Journal of Hazardous Materials 408 (2021) 124890

Contents lists available at ScienceDirect
Journal of Hazardous Materials

journal homepage: www.elsevier.com/locate/jhazmat

Research paper ' :.)

Check for
updates

Photocatalytic graphitic carbon nitride-chitosan composites for pathogenic
biofilm control under visible light irradiation

Hongchen Sx‘hen @ David P. Durkjn b Ashlee Aiello ", Tara Diba ¢, John Lafleur“, Jason M. Zara©,
Yun Shen®’, Danmeng Shuai ™ '

@ Department of Civil and Environmental Engineering, The George Washington University, Washington, DC, 20052 USA

® Department of Chemistry, United States Naval Academy, Annapolis, MD, 21402 US

¢ Department of Biomedical Engineering, The George Washington University, Washington, DC, 20052 USA

4 Department of Emergency Medicine, George Washington University School of Medicine, Washington, DC, 20037 USA
€ Department of Chemical and Environmental Engineering, University of California, Riverside, CA, 92521 USA

ARTICLE INFO

Editor: Dr. T Meiping

Keywords:

Biofilm

Graphitic carbon nitride

Chitosan

Visible-light-responsive Photocatalyst

ABSTRACT

Photocatalysis holds promise for inactivating environmental pathogens. Visible-light-responsive composites of
carbon-doped graphitic carbon nitride and chitosan with high reactivity and processability were fabricated, and
they can control pathogenic biofilms for environmental, food, biomedical, and building applications. The broad-
spectrum biofilm inhibition and eradication of the photocatalytic composites against Staphylococcus epidermidis,
Pseudomonas aeruginosa PAO1, and Escherichia coli 0157: H7 under visible light irradiation were demonstrated.
Extracellular polymeric substances in Escherichia coli 0157: H7 biofilms were most resistant to photocatalytic
oxidation, which led to reduced performance for biofilm removal. 0, produced by the composites was believed
to dominate biofilm inactivation. Moreover, the composites exhibited excellent performance for inhibiting
biofilm development in urine, highlighting the promise for inactivating environmental biofilms developed from
multiple bacterial species. Our study provides fundamental insights into the development of new photocatalytic

composites, and elucidates the mechanism of how the photocatalyst reacts with a microbiological system.

1. Introduction

Environmental pathogens can persist in the environment and are
ubiquitously found in the water, soil, air, food, and on contact surfaces
(Yang et al., 2019; Ma et al., 2015; Yang et al., 2020). They can cause
diseases with a measurable frequency after being introduced into human
bodies, presenting serious health concerns and economic losses (Can-
gelosi et al., 2005). According to reports from the World Health Orga-
nization (WHO), 29% of the world population lacks access to safe
drinking water, and every year more than 500,000 people die from the
drinking water contaminated by rotavirus and Escherichia coli (E. coli)
(World Health Organization, 2017). The U.S. Center for Disease Control
and Prevention (CDC) estimated that more than 14,000 illnesses were
caused by foodborne diseases in 2017, and that corresponding economic
losses are approximately $7 billion annually (Centers for Disease Control
and Prevention, 2019). SARS-CoV-2, the causative agent that leads to
COVID-19 pandemic, is also environmentally persistent and can survive
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on different surfaces for several hours to days, which may lead to virus
transmission via fomites (Van Doremalen et al., 2020). Environmental
pathogens are most commonly associated with biofilms that reside on
various surfaces, including but not limited to drinking water distribution
systems, medical devices and equipment, food processers or packages,
historic buildings, and sanitary wares (Cangelosi et al., 2005; Lu et al.,
1999). These biofilms may contain bacteria, viruses, fungi, and parasites
and cause many harmful issues such as drinking water contamination,
nosocomial infections (e.g., catheter-associated urinary tract infections
(CAUTIs)), food spoilage, and foodborne diseases (Lopez-Guerra et al.,
2019; Srey et al., 2013; Siqueira et al., 2011; Lacroix-Gueu et al., 2005).
Specifically, biofilm-based CAUTIs are the leading cause of nosocomial
infections (up to 40%) (Johnson et al., 2006).

Compared with environmental pathogens in a planktonic form,
biofilms are much more persistent under harsh environmental condi-
tions. One reason is that extracellular polymeric substances (EPS) in
biofilms provide a favorable environment for microorganism survival
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(Flemming and Wingender, 2010). Also, microorganisms within bio-
films show a reduced metabolic activity and growth rate to slow down
the uptake of antimicrobials (Davies, 2003). Specifically, biofilms on
urinary catheter surfaces in vivo can tolerate antibiotics with concen-
trations up to three orders of magnitude higher than planktonic bacteria
(Nickel et al., 1985). A number of methods have been proposed for
controlling biofilms, including antibiotics delivery, metal ion inactiva-
tion (Ag™, Cu®™), quorum quenching, chemical oxidation (e.g., chlorine,
peroxides, ozone), ultraviolet (UV) light irradiation, heating, detergent
cleaning, and mechanical washing and scrubbing (Koo et al., 2017;
Evans, 2003). In recent years, novel self-cleaning materials have
attracted great attention in tackling the challenges of surface contami-
nation by pathogenic biofilms (Huang et al., 2020). Nevertheless, most
self-cleaning materials developed to date still have several major limi-
tations. In particular, though antimicrobials can be incorporated into
self-cleaning material matrices and their controlled release can inhibit
biofilm development on surfaces, the antimicrobials are eventually
depleted, and the self-cleaning feature is lost (Majeed et al., 2019). Other
self-cleaning materials slow down biofilm formation by physically
damaging bacteria (e.g., penetration of cell membranes through the
sharp edge of 2D nanomaterials) or reducing bacterial adhesion (e.g.,
addition of hydrophilic functional groups to reduce bacterial adsorp-
tion). However, their performance in extended duration is questionable,
because biofilms can still propagate with the aid of conditioning films
(Farid et al., 2018). Moreover, some antimicrobials (e.g., antibiotics)
selectively target a certain type of bacteria but not for others. Cooper-
ation among different bacterial species in biofilms can further attenuate
the effectiveness of antimicrobials (Becerril et al., 2020; Okuda et al.,
2012). Finally, the emergence of antimicrobial resistance (e.g., anti-
biotic resistance) further challenges the safety and practical perfor-
mance of some self-cleaning materials (Yuan et al., 2021). Therefore,
there is a pressing need for developing effective, broad-spectrum, scal-
able, and robust strategies for controlling pathogenic biofilms in
different environments.

Recently, our group has reported that a novel visible-light-responsive
photocatalyst, carbon-doped graphitic carbon nitride (g-CsN4), holds
promise for both inhibiting biofilm development and eradicating mature
biofilms (Zheng et al., 2016; Shen et al., 2019). This photocatalyst can
harvest photons with a wavelength shorter than 460 nm (experimentally
determined bandgap is 2.72 eV, and conduction and valence band en-
ergy levels estimated by density functional theory simulations are
—1.01/-0.67 and 1.57/2.28 eV, respectively). Hence the photocatalyst
is reactive under the irradiation of fluorescent lamps and white light
emitting diodes (LEDs), which is suitable for indoor environment ap-
plications and avoids complex installation, operation, and maintenance
of UV lamps (Zheng et al., 2017; Liang et al., 2021). During photo-
catalysis, carbon-doped g-C3N4 converts oxygen gas continuously into
reactive oxygen species (ROS, i.e., O3, H2Oo, 1Oz), and these inex-
haustible ROS inactivate bacteria within biofilms by fast and effective
reactions with biomacromolecules. No other chemicals are needed to
assist photocatalytic oxidation, e.g., HoO5 (Liu et al., 2018). 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 bio-
film removal, as opposed to slowing biofilm propagation (Shen et al.,
2019). Furthermore, in contrast to antibiotics and many other antimi-
crobials, there is a lower likelihood for bacteria to develop resistance
against photocatalysis because ROS react with biomacromolecules
rapidly and non-selectively (Maisch, 2015). Therefore, photoreactive
carbon-doped g-C3N4 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.

Despite the advantages of applying carbon-doped g-C3N4 in biofilm
control, one major limitation of this material is its poor processability for
fabricating self-cleaning surfaces. Synthesis of carbon-doped g-C3N4
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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 (Zheng et al., 2020). 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, eco-
nomic feasibility, scalability), and incorporating the photocatalyst
powder of carbon-doped g-C3Ny4 into chitosan confers upon the com-
posites improved processability for developing self-cleaning surfaces
(Lin et al., 2020; Midya et al., 2019). Depending on the applications,
these composites can be easily tailored to different shapes and di-
mensions (e.g., thin films for food packaging, internal coatings for uri-
nary catheters).

In this study, we synthesized a photocatalytic and self-cleaning
composite by incorporating carbon-doped g-C3Ny into a chitosan ma-
trix for inactivating and eradicating biofilms from Staphylococcus epi-
dermidis, Pseudomonas aeruginosa PAO1, Escherichia coli 0157: 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 gravi-
metric (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, composi-
tion, morphology, and coverage of biofilms developed on the self-
cleaning composite were comprehensively examined by confocal laser
scanning microscopy (CLSM), optical coherence tomography (OCT), and
SEM. Moreover, to elucidate the mechanisms of how this composite
controlled biofilms, ROS quenching experiments were conducted.

2. Experimental

2.1. Synthesis of carbon-doped g-C3N4 powder and fabrication of its
chitosan composites (i.e., photocatalyst-chitosan composites)

Carbon-doped g-C3N4 was synthesized as described in our previous
study (Zheng et al., 2016). 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 ultra-
sonication (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. Cross-
linking significantly reduces the solubility of chitosan in water, and thus
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.

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 (Zheng et al., 2020).
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2.3. Biofilm inhibition and eradication on the photocatalyst-chitosan
composites and composite stability

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 0157: H7, Gram-negative, ATCC 43894) were selected
to develop single-species biofilms on the surface of the photocatalyst-
chitosan composite.

Biofilm development from single bacterial species and biofilm inhi-
bition and eradication followed the procedure described in our previous
study with minor revisions (Shen et al., 2019). Specifically, for biofilm
development, S. epidermidis and E. coli O157: H7 were cultured on the
photocatalyst-chitosan composite surfaces in 6 mL of 10-fold diluted
tryptic soy broth (TSB) for 3 days in the dark, while P. aeruginosa PAO1
was cultured on the composite surface in 6 mL of 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 (7 W) with the same duration and medium conditions as described
in biofilm development for each bacterial strain. The TSB media for
biofilm development and inhibition experiments were replenished every
24 h. 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 0157:H7 bio-
films, 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 S1.

To investigate the stability of the composite material during photo-
catalysis, the composites were challenged by three continuous cycles of
photocatalytic inhibition experiments against S. epidermidis biofilms. For
each cycle, the composites were first submerged in bacteria-PBS solution
(ODggp =0.5) in the dark for 24 h to allow bacterial adsorption. Next, the
bacteria-PBS solution was replaced with 6 mL of 10-fold diluted TSB.
One group of composites was exposed to continuous white LED light
irradiation (7 W) for 3 days. Another group of composites was kept in the
dark for 3 days. Other experimental conditions like temperature (37 °C),
mixing rate (80 rpm), and daily replenishment of 10-fold diluted TSB
were the same for both groups. After one cycle of experiment, some
composites were sacrificed for biofilm viability assessment, while the
other composites were washed with sterilized DI water thoroughly to
remove biofilms or residual microorganisms for biofilm regrowth in the
next cycle.

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 Depart-
ment of The George Washington University Hospital (Washington, DC)
with one or more urinary symptom(s) (e.g., burning, increased fre-
quency, 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 anti-
biotics 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
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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 2.3, blue LED light used in the urine experiment showed
a higher intensity that can be utilized by carbon-doped g-CsN4 (the
spectral irradiance of both light sources were recorded in Fig. S1). For
the control study, a composite with urine was kept in the dark for 6 days.
Other conditions like temperature (37 °C) and mixing rate (80 rpm)
were the same for both studies.

2.5. 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 II (Thor-
labs Inc.) Spectral Domain OCT system. OCT images were processed
using the software ImageJ (https://imagej.nih.gov/ij/). Biofilms were
first outlined manually, and the corresponding average thickness and
coverage were calculated with the same method described in our pre-
vious study (Shen et al., 2019).

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 Invi-
trogen™ 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 (Shen et al., 2019).

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 signifi-
cant biomass loss.

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. Specif-
ically, para-chlorobenzoic acid (p-CBA), furfuryl alcohol (FFA), and 2, 3-
bis  (2-methoxy-4-nitro-5-sulfophenyl)—  2H-tetrazolium-5-carbox-
anilide (XTT) were used to detect -OH, 105, and O3, respectively. In
addition, the accumulated concentration of HoO2 was quantified by a
colorimetric method with N,N-diethyl-p-phenylenediamine sulfate salt
(DPD). Details can be found in our previous study (Shen et al., 2019;
Zheng et al., 2019).

To identify the most important ROS for inactivating biofilms, ROS
quenching experiments were also conducted. The photocatalyst-
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chitosan composite coated glass slide (Fig. S2) was prepared, loaded
with planktonic bacteria of S. epidermidis, and subjected to photo-
catalysis 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-C3N4 and
chitosan (after crosslinking), as described in the Section 2.1, for 20 s,
and drawn vertically. After being dried at the room temperature over-
night, 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 (O, scav-
enger), or with 1 mM 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl
(4-hydroxy-TEMPO, O3- scavenger) but with the same bacterial con-
centration 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 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.

3. Results and discussion
3.1. Material characterizations of the photocatalyst-chitosan composite

The synthesis of carbon-doped g-C3N4 powder and the character-
ization of its physical, morphological, chemical, and optical properties
have been reported previously (Zheng et al., 2016). Carbon-doped
g-C3Ny4/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 (Fig. 1a).
Photocatalyst particles were uniformly distributed on the composite
surface, which is crucial for effective photocatalysis and biofilm inhi-
bition and eradication (Fig. 1b). 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~1), indicating
increased surface roughness (Fig. 1c). These small surface areas showed
neither material was porous, which is in contrast to the g-C3N4/chitosan
hydrogel beads fabricated in our previous study (Zheng et al., 2020).
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 sig-
nificant differences between chitosan-only films and
photocatalyst-chitosan composites (Fig. 1d): both spectra showed fea-
tures expected for chitosan, i.e., 3300-3500 em™! (O-H and N-H
stretches), 1030 cm~! (C-0 stretch), and a series of peaks within
1300-1650 cm ™! (C-N heterocycle stretching vibrations) (Kumirska
et al., 2010). Since carbon-doped g-C3N4 has similar functional groups
(e.g., N=H, -NHj, 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-C3N4 was ca. 660-680 °C
(Fig. 1e). The derivative thermograms (DTG) more clearly showed these
regions of interest, and both peaks were present as well in the
photocatalyst-chitosan composites (Fig. 1f). These data support the
conclusion from SEM and ATR-FTIR that the g-C3N4 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
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shapes by using molds (Fig. 1g). 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
(Fig. 1h).

3.2. Broad-spectrum biofilm inhibition on photocatalyst-chitosan
composites

In contrast to lab-grown biofilms, biofilms developed in natural en-
vironments, engineering systems, and biomedical settings, always
contain multiple bacterial species, and developing a broad-spectrum
antimicrobial material that can effectively inactivate (almost) all path-
ogens is a pressing need for practical applications (Schwering et al.,
2013). In general, many antimicrobials (e.g., antibiotics) only selec-
tively inhibit the growth of a certain kind of pathogenic bacteria, and a
single one cannot simultaneously inactivate all pathogens effectively.
Carbon-doped g-C3N4 produces ROS in photocatalysis, which is ex-
pected to effectively and rapidly inactivate a broad-spectrum of patho-
genic bacteria because of non-selective reactions between ROS and
biomolecules in different bacterial species. In this study, three repre-
sentative bacteria, S. epidermidis, P. aeruginosa PAO1, and E. coli 0157:
H7 were selected to demonstrate the broad-spectrum antimicrobial po-
tential 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 (Preston et al., 1997; Vuong and Otto, 2002).
There are huge differences in structures between Gram-positive and
Gram-negative bacteria. Thick, multiple layers of peptidoglycan enve-
lope the Gram-positive bacterial plasma membrane, while a complicated
sandwich-like structure, including an outer membrane, a single inter-
mediate peptidoglycan layer, and an inner membrane, is shown in the
Gram-negative bacteria (Rogers, 2010). Due to their different structural
characteristics, Gram-negative and Gram-positive bacteria may have
different sensitivities to any given antimicrobial agent. E. coli 0157: H7,
a notorious foodborne pathogen, produces potent bacterial toxins,
known as Shiga toxin, and has become a major challenge for food safety
(Melton-Celsa, 2015). Biofilms formed by S. epidermidis, P. aeruginosa
PAO1, and E. coli 0157: 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 nosoco-
mial infections.

Under the continuous irradiation of white LED light, the
photocatalyst-chitosan composites exhibited excellent biofilm inhibition
performance against S. epidermidis, P. aeruginosa PAO1, and E. coli 0157:
H7. After 3 days (for S. epidermidis and E. coli 0157: H7) or 7 days (for
P. aeruginosa PAO1) culturing in the dark, biofilms formed by all bac-
terial strains were found to be flourishing on the composite surfaces and
most bacteria were alive as observed by CLSM (Fig. 2a, ¢, 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 sur-
face coatings, and urinary catheter coatings). Only a few isolated, live
bacteria were found on composite surfaces under light irradiation
(Fig. 2b, 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 pho-
tocatalysis 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 ym, respectively. The coverage of biofilms of
S. epidermidis, P. aeruginosa PAO1, and E. coli 0157: H7 was 96%, 39%,
and 100%, respectively (Fig. 2a, c, and e, OCT). However, biofilms could
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Fig. 1. 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 compos-
ite, (c) N, adsorption/desorption iso-
therms of the chitosan-only film and the
photocatalyst-chitosan composite, (d)
ATR-FTIR spectra of the chitosan-only
film and the photocatalyst-chitosan
composite, (e) 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. (For interpretation of the
references to colour in this figure
legend, the reader is referred to the web
version of this article.)
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Fig. 2. 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 PAO1, and (f) E. coli 0157: H7 biofilms cultured on the composite surfaces
under continuous white LED light irradiation (7 W). Scale bars in 2D-CLSM, OCT, and SEM images are 20, 200, and 10 um, respectively. Biofilms in OCT images are
highlighted by yellow dashed rectangles. The distance between the light source and the solution that submerged the photocatalyst-chitosan composites was
maintained at 15 cm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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rarely be observed on the composite surfaces under light irradiation
through OCT, indicating broad-spectrum biofilm inhibition under light
irradiation (Fig. 2b, d, and f, OCT). In addition, biofilm aggregates in
which bacteria were encapsulated by abundant EPS were observed in
the dark samples (Fig. 2a, ¢, and e, SEM), while only isolated bacteria
and/or a clean surface were found when the composites were exposed to
light irradiation (Fig. 2b, d, and f, SEM), which is consistent with results
from CLSM and OCT.

In contrast to dense and healthy biofilms on the composite surfaces
developed in the dark (Fig. 3d, e, and f), no S. epidermidis biofilms were
observed under visible light irradiation for three continuous cycles
(Fig. 3a, b, and ¢), which demonstrated the composites could be used for
long-term antimicrobial applications. In addition, the photocatalyst-
chitosan composites remained robust and integrated after three cycles
of experiments (Fig. S3), highlighting the material stability.

3.3. Broad-spectrum biofilm eradication from photocatalyst-chitosan
composites

For many practical applications, photoreactive self-cleaning com-
posites 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 conven-
tional disinfection or removal methods once they are formed on a sur-
face (Davies, 2003). 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 systemati-
cally 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.

In biofilm eradication experiments, the photocatalyst-chitosan
composites showed promising eradication performance against bio-
films 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
PAO1 biofilms was left on the composite surfaces (Fig. 4a and b, CLSM).
OCT and SEM further confirmed the complete eradication of mature
biofilms formed by both bacterial strains from the composite surfaces
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(Fig. 4a and b, OCT and SEM). For E. coli 0157: 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 + 2.8-0.5 & 0.1 after one day of light treatment
(Fig. 2e and Fig. 4c, 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, Fig. 2e and Fig. 4c, 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 0157:
H7 biofilms are much more resistant to photocatalysis (Fig. 4c, 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 (Fig. 5d and Fig. S4). To promote biofilm eradication by
increasing the oxidative stress, a blue LED lamp (flux of 1.38 x 10°
pumol m~2 s~! for photons with a shorter wavelength than 460 nm)
instead of the white LED lamp (flux of 3.46 x 102 ymol m 2 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-C3Ny (Table S1). After 3 days of blue light exposure, OCT indicated
that only a small portion of E. coli 0157: H7 biofilms was left on the
composite surfaces (Fig. 5a). 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 (Fig. 5b and c), whereas the bacteria were partially inacti-
vated under white LED light exposure for the same duration (the ratio of
live to dead cells was 0.6 + 0.4, Fig. 5e 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 (Fig. S5). Increased light utilization and
corresponding photoreactivity of the self-cleaning composites was able
to eradicate tough biofilms developed from E. coli 0157: H7 success-
fully, 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 com-
posites 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

Fig. 3. Three continuous cycles of photo-
catalytic  inhibition experiments against
S. epidermidis biofilms. (a) First, (b) second, and
(c) third cycle of S. epidermidis biofilms cultured
on the photocatalyst-chitosan composite sur-
faces under continuous white LED light irradi-
ation (7 W); and (d) first, (e) second, and (f)
third cycle of S. epidermidis biofilms cultured on
the composite surfaces in the dark. Scale bars
are 20 um. The distance between the light
source and the solution that submerged the
photocatalyst-chitosan composites was main-
tained at 15 cm. (For interpretation of the ref-
erences to colour in this figure legend, the
reader is referred to the web version of this
article.)
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bacterial strains could be attributed to the distinct responses of EPS in
biofilm matrices to photocatalysis, which will be elucidated in the next
section..

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 bio-
film adhesion to surfaces, bacterial cohesion, and biofilm survival and
development (Flemming et al., 2007). EPS have been frequently re-
ported to act as a protective barrier which prevents bacteria within
biofilms from attack by antibiotics, oxidants, or other antimicrobials
(Gao et al., 2015). 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

Journal of Hazardous Materials 408 (2021) 124890

Fig. 4. Broad-spectrum biofilm eradication
from the photocatalyst-chitosan composites
under visible light irradiation. 2D-CLSM im-
ages, OCT images, and SEM images of (a)
S. epidermidis, (b) P. aeruginosa PAO1, and (c)
E. coli 0157: H7 biofilms eradication from the
composite surfaces under white LED light irra-
diation (7 W). Scale bars in 2D-CLSM, OCT, and
SEM images are 20, 200, and 10 um, respec-
tively. Residual biofilms in OCT and SEM im-
ages are highlighted by yellow dashed
rectangles and yellow arrows, respectively. The
distance between the light source and the so-
lution that submerged the photocatalyst-
chitosan composites was maintained at 15
cm. (For interpretation of the references to
colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 5. 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, (e) 2D-
CLSM image, (f) 3D-CLSM image of mature
E. coli 0157: H7 biofilms on the composite
surface after 3 days of white LED light irradia-
tion (7 W). 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.
The distance between the light sources and the
solution that submerged the photocatalyst-
chitosan composites was maintained at 5 cm.
(For interpretation of the references to colour in
this figure legend, the reader is referred to the
web version of this article.)

S. epidermidis, P. aeruginosa PAO1, and E. coli 0157: H7 before and after
photocatalysis and identified the important role of EPS in biofilm
eradication.

Before photocatalysis, bacteria within mature biofilms formed by all
three bacterial strains were embedded in abundant EPS (Fig. 6a-c).
Freeze drying was used to treat biofilm samples prior to SEM charac-
terizations, 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
(Fig. S6) (Shen et al., 2019). It is speculated that the shear forces
generated by mild mixing during fixation, rinsing, and ethanol dehy-
dration were responsible for the biofilm removal due to weak adhesion
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 oc-
casionally isolated bacteria were left on composite surfaces (Fig. 6d and
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Fig. 6. Response of EPS in different biofilms to photocatalysis. SEM images of biofilms formed from S. epidermidis, P. aeruginosa PAO1, and E. coli 0157: 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). Scale bars in SEM, 2D-CLSM, and 3D-CLSM images are 5, 20,
and 30 pm, respectively. The distance between the light source and the solution that submerged the photocatalyst-chitosan composites was maintained at 15 cm.

e), the amount of EPS only slightly decreased in E. coli 0157: H7 biofilms
(Fig. 6f). Filamentous EPS left on the composite surfaces could be caused
by the collapse of EPS matrices in dehydration (Dohnalkova et al.,
2011). The results indicate that EPS in S. epidermidis and P. aeruginosa
PAO1 biofilms were oxidized, decomposed, or removed by ROS gener-
ated during photocatalysis whereas EPS within E. coli 0157: 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 intercel-
lular 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 (Fig. 6g and h). For biofilms after
photocatalysis, only small clusters of PIA were found on the composite
surfaces (Fig. 6i 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 O157: H7 completely covered the composite
surfaces. The biofilms developed from E. coli 0157: H7 had an even
lower average thickness (33.8 + 12.7 pm) 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 bacterial strains, and it high-
lights 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.

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 decom-
position) or possibly biological interference with biofilms (e.g., quorum
quenching) (Rumbaugh and Sauer, 2020). Herein, four kinds of possible
ROS, i.e., -OH, O3, Hy0,, and 10, generated by carbon-doped
g-C3Ny4/chitosan composites in photocatalysis were identified and
quantified by specific radical probes (Zheng et al., 2019). The
steady-state concentrations of O3 and 'O, in photocatalysis were
5.49 x 10712 and 2.86 x 1073 M, respectively; and the accumulated
concentration of HyO, after 3 h of photocatalysis was 4.99 uM. The
steady-state concentration of -OH was too low to be detected (<1071
M). The concentrations of ROS generated by the photocatalyst-chitosan
composites were comparable to those generated by g-C3N4 coupons in
our previous study, i.e., 10 (steady-state concentration of 3.32 x 1073
M), O3- (steady-state concentration of 4.44 x 10713 M), and H,0, (cu-
mulative concentration of 1.69 pM after 2 h of photocatalysis) (Shen
etal., 2019). 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, Hy0, would exhibit a significant antibacterial effect only with a
level of mM or even M. Therefore, in this study only O3- and 0, 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 10, or O3,
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 (Fig. 7a, ¢, 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-hydrox-
y-TEMPO, however most of the S. epidermidis bacterial cells remained
alive in the presence of 10 mM FFA (Fig. 7b, d, and f). Some CLSM
images showed inevitable, hazy green background fluorescence
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(especially Fig. 7b, d, and f), since the photocatalyst-chitosan compos-
ites could be photoexcited by the laser in the characterization. Fortu-
nately, the green background fluorescence is discernable from live
staining of bacteria, which shows a unique round shape. The results
provided a strong evidence that !0, dominates bacterial inactivation. It
is still unclear how 102 with a short lifetime (ca. 2 ps in water) and a
limited diffusion length can inactivate thick biofilms (Merkel and
Kearns, 1972), and 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 0, and water
(Maisch et al., 2007). In addition, the potential synergy of HoOy with
other ROS or oxidative stresses may turn bacteria susceptible to HyO5 as
low as several pM, which may make HoO5 another key ROS determining
antimicrobial performance of the photocatalyst-chitosan composites
(Liu et al., 2020). Future research should further investigate the un-
derlying antimicrobial mechanisms of photocatalysis for biofilm control.

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 (Stone, 2009). 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 generates inexhaustible ROS
continuously for inactivating biofilms (Singha et al., 2017). In addition,
the composites that can inactivate biofilms developed from urine can be
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 uropathogens to investigate the
biofilm inhibition efficacy of the composites under visible light irradi-
ation. 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 102 umol m~2 s~ for photons with
a shorter wavelength than 460 nm) was not able to inhibit biofilm
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Fig. 7. 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 contin-
uous irradiation of white LED light (7 W) for
1 h. Scale bars are 20 um. The distance between
the light source and the photocatalyst-chitosan
composite surface was maintained at 15 cm.
(For interpretation of the references to colour in
this figure legend, the reader is referred to the
web version of this article.)

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 m~2 s! for photons with a shorter wavelength than 460 nm) was
used for the experiments. The results suggested that mature and flour-
ishing biofilms with an average thickness of 16.5 + 24.9 ym and
coverage of 35% occupied the composite surface after being incubated
for 6 days in the UTI patient urine in the dark (Fig. 8a and c), whereas
little to no biofilms were developed under blue LED light irradiation

Fig. 8. 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. Scale bars in 2D-CLSM and OCT images are 20 and 250 um, respectively.
The distance between the light source and the solution that submerged the
photocatalyst-chitosan composites was maintained at 6 cm. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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(Fig. 8b 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 perfor-
mance 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 (Lin et al., 2015).

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 inactivat-
ing and eradicating biofilms that contain environmental pathogens,
because inexhaustible ROS are generated continuously 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-C3N4 and chitosan for pathogenic biofilm control.
Carbon-doped g-C3N4 with a high photocatalytic activity continuously
generates ROS and hence inactivates pathogens. The chitosan acts as a
matrix for immobilizing the photocatalyst. 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 purifi-
cation, food packaging and processing, biomedical devices and equip-
ment, 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-CsN4 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 PAO1, and E. coli 0157: H7 when exposed to
continuous white LED light irradiation. In addition, photocatalysis was
able to eradicate mature biofilms of S. epidermidis and P. aeruginosa
PAO1 from the photocatalyst-chitosan composite surfaces. For mature
biofilms developed from E. coli 0157: 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
0157: H7 biofilms was attributed to the resistance of EPS in biofilms to
photocatalytic oxidation. The EPS of S. epidermidis and P. aeruginosa
PAO1 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. How-
ever, increased light intensity and corresponding photoreactivity of the
photocatalyst-chitosan composites successfully eradicated tough E. coli
0157: H7 biofilms. Furthermore, ROS generated in photocatalysis were
identified and quantified by radical probes, and 10, 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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