dried at the room temperature overnight, the
glass slide was soaked in 1 M NaOH for 1 h and washed by ultrapure water to a neutral pH,
and it was ready to use. S. epidermidis PBS suspensions without any scavenger, with 10
mM FFA (102 scavenger), or with 1 mM 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl
(4-hydroxy-TEMPO, Oy’ scavenger) but with the same bacterial concentration were
prepared, and 50 pl of the suspension was aspirated and dropped onto the composite coated

glass slides. The suspension droplets on the glass slides were then placed in the dark or
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under the white LED light irradiation for 1 h (the distance between the surface of the slide
and the 7 W white LED lamp was maintained at 15 cm). All the samples were finally
stained by the Filmtracer LIVE/DEAD® Biofilm Viability Kit as instructed in the manual
and characterized by a Carl Zeiss 710 Spectral Confocal Microscope equipped with a 63 x
oil immersed objective to understand bacterial viability with or without the presence of

ROS scavengers.

Figure 3.2 A glass slide coated with the photocatalyst-chitosan composite for ROS
quenching experiments. The composite coated glass slide provided a smoother surface,
compared with the composite itself, which facilitated the CLSM characterization.

3.3 Results and Discussion

3.3.1 Material Characterization of the Photocatalyst-Chitosan Composite

The synthesis of carbon-doped g-C3N4 powder and the characterization of its physical,
morphological, chemical, and optical properties have been reported previously.% Carbon-
doped g-CsNa/chitosan composite films were developed for the first time, and they were
characterized and compared with chitosan-only films. The successful incorporation of
photocatalyst into the chitosan matrix was demonstrated by SEM. Compared with

photocatalyst-chitosan composites, chitosan-only films possessed a smoother surface
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(Figure 3.3a). Photocatalyst particles were uniformly distributed on the composite surface,
which is crucial for effective photocatalysis and biofilm inhibition and eradication (Figure
3.3b). The surface area of photocatalyst-chitosan composites (0.283 + 0.005 m? g*) was
higher than that of chitosan-only films (0.045 + 0.001 m? g%), indicating increased surface
roughness (Figure 3.3c). These small surface areas showed neither material was porous,
which is in contrast to the g-CsNas/chitosan hydrogel beads fabricated in our previous
study.!*” The non-porous structure of the materials enables them as promising coating
materials and prevents potential liquid or gas penetration in engineering and biomedical
applications. ATR-FTIR did not show significant differences between chitosan-only films
and photocatalyst-chitosan composites (Figure 3.3d): both spectra showed features
expected for chitosan, i.e., 3300-3500 cm™ (O-H and N-H stretches), 1030 cm™ (C-O
stretch), and a series of peaks within 1300-1650 cm™ (C-N heterocycle stretching
vibrations).*?° Since carbon-doped g-C3N4 has similar functional groups (e.g., N-H, -NHz,
or C-N), the influence of photocatalyst incorporation into the chitosan matrix on the FTIR
spectra might be overlapped and difficult to discern; however, the data indicated the g-
C3N4 was not chemically bonded to the support. TG analysis showed that the maximum
temperature for thermal decomposition of chitosan-only films during pyrolysis was 286-
289 °C and for g-CsN4 was ca. 660-680 °C (Figure 3.3e). The derivative thermograms
(DTG) more clearly showed these regions of interest, and both peaks were present as well
in the photocatalyst-chitosan composites (Figure 3.3f). These data support the conclusion
from SEM and ATR-FTIR that the g-CsN4 was physically incorporated but not chemically
bonded to the chitosan matrix. Due to the high processability of the liquid precursor, the

photocatalyst-chitosan composites could be tailored into different shapes by using molds
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(Figure 3.3g). The mechanical performance of the composites was enhanced by
crosslinking and the composites were flexible and could be easily bent especially when

they were wet (Figure 3.3h).
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Figure 3.3 Material characterizations for both the chitosan-only films and the
photocatalyst-chitosan composites. SEM images of (a) the chitosan-only film and (b) the
photocatalyst-chitosan composite, (c) N2 adsorption/desorption isotherms of the chitosan-

only film and the photocatalyst-chitosan composite, (d) ATR-FTIR spectra of the

chitosan-only film and the photocatalyst-chitosan composite, () TG and (f) DTG

analyses of the chitosan-only film and the photocatalyst-chitosan composite, (g) one

photocatalyst-chitosan composite casted in a square mold, and (h) one flexible, wet

photocatalyst-chitosan composite.

3.3.2 Broad-Spectrum Biofilm Inhibition on Photocatalyst-Chitosan Composites

In contrast to lab-grown biofilms, biofilms developed in natural environments,
engineering systems, and biomedical settings, always contain multiple bacterial species,
and developing a broad-spectrum antimicrobial material that can effectively inactivate
(almost) all pathogens is a pressing need for practical applications.!?! In general, many
antimicrobials (e.g., antibiotics) only selectively inhibit the growth of a certain kind of
pathogenic bacteria, and a single one cannot simultaneously inactivate all pathogens
effectively. Carbon-doped g-CsN4 produces ROS in photocatalysis, which is expected to
effectively and rapidly inactivate a broad-spectrum of pathogenic bacteria because of non-
selective reactions between ROS and biomolecules in different bacterial species. In this
study, three representative bacteria, S. epidermidis, P. aeruginosa PAOL, and E. coli O157:
H7 were selected to demonstrate the broad-spectrum antimicrobial potential of the
photocatalyst-chitosan composites under visible light irradiation. S. epidermidis and P.
aeruginosa PAO1, a Gram-positive and Gram-negative bacterium, respectively, are
responsible for a host of nosocomial infections.’®'?? There are huge differences in
structures between Gram-positive and Gram-negative bacteria. Thick, multiple layers of
peptidoglycan envelope the Gram-positive bacterial plasma membrane, while a

complicated sandwich-like structure, including an outer membrane, a single intermediate

peptidoglycan layer, and an inner membrane, is shown in the Gram-negative bacteria.!?®
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Due to their different structural characteristics, Gram-negative and Gram-positive bacteria
may have different sensitivities to any given antimicrobial agent. E. coli O157: H7, a
notorious foodborne pathogen, produces potent bacterial toxins, known as Shiga toxin, and
has become a major challenge for food safety.'?* Biofilms formed by S. epidermidis, P.
aeruginosa PAOL, and E. coli O157: H7 are commonly found on the surfaces of
implantable medical devices or food processers and contact surfaces. As a consequence,
efficient inhibition and eradication of these biofilms is a primary concern in preventing

foodborne disease outbreaks or nosocomial infections.
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Figure 3.4 Broad-spectrum biofilm inhibition of the photocatalyst-chitosan composites
under visible light irradiation. Two dimensional-CLSM (2D-CLSM) images, OCT
images, and SEM images of (a) S. epidermidis, (c) P. aeruginosa PAO1, and (e) E. coli
0157: H7 biofilms cultured on the composite surfaces in the dark, respectively; 2D-
CLSM images, OCT images, and SEM images of (b) S. epidermidis, (d) P. aeruginosa
PAOQO1, and (f) E. coli O157: H7 biofilms cultured on the composite surfaces under
continuous white LED light irradiation (7 W). The distance between the light source and
the solution that submerged the photocatalyst-chitosan composites was maintained at 15
cm. Scale bars in 2D-CLSM, OCT, and SEM images are 20, 200, and 10 pum,
respectively. Biofilms in OCT images are highlighted by yellow dashed rectangles.

Under the continuous irradiation of white LED light, the photocatalyst-chitosan
composites exhibited excellent biofilm inhibition performance against S. epidermidis, P.
aeruginosa PAOL, and E. coli O157: H7. After 3 days (for S. epidermidis and E. coli O157:
H7) or 6 days (for P. aeruginosa PAOL) culturing in the dark, biofilms formed by all
bacterial strains were found to be flourishing on the composite surfaces and most bacteria
were alive as observed by CLSM (Figure 3.4a, c, and e, CLSM). Limited antimicrobial
effect in the absence of light indicates that the composites are biocompatible, making them
promising candidates for food or biomedical applications (e.g., food packages, food contact
surface coatings, and urinary catheter coatings). Only a few isolated, live bacteria were
found on composite surfaces under light irradiation (Figure 3.4b, d, and f, CLSM).
Bacteria were speculated to settle down to the composite surfaces from the nutritious media
due to gravity, but they were continuously inactivated by ROS and/or holes generated in
photocatalysis and removed by the shear forces from mixing. No biofilms propagated on
the photocatalyst-chitosan composites under visible light irradiation, indicating the visible
light enabled the self-cleaning nature of the composite. On the basis of OCT analyses, the
average thickness of biofilms formed by S. epidermidis, P. aeruginosa PAO1, and E. coli

0157: H7 on the composite surfaces in the dark was 97.4 + 68.3, 81.0 £ 115.1, and 33.8 +

12.7 pm, respectively. The coverage of biofilms of S. epidermidis, P. aeruginosa PAO1,
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and E. coli 0157: H7 was 96%, 39%, and 100%, respectively (Figure 3.4a, ¢,and e, OCT).
However, biofilms could rarely be observed on the composite surfaces under light
irradiation through OCT, indicating broad-spectrum biofilm inhibition under light
irradiation (Figure 3.4b, d, and f, OCT). In addition, biofilm aggregates in which bacteria
were encapsulated by abundant EPS were observed in the dark samples (Figure 3.4a, c,
and e, SEM), while only isolated bacteria and/or a clean surface were found when the
composites were exposed to light irradiation (Figure 3.4b, d, and f, SEM), which is
consistent with results from CLSM and OCT.

3.3.3 Broad-Spectrum Biofilm Eradication from Photocatalyst-Chitosan
Composites

For many practical applications, photoreactive self-cleaning composites may not
always be exposed to light, and biofilms could inevitably form and propagate under that
circumstance. In addition, compared with planktonic bacteria, biofilms are much more
resistant to conventional disinfection or removal methods once they are formed on a
surface.®® Eradicating mature biofilms from the surface is more challenging compared with
inhibiting new biofilm development, because EPS in biofilms protect bacteria from
inactivation or removal under stress. Therefore, besides biofilm inhibition, we also
systematically evaluated the eradication of mature biofilms from the photocatalyst-
chitosan composites under visible light irradiation to demonstrate the effectiveness of self-

cleaning on mature biofilms.
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Figure 3.5 Broad-spectrum biofilm eradication from the photocatalyst-chitosan
composites under visible light irradiation. 2D-CLSM images, OCT images, and SEM
images of (a) S. epidermidis, (b) P. aeruginosa PAO1, and (c) E. coli O157: H7 biofilms
eradication from the composite surfaces under white LED light irradiation (7 W). The
distance between the light source and the solution that submerged the photocatalyst-
chitosan composites was maintained at 15 cm. Scale bars in 2D-CLSM, OCT, and SEM
images are 20, 200, and 10 pum, respectively. Residual biofilms in OCT and SEM images
are highlighted by yellow dashed rectangles and yellow arrows, respectively.
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Figure 3.6 E. coli O157: H7 biofilm eradication under different conditions. (a) white
LED, 7 W, d = 15 cm, 1 day of exposure; (b) white LED, 7 W, d = 15 cm, 2 days of
exposure; (c) white LED, 7 W, d =5 cm, 2 days of exposure; (d) white LED, 7 W, d =5
cm, 3 days of exposure; and (e) blue LED, 7 W, d =5 cm, 3 days of exposure. Scale bars
are 250 um. d denotes for the distance between the light sources and the solution surface.

In biofilm eradication experiments, the photocatalyst-chitosan composites showed
promising eradication performance against biofilms formed by S. epidermidis and P.
aeruginosa PAO1 under white LED light irradiation. After one day of light exposure, while

the majority of mature S. epidermidis biofilms was removed from the composite surfaces,

only a thin layer of isolated inactivated bacteria from the P. aeruginosa PAOL biofilms
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was left on the composite surfaces (Figure 3.5a and b, CLSM). OCT and SEM further
confirmed the complete eradication of mature biofilms formed by both bacterial strains
from the composite surfaces (Figure 3.5a and b, OCT and SEM). For E. coli O157: H7,
however, one day of white LED light exposure was not sufficient to inactivate and eradicate
mature biofilms. There were still large aggregates of bacteria left on the composite surfaces
though the ratio of live to dead cells in the biofilms decreased from 21.5+2.8t0 0.5+ 0.1
after one day of light treatment (Figure 3.4e and Figure 3.5¢c, CLSM). The average
thickness of biofilms after light treatment was 34.8 + 15.0 um, which was comparable to
the average thickness of biofilms cultured in the dark on the composite surfaces (33.8 +
12.7 um, Figure 3.4e and Figure 3.5¢, OCT). In addition, SEM images clearly showed
abundant residual EPS left on the composite surface after one day of white LED light
exposure, indicating EPS within E. coli O157: H7 biofilms are much more resistant to
photocatalysis (Figure 3.5¢c, SEM). Extending the duration of white LED light exposure
to 3 days still did not remove biofilms apparently: biofilms kept an average thickness of
35.4 + 13.1 um (Figure 3.6 and Figure 3.7d). To promote biofilm eradication by
increasing the oxidative stress, a blue LED lamp (flux of 1.38 x 10% pmol ms* for photons
with a shorter wavelength than 460 nm) instead of the white LED lamp (flux of 3.46 x 10?
pumol m? s for photons with a shorter wavelength than 460 nm) was used to increase
available photons that could be utilized by photocatalytic carbon-doped g-CsN4 (Table 3.1).
After 3 days of blue light exposure, OCT indicated that only a small portion of E. coli O157:
H7 biofilms was left on the composite surfaces (Figure 3.7a). In addition to OCT, CLSM
provided more insights into the viability of biofilms: almost all bacteria within the E. coli

0157: H7 biofilms were inactivated under blue LED light exposure for 3 days (Figure
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3.7b and c), whereas the bacteria were partially inactivated under white LED light
exposure for the same duration (the ratio of live to dead cells was 0.6 + 0.4, Figure 3.7¢e
and f). Control experiments were also performed, and they demonstrated that PBS without
nutrients or blue LED light exposure alone did not inactivate bacteria within biofilms up
to 7 or 3 days, respectively (Figure 3.8). Increased light utilization and corresponding
photoreactivity of the self-cleaning composites was able to eradicate tough biofilms
developed from E. coli O157: H7 successfully, which suggests biofilm eradication is a
kinetically controlled process. It is well-known that dispersion occurs when biofilms
become mature, in which some bacteria leave the biofilms and find another place to
colonize. Our study has demonstrated that the self-cleaning composites not only eradicate
mature biofilms but also potentially inactivate dispersed bacteria to prevent their
propagation by photocatalysis. Different efficiencies for mature biofilm removal developed
from diverse bacterial strains could be attributed to the distinct responses of EPS in biofilm

matrices to photocatalysis, which will be elucidated in the next section.
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Figure 3.7 Effect of enhanced light utilization on biofilm eradication from the
photocatalyst-chitosan composites. (a) OCT image, (b) 2D-CLSM image, (c) three
dimensional (3D)-CLSM image of mature E. coli O157: H7 biofilms on the composite
surface after 3 days of blue LED light irradiation (7 W); (d) OCT image, (¢) 2D-CLSM
image, (f) 3D-CLSM image of mature E. coli O157: H7 biofilms on the composite
surface after 3 days of white LED light irradiation (7 W). The distance between the light
sources and the solution that submerged the photocatalyst-chitosan composites was
maintained at 5 cm. Scale bars in OCT, 2D-CLSM, and 3D-CLSM images are 250, 20,
and 30 um, respectively. Residual biofilms in OCT images are highlighted by yellow
dashed rectangles.
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Figure 3.8 (a, ) E. coli O157: H7 biofilms on photocatalyst-chitosan composites in PBS
in the dark for 7 days; (b, d) E. coli 0157: H7 biofilms on an inert surface (stainless steel)
under blue LED light irradiation (7 W) for 3 days. The distance between the light source
and the solution that submerged the photocatalyst-chitosan composites was kept at 15 cm.
Scale bars in the 2D-CLSM and 3D-CLSM images are 20 and 40 pm, respectively.

3.3.4 Response of Extracellular Polymeric Substances (EPS) to Photocatalysis

EPS, which are mainly comprised of polysaccharides, proteins, lipids, and eDNA,
perform multiple important functions, e.g., promoting biofilm adhesion to surfaces,
bacterial cohesion, and biofilm survival and development.®® EPS have been frequently
reported to act as a protective barrier which prevents bacteria within biofilms from attack
by antibiotics, oxidants, or other antimicrobials.®® Moreover, EPS are important for
maintaining the 3D structure of the biofilms. Destructing EPS matrices makes bacteria
within biofilms more vulnerable to antimicrobials and promotes biofilm removal. In our

study, we characterized EPS of biofilms developed from S. epidermidis, P. aeruginosa
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PAOQO1, and E. coli O157: H7 before and after photocatalysis and identified the important

role of EPS in biofilm eradication.

S. epidermidis P. aeruginosa PAOI E. coli O157:H7

S. epidermidis
Dark

Figure 3.9 Response of EPS in different biofilms to photocatalysis. SEM images of
biofilms formed from S. epidermidis, P. aeruginosa PAOL, and E. coli O157: H7 on the
photocatalyst-chitosan composite surfaces (a-c) before and (d-f) after one day of white
LED light irradiation (7 W); CLSM images of S. epidermidis biofilms stained by the
fluorescent-labeled WGA (g, h) before and (i, j) after one day of white LED light
irradiation (7 W). The distance between the light source and the solution that submerged
the photocatalyst-chitosan composites was maintained at 15 cm. Scale bars in SEM, 2D-
CLSM, and 3D-CLSM images are 5, 20, and 30 um, respectively.

Before photocatalysis, bacteria within mature biofilms formed by all three bacterial
strains were embedded in abundant EPS (Figure 3.9a-c). Freeze drying was used to treat
biofilm samples prior to SEM characterizations, instead of the fixation method used in the
previous study (including multiple steps of fixation, rinsing, and ethanol dehydration),
because freeze drying best preserves the 3D structure of mature biofilms (Figure 3.10). It

is speculated that the shear forces generated by mild mixing during fixation, rinsing, and

ethanol dehydration were responsible for the biofilm removal due to weak adhesion
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between biofilms and the composites with hydrogel nature. However, freeze drying
inevitably shrunk or deformed bacterial cells based on SEM characterizations. After
photocatalysis, while most EPS in S. epidermidis and P. aeruginosa PAO1 biofilms were
removed and occasionally isolated bacteria were left on composite surfaces (Figure 3.9d
and e), the amount of EPS only slightly decreased in E. coli O157: H7 biofilms (Figure
3.9f). Filamentous EPS left on the composite surfaces could be caused by the collapse of
EPS matrices in dehydration.®? The results indicate that EPS in S. epidermidis and P.
aeruginosa PAOL biofilms were oxidized, decomposed, or removed by ROS generated
during photocatalysis whereas EPS within E. coli O157: H7 biofilms were relatively more
resistant to ROS. The EPS decomposition and removal of S. epidermidis biofilms during
photocatalysis were also demonstrated by the fluorescent detection of polysaccharide
intercellular adhesin (PIA) that is a major component in the EPS matrix of the S.
epidermidis biofilms. For mature S. epidermidis biofilms formed on the composite surfaces
in the dark, CLSM characterizations showed large aggregates of PIA within biofilms
(Figure 3.9g and h). For biofilms after photocatalysis, only small clusters of PIA were
found on the composite surfaces (Figure 3.9i and j). It is intriguing that diverse biofilms
developed from different bacterial strains have distinct responses to photocatalysis for their
removal. Before photocatalysis, biofilms developed from both S. epidermidis and E. coli
0157: H7 completely covered the composite surfaces. The biofilms developed from E. coli
0157: H7 had an even lower average thickness (33.8 = 12.7 pum) compared with S.
epidermidis (97.4 £ 68.3 um). Hence it is not likely the abundance of biofilms on composite
surfaces determines their resistance to removal. Different responses of EPS during

photocatalysis could explain the discrepancy in biofilm eradication efficiency for diverse
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bacterial strains, and it highlights the importance of EPS destruction for biofilm removal.
Future research will examine the structural and chemical properties of EPS of different

biofilms to understand the mechanism of their resistance to photocatalytic oxidation.

Figure 3.10 Mature S. epidermidis biofilms on photocatalyst-chitosan composites. SEM
samples are prepared by the fixation method (including multiple steps of fixation, rinsing,
and ethanol dehydration) indicated in the previous study.*! Scale bars are 5 pum.

3.3.5 Identification and Quantification of Reactive Oxygen Species (ROS) in
Photocatalysis for Biofilm Control

ROS generated during photocatalysis are believed to play important roles in biofilm
inhibition and eradication, either by chemical reactions with biomolecules in biofilms (e.g.,
bacteria inactivation, EPS decomposition) or possibly biological interference with biofilms
(e.g., quorum quenching).'® Herein, four kinds of possible ROS, i.e., OHs, Oz, H202, and
10, generated by carbon-doped g-CsNa/chitosan composites in photocatalysis were
identified and quantified by specific radical probes. The steady-state concentrations of Oy
« and 'Oz in photocatalysis were 5.49 x 102 and 2.86 x 103 M, respectively; and the
accumulated concentration of H,O; after 3 h of photocatalysis was 4.99 uM. The steady-
state concentration of OHs was too low to be detected (<10*® M). The concentrations of

ROS generated by the photocatalyst-chitosan composites were comparable to those
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generated by g-C3N4 coupons in our previous study, i.e., 102 (steady-state concentration of
3.32 x 10 ® M), Oz« (steady-state concentration of 4.44 x 10** M), and H.02 (cumulative
concentration of 1.69 uM after 2 h of photocatalysis).!* The results indicate that the
embedment of photocatalyst in chitosan did not impede ROS generation during
photocatalysis. Many photocatalyst particles are likely to be on the composite surface and
accessible to the photons in photocatalysis. Among three detectable ROS, H>02 would
exhibit a significant antibacterial effect only with a level of mM or even M. Therefore, in
this study only Oz and Oz may play important roles in biofilm inhibition and eradication.
To further pinpoint the key ROS, ROS quenching experiments were carried out. 10 mM
FFA or 1 mM 4-hydroxy-TEMPO was used to quench O, or Oy+, respectively, due to high
reaction activity and selectivity between the ROS and the selected probes. The
concentration of FFA or 4-hydroxy-TEMPO was optimized to minimize chemical toxicity
to S. epidermidis bacterial cells (Figure 3.11a, ¢, and e show many live bacteria in the
dark, with or without the presence of scavengers). After photocatalysis, S. epidermidis
bacterial cells adhered to the composite surfaces were completely inactivated without any
scavenger or with 1 mM 4-hydroxy-TEMPO, however most of the S. epidermidis bacterial
cells remained alive in the presence of 10 mM FFA (Figure 3.11b, d, and f). Some CLSM
images showed inevitable, hazy green background fluorescence (especially Figure 3.11b,
d, and f), since the photocatalyst-chitosan composites could be photoexcited by the laser
in the characterization. Fortunately, the green background fluorescence is discernable from
live staining of bacteria, which shows a unique round shape. The results provided strong
evidence that O, dominates bacterial inactivation. It is still unclear how O, with a short

lifetime (ca. 2 ps in water) and a limited diffusion length can inactivate thick biofilms, and
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further investigation is needed.!™® One plausible explanation is that the lifespan of O,
significantly increased in the biofilms, due to a reduced collision frequency between 'O,
and water.'** In addition, the potential synergy of H,O, with other ROS or oxidative
stresses may turn bacteria susceptible to H202 as low as several pM, which may make H20:
another key ROS determining antimicrobial performance of the photocatalyst-chitosan
composites.'?® Future research should further investigate the underlying antimicrobial

mechanisms of photocatalysis for biofilm control.
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Figure 3.11 ROS quenching experiments. (a) S. epidermidis bacteria in PBS, (c) S.
epidermidis bacteria with 10 mM FFA, and (e) S. epidermidis bacteria with 1 mM 4-
hydroxy-TEMPO on the photocatalyst-chitosan composite surfaces cultured in the dark
for 1 h; (b) S. epidermidis bacteria in PBS, (d) S. epidermidis bacteria with 10 mM FFA,
and (f) S. epidermidis bacteria with 1 mM 4-hydroxy-TEMPO on the photocatalyst-
chitosan composite surfaces under the continuous irradiation of white LED light (7 W)
for 1 h. The distance between the light source and the photocatalyst-chitosan composite
surface was maintained at 15 cm. Scale bars are 20 pm.

3.3.6 Biofilm Inhibition of Photocatalyst-Chitosan Composites in Urinary Tract
Infections (UTI) Patient Urine

CAUTI-associated biofilms account for more than 30% of nosocomial infections,
which results in billions of dollars in the medical cost in the U.S. each year.'?® Compared
with many other antimicrobial coatings or materials that can be potentially used for urinary
catheters, including but not limited to Ag nanoparticles, enzymes, antibiotics, and
polymeric modifications, the composites are robust and will provide long-lasting

inactivation of biofilms when a suitable light source is introduced, because photocatalysis
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generates inexhaustible ROS continuously for inactivating biofilms.*?” In addition, the
composites that can inactivate biofilms developed from urine can also broadly applied in
fabricating self-cleaning surfaces of the sanitary wares (e.g., urinals and toilets). Here, we
utilized UTI patient urine as both the growth medium and source of uropathogen to
investigate the biofilm inhibition efficacy of the composites under visible light irradiation.
UTI patient urine is comprised of complicated bacterial consortia growing in a specific but
highly variable host-produced media, and it thus more closely mimics biofilm propagation
on urinary catheters. The preliminary data (not included in this report) have shown that
white LED light irradiation (flux of 3.11 x 10? pumol m? s for photons with a shorter
wavelength than 460 nm) was not able to inhibit biofilm development on the composite
surfaces in the patient urine. As a consequence, blue LED light with an enhanced flux (flux
of 1.07 x 10% pmol m2 s* for photons with a shorter wavelength than 460 nm) was used
for the experiments. The results suggested that mature and flourishing biofilms with an
average thickness of 16.5 + 24.9 um and coverage of 35% occupied the composite surface
after being incubated for 6 days in the UTI patient urine in the dark (Figure 3.12a and c),
whereas little to no biofilms were developed under blue LED light irradiation (Figure
3.12b and d). The results demonstrated that the photocatalyst-chitosan composites
exhibited excellent biofilm inhibition efficacy in UTI patient urine. In addition, the
composites hold promise for medical applications requiring long-lasting antimicrobial
performance by avoiding the issues such as exhaustiveness of antimicrobials and formation
of conditioning films. Furthermore, the photoreactive antimicrobial urinary catheters could
be achieved by the combination of photocatalysis and side glowing optical fibers, which

can introduce light into the catheters uniformly.?
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Figure 3.12 Biofilm inhibition efficacy in the UTI patient urine. 2D-CLSM images of the
composites in the UTI patient urine (a) in the dark and (b) under blue LED light
irradiation (7 W) for 6 days; OCT images of the composites in the UTI patient urine (c)
in the dark and (d) under blue LED light irradiation (7 W) for 6 days. The distance
between the light source and the solution that submerged the photocatalyst-chitosan
composites was maintained at 6 cm. Scale bars in 2D-CLSM and OCT images are 20 and
250 pum, respectively.

3.4 Conclusion

Environmental pathogens in the form of biofilms cause serious health concerns and
economic losses, such as drinking water contamination, nosocomial infections, and
foodborne disease outbreaks. Due to their unique structural, physiochemical, and
biological properties, biofilms hosting various environmental pathogens are much more
persistent to conventional methods for pathogen control (e.g., antibiotics, oxidants, UV
irradiation, heating, detergents, mechanical scrubbing and washing) than planktonic

pathogens. Photocatalysis holds promise for inactivating and eradicating biofilms that

contain environmental pathogens, because inexhaustible ROS are generated continuously
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in photocatalysis from activating oxygen gas, and they could inactivate bacteria and
decompose EPS within biofilms rapidly and unselectively.

In this study, composites were developed from photocatalytic carbon-doped g-CsNa
and chitosan for pathogenic biofilm control. The material is not only functional under
ambient environment (by utilizing visible light including indoor light) but also shows
enhanced processability for practical engineering applications. The photocatalytic
composites can serve as active coatings for controlling biofilms in water and air
purification, food packaging and processing, biomedical devices and equipment, sanitary
wares, environmental surfaces, and many others. The photocatalytic composites were
systematically characterized by SEM, ATR-FTIR, TG analysis, and BET surface area
analysis to understand their physical, morphological, chemical, and thermal properties. All
material characterizations demonstrate that the photocatalyst of carbon-doped g-C3N4 was
well-distributed throughout the chitosan matrix. Next, broad-spectrum biofilm inhibition
and eradication performance of the composites against a series of microorganisms under
visible light irradiation were thoroughly investigated. The photocatalyst-chitosan
composites completely inhibited biofilms developed from S. epidermidis, P. aeruginosa
PAOQO1, and E. coli O157: H7 when exposed to continuous white LED light irradiation. In
addition, photocatalysis was able to eradicate mature biofilms of S. epidermidis and P.
aeruginosa PAOL1 from the photocatalyst-chitosan composite surfaces. For mature biofilms
developed from E. coli O157: H7, however, photocatalysis did not significantly remove
the biomass even though a large portion of bacteria within biofilms were inactivated.
Difficulty in removing E. coli O157: H7 biofilms was attributed to the resistance of EPS

in biofilms to photocatalytic oxidation. The EPS of S. epidermidis and P. aeruginosa PAO1
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biofilms were decomposed and removed during photocatalysis, whereas the EPS of E. coli
0157: H7 biofilms were still found on the photocatalyst-chitosan composite surfaces after
photocatalysis. However, increased light intensity and corresponding photoreactivity of the
photocatalyst-chitosan composites successfully eradicated tough E. coli O157: H7 biofilms.
Furthermore, ROS generated in photocatalysis were identified and quantified by radical
probes, and 1O, was believed to play the key role in biofilm inhibition and eradication. Last
but not least, the photocatalyst-chitosan composites also demonstrated excellent biofilm
inhibition performance in UTI patient urine, which makes the material a promising
candidate for inactivating biofilms developed from multiple bacterial species and

developing antimicrobial urinary catheters or sanitary wares.
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Chapter 4: Development of Electrospun Nanofibrous Filters for Controlling
Coronavirus Aerosols 3

4.1 Introduction
Airborne transmission of SARS-CoV-2 has been recognized.'?®'° Virus-laden
aerosols (<5 pum) can be suspended in the air for a long duration, accumulate in a closed

environment, remain infectious,®

and thus be involved in the short- and long-range
transmission of airborne diseases. One accepted strategy to control SARS-CoV-2 airborne
transmission is to wear face masks and respirators. However, cloth masks do not always
have satisfactory aerosol removal efficiency, droplet repulsion, and/or breathability.?
SARS-CoV-2 in the indoor environment can also potentially spread through heating,
ventilation, and air conditioning (HVAC) systems.**! However, most HVAC air filters used
in residential, commercial, and industrial buildings do not capture airborne viruses.?*
Nanotechnology holds promise for developing effective, scalable, and affordable air filters
for both mask/respirator and HVAC system applications.

Electrospinning is an emerging technology to synthesize nonwoven nanofibrous
membranes that are ideal for air filtration.*32-1%¢ Electrospun air filters have a reduced pore
size (submicrometers to several micrometers) in comparison to conventional filters and
thus enable the effective capture of small airborne particles.**” The large porosity of
electrospun air filters also reduces the air pressure drop or increases breathability.**® More

importantly, electrospinning is operated under a strong electric field (i.e., 1-5 kV cm ™),

and it produces filters with long-lasting retained charges that can significantly promote

% Reprinted with permission and modification from Shen H., Zhou Z., Wang H., Zhang M., Han M., Durkin
D. P., Shuai D., Shen Y. Development of Electrospun Nanofibrous Filters for Controlling Coronavirus
Aerosols. Environ. Sci. Technol. Lett. 2021, 8, 7, 545-550. Copyright 2021 American Chemical Society.
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aerosol capture through electrostatic attraction.’*® Electrospun nanofibrous membranes
have shown excellent performance for removing aerosols generated from polystyrene
beads, NaCl, and bacteria, 38140143

To date, many studies have evaluated the filtration efficiency of air filters and face
masks by using surrogate aerosols instead of coronavirus aerosols.3140142-144 However, it
remains elusive whether the reported filtration performance can be used for coronavirus
control because of property differences (e.g., size, density, surface charge, morphology,
and chemical composition) between the surrogates and the coronaviruses. Moreover,
electrospun air filters for the capture of viral aerosols have not yet been reported. Murine
hepatitis virus A59 (MHV-AL9), a B-coronavirus with a diameter of 85 nm and in the
same family as SARS-CoV-2, was selected for aerosol filtration.*> For the first time, we
used coronavirus aerosols to challenge air filters and face masks and to evaluate their
efficiency, and we developed electrospun nanofibrous air filters with a reduced pore size
that can capture viral aerosols effectively.
4.2 Experiment

4.2.1 Fabrication of Electrospun Air Filters

We used a customized system to electrospin 15 wt % polyvinylidene fluoride (PVDF,
Arkema KYNAR 761) in N,N-dimethylformamide/acetone (7/3, v/v) onto a layer of
polypropylene fabrics (PP, VWR 414004-680).14 The feeding rate of the working solution,
electric field, and electrospinning duration were set at 0.6 ml h™, 1 kv cm™, and 20 or 30
min, respectively. The fabricated electrospun air filters were designated as PVDF2 and
PVDFso, respectively. To promote virus removal efficiency by electrostatic attraction, a

positively or negatively charged polyelectrolyte, i.e., poly(ethylenimine) (PEI) or
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poly(vinylphosphonic acid) (PVPA),*" was coated onto PVDFz via soaking and drying,
and the fabricated filters were denoted as PVDF20/PEI and PVDF20/PVPA, respectively.

4.2.2 Characterization of Electrospun Air Filters and Face Masks

A three-layer nonwoven surgical mask, a three-layer woven cotton mask, and a one-
layer woven polyester neck gaiter were selected as representative commercial face masks.
The fiber diameter of the electrospun air filters and the face masks were determined by
scanning electron microscopy (SEM, FEI Teneo LV). The PEI or PVPA coating was
characterized by attenuated total reflectance-Fourier transform infrared spectroscopy
(ATR-FTIR, iS10 Nicolet Thermo). The mean flow pore size, largest pore size, and
smallest pore size were examined by a gas liquid porometry method (POROLUX
100/200/500, shape factor of 0.715, APTCO Technologies LLC, Belgium). The pressure
drop was determined with a face velocity of 5.3 cm s,

4.2.3 Determination of Filtration Efficiency for Coronavirus and NaCl Aerosols

NaCl solution (0.1 M) and MHV-A59 in phosphate-buffered saline (PBS, 102 gene
copies ml™t) were used for aerosolization and filtration tests. MHV-A59 was cultured in
HeLa-mCCl1la cells,**® purified by centrifugal ultrafiltration (Nanosep, 300 kDa, Pall
Laboratory), and diluted in PBS. Only for the aerosol size characterization were aerosols
generated from PBS containing 100 nm polystyrene and 100 nm silica nanoparticles
(00876-15, Polysciences; SISN100-25M, nanoComposix) to simulate MHV-A59 aerosols,
owing to a similar particle/virion size and concentration as well as representative
hydrophobicity of the nanoparticles.

The filtration efficiency was evaluated by a customized aerosolization setup (CH

Technologies, Inc.; Figure 4.1). Specifically, the aerosols were generated by a high-output
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Blaustein atomizer (BLAM) with four jets, and a high-rate air flow (1.5 | min™t) sheared
the liquid flow (15 ml h™?) of the NaCl or MHV-A59 solution into aerosols. A single-pass
atomization was applied to minimize virus damage during aerosolization. A portion of the
aerosols with a controlled flow rate of 0.5 standard liter (tidal volume) per minute next
passed through a fitted, 11.0 cm? air filter/face mask mounted on a stainless-steel holder
and an impinger sequentially, and each filtration test (i.e., filter-on) was conducted for 30
min. The size distribution of aerosols that traveled to the filter holder before filtration was
recorded by a Palas Promo 2000 instrument (detection limit of 200 nm to 10 pm) and
reported as the number frequency. NaCl or MHV-A59 aerosols that penetrated through the
filter/mask were retained by the impinger filled with ultrapure water or PBS (4 ml),
respectively. Control experiments (i.e., filter-off) were conducted to quantify the NaCl or
MHV-A59 aerosols collected in the impinger without an installed air filter/face mask. Each
filter-on and filter-off experiment was conducted at least in duplicate, and the filtration
efficiency, including mean, maximum, and minimum values, was calculated from the
difference of the amount of the testing agent (NaCl or MHVA59) in the impinger between
filter-off and filter-on experiments over the amount of the testing agent in the impinger in

the filter-off experiment. Specifically,

2:l _2:1
:TX1OO% (Eq.1)
~max 1, 2., )-mi 1, 2,.., )
B mi o1, 2,... )

x 100 %(E q2)
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Where al, a2, ..., and an are the amount of NaCl or murine hepatitis virus A59 (MHV-
Ab59) captured in the impinger in filter-on experiments, and bl, b2, ..., and bm are the
amount of NaCl or coronavirus captured in the impinger in filter-off experiments.
PBS instead of water was used to suspend MHV-A59 because it simulated coronavirus
aerosol generation under physiological conditions,'>** and solution matrices did not

affect the aerosol filtration efficiency.

Rest Aerosols
Taken Away by Vacuum

Figure 4.1 Scheme of the air filtration setup. Logo credit goes to Ryan Archer in the CH
Technologies (USA), Inc.

NaCl and MHV-A59 were quantified by ion chromatography (Dionex ICS-1100) and
a reverse transcription-quantitative polymerase chain reaction (RT-qPCR), respectively.
Viral RNA was extracted by the Zymo Quick-RNA Viral Kit (R1035), and RT-qPCR was

conducted using the TagMan Fast Virus 1-Step Master Mix kit (Thermo Fisher Scientific
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Inc., 4444432). The primers, probe, and standard were designed on the basis of the
literature. !

Specifically, viral RNA was extracted by a Zymo Quick-RNA Viral Kit (R1035) from
PBS in the impinger after harvesting MHV-A59 aerosols in filtration tests. Due to a low
concentration of MHV-AS9 in the impinger, virus in PBS was first concentrated to ~100
pl by centrifugal ultrafiltration (Nanosep, 300 kDa, Pall Laboratory), and next proceeded
for RNA extraction. The ultrafiltration membrane with a molecular weight cut-off of 300
kDa was expected to retain viruses with a particle size ~100 nm (e.g., coronavirus)
effectively based on a previous study.'®> To minimize the loss of MHV-A59 in RNA
extraction, both the ultrafiltration membrane and the concentrate were used for RNA
extraction. RT-qPCR was conducted using the TagMan™ Fast Virus 1-Step Master Mix
kit (Thermo Fisher Scientific Inc., 4444432). Each 20 pl of reaction mix contained 5 pl of
RNA template, 5 pl of Fast Virus Master Mix, 2 pl of forward primer (10 uM), 2 pl of
reverse primer (10 uM), 1.25 ul of probe (10 uM), and 4.75 ul of RNA-free water. The
primer was designed in the sequence of ORF5 gene of MHV-A59, which is corresponding
to structural protein M. The hydrolysis probe was applied for detection, which consisted of
the fluorescein (FAM), i.e., a fluorescent reporter, at the 5' end and the Black Hole
Quencher 1 dye (BHQL1), i.e., a quencher, at the 3' end. The absolute genome copy numbers
were standardized using a series of 10-fold dilutions (103-10%° copies ml™?) of synthetic
cDNA oligo (IDT). The RT-gPCR program was run on the QuantStudio (Applied
Biosystems) instrument: reverse transcription (52 °C for 10 min), reverse transcription
inactivation and denaturation initiation (95 °C for 20 s), and 45 cycles of amplification (95 °C

for 15 s and 60 °C for 60 s). PCR amplification efficiency ranged from 86.7%-100.6%.
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MHV-A59 stock from the cell culture and RNA-free water were used as the positive and
negative control, respectively. The sequences of primers for MHV-A59 were
GGAACTTCTCGTTGGGCATTAT ACT and
ACCACAAGATTATCATTTTCACAACATA,; the sequence of the probe for MHV-A59
was 56-FAM/ACATGCTACGGCTCGTGTAACCGAACTGT/3BHQ_1, and the
sequence of the DNA standard for MHV-A59 was
CTTAAGGAATGGAACTTCTCGTTGGGCATTATACTACTCTTTATTACTATCAT
ACTAC
AGTTCGGTTACACGAGCCGTAGCATGTTTATTTATGTTGTGAAAATGATAATC
TTGT

GGTTAATGTGGCC. To examine the potential inhibitors in RT-qPCR, extracted viral
RNA was diluted for 2, 5, 10, and 20 times and RNA concentrations were quantified. The
quantified RNA concentrations proportionally increased with the dilution factor, which
highlights no inhibitors were present for RT-gPCR. Since the collected aerosol samples in
PBS were treated by centrifugal ultrafiltration prior to RNA extraction and RT-qPCR, the
recovery rate of viral RNA after dilution in PBS, centrifugal ultrafiltration, and RNA
extraction was also evaluated. An MHV-A59 stock solution with a known concentration
was diluted in 3 ml of PBS (600-times dilution) and concentrated by centrifugal
ultrafiltration (Nanosep, 300 kDa, Pall Laboratory). The concentrate (~100 ul) together
with the ultrafiltration membrane was proceeded for RNA extraction and RT-gPCR
quantification, and the result was compared with that of the MHV-A59 stock solution for

estimating the recovery rate. The final recovery rate was 30.4+1.6% for duplicate tests.
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4.2.4 Statistical Analysis

Student’s t test was applied for the statistical comparison of the nanofiber diameter,
pore size, and filtration efficiency of different air filters and face masks, which returned a
p value. All p values <0.05 were considered statistically significant.
4.3 Results and Discussion

4.3.1 Electrospun Air Filters Had Small Fiber Diameters and Pore Sizes

Electrospun PVDF air filters had much smaller fiber diameters and pore sizes in
comparison to the commercial face masks (Figure 4.2). The fiber diameters of PVDFy,
PVDF3o, PVDF20/PEI, and PVDF20/ PVPA were in the range 0.2—1.3 um. In comparison
to PVDF20, PVDF30 showed a similar fiber diameter and pore size (both p > 0.05), but its
increased thickness induced a slightly higher pressure drop (0.23 + 0.00 versus 0.20 £ 0.00
inches of water column (inch wc)). FTIR characterization indicated the successful coating
of PEI or PVPA onto the electrospun PVDF air filters (Figure 4.3). The fiber diameter of
PVDF20/PEI and PVDF2/PVPA did not change in comparison with PVDF2 (both p >
0.05). However, PElI and PVPA were observed to block pores in air filters. For
PVDF20/PVPA, its pores were partially blocked (Figure 4.4b), leading to a smaller pore
size in comparison to PVDF2 (p = 0.006). For PVDF2/PEI, some pores, especially the
small ones, were completely blocked (Figure 4.4c), but the mean pore size was comparable
with that of PVDF2o (p = 0.27). Both PVDF20/PEI and PVDF20/PVPA showed increased
pressure drops of 1.19 £+ 0.59 and 0.38 + 0.04 inch wc, respectively, in comparison to

PVDF2o.
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Figure 4.2 (a) Geometric parameters of tested filter materials and SEM of (b) PVDF30,
(c) surgical mask middle layer, (d) cotton mask middle layer, and (e) neck gaiter. The
pore size here is the mean pore size measured by gas—liquid porometry. The error
represents the standard deviation of the mean pore size measurements from triplicate
samples for each filter. The largest and smallest pore sizes of the tested filter materials
are included in Table 4.1.
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Figure 4.3 ATR-FTIR of (a) PVDF20/PEI and (b) PVDF2/PVPA. PVDF showed
stretches at 1401, 1180, 1067, and 872 cm™*; PEI showed stretches at 3272, 2933, 2809,
1593, 1455, 1293, 1046, and 760 cm™; and PVPA showed stretches at 3500-3000, 2900-

2500, 1406, 1116, 927, and 599 cm™. Polyelectrolyte-coated electrospun filters clearly
share the dominant features of both PVDF and the polyelectrolyte, indicating successful
coating of PEI or PVPA.
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Table 4.1 Largest, Mean, and Smallest Pore Size Measured by Gas Liquid Porometry.
For each air filter or face mask, at least triplicates were performed. The standard
deviation of the triplicates was reported

Air filters or face Largest poresize  Mean pore size Smallest pore size
masks (Lm) (Hm) (Hm)
PVDFo 6.0+1.6 2.7+0.2 26+0.2
PVDF3o 46+04 24+0.1 23+0.1

PVDF20/PEI 52+28 21+0.7 20+0.6
PVDF2/PVPA 8.9+9.0 1.7+0.2 1.7+£0.1
Surgical mask 342+49 175+0.0 17.1+£0.0

Cotton mask 161.1 +55.9 45.7+4.1 25719

Neck gaiter 245.7+27.3 102.1+4.4 749+154

Among the three commercial face masks, the middle layer of the surgical mask, which
is the effective filtration medium, showed the smallest fiber diameter of 5.7 + 2.8 um, while
the neck gaiter showed the largest fiber diameter of 12.0 + 1.0 um. A larger fiber diameter
corresponded to a larger pore size: all of the electrospun filters had a mean pore size <2.7
um, all of the commercial masks had a mean pore size >17.5 um, and the largest mean pore
size of 102.1 + 4.4 um was observed for the neck gaiter. The positive correlation between
the filter fiber diameter and the pore size agreed with previous studies.*>® The filters with
a larger fiber diameter and pore size showed a lower filtration efficiency for airborne
particles.’> Therefore, we expect that electrospun air filters would outperform the

commercial face masks for removing airborne coronavirus particles. Due to a large pore
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size, the surgical mask, cotton mask, and neck gaiter had low pressure drops of 0.06 + 0.01,
0.06 £ 0.01, and 0.01 + 0.00 inch wc, respectively, and a negligible increase in the pressure

drop was observed after filtration.

Figure 4.4 SEM of (a) PVDFzo, (b) PVDF20/PVPA, and (c) PVDF2o/PEI.

All the electrospun filters had an average filtration efficiency of >95.7%, while the
commercial face masks showed an average filtration efficiency of 44.9% for the neck gaiter,
73.3% for the cotton mask, and 98.2% for the surgical mask, respectively (Figure 4.5).
The aerosol removal efficiency indeed increased with the decrease in the mask pore
size.1531% An increase in the electrospinning duration and thickness of the air filters

enhanced coronavirus aerosol removal (99.9% and 99.1% for PVDF3 and PVDFy,
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respectively), though there was a marginal decrease in the pore size of PVDFgzo in
comparison to PVDF2o. A polyelectrolyte coating did not promote electrospun air filters
for removing coronavirus aerosols, and the average filtration efficiencies for PVDF20/PEI
and PVDF20/PVPA were 99.1% and 95.7%, respectively. We speculate that coronavirus
aerosol capture was dominated by interception, impaction, and diffusion, instead of the
long-range force of electrostatic attraction, since the sizes of the aerosols and electrospun
filter pores are close. The fact that the PVPA coating reduced the aerosol removal
efficiency may indicate that coronavirus aerosols are negatively charged under the
experimental conditions, and electrostatic repulsion might play a role in filtration. The PP
fabrics for supporting the electrospun membrane removed a very limited amount of
aerosols (0-30%), suggesting that the electrospun layer determined the performance of
virus capture. In comparison to the commercial face masks, the electrospun filters showed
better reproducibility in measured filtration efficiency, likely due to a more uniform pore

size distribution (Table 4.1) and enhanced filtration performance.
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Figure 4.5 Aerosol filtration efficiency of electrospun air filters and commercial face
masks. Aerosols generated from a coronavirus (MHV-A59) and NaCl were used for tests.
Red and blue diamonds represent the average filtration efficiency of MHV-A59 aerosols
by the electrospun air filters and the commercial face masks, respectively. Gray
pentagons represent the average filtration efficiency of NaCl aerosols. Red, blue, and
gray bars represent maximum and minimum values of the filtration efficiency in
replicates.

To the best of our knowledge, our study is the first to evaluate the filtration efficiency
of air filters/face masks by using coronavirus aerosols rather than surrogates.
Bacteriophages have been used as the surrogates,’**> and a study revealed that the
surgical mask removed 98.3-100% of MS2 aerosols.'** However, MS2 is a nonenveloped
virus with an average size of 27 nm, which is very different from SARS-CoV-2 with an
envelope structure and a virion size of 50-200 nm.**® In addition, that study only tested the
filtration of aerosols of several micrometers (2.6 and 6.0 um).'** Aerosols with a size of
100-500 nm are the most penetrating for mechanical filters,*>"15¢ put filtration of viral

aerosols with those sizes has not yet been studied. Inorganics have also been used as the

surrogates, and filtration efficiencies of 88% and 63% were reported for removing 125
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nm silica aerosols and 178 nm NaCl aerosols for the surgical mask, respectively.?3°
However, these inorganic aerosols are even more different from the coronavirus aerosols
in comparison to the bacteriophage aerosols. The MHV-A59 aerosols used in our study can
best represent SARS-CoV-2 aerosols in filtration efficiency evaluation. Moreover, the size
distribution of simulated MHV-A59 aerosols, generated from polystyrene and silica
nanoparticles in PBS, highlighted that the most dominant aerosol size was 490-520 nm
and 62-72% of the aerosols were <486 nm (Figure 4.6). The result indicated that the

electrospun air filters could remove the most penetrating aerosols effectively.
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Figure 4.6 Size distribution of aerosols generated from (a) PBS, (b) 100 nm silica
particles in PBS, (c) 100 nm polystyrene particles in PBS, and (d) 0.1 M NaCl. The
number frequency of aerosols at different sizes quantified by Palas Promo 2000 was

plotted in the figures. Polystyrene and silica nanoparticles in PBS were used as surrogates

for generating MHV-A59 aerosols, because of a similar particle/virion size and

concentration (100 nm, ~108 particles mlt) compared to those of MHV-A59 (~85 nm,

~108 gene copies mI™?) and representative hydrophobicity of the nanoparticles. The most

dominant aerosol size was 450-490, 490-520, 490-520, and 420-450 nm for (a)-(d),
respectively, which were within the range of the most penetrating aerosol size of 100-
500 nm in air filtration. Palas Promo 2000 detected aerosols with a size of 200 nm-10
pm, and it was not able to quantify ultrafine aerosols below 100 nm that could be
generated in our system.
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4.3.2 Filtration Efficiency of NaCl Aerosols Is Equivalent to or Lower than That
of Coronavirus Aerosols

The filtration efficiency of removing coronavirus and NaCl aerosols was compared for
electrospun air filters and commercial face masks (Figure 4.5). For PVDF29, PVDF3o,
PVDF20/PVPA, cotton mask, and neck gaiter, using MHV-A59 or NaCl aerosols did not
lead to a significant difference in the filtration efficiency (all p > 0.05). The filtration
efficiency of NaCl aerosols for PVDF2/PEI and the surgical mask was significantly lower
than that of MHV-A59 aerosols (p = 0.0008 and 0.04). The most dominant NaCl aerosol
size was 420-450 nm, which was close to that of simulated MHV-A59 aerosols (490-520
nm). Some larger aerosol particles of 600 nm to 2 pum were observed in the NaCl aerosols
but not for the simulated MHV-A59 aerosols (Figure 4.6). Larger aerosols beyond the
most penetrating sizes are expected to be more easily removed in air filtration; surprisingly,
our study observed that the filtration efficiency for NaCl aerosols was always statistically
lower than or equal to that of coronavirus aerosols, which requires further investigation.
Therefore, for the same tested air filter or face mask, NaCl aerosols were filtered
equivalently or less effectively in comparison to coronavirus aerosols in our system, when
the same aerosol generation system and the same operational conditions were applied.
Since tests with pathogenic viral aerosols require high biosafety levels, NaCl aerosols are
more easily handled for filtration tests and they are always used as a surrogate.'0-162
However, special attention should be paid to interpreting our results, because both NaCl
and coronavirus aerosols may contain aerosol particles smaller than 100 nm, which could
not be quantified by the Palas Promo 2000 instrument. In addition, both NaCl and

coronavirus aerosols produced in our setup had a broad size range from hundreds of
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nanometers to a couple of micrometers, but the aerosol filtration efficiency should be
compared for both aerosols with a narrow size range to evaluate the surrogate validity.
Moreover, how the charge and size of coronavirus aerosols, the charge of filters, and other
experimental conditions (e.g., flow rate of aerosols) affect the filtration efficiency of NaCl
and coronavirus aerosols is unknown. Therefore, future work should explore these items
to understand whether NaCl aerosols can act as a valid surrogate for coronavirus aerosols
in filtration tests.
4.4 Conclusion

Our study is the first to demonstrate that electrospun air filters hold promise for
providing efficient protection against airborne coronavirus particles. Cloth masks have
been the most commonly used during the COVID-19 pandemic,®3 but our study along with
previous research revealed their low filtration efficiency.*4>® Therefore, wearing a
surgical mask or other masks with an equal or a higher filtration efficiency should be
encouraged. However, at the beginning of the pandemic, the mask/respirator shortage
called for an urgent need to advance PPE. Meanwhile, it is highly desirable to develop
innovative and efficient air filters for HVAC systems that can prevent the long-range
transmission of coronavirus aerosols. Electrospinning is an economically feasible and
industrially viable technology to fabricate highly efficient air filters,®416% and our study
underscores its great potential for controlling the spread of coronavirus aerosols. With
technology advancement and market growth, electrospun air filters will be highly
competitive in comparison to meltblown masks/respirators and conventional HVAC air
filters. More attractively, small-scale electrospinning apparatuses can provide a rapid

response to the pandemic and produce highly tailorable filters with the desired performance
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for individuals and small communities.’®®1%” By integration with additive

168

manufacturing,™® it is easy to design and fabricate customized masks, respirators, and

HVAC air filters on the basis of the onsite needs.
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Chapter 5: Photosensitized Electrospun Nanofibrous Filters for Capturing and
Killing Airborne Coronaviruses under Visible Light Irradiation

5.1 Introduction

In the previous chapter, the pristine electrospun nanofibrous membranes exhibited
promising aerosol filtration performance against both NaCl aerosols and coronavirus
aerosols (generated from MHV-A59). However, like most face masks, respirators, and air
filters currently used on the market, electrospun membranes only physically capture viral
aerosols but they do not inactivate the viruses, which could lead to secondary
contamination and potential infection (e.g., via the contact of the contaminated masks/air
filters or viruses dislodged from the masks/filters).’®® To promote the safe reuse of face
masks and respirators, disinfection by hydrogen peroxide vapor, ozone, ultraviolet light
irradiation, and heat has been adopted.*®* Nevertheless, these disinfection strategies are
energy and chemical intensive, most of them are not operated under ambient conditions,
and they could compromise the filtration efficiency in reuse.

Antimicrobial face masks, respirators, and air filters have attracted great attention in
recent years, because they not only physically remove but also chemically inactivate
airborne pathogens to minimize the health risks of the pathogens. A wide range of
antimicrobial additives, including but not limited to metal nanoparticles, graphene oxide,
carbon nanotubes, modified antimicrobial polymers, photocatalysts, and photosensitizers
have been incorporated into the face masks, respirators, and air filters.1’%1"* The goal of
our study is to (i) develop highly efficient and robust photosensitized electrospun
nanofibrous membranes that can both physically capture and chemically disinfect

coronavirus aerosols, and (ii) elucidate the mechanism of photooxidation and inactivation
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of coronaviruses at a molecular level. We selected dye photosensitizers as antimicrobial
additives for electrospinning, because they produce highly reactive singlet oxygen (*O)
for effective and rapid virus disinfection, they can be excited under the irradiation of visible
light that is readily available in indoor environments, they are low cost, and some of them
have been approved by the U.S. Food and Drug Administration for biomedical applications
and thus pose little to no health risks to humans (e.g., rose bengal (RB)).

We first optimized the composition for preparing the photosensitized electrospun
nanofibrous membranes to yield the best NaCl aerosol filtration efficiency, the lowest
pressure drop in filtration, and the highest reactivity for producing O under visible light
irradiation. Next, we tested the filtration efficiency and inactivation Kinetics of aerosols
containing the murine hepatitis virus A59 (MHV-A59) to understand performance of the
optimum membranes for controlling the airborne transmission of COVID-19. We then
conducted a thorough mechanistic investigation on how the membranes inactivated
coronaviruses, damaged viral genome, and impaired viral lifecycle in host cells. Last but
not least, to understand the lifetime of the membranes for practical engineering applications,
we aged the membranes under continuous light exposure up to 7 days and evaluated their
long-term performance of coronavirus aerosol filtration and coronavirus disinfection.

Our work has several unique contributions and innovations. We are one of the first to
use coronavirus aerosols to challenge air filters and evaluate filtration performance, also as
suggested by our previous study.** Compared with other surrogates like NaCl, silica
nanoparticles, and polystyrene nanobeads that are frequently used in the viral aerosol
studies, MHV-A59 best simulates the behavior of SARS-CoV-2 since both viruses share

the same family (B-coronavirus) and similar size (85 nm of MHV-A59 versus 50-200 nm
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of SARS-CoV-2).1%° Therefore, our study is more environmentally relevant and the results
can better understand the filtration performance for removing SARS-CoV-2 aerosols.
Moreover, we elucidated the molecular-level mechanism of how photooxidation damaged
coronaviruses, impaired the biological functions of the viruses, and eventually inactivated
the viruses also for the first time. These fundamental insights advance nanomaterial design
for coronavirus disinfection. In addition, our photosensitized electrospun nanofibrous
membranes showed outstanding filtration performance for capturing coronavirus aerosols
(99.2% removal), they rapidly disinfected coronaviruses under ambient conditions (98.9%
inactivation only after 15 min of simulated reading light exposure), and they maintained
excellent performance when used in indoor environments for a long duration.
Photosensitized disinfection also does not reduce the aerosol filtration efficiency of the
membranes. The photoreactive electrospun membranes can find broad air filtration
applications, such as face masks, respirators, and indoor air filters, and they are developed
for the first time for preventing the airborne transmission of SARS-CoV-2 and beyond.
5.2 Experiment

5.2.1 Fabrication of Photosensitized Electrospun Membranes

A series of two-layer photosensitized membranes were fabricated by electrospinning.
Briefly, a homogeneous electrospinning dope solution containing x wt% of polyvinylidene
difluoride (PVDF) (x = 8-20) and a dye photosensitizer in N,N-dimethylformamide/acetone
(7/3, vIv) was electrospun onto one layer of polypropylene (PP) fabrics (VWR® Basic
Protection Face Mask). During the electrospinning of 10-20 wt% of PVDF, the solution
feeding rate, electric field, and electrospinning duration was maintained at 0.6 ml h, 1 kV

cm, and 20 min, respectively. For electrospinning 8 wt% of PVDF, the solution feeding
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rate, electric field, and electrospinning duration was kept at 0.4 ml h%, 1 kV cm™, and 30
min, respectively, to reduce bead formation. The dyes including 0.3 wt% of RB, 0.015 wt%
of methylene blue hydrate (MB), 0.3 wt% of crystal violet (CV), 0.015 wt% of (-)-
riboflavin (RF), and 0.003 wt% of toluidine blue O (TBO) were used. Mass percentage of
PVDF and the dyes was calculated with respect to the total mass of the electrospinning
dope solution, and the maximum dye concentration was selected based on dye solubility in
the solution. The two-layer photosensitized electrospun membranes were denoted as
PVDFx-dye name (e.g., PVDF15-RB). Membranes that were electrospun from 15 wt% of
PVDF without dyes onto a layer of PP fabrics (VWR® Basic Protection Face Mask) were
also fabricated for comparison (i.e., PVDF15).

Three-layer photosensitized electrospun membranes (here referred to as sandwiched
membranes), which consisted of an additional PP fabric top layer (Amazon, skin friendly
non-woven fabrics) on the top of the two-layer photosensitized electrospun membranes,
were particularly assembled for aerosol filtration and pressure drop tests. The sandwiched
structure protected the electrospun layer from destruction during and after filtration (e.g.,
removal from the filter holder). Based on our previous study, the PP fabrics had negligible
impact on aerosol removal and pressure drop, because of their very large pore size
compared with the aerosol size (~120 pum versus < 2 um) and high porosity.*!

5.2.2 Characterization of Photosensitized Electrospun Membranes

The nanofiber diameter of electrospun membranes was characterized by scanning
electron microscopy (SEM, FEI Teneo LV). For each membrane, at least 50 fibers were
selected for analyzing the diameter. The pore size of two-layer photosensitized electrospun

membranes was characterized by a gas liquid porometry method (POROLUXTM
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100/200/500, shape factor of 0.715, APTCO Technologies LLC, Belgium). The pressure
drop of sandwiched photosensitized electrospun membranes was determined with a face
velocity of 5.3 cm s®. Dye leaching from two-layer photosensitized electrospun
membranes was estimated by optical absorbance measurements (UV-vis
spectrophotometer, Hach DR6000). Specifically, a whole sheet of PVDF15-RB after
electrospinning was harvested and immersed in 150 ml of ultrapure water in a beaker. The
system was next placed on an orbital shaker (120 rpm) for 6 h without light exposure. 1 ml
of the aqueous solution was finally sampled at different time intervals for optical
absorbance measurement by a UV-vis spectrophotometer (Hach DR6000) at 546 nm for
RB.Y2 10, production of the two-layer photosensitized electrospun membranes was
quantified in a liquid setup containing furfuryl alcohol (FFA, 1 mM) under the exposure of
both simulated reading light (100% 7W white LED with a lamp-to-membrane distance of
15 cm) and simulated indoor light (3% 7W white LED with a lamp-to-membrane distance
of 33 cm), and the steady-state 1O, concentration ([*O2]ss) was calculated by dividing the
measured first-order decay rate constant of FFA by the second-order reaction rate constant
between 0, and FFA (1.2 x 108 Mt s1). Simulated reading light had a higher photon flux
and optical power density than those of simulated indoor light, and they were recorded in
Figure 5.1 and Table 5.1 (AvaSpec-2048 Fiber Optic Spectrometer). FFA was monitored

by high performance liquid chromatography (Shimadzu LC-20AT Prominence).
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Table 5.1 Light source characterization

Optical power

Photon flux
Light source density
(umol of photons m2 s?)
(uWatt cm™)
Simulated reading light 590 1.32x10*
Simulated indoor light ° 4.94 106
Indoor light ¢ 4.78 102

@ The spectrometer detector was kept 15 cm away from the white LED lamp (7 W) for
measuring the light intensity, and this lighting scenario represented strong reading lighting;
b The spectrometer detector was kept 33 cm away from the white LED lamp (7 W) after an
optical filter (3 % light transmission, EDMUND OPTICS® 1.5 OD Absorptive ND filter),
and this lighting scenario represented weak indoor lighting;

¢ Fluorescent light in the laboratory.
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Figure 5.1 The spectral irradiance of (a) simulated reading light (100% 7W white LED
with a lamp-to-spectrometer detector distance of 15 cm); (b) simulated indoor light (3%
7W white LED with a lamp-to-spectrometer detector distance of 33 cm); and (c) indoor
light (fluorescent light in the laboratory).
5.2.3 Determination of Filtration Efficiency for Removing NaCl and Coronavirus
Aerosols
NaCl solution (0.1 M) and murine hepatitis virus A59 (MHV-A59) in water (~108 gene
copies ml2, diluted from the virus stock by ~50 times with nuclease-free water) were used
for aerosolization and filtration tests. MHV-A59 was selected because it is a f-coronavirus
that shares the same family and the size with SARS-CoV-2 (85 nm of MHV-AS9 versus
50-200 nm of SARS-CoV-2).1% Only for the aerosol size characterization, aerosols were
generated from ultrapure water containing polystyrene and silica nanoparticles (00876-15,
Polysciences; SISN100-25M, nanoComposix; both were 100 nm) to simulate MHV-A59
aerosols, because both nanoparticles and the MHV-A59 had a similar size and
concentration during aerosolization and the two different nanoparticles had representative
hydrophobicity/hydrophilicity. In the filtration tests (i.e., filter-on), a portion of NaCl or
MHV-A59 aerosols were captured by the sandwiched membranes, whereas the penetrating
aerosols were retained by an impinger. In the control experiments (i.e., filter-off), no filter
was in place and all generated aerosols were retained by the impinger. The filtration
efficiency was determined based on the difference of the amount of NaCl or MHV-A59 in
the impinger between filter-off and filter-on experiments over the amount of NaCl or
MHV-A59 in the impinger in the filter-off experiment. At least duplicates were conducted
for each filtration test and control experiment. Details of the setup and experimental

conditions are described in our previous study.** NaCl was quantified by ion
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chromatography (Dionex ICS-1100), and the amount and infectivity of MHV-A59 were
quantified by the reverse transcription-quantitative polymerase chain reaction (RT-gPCR)
and the integrated cell culture-reverse transcription-quantitative polymerase chain reaction
(ICC-RT-gPCR), respectively.

5.2.4 RT-gPCR Quantification of Coronaviruses

MHV-A59 collected in the impinger was concentrated by centrifugal ultrafiltration
(Nanosep, 300 kDa, Pall Laboratory), and next proceeded for RNA extraction by a Zymo
Quick-RNA Viral Kit (R1035). MHV-A59 was quantified by RT-gPCR by amplifying a
fraction of its ORF5 gene for the structural protein M.1"31"# The TagManTM Fast Virus 1-
Step Master Mix Kit (Thermo Fisher Scientific Inc., 4444432) was used for RT-qPCR.
Details of RNA extraction efficiency, the sequence and concentration of primers, probe,
and cDNA standard, reverse transcription and PCR programs, PCR amplification
efficiency, positive and negative controls, and inhibition tests are summarized in the
Chapter 4. All the RT-qPCR data were reported following MIQE guidelines.**17°

5.2.5 Evaluation of Coronavirus Infectivity after Photosensitization

Compared with conventional infectivity assays based on plaque forming units or
median tissue culture infectious dose (TCIDso), ICC-RT-qPCR is a rapid, sensitive, and
reliable method for quantifying the infectivity of coronaviruses, based on RT-gPCR of viral
gene copy numbers after virus replication in the host cells. The experimental conditions of
ICC-RT-gPCR were optimized, and the method is valid for quantifying the infectivity of
MHV-A59 because a linear correlation was observed between virus infectivity quantified
by ICC-RT-gPCR and the viral load before infection determined by RT-gPCR (Figure 5.2).

Special attention should also be paid for interpreting the virus infectivity quantified by
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ICC-RT-gPCR, because ICC-RT-gPCR compared with a conventional cell culture assay

could overestimate the dosage of reactive oxygen species (ROS) to achieve the same level

of virus inactivation.’®
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Figure 5.2 Linear correlation of MHV-A59 infectivity with the viral load before
infection. The viral load was determined by RT-gPCR, and the infectivity was
determined by ICC-RT-qPCR after 26 h of incubation with L-929 cells. Serial dilutions
of the MHV-A59 virus stock were used to prepare different viral loads for cell infection.
Special attention should be paid that the MHV-A59 gene input quantified by RT-gPCR
did not indicate the concentration of infectious viruses. Error bars represent standard
deviations, the black line stands for linear regression, and the light gray region highlights
the 95% confidence band of the linear regression.

The infectivity of MHV-AS9 captured on the photosensitized electrospun membrane

was evaluated by ICC-RT-qPCR after the exposure to simulated reading light. Briefly, the
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viruses on the membrane were eluted in nuclease-free water, concentrated by centrifugal
ultrafiltration (Nanosep, 300 kDa, Pall Laboratory), and proceeded for cell infection and
RT-gPCR quantification. Unfortunately, the infectivity of MHV-A59 that was eluted from
the membrane after aerosol filtration was not able to be quantified by ICC-RT-gPCR,
because aerosolization lost most of the viruses (i.e., only ~1 out of a million viruses was
able to be aerosolized in our system) and a low multiplicity of infection did not allow virus
propagation in the host cells.!”” To facilitate quantifying the photoreactivity of
photosensitized electrospun membranes for inactivating MHV-A59, we designed a liquid
setup that virus-laden droplets were loaded on the membrane surface under the exposure
of both simulated reading light and simulated indoor light. Two-layer photosensitized
electrospun membranes (i.e., PVDF15-RB) were first cut into several pieces and laid down
at the bottom of a 24-well plate, and 200 pl of MHV-A59 solution (diluted from the virus
stock by 100 times with nuclease-free water, 108 gene copies ml™) was loaded on the
membrane surface to form a thin layer of droplet (~ 1 mm) in each well. Next, the setup
was exposed to simulated reading light and simulated indoor light, the virus solution was
gently mixed on an orbital shaker (120 rpm), and 50 pl of the solution was sampled at each
time intervals for the infectivity assay by ICC-RT-gPCR. After sampling, the membrane
and the remaining virus solution were sacrificed. First-order infectivity decay rate
constants, Kinfectivity, Were obtained from the negative slope of the linear regression of the
natural logarithm of MHV-AS9 infectivity versus the light exposure duration. The liquid
setup was amended with a high viral load, and it provided reliable and quantifiable
infectivity of the virus after light exposure. The liquid setup could best simulate the

scenario of coronavirus inactivation when virus-laden respiratory droplets are captured on
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the masks. Control experiments that evaluated MHV-A59 inactivation by PVDF15 under
the irradiation of simulated reading light and by PVDF15-RB in the dark were also
conducted. Triplicates were conducted for MHV-A59 inactivation by PVDF15-RB under
light exposure, and duplicates were conducted for the control experiments.

5.2.6 Evaluation of Coronavirus Gene Damage after Photosensitization

After photosensitization, the ORF5 gene damage of both filter-captured MHV-A59
aerosols and MHV-A59 in droplets was evaluated by RT-gPCR. The same experimental
setup for investigating MHV-AS59 infectivity was used, as described in Section 5.2.5, and
MHV-A59 aerosols captured on the sandwiched PVDF15-RB and MHV-A59 droplets on
PVDF15-RB were subjected to the irradiation of simulated reading light. The samples were
next collected at different time intervals for RT-gPCR quantification. Photooxidation
damaged the viral genes and prevented its RT-gPCR quantification, and only the intact
genes were able to be determined. Control experiments that evaluated the ORF5 gene
damage of captured MHV-A59 aerosols on PVDF15 under the irradiation of simulated
reading light and on PVDF15-RB in the dark were also conducted. First-order ORF5 gene
damage rate constants, kgene, Were obtained from the negative slope of the linear regression
of the natural logarithm of the ORF5 gene copy number quantified by RT-qPCR versus the
light exposure duration. Triplicates were conducted for the ORF5 gene damage of MHV-
A59 by PVDF15-RB under light exposure, including both viral aerosols and droplets; and
duplicates were conducted for the control experiments.

5.2.7 Evaluation of Coronavirus’ Lifecycle after Photosensitization

The impact of photosensitization on coronavirus’ lifecycle in host cells, including virus

binding and internalization, was investigated. The same liquid setup as described in
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Section 5.2.5 was used, and MHV-A59 droplets on PVDF15-RB were subjected to the
irradiation of simulated reading light. Incubation MHV-A59 with L-929 cells at 4 °C only
allowed virus binding, whereas subsequent increase of the incubation temperature to 37 °C
permitted virus internalization.!’®® First-order rate constants of apparent damage to
coronavirus’ lifecycle were obtained from negative slope of the linear regression of the
natural logarithm of RT-qPCR quantified viruses bound to and internalized into the cells
versus the light exposure duration, and they are denoted as Kapp_binding @nd Kapp_interalization,
respectively. The rate constants of true damage to virus binding and internalization were
calculated  as  Kbinding=Kapp_binding-Kgene ~ @nd  Kintemalization=Kapp_internalization-Kapp_binding,
respectively.1’® The correction for Kapp binding Was to distinguish the decrease of ORF5 gene
PCR signal due to ORF5 gene damage by photooxidation and the loss of virus binding
function by the same treatment; and the correction for Kapp_intemalization Was to exclude the
contribution of the decrease of ORF5 gene PCR signal due to damaged virus binding by
photosensitization. Triplicates were conducted for the damage of coronavirus’ lifecycle
after photosensitization.

5.2.8 Aging and Robustness of Photosensitized Electrospun Membranes

Fresh two-layer photosensitized electrospun membranes were aged under different
light exposure to explore their robustness and lifetime for capturing and Killing
coronaviruses. Briefly, PVDF15-RB was exposed to indoor light (fluorescent light in the
laboratory) and simulated indoor light up to 7 days and outdoor sunlight up to 4 days, and
the aged membranes were denoted as PVDF-RB-I, PVDF-RB-S, and PVDF-RB-O,
respectively. The light spectrum and intensity for aging are included in the Figure 5.1 and

Table 5.1. Particularly, indoor light and simulated indoor light had almost identical photon
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flux and optical power density. After aging, the membranes were characterized by SEM
for morphology and nanofiber diameter, and their production of *O, under the irradiation
of both simulated reading light and simulated indoor light was also measured. Aged
membranes were also used for testing the filtration efficiency for removing MHV-A59
aerosols and the inactivation of MHV-A59 droplets.

5.2.9 Data Analysis

Student’s t test was utilized to determine whether the calculated first-order reaction rate
constants of infectivity decay, ORF5 gene damage, and the damage of virus binding and
internalization were different from 0. Student’s t test was also used for the statistical
comparison of the difference between two first-order reaction rate constants, [*O]ss, and
aerosol filtration efficiencies. All p values < 0.05 were considered statistically significant.
5.3 Results and Discussion

5.3.1 Optimizing Photosensitized Electrospun Membranes

All photosensitized electrospun membranes showed the color of the photosensitizers,
in contrast to the white bare PVDF membranes, indicating the successful incorporation of
photosensitizers into the PVDF matrix (Figure 5.3a). The loading of photosensitizers was
maximized based on their solubility in the electrospinning dope solution to ensure the best
photoreactivity for inactivating coronaviruses. The hydrophilic photosensitizers were
embedded in the hydrophobic PVDF, which minimized photosensitizer leaching.
Specifically, only 2.20 wt% of RB was released when PVDF15-RB was immersed in water
for 6 h, suggesting that the moisture from human breath or ambient air would not induce
significant photosensitizer leaching when the membranes are used as masks and indoor air

filters. To select the photosensitizer with the best photoreactivity, [*O2]ss produced from
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the electrospun membranes loaded with different photosensitizers was characterized.
Under the exposure of simulated reading light with a higher light intensity, PVDF15-RB
produced a [*O2]ss of (6.94 + 2.19) x 101 M, which was 2.31, 3.81, 8.68, and 4.08 times
higher than that of PVDF15-MB, PVDF15-CV, PVDF15-RF, and PVDF15-TBO (p <0.05,
Figure 5.4). Under the irradiation of simulated indoor light with a lower light intensity,
PVDF15-RB and PVDF15-MB outperformed other photosensitized electrospun
membranes for producing *O2 (p < 0.05, Figure 5.4). Therefore, RB was identified as the
most photoreactive dye additive for membrane fabrication. The fact that PVDF15-RB has
the highest photoreactivity could be attributed to the increased photon absorption under
white LED light irradiation (maximum absorption wavelength of RB is 546 nm) and a high

quantum yield of the intersystem crossing of RB for producing 10,.181182
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Figure 5.3 (a) Photosensitized nanofibrous membranes electrospun with various
photosensitizers; (b) SEM for the RB-sensitized electrospun membranes with different
PVDF concentrations. Scale bars in SEM images are 5 um; (c) NaCl and MHV-A59
aerosol filtration efficiency and pressure drop in filtration for RB-sensitized electrospun
membranes with different PVDF concentrations (PVDFx-RB). Blue squares and error
bars in the filtration efficiency graph represent average and maximum/minimum values
of duplicates, and red squares and error bars in the pressure drop graph represent the
average and standard deviation of triplicates.

The PVDF concentration for developing photosensitized electrospun membranes was
next optimized to improve filtration performance. As the key factors determining the
aerosol filtration efficiency, the nanofiber diameter and pore size of the membranes were
characterized at different polymer concentrations. The nanofiber diameter of PVDF8-RB,
PVDF10-RB, PVDF12-RB, PVDF15-RB, PVDF18-RB, and PVDF20-RB was 60 + 16,
116 + 24, 164 + 48, 196 + 44, 521 + 191, and 423 + 114 nm, respectively (Figure 5.3b).
Generally, the nanofiber diameter increased with the increase of the PVDF concentration
from 8 to 15 wt% and the membranes possessed uniform nanofibers. When PVDF
concentration reached to 18 and 20 wt% for electrospinning, the fibers were not uniform
anymore and some very large fibers were present. This could be attributed to a significantly
increased viscosity of the electrospinning dope solution and instable and non-continuous
electrospinning jets.'® In addition, the nanofiber diameter and pore size of PVDF15-RB
(196 £ 44 nm, 1.46 + 0.15 pum) was smaller than those of the bare electrospun membrane

of PVDF15 (315 + 73 nm, 2.70 + 0.20 um), likely due to the presence of anionic RB and

increased conductivity of the dope solution for electrospinning.4%18418
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Figure 5.4 Steady-state O, concentrations produced by photosensitized electrospun
membranes under the irradiation of (a) simulated reading light and (b) simulated indoor
light. Error bars represent the standard deviation of triplicate measurements.
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The filtration efficiency of NaCl aerosols was further examined for those PVDFx-RB
membranes. Our previous study has demonstrated the filtration efficiency of NaCl aerosols
was a conservative indicator for understanding the removal of coronavirus aerosols.** The
average filtration efficiency for NaCl aerosols was 98.2%, 99.2%, 98.8%, 99.1%, and 99.9%
for PVDF8-RB, PVDF10-RB, PVDF12-RB, PVDF15-RB, and PVDF18-RB, respectively
(Figure 5.3c). PVDF20-RB was not tested for filtering aerosols because the membrane
was apparently non-uniform after electrospinning. Pressure drop in filtration was also
determined to understand the breathability or energy consumption in filtration. With the
increase of the PVDF concentration from 8 to 12 wt% in the RB-sensitized electrospun
membranes, the pressure drop increased from 0.47 £+ 0.01 to 0.80 £ 0.05 inches of water
column (inches wc). However, further increase of the PVDF concentration from 12 to 18
wt% reduced the pressure drop to 0.16 + 0.00 inches wc (Figure 5.3c). The low pressure
drop at a low PVDF concentration could be attributed to the slip effect of air molecules on
the ultrafine nanofibers, whereas the low pressure drop at a high P\VVDF concentration could
be resulted from a high membrane porosity.’®® PVDF15-RB had the best filtration
performance including a high aerosol filtration efficiency and a low pressure drop, the best
photoreactivity in terms of 'O, production, and uniform nanofibers across the whole
membrane that allows manufacturing at scale. Therefore, PVDF15-RB was selected for the
following study of coronavirus filtration and inactivation.

5.3.2 Photosensitized Electrospun Membranes for Capturing and Inactivating
Coronavirus Aerosols

The optimized electrospun membrane of PVDF15-RB was further challenged by

MHV-A59 aerosols, and it removed 99.2% of the viral aerosols on average (Figure 5.3c).
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The filtration efficiency for MHV-AS9 aerosols was on par with that for removing NaCl
aerosols (99.1%, p > 0.05), and it was much higher compared with filtration efficiency of
MHV-A59 aerosols by commercial masks, including a surgical mask (98.2%), a cotton
mask (73.3%), and a neck gaiter (44.9 %).*! The excellent aerosol filtration efficiency was
resulted from the ultrafine nanofibers and the small pore size of the electrospun membrane.
Our previous study also reported that PVDF15 captured 99.1% of the MHV-AS9 aerosols,
which was comparable with that of PVDF15-RB (p > 0.05). Size distribution of simulated
MHV-A59 aerosols, generated from polystyrene and silica nanoparticles in water,
underscored that the most dominant aerosols were in the size of 420-450 nm. Aerosol size
characterization also highlighted that 79.9-89.5% of the simulated MHV-A59 aerosols
were between 200 and 500 nm and they were considered as the most penetrating aerosols
in mechanical filtration.'®"*% The optimized photosensitized electrospun membrane holds
promise for effectively removing the most challenging coronavirus aerosols, which could

minimize and prevent the airborne transmission of pathogens.
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Figure 5.5 (a) First-order reaction kinetics of MHV-A59 infectivity decay in droplets and
first-order reaction kinetics of MHV-A59 ORF5 gene damage in both droplets and
membrane-captured aerosols. N/No represents ORF5 gene copy numbers quantified by
ICC-RT-gPCR (for infectivity) or RT-gPCR (for gene damage) at light exposure duration
t to that at light exposure duration zero. Linear regression of common logarithm of N/Ng
versus light exposure duration and its standard errors are illustrated. Error bars represent
the standard deviation of triplicates. All tests were conducted under simulated reading
light exposure. (b) First-order damage rate constants for the MHV-A59 ORF5 gene, and
virus binding, internalization, and infectivity under simulated reading light exposure. (**)
denotes the rate constant was assigned a value of zero because there was no statistical
difference between the apparent damage rate constants of internalization and binding (p >
0.05). Error bars represent the standard error of the negative slope of linear regression.

Beyond physical capture of the coronavirus aerosols, photosensitized electrospun
membranes also inactivated the captured coronaviruses under visible light irradiation
through the rapid and potent oxidation by 'O,. The captured MHV-A59 aerosols on
PVDF15-RB were exposed to the irradiation of simulated reading light for 1 h, and the
ORF5 gene copy number of MHV-A59 was reduced by 93.7%, giving Kgene 0f 0.0461 +
0.0044 min*? (Figure 5.5a and b). In contrast, in the control experiments, no apparent
ORF5 gene damage was observed when the photosensitizer or the visible light was not
present (Figure 5.6). These results indicated that the photosensitized electrospun
membranes damaged the coronavirus genome and could potentially inactivate the viruses
upon visible light exposure. However, only a small fraction of MHV-A59 genome was
quantified (~100 bases) in the RT-gPCR, and it could not represent or reveal the damage
in other regions in the whole genome (~31.5 kb). Different regions across the viral genome
can contain diverse nucleotide sequences and form unique secondary structures, which may
have distinct susceptibility to ROS oxidation.*®” A genome-wide approach that quantifies

a large fraction of the genome damage by PCR could be used to reasonably predict the

whole genome damage upon oxidation in the future.*®® More importantly, the quantity of
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the ORF5 gene determined by RT-gPCR did not represent the viability of MHV-A59.
During photosensitization, RB produces O, as the key ROS for inactivating viruses,
through the oxidation of genomes, proteins, lipids, and any other functional biomolecules
of the viruses.**18 Because ROS are broad-spectrum oxidants that damage multiple viral
biomolecules at the same time and any critical damage could compromise viral viability,
virus infectivity was observed to decrease more quickly compared with intact genes.*’®
Therefore, the RT-gPCR quantification of intact genes can serve as a conservative

approach to understand virus infectivity, but the infectivity assay is needed to elucidate the

inactivation efficiency by the photosensitized electrospun membranes.
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Figure 5.6 ORF5 gene damage kinetics of MHV-A59 aerosols captured on PVDF15-RB
without light exposure (PVDF15-RB without light) as the dark control; and ORF5 gene
damage kinetics of MHV-A59 aerosols captured on PVDF15 under the irradiation of
simulated reading light (P\VDF15 with light) as the light control. N/No represents ORF5
gene copy numbers quantified by RT-qPCR at light exposure duration t to that at light
exposure duration zero. Error bars represent standard deviations.

Though the ORF5 gene copy number of MHV-A59 aerosols was successfully
quantified by RT-gPCR with a high sensitivity, virus infectivity was below the detection
limit of ICC-RT-gPCR because only few coronaviruses were harvested from the
membranes. The majority of coronaviruses were lost during aerosolization, since the
partitioning coefficient of the coronavirus (the virus concentration in aerosols to that in the
liquid solution for aerosolization) was only 5.80 + 4.26 x 10". To overcome the challenges

in quantifying the viability of coronavirus aerosols, we loaded MHV-A59 droplets (~ 1

mm thick) on PVDF15-RB and determined virus infectivity during photosensitized
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disinfection. The setup best mimicked virus-laden respiratory droplets captured by the
masks, and it allowed the accurate quantification of virus infectivity because of a higher
concentration of MHV-A59 in the droplets than that in the aerosols. Under simulated
reading light exposure, we observed significant coronavirus inactivation, with Kinfectivity Of
0.301 + 0.052 min* (Figure 5.5). That is said, 98.9% of coronaviruses were inactivated
after only 15 min irradiation of the simulated reading light. In contrast, we did not see any
noticeable coronavirus inactivation under simulated indoor light exposure up to 30 min.
Control experiments of PVDF15 under simulated reading light exposure and PVDF15-RB
in the dark did not inactivate the coronaviruses either (Figure 5.7). These results indicated
that photosensitization with the presence of both the dye and photons is needed for
coronavirus inactivation. In addition, PVDF15-RB produced more O, under the irradiation
of simulated reading light than simulated indoor light ([*1O2]ss = (6.94 + 2.19) x 10" versus
(4.95 + 0.80) x 1014 M) (Figure 5.4), and thus much more rapid coronavirus inactivation
was observed under light exposure with a stronger intensity. We also found that the ORF5
gene damage rate of MHV-A59 in the droplets was lower than that of aerosolized MHV-
A59 captured on the membranes after exposure to simulated reading light (Kgene = 0.0195
+ 0.0030 versus 0.0461 + 0.0044 min, p < 0.05, Figure 5.5). The slower ORF5 gene
damage could be attributed to the shorter lifetime and diffusion length of O, in water
compared with that in the air (2 ps in distilled water versus 2.80 s in the air), due to energy
dissipation resulted from the collision between 'O, and water molecules.!*3%0 The
dissolved oxygen concentration in water was also lower than the oxygen concentration in
the air (< 10 mg I in the water versus 275 mg I"! in the air at 25 °C), which might limit

10, production in the aqueous phase.! Since 'O, was the key ROS in photosensitization
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and it did not bias damaging the viral genome and inactivating the viruses, the liquid setup
is considered as a conservative system to evaluate the inactivation of MHV-A59 aerosols
captured on the photosensitized electrospun membrane. Therefore, it is reasonable to
speculate that the inactivation of infectious or viable MHV-AS9 in the aerosols captured
on the membrane will be much faster than that in the droplets, though the infectivity of

viral aerosols was not quantifiable in our study.
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Figure 5.7 The infectivity of MHV-AL9 droplets on (a) PVDF15 after exposure to
simulated reading light and on (b) P\VDF15-RB without light exposure. MHV-A59
infectivity was determined by ICC-RT-gPCR. Error bars represent standard deviations.
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5.3.3 Impact of Photooxidation on the Lifecycle of Coronaviruses

We next investigated the effect of photosensitization on the lifecycle of coronaviruses
in host cells, particularly virus binding and internalization, to understand the impact of
ROS on coronavirus inactivation at a molecular level. For a viable MHV-A59, the viral
spike (S) protein first binds to the receptor of the host cells, murine carcinoembryonic
antigen-related cell adhesion molecule la (MCEACAM1la), and initiates the viral
lifecycle.'®2 Next, MHV-A59 transports RNA genomes into the host cells by direct fusion
of the viral envelope membrane with the cell plasma membrane, or by endocytosis with
subsequent fusion of the viral envelop membrane and the endosomal membrane.'% After
internalization, viral genomes start replication as soon as sufficient machinery proteins are
produced. Once progeny viruses are constructed and assembled, they are released from the
old host cells and start their new lifecycle by infecting more host cells. It is clear that virus
binding and internalization are key steps that determine the fate and infectivity of
coronaviruses, and any damage to these biological processes could compromise the
infectivity of the viruses.

We evaluated MHV-A59 binding and internalization in the liquid setup. Coronavirus
binding to the L-929 cells was impaired after photooxidation, and Kapp_binding Was estimated
as 0.0330 + 0.0023 mint. By excluding the contribution of ORF5 gene damage by
oxidation (Kgene = 0.0195 * 0.0030 min), the true decay rate constant of coronavirus
binding (Kbinding) Was 0.0136 £ 0.0038 min.1 (p < 0.05, Figure 5.5b). Coronavirus
internalization into the L-929 cells is the subsequent step after virus binding, therefore the
difference between Kapp_internalization and Kapp_binding 1S considered as the true damage to

coronavirus internalization (Kinternalization). However, photooxidation did not compromise
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coronavirus internalization, because Kapp_interalization @nd Kapp binding Were statistically the
same (0.0403 + 0.0035 versus 0.0330 + 0.0023 min, p > 0.05, Figure 5.5b). The S protein
of MHV-AL9 plays important roles in both virus binding and internalization: the receptor-
binding domain in subunit 1 governs virus attachment to the host cells and the fusion
peptide in subunit 2 is responsible for virus internalization.’®>'% 10O, produced in
photosensitization non-selectively oxidizes and damages viral biomolecules, including the
S protein. However, we speculate that the receptor-binding domain might be much more
susceptible to 1O, oxidation compared with the fusion peptide, because the latter contains
a large amount of Ala and Gly that react with O slowly.1%>1% |t could explain why virus
binding but not internalization was significantly impaired after photosensitization, and
further research is required.

5.3.4 Aging of Photosensitized Electrospun Membranes and Their Long-Term
Performance

Photosensitizers are generally sensitive to long-term light exposure, because the
generated 1O, also oxidizes the photosensitizers, leads to photobleaching, and reduces the
photoreactivity for the continuous production of 1O, and virus inactivation. After 4 days of
sunlight exposure (including both daytime and nighttime), the color of PVDF15-RB-O was
significantly faded in comparison to fresh PVDF15-RB. Nevertheless, after 7 days of
continuous irradiation of simulated indoor light and real indoor light, no apparent fading
was observed for PVDF15-RB-S and PVDF15-RB-I (Figure 5.8a). 1O, production was
also characterized for all these aged membranes, and [*0,]ss was (2.26 +0.11) x 1073, (5.64
+1.18) x 1073, and (7.75 + 1.70) x 10" M for PVDF15-RB-O, PVDF15-RB-S, PVDF15-

RB-I, respectively, under the scenario of simulated reading light exposure (Figure 5.4).
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Significant less 'O, production was observed for PVDF15-RB-O when compared to
PVDF15-RB (p < 0.05), but a similar amount of 'O, was generated from PVDF15-RB,
PVDF15-RB-S, and PVDF15-RB-I (all p > 0.05). Membrane morphology was also
characterized, but aging under light exposure for extended duration did not change the
nanofiber diameter: the diameters were 203 = 51, 200 + 43, and 183 + 45 nm for PVDF15-
RB-1, PVDF15-RB-S, and PVDF15-RB-O, respectively, in comparison with the fresh
PVDF15-RB with a fiber diameter of 196 + 44 nm (Figure 5.8a).

Aged membranes were subjected for MHV-AL9 aerosol filtration tests, and they all
showed high filtration performance: the average filtration efficiency of PVDF15-RB-I,
PVDF15-RB-S, and PVDF15-RB-O was 99.97, 99.96, and 99.95%, respectively. Aging
under extended light exposure did not physically damage the membranes, and thus the aged
membranes maintained excellent performance for removing MHV-A59 aerosols. However,
aging did compromise membrane performance for coronavirus inactivation, particularly
the significantly faded membrane after sunlight aging: PVDF15-RB-0O inactivated MHV-
A59 in droplets with Kinfectiviy only of 0.0273 + 0.0079 min, which was 11.0 times lower
than that of PVDF15-RB (0.301 + 0.052 min™, both tested under simulated reading light
irradiation, p < 0.05, Figure 5.8b). In contrast, PVDF15-RB-S that did not fade after the
aging by simulated indoor light kept its photoreactivity, and it inactivated MHV-A59 in
droplets with Kinfectiviy Of 0.268 + 0.0386 min™, which was comparable with that of
PVDF15-RB (also tested under simulated reading light irradiation, p > 0.05). Fast
coronavirus inactivation kinetics could be attributed to a higher [*O2]ss produced by the
membranes (Figure 5.8b). Since humans spend most of their time indoor and the risk of

COVID-19 airborne transmission is much higher for indoor than outdoor activities, our
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results underscored that when used for face masks the photosensitized electrospun
membranes could maintain their excellent performance of coronavirus aerosol filtration

and coronavirus inactivation for a long duration under indoor light exposure.
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Figure 5.8 (a) Photos and SEM images of PVDF15-RB membranes after aging. Scale
bars in the SEM images are 5 pum; (b) first-order decay rate constants of MHV-A59
infectivity in droplets and the corresponding 1O production on fresh and aged PVDF15-
RB membranes. All tests of virus inactivation and 1O, production were conducted under
the irradiation of simulated reading light. Error bars for the infectivity decay rate constant
represent the standard error of the negative slope of the linear regression of common
logarithm of infectivity versus light exposure duration, and error bars for the steady-state
10, concentration represent the standard deviation of triplicate measurements.

5.4 Conclusion

Our study leverages nanotechnology to advance the design and fabrication of masks,
respirators, and air filters, and it addresses the grand challenge of the airborne transmission
of COVID-19. Photosensitized electrospun membranes showed excellent performance for
capturing and killing coronavirus aerosols, i.e., they removed 99.2% of MHV-A59 aerosols,
and inactivated 98.9% of MHV-A59 droplets only after 15 min of desk lamp irradiation.
Electrospinning is an industrial viable and economically feasible technology for
manufacturing new air filtration media at scale that could outperform current products on
the market, 6415 such as cloth face masks and indoor air filters, for filtering out airborne
pathogens. Miniaturized and portable electrospinning apparatuses further facilitate the
wide deployment of the technique for individuals and small communities.*®” Moreover,
integration of dye photosensitizers as effective, low-cost, and biocompatible antimicrobial
additives enables easy decontamination of air filtration media in and after use. Compared
with many other disinfection strategies for reusing the masks and respirators in the COVID-
19 pandemic, such as the treatment by heat, ultraviolet light irradiation, ozone, or hydrogen
peroxide vapor,*48 photosensitized electrospun air filters generate broad-spectrum

biocides of 102 in situ under visible light exposure at the room temperature and pressure,

and Oz could potentially damage multiple viral biomolecules and multiple steps in viral
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lifecycle to effectively inactivate coronaviruses. Photosensitized disinfection is less
chemical and energy intensive, and it does not compromise the aerosol filtration efficiency
after disinfection. In addition, color intensity and fading of the dye photosensitizers could
serve as an indicator of the antimicrobial lifetime of the air filtration media.'*

Future studies should focus on developing robust photoreactive air filters with extended
lifetime to overcome the challenges of photobleaching of the dye-sensitized membranes,
e.g., replacing the dyes with stable visible-light-responsive photocatalysts. In addition,

further elucidating the mechanism of ROS damage to the coronaviruses will provide

fundamental insights on designing advanced antimicrobial air filters.
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Chapter 6: Conclusion and Outlook

In this dissertation, the functional nanomaterials, i.e., visible-light-responsive g-CsN4
and electrospun nanofibrous membranes, have showed promising efficacy for controlling
environmental pathogens.

Under the irradiation of visible light, photocatalysis mediated by g-CsNa4 could not only
inhibit biofilm development but also eradicate mature biofilms. Confirmed by the results
from confocal laser scanning microscopy (CLSM), bacterial inactivation within biofilms
was observed occurring from the surface toward the center of the biofilms, suggesting that
the diffusion of reactive species into the biofilms played a key role. Moreover, reactive
oxygen species generated during g-CsN4 photocatalysis were determined and quantified
via reactions with radical probes and 'O, was believed to be responsible for biofilm
inhibition and removal. By taking advantage of scanning electron microscopy, CLSM, and
atomic force microscopy for biofilm morphology, composition, and mechanical property
characterization, it has been demonstrated that photocatalysis destroyed the integrated and
cohesive structure of biofilms and facilitated biofilm eradication by removing the
extracellular polymeric substances (EPS). The work highlights the promise of using g-CsN4
for a broad range of antimicrobial applications, especially for the eradication of persistent
biofilms under visible light irradiation, including photodynamic therapy, environmental
remediation, food-industry applications, and self-cleaning surface development.

Similar to most photocatalysts, g-CsNs4 is in a powder form, which limits its wide
applications. To address this concern, the composite photocatalytic material with enhanced
processability was fabricated by incorporating g-CsNa4 into chitosan, a natural polymeric

material. Due to the high processability of the liquid precursor, the photocatalyst-chitosan
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composites could be tailored into different shapes. In addition, the composite material
maintained the photocatalytic activity of g-C3N4. The promising anti-biofilm efficacy of
the composite materials under the irradiation of visible light was verified against a wide
range of biofilms developed from Pseudomonas aeruginosa PAO1l (Gram-negative),
Staphylococcus epidermidis (Gram-positive), Escherichia coli O157: H7 (Gram-negative,
one notorious foodborne pathogen), and urine from urinary tract infection patients.
Furthermore, it has also been demonstrated that EPS play an important role in biofilm
inactivation and removal during photocatalytic disinfection. The composite material is not
only functional under ambient environment (by utilizing visible light including indoor light)
but also shows enhanced processability for practical engineering applications. The
photocatalytic composites can serve as active coatings for controlling biofilms in water and
air purification, food packaging and processing, biomedical devices and equipment,
sanitary wares, environmental surfaces, and many others.

The global pandemic of COVID-19 urges the development of efficient face masks, air
filters, and respirators for controlling the airborne transmission of SARS-CoV-2, the viral
pathogen causing COVID-19. Electrospun nanofibrous membranes are promising
candidates due to their desirable characteristics, e.g., a reduced pore size (tens of
nanometers to several micrometers), an increased specific surface area, the sustained
surface and volume charges, and enhanced porosity. Due to ultrafine nanofibers ( 300 nm),
the electrospun air filters in our work had a much smaller pore size in comparison to the
surgical mask and cloth masks (a couple of micrometers versus tens to hundreds of
micrometers). A coronavirus strain served as a SARS-CoV-2 surrogate and was used to

generate aerosols for filtration efficiency tests, which can better represent SARS-CoV-2 in
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comparison to other agents used for aerosol generation in previous studies. The electrospun
air filters showed excellent performance by capturing up to 99.9% of coronavirus aerosols,
which outperformed many commercial face masks. In addition, we observed that the same
electrospun air filter or face mask removed NaCl aerosols equivalently or less effectively
in comparison to the coronavirus aerosols when both aerosols were generated from the
same system. Our work paves a new avenue for advancing air filtration by developing
electrospun nanofibrous air filters for controlling SARS-CoV-2 airborne transmission.
However, like most masks and air filters currently used on the market, electrospun
membranes only physically capture viral aerosols but they do not inactivate the viruses,
which could lead to secondary contamination and potential infection (e.g., via the contact
of the contaminated masks/air filters or viruses dislodged from the masks/filters).
Therefore, photosensitized electrospun nanofibrous membranes are fabricated to
effectively capture and inactivate coronavirus aerosols. With an ultrafine fiber diameter (~
200 nm) and a small pore size (~ 1.5 um), the optimized membranes could catch 99.2% of
the aerosols of murine hepatitis virus A59 (MHV-A59). In addition, rose Bengal was used
as the photosensitizer for the membranes because of its excellent reactivity in generating
virucidal singlet oxygen, and the membranes rapidly inactivated 98.9% of MHV-A59 in
virus-laden droplets only after 15 min irradiation of simulated reading light. Singlet oxygen
damaged the virus genome and impaired virus binding to host cells, which elucidated the
mechanism of disinfection at a molecular level. Membrane robustness was also evaluated,
and no efficiency reduction for filtering MHV-A59 aerosols was observed after the
membranes being exposed to both indoor light and sunlight for days. Nevertheless, sunlight

exposure photobleached the membranes, reduced singlet oxygen production, and
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compromised the performance of disinfecting MHV-A59 in droplets. In contrast, the
membranes after simulated indoor light exposure maintained their excellent disinfection
performance. In summary, photosensitized electrospun nanofibrous membranes have been
developed to capture and kill airborne environmental pathogens under ambient conditions,
and they hold promise for broad applications as personal protective equipment and indoor
air filters.

Future work should be focused on (1) improving the performance of nanomaterials and
(2) developing environmental friendly nanomaterials for controlling environmental
pathogens. Take the electrospun nanofibrous membranes as an example, a number of
studies have tried to impart more desirable properties to electrospun membranes.
Specifically, electrospun nanofibrous membranes with antimicrobial capacity and nano-
engineered structures have been successfully fabricated by incorporating functional
additives into electrospinning. These upgraded electrospun nanofibrous membranes always
show enhanced inactivation and capture of environmental pathogens. In addition, the
concept of “green electrospinning” has been proposed to resolve the pollution issues arising
from both the electrospinning process and the disposal of electrospun products. Water-
based and solvent-free electrospinning techniques, along with the implementation of

biodegradable polymers, pave a new avenue for the sustainable electrospinning.
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