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ABSTRACT: Bacterial behavior is often controlled by
structural and composition elements of their cell wall. Using
genetic mutant strains that change specific aspects of their
surface structure, we modified bacterial behavior in response
to semiconductor surfaces. We monitored the adhesion,
membrane potential, and catalase activity of the Gram-
negative bacterium Escherichia coli (E. coli) that were mutant
for genes encoding components of their surface architecture,
specifically flagella, fimbriae, curli, and components of the
lipopolysaccharide membrane, while on gallium nitride (GaN)
surfaces with different surface potentials. The bacteria and the
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semiconductor surface properties were recorded prior to the biofilm studies. The data from the materials and bioassays
characterization supports the notion that alteration of the surface structure of the E. coli bacterium resulted in changes to
bacterium behavior on the GaN medium. Loss of specific surface structure on the E. coli bacterium reduced its sensitivity to the
semiconductor interfaces, while other mutations increase bacterial adhesion when compared to the wild-type control E. coli
bacteria. These results demonstrate that bacterial behavior and responses to GaN semiconductor materials can be controlled
genetically and can be utilized to tune the fate of living bacteria on GaN surfaces.
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1. INTRODUCTION

The structure of bacteria is dynamic and capable of responding
to various external stimuli that can be of a chemical or
mechanical nature."” Certain bacteria like the Gram-negative
bacterium, Escherichia coli (E. coli), efficiently respond to
external stimuli by alteration of their surface composition and
morphology.3 Structures such as flagella, pili, curli, and
lipopolysaccharide (LPS) complex participate in signaling-
related functions.* Mechanical signals from the extracellular
environment are transduced through the bacterial cell wall via
the LPS, a complex matrix composed ofoligosaccharide O-
antigen, inner core, and lipid layer, lipid-A.>® Flagella
participate in motility, but also “feel out” crevices for
adhesion.”® Bacteria surface structures also are essential during
biofilm formation with their roles documented in the literature
as the following: flagella, structures associated for motility and
surface sensing;g’9 pili/fimbriae, adhesive structures; ' curli,
structures with roles in adhesion, aggregation, and colony
formation;'>'? and LPS (permeability barrier and virulence).’
Differences and changes in the bacterial surface morphology
via appendage changes alter subsequent interactions with
interfaces. Understanding the bacterial interactions with
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interfaces is particularly important for several practical
problems associated with health and the environment. While
a number of studies have focused on interfaces made of
polymeric and metal surfaces associated with biomedical
applications,"* a relatively smaller number of studies have
examined interactions of E. coli with semiconductor materials.

Understanding the interactions of microorganisms with
semiconductors will lead to new paradigms in the field of
bioelectronics.''® In particular, there are a number of unique
semiconductor properties that can be utilized to influence the
behavior of cells on these interfaces.”” We have recently
reported on the favorable biocompatibility properties of III-
nitrides and the ability to tune adhesion via topography and
surface chemistry.'® However, these semiconductors also have
persistent photoconductivity associated with the accumulation
of surface charge and a change in surface potential that persist
with long lifetime even after the source used for photo-
activation, such as UV light, is removed. We have shown that
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photoactivated gallium nitride (GaN) materials alter cell
adhesion, plasma membrane potential, cell physiology, biofilm
formation, and mitochondrial activity.'””” We have collected
evidence that some of the observed cell behavior can be
explained by the generation of locally high levels of reactive
oxygen species (ROS) on the surface.”’ However, there is a
need to understand what structural aspects of the bacterial cell
also contribute to the biological response upon interaction
with a semiconductor interface.

In this study, we show that changes to the bacterial surface
morphology alter the behavior of E. coli on GaN surfaces that
have been previously exposed to UV light. We examine the
behavior of E. coli that contained deletions for genes that are
associated with specific surface structures (Table 1).

Table 1. E. coli Strains and Genotypes Utilized in the Study

keio
library

name strain # genotype

WT BW 25113  F-, A(araD-araB)$67, AlacZ4787(::rrnB-3), A~ rph-
1, A(rhaD-rhaB)568, hsdRS14

AfimA  JW4277-1  F-, A(araD-araB)S67, AlacZ4787(::rmB-3), A-, rph-
1, A(rhaD-rhaB)568, AfimA782::kan, hsdRS14

AfimB  JWA4275-1 F-, A(araD-araB)S67, AlacZ4787(::rmB-3), A-, rph-
1, A(rhaD-haB)568, AfimB780::kan, hsdRS14

AfimH  JW4283-3  F-, A(araD-araB)S67, AlacZ4787(::rmB-3), A-, rph-
1, A(rhaD-rhaB)568, AfimH?788::kan, hsdRS14

AcsgD  JW1023-1  F-, A(araD-araB)S67, AlacZ4787(::rrmB-3), A-,
AcsgD781::kan, rph-1, A(rhaD-rhaB)S68, hsdRS14

AcsgG  JW1020-1  F-, A(araD-araB)S67, AlacZ4787(::rrmB-3), A-,
AcsgG778::kan, rph-1, A(rhaD-rhaB)S68, hsdRS14

AfliC JW1908-1  F-, A(araD-araB)567, AlacZ4787(::rmB-3), A,
AfliC769::kan, rph-1, A(rhaD-rhaB)S68, hsdRS14

AfIgE JW1063-1  F-, A(araD-araB)567, AlacZ4787(::rrB-3), -,
AfIgE74S::kan, rph-1, A(rhaD-rhaB)S68, hsdRS14

AgmhB  JWO0196-2  F-, A(araD-araB)S67, AgmhB725::kan,
AlacZ4787(::rrmB-3), A~ rph-1, A(rhaD-rhaB)S68,
hsdRS14

ArfaH ~ JW3818-1  F-, A(araD-araB)S67, AlacZ4787(::rmB-3), A-, rph-

1, ArfaH783::kan, A(rhaD-rhaB)S68, hsdRS14"

Specifically, we selected genes that encode components of
the fimbriae, which are thin, rigid, polar filaments that protrude
from the surface of the bacteria. Fimbriae are composed of the
long-chain protein, pilin, and are known to be responsible for
forming the initial stable cell-surface attachments in a
concentration dependent manner.”> Alteration to the structure
of the fimbriae changes the adhesive potential of bacteria.”* We
also examined bacteria deficient in genes that encode curli-thin,
intrinsic proteinaceous components of the outer membrane
that play a role in cell aggregation.”* Curli production is highly
regulated and responsible for the transition from a predom-
inantly flagellar-based motile behavior to curli-enhanced
adhesive processes during the initial formation of a
biofilm.>'>** Unlike fimbriae, there is no relationship between
the curli concentration and adhesion. Finally, we examined the
role that flagella, the long tubular helix composed of the
protein flagellin, plays in motility and mechano-sensation.***°
In this report, we characterize separately the semiconductor
and bacterial surfaces, and subsequently relate their properties
to changes in E. coli behavior on UV-treated (UV+) and
nontreated (UV-) GaN with respect to cell adhesion,
membrane potential, and catalase activity.
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2. RESULTS AND DISCUSSION

2.1. E. coli Interfaces. Prior to the evaluation of the
behavior of the mutated E. coli on the semiconductor surfaces,
we gathered data to understand the interfacial properties of 10
strains. We studied the deletion mutations of the three major
fimbriae genes: fimA, fimB, and fimH. The fimA gene encodes
the major repeating protein subunit of the fimbriae and
deletions of the fimA gene lead to the loss of fimbriae
formation.'” The fimB gene encodes a transcriptional regulator
of fimA, and in the absence of FimB function, one observes no
FimA production.”” The fimH encodes a minor component of
the fimbriae proper that is required for governing the length
and adhesive properties of fimbriae and the loss of FimH
results in altered adhesion.”® We examined the deletions of
curli formation genes: ¢sgG and csgD. The csgG gene encodes a
protein that governs the stability and secretion of the structural
proteins CsgA and CsgB.'” The csgD gene encodes a
transcriptional activator that manages the expression of the
curli operons.”” Loss of CsgD results in a lower number of
curli and altered initial bacterial adhesion dynamics.">** Curli
plays a role only during the initial adhesion process, and then
are silenced as the Cpx and Rcs pathways switch on in
subsequent biofilm formation stages. Furthermore, we
examined the changes that are associated with deletions of
two major flagellar genes, fliC, which encodes flagellin the
major structural component of ﬂagella,w’9 and fIgE, which
encodes the hook connection for the flagella protein to the cell
body.””*" Finally, we assessed deletion mutants of two genes
that encode enzymes necessary for the proper secretion of the
LPS: gmhB and rfaH.””~** Prior work has reported that
deletion of both of these genes can lead to changes in E. coli
adhesion.”

Figure 1 summarizes all the measured zeta potential values
for the different E. coli strains. Three mutations (AfimH,
AcsgG, and AfliC) exhibited significant changes to their zeta
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Figure 1. Summary of the average zeta potential values. Measure-
ments were taken for 10 strains. Statistical analysis shows significant
differences among certain samples marked on the graph. The notation
* indicates a significant statistical difference between fimA and fimH
strains, **, between fimA and fliC; @, between fimH and rfaH; p,
between fimH and rfaH; *** indicates that the csgG strain zeta
potential was significantly different compared to all other tested
strains.
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potential in comparison to the values obtained for the wild-
type (WT) bacteria. Larger zeta potential values are indicative
of more stable dispersion of bacteria in solution. The recorded
significant differences in zeta potential values supports the
notion that the deletions in the above three mutant strains are
changing the surface physio-chemical properties and can lead
to more cell—cell aggregation. Changes in zeta potential are
also associated with alterations in the cell surface permeability
that can lead to differences in functions essential for cell
survival.” Tt is important to note that mutations associated
with altering the cell wall via LPS resulted in the smallest
change in zeta potential. Also, we need to state that there is no
consistent correlation between the zeta potential changes
observed in the E. coli mutants and the alteration of bacterial
behavior on UV+ GaN semiconductor materials. Although
AcgsG bacteria had a significant reduction in zeta potential
and the largest increase in adhesion to UV+ GaN surfaces;
Aflic, which also demonstrated a significant reduction in zeta
potential, exhibited reduced adhesion to UV+ GaN materials.
These results suggest that a reduced zeta potential surface does
not control the changes to the bacteria adhesion but may
contribute to the essential roles that morphological structures
like flagella have in processes like adhesion. AcgsG mutants
have a wild-type flic gene and normal flagella. It is possible that
the alteration of the cell wall in the AcgsG mutant bacteria
changes the surface charge, which then enhances flagellar-
based adhesion,®® and bacterial cells that are missing flagella
simply do not adhere to GaN surfaces regardless of the
changes to their surface charge. In future experiments, double
mutant bacteria, AcgsG and Aflic, will allow us to test such
hypotheses.

There is also a possibility that certain types of chemical
moieties tested in this study become more accessible due to
the loss of specific surface structures due to the mutation.
Bacteria are inherently negatively charged since their outer-
most layer is made of peptidoglycan, a mixture of carboxyl and
amine groups.””® We performed additional measurements to
compare the hydrophobicity of these strains using a standard
microbial adhesion to hydrocarbon (MATH) assay.’® In this
assay, one compares initial and final bacterial concentrations
after samples are placed in contact with a hydrocarbon
solution. This assay avoids issues associated with drying
bacteria on surfaces with variable defects that might cause
inconsistences in the measurements. The MATH assay results
are summarized in Table 2. Significant changes in the %
hydrophobicity were observed in the following cases: AfimA,
AcsgD, AcsgG, and ArfaH. The results show that mutations in
the surface structures associated with adhesive fimbriae and
curli significantly increase the % hydrophobicity (in some
instances, to 2 to S times greater values). In contrast,
mutations in the LPS cause relatively small deviations in the
% hydrophobicity compared to WT.

2.2. Semiconductor Interfaces. We have reported on a
number of detailed GaN characterization studies.'” In
particular, we have examined changes in the surface chemistry
and roughness via spectroscopy and microscopy analysis.”” In
this study, we quantified the surface potential changes of the
batch of Ga-polar GaN utilized for the biofilm behavior
studies. All surface potential data were collected with KPFM**
as described in the Experimental Section. Figure 2a shows the
KPFM data as a function of time prior to UV light exposure,
during UV light illumination, and after the light source was
turned off. Figure 2b contrasts the average surface potential
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Table 2. Summary of the % Hydrophobicity Measurements
Performed with All the E. coli Strains Used in This Work

%

gene bacterial component/function hydrophobicity”

wild-type 5+ 0.04

AfimA Fimbriae/major repeating subunit 10.53 + 0.09"

AfimB Fimbriae/transcriptional regulator of fimA 2.83 +£ 5.72

AfimH  Fimbriae/a minor protein component that 5.72 + 0.05
recognizes mannosyl residues

AcsgD Curli/DNA-binding transcriptional activator in 26.3 + 0.14%
2-component regulatory system

AcsgG Curli/ outer-membrane lipoprotein required 9.45 + 0.05*
for curli subunit secretion

AFIliC Flagella/main structural subunit 10.99 + 0.12*

AFIgE Flagella/connects filament to main bacterial 3.84 + 0.03"
body

AgmhB  LPS/enzyme required for LPS-synthesis 6 + 0.09

ArfaH LPS/core synthesis and O-antigen attachment 2.82 + 0.02%

“#P < 0.0S.

values (in mV) under the two experimental conditions. The
KPFM data indicates that the surface potential sharply
increases upon illumination and decays slowly when the light
is removed. The initial potential values are in the range of
200—300 mV. Irradiating the samples with the UV light
increases the surface potential up to 1—1.1 V, which
corresponds to approximately 850 mV increase or 3.4 times
larger values than the initial values. The data indicates that it
takes 360 s (or 6 min) for the surface potential to decrease and
then equilibrate after the light source is removed. After the UV
irradiation, the surface potential drops to ~160—210 mV,
which corresponds to a drop of 60 mV or approximately 25%
decrease from the values recorded at the beginning of the
experiments. The detected difference may be considered to be
biologically significant. This change is in the range of many
biologically relevant membrane-based signaling systems such as
these found in neurons. Such systems have been shown to
respond to changes in a few millivolts. The ways of interpreting
surface potential data are widely discussed in the literature.*” It
is significant to note that the surface potential takes time to
decay upon removal of light, since during the E. coli
experiments, we never exposed the cells directly to the light
and used the GaN samples after UV illumination. Considering
the charge decay speed, one should notice that the response of
the bacteria to change surface charge may persist and/or be
delayed due to the time scales of physiological and/or genetic
responses, ie., the reset of the bacteria may not be rapid.
However, it cannot be ruled out that other changes such as the
increase in Ga+ or ROS may also contribute to bacterial
reactions observed.

An additional characterization performed on the semi-
conductor interfaces involved assessment of their hydro-
phobicity. Literature studies have pointed to the importance
of surface hydrophobicity with respect to adhesion of certain
cell types.** In our prior work, XPS analysis concluded that the
surface composition of the GaN is not statistically different
before or after exposure to UV light.”” Figure 3 summarizes all
the contact angle measurements recorded during the different
experimental conditions as detailed in the Experimental
Section. The clean GaN surface equilibrated in air is
moderately hydrophobic with a contact angle below 60°, and
there are no significant changes before and after UV
illumination in air, as well as after incubation in buffer or
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Figure 2. (a) Surface potential (mV) vs time (min) under various external conditions (equilibrated sample not exposed to UV light, UV on, and
UV off). (b) Summary of average surface potential values (mV) before (UV-) and after (UV+) exposure to UV light.
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Figure 3. Average contact angle values for GaN samples before (UV-)
and after (UV+) light irradiation and different treatments: clean, after
PBS incubation for 1 h, and after placement in agar for 1 h. All
samples were dried prior to the contact angle measurements which
were performed with droplets of DI water as described in the
Experimental Section.

agar broth. Thus, any changes we observe in the different E.
coli strain behavior on GaN before and after UV light
treatment of the material cannot be rationalized due to
differences in the inorganic interface hydrophobicity.

2.3. E. coli Behavior on Semiconductor Interfaces. We
initially compared the adhesion behavior of all 10 E. coli strains
to GaN surfaces that were either UV irradiated or not. These
results are summarized in Figure 4. We observed a reduction of
cell—substrate adhesion with the wild-type E. coli cells on GaN
surfaces that have been treated with UV light. This result is
similar to the interaction of other microbes such as the
budding yeast Saccharomyces cerevisiae and the Gram-negative
bacteria Pseudomonas aeruginosa when their behavior on UV
treated and nontreated GaN is compared.”””” Our current
analysis tools prevent us from determining if this observation is
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Figure 4. Summary of averaged adhesion assay tests. Biofilms of 10
strains of E. coli were grown on nonirradiated (UV-) and UV-
irradiated (UV+) GaN samples. Carried statistical analysis shows
significant differences in cases indicated by the *.

due to the physical alteration of the local environment such as
a reduction in positive charge on the surface or due to an active
response from the bacteria itself. In some mutant bacteria
(AfimA, AfimB, and AfIgE), we see a reduction in surface
binding when compared to WT and a lack of any difference in
the response to the variably treated GaN. Comparing the
adhesion trends of the bacterial strains on uncharged and
charged surfaces shows that only the WT and AfliC strains
show a significant decrease in the total retention of bacteria
between these two conditions. Several other mutants (AfimH,
AcsgG, AcsgD, AgmhB, ArfaH) show the opposite response,
increased binding to charged GaN surfaces when compared to
WT. There was a 4-fold increase of retention of AfimH E. col,
S-fold increase of AcsgG, and a 3-fold increase of AgmhB
(Figure 4). The adhesion results do not show a direct
correlation with either bacterial zeta potential or % hydro-
phobicity. This observation supports the notion that the loss of
specific bacterial surface structures lead to interfacial
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interactions that are primarily facilitated by the semiconductor
interface charge but are too complex to be rationalized by
methods such as zeta potential and MATH assay that rely on
indirect measurements to calculate the desired parameters.”'
Thus, increased surface charge is one of several characterized
physicochemical changes at the GaN interface that can be
controlling bacterial behavior. Bacteria have been shown to
respond to a variety of signals and extracellular cues including
surface morphology and structure.”~* Often, these responses
are mediated by specific morphological features including
flagella and fimbriae. While we do not find a global relationship
between the alteration of cell hydrophobicity or zeta potential
and cell behavior on GaN material, these results demonstrate
that specific alteration to the cell via mutation can alter the cell
physical properties, and that in the right context, ie., cells
bearing wild-type morphological features, these changes may
alter the behavior on GaN materials.

During the collection of data associated with adhesion, we
observed that the WT bacteria displayed a different motility on
the UV-treated vs untreated surface. The WT bacteria were
immobile on the UV+ GaN, whereas they showed regular
movement on UV- GaN. The mutants also showed this type of
behavior difference on the two types of semiconductor
interfaces. While some of the genes that were used in this
study are responsible for twitching and swimming motion,*
the uniform loss of motility suggests that the reduction of
motive force leads to slower pili action and, therefore, slow
bacteria.”” The data on Figure 4 and the motility trends
support the notion that the adhesion to the surface is not
facilitated by the ability to move. Rather, an increased adhesion
(the case for AfimH, AcsgG, AcsgD, AgmhB, ArfaH) results
from an initially favorable interaction between the charged
semiconductor interface and the E. coli cell surface with specific
morphology.

Loss of the E. coli surface structure due to mutations like
those studied here result in changes to its membrane potential
(AY).** Here, we quantify AW for all mutants on UV-treated
and nontreated GaN (Figure 5). We used the ratiometric dye

UV-
1.5 - Uv+

ns

ol gl o T
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Figure S. Comparison of E. coli membrane potential assay test results.
Biofilms were grown on nonirradiated (UV-) and UV-irradiated (UV
+) GaN samples. Statistical analysis unveils a significant difference in
the wild-type case on UV+ and UV- surfaces.

DiOC(3) on bacteria exposed to UV+ and UV- GaN surfaces.
The DiOC(3) dye is sequestered in cells with normal proton
motive force; if the membrane potential is altered, there will be
a shift from green to red fluorescence. The ratio of the green to
red fluorescence was calculated for WT. Higher ratiometric
values correspond to lower membrane potential (). A radical
change in membrane potential was seen for wild-type E. coli
placed on UV+ and UV- GaN (Figure 5). We noticed that the
membrane potentials of all the mutant strains grown on the
uncharged surfaces were lower than that of the WT. Using the
results obtained as baseline membrane potentials for the
individual strains, we compared their membrane potential to
that when grown on the UV+ surfaces. In stark contrast to the
AVY of the WT, all the mutant strains showed little to no
change in membrane potentials upon comparison between UV
+ and UV-. Research with nanostructured materials has shown
that mechanosensitive events will disruft the membrane
potential of bacteria and other microbes.* Contact with any
type of interface is a mechanosensitive event. Changes induced
by the mutations in genes associated with bacterial cell surface
composition and/or structure are expected to play a critical
role in any function associated with mechanical properties
recognition such as adhesion.”®*® The fact that no differences
were recorded in the ¥ data for the mutants compared to the
wild-type for UV- and UV+ GaN leads us to conclude that
mutations to the appendages decreases the mechanical
sensitivity of E. coli toward recognition of the variable
inorganic interfaces. The interesting aspect is that this loss of
membrane potential change is uniform in E. coli strains that
have diverse alterations to their surface morphologies; this
suggests that either these diverse processes share a common
response mechanism or the response to the UV+ is extremely
sensitive, and any change to surface/cell interactions results in
a refractory membrane potential response.

The E. coli cell wall has a number of components that
participate in so-called defense mechanisms against unfavor-
able conditions.”” Catalase enzyme is responsible for the
elimination of harmful reactive oxygen species (ROS).* We
evaluated the amount of catalase activity for all mutants on
different interfaces (Figure 6). In instances where there is a
statistically significant difference in the catalase activity
between UV-treated and nontreated samples, there is a
decrease in the enzyme activity. We have documented that
UV exposure of GaN can lead to more oxides on the surface,””
but despite this, the catalase data indicates that there is a
decrease of the amount of catalysis associated with conversion
of ROS inside the cells. Mutants associated with fimbriae
alterations showed no difference in catalase activity between
UV+ and UV-. Our data is in agreement with prior work that
found that initial biofilm formation is more sensitive to
pathways govern by CsgDu.”’

3. CONCLUSIONS

In summary, we characterized the behavior of 10 different E.
coli strains on GaN interfaces with variable surface potential. In
wild-type E. coli, we observed changes in bacterial behavior in
response to changes in surface charge of the GaN substrate.
This behavior was altered due to mutations in genes that
encoded specific components of the E. coli cell exterior. We
found radical alteration to wild-type behavior in mutant E. coli,
particularly those that influence the composition and structure
of the cell wall. While wild-type E. coli exhibited reduced

affinity to the charged GaN interface, we observed an increase
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Figure 6. Comparison of the catalase activity of E. coli biofilms
formed on GaN surfaces. Certain strains (indicated with *) exhibited
a statistical difference in the amount of catalase when biolayers were
grown on nonirradiated (UV-) vs UV-irradiated (UV+) substrates.

in bacterial adhesion to the UV-irradiated GaN samples using
the following strains: AcsgG, AcsgD, AgmhB, and ArfaH, all of
which encode components of the peptidoglycan. Furthermore,
we also observe increased affinity in AfimH E. coli a critical
component for alternative modes of motility and surface
colonization. Furthermore, the quantitative assays for catalase
and membrane potential showed that the wild type is more
sensitive to the variable semiconductor interfaces compared to
the mutants. The results of this work will be of practical
interest to researchers in the bioelectronics field.

4. EXPERIMENTAL SECTION

Semiconductor Surfaces. Ga-polar GaN was grown as reported
in previous publicationss.*” ™" The surfaces utilized here were from
the same batch used for earlier work and additional materials
characterization has already been reported.’” As in previous studies,
the UV-irradiation of clean equilibrated GaN samples in all
experiments was performed for 1 h.

AFM Characterization. All of the AFM and KPFM work was
performed on Oxford Instruments MFP-3D Origin. Experimental
details and statistical analysis descriptions have been published by our
groups.w’21

Contact Angle Measurements. All data were collected with a
Rameé-Hart automated dispensing system and a Ramé-Hart Model
200 F4 series goniometer. The droplets deposited had a 1.25 uL
volume. The droplets were imaged and analyzed with OnScreenPro-
tractor Java-applet (v 0.5).

Bacterial Strains and Growth Conditions. All E. coli strains
were obtained from the Keio library®> with a single deletion mutation
from the parent BW25113 strain. Before each characterization and
biofilm formation described in this work, a fresh bacterial colony was
seeded from a mother plate and cultured overnight in Luria Broth
medium. All growth was carried out in a shaker incubator at 37 °C.

Bacterial Surface Characterization. Prior to data collection, the
bacterial cultures were grown overnight and then diluted to an ODy,
~0.1. Subsequently, 750 uL of the culture was added to a cuvette
followed by the dip cell electrode. All zeta potential measurements
were collected with a Malvern Zetasizer Nano ZS. The relative
hydrophilicity was derived using a standard MATH assay.* Briefly,
each measurement was done with the following procedure: 5 mL of
overnight cultures of the bacterial cells were pelleted, resuspended in
1XPBS, and diluted to an ODgy, of ~0.1. The ODy, value of the
preprocessed sample was recorded. Next, 1 mL of octane was added
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to 4 mL of each of the bacterial cultures. These were then vortexed
vigorously for 2 min and allowed to stand for 20 min. The ODy,
value of the aqueous part of the cultures was recorded each time. The
following formula was utilized in all calculations to determine the
relative hydrophobicity of each bacterial knockout strain:

)XIOO

Adhesion Assay. A bacterial adhesion assay was performed on a
Zeiss inverted spinning disc confocal microscope via the direct
microscopic count (DMC) method. For each experiment, cells were
grown overnight at 37 °C in a shaker incubator and adjusted to an
ODygy of ~0.1. The following day, 100 uL of the ODyg, adjusted
bacterial cells were incubated with SYTO9 in the dark at room
temperature (~23 °C) for 20 min. The cell-dye combination was
pelleted and resuspended in 1 mL 1XPBS. Next, 100 yL of labeled
bacteria was incubated in both UV treated and nontreated GaN
substrates for 5 min at room temperature. All substrates were then
gently washed with 1XPBS and immediately imaged. The number of
bacteria per field of view (FOV) at 100X magnification was recorded
on each semiconductor sample. The data reported is extracted from at
least 15 images per sample. All experimental conditions were repeated
three times.

Membrane Potential Assay. A Baclight Bacterial Membrane
Potential Kit (Thermo Scientific; catalog number B34590) was
utilized according to the manufacturer’s protocol. A working solution
of the stock membrane potential monitoring dye [3 mM DiOC,(3)]
was prepared by diluting 1 uL of the stock solution in 1 mL of
sterilized PBS. 10 uL of this working solution was then added to the
cells. A solution of carbonyl cyanide 3-chlorophenylhydrazone
(CCCP) was similarly diluted. Cells were grown overnight at 37 °C
in a shaker incubator. The next day, they were adjusted to an ODyq, of
0.05 and allowed to grow to ODgy = 0.6. Subsequently, 100 uL of
this cell culture was pelleted and resuspended in 1 mL PBS. A control
tube containing cells but no dye was kept aside. 10 uL of the
DiOC,(3) working solution was then added to 1 mL of cells in PBS.
100 uL of this cell-dye solution was added to each substrate in a 96-
well plate and allowed to incubate at room temperature for 30 min.
The CCCP working solution was added to the cell culture tube and
utilized as a positive control. PBS with the dye solution/no cells and
PBS solution/no cells were used as negative controls along with a well
containing cells but no dye. The working CCCP solution was added
to the working dye solution as a control for dissipating membrane
potential. Semiconductor surfaces, both treated and nontreated with
UV light, were added to the solutions described above. After the 30
min incubation period, the GaN substrates were carefully removed
using forceps and placed upside-down on a coverslip and imaged
using a Zeiss inverted spinning disc confocal microscope. At least 15
images were taken per sample. The experiment was repeated three
times with at least two different overnight bacterial cultures.

Catalase Activity Assay. The catalase colorimetric activity kit
from Thermo Fisher (catalog number: EIACATC) was utilized
according to the supplied protocol. A catalase standard was provided
to generate a standard curve. The E. coli cultures were grown
overnight and diluted to an ODgy, of 0.1. Subsequently, 100 uL
aliquots were added to the UV treated and nontreated GaN surfaces.
The cells were then vortexed loose from the surface of the GaN and
diluted in the assay buffer, 25 uL of which was added to the wells of a
96-well plate. 25 uL of hydrogen peroxide (H,0,) was then added to
each well and left to incubate at room temperature for 30 min. 25 uL
of the provided substrate and horseradish peroxidase (HRP) were
then added and left to incubate further for 15 min. The HRP and
substrate reacted to form a pink solution. The 96-well plate was then
read spectrophotometrically at ODs4. An increase in catalase activity
is seen by the decrease in pinkness of the samples, which indicates a
decrease in the amount of H,0,. The number of units of catalase
present in each sample was calculated using the initially generated
standard curve. Each unit of catalase corresponds to the
decomposition of 1 umol of H,O, per minute at room temperature.

ODybefore

9%hydrophobicity = [1 OD... aftor
500
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Statistical Analysis. All experiments, including materials
characterization, have been repeated at least 3 times. The reported
analysis was performed utilizing 1-way, 2-way, and 3-way ANOVA
methods and a commercial software package OriginPro 2017 (v
9.4.1.354).
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