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ABSTRACT OF THE DISSERTATION

Inhibiting Microbial Growth, Virulence, and Motility via Bioinspired Nanotopography
By
Rachel Rosenzweig
Doctor of Philosophy in Materials Science and Engineering
University of California, Irvine, 2020

Professor Albert F. Yee, Chair

Pathogenic microbes, such as bacteria and fungi, often contaminate medical systems
resulting in 1.7 million annual cases of hospital acquired infections, 99,000 annual deaths,
and $16.6 billion spent in healthcare costs in US alone. Current solutions declining in
efficacy are drug therapies, which have led to the rise of antimicrobial resistance and
created an urgent need for alternative strategies. Here, the fabrication and physical
antimicrobial effects of polymeric nanoimprinted surfaces based on bactericidal
nanotopography inspired by nature are explored. A materials science and engineering
approach is combined with microbiology and mechanobiology to further probe the cell-
surface interface for the the ability of the bioinspired nanotopography to (1) hinder
surface-attached Pseudomonas aeruginosa bacterial growth and virulence, (2) disrupt P.
aeruginosa bacterial mechanoresponsive upstream motility in fluid flow, and (3) inhibit
Aspergillus fumigatus and Fusarium oxysporum filamentous fungal growth demonstrating
antimicrobial effects in a eukaryotic cell type system. This work promises broad
applications for synergistic antimicrobial solutions in medically relevant systems and

heralds new platforms to study mechanobiology.
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CHAPTER 1. Introduction- Antibacterial Bioinspired Nanotopography

and Fabrication

Introduction

Bacteria and fungi can populate and form biofilms, or surface-attached cellular
communities protected by secreted extracellular polymeric substance (EPS). Biofilms
harboring infectious pathogens often form in medically relevant environments.! There are
1.7 million cases of hospital acquired infections each year due to contaminated medical
devices resulting in 99,000 deaths? and $16.6 billion dollars spent in healthcare costs in the
US alone.? Frequently contaminated medical devices and implants include hearing
implants, contact lenses,* cardiac implants,>¢ joint implants,” and catheters.8°

Current solutions declining in efficacy include the use of antimicrobials, which has
led to the rise of antimicrobial resistance (AMR). AMR has been declared by the World
Health Organization as a dominant threat to global health, the economy, and environment
with annual death rates predicted to surpass those from cancer by 2050.10 A major cause of
AMR is the formation of bacterial and fungal biofilms that harbor pathogens, which result
in a 10 to 1000-fold drug diffusion decrease and are responsible for 80% of clinical
infections.11.12

When these microbes attach to surfaces, they secrete autoinducer signaling
molecules to communicate to other microbes using the process known as quorum
sensing.13 Once these microbes begin to form a microcolony, they synthesize a protective

EPS that significantly decreases diffusion of antimicrobial drugs. Eventually, these biofilms



begin to mature and form antimicrobial degrading enzymes and disperse more AMR
microbes to contaminate other surfaces.1* Bacteria and fungi also possess the ability to
alter their gene expression within biofilms and at the single cellular level leading to AMR.
Mechanisms of AMR include the formation of efflux pumps to rid the cells of antimicrobial
drugs, the development of antimicrobial degrading enzymes, and the mutations of
antimicrobial binding proteins.1> There is an unmet need to prevent pathogenic microbial
growth, virulence, and motility on surfaces without the use of antimicrobial chemicals that
can lead to resistance.

One of the approaches to discovering antimicrobial surfaces is to look to nature for
inspiration. Antifouling surface effects have been found in nature from the micron-scale to
the nano-scale. These include Galapagos shark skin,1¢ lotus leaves,17 dragonfly wings,18
gecko feet,1? and Megapodiidae eggshells,20 to name a few. Such surfaces consist of pillared
arrays sometimes smaller than the wavelength of visible light have been mimicked and
engineered by various research groups for applications in biosensing?!22 and antibacterial
surfaces.?? In this work, we utilize a low-cost technique known as nanoimprint
lithography (NIL) to fabricate bioinspired nanotopographic surfaces inspired by antifouling
cicada wings on poly(methyl methacrylate) (PMMA),%425 an FDA approved polymer
commonly used for medical devices. The NIL technique can be easily extended to other
thermoplastic polymer materials if desired. We use NIL for our applications due to the
reusability of imprinting molds, feasibility for medical devices relevant polymers, and

scalability.



Results and Discussion

We begin by ordering commercial imprinting molds (Temicon, GmbH) or fabricating
a nanoimprint lithography mold on a four-inch silicon (100) wafer. A base-plating mask of
10nm chromium was applied to facilitate a conductive layer easily bonded to the Si/SiO2.
Next, a ZEP 50% positive photoresist (1:1: copolymer of alpha-chloromethacrylate and
alpha-methylstyrene) was spincoated and developed using an n-amyl acetate on the wafer
at 3000rpm and then baked at 100°C. Then, electron beam lithography (EBL) was
conducted to pattern nanoscale holes into the photoresist using a Vistec VB300 Electron
Beam Lithography System. Next, highly anisotropic fluorine inductively coupled plasma
(ICP ) with SFe/02 at 40sccm flow rate was used to etch 300nm of the exposed silicon
nanopatterns using an Oxford PlasmaLab 150 Inductively Coupled Etcher fluorine.
Subsequently, the ZEP 50% photoresist layer was removed using a dimethylacetamide
organic solvent (Figure 1A). Finally, the 300nm tall and 100nm wide nanopillar structures
were exposed with center-to-center periodicities ranging from 200nm to 500nm in a

square array (Figure 1B).

A ‘ B
Photoresist 3
-
1) Spincoat photoresist 2) E-beam lithography . \‘\
3) Fluorine ICP 4) Removal /

Figure 1. Fabrication of silicon molds with nanotopography. (A) First, a ZEP 50% positive photoresist was
spincoated at 3000rpm onto a 10nm chromium masked silicon (100) wafer. Then, electron beam lithography
was used to pattern nanoscale holes in the ZEP 50%. Next, fluorine ICP was using to etch the silicon exposed
by the photoresist using a SF6/02 flow rate of 40sccm. Subsequently, the photoresist was removed using a
dimethylacetamide organic solvent. Finally, the nano pillared structures were exposed revealing (B) 300nm
tall and 100nm wide pillars with a 200nm, 300nm, 400nm, or 500nm pitch in square arrays.
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Figure 2. Schematic of nanoimprint lithography (NIL) process. First, a 5% PMMA solution is spincoated and
annealed on a glass substrate. Then, the sample is transferred to a hot embosser heated to 70°C above the
PMMA glass transition temperature (Tg) with a pressure of 2MPa applied for 20 minutes. Finally, the hot
embosser is cooled to room temperature with the applied pressure held for 10 minutes before demolding to
expose the PMMA nanopillared surface structures.

The molds commercially ordered or custom fabricated are maintained and stored
for nanoimprint lithography processes. The NIL process previously described?627 involves
first spincoating a 5% PMMA solution in toluene on a glass substrate at 6000rpm for
45seconds before annealing. Then, the sample is transferred to a hot embosser to raise the
temperature to 70°C above the PMMA glass transition temperature (Tg=105°C) with an
applied pressure of 2ZMPa for 20 minutes. Finally, the temperature is lowered to room
temperature with the applied pressure held for 10 minutes before demolding to expose the
PMMA nanopatterns (Figure 2). Sample preparation was followed by scanning electron
microscopy characterization previously described?¢ to image the nanopillared surface
patterns (Figure 3). The lettering in the nomenclature represents the nanoimprinting mold
originated from a cicada wing or pillared master mold (Temicon GmbH), while the numeric
in the nomenclature represented the center-to-center pillar periodicities nanometers

(Table 1). The tip packing fraction represents the total surface area at the pillar tips, while



the contact angles represent degrees of hydrophobicity. Molds used for these surfaces were

commercially ordered and created through light interference lithography (Temicon GmbH).

Figure 3. Scanning electron micrographs (SEMs) of PMMA surfaces taken at a 45° tilt with 3 kV, using the FEI
Magellan SEM. Flat surfaces were prepared through spin coating. Nanostructured surfaces were fabricated
through nanoimprint lithography (NIL) to form C200, P300, P500, and P600 surfaces. The lettering
represented the negative imprinting mold originating from a cicada wing or pillared master mold. The
numeric in the nomenclature represented nanometer values in center-to-center pillar periodicities per
surface. Scale bars represent 500 nm. Contact angles for each surface are included as their insets to measure
degrees of hydrophobicity and were taken using a OneAttention Theta Optical Tensiometer.

Table 1. Dimensional Feature Measurements of the Nanopillared Surfaces?

period width height tip packing contact
surface (nm) (nm) (nm) fraction ® angle 0
C200 170 70 210 0.18 110 £ 0.8
P300 320 120 300 0.28 117 £ 0.5
PS00 500 100 700 0.04 122 + 0.6
P600 595 215 300 0.22 93 + 0.4

aPeriod, width, and height indicate feature measurements of individual nanopillars per surface. Tip packing
fraction, @, indicates the ratio of the pillar tip surface area to the substrate surface area. 8 indicates contact
angle values. n = 5 for each surface. Standard errors are given for each average contact angle per surface.

Conclusions and Applications

In summary, we fabricated nanopillared surface molds in various pillar geometries
for NIL using EBL and fluorine ICP. We also described the process of NIL using
commercially ordered molds (Temicon, GmbH) to fabricate nanopillared surfaces of PMMA

to study antimicrobial cell-surface interface effects. We aim to apply these surfaces to study

5



the cell-surface interaction of pathogenic microbes for possible antimicrobial effects. While
antibacterial properties have been demonstrated with cicada wing nanostructures against
Pseudomonas aeruginosa,?8-20 the biophysical mechanism remains unknown. Previous
studies have shown cell ruptures demonstrated by a propidium iodide signal staining
leakage of bacterial DNA.2428 [n this thesis, we conduct antimicrobial effects of our
bioinspired nanotopography in undisturbed growth media. We observe little rupture due
to the absence of multiple media aspirations and surface washes that inflict stress on the
cell membrane. We further investigate biophysical effects of antibacterial nanopillared
surfaces with the approach of combining a materials science and engineering point of view
with microbiology knowledge and a mechanobiological future outlook. Here, we ask: (1)
Can bioinspired nanotopography hinder bacterial virulence, a biophysical effect resulting
from surface-attachment? (2) Can bioinspired nanotopography disrupt bacterial motility, a
mechanoresponsive ability resulting from surface sensing appendages? (3) Can bioinspired
nanotopography inhibit filamentous fungi, a eukaryotic cell type that would provide a new

antimicrobial system?



CHAPTER 2. Bioinspired Nanotopography Hinders Pseudomonas

aeruginosa Virulence

Abstract

Nanostructured surfaces consisting of nanopillar arrays inspired by the lotus leaf,
dragon fly and cicada wing, and gecko foot have inspired engineers to develop bioinspired
nanotopography for inhibiting growth of bacteria. While cellular rupture mechanisms have
been modelled and postulated, the influence of biophysical effects and microbial
mechanobiology due to surface-attachment has have been overlooked. Here, we
demonstrate the effect of bioinspired nanotopography in varying geometries on hindering
biofilm formation of Pseudomonas aeruginosa. We then quantify the dependence of
virulence on surface-attachment using an amoeba host killing assay with Pseudomonas
aeruginosa PA14 wild-type and surface-attachment knockout mutants PilTU, FigK, and
PilTU-FIgK. We next analyzed the proton motive force activity followed by metabolic
analysis using fluorescence lifetime imaging microscopy on flat and nanopillared surface
structures. We found that bacterial cells on nanotopography exhibited a hindrance in
virulence and proton motive force, which opens new perspectives in the biophysical effects

of nanotopography.



Introduction

Previous studies have demonstrated and postulated cell rupture theories of
antibacterial effects on bioinspired nanotopography against Pseudomonas aeruginosa,?8-3°
yet biophysical effects and microbial mechanosensation have been overlooked. While
microbial cells have often been modelled as rod shaped bags of enzymes, the complex
biochemical processes and machinery31-34involved in proliferation and motility3>-37 have
not been investigated on nanotopography in order to fully elucidate the latter’s effect. To
accomplish this goal, mechanobiology studies must be carried out to study the cell-surface
attachment interaction at the nanoscale. Such studies have now been well established for
eukaryotic cells including those on nanotopography.38 In this work, we explore biophysical
effects on antibacterial nanotopography that correspond with surface sensing, such as
biofilm formation and virulence. This opens new doors to investigating how forces such as
adhesion may influence virulence, a biophysical effects requiring surface attachment.

P. aeruginosa has been shown to exhibit virulence induced by surface attachment3°
likely due to the surface sensing of the membrane exposed PilY1 protein4%-42 and the
production of the secondary messenger cyclic diguanylate monophosphate (c-di-GMP).4344
Effects of surface-attached virulence of P. aeruginosa have been demonstrated in assays
against Dictyostelium Discoideum (amoebae)*5 as the virulence of P. aeruginosa largely
depends on secreted toxins that can Kill D. Discoideum cells#6-48 and reconstruction of the
metabolic network.4? We demonstrate in this thesis how bioinspired nanotopography with
antibacterial properties can inhibit biofilm formation and further describe the extension of

our studies to inhibiting virulence of surface-attached bacteria.



In 2011, Kralj, et al.>% engineered an Escherichia coli strain with a proteorhodopsin
optical proton sensor (PROPS) to obtain a bacteria fluorescence signal corresponding in
intensity to the proton movie force activity. The PROPS membrane protein is designed to
be a biological sensor for pH and proton transport by the proteorhodopsin requiring a
retinal Schiff base pKa value of 9.6. The fluorescence signal strength correlates with the
bacterium proton motive force, possibly due to the PROPS amino group facing the
cytoplasm resulting in protonation.>%51 Previous work has demonstrated that membrane
tension induces growth arrest through electrical depolarization,>2-53 which may correspond
with cellular proliferation.>* Additionally, electrical signaling has been shown to attract
bacterium to biofilms caused by membrane potential dependent modulation.>> Such work
has inspired our studies of analyzing PROPS cells on our bioinspired nanotopography to
monitor changes in the proton gradient as a mechanism for inhibition in biofilm formation.
We aimed to investigate the bacterial proton motive force, the energetic process that drives
translocation of protons across the membrane, on nanotopography. This proton gradient is
responsible for adenosine triphosphate (ATP) production, bioelectrical signaling, and
motility in bacterial cells. We suspect that there exists an inhibition in this process on the
nanotopography.

As a follow up investigation on biofilm formation hindrance, virulence hindrance,
and proton motive force hindrance, we aim to investigate the metabolic activity of bacteria
on nanotopography. Previous studies have demonstrated the use of fluorescence lifetime
imaging microscopy (FLIM) in measuring the metabolic activity of nicotinamide adenine
dinucleotide (NADH) fluorophores in antibiotic environments.56>7 FLIM is a label-free, non-

invasive, metabolic imaging technique that can measure the excited state decay rate of



fluorophores such as enzyme-bound NADH used here. FLIM analyzes the lifetime decay of
each pixel acquired in each image through a Fourier transform to generate a phasor plot. In
such a plot, the x-axis of the 2D histogram represents the cosine, whereas the y-axes
represents the sine of the intensity. A semicircular area then forms spanning from G=0-1
and S=0-0.5, representing two phasor vectors, which indicate a lifetime map of fluorescent
intensities. The left shifted histograms indicate a low ratio of free to bound NADH, while
the right shifted histograms indicate a high ratio of free to bound NADH.5859 Here, we study
the growth inhibition of P. aeruginosa on nanotopography and the resulting hindrance of

virulence, proton motive force, and metabolism.

Results and Discussion

P. aeruginosa cells were grown in single well imaging dishes with PMMA flat, C200,
P300, and P500 bottom surfaces (Table 1) in Peptone S medium and development buffer
(PS:DB) medium at 37°C to assess their biofilm inhibiting properties (Figure 4). Each
imaging dish was then loaded on an Eclipse Ti inverted research microscope so phase
images of surface-attached cell growth could be taken at each timepoint. While biofilm
formed on each surface after eight hours, the growth process was hindered most on the
C200 surfaces followed by the P300 and P500 surfaces. In contrast, Vibrio cholerae cells
grown in similar conditions, exhibited a greater surface growth on nanotopography than
the flat surfaces. (Figure 5). Gram-negative V. cholerae was tested as it is an additional
highly pathogenic strain of global healthcare concerns,®0 yet exhibits a curved cell body
shape due to periplasmic CrvA self-assembled polymers®! and possesses unique

mechanosensors for selective advantage.62-64
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Figure 4. Nanotopography hindered P. aeruginosa biofilm formation. Phase images were taken after 30
minutes of surface attachment followed by 4 hours of incubation at 37°C. The C200 surface followed by the
P300 and P500 surfaces exhibited the greatest inhibition in growth. After 8 hours, biofilm formed on all
surfaces.

Figure 5. Nanotopography encouraged V. cholerae biofilm formation after 4 hours of incubation at 37°C.

11



Scanning electron micrographs were taken to analyze the cell-surface interaction of
P. aeruginosa and V. cholerae with the nanopillars. Cells were fixed with 4%
paraformaldehyde and dehydrated in serial ethanol dilutions to prepare samples for 5nm
iridium sputter coating suitable for SEM analysis. Both cell types exhibited surface-
attachments on the nanopillars without cellular rupture or leakage (Figure 6). The intact
cells are contrary to and add to previous studies of P. aeruginosa on nanotopography
possibly due to the elimination of medium aspirations and washing of the surfaces that
could inflict stress and rupturing of cells on nanotopography. While both surface-attached
cell types exhibit different cell shapes for unique competitive advantages in nature, other
surface-attachment factors such differences in pili machinery and gene expression may
play a role in growth inhibition or promotion on nanotopography. This work presents an

example of gram-negative bacteria to avoid in growth inhibition applications.

P. aeruginosa

V. Cholerae

Figure 6. SEMs of P. aeruginosa and V. cholerae flat and on nanotopography. Cells exhibited surface
attachment to nanopillars and did not exhibit rupturing.

12
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Figure 7. Nanotopography hindered P. aeruginosa virulence. (a) Composite phase images of planktonic and
surface-attached P. aeruginosa. When P. aeruginosa becomes surface-attached, the virulence is activated and
toxins are secreted to kill host and rupturing of D. Discoideum (amoeba) as shown with calcein-AM
fluorescence (green). (B) The y-axis represents host killing index, while the x-axis represent PA14 and
knockout mutants. The host killing index was hindered on nanotopography and most prevalent in PA14.

PA14 wild type or knock out mutants PilTU, FIgK, and FlgK-PilTU were individually
grown on flat, C200, P300, and P500 surfaces in PS:DB medium at 37°C for eight hours and
co-cultured with D. Discoideum (amoebae) in methods previously described*> to assess
hindrance in surface-attached virulence. The PA14 cells exhibited the greatest hindrance in
virulence, whereas the PilTU and FlgK mutants lacking PilTU pili retraction motors and
flagellar exhibited less hindrance in virulence, while PilTU-FIgK mutant exhibited no
inhibition at all (Figure 7). Such mutants lack surface sensing and motility appendage

functionality, which may contribute to the underlying mechanism of virulence hindrance.

13



E. coli strain BW25113 with a genetically engineered proteorhodopsin optical
proton sensor (PROPS)>051 was used to evaluate possible inhibition of the gram-negative,
rod-shaped bacterium on the flat, C200, P300, and P500 surfaces (Figure 8). A stronger
fluorescence signal is correlated with an inhibited proton motive force. The E. coli cells
exhibited a greater inhibition in proton motive force after 1 hour of incubation on the C200
surfaces followed by the P500 and P300 surfaces indicating the nanotopography may have
bacterial proton gradient inhibition effects (Figure 8). A proton motive force hindrance
would correspond to inhibition in surface sensing, motility, bioelectrical communication

amoungst cells, and ATP generation.
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Figure 8. Nanotopography hindered E. coli proton motive force. The greatest inhibition was exhibited on the
C200 surfaces with close inhibition on the P300 and P500 surfaces.

We hypothesized that hindrance in biofilm formation, virulence, and proton motive
force may result in decreased activity of NADH during cellular metabolism. We used FLIM

to measure the metabolic activity of PA14 wild type and knock out mutants PilTU, FlgK, and

14



FlgK-PilTU on the flat, C200, P300, and P500 surfaces (Figure 9). There was no statistically
significant trend in free to bound NADH results indicating that NADH activity during
metabolism does not play a significant factor in the antibacterial properties of bioinspired
nanotopography C200, P300, or P500. The C200 surfaces showed consistent shift in
metabolism of decreased free to bound NADH, which may indicate a boost in metabolism to
compensate for virulence and proton motive force hindrance, yet more studies must be

conducted.
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Experimental Methods

Bacterial Growth Conditions. P. aeruginosa strains PA14 wild-type, PilTU, FigK,
and FlgK-PilTU along with Vibrio cholerae wild-type were streaked on Luria-broth/Miller
(LB) Petri dishes from frozen stocks using a sterile loop method and incubated for 16 hours
at 37°C. Single colonies were each then inoculated in 3mL of PS:DB media and placed on a
rotating incubator for 16 hours at 37°C.

Bacterial Growth Microscopy. Overnight cultures were back-diluted to reach a
mid-log optical density of 0.3 at 600 nm (ODsoo). Then, 3mL of PS:DB media was pipetted
into each glass bottom dish containing flat or nanopillared PMMA bottom surfaces. Next,
30uL of each strain was then inoculated onto each flat or nanopillared PMMA surface
allowing 30 minutes of surface attachment. Following, each imaging dish was immediately
loaded on an Eclipse Ti inverted research microscope (Nikon, Melville, NY) with NIS-
Element software and imaged using a 100x oil objective at room temperature. All imaging
dishes were incubated at 37°C between each imaging timepoint.

Bacterial Scanning Electron Microscopy. After each bacterial growth analysis, the
PS:DB broth in each imaging dish was slowly aspirated out and replaced with 2mL of 4%
paraformaldehyde (PFA) for 20 minutes to allow fixation of surface-attached cells. Then,
the PFA was slowly aspirated out and replaced with 50% ethanol in DI water for 15
minutes. A series of 15-minute serial dilutions followed with 70%, 80%, 90%, 95%, and
100% ethanol in DI water for each surface for completed dehydration of the surface-
attached cells. Cells were left in a fume hood overnight to fully dry before being coated with
5nm of iridium, using an ACE600 sputter coater (Leica Microsystems, Buffalo Grove, IL) to

provide a conductive coating suitable for scanning electron microscopy imaging. The
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surface-attached cells on each surface were then characterized using a FEI Magellan 400
XHR Scanning Electron Microscope (FEI Company, Hillsboro, OR) at a 45¢ tilt angle and an
acceleration voltage of 3 kV.

Pseudomonas aeruginosa Virulence Assay. D. Discoideum (amoebae) was grown
and co-cultured with PA14 wild type or knock out mutants PilTU, FlgK, and FlgK-PilTU
using a rapid image-based virulence assay previously described.#> Each P. aeruginosa cell
type was grown on flat, C200, P300, or P500 triplicate surfaces at 37°C for eight hours

Escherichia coli Proton Motive Force Assay. E. coli strain BW25113 (A(araD-
araB)567, AlacZ4787(::rrnB-3), lambda-, rph-1, A(rhaDrhaB)568, hsdR514) with
proteorhodopsin optical proton sensor (PROPS) plasmid pJMK0001 (pBAD vector with
RPOPS, AmpR) was streaked on Luria-broth/Miller (LB) Petri dishes with 100pg/mL Amp
from frozen stocks using a sterile loop method and incubated for 16 hours at 37°C. Single
colonies were each then inoculated in 5mL of LB and 5pL of 100pg/mL Amp in a culture
tube incubated shaking at 33°C for 16 hours. Cultures were back diluted to a starting ODsoo
of 0.05 and incubated in 50mL LB with 50uL of 100pug/mL Amp shaking at 33°C until they
reached an early-log phase with an ODsoo of 0.3-0.4. Then, 50uL of arabinose inducer and
12.5puL of all-trans retinal was added to each culture and incubated shaking for 3.5 hours at
33°C in the dark. Cells were next harvested by spinning in a JA20 rotor at 6000rpm for 15
minutes before washed with and resuspended in 1XM9 minimal medium.

Cultures were back-diluted to reach a mid-log optical density of 0.3 at 600 nm
(OD600). Then, 3mL of M9 was pipetted into each glass bottom dish containing flat or
nanopillared PMMA bottom surfaces. Next, 30uL of each strain was then inoculated onto

each flat or nanopillared PMMA surface allowing 30 minutes of surface attachment.
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Following, each imaging dish was loaded on a Zeiss LDM710 confocal microscope after 1
hour of incubation with a 561nm solid state excitation laser and imaged using a 63x oil
objective at room temperature.

Fluorescence Lifetime Imaging Microscopy (FLIM). PA14 wild type and knock
out mutants PilTU, FlgK, and FIgK-PilTU were grown on the flat, C200, P300, and P500
surfaces in PS:DB medium at 37°C for eight hours before analyzing the surface effects on
metabolism. FLIM was conducted using a multiphoton microscope on an Olympus FV1000
system and Olympic [X81 microscope with an excitation at 740nm and a 63X oil objective.
Data were analyzed using SimFCS software (LFD, UCI) and calibrated using Rhodamine 110

with a known lifetime of 4 ns.

Conclusions and Future Outlook

In conclusion, we demonstrated that our bioinspired nanotopography hindered
surface sensitive bacterial properties. Biofilm formation of P. aeruginosa was found to be
hindered most on the C200 surfaces, followed by the P300 and then P500 surfaces.
Additionally, the host killing index of surface-attached P. aeruginosa decreased significantly
on the nanotopography for PA14 wild type cell and slightly for the PilTU and FigK mutants
lacking surface sensing and motility appendages. These results may indicate motility on
surface-attached cells may lead to virulence and/or growth inhibition due to stress on the
membrane. Additionally, initial surface sensing may contribute to the hindrance in biofilm
formation. The proton motive force in E. coli, responsible for motility, cellular
communication, and ATP generation, was also hindered on the nanotopography with the

highest inhibition on the C200 surfaces consistant with our hypothesis. Future work
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remains in developing a proton gradient sensing assay for other bacterial strains such as P.
aeruginosa. While the P. aeruginosa metabolism was analyzed by measuring the NADH
activity using FLIM, there was no significant shift in metabolic activity of NADH among the
nanopillared surfaces. Future studies could investigate ATP production, a result of proton
motive force activity, of P. aeruginosa and other bacterium on bioinspired nanotopography
using Foster resonance energy transfer sensors.®> Many further questions remain. For
instance, what role do surface surface-attachment pili play such as the fimbriae? We must
also ask, what role does the pilY1 protein play when virulence is decreased on
nanotopography? Yet another investigation would be to ask if quorum sensing is inhibited
on the bioinspired nanotopography, which when inhibited, blocks P. aeruginosa

virulence.66

20



CHAPTER 3. Bioinspired Nanotopography Disrupts Pseudomonas

aeruginosa Mechanoresponsive Upstream Motility

Abstract

Pseudomonas aeruginosa is an opportunistic, multidrug-resistant, human pathogen
that forms biofilms in environments with fluid flow, such as the lungs of cystic fibrosis
patients, industrial pipelines, and medical devices. P. aeruginosa twitches upstream on
surfaces by the cyclic extension and retraction of its mechanoresponsive type IV pili
motility appendages. The prevention of upstream motility, host invasion, and infectious
biofilm formation in fluid flow systems remains an unmet challenge. Here, we describe the
design and application of scalable nanopillared surface structures fabricated using
nanoimprint lithography that reduce upstream motility and colonization by P. aeruginosa.
We used flow channels to induce shear stress typically found in catheter tubes and
microscopy analysis to investigate the impact of nanopillared surfaces with different
packing fractions on upstream motility trajectory, displacement, velocity, and surface
attachment. We found that densely packed, subcellular nanopillared surfaces, with pillar
periodicities ranging from 200 to 600 nm and widths ranging from 70 to 215 nm, inhibit
the mechanoresponsive upstream motility and surface attachment. This bacteria-
nanostructured surface interface effect allows us to tailor surfaces with specific

nanopillared geometries for disrupting cell motility and attachment in fluid flow systems.
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Introduction

Bacteria in nature have often been found to colonize and form biofilms in
environments with fluid flow such as the vasculatures of plants,®7 the lungs of cystic
fibrosis patients,®8 and aquatic environments since their appearance in fossil records
dating back to 3.25 billion years.1# Biofilm formation is problematic in industrial and
health-care systems such as fuel lines in aviation,®? naval hulls,”? conduits and storage
tanks for potable water,”! and medical devices.1Biofilms consist of surface-attached cells
protected by layers of secreted extracellular polymeric substances, which are key factors
for cell survival in diverse environments.1# In health care, biofilms promote a 10- to 1000-
fold decrease in the diffusion of antibacterial drugs from outside the biofilm and may alter
bacterial gene expression,11.12.72 resulting in antimicrobial resistance.”? Human pathogenic
biofilms are responsible for 80% of clinical infections, leading to 1.7 million hospital-
acquired infections and 99 000 annual deaths? with treatments costing 16.6 billion dollars
annually in the US alone.3 There is an urgent need to prevent the proliferation of infectious
bacteria on surfaces without the use of drugs that could lead to antimicrobial resistance.

Antimicrobial resistant, Gram-negative bacteria often persist in environments with
fluid flow with the aid of mechanoresponsive motility mechanisms such as those possessed
by human pathogenic Vibrio cholera,’* Neisseria gonorrhoeae,”> Escherichia
coli,’® and Pseudomonas aeruginosa.3® In this work, we focus on P. aeruginosa, a biofilm-
forming, opportunistic pathogen known to cause chronic infections in immunocompetent
and immunocompromised patients. P. aeruginosa ubiquitously contaminates medical
implants and devices with fluid flow such as mechanical ventilators,”” prosthetic heart

valves,> and catheters.8 P. aeruginosa forms biofilms through cell-to-cell communication, or
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quorum sensing, between surface-attached cells through regulated gene expression in

response to changes in population density.13

A Polymerized Extension B Surface Attachment C Depolymerized Retraction

Type IV pili

— Py <

Figure 10. Schematic of type IV pili-mediated upstream motility on surfaces. P. aeruginosa activates
mechanoresponsive motors to facilitate type IV pili cyclic sequence of (A) polymerized extension, (B) surface
attachment, and (C) depolymerized retraction to generate an upward driving force.

Surface attachment in environments with fluid flow is facilitated in P.
aeruginosa through the activation of its type IV pili, a mechanoresponsive motility
mechanism.3> Type IV pili are flagellum-independent, filamentous appendages for motility
and translocation, which were first discovered in 1961.78 These appendages mediate
surface adhesion and enable P. aeruginosa to twitch’47980 and slingshot8! upstream by the
cyclic sequence of polymerized extension, surface attachment, and depolymerized
retraction2-87 (Figure 10). These motions are facilitated by the activity of the PilT and PilU
ATPase motors,88 which generate an upstream driving force and are regulated by the Chp
chemosensory system.8? Type IV pili are distributed radially at the cell poles and have been
measured to be 7-20 nm in diameter and several microns in length using optical
tweezers,?? total internal reflection microscopy with fluorescently labeled cells on a quartz
slide adhered to a silica prism,°! and interferometric scattering microscopy.®? Pili have
been characterized as the strongest linear molecular motors to date and are able to

produce 100-250 pN of shear force.8593.94
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Previous studies have observed P. aeruginosa in flow channels with flat glass
surfaces under varied flow rates and shear stresses ranging from 0.1 to 10 Pa.88 Using
single and multibranched channels, previous work observed rheotaxis, colonization, and
upstream migration on surfaces under varying flow rates and shear stresses.8895 Along
with serving as appendages for motility, type IV pili are important virulence factors during
the early stages of infection?6-98 and they mechanochemically mediate the activation of
virulence when cells are surface-attached,’> leading to the formation of virulent
biofilms.3596,98-100

Previous work has demonstrated that surfaces with hemispherical topographies on
the microscale with features of several magnitudes larger in diameter than the cellular
bodies can hinder P. aeruginosa net motility, yet motility in relation to flow direction and
surface detachment was not observed.101 Although microtopographies have shown
promise in prolonging biofilm formation by confining the cell motility in grooves between
hemispheres, the use of subcellular nanotopography may, by contrast, disrupt its adhesive
type IV pili mechanoresponsiveness. This would prevent P. aeruginosa surface adhesion
from outcompeting the force of the flow. This phenomenon would inhibit both motility and
surface attachment in environments where the shear stresses from fluid flow could trigger
rheotactic upstream motility. The use of biomimetic, nanopillared surfaces inspired by
those found on lotus leaves (Nelumbo nucifera),'” gecko feet (Gekkonidae),'® and cicada
wings (Psaltoda claripennis)?428 has been promising for antibacterial medical device
coatings. However, their antimicrobial properties have only been investigated in static fluid
environments.102 The effectiveness of such engineered surfaces in environments with fluid

flow needs to be demonstrated.

24



In this work, we extend the use of bioinspired, nanopillared surfaces in fluid flow for
the purpose of disrupting both upstream surface motility and attachment of P. aeruginosa.
We demonstrate a new strategy of surface structuring a medical device material,
poly(methyl methacrylate) (PMMA), without any chemical modification or addition of
antibiotics. We used nanoimprint lithography (NIL), a low-cost and scalable topography
engineering technique to fabricate surfaces of nanopillars with varying packing fractions.
The viability of NIL has already been shown in the semiconductor industry for the
manufacture of high-density circuits.24#193 During fluid flow, these nanopillared surfaces
have been reported to possess hydrophobic properties at the nanometer length scale with
minimal increased slip length, b, due to zero slip (b = 0) at the solid-liquid interface and
perfect slip (b = infinity) at the liquid—vapor interfaces.104105 Although such properties
have been caused by nanobubbles reducing the drag in water,1% such nanobubbles have
been found to decrease over a period of an hour, resulting in zero slip.197 Here, we found
that degrees of surface hydrophobicity did not correlate with motility trends. Thus, we can
assume that small changes in fluid flow insignificantly affect bacterial surface motility.

Furthermore, we analyzed the motility data of P. aeruginosa in relationship to the
decreased surface area that the type IV pili contact due to varying packing fractions of the
subcellular nanopillars on the surfaces. Herein, we present our results on quantifying the
following behavior of the cells: upstream trajectory, displacement, velocity, angular
trajectory, and persistent surface attachment on flat PMMA surfaces compared to those on
nanopillared PMMA surfaces. These phenomena at the interface of bacteria
nanotopography allow us to tailor surfaces with specific nanopillared geometries for

structurally disrupting mechanoresponses, signal transduction, and motility in fluid flow.
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Our findings are relevant to antibacterial, antivirulent, and antibiofilm design strategies for

preventing contamination in industrial and medical device applications such as catheters.

Results and Discussion

We fabricated nanopillared surfaces on PMMA, an FDA-approved polymer
commonly used on medical devices (Figure 3). NIL2425was used to fabricate uniform
arrays of nanopillars that ranged in center-to-center pillar periodicities of 200, 300, 500,
and 600 nm. The letterings for C200, P300, P500, and P600 represent the negative
imprinting mold originating from a cicada wing or pillared master mold, whereas the
numeric values in the nomenclature represent nanometer center-to-center pillar
periodicities per surface (Table 1). For the present case, we identified the pillar tip packing
fractions, @, as the ratio of the pillar tip surface area to the substrate surface area in
decreasing order from P300, P600, C200, to P500 (Table 1).

We next analyzed P. aeruginosa motility in flow cells with flat or nanopillared PMMA
as the bottom surface. We fabricated the flow cells by cutting out channels in a double-
sided adhesive tape and capping the channel tops using a poly(dimethylsiloxane) (PDMS)
block with precut inlet and outlet holes. The PDMS block placed on top of the adhesive tape
on the PMMA surfaces allowed us to avoid having to use plasma bonding that may result in
etching the nanopillars. The cross sections of the flow channels were 1 mm in width and

100 pm in height. These flow cells were then mounted atop an inverted microscope
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(Figure 11A), and phase images were taken every minute at room temperature to create

time-lapse videos of the P. aeruginosa motility (Figure 11B).
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Figure 11. Continuous surface-attached cell motility imaging system. (A) Schematic of flow cell loaded with P.
aeruginosa mounted on an inverted microscope and imaged through a 100x oil objective. Once cells were
surface-attached, only fresh lysogeny broth (LB) media flowed through the inlet at 115 pm/min. The cross
sections of the channels were 1 mm wide and 100 um tall (shear stress of ~1 Pa). (B) Time-lapse
demonstration of P. aeruginosa on a flat PMMA-coated surface exhibiting upstream motility. Scale bars
represent 20 pm.

To demonstrate the effect of nanopillared surfaces on bacterial upstream motility,
overnight P. aeruginosa cultures were diluted and grown to a mid-exponential phase to an
optical density of 0.2 at 600 nm (ODeoo) and seeded into each flow cell. Previous studies
demonstrated that P. aeruginosa upstream motility was enabled by their
mechanoresponsive type IV pili on glass surfaces at various flow rates ranging from 0.5 to
30 pL/min and shear stresses ranging from 0.1 to 10 Pa.8895 In this work, we applied a flow
rate of 115 pm/min using lysogeny broth (LB) media on each flow cell to induce a shear
stress of ~1 Pa on the seeded P. aeruginosa cells, a value typically found in catheter

tubes.108 We constructed plots from the time-lapse videos by tracking the motion of each
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cell, normalizing their starting position, and quantifying their relative directions. In plots
where we show the constructed trajectory, the cells that migrated from the origin 0 and
extended to the negative x-axis direction indicate upstream translocation (Figure 12). The
cells on the flat surfaces shifted largely in the negative direction on the x-axis compared to
cells on the nanopillared surfaces. We demonstrated a correlation between surface

nanostructucturing and motility inhibition in the results below.
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Figure 12. Single cell trajectories of P. aeruginosa motility on the flat and nanopillared surface structures. n =
50 for each surface. x-Axis and y-axis span from -80 to 80 um. Trajectories originating from 0 and extending
to the —80 um x-direction indicated upstream motility. A ring with a radius of 10 um is given for reference.

We quantified cell motility behavior on the flat and nanopillared surfaces to analyze

the influence of nanopillared surface tip packing fraction, ®, on motility inhibition. We
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found that 30-90% of P. aeruginosa cells seeded into the flow cells with nanopillared
bottom surfaces did not migrate upstream compared to those on the flat surfaces. The loss
of migration on the surfaces was dependent on the nanopillar packing fractions (Figure
13A). On these nanopillared surfaces, 20-80% of P. aeruginosa cells exhibited a lower
upstream velocity compared to those on the flat surfaces. The average upstream velocity of
the cells on the flat PMMA surface was ~1.5 um/min, which is consistent with the previous
studies on flat glass surfaces.88.95 The cells on P300 showed high resistance to motility
followed by P600, C200, and P500 (Figure 13B). This trend correlated to the decreasing
packing fraction at the top of the nanopillar arrays (Table 1). The reduction in the surface
area at the pillar tips may have limited surface sensing, mechanoresponse, and attachment
of the type IV pili, which resulted in the force of flow overcoming the force of adhesion
(Figure 13C). Although there may have been an increase in slip on the nanostructured
surfaces in molecular orders of magnitude,194 our results did not correlate to the degrees of

apparent hydrophobicity, 6 (Table 1).
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Figure 13. Nanopillared surfaces inhibited the upstream motility of P. aeruginosa. Data were collected from 2

h time-lapse videos using an Image] TrackMate plugin.109 n = 50 for each surface. Experiments were
performed in triplicates of each surface. (A) Average upstream displacement of cells. (B) Average upstream
velocity of cells. The decreasing upstream velocity values corresponded to the reduction in pillar tip packing
fraction, ®@. Error bars represent the standard error of the mean with statistical significance assessed using
Student’s ¢ test. *: p < 0.05. (C) Schematic rendering of P. aeruginosa type IV pili adhesion to the nanopillared
surface structures in fluid flow.
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To further investigate the influence of reduced type IV pili surface contact area to
upstream cell motility disruption, we measured the angular trajectories of the cells to
monitor the degree of explored surface area compared to flow direction. Previous reports
show that a zig-zag motion was observed during the upstream motion of P. aeruginosa on
glass surfaces.818895 [n this work, the orientation angle of each cell was measured with
respect to the direction of flow (Figure 14A). The motility trajectories of the cells were
compared among the surfaces with orientation angle with respect to the upstream
direction recorded every minute for 1 h (Figure 14B). The average orientation angle of
upstream motility was collected fromgq five individual cells on each surface-attached for an
hour and plotted as a histogram (Figure 14C). We found that the average orientation
angles of motility increased as follows: 15.1 + 1.6° for flat, 16.6 + 1.7° for P600, 18.7 + 2.4°
for P300, 20.2 £ 2.2° for C200, and 25.8 * 2.5° for P500. The increase in orientation angle
correlated inversely with the decreasing packing fractions at the top of the nanopillar
arrays (Table 1). We postulate that the larger orientation angles are due to the lack of
attachable surface area at the top of the nanopillar arrays, which constrains the locations to
which the type IV pili attach. Further studies imaging the type IV pili on the nanopillared

surfaces in fluid flow would verify the postulation.
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Figure 14. Angular trajectories of P. aeruginosa motility on the flat and nanopillared surface structures. (A)
Schematic of cell orientation angle, a, measured in reference to the fluid flow direction. (B) Time lapse of
angular cell trajectories was taken each minute for 1 h on all surfaces. (C) Angular trajectory histograms of
cells on flat, C200, P300, P500, and P600. n = 5 for each surface. The larger average orientation angles on the
nanopillared surfaces may indicate that the P. aeruginosa type IV pili explored larger areas to adhere to than
on the flat surface. Standard deviations are given for each average orientation angle per surface.
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The shear stress from fluid flow that accompanies increased surface motility, cell
proliferation, and residence time!10 in P. aeruginosa produces signaling precursors for
infectious biofilm formation.”6:8496100 Although the nanopillared surfaces inhibited
upstream displacement and velocity of P. aeruginosa, we further measured whether the
surfaces reduced surface attachment for long-term antifouling applications. Here, we
recorded the percentage of cells on each surface every minute for 2 h in the same flow
channels while simultaneously analyzing the cell displacements, velocities, and trajectories.
The data shown in the graph display an average of triplicate surface measurements at each
minute. On the flat PMMA surfaces, the cells divided and proliferated over the 2 h course.

On the nanopillared surfaces, the overall population of the cells decreased due to

31



detachment over a period of 2 h (Figure 15A). Although the increasing detachment did not
directly correlate with the reduction in surface area at the top of the nanopillar arrays that
the type IV pili would sense, still, these observations demonstrate that surface attachment
inhibition on reduced surface areas in fluid flow played a significant role.

Although all nanopillared surfaces showed reduction in cell division and surface
attachment, this effect can be most clearly observed on the P500 surface compared to that
on the flat surface (Figure 15B). The study presented here provides a general technique
using surface nanopatterning to avoid biofouling in fluid flow environments by
systematically altering the surface using nanoimprinting. Our findings also hold
significance in using nanostructured surfaces to both understand the biophysical
mechanism of mechanoresponsive type IV pili in fluid flow and further investigate drug-

free, antivirulent, and antibiofilm coatings.
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Figure 15. Nanopillared surfaces inhibited the surface attachment of P. aeruginosa. Data were collected from

2 h time-lapse videos using an Image] TrackMate plugin.109 (A) Percentage of surface-attached cells on the
surfaces was measured in 1 frame each minute for 120 min. A decrease in cell count was observed on the
nanopillared surfaces, indicating cell detachment. (B) Images of cells (green) taken at each hour on the flat
and P500 surfaces to demonstrate cell division and proliferation on the flat surface and cell detachment on
the nanopillared surfaces.
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Experimental Methods

Nanopillared Surface Fabrication. Glass coverslips (24 x 60 mm?) (VWR, Radnor,
PA) were treated with 1% aminopropyltriethoxysilane (Sigma-Aldrich, St. Louis, MO) in
deionized water (DI) for 20 min to facilitate surface bonding with 120 000 MW poly(methyl
methacrylate) (PMMA) (Sigma-Aldrich, Milwaukee, WI) in aqueous solution. PMMA (5%
wt) in toluene was spin-coated on the treated glass coverslips at 600 rpm for 45 s. The
PMMA-coated coverslips were then annealed on a hot plate at 110 °C for 5 min to
evaporate residual solvent. This process was repeated three times to obtain a film
thickness of 2 um. Each PMMA-coated coverslip was then placed in a JenOptik HX03 hot
embosser (Jenoptik AG, Jena, Germany) for nanoimprint lithography (NIL). NIL molds
previously described?4 111-113 were centered on top of the PMMA-coated coverslips. A
pressure of 2 MPa from the hot embosser top plate was applied to each mold while the
PMMA was heated to 70 °C above its glass transition temperature (Tg) from both the top
and bottom plates for 20 min. Pressure was maintained while the PMMA was cooled down
to and held at room temperatures in the hot embosser for 10 min. Samples were then
demolded to reveal nanoimprinted surface structures and sterilized in a fume hood under
UV light for 5 min.

Nanopillared Surface Characterization. The flat, C200, P300, P500, and P600
PMMA surfaces were coated with 5 nm of iridium, using an ACE600 sputter coater (Leica
Microsystems, Buffalo Grove, IL). The surfaces and their nanostructures were then
characterized using a FEI Magellan 400 XHR Scanning Electron Microscope (FEI Company,
Hillsboro, OR) at a 45° tilt angle with an acceleration voltage of 3 kV. Contact angle

measurements were taken using a OneAttention Theta Optical Tensiometer.
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Flow Cell Fabrication. The flow cell channels of 1 mm wide and 25 mm long were
cut out from a 100 um-thick double-sided tape (3 M, Maplewood, MN). The tape with the
cut channel was transferred and centered on each PMMA-coated coverslip with either flat
or nanopillared surfaces, thus exposing the nanopillars. Blocks of cured
poly(dimethylsiloxane) (PDMS) made from a Sylgard 184 silicone elastomer kit (1:10
cross-linker/elastomer base) (Dow Corning, Midland, MI) were cut 50 mm long, 15 mm
wide, and 5 mm thick. Inlet and outlet holes, 1 mm in diameter, were precut on the PDMS
blocks using a biopsy hole punch. The silicone blocks were placed directly on top of the
adhesive tape channels with the holes aligned above the channel ends to provide a flow cell
cap. Uncured PDMS was applied on the edges of the PDMS block and cured in an oven at 65
°C for 30 min to seal the cap to the taped PMMA-coated coverslip.

Bacterial Growth Conditions and Flow Cell Loading. P. aeruginosa strain AFS64
(PA14 wild-type expressing GFP)3° was streaked on Luria-broth/Miller (LB) (BD
Biosciences, Franklin Lakes, NJ) Petri dishes and incubated for 16 h at 37 °C. Single colonies
were each inoculated in 2 mL of sterilized LB media and placed on a rotating incubator for
8 h at 37 °C. The cultures for each experiment were back-diluted in LB to reach a mid-log
optical density of 0.2 at 600 nm (ODeo0o).

A 25 cm-long polyethylene (PE) tubing (0.015 in.) was inserted into the flow
channel outlet hole and connected to a Petri dish waste container. Another 25 cm-long PE
tubing was inserted into the inlet hole and connected to a 1 mL syringe loaded with
distilled deionized water (DDI) water with a 27G hypodermic needle. Distilled deionized
water (DDI) water was then pumped at 115 pL/min using a Legato 110 Syringe Pump

(Fisher Scientific, Holliston, MA) to flush the flow cells and ensure no leakage. The syringe
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was then exchanged with a 1 mL syringe loaded with the bacterial cell culture and pumped
at 115 pL/min for 8 min until the syringe was empty. The cell solution was static in the
channel for ~30 min to allow seeded cells to adhere to the PMMA-coated coverslips before
microscopy analysis.

Bacterial Motility Microscopy. The loaded flow channels were immediately placed
on an Eclipse Ti inverted research microscope (Nikon, Melville, NY) with NIS-Elements
software and imaged using a 100x oil objective at room temperature. Each PMMA-coated
surface was observed in triplicate trials. A 25 cm-long tubing was inserted into the outlet
hole and connected to a waste container. A 20 mL syringe loaded with only LB media was
placed on a syringe pump and connected to a 25 cm-long PE tubing inserted into the flow
channel inlet hole. A flow rate of 115 pL./min was applied to the syringe. Time-lapse movies
were acquired by obtaining phase images every minute on the flat and nanopillared
surfaces for 2-3 h to observe surface-attached cell motility.

Motility Analysis and Quantification. Image] was used to track the motility of the
bacterial cells from the time-lapse videos. Data were collected from the time-lapse movies
using the Image] TrackMate plugin.1%? The collected data including cell positions and
velocities were analyzed to generate motility analysis plots via MATLAB. Cells (50) with the
longest distance traveled from each surface were included in the cell trajectory analysis
and normalized to originate at (0,0) (Figure 12). The displacement and velocity of all cells
were calculated and averaged to construct the average upstream displacement (Figure
13A) and average upstream velocity (Figure 13B) plots, respectively. For angular
trajectories, orientation angles were calculated with respect to the flow direction (Figure

14A). The orientation angles of five cells surface-attached for longer than 1 h were tracked
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once per minute and displayed in the angular cell trajectories plot (Figure 14B). The
absolute best-fit angle from the trajectories of cells with the longest distances traveled was
calculated and displayed in the angular trajectory histograms (Figure 14C). The number of
cells was quantified on each flat and nanopillared surface triplicate every minute to obtain

the percentage of remaining surface-attached cells relative to the starting time point.

Conclusions and Future Outlook

In summary, we have demonstrated that reducing PMMA surface contact area
inhibits upstream motility and persistent attachment of P. aeruginosa, a virulent, biofilm-
forming bacterium during fluid flow. We used NIL, a cost-effective and scalable method, to
fabricate subcellular nanopillared surfaces with varying nanopillar tip packing fractions.
The correlation between the decrease in upstream displacement and velocity with the
decreasing PMMA nanopillar tip packing fractions provides a new direction in
understanding type IV pili mechanoresponses. Additionally, we observed that cell division
and proliferation occurred on the flat surfaces, whereas cell detachment and no
proliferation occurred on all nanopillared surfaces. The greatest effect was observed on the
P500 surface, which had the least net nanopillar tip surface area and packing fraction.
Further studies on the trajectories and angular orientations of P. aeruginosa during the
fluid flow on the flat, C200, P300, P500, and P600 surfaces demonstrated motility
inhibition patterns. We have shown that in the case of P. aeruginosa under flow conditions,
the nanostructuring targets mechanoresponsive properties of bacterial type IV pili to
prevent biofilm formation. We conclude that this effect is due to the reduction in surface

contact area. Together, these observations present a working model of nanopillared
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surfaces in fluid flow environments that disrupt motility and attachment of persistent type
IV pili-possessing bacteria. These surfaces have broad applications in industrially and
medically relevant systems such as mechanical ventilators, prosthetic heart valves, and
catheters. The work presented here can be used as a stepping stone to investigate type IV
pili mechanoresponse and regulation of surface attachment in other bacteria for

antivirulent and antibiofilm strategies.
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CHAPTER 4. Bioinspired Nanotopography Inhibits Drug Resistant

Filamentous Fungal Growth

Abstract

Filamentous fungi are invasive and multidrug resistant pathogens that commonly
contaminate biomedical devices and implants. Once spherical fungal spores attach to a
surface, they exhibit germ tube development, hyphal growth, and robust biofilm formation.
Nanotopography found on plants, reptiles, and insect wings possess bactericidal properties
during prokaryotic cell adhesion. Here, we demonstrate the application of biomimetic
nanopillars that inhibit eukaryotic filamentous fungal growth and possess fungicidal
properties. Furthermore, many spores on the nanopillars appeared deflated, while those on
the flat surfaces remained spherical and intact. These antifungal phenomena provide

promising applications in antifouling biointerfaces for biomedical devices and implants.
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Introduction

The kingdom Fungi are of vital ecological, agricultural, and biotechnological
importance estimated to have appeared on Earth some 125 million years ago. Fungi have
evolved into some 5 million species, approximately 300 of which are known
pathogens.114 Globally, 1.7 billion people suffer from superficial fungal infections,1> while
1.5 million patient lives are taken from invasive fungal infection as mortality rates exceed
50-90% annually.!?é Fungi kill more humans than malaria and tuberculosis combined
worldwide because of their virulence in individuals suffering from immunodeficiencies,
HIV, cancer therapies, and immunosuppressive agents in medical treatments.117-119

Filamentous fungi, such as Aspergillus fumigatus and Fusarium oxysporum, produce
airborne spores common in the environment,11¢ which often sense and adhere to surfaces
through membrane bound proteins, ion channels,11? and fibers.120 Surface adhesion then
initiates the delivery of secretory vesicles to begin biosynthesis of germ tube and hyphal
growth proteins.120 Continuous hyphal extension and cyclic spore secretion results from
localized protein clusters in their plasma membrane.12! During hyphal development, in
which pathogenic fungi transition from benign to infection form, filamentous fungi
communicate through quorum sensing and secrete extracellular polymeric substance (EPS)
for intercellular communication22 and as communal protection against the environment
and pathogenesis.123 The robust biofilm often leads to threatening conditions in industrial
fuel tanks,124 transplanted organs,’2> and medical devices, such as prosthetic heart
valves,® joint replacements,” contact lenses,* and catheters.?

Antifungal drugs, such as azoles, polyenes, and fluoropyrimidines, work toward

inhibiting fungal cell wall organization and metabolism.114117.126 The rigid stress-bearing
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cell wall of filamentous fungi consists of 10-20% chitin, 50-60% glucans, and 20-30%
glycoproteins!27 and is able to withstand turgor pressure.128 The walls contain
mechanosensitive proteins linked to the skeletal network, which is primarily responsible
for maintaining the cell shape, morphogenesis, and osmotic balance.120.127 The
development of antifungal drugs, compared to antibiotics, has been limited due to the
challenge of targeting fungi without toxicity to human hosts cells, both eukaryotic sister
classes in the tree of life.12° Filamentous fungi have also gained the mutative ability to alter
their gene expression individually and in biofilms to resist common antifungals that are
overused in agricultural protection and clinical settings globally.126 Mechanisms of
antifungal resistance include increasing outward efflux of chemical agents, altering agent
targeting enzymes, and modifying cellular metabolism.117 The rise of antimicrobial
resistance, including in fungi, bacteria, parasites, and viruses, has led to 1.7 million annual
cases of hospital acquired infections, 99 000 deaths,? and $16.6 billion spent in healthcare
costs in the US alone.3 There is an urgent need to develop antifungal solutions without the
use of chemical agents that may lead to evolved resistance.

Previous work has demonstrated the embedment of biocidal polymers or
nanoparticle drugs on surfaces, yet these techniques are not effective for prolonged
periods130131and may contribute to the emergence of antimicrobial resistance. The use of
biomimetic nanostructured surfaces inspired by the lotus leaf (Nelumbo nucifera),'” gecko
foot (Gekkonidae),'® and cicada wing (Psaltoda claripennis),?* nanotopography have shown
promise as antibacterial2¢ surfaces. Such surfaces have shown adhesion dependent rupture
of both bacteria and Saccharomyces cerevisiae yeast cells exhibiting comparable size scales

to bacteria,132 yet have not been explored with much larger, robust, and drug resistant
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filamentous fungi. Here, we investigate both the antifungal and fungicidal properties of
biomimetic, polymeric, nanopillared surfaces inspired by the cicada wing with infection
forming filamentous fungi, A. fumigatus and F. oxysporum. We demonstrate that the
nanopillared surfaces fabricated through nanoimprint lithography (NIL) prevent infectious
filamentation of surface-attached fungi spores showing promise in antifouling and

antibiofilm applications.

Results and Discussion

We began our study by fabricating flat and nanopillared surfaces from poly(methyl
methacrylate) (PMMA), an FDA approved polymer commonly used for medical devices.
Nanoimprint lithography (NIL), a low-cost and scalable imprinting technique,2> was
employed to fabricate surfaces of biomimetic nanopillars inspired by antibacterial cicada
wings using imprinting molds previously described.2* We fabricated PMMA surfaces with
the following notations: flat, C200, P300, and P500 (Figure 16). The lettering in the
notations represents the imprinting mold originating from either a cicada wing replica or
pillared commercial mold replica. The numeric in the notations represents the approximate

center-to-center pillar distances in nanometers (Table 2).
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Figure 16. Scanning electron micrographs (SEM) of flat and nanopillared PMMA surfaces taken with 3 kV ata
45° tilt. Flat surfaces were fabricated through spin coating. C200, P300, and P500 nanopillared surfaces were
fabricated through spin coating followed by nanoimprint nanoimprint lithography (NIL). The lettering in the
nomenclature represents the negative imprinting mold originating from either a cicada wing or pillared
master mold. The numeric in the nomenclature represents the center-to-center nanometer pillar
periodicities. Scale bars represent 500 nm.

We next inoculated 1 x 105 total spores of filamentous fungi, A. fumigatus and F.
oxysporum, onto triplicate surfaces of each pattern in polystyrene wells and incubated them
at 37 °C and 34 °C, respectively. Spores were swollen in Sabouraud Dextrose (SD) broth for
6 h and then inoculated on the surfaces to compare the germ tube development, hyphal
growth, and biofilm formation between the flat and nanopillared surfaces. The surfaces
were then mounted on an inverted microscope. Phase images were taken every 8 h to
monitor surface-attached cell growth (Figures 17A and 17B). On the flat surfaces, spores
germinated to develop germ tubes, followed by hyphae, and eventually biofilm. By contrast,
germ tubes were inhibited on the nanopillared surfaces and no hyphae or biofilm formed.
The greatest inhibition of growth was observed on the P500 surfaces, which has the largest
nanopillar periodicity among the nanopillared surfaces studied in this work (Figure 18A

and B)
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A) A. fumigatus

B) F oxysporum

Figure 17. Nanopillared surfaces demonstrated antifungal properties of (A) A. fumigatus grown at 37 °C and
(B) F. oxysporum grown at 34 °C. Cells were swollen for 6 h in SD broth and then inoculated in triplicate wells
with flat, C200, P300, and P500 bottom surfaces. Images were taken every 8 h to observe fungal germ tube
development, hyphal growth, and biofilm formation on the flat surfaces. Growth inhibition was observed on
the nanopillared surfaces with eventual cell detachment. Scale bars represent 200 pm.
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Among the nanopillared surfaces, the antifungal effect was, in order, flat < C200 <
P300 < P500 (Figure 18). These results are different from previous studies of prokaryotic
Gram-negative bacteria growth inhibition on nanopillared surfaces, where the smallest
pillar periodicities studied were most effective.24 These contrasts may be related to the size
scale differences in cell wall architecture and membrane mechanosensing. On these
nanopillared surfaces, germ tube development was disrupted and spores began to detach
after 16 h for A. fumigatus and 8 h for F. oxysporum. After 24 h of surface attachment, cells
from each surface were plated on SD agar to evaluate if the cells were alive or dead after
surface attachment on the nanopillars. Colony forming units (CFU) formed on the agar
were counted, and we found significantly fewer CFUs from the cells taken from the
nanopillared surfaces compared with the flat surfaces (Figure 18C, 18D, and 18E). F.
oxysporum CFUs decreased from C200 to P300 to P500 surfaces, demonstrating that these
nanopillared surfaces have not only antifungal but also fungicidal effects (Figure 18C, 18D,
and 18E). The higher CFU count from cells taken from flat surfaces demonstrate that initial
surface-attached spores became filamentous and persisted with their cyclic hyphal spore

secretion.
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Figure 18. Nanopillared surfaces demonstrated antifungal and fungicidal properties. (A) A. fumigatus growth
was inhibited on the nanopillared surfaces with cell detachment observed after 16 h (inset). (B) F.

oxysporum growth was inhibited on the nanopillared surfaces with cell detachment observed after 8 h (inset).
(C) F. oxysporum planktonic cells were taken from each well after 24 h and seeded on SD agar plates to grow
for 48 h at 34 °C. The nanopillared surfaces showed fungicidal properties as less CFUs formed. (D) A.
fumigatus and (E) F. oxysporum planktonic cells taken from flat and nanopatterned surfaces after 24 hours to
grown on SD agar incubated at 37C and 34 C, respectively, to assess fungal cell death.

We then analyzed the cell membrane-to-nanopillar interaction with scanning
electron microscopy (SEM) (Figure 19). Prior to imaging, spores were fixed with 4%
paraformaldehyde and dehydrated with serial ethanol dilutions. Surfaces were then
sputter coated with 5 nm of iridium to form a conductive layer suitable for SEM A.

fumigatus and F. oxysporum spores exhibited spherical configurations on the flat surfaces
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along with areas of filamentous biofilm formation, while spores on the nanopillared
surfaces were often found deflated with limited germ tube development. A.

fumigatus spores on the nanopillared surfaces were either found to be spherical, deflated in
the center of the spore, deflated on half of the spore, or completely deflated after 24 h
(Figure 19C). While the fixing and dehydration of cells during SEM preparation resulted in
cell wall shriveling on all surfaces, full deflation was primarily observed on the

nanopillared surfaces.

A) A. fumigatus
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Figure 19. Scanning electron micrographs (SEMs) of fungal growth on flat and nanotopography. Biofilm
formation of (A) A. fumigatus and (B) F. oxysporum was present on the flat surfaces, along with intact hyphal
secreted spores, while levels of deflated spores were present on the nanopillared surfaces. (C) Scanning
electron micrographs of A. fumigatus on C200, P300, and P500 surfaces. (a - c) Cell were commonly found
deflated in the cell body center. (d - f) Cells were commonly found partially deflated in a crescent cell body
shape. (g - i) Cells were commonly found fully deflated. Scale bars represent Sum.

We further investigated the interaction between the damaged and apparently
deflated A. fumigatus germ tube cell membrane and the P300 nanopillared surface (Figure
20). The presence of adhesion substance on both the membrane and nanopillars indicates
that adhesion of the cell to the surface had occurred before hyphal growth inhibition. The
fungal cell possesses many membrane-bound mechanosensitive proteins responsible for
maintaining cell growth and metabolism.120.127 Further investigations into the biophysical
phenomena within the spores and germ tubes during growth inhibition on nanopillars

would shed light on the antifungal surface mechanism.
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Figure 20. Scanning electron micrographs (SEMs) of surface-attached A. fumigatus on nanotopography. A.
fumigatus cells were surface-attached and able to sense the nanopillars before growth inhibition as shown
with the presence of adhesion substance.

Experimental Methods

Nanopillared Surface Fabrication. Glass coverslips (24 x 60 mm?) (VWR, Radnor,
PA) were treated with 1% aminopropyltriethoxysilane (Sigma-Aldrich, St. Louis, MO) in
deionized water (DI) for 20 min to facilitate surface bonding with 120 000 MW poly(methyl
methacrylate) (PMMA) (Sigma-Aldrich, Milwaukee, WI) in aqueous solution. PMMA (5%
wt) in toluene was spin-coated on the treated glass coverslips at 600 rpm for 45 s. The
PMMA-coated coverslips were then annealed on a hot plate at 110 °C for 5 min to

evaporate residual solvent. This process was repeated three times to obtain a film
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thickness of 2 um. Each PMMA-coated coverslip was then placed in a JenOptik HX03 hot
embosser (Jenoptik AG, Jena, Germany) for nanoimprint lithography (NIL). NIL molds
previously described?4111-113 were centered on top of the PMMA-coated coverslips. A
pressure of 2 MPa from the hot embosser top plate was applied to each mold while the
PMMA was heated to 70 °C above its glass transition temperature (Tg) from both the top
and bottom plates for 20 min. Pressure was maintained while the PMMA was cooled down
to and held at room temperatures in the hot embosser for 10 min. Samples were then
demolded to reveal nanoimprinted surface structures and sterilized in a fume hood under
UV light for 5 min.

Nanopillared Surface Characterization. The flat, C200, P300, P500, and P600
PMMA surfaces were coated with 5 nm of iridium, using an ACE600 sputter coater (Leica
Microsystems, Buffalo Grove, IL). The surfaces and their nanostructures were then
characterized using a FEI Magellan 400 XHR Scanning Electron Microscope (FEI Company,
Hillsboro, OR) at a 45° tilt angle with an acceleration voltage of 3 kV.

Fungal Growth Conditions. A. fumigatus and F. oxysporum cells were taken from
frozen stocks and streaked on Sabouraud Dextrose (SD) agar plates. A. fumigatus cell were
incubated at 37C for seven days, while F. oxysporum cells were incubated at 34C for four
days. The cells were then washed with SD broth and filtered into 50mL centrifuge tubes to
isolate the spores from the germ tubes and hyphae. The spores were next swollen for six
hours in SD broth and back diluted to a 1 x 10> spore count when inoculated into the
triplicate PMMA surfaces of each flat or nanopillared pattern in polystyrene wells.

Fungal Growth Microscopy. A. fumigatus and F. oxysporum spores on each surface

were mounted on a BioTek Cytation5 inverted microscope. Phase images were taken every
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eight hours between A. fumigatus incubations at 37C and F. oxysporum incubations at 34C
to observe their germ tube development, hyphal growth, and biofilm formation of surface-
attached cells. Image] was used to quantify fungal mass in pixel area on each surface.

Fungal Scanning Electron Microscopy. Each surface was prepared for scanning
electron microscopy after each 24 hours of surface-attached cell growth. The SD broth in
each well was slowly aspirated out and replaced with 2mL of 4% paraformaldehyde (PFA)
for 20 minutes to allow fixation of surface-attached cells. Then, the PFA was slowly
aspirated out and replaced with 50% ethanol in DI water for 15 minutes. A series of 15-
minute serial dilutions followed with 70%, 80%, 90%, 95%, and 100% ethanol in DI water
for each surface for completed dehydration of the surface-attached cells. Cells were left in a
fume hood overnight to fully dry before being coated with 5nm of iridium, using an ACE600
sputter coater (Leica Microsystems, Buffalo Grove, IL) to provide a conductive coating
suitable for scanning electron microscopy imaging. The surface-attached cells on each
surface were then characterized using a FEI Magellan 400 XHR Scanning Electron
Microscope (FEI Company, Hillsboro, OR) at a 45¢ tilt angle and an acceleration voltage of 3
kV.

Fungal CFU Analysis. Cells from each surface were seeded onto SD agar plates after
each 24 hours of surface-attached cell growth to evaluate if the cells were alive or dead. A.
fumigatus cells were grown for 72 hours at 37C and F. oxysporum cells were grown for 48
hours at 34C. Images were then taken to observe and count each colony formed form each

surface at 1:10, 1:100, and 1:1000 dilutions.
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Conclusions and Future Outlook

In conclusion, we demonstrated the use of scalable nanopillared surface fabrication
via NIL to inhibit the growth of invasive, drug-resistant, biofilm-forming, filamentous
fungi A. fumigatus and F. oxysporum. Notably, filamentous fungal spores detached from the
nanopillars after 16 h for A. fumigatus and 8 h for F. oxysporum. The P500 surfaces, which
possessed nanopillars with the greatest periodicity, exhibited the largest antifungal and
fungicidal effects. High spatiotemporal resolution microscopy of the filamentous fungal
membrane-bound mechanosensitive protein contact with the nanopillared surfaces would
provide insight on the adhesive effects of the antifungal and fungicidal properties.
Additionally, further investigation into the membrane-bound mechanosensitive proteins
that control cell growth and metabolism would shed light on the biophysical mechanism.
Understanding these biological phenomena could serve as a gateway for developing other
drug-free, nanopillared, antimicrobial surfaces that are suitable for industrial, commercial,

and healthcare applications.
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CHAPTER 5. Conclusions and Future Outlook on Biophysical Mechanisms

In this work, we demonstrated that bioinspired nanotopography inhibits the surface
attachment of several microbial effects that may shed light on new platforms to study
microbial mechanobiology. We found that virulence of surface-attached P. aeruginosa in an
amoeba host killing assay was hindered on the C200, P300, and P500 surfaces, yet many
questions remain such as (1) What role do surface-attachment pili play? (2) What role does
the pilY1 protein play? and (3) Is quorum sensing inhibited? The experiments conducted
involved PA14 along with knockout mutants PilTU, FIgK, and PilTU-FlgK lacking specific
motility and surface sensing appendages or both. Further studies should involve mutant
knockouts lacking other pili involved in surface sensing along and the PilY1 protein.
Measurements of secondary metabolites secreted during virulence activity such as
pyocyanin could be measured as an additional assay. Such phenazines cause ciliary
dysfunction in the respiratory tract and exert oxidative effects and inflammation to damage
host cells.”2 Measurements of quorum sensing signaling molecules should also be
conducted to verify if quorum sensing, required for biofilm formation, is hindered on
virulence inhibiting nanotopography. Such information would provide further knowledge
in microbial chemical signaling and communication influenced by surface topography.
Quantitative studies would also be beneficial to track not only cellular growth on
nanotopography but identifying the which specific point in the cell cycle are hindered.

Additionally, we demonstrated that bioinspired nanotopography disrupted P.
aeruginosa mechanoresponsive upstream motility using cell tracking from microscopy

analysis of cells in fabricated flow cells with nanopillared bottom surfaces. Several
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questions concerning the mechanoresponsive cellular appendage remain such as (1) What
role do surface-attachment pili play? (2) What role do the molecular motors play? And (3)
Can we image the pili and nanopillar interaction? In 2016, Chang, et al.13? demonstrated the
use of cryo-electron tomography to image and reconstruct the architecture of the
bacterium Myxococcus xanthus type IV pili and its molecular motors at play. Further studies
could image the interaction of the type IV pili in fluid flow systems with tips of
nanotopography and possibly the molecular motor activity. The use of cryo-electron
tomography may also reveal cell wall activity when adhered to nanotopography as cell wall
synthesis is involved in recovery of plastic deformation due to bending forces.134135

Lastly, we demonstrated that bioinspired nanotopography inhibited A. fumigatus
and F. oxysporum filamentous fungal growth, which presents a new antimicrobial system.
This discovery opens up new scientific questions such as (1) Is fungal virulence inhibited?
(2) What role do fungal membrane mechanosensors play? and (3) Do the biophysical
mechanisms relate to prokaryotic cells? Since 1997, fungal filamentation has been
demonstrated a process enabling surface-attached fungi to switch from benign to infection
forming as nonfilamentous Candida albicans mutants were avirulent.136.137 Further studies
should develop virulence assays for filamentous fungi A. fumigatus and F. oxysporum to
provide future advancements in antifungal strategies. Both bacteria and fungi possess
mechanosensitive membrane bound proteins, ion channels,!1? and fibers!20 responsible for
surface sensing and various biochemical processes relevant to cellular survival. The
investigation of microbial mechanosensitive channels utilizing mutant knockout strains to

analyze the antimicrobial effect on nanotopography opens doors to new scientific
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questions in membrane ion channel activity influences by possible tension, 138-142
mechanosensation,43-147 agnd communication48 on nanostructures.

In conclusion, we have demonstrated in this work several methods of inhibiting the
formation of infectious biofilms. Future work could include in vitro and in vivo studies on
the antimicrobial effects in comparison and in combination synergistically with
antimicrobial drugs. As the bioinspired nanotopography inhibits microbial growth and
motility, these effects may combat microbial infections when combined with other methods
that are declining in efficacy. Furthermore, these bioinspired nanotopography may provide
a new platform to study mechanobiology. Future surfaces could be tailored using the
fabrication methods described in Chapter 1 to study the cell-surface interface and
biophysical effects in tailored nanofeature surface patterns with varying pillar shapes,
geometries, and radii of curvatures. Next steps in studying the biophysical mechanisms of
such antimicrobial nanotopographies would be to perform RNA sequences to study which
genes in each microbe are being up or down regulated and coordinate such results with
biophysical effects149. A further study should involve investigating possible
mechanobiological resistance mechanisms to nanotopography as it has been shown that P.
aeruginosa possess multigenerational memory and adaptive adhesion.130 The applications
of bioinspired nanotopography reaches far beyond solutions for antimicrobial surfaces and
may provide a convergence of studies in materials science, engineering, and microbiology

to explore the newer field of mechanobiology.
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