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The dual roles of capsular extracellular polymeric substances (EPS) in the

photocatalytic inactivation of bacteria were demonstrated in a TiO,-UVA system, by

comparing wild type Escherichia coli BW25113 and isogenic mutants with

up-regulated and down-regulated production of capsular EPS. In a partition system in

which direct contact between bacterial cells and TiO, particles was inhibited, an

increase in EPS was associated with increased bacterial resistance to photocatalytic

inactivation. In contrast, when bacterial cells were in direct contact with TiO; particles,

an increase in capsular EPS decreased cell viability during the photocatalytic

treatment. When taken together, these results suggest that although capsular EPS can

protect bacterial cells by consuming photo-generated reactive species, it also

facilitates photocatalytic inactivation of bacteria by promoting the adhesion of TiO,

particles to the cell surface. Fluorescence microscopic and scanning electron

microscopic analyses further confirmed that high capsular EPS density led to more

TiO;, particles attaching to cells and forming bacteria-TiO, aggregates. Calculations of

interaction energy, represented by extended Derjaguin-Landau-Verwey-Overbeek

(XDLVO) potential, suggested that the presence of capsular EPS enhances the

attachment of TiO, particles to bacterial cells via acid-base interactions. Consideration

of these mechanisms is critical for understanding bacteria-nanoparticle interactions

and the photocatalytic inactivation of bacteria.
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In recent years, heterogeneous photocatalytic processes that use semiconductor
catalysts have emerged as promising microbial disinfection technologies (1-7).
Among the various photocatalysts being used, titanium dioxide (TiO,) has received
the greatest interest and has been extensively studied because of its efficiency and
perceived environmental safety. Photo-generated reactive charge carriers (¢” and h")
and reactive oxygen species (ROS: *OH, *O, and H,0O;) are considered to be the
major bactericidal agents (8).

Numerous studies have proven the ability of these reactive species to inactivate
various kinds of pathogenic bacteria (9-11). It is widely accepted that the bactericidal
effect of TiO, is due to the destruction of the cell envelope by ROS generated on the
surface of TiO, photocatalysts (12). However, considerably less is known about the
effect of biological factors on photocatalytic inactivation of bacteria. One biological
factor that is likely to influence photocatalytic activity is the presence of capsular
bacterial extracellular polymeric substances (EPS), which typically comprise
polysaccharides and proteins (13).

Located at or outside the cell surface, EPS have many functions including
facilitating bacterial adhesion, providing a protective barrier against environmental
stresses, maintaining hydration, and storing nutrients (13). The protective function has

been reported to significantly increase bacterial tolerance to antibiotics and
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disinfectants both by limiting the transport of biocides and via a direct reaction with

the EPS (14, 15). The ROS produced on the surface of TiO; act as chemical biocides

against bacteria. Therefore, it is reasonable to postulate that capsular EPS can protect

cells from oxidative damage.

Previous studies of the effect of EPS on ROS-mediated inactivation of bacteria

have reported variable results. Liu et al. compared the inactivation efficiencies of

heterotrophic bacteria biofilm with the same bacteria without EPS using

nitrogen-doped metal oxide a photocatalyst (16). They observed higher inactivation

efficiency when the soluble EPS were removed by centrifugation, supporting the

hypothesis that EPS act as a protective barrier against ROS-mediated damage to cells.

However, a systematic study by Gong et al. showed that the amount of EPS had no

observable effect on the susceptibility of four Escherichia coli (E. coli) isolates to

*OH generated via nitrate photolysis (17). The discrepancy between these results may

be attributable to differences in the amount of EPS. The EPS levels within the

heterotrophic biofilm, which can be up to 90% of the organic carbon (18), are much

higher than those in the capsule of E. coli isolates. Nonetheless, it must be noted that

other factors such as light source, ROS source (photocatalysis or photosensitization)

and EPS extraction methods were also different in these studies and may account for

the discrepant results. To clarify the role of EPS in the photocatalytic inactivation of
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bacteria, it is necessary to conduct a direct comparison by using the same model

photocatalysts as well as the same bacterium with differing levels of capsular EPS.

The presence of capsular EPS has a significant effect on the characteristics of the

cell surface and may also determine the adhesion of TiO, and subsequently influence

photocatalytic inactivation efficiency. As photo-generated ROS are highly reactive

and short-lived (19, 20), the transport of bacterial cells to the site of surface-generated

ROS remains a rate-limiting step in photocatalytic bacterial inactivation (3). Many

studies have shown that close contact between bacterial cells and TiO, particles

increases the extent of oxidative damage (21-23). The production of capsular EPS has

been shown to facilitate bacterial adhesion onto various substrates, and the bacterial

attachment is well explained and predicted by the extended XDLVO theory (24).

Nevertheless, the role of capsular EPS in the physicochemical interactions between

bacterial cell and TiO, particles during the photocatalytic inactivation of bacteria has

yet to be explored (25). A deeper understanding of how capsular EPS affects the

adhesion of TiO; to bacterial cells would allow us to better interpret the underlying

photocatalytic inactivation mechanism, and thereby predict the antibacterial activity

of photocatalysts.

The primary objective of this study was to better understand the roles of capsular

EPS during the photocatalytic inactivation of bacteria, using wild type E. coli
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BW25113 and two isogenic mutants with reduced and increased capsular EPS
secretion in a TiO,-UVA system. The photocatalytic inactivation of the wild type
(parental strain) and mutant bacterial cells was compared under the same conditions
with and without direct contact with TiO, particles (a non-partition system and
partition system, respectively). The ROS involved in the inactivation mechanisms
were investigated using a scavenger addition study, FT-IR and fluorescence
microscopic analyses. Additionally, the interaction of TiO, with bacterial cells in the
dark was investigated by fluorescence microscopy and scanning electron microscopy

and XDLVO potential analysis was used to interpret the results.

MATERIALS AND METHODS

Bacterial strains and culture. E. coli strain BW25113 (wild type), and its
single-gene deletion mutants JW2034 (cpsB gene deletion) and JW5917 (resC gene
deletion) were obtained from the Coli Genetic Stock Center (CGSC, Department of
Biology, Yale University). All of the strains belong to the Keio collections (Table S1)
(26), which are widely used for the study of genetic effects in photocatalytic bacterial
inactivation (27-29). Detailed comparisons between the bacterial strains and the wild
type can be found in Table S1. The two capsular EPS mutants, E. coli JW2034 and E.
coli JW5917, were expected to have different amounts of colanic acid, which is a

capsular exopolysaccharide found in many enterobacteria (30, 31). Colanic acid

6
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contents were expressed as glucose content according to the phenol-sulfuric acid
method with an average of three replicates. The bacterial cells were cultured in
Nutrient Broth ‘E’ (Lab M, Lancashire, UK; ingredients: 1 g/L beef extract, 2 g/L
yeast extract, 5 g/L peptone and 5 g/L sodium chloride) at 37 °C and agitated at 200
rpm for 16 h. The cultures were then harvested according to the method used in
previous studies (32, 33).

Photocatalytic inactivation. The photocatalytic inactivation was carried out in a
photocatalytic reactor and TiO; (P25, Degussa Corporation, Germany) was used for
all of the experiments. A UV tube (Amax = 365 nm, 15 W, 60 Hz, Cole-Parmer, USA)
was chosen as a light source, and the light intensity was measured with a UVX digital
radiometer (UVP, Upland, CA, USA), and fixed at 0.18 mW/cm®. In the non-partition
system (Fig. la), the reaction mixture consisted of 2x107 cfu (colony forming
unit)/mL and 100 mg/L TiO; in 50 mL saline (0.9% NacCl) solution. In the partition
system (Fig. 1b), a semipermeable membrane compartment with 20 mL bacterial cells
in saline solution (2x10” cfu/mL) was immersed in 50 mL saline with 100 mg/L TiO».
A magnetic stirrer was used to ensure suitable suspension in the mixture. At different
time intervals, 1 mL aliquots of the cell suspension were collected and serially diluted
with sterilized saline solution; 0.1 mL of the diluted sample was then immediately

spread on Nutrient Agar (Lab M, Lancashire, UK) plates. The ingredients of the
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prepared plates were 5 g/L peptone, 3 g/L beef extract, 8 g/L sodium chloride with 1.2

g/L agar. Subsequently, the agar plates were incubated at 37 °C for 24 h to determine

the number of surviving cells (in cfu). For comparison, dark (photocatalyst and

bacterial cells without light), light (bacterial cells and light without photocatalyst) and

negative controls (bacterial cells alone) were also included in the study. All glassware

used in the experiments was washed with deionized (DI) water, and then autoclaved at

121 °C for 20 min to ensure sterility. All treatments and control experiments were

performed in triplicate.

EPS purification and quantification. The capsular EPS were extracted,

purified, and quantified according to a previous study with some modification (34). In

brief, cells were washed twice in saline solution by centrifugation (5000 rpm, 10 min,

4°C) to remove any traces of the media. The washed cells were resuspended in saline

solution and incubated for 1 h in a 30°C incubator. The supernatant was recentrifuged

at 13000 rpm at 4°C for 60 min to remove residual cells. The resulting supernatant

(containing the EPS) was precipitated with 1:3 volume cold ethanol and held at -20°C

overnight. The precipitate was separated by centrifugation at 13000 rpm at 4°C for 30

min. The pellet was redissolved in ultrapure water, dialyzed (molecular weight cut-off

of 3500 Da, Spectrum Laboratories, Inc.) for 48 h against ultrapure water and then

freeze-dried. The EPS were redissolved and then analyzed using the phenol-sulfuric
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acid method with glucose as standard.

Bacterial cell characterization. The zeta potentials of TiO, P25 and bacterial
cells in saline solution (ca. 154 mM NaCl) were measured with a ZetaPlus system
(Brookhaven Instruments Co., New York) at 25 °C.

Fourier Transform Infrared Spectroscopy (FT-IR) was used to probe the chemical
and structural composition of the bacteria and assess changes induced by the
photocatalytic treatment. Bacterial cells were stained with a LIVE/DEAD BacLight™
Bacterial Viability Kit (L7012, Molecular Probes, Inc., Eugene, OR) and cell
membrane integrity was monitored with a fluorescence microscope and a microplate
reader, following the procedure recommended by the manufacturer. The live bacterial
cells with intact membranes were stained green; dead bacterial cells with damaged
membranes were stained red. Scanning electron microscopy (SEM) was used to
observe the interaction of bacterial cells and TiO, Detailed descriptions of these
procedures are described in the supporting text.

Scavenger study. Scavenger experiments were conducted by adding various
scavengers to the non-partition system. Isopropanol was used to remove *OH
diffusing into the solution, sodium oxalate (Na;C,0;) to remove h",
4-hydroxy-2,2,6,6-tetramethylpiperidinyloxy (TEMPOL) to remove #O%, Cr(VI) to

remove ¢, and Fe(II)-EDTA to remove H,0; (35). The concentration of the scavenger
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added was optimized according to our previous studies (32, 35) (0.5 mM for sodium

oxalate, 5 mM for isopropanol, 0.05 mM for Cr(VI), 2 mM for TEMPOL and 0.1 mM

for Fe(II)-EDTA).

XDLVO interaction between bacterial cells and TiO, nanoparticles. The

extended Derjaguin-Landau-Verwey-Overbeek (XDLVO) theory was used to model

the interaction between bacterial cells and TiO, nanoparticles. This theory considers

the total energy of adhesion to be the sum of the electrostatic double layer (EL)

interaction energy, Lifshiitz-van der Waals (LW) interaction energy, and the Lewis

acid-base (AB) (i.e., hydrophobic) interaction energy (36-39). Details of the

procedures are described in the supporting text.

Statistical analysis. Results are expressed as mean + standard deviation. For all

of the inactivation experiments, the differences between the survival of cells of wild

type and mutant strains at different exposure times were determined using

repeated-measures ANOVA. In addition, the differences between the measured

parameters were determined using one-way ANOVA. All statistical analyses were

carried out using SPSS 16.0 statistical software (IBM Corporation, Somers, NY), and

p <0.01 was considered to be statistically significant.

RESULTS AND DISCUSSION

Characterization of bacteria. The E. coli BW25113 wild type and isogenic
10



i)
c
9]
£
c
[¢]

=
>
c

LU

pplied and

Accepted Manuscripf Posted Online

Microbio|ogy

Microbio|ogy

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

capsular EPS mutants ¢psB™ and resC were used to investigate the roles of capsular
EPS in the photocatalytic inactivation of bacteria. Fig. 1c shows the capsular EPS
content of three bacterial strains. E. coli JW2034 has a knockout mutation in the cpsB
gene, which is involved in colanic acid biosynthesis, thus colanic acid production is
reduced compared with wild type (p < 0.01). The ¢psB™ mutant is still able to produce
some capsular EPS, however, probably due to the complementation of other cps genes
(40). In contrast, E. coli JW5917 has a mutation in the regulatory gene, rcsC, so
colanic acid production is enhanced compared with the wild type (p < 0.01).

FT-IR was used to probe the chemical and structural aspects of the total biomass
of bacteria. The specific functionality and band assignments were based on previous
reports for bacteria and model organic compounds (41-43). Information on the
composition and functionality of the cell constituents was extracted from the regions
3000-2600 cm” and 1850-950 cm™ and spectra were normalized to allow the
differences in the bands to be compared on the same scale (Fig. S1). The spectra of
each particular region were divided by the value of the spectral integral of that region.
Band assignments were based on previous reports for bacteria (41, 42). Several
common features were observed in all FT-IR spectra, demonstrating the presence of
polysaccharides, proteins, fatty acids and phospholipids in these three strains. The
strains also shared homologous spectral morphology, indicating that there are no

11
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significant differences in the chemical composition of the wild type and its mutants.
Closer observation of Fig. S1 reveals that the three strains possessed different
normalized intensity in the region from 950 to 1200 cm'l, corresponding to the C-O,
C-0-0, and C-O-P stretching vibrations of polysaccharides (41), with the intensity
following the order: rcsC mutant > wild type > c¢psB™ mutant. Given the genetic
differences of these three strains, the variation of normalized absorbance in
polysaccharide bands is attributed to different capsular EPS production capabilities.
This observation supports the rationale of using E. coli BW25113 and its isogenic
mutants to investigate the role of capsular EPS in photocatalytic inactivation.

Effects of capsular EPS on photocatalytic inactivation. Photocatalytic
inactivation in the non-partition system is shown in Fig. la. The TiO, dose was 100
mg/L, which was optimized in our previous study (27). The dark, light and negative
controls showed no obvious reduction in cell population (Figs. S2 and S3), suggesting
that TiO, or UVA alone did not have a bactericidal affect. When the three strains were
subjected to photocatalytic inactivation by exposure to UVA for 60 min in the
presence of TiO,, the susceptibility of the two mutants was different from the wild
type (»p < 0.01). The wild type and overproducing strains were more sensitive to
photocatalytic inactivation: the rcsC mutant (exhibiting increased colanic acid

production) experienced the greatest decline, followed by the wild type and then the
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cpsB- mutant (exhibiting decreased colanic acid production). The different

susceptibilities of the bacterial strains were probably due to different surface

characteristics (e.g. the amount of capsular EPS), which will be further discussed

below.

To further investigate the significance of capsular EPS when there is no direct

contact between TiO, and bacterial cells, the inactivation experiment was also

conducted in a partition system (Fig. 2b). In the partition system (Fig. 1b), bacterial

cells and TiO, were separated by a semipermeable membrane, which prohibited direct

contact between cells and TiO; (35). Significantly lower inactivation efficiencies were

observed for all three strains compared with the non-partition system, indicating that

direct contact between TiO, and bacterial cells is required for effective inactivation.

Interestingly, the susceptibility of the bacterial strains to photocatalytic inactivation

exhibited a reverse trend, with ¢psB™ mutant > BW25113 wild type > resC mutant,

suggesting that capsular EPS can protect the cell from attack by diffusible ROS when

the cells do not make direct contact with TiO, nanoparticles. To further explore the

protective role of capsular EPS, inactivation efficiencies were compared under only

H,0, (10 mM) and *OH, generated by the Fenton reaction (10 mM H,O; and 0.2 mM

Fe,SO4) (Fig. S4). As expected, the sensitivity of the strains followed the order

cpsB” > BW25113 wild type > resC. Much higher inactivation efficiencies were
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observed from the Fenton reaction than H,O, alone, suggesting that *OH may play a
more important role in the inactivation of bacterial cells than H>O, in this system.
These results support the hypothesis that the presence of capsular EPS provides some
degree of protection to bacterial cells in the presence of these ROS.

The photocatalytic inactivation mechanism. Scavenger studies have been used
to systematically investigate the effect of various reactive species that are responsible
for photocatalytic inactivation. To better understand the influence of capsular EPS on
the photocatalytic inactivation process, the scavenger studies were applied to the E.
coli BW25113 wild type and the two mutants (Fig. 3). For Cr(VI) (¢ scavenger),
TEMPOL (*O; scavenger), isopropanol (diffusing *OH scavenger) and Fe(II)-EDTA
(H20, scavenger), the degree of bacterial inactivation was the same for all three
strains. When sodium oxalate (an h' scavenger) was added, the cell density of all
strains only decreased to ~5 log, which suggests h” plays a moderate role in bacterial
inactivation. Interestingly, the three strains exhibited different susceptibilities toward
photocatalytic inactivation with the addition of oxalate. In the first 10 min, the cell
populations of both the wild type and resC” mutant only decreased by less than 0.5 log,
while the ¢psB™ mutant experienced a sharp decrease. This suggests that h” plays a
more important role in the inactivation of the capsular EPS producing strain and

overproducing strain than the strain with no colanic acid production (i.e., less or no
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capsular EPS produced). Direct contact of the bacterial cells and TiO; is a prerequisite
for the bacterial inactivation by h” oxidation. Although further confirmation is still
necessary, it is possible that the presence of capsular EPS enhances the contact of
photocatalysts and bacteria.

FT-IR provides a means to track changes in the cell structure and functionality
induced by the photocatalytic treatment. Figs. 4a and 4b show the FT-IR spectra of the
wild type at various time intervals. The peaks between 3000-2800 cm™ were
attributed to C-H stretching vibrations of —CH; and —CH, groups mainly from fatty
acid (41, 42). Because the E. coli cell membrane is predominantly composed of these
bonds, this region can be used to probe the changes in cell membrane integrity. After
3 h, the peaks disappeared, indicating damage to the cell membrane. Most studies
have reported that the mechanism for the photocatalytic inactivation of bacteria is cell
membrane damage and changes in cell permeability resulting from attack by ROS. In
conjunction with alternating fatty-acid bands, the decay and disappearance of the
polysaccharide peaks were also observed with increasing reaction time, suggesting the
breakdown of polysaccharides with the oxidation of ROS. Polysaccharides are the
dominant surface feature of the outer membrane of Gram-negative bacteria and
capsular EPS (42, 43). As the ROS produced by TiO, are highly reactive, it is

reasonable to infer that these molecules are important determinants of photocatalytic
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' shows the

inactivation efficiency. The region between 1700 and 1500 cm’
characteristic bands of proteins, where 1700-1600 cm™ is specific to C=O stretching
vibrations in the amide-I band and 1600-1500 cm™ is specific to N-H bending
vibrations in the amide-II band. These peaks decreased during photocatalytic
inactivation, indicating changes to proteins. Unlike the variation observed in the
fatty-acid and polysaccharide regions, the amide-I band became dominant after 8 h of
photocatalytic treatment, suggesting that proteins are more resistant to photocatalytic
peroxidation than fatty acids and polysaccharides.

The second derivative spectra in the amide-I region were also obtained to explore
the changes in protein secondary structure induced by photocatalytic peroxidation
(43). Table S3 summarizes the secondary structures present in E. coli. As seen in Fig.
4c, the untreated bacteria cell largely consisted of S-sheets, a-helices and aggregated
strands, with 3-turn helices as a minor feature. A significant breakdown in the protein
secondary structure was observed after 1 h. It is significant that cell membranes
consist of a lipid bilayer with embedded proteins; in E. coli, the cell membrane
contains more proteins than lipids (44). These proteins are held in the membrane as a
result of hydrophobic interactions between the membrane lipids and the proteins. The
secondary structural conformation of proteins (either in a or f), with their

hydrophobic side chains oriented toward the outside of the molecule where they
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interact with membrane lipids, is a prerequisite of an intact biological membrane (44).
In our study, the breakdown of the secondary structure at an early stage of the
treatment probably indicates the disruption of the cell membrane architecture.

The LIVE/DEAD BacLight™ Bacterial Viability Kit fluorescent microscopic
method was used to reveal changes in cell membrane integrity during the
photocatalytic treatment (32, 45). Fig. 5 presents the fluorescence microscopic images
of the wild type at different time intervals. Cells that did not undergo photocatalytic
treatment were stained green by the nucleic acid binding stain SYTO 9™ (Fig. 5a),
which penetrated the bacterial membranes and emitted green light. Propidium iodide
only penetrated cells with damaged membranes and emitted red light. After being
photocatalytically treated for 5 min, a portion of bacterial cells were stained red (Fig.
5b), indicating a loss of cell membrane integrity (or alteration in membrane
permeability). With prolonged irradiation time, more and more red-stained bacterial
cells were observed (Figs. 5S¢ and 5d). The fluorescence microscopic observations
thus provide strong evidence of bacterial membrane damage from TiO,-UVA
photocatalytic treatment. To quantitatively reveal the cell membrane integrity during
the photocatalytic treatment, the fluorescent green to red ratio of the stained cells was
obtained using a microplate reader with a standard curve (Fig. S5). All bacterial cells

lost their cell membrane integrity with prolonged photocatalytic treatment.
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Susceptibility (p < 0.01) followed the order resC > wild type > cpsB’, which is
consistent with the results of the plates count. However, the fluorescent green to red
ratio dropped to zero after 60 min for all three strains, whereas viable cells were still
observed for the ¢psB” mutant and wild type using the plates count method. This
discrepancy is probably due to the low detection limit (6 log) of the microplate scale
fluorochrome assay with the LIVE/DEAD BacLight™™ Bacterial Viability Kit (46).
These findings indicate that ROS produced by TiO; act as nonselective oxidants
to cell surface biomolecules, including lipids, polysaccharides and protein. Clearly,
the cell membrane is essential to the survival of bacterial cells. Damage of the cell
membrane by ROS has been reported to be the fundamental mechanism of
photocatalytic inactivation of bacteria (21, 47, 48). Thus, it is not surprising that
capsular EPS could decrease inactivation efficiency by competing with the cell
membrane for available ROS. Among the ROS produced, *OH and <O, are
short-lived and function at very close vicinity of the TiO, surface. H,O, is much
longer-lived, but much less detrimental (49). It is also possible that direct attack of the
cell membrane by ¢ or h" could cause lethal damage to the cell. In this instance, the
close contact between the photocatalyst particles and the bacteria is the key to
obtaining high photocatalytic inactivation efficiencies. In the present study, the

presence of capsular EPS enhanced the photocatalytic inactivation of bacteria in a
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non-partition system using TiO,-UVA. It is very likely that capsular EPS enhances the

adhesion of TiO; to the surface of bacterial cells, thereby leading to photocatalytic

inactivation of the bacteria. This effect appears to outweigh the protective role of the

EPS.

Capsular EPS-mediated adhesion of TiO, to bacteria. Fluorescence

microscopic and SEM analyses were used to investigate the interaction of TiO, with

the three strains in the dark and to determine how capsular EPS play a role in this

interaction. In the absence of any TiO, particles, all of the live E. coli cells were

homogeneously suspended and did not agglomerate (Fig. S6). After 30 min contact

with TiO; in the dark, cells of the wild type and the 7csC mutant (EPS overproducing

strain) started to form aggregates (Figs. 6a and 6¢), whereas cell aggregation was not

observed for the ¢psB™ mutant (Fig. 6b). Direct observation by SEM revealed more

TiO; particles loaded on the cell surface of the wild type and rcsC mutant (Figs. 6d

and 6f). For the ¢cpsB” mutant, most of the TiO; particles were seen on the slip beside

the cells (Fig. 6e). The energy dispersive X-Ray (EDX) spectra (Fig. S7) confirmed

this observation. These results suggest that capsular EPS play an important role in the

interaction of the bacterial cells with TiO, particles, which is certainly involved in the

inactivation mechanisms of the photocatalytic process.

To understand the role of capsular EPS in adhesion interactions the XDLVO
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approach was used to evaluate the physicochemical forces for contact between TiO,
and the bacterial cells. It was assumed for calculation purposes that the bacterial cells
were spherical, with a radius around 0.5 um based on SEM images. Agglomerates of
TiO, were assumed to be monodispersed spheres with radii 200 nm. The interactions
between the bacterial cells and TiO, did not appear to be greatly influenced by radius
size as the calculated EL, LW, and AB interaction energies were in the same order of
magnitude.

The zeta potentials of the bacterial cells and TiO, were also used to represent
surface potentials (Fig. S8) (38). Zeta potential measurements reveal that these three
strains are all negatively charged, whereas TiO, was positively charged at the test pH
(6.5) of the photocatalytic treatment, indicating an attractive EL interaction between
the bacterial cells and TiO, nanoparticles. Average contact angles were measured for
three probe liquids on four lawns (TiO,, wild type, cpsB™ mutant and rcsC mutant),
these are listed in Table S4. The values of »*™, ¥, 77, 4 and AG,” for the
three strains and TiO, were calculated using the equation in the supporting text and
shown in Table 1. The Hamaker constant A4 of the bacteria-water-TiO, system for
wild type, cpsB” mutant and resC” mutant was calculated as -0.512 x 107!, -0.979 x
102" and 0.177 x 10 J respectively, suggesting a repulsive LW interaction between
TiO; nanoparticles and the capsular EPS overproducing strain, while an attractive LW

20
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interaction with TiO, was obtained for the wild type and non-capsular EPS strain. The
calculated values AG jf in bacteria-water-TiO, for wild type, cpsB” mutant and rcsC
mutant were -2.25, 1.81 and -3.60 mJ/m?, respectively, indicating that the presence of
capsular EPS favored an attractive interaction between TiO, nanoparticles and
bacterial cells while the absence of capsular EPS resulted in a repulsive AB
interaction.

The total XDLVO interaction profiles reflect the sum of EL, LW and AB
interaction. The characteristic XDLVO interaction profiles between the three strains
and TiO, as a function of distance are shown in Fig. 7a. Both the wild type and resC
mutant experienced attraction with TiO, from 4 nm, and the value of total energy
increased with decreasing distance until they reached the primary minimum. However,
the total energy for the cpsB™ mutant interaction with TiO, was always positive below
4 nm. According to this energy profile adhesion would not occur for the cpsB™ mutant.
These results accord with the results from the fluorescence microscopic and SEM
analyses, which suggest that the presence of capsular EPS facilitated the adhesion of
TiO; to bacterial cells, as well as their aggregation. Based on the different approaches
of TiO, toward the cell, the order of the inactivation efficiencies in the non-partition
system can be qualitatively explained by the XDLVO theory. The magnitude of the
AB interaction energy was generally higher than those of the EL and LW (Figs. 7b, 7c

21
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and 7d). Previous studies have shown that nanoparticles attached on surfaces

increases with the presence of biofilm EPS, in a way that cannot be well predicted by

the traditional Derjaguin-Landau-Verwey-Overbeek (DLVO) theory (50-52). The

results of this study suggest that the interactions between bacteria and nanoparticles

may be largely governed by the AB (hydrophobic) interaction, which coincides well

with the XDLVO theory in which a hydrophobic interaction energy is added to the

DLVO theory. Though there are many studies stating interactions between

nanoparticles and EPS, few have focused on how capsular EPS levels affect the

interaction and how EPS-nanoparticle interactions affect the viability of bacteria. As

we have shown, the presence of capsular EPS influenced the physicochemical

properties of the surface of bacterial cells and resulted in a strong attractive AB

interaction, which consequently improved photocatalytic inactivation efficiency.

CONCLUSION

Overall, the findings obtained from this study suggest that capsular EPS play a

dual role in the photocatalytic inactivation of bacteria: (i) the presence of capsular

EPS can protect the bacterial cell by consuming photo-generated reactive species; and

(ii) capsular EPS promotes the adhesion of TiO, particles to the cell surface and

subsequently enhances photocatalytic efficiency. These results not only broaden the

22
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limited literature concerning the effect of capsular EPS on the photocatalytic

inactivation of bacteria, but they also have important implications for the transport

and fate of TiO; nanoparticles in aquatic environments.

From a practical point of view, capsular EPS, as a mediator of bacterial cell-TiO,

aggregate formation and a protective barrier for bacterial cells has to be taken into

account in the design and operation of photocatalytic disinfection technology. The

presence of capsular EPS can enhance photocatalytic inactivation efficiencies due to

the formation of bacteria-TiO, aggregates. More generally, the applicability of

XDLVO theory to bacteria-nanoparticle interactions demonstrated by this work has

important implications not only for modeling and predicting photocatalytic

inactivation in natural and engineered systems, but also for the further investigations

of nanomaterial for various disciplines where bacteria-nanoparticle interactions are

important preconditions. For instance, the investigations of (i) contact between

metal-reducing bacteria and metal-bearing minerals that are required for dissimilatory

growth (53); (ii) hybrid systems that combine the catalytic and synthetic power of

bacteria with the optoelectronic capabilities of nanomaterials (54); and (iii)

nanotoxicity studies (55). Our results highlight the critical role of capsular EPS in

bacteria-nanoparticle interactions and this should be taken into account in future

bacteria-nanoparticle studies.
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To the best of our knowledge, studies using single-gene knockout mutants to

investigate the mechanism of photocatalytic inactivation are still very limited.

Nevertheless, the findings of this study suggest that comparing different mutants with

the parental strain is an important way to better understand the mechanism of

photocatalytic inactivation of bacteria.
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Figure captions

Fig 1.

Fig 2.

Fig 3.

The schematic illustration of photocatalytic inactivation set up, (a) The
non-partition system, (b) The partition system; and (c) colanic acid
production of the wild type, cpsB  mutant and rcsC mutant. Bars represent
standard deviations (n=3) and data were statistically significant at p < 0.001
calculated by one-way ANOVA.

Comparison of photocatalytic inactivation efficiencies of wild type with its
single-gene knock out ¢psB” mutant and rcsC mutant in (2) non-partition
system and (b) partition system. TiO, concentration = 100 mg/L, initial cell
density = 2 x 107 cfu/mL, light intensity = 0.18 mW/cm’. Bars represent
standard deviations and data were statistically significant at p < 0.01
calculated by repeated-measures ANOVA.

Photocatalytic inactivation efficiency of wild type (a) and its single-gene
knock out cpsB” mutant (b) and rcsC mutant (c), with different scavengers
(0.5 mM sodium oxalate, 5 mM isopropanol, 0.05 mM Cr(VI), 2 mM
TEMPOL and 0.1 mM Fe(II)-EDTA). Bars represent standard deviations

(n=3).

Fig 4. FT-IR spectra of wild type at different irradiation times. Bands in the spectral

region of 3000-2650 cm™ (a) and Bands in the spectral region of 1850-950

cm'l(b); and Second derivative spectra in amide I (1700-1600 cm'l) (c).

Fig 5. Fluorescence microscopic images of wild type treated by TiO,-UVA at (a) 0

min, (b) 5 min, (¢) 10 min and (d) 20 min. The scale bars are 20 pm.
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Fig 6. Fluorescence microscopic images of E. coli cells after 30 min treatment of
contact with TiO, nanoparticles in dark: (a) wild type, (b) cpsB” mutant and
(¢) resC mutant. The scale bars are 20 #m, and SEM images of E. coli cells
after 30 min treatment of contact with TiO, P25 nanoparticles in dark: (d)
wild type, () cpsB” mutant and (f) rcsC mutant.

Fig 7. Interaction profiles of (a) wild type, cpsB” mutant and rcsC” mutant with TiO,
according to XDLVO theory, and the EL (electrostatic double layer), LW
(Lifshiitz-van der Waals) and AB (Lewis acid-base) interaction profiles for

(b) wild type, (¢) cpsB” mutant and (d) resC” mutant, repectively.
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712 Table 1. Surface energy of TiO, and E. coli cells in mJ/m™
7" a 3 7t AGE Ain107]
TiO, 55 47.5 322 29.8
wild type 6.4 43.0 33.1 252 2.3 -0.512
¢psB” mutant 4.8 50.3 30.9 28.4 1.8 -0.979
resC mutant 9.3 423 39.7 20.7 -3.6 0.177
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Table 1. Surface energy of TiO, and E. coli cells in mJ/m™

Y % A 7 AGE A0
TiO, 5.5 475 322 298
wild type 6.4 4.0 331 252 23 0512
cpsB’ mutant 438 503 309 284 1.8 -0.979
resC’ mutant 9.3 423 397 207 -36 0.177




