Structure-based Design of Dual Bactericidal and Bacteria Releasing Nanosurfaces
Daniel Salatto!, Zhixing Huang', Peter Todd Benziger*?, Jan-Michael Y. Carrillo*, Yashasvi
Bajaj', Aiden Gauer', Leonidas Tsapatsaris', Bobby G. Sumpter?, Ruipeng Li’, Mikihito

Takenaka®, Wei Yin’, David G. Thanassi?>?, Maya Endoh!”, Tadanori Koga'$*

"Department of Materials Science and Chemical Engineering, Stony Brook University, Stony

Brook, New York 11794-2275

?Department of Microbiology and Immunology, Stony Brook University, Stony Brook, New York

11794-5222

3Center for Infectious Diseases, Stony Brook University, Stony Brook, New York, 11794-5120

4Center for Nanophase Materials Sciences, Oak Ridge National Laboratory, Oak Ridge,

Tennessee, 37831

SNational Synchrotron Light Source II, Brookhaven National Laboratory, Upton, New York,

11973

SInstitute for Chemical Research, Kyoto University, Uji, Kyoto 611-0011, JAPAN

"Department of Biomedical engineering, Stony Brook University, Stony Brook, New York, 11794-

5281

8Department of Chemistry, Stony Brook University, Stony Brook, New York, 11794-3400



Abstract

Here, we report synergistic nanostructured surfaces combining bactericidal and bacteria
releasing properties. A polystyrene-block-poly(methyl methacrylate) (PS-block-PMMA) diblock
copolymer is used to fabricate vertically oriented cylindrical PS structures (“PS nanopillars”) on
silicon substrates. The results demonstrate that the PS nanopillars (with height of about 10 nm,
size of about 50 nm, and spacing of about 70 nm) exhibit highly effective bactericidal and bacteria
releasing properties (“dual properties”) against Escherichia coli (E. coli) for at least 36 h of
immersion in an E. coli solution. Interestingly, the PS nanopillars coated with a thin layer (= 3
nm-thick) of titanium oxide (TiO2) (“TiO> nanopillars”) show much improved dual properties
against E. coli (a Gram-negative bacterium) compared to the PS nanopillars. Moreover, the dual
properties emerge against Listeria monocytogenes (a Gram-positive bacterium). To understand the
mechanisms underlying the multifaceted property of the nanopillars, coarse-grained molecular
dynamics (MD) simulations of a lipid bilayer (as a simplified model for E. coli) in contact with a
substrate containing hexagonally packed hydrophilic nanopillars were performed. The MD results
demonstrate that when the bacterium/substrate interaction is strong, the lipid heads adsorb onto
the nanopillar surfaces, conforming the shape of a lipid bilayer to the structure/curvature of
nanopillars and generating high stress concentrations within the membrane (i.e., the driving force
for rupture) at the edge of the nanopillars. Membrane rupture begins with the formation of pores
between nanopillars (i.e., bactericidal activity) and ultimately leads to the membrane withdrawal
from the nanopillar surface (i.e., bacteria releasing activity). In the case of Gram-positive bacteria,
the adhesion area to the pillar surface is limited due to the inherent stiffness of the bacteria, creating
higher stress concentrations within a bacterial cell wall. The present study provides insight into
the mechanism underlying the “adhesion-mediated” multifaceted property of nanosurfaces, which
is crucial for the development of next-generation antibacterial surface coatings for relevant

medical applications.
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1. Introduction

Biofouling is the undesired accumulation of foreign microorganisms and biological substances
on material surfaces. The adhesion of unwanted microorganisms poses numerous associated health
risks when designing various medical devices such as catheters, vascular stents, orthopedic
implants, artificial heart valves, dental implants, and various extracorporeal tubing. For example,
catheter-associated urinary tract infection is the source of nearly 20% of episodes of healthcare
associated bacteremia in acute care settings, and nearly 50% of episodes of bacteremia in long-
term care facilities!. Indwelling catheters provide a surface for the attachment of bacterial adhesins,
thereby enhancing microbial colonization and the formation of biofilms?. In response to this
healthcare challenge, significant efforts have been made to design functional coatings that possess
multiple (e.g., antimicrobial and antifouling) properties. However, the development of a
multifaceted functional surface coating, which is urgently needed to assist medical professionals
and patients, is still challenging due to the different mechanisms underlying the functions.

Surface nanotopography is of great interest for the development of bactericidal surfaces in
place of traditional chemical-based approaches that are often toxic to human beings and
environments. In addition, the efficiency of chemical-based methods diminishes over time as the
concentration of biocidal compounds decreases in the material>. The so-called “mechano-
bactericidal actions™ with engineered random or ordered nanostructures inspired by cicada wings,
which possess nanopillars with a height of about 150 nm and a spacing between neighboring
nanopillars of 150 nm, produce surfaces that facilitate controlled interactions with bacteria.
Ivanova and co-workers® reported experimental evidence that the mechanical and structural
response of bacterial cell membranes to the deformational stress (imposed by physical contacts
with surface nanostructures) can kill P. aeruginosa or other Gram-negative bacteria. A similar
concept of engineered nanostructured surfaces to kill bacteria has also been reported®*. However,
it should be noted that the mechano-bactericidal actions are not effective against Gram-positive
bacteria due to their much stiffer mechanical properties® '°. The stretching degree of Gram-

negative bacteria depends on the geometric parameters (especially, height and spacing) of a



nanostructure' 12, the interactions between the bacterial cell wall and nanostructured surfaces, the

bending/stretching modulus of a bacterial cell membrane> 2

, and the elastic deformation of
nanopillars during bacterial adhesion'?. On the other hand, there is also an impaling mechanism
where very tall ( > 1 um height), high-aspect ratio (i.e., height/size) nanostructures can pierce a
bacterium, resulting in the lysis of bacterial cells'*!3. Surface hydrophobicity also remains of
paramount interest as another demonstrative factor for the mechano-bactericidal effect. However,
its role in producing the mechano-bactericidal effect has remained uncleared. For example,
Linklater et al.'¢ and Valiei et al.'” reported no significant effects of surface hydrophobicity on the
mechano-bactericidal actions, while Boinovich and co-workers'® demonstrated superhydrophilic
substrates as the most desirable surface wettability. Hence, the factors and mechanism that
determine the precise antibacterial activity of nanopatterned surfaces are still in debate.

In addition, there is a bottleneck for the use of nanostructured surfaces for bactericidal coatings:
the loss of mechano-bactericidal efficacy over time due to accumulations of dead bacteria and
debris on the surfaces, possibly hindering their use for repeatable and long-term applications or
triggering immune responses and inflammation'®. Thus, the major challenge of this inevitable
accumulation has not been fully addressed. A better understanding of how nanostructured surfaces
interact with bacteria is hence crucial for the development of new strategies for the design of
multifunctional coatings.

Here, we report a multifaceted nanostructured surface with highly efficient bactericidal and
bacteria releasing properties against E. coli (a Gram-negative bacterium) and Listeria
monocytogenes (L. monocytogenes, a Gram-positive bacterium). The versatile nanostructured
surfaces are fabricated by “block copolymer (BCP) lithography”?® which offers a simple and
effective route to fabricate dense, highly ordered periodic microdomains with easy control of their
geometric parameters over arbitrarily large areas’’. We use polystyrene-block-poly(methyl
methacrylate) (PS-block-PMMA) BCP as a rational model to develop optimal nanostructures with
feature sizes of less than 100 nm on solid surfaces. We previously established an approach to

induce perpendicular-oriented microdomains in BCP thin films on non-neutral silicon (Si)



substrates??. The present study uses PS “nanopillars” (cylindrical microdomains with height of
about 10 nm, size of about 50 nm, and interpillar spacing of about 70 nm) oriented in the direction
perpendicular to the substrate surface, while the PMMA matrix is removed by a combination of
UV exposure and subsequent chemical etching?*23, The PS nanopillars exhibit not only highly
effective mechano-bactericidal actions® but also highly effective bacteria releasing properties
against E. coli for at least 36 h of immersion in a E. coli solution. To further enhance the mechano-
bactericidal actions of the PS nanopillars, we deposit a very thin layer (about 3 nm thick) of
titanium oxide (TiO2), which has a much better attraction with E. coli than PS such that the degree
of stretching of a bacterial membrane is expected to be larger?, on the PS nanopillars using atomic
layer deposition (ALD). This additional metal oxide coating significantly enhances the bactericidal
and bacteria releasing properties against E. coli. More importantly, it brings about the dual
bactericidal and bacteria releasing properties against L. monocytogenes as well.

To understand the mechanisms underlying the dual properties of the very short TiO>-coated
nanopillars, implicit solvent coarse-grained molecular dynamics (MD) simulations of a lipid
bilayer in contact with a substrate containing cylindrical hydrophilic pillars with different lipid-
substrate interactions are performed as a simplified model for E. coli** to complement the
experimental results. The MD data indicate that when the bacterium/substrate interaction is strong
(greater than 2k7, kT is thermal energy), the lipid heads adsorb onto the nanopillar surfaces,
conforming the shape of the lipid bilayer to the structure/curvature of the nanopillars. Membrane
rupture occurs when the nanopillars generate sufficient tension within the lipid bilayer clamped at
the edges of the nanopillars, leading to the formation of pores between nanopillars (i.e., bactericidal
activity) and eventually promoting the cell withdrawal from the nanopillar surface (i.e., bacteria
releasing activity). The adhesion-mediated rupture is more pronounced for Gram-positive bacteria
since the adhesion area to the nanopillar surface is limited owing to the stiffer mechanical
properties, causing higher stress concentrations within the bacterial cell wall at the edge of pillars.
Hence, the integrated experimental-computational study provides insight into the roles of

microscopic structures in antibacterial and bacteria releasing properties. These findings will be



beneficial for the development of engineered nanocoatings for implemented medical devices, since
natural tissue surfaces such as the epithelial layer of blood vessels and heart chambers exhibit

morphological features at the nanometer scale®.

2. Experimental Section
2.1. Materials

Monodisperse cylinder forming PS-block-PMMA (My,ps = 46,000 g/mol, My pmma = 138,000
g/mol, My/M,=1.06, Polymer Source Inc.) was used. Additionally, PS with an average molecular
weight of Mw=30,000 g/mol (My/M,=1.06, Pressure Chemical Co.) was used to prepare a “non-
preferential” surface coating (hereafter assigned as “PS nanocoating”) for the development of
perpendicularly oriented microdomains in PS-block-PMMA thin films deposited on Si substrates.
The details of the sample preparation have been described elsewhere??. Si (100) wafers, purchased
from University Wafer Inc., were pre-cleaned using a hot piranha solution (i.e., a mixture of HoSO4
and H>O», caution: a piranha solution is highly corrosive upon skin or eye contact and is an
explosion hazard when mixed with organic chemicals/materials; Extreme care should be taken
when handling it) for at least 40 min, subsequently rinsed with deionized water thoroughly. The
surface treatments resulted in a hydrophilic native silicon oxide (SiOx) layer (= 2 nm thick) with
a surface roughness of less than 0.5 nm and water contact angle less than 10 °. The piranha solution-
cleaned Si wafers were further immersed in an aqueous solution of hydrogen fluoride (HF) for 20
s to remove the SiOy layer (hereafter assign as “HF-etched Si”). Notably, due to atmospheric
oxygen and moisture, we confirmed that a thin SiOx layer of about 1 nm thick was reproduced
immediately after HF etching?®.

To prepare the PS nanocoatings on the HF-etched Si substrates, we incorporated the
established solvent-rinsing protocol?>2¢ . The PS nanocoatings are composed of strongly adsorbed
polymer chains that lie flat on a solid (“flattened chains”)?*?” with about 2 nm in thickness. In brief,
PS thin films of 60 nm in thickness were initially spun coated onto the HF-etched Si with a rotation

speed of 3,000 rpm. The spun-coated PS films were then annealed at 150 °C, far above the bulk



glass transition temperature (7), for 24 h in a vacuum oven at 103 Torr. The pre-annealed films
were solvent-leached with chloroform at room temperature repeatedly until the thicknesses of
residual layers remained unchanged. All the nanocoatings were post-annealed at 150 °C for 12 h
under vacuum to remove any excess solvent molecules.

The PS nanopillars vertically aligned without the PMMA matrix were then prepared on the
HF-etched Si substrate covered with the PS nanocoating (we hereafter assign the substrate as “PS
nanocoated Si”). We confirmed that the water contact angle (WCA) of the PS nanocoated Si was
90 £ 1°, which is in good agreement with the bulk PS, indicating that the substrate surface was
entirely covered with the PS nanocoating. Since the PS nanocoating is stable even against good
solvents®®, 20 nm-thick PS-block-PMMA films were directly prepared on the PS nanocoated Si
via spin coating of the PS-block-PMMA/toluene solutions. Along with the non-preferential PS
nanocoatings, the novelty of PS-block-PMMA 1is the easy control of balanced interfacial
interactions at the air-polymer interface using temperature (c.a., 200-250 °C)?®. We annealed the
PS-block-PMMA films on the PS nanocoated Si at 230 °C for 10 minutes and then quenched to
room temperature (which is below the glass transition temperatures (100-110 °C) of the bulk PS
and PMMA) to freeze the microphase separated structures via the vitrification processes of both
blocks. The resultant films were subsequently exposed to UV-light in a nitrogen environment for
5 minutes to crosslink the PS component of the films and further developed by submerging the
films in acetic acid for 3 minutes to remove the PMMA component from the films 23. Finally, the
resultant films were placed in deionized (DI) water for 3 minutes to remove any remaining acid

from them.

2.2. Ellipsometry Measurements

The thicknesses of the spin-cast films and PS nanocoatings were measured by an ellipsometer
(Rudolf Auto EL-II) with a single wavelength of 632.8 nm at an incident angle of 70°. The
thicknesses were calculated based on the phase difference and the amplitude ratio upon reflection

obtained from ellipsometry measurements, along with a single polymer layer model with fixed



refractive indices of 1.587 for PS? and 1.518 for PS-block-PMMA, respectively. Note that the
refractive index of PS-block-PMMA was calculated from the volume fractions of PS and PMMA
using the refractive indices of PS and PMMA homopolymers (1.489 for PMMA?).

As will be described below, to determine the film thickness of an ALD-grown TiO> layer on
the PS nanopillars, the spectral reflectance of planar Si wafers coated with varying numbers of
TiO, ALD cycles was measured by a J.A. Woollam M- 2000FI ellipsometer. The spectral
reflectance data were collected and analyzed using the WV ASE32 data acquisition and analysis
software (J.A. Woollam Co. Inc.). The incidence angle of the light beam was varied from 45° to
75° with an angle step size of 5°, normal to the substrate plane. The reflectance data were collected
over the wavelengths ranging from 210 to 1692 nm. The TiO» film thickness was determined from
an ALD-grown TiO> layer grown on a planar Si under the same disposition conditions by fitting
the data to a three-layer model (Ti10:, native SiO, and Si) using the known optical constants of

the materials provided by the analysis software.

2.3. Atomic layer deposition (ALD)

Ti0; is often utilized in biomedical devices and biomaterials due to its positive characteristics
including biocompatibility>*>!. ALD is one of the most promising deposition techniques because
of its excellent homogeneity and thickness accuracy??. In addition, the surface energy of an ALD-
grown TiO; layer at room temperature (48.5 mN/m under a similar deposition temperature®®) is
closer to that of E. coli (65.1 mJ/m? 33) or L. monocytogenes (65.9 mJ/m?3%) than that of PS (40.6
mN/m?%), allowing us to further discuss the effect of an attractive interaction between the bacterial
cell wall and the nanostructured surface on the bactericidal property. As previously optimized*,
depositing a uniform layer of TiO; was performed at 80 °C using a Cambridge Nanotech Savannah
S100 ALD system at the CFN. The deposition process of TiO> on the PS nanopillars undergoes
sequential exposure of titanium (IV) isopropoxide and water vapor. Each precursor was purged
with N»(g) after each sequential exposure. The density of an ALD grown TiO; film at 80°C was

reported to be about 3.5 g/cm? 3. We confirmed the deposition of TiO2 on the PS nanopillars using



X-ray Photoelectron Spectroscopy (XPS) (Figure S1, Supporting Information (SI)). To
determine the thickness of an ALD-grown TiO; layer on the PS nanopillars, the PS nanopillar
samples were exposed alongside planar bare Si substrates, which were further measured with
ellipsometry. The average thickness of the ALD-grown TiO: on the planar Si substrate after 60
cycles was 3.0 + 0.2 nm. Hereafter we assign the TiO-coated PS nanopillars as “TiO nanopillars™.
It has been reported that TiO» has a unique photocatalytic effect when exposed to UV-light*’. To
differentiate from this photocatalytic effect, samples were kept covered in tin foil and away from

UV light before any experiments.

2.4. Atomic Force Microscopy (AFM) measurements

The surface morphologies of the PS and TiO, nanopillars were studied before and after
bacterial adsorption experiments by atomic force microscopy (AFM) (Asylum Research MFP-3D)
at the Center for Functional Nanomaterials (CFN) at Brookhaven National Laboratory (BNL).
Standard tapping mode measurements were conducted in air using a cantilever, AC160TS-R3,
with a spring constant of 26 N/m and a resonant frequency of 300 kHz. The scan rate was 2.44 Hz

with the scanning density of 256 lines per frame.

2.5. Scanning Electron Microscopy (SEM)
SEM was performed (Hitachi 4800) to identify the microdomain structures of the self-
assembled PS-block-PMMA films prior to bacteria adhesion experiments. In addition, the E. coli

morphology was analyzed via a cross-section of the samples after the adhesion experiments.

2.6. Grazing-Incidence Small-Angle X-ray Scattering (GISAXS)

GISAXS measurements were conducted at the 11-BM Complex Materials Scattering (CMS)
beamline, NSLS-II, Brookhaven National Laboratory to study the microdomain structures of the
PS nanopillars and TiO; nanopillars. GISAXS patterns were acquired with a PILATUS 2M

detector located at the sample-to-detector distance of 3.03 m. The incident angle (i) was set to be
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0.15° to observe the entire structure of the film. Intensity profiles were measured as a function of
the scattering vector, g = (4nsinf)/A, where @ is half of the scattering angle and 4 is the X-ray
wavelength (4 = 0.092 nm). The in-plane GISAXS profiles were obtained along the in-plane
scattering vector parallel to the film surface (g.,) at the scattering vector normal to the film surface
g. = 0.30 nm'!. The GISAXS data was analyzed by using Igor Pro 8 using the Irena and Nika

macro38.

2.7. Water contact angle (WCA) experiments

The surface energy of the developed films was measured by using an Ossila contact angle
meter. WCA measurements were conducted at room temperature under humidity-controlled
conditions by using 20 ul of water for each sample. The contact angle plugin in ImagelJ was utilized
to analyze the water droplet on the sample surface. We also confirmed that the effect of UV
exposure (5 mins), which was used to cross-link a PS component, on the WCA was minimal

(Figure S2).

2.8. Bacterial Strains, Growth Conditions and Staining Protocols

E. coli K12 (ATCC #25404) or L. monocytogenes was used in experiments to determine the
antimicrobial effects of the surface nanotopographies. Both E. coli and L. monocytogenes were
grown in standard LB broth at 37 °C with shaking (200 rpm) prior to the start of each experiment.
To determine the ratio of live to dead bacteria after incubation, the films were placed in a sterile
12-well plate with the nanostructured surface faced upward. As a control, planar PS and ALD-
grown TiO: film prepared on Si substrates were used. Both E. coli and L. monocytogenes were
diluted to an ODego of 0.1 (~1.0%107 colony forming units/mL) and 2-mL of culture were added
to each well containing different nanostructures for the indicated time at 37 °C with no shaking.
To visualize the total amount of bacteria attached to the nanostructured surfaces or suspended in
LB broth, bacteria were stained with the cell-permeable dye, Hoescht 33342, at a final

concentration of 0.5 ug/mL. In addition, the total amount of dead bacteria or bacteria with
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disrupted cell walls was visualized by adding Propidium lodide (PI) at a final concentration of 0.5
ug/mL. The dyes were added together in each well containing both bacteria and polymer 30
minutes prior to sample collection to avoid causing false positives by overstaining bacteria. Prior
to microscopy experiments, samples were gently rinsed with 1 mL of DI water to remove the
loosely adsorbed bacteria on the nanostructures and then gently dried with a flow of oxygen. An
EVOS FL Auto microscope was utilized to further examine the stained bacteria adsorbed on the

nanostructured surfaces and bacteria swimming in solution.

2.9. Fluorescence Microscopy

An EVOS FL Auto microscope was utilized to analyze the presence of E. coli or L. monocytogenes.
The cell permeable dye Hoechst 33342 was used to visualize both live and dead bacteria and the
PI dyes, which is not permeant to live cells, was used to visualize dead bacteria and were selected
to analyze the “alive” and “dead” bacteria. The Imagel software was utilized to analyze and count
the number of adsorbed bacteria cells on the sample surface, differentiating the fluorescence by
color. A program was made to count the number of adsorbed bacteria. It separated the fluorescent
proteins by color and counted the remaining adsorbed cells. In addition, the program was set to
only count objects consistent with the characteristic sizes of E. coli (1-5 um in length)* or L.
monocytogenes (0.5-2 um in length)*’. The program was also developed to aid with counting the
nuclei of the cells, which provided an increase in contrast when determining the number of cells
adsorbed onto the nanopillar surfaces. To check the reproductivity of test results, we prepared three
samples for each system. We scanned at least 5 different fields for each sample and the average

adhesion data over the three samples were determined and analyzed for statistical significance.

2.10.MD simulations
Motivated by previous integrated experimental and computational work on antimicrobial
properties of nanostructured surfaces against E. coli**, our simulation model assumes a planar

lipid bilayer (i.e., an outer membrane of E. coli) as an extremely simplified model for E. coli to
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predict and analyze the bacterial interaction with the nanopillar surfaces at the molecular level.
Note that Gram-positive bacteria do not have an outer membrane and are encapsulated by a
peptidoglycan layer instead*!. Hence, the same MD simulations can’t be directly applicable to L.
monocytogenes. However, the computational results for E. coli can help us understand the
bactericidal and bacteria releasing properties of the TiO» nanopillars against L. monocytogenes
which will be described below. Implicit solvent coarse-grained MD simulations of a lipid bilayer,
which is in contact with a substrate containing cylindrical hydrophilic pillars with different lipid-
substrate interactions, were performed by using the software package LAMMPS*2. The lipid
bilayer is arranged into a plane spanning the transverse plane of the periodic boundaries of the
simulation box (Figure S3). This configuration represents infinitely large vesicles. The substrate
consists of Lennard-Jones beads arranged in a hexagonal closed-pack lattice where cylindrical
pillars are carved. The configuration of the pillars is arranged in a hexagonal lattice with a defined
diameter (d), height (%), and distance (D;) between pillars to mimic the experimental conditions.
In these simulations, lipids are modeled using a modified version* of the force-field developed by
Cooke and co-workers*, where a lipid molecule is described by three connected beads consisting
of a lipid head-bead and two lipid tail beads. The head-head and head-tail bead pair-wise
interactions of the lipids are purely repulsive, while the tail-tail interactions are long-ranged and
attractive*. The solvent is modeled implicitly, and the temperature is controlled via a Langevin
thermostat. The bead connectivity is done by defining anharmonic FENE bonds*, and the lipid
molecules are kept rigid and rod-like by applying a bending angle potential. Table S1 summarizes
the force-field potential energy equations and their corresponding parameters used in the
simulations. In the table, we refer to the head, tail, substrate, and base beads as “H”, “T”, “S”, and
“B”, respectively. The simulations are represented in reduced units where o is the characteristic
bead size, kT is thermal energy, the simulation time is T = o (m/kT)*/?, and m is mass. Typically,
o is in the order of 1 nm* and 7 is in the order of 1 ns. The simulation proceeded for 6 X 10*t
that is beyond the elapsed time wherein the total system energy has reached its equilibrium value

(see Figure S4).
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It is generally accepted that bacterial adhesion on a solid surface can be qualitatively predicted

by the thermodynamic adhesion energy (AF)*’, which can be described as follows:
AF = ybs _ ybl _ ysl’ (1)

where y?$, yP!, y5!, are the interfacial free energies of the bacteria-solid, bacteria-liquid, and solid-
liquid interfaces, respectively. Since the contact angles of the PS and TiO» nanopillars (i.e., y')
are nearly the same and y?! is fixed, y?S can be used as a thermodynamic criterion for predicting
bacterial adhesion, as Zhang and co-workers*® proposed for predicting bacterial adhesion on
hydrophilic or hydrophobic surfaces.

The interfacial energy (y*) of the bacterium-solid interface can be calculated from the
corresponding surface energies via appropriate combining rules*®. Using Neumann’s equation of

state, y* is expressed as

_ _ 2
Y =y +¥s — 2\/ypyse FOpYI7 (2)

where the value of § is determined experimentally to be 1.247x10* (mJ/m?)-2 4

, and y;, and y;
are the surface energies of a bacterium and substrate, respectively. The surface energy values of
PS, ALD-grown TiO; (at a similar deposition temperature), and E. coli. are 40.6 mN/m? 26, 48.5
mN/m? 3%, and 65.1 mJ/m? 33, respectively. Substituting these values into eq. (2) gave us y*= 5.0
mJ/m? for the E. coli/TiO2 nanopillar system, which is approximated to 8 k<7°°. While we can also
estimate y* = 10.3 mJ/m? for the E. coli/PS nanopillar system, the PS nanopillars are, to some
extent, covered with residual PMMA chains (y,=41.0 mN/m?)°!, as will be discussed below, such
that the y® value may be underestimated. Nevertheless, a better bactericidal action of the TiO:
nanopillars compared to the PS nanopillars is expected, as will be shown in Fig. 4a. Therefore, we
chose the lipid head-to-substrate interaction energies (ey_g) of 1 kT, 2 kT, 4 kT, and 8 kT (similar

to the TiO2/E. coli interaction) to provide insight into the role of the lipid-substrate interaction on

the bactericidal property of nanopattern surfaces.

3. Results and Discussion
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3.1. Characterization of the two nanopillars

We begin with the characterization of nanopattern surfaces. Figure 1 shows the surface
morphologies of (a) the PS nanopillars and (b) the TiO> nanopillars. We confirmed that the surface
morphology remained unchanged before and after ALD deposition except the size of the pillars
became slightly larger. A representative cross-sectional AFM image of the TiO, nanopillars is
shown in Figure 1¢, where the diameter (d), height (%), distance (D;), and surface roughness (Rs)
can be quantified. A representative cross-sectional AFM image of the PS nanopillars is shown in
Figure SS5a. These parameters are summarized in Table 1. In parallel, we also performed GISAXS
experiments to provide the statically averaged information about 4 and D; over a sufficiently large
sample area. A representative GISAXS 2D pattern from the TiO» nanopillars is shown in Figure
S6. Figure 1d shows the 1D GISAXS profile along the g direction parallel to the film surface (g//)

for the TiO, nanopillars where the <10> peak at g<io- =0.11 nm™' is identified. From the peak
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Figure 1. Representative SEM images of (a) PS nanopillars and (b) TiO nanopillars. The scale bar
represents 1 um. (c) Cross-sectional image of the AFM height image of the TiO, nanopillars. (d)
Representative GISAXS profile along gy, at ¢,= 0.31 nm™ and (e) GISAXS profile along the <10>
Bragg rod for the TiO; nanopillars. The distance between the two fringes is related to the average
height of TiO; pillars including the native oxide layer and PS nanocoating, as described in the main
text.
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position, the average nearest-neighbor distance of the pillars, Di =41 /v/3¢<i0-= 66 +1 nm, was
obtained, which is consistent with the AFM result (Figure 1¢). A representative 1D GISAXS
profile as a function of g, for the PS nanopillars is shown in Figure SSb. The average 4 values of
the respective nanopillars can be calculated from 2m/Aq,, where Aq, is the distance in the
scattering vector normal to the film surface (g, ) between two neighboring fringes seen in the 1D
GISAXS profile along the 10 Bragg rod (in the g,-direction) (Figure le and Figure S6). As
summarized in Table 1, the 4 values determined from the GISAXS results were in reasonable

agreement with the AFM results (Figure 1c).

3.2. Contact angle results

The apparent WCA (8,.) (obtained in five measurements) in equilibrium for these nanopatterns
are tabulated in Table 1. From the table, the PS and TiO2 nanopillars showed very similar apparent
WCA (6, =51-52°). As shown in Figure S7, the apparent WCA of the PS and TiO> nanopillars
showed a decrease with time up to ~ 5 h and saturated to the final values tabulated in Table 1.
Since the WCA on a planar PS surface (6) is 90°, this drastic change in the apparent WCA of the
PS nanopillars is indicative of residual PMMA chains even after the PMMA removal using the
UV exposure followed by a wet acetic acid treatment, as reported by Delalande and co-workers
who demonstrated the presence of residue PMMA chains which partially covered PS nanopillars
after an acetic acid treatment using X-ray Photoelectron Spectroscopy (XPS)*2. Motivated by their
results, we performed XPS experiments for the PS nanopillars and confirmed residue PMMA

chains on the PS nanopillars (see, Figure S8).

Table 1. Characteristics of the nanostructured surfaces used in this study.

Code name Di(nm)! | h(nm)' | d (nm)? | Ry (nm)? | 6, (°)
PS nanopillars 6612 11+2 4442 | 2.840.5 51+1
TiOz nanopillars | 6612 14+2 4612 | 5.51£0.5 52+1
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Y Determined from GISAXS results
? Determined from AFM results
3 Equilibrium water contact angle under humidity control

On the other hand, the WCA on a planar TiO; surface is 8 =55° such that the apparent WCA
for the TiO2 nanopillars is slightly smaller than 6. For a hydrophilic rough surface, the effect of
surface topography on wetting is discussed in the context of either the super-hydrophilic “hemi-
wicking” state’® in which water spontaneously penetrates the cavities and travels beyond the
apparent drop, or the Wenzel theory®*. As shown in Figure 1 and Table 1, our patterned surfaces
are rather rough and exhibit distributions in shape and geometric factors. Hence, quantitative
discussion about the WCA in conjunction with the theory is challenging, as summarized in the SI.
It should be noted that the deviations between the measured WCA and the classical models may
be also related to atomic scale surface modifications (or defects) of engineered nanopillar surfaces
induced during the fabrication process, as recently reported by Xu and co-workers®. Here we
instead show evidence of the complete wetting on our nanopatterned surfaces using GISAXS.

As mentioned above, the WCA of the PS and TiO, nanopillars saturated to the final values
after about 5 h. To confirm the penetration of water into the nanostructured surfaces, we performed
GISAXS for the PS and TiO; nanopillars in contact with a water droplet. A drop of ultrapure water
(~ 2 pul) was gently placed on the samples with a micropipette, and time resolved GISAXS
measurements were performed. The scattering intensity from the nanopillars is due to the contrast
between the electron density (p) of the nanopillar (p,) and the medium filling the cavities (py,).
If the liquid medium fills the cavity to a uniform depth, the scattering intensity is well

approximated to

I« (pp - pm)z -3
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Hence, when the cavity is filled with water, the E
. .. " - O Air
scattering intensity is reduced sensitively due to 21000 g O After 40s
G O  After Sh
the larger p value of water (p,,=3.34 x 103 =
(e/cm?)) compared to the air. Checco and co- f’;’

workers>® formulated the relationship between

the volume fraction of a hexagonal cavity,

which is filled with water (¢,,), and the ratio

between the <10> peak intensity of the wet and Figure 2. GISAXS profiles from the TiOs

nanopillars as a function of gx, during the
evaporation process of a water droplet on the
nanopillars.

dry surface, 61:

P =22 (1= 8D). (4)

p, of the TiO2 nanopillars was estimated to be p,= 4.76 x10% (e/cm?), assuming that the TiO>
nanopillars are composed of the inner PS nanopillars and an outer homogeneous 3 nm thick TiO:
layer.

At the early stage of an evaporation process under air flow, there were significant contributions
from water molecules which give rise to the broad scattering maximum at ¢ = 20 nm™' 3’ (Figure
S9), rendering the scattering from the TiO> or PS nanopillars invisible (Figure 2). However, as
evaporation continued, the contributions from water gradually decreased and the <10> peak from
the TiO> nanopillars appeared after 3h of air flow. The GISAXS profiles from the nanopillars
remained unchanged after Sh until at least 24h, similarly to the macroscopic contact angle
measurements (Figure S7). 81 at the <10> peak position (i.e., g<io>= 0.11 nm™") was estimated to
be 0.064 after drying for Sh. Eq. (4) with this 61 value gave us ¢, = 1.0, indicating that water
penetrates the cavities completely. The GISAXS and WCA data are consistent with previous
results®® 38 on hydrophilic surfaces where air bubbles entrapped within nanopatterned surfaces are
gradually replaced with water during water immersion. This replacement may also cause a loss in
an antifouling property and promote bacterial colonization®®. However, as will be discussed later,

our results demonstrate that the bactericidal and bacteria releasing properties of the TiO2 and PS
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nanopillars remain active over the course of at least 36 h of bacteria exposure. Hence, the emerging
functionalities of the nanopillars are not attributed to air bubbles.

It is expected that water also penetrates the cavities of the PS nanopillars (with the residual
PMMA chains) completely since the contact angle is nearly the same as that of the TiO2 nanopillars.
However, the residual PMMA chains attached to the PS chains hinders the determination of the
exact p,,. In-situ water evaporation GISAXS experiments with the PS nanopillars gave us 61 =
0.0085 after the complete water evaporation. If complete wetting is achieved, this 61 value gives
us p, =3.7x10% (e/cm?), which is in between the p values of pure PS (pps=3.37x10% (e/cm?) and

PMMA (pppma=3-83x10%* (e/cm?)) and may be qualitatively reasonable.

3.2. Antimicrobial properties of the nanopillars

Previous reports showed that the bactericidal action of nanostructured surfaces occur
immediately after seeding with bacteria* and the bacterial killing efficiency maximizes after a few
hours of incubation®. In addition, E. coli incubated in LB medium undergoes a loss of viability of
~99% of the cells after 3 days, regardless of the environmental conditions®. As will be discussed
later, we therefore set the maximum incubation time to 36 h and confirmed that the natural death
ratio of E. coli is much lower than the percentage of dead E. coli in the LB broth taken after
submersion of the samples. We hence set the incubation times ranging from 1 h to 36 h of samples
being completely submerged in an E. coli solution. Prior to microscopy experiments, all the
samples including the counterpart planar PS and TiO- thin films were gently rinsed with DI water
to remove any non-adherent bacteria on the surfaces and then dried with an oxygen flow. The
microscopy images in Figure 3 provide insights into the overall performance of the experimental
films. From the images, we can see that both nanopillars significantly reduce the total amount of
E. coli (both alive and dead ones) bound to the surfaces compared to the counterpart planar
substrates. Especially, as shown in Figure 3b, very few bacteria remain bound to the TiO»
nanopillars. The E. coli adhered on the PS nanopillars are most likely killed (Figure 3a). Moreover,

the SEM image in Figure 3d shows that E. coli spread and adhered to the PS nanopillars after a
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couple of hours, while they keep the original rod-like shape. However, as time goes by, the bacteria
are eventually punctured on the nanopillars (Figure 3e). We will discuss the mechanism later.
Figure 4a summarizes the incubation time dependence of E. coli adhesion on the two pillars
along with the control planar substrates. It should be noted that the numbers include both alive and
dead E. coli. The control experiments showed that E. coli adheres to the planar TiO» surface several
times more than the planar PS substrate after 4 h incubation time, while the ratio of dead bacteria
to the total amount of E. coli adhesion are similar each other. This corroborates a better interaction
of TiO2 with E. coli compared to PS. Remarkably, the PS nanopillars and TiO; nanopillars exhibit
extremely low bacterial adhesion compared to the planar PS and TiO, surfaces across the entire
time domain. It is known that bacteria preferentially adhere to the grooves and spaces in

microtextured substrata, which they can colonize the recessed regions only if the grooves/recesses

=

S el

Figure 3. Representative fluorescent microscopy images of (a) the PS nanopillars, (b) the TiO;
nanopillars, and (c) the PS thin film (20 nm thickness) after 12 h of immersion in a E. coli
solution. The scale bars for (a)-(c) represent 200 um. The Hoechst 33342 stains all bacteria blue,
while the PI stains the dead bacteria red. Note that there is an artificial “blue” reflection on the
bottom right of the images. SEM images of (d) E. coli spreading and adhesion to the PS
nanopillars and (e) E. coli eventually punctured on the PS nanopillars. Note that we chose the
area of focus where the event took place. As shown in Figure 4a, most of the PS and TiO,
nanopillar surfaces are debris-free. The scale bars for (d) and (e) represent 0.3 um.
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are larger than or approximately equal to their
own size®. Hence, substratum roughness has
been deemed one of the most important
surface characteristics for control of microbial
attachment and the initial stage of biofilm
formation'®. As tabulated in Table 1, the
characteristic dimensions of the
nanostructured surfaces used in this study are
much smaller than the length scale of E. coli (a
rodlike shape of 1-5 um )%, reducing the
number of available attachment points with the
nanostructured surfaces. Interestingly, the
TiO2 nanopillars reduced the amount of
adhered E. coli by 97-98 % compared to the
counterpart flat TiO> layer after 4 h and 36 h
of immersion in a bacterial suspension. In
addition, the number of adherent E. coli on the
TiO2 nanopillars became nearly zero and
remained unchanged for up to 36 h of
stable low

immersion, demonstrating a

bacterial adhesion property. Since E. coli

adheres on the control planar PS and TiO:

surfaces over time, the results are related to the

inherent bacteria releasing property of these

nanopillars (especially the TiO; nanopillars)

rather than their antifouling properties.
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Figure 4b shows the ratio of dead bacteria to the number of total bacteria adhered onto the
nanopillar surfaces as a function of incubation time. The data clearly indicate that these nanopillars
have improved bactericidal properties with good stability. Intriguingly, the bactericidal kinetics
with the TiO> nanopillars were significantly improved: approximately half of adherent E. coli on
the TiO2 nanopillars were dead after only 1 hour of immersion. The kinetics are improved
compared to nanostructured surfaces that closely mimic the dimensions of protrusions found in
nature or nearly the same as that for sharper and taller nanopillars (i.e., # =1.2-6.7 um and D =
280-600 nm)°. The percentage of dead cells adhered on the TiO> nanopillars reached nearly 100 %
after 12 h of immersion, while more than 50 % of adherent E. coli on the flat TiO; surface were
still alive under the same conditions. It should be noted that the PS nanopillars also showed more
than 95% bacteria killing properties after 36 h of immersion, while the rate of bacteria death over
time was much less effective compared to that of the TiO> nanopillars under the same conditions.

We also analyzed the percentage of dead E. coli in the LB broth taken after submersion of the
nanopillars for up to 36 h. Figure 4c shows the fraction of dead E. coli relative to the total number
of E. coli in the LB broth. At the respective time intervals, the LB broth was extracted from the
wells, plated, and analyzed on glass coverslips. For a control, we also plot the percent of dead E.
coli in the LB broth to account for the natural cell death after the same incubation period. We first
demonstrated that the natural death rate in the LB medium is less than 10% even for the incubation
time of 36 h, allowing for meaningful conclusions to be made about the effectiveness of the
nanopillars. Next, we can also see that the rate of dead E. coli in the solutions with the nanopillars
increases with the incubation time. Interestingly, the TiO, nanopillars are much more efficient,
resulting in nearly 100 % death of E. coli in the LB broth after 36 h of immersion. For comparison,
the percentages of the bacteria death in the control LB broth in the presence of the flat PS and TiO:
sample were about 15% and 25 % after 36 h of immersion, respectively (Figure 4c¢). Therefore,
the sets of data summarized in Figure 4 provide the evidence that E. coli is killed at the nanopillar

surface and subsequently released in the solution instead of remaining as debris on the nanopillars.
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Antimicrobial materials have a certain need for durability, and it is necessary to examine their
efficacy over a prolonged period. To address this issue, we conducted additional bacterial adhesion
experiments with the TiO; nanopillars for up to 120 h by replenishing the bacterial broth with fresh
LB medium and bacteria every 24 h. The results demonstrate that the total number of E. coli
adhered to the TiO> nanopillar surfaces was about 100 and the ratio of dead bacteria to the number
of total bacteria adhered to the TiO> nanopillar surfaces was 94 + 6%, which remained nearly
unchanged compared to the data after 36 h of immersion (Figure 4). Hence, we draw the
conclusion that the bactericidal and bacteria releasing properties of the TiO, nanopillars are intact
even after 120 h of immersion.

Now the question arises: what is the mechanism underlying the emerging functions for such
short (height of about 10 nm) nanopillars against E. coli? As shown in Fig. 3d and 3e, the
mechanism of bacteria death is not direct piercing. In fact, according to Xie and co-workers, the
pillar height of greater than 1 um'3 is required for penetration of our nanopillars (with the size of
about 50 nm) into a lipid bilayer by gravity. If a bacterial cell wall is not penetrated after distorting
around the nanopillars and settling on the supporting substrate, it would adhere on to the substrate,
as shown in Figure 3e. The stretching of bacteria cell walls*> 7is then crucial for rupture. Below,
we employ MD simulations to mimic the experimental situations and provide further insight into

the mechanism underlying the resultant bactericidal property of the short nanopillars.

3.3. MDD simulations

Here, we present simulation results of planar bilayers interacting with substrates having
hexagonally arranged hydrophilic pillars representing domains. The sizes of the hexagonally
arranged pillars are Di = 200, d = 6.60, and the height of the nanopillars was fixed to h =16.30,
which is nearly equivalent to the PS and TiO> nanopillars. The bilayer was introduced 1o above
the top of the pillars and allowed to relax while the interaction between the substrate and the lipid
was turned off. Then the interaction between the lipids and the substrates were activated and the

integrity of the bilayer was inspected as a function varying lipid head-to-substrate interaction

23



energy, €y_s. That is, we checked whether the bilayer that is in contact with the substrate has
ruptured. The parameters of the lipid bilayer were chosen such that the lipid has a bending rigidity
of 52.3 kT. The bending rigidity chosen here is similar to that of phospholipids with 30%
cholesterol to model E coli?*. The equilibrium area per lipid 4; is 1.06 a2°! for a tensionless
bilayer; however, thermal undulations create tears in the bilayer hence we decreased 4, to 1.0 2.

Figure 5 shows the final snapshots of MD simulation results for the pillars at different head-
substrate interactions: top view (Figures Sa-d) and cross-section view (Figures Se-g). From the

figure we can see that rupture of the bilayer occurs (i.e., the substrate surface indicated in purple

(e) SH_SzlkT

() ey-s=8kT

Figure 5. Final snapshots of simulations of a planar bilayer in contact with pillars at different head-
substrate interaction strength: (a-d) top view and (e-g) cross-section view. (a), (b), (c) and (d) correspond
to ey_s=1kT, 2kT, 4kT and 8kT, respectively. Lipid heads, lipid tails, and the pillars, and the substrate
surface are indicated in metallic copper, turquoise, green, and purple, respectively.
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is exposed) at the interaction strengths of €_s=2kT and stronger (Figures Sb-5d). The bilayer at
ey_s=1kT is stable on the pillars (i.e., the top surface is fully covered with lipid heads indicated
by metallic copper), and no penetration of the pillars into the membrane takes place (Figures 5a
and Se). On the other hand, at €;;_g = 2kT, the lipid heads strongly adsorb onto the pillar surfaces
including the side walls of the pillars (Figures 5f and 5g), rearranging the bilayer to conform to
the structure/curvature of the pillars. Further attractive interactions encourage additional
membrane attachment, drawing the membrane taut against the pillars and inducing a membrane
strain and tension. This tension would pull a bacteria cell wall (e.g., an outer lipid membrane for
Gram-negative bacteria) taut against the pillar edge and generate a normal force that leads to
rupturing the bilayer!®. The breakage occurs at the high curvature regions near the edges of the
pillars where the bilayer is subjected to high local stresses, as previously reported’’. Furthermore,
at ey_s=8kT (which is of the same magnitude of a E. coli/TiO» interaction), the lipid membrane
does not reach the substrate surface when the lipid ruptures (Figure 5g). This indicates that much
shorter pillars can kill E. coli if the head-substrate interaction is strongly attractive (e.g., ey_s=
8kT). Additional MD simulations demonstrated that, at ;_¢=8kT, the pillars with an 8a-height
can penetrate the membrane, while the membrane is stable on the top of the pillars with a 20-
height (Figure S10). Note that the thickness of the model bilayer is about 50**, and these results
imply that rupture occurs if the features of a nanopatterned surface have length scales greater than
the thickness of the bilayer. Hence, the MD results support the hypothesis that the PS and TiO>
nanopillars (2 = 10-14 nm) are sufficiently tall and attractive for rupturing lipid bilayers. Further
computational studies along with experiments to identify the height-induced bactericidal transition
deserve future work. The resultant physical damage to the bacterial outer cell membrane may cause
increased uptake of a fluorescent dye (i.e., propidium lodide) that do not normally enter the

membranes of healthy cells®’, indicating the death of a bacterium.

3.4. Releasing the bacterial cell debris
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Both natural and synthetic superhydrophobic surfaces (i.e., 8, > 150°)%* are believed to
achieve a self-cleaning property by the so-called “lotus effect” associated with entrapping air
bubbles between surface features®. However, as shown in Figure 2, water penetrates the cavities
between the TiO; and PS nanopillars completely after a couple of hours such that the emergent
self-cleaning properties of the PS and TiO: nanopillars cannot be explained by the lotus effect.
Based on the present findings, we propose the following mechanism underlying the emergent
bacteria releasing property of our nanopillar arrays. As indicated above, the attraction between the
bacterial cell wall and nanopillars facilitates the adhesion of a bacteria cell wall and causes high
local stresses in the wall near the edges of the nanopillars, leading to the outer cell wall rupture
and the formation of pores between nanopillars. As the time goes by, more holes, ultimately,
promote cell withdrawal from the nanopillar surface. As shown in Figure 4¢, the number of dead
E. coli after contact with the nanopatterned surface increases with increasing incubation time for
at least 36 h. There may be remaining adhered portions (i.e., debris) of an outer membrane on the
PS or TiO: nanopillars after the bacteria detachment. However, they are unstable since the
hydrophobic region of the membrane is exposed to water, leading to the formation of micelle

structures and detachment of the debris from the nanopillar surfaces.

3.5. Gram-positive bacterium

We also conducted similar bacteria adhesion studies with L. monocytogenes, a Gram-positive
bacterium surface energy of ¥, = 65.9 mJ/m? 34 such that the bacteria-substrate interactions with
PS or TiO; are very close to those of E. coli. In general, the mechano-bactericidal action with
engineered random or ordered nanostructures is not effective against Gram-positive bacteria due
to the much stiffer mechanical properties® !°. The mechanical property difference is attributed to
the thickness of a peptidoglycan layer*' between Gram-negative (2.5-6.5 nm in thickness when
fully hydrated) and Gram-positive (19-33 nm in thickness when fully hydrated) bacteria®. The
peptidoglycan layer, which is composed of linear glycan strands that are cross-linked with short

peptide, is also an important component of a bacteria cell wall which provides support against the
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bacteria cell’s internal osmotic pressure®. The experimental procedure consisted of the same
protocol used for E. coli. Figure 6a summarizes the number of L. monocytogenes adhered on the
control PS and TiO> substrates and the PS and TiO» nanopillars as well as the fraction of dead L.
monocytogenes on them after 4 h of incubation. When compared to the results for E. coli shown
in Figure 4, the efficiencies of the bactericidal and bacteria releasing properties against L.
monocytogenes are very similar to those against E. coli. The result illustrates the versatile

antibacterial properties of the TiO»
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As schematically shown in
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Figure 6b, when the bacteria < >

membrane-substrate  adhesion is Figure 6. (a) Total amount of alive and dead L.
) monocytogenes adhered on the sample surfaces after 4h of

strong, the bacteria cell wall incubation. The numbers on the bars correspond to the

fraction of dead L. monocytogenes on the respective
surfaces. (b) Illustration of the indentation distance (I'). The
initial membrane shape is indicated as red. The green curve
indicates the membrane shape at penetration. The blue
arrow indicates the displacement of the membrane at
penetration. As indicated in Figure 1c, the TiO, nanopillars
are cone shaped with a side wall angle () of about 15 °.

continues to deform around the
nanopillars until it eventually makes
contacts  with  the surfaces.

However, due to their inherent
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stiffness, Gram-positive bacterial cells adapt a flatter membrane profile, limiting the adhesion area
to the nanopillar surface and hence creating higher stress concentrations within a bacteria cell wall
(i.e., the driving force for rupture) at the edge of nanopillars compared to Gram-negative bacterium
cells’>. Xie and co-workers calculated that for nanopillars with d =100 nm, which is double the
size of the TiO» nanopillars, a stiff membrane (whose Young’s modulus is 9 times higher than that
of a pure lipid bilayer) requires only a 5 nm “indentation distance” (I°, see Figure 6b) along the
nanopillar surface for rupture!>. In other words, only a small deformation of a cell wall prompted
by a bacteria-substrate interaction would be sufficient for cell wall rupture. From Figure 6a, the
interaction of L. monocytogenes with TiO; is better than that of PS (i.e., more L. monocytogenes
adhered on the planar TiO» surface than the planar PS surface). Hence, as for E. coli, we anticipate
that the adhesion-mediated rupture plays a vital role for the initial step involved in the bactericidal
action against L. monocytogenes.

However, the detailed mechanisms underlying the emerging bactericidal and bacteria releasing
properties of the TiO, nanopillars against L. monocytogenes need to be further clarified. The
challenge is the lack of information on the exact nature of how the components of the
peptidoglycan layer are organized in the bacterial cell wall, rendering molecular modeling and
simulations difficult. Very recently, Chapagain and co-workers developed an atomistic model of
the peptidoglycan layer of Staphylococcus aureus (S. aureus, a Gram-positive bacterium)®.
Motivated by their results, bacteria adhesion experiments and simulations with S. aureus are in
progress to address (i) how repeating disaccharide (sugar) units (i.e., the skeleton of a
peptidoglycan mesh) in the peptidoglycan layer is broken off during the bactericidal action and (i1)
how debris of a peptidoglycan layer on the nanopillar surfaces after the bacteria detachment (if

any) becomes unstable.

4. Conclusions
In summary, we have revealed multifunctional antibacterial properties of the vertically aligned

nanostructures created via self-assembly of PS-block-PMMA block copolymers. The cross-linked
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PS cylinders without a PMMA matrix (“PS nanopillars”) were used as a rational system. The PS
nanopillars exhibit not only highly effective mechano-bactericidal actions but also highly effective
bacteria releasing properties against E. coli during at least 36 h of immersion in a E. coli solution.
To understand the mechanism, we deposited a thin ALD-grown TiO; film (about 3 nm thick) on
top of the PS nanopillar surfaces (“TiO2 nanopillars™), which allowed us to use the bacteria-solid
interaction as a thermodynamic criterion for predicting bacterial adhesion. Interestingly, the
efficacy of the TiO2 nanopillars was further improved along with the enhanced bactericidal kinetics,
compared to the PS nanopillars. We also found that the TiO2 nanopillars exhibited the bactericidal
and bacteria releasing properties against L. monocytogenes, a Gram-positive bacterium, while the
properties of the PS nanopillars against L. monocytogenes were not significant.

To provide the insight into the mechanism underlying the multifaceted functionality of such
short nanopillars and the effect of the TiO» layer on the improved functionalities, implicit solvent
coarse-grained MD simulations of a lipid bilayer, which is in contact with a substrate containing
cylindrical hydrophilic pillars with different lipid-substrate interactions, were performed as a
simplified model for E. coli. The MD results demonstrated that when the bacterium/substrate
interaction is attractive, the lipid heads strongly adsorb onto the hydrophilic pillar surfaces,
conforming the shape of the lipid bilayer to the structure/curvature of the pillars. A better attractive
interaction further encourages additional membrane attachment to the pillar surfaces. Membrane
rupture occurs when the pillars generate sufficient tension within the lipid bilayer clamped at the
edges of pillars. This situation would be easier for Gram-positive bacteria since the adhesion area
to the pillar surface is limited, creating higher stress concentrations within the bacterial cell wall.
A small additional deformation of the bacterial cell associated with attractive nanopatterned
surfaces is then sufficient for rupture. Further MD simulations for hydrophobic nanopatterned
surfaces with different domain geometries, shapes, and bacterium/substrate interactions are in
progress for a better understanding of nano-bio interactions to enable rationally guided design

strategies for advanced multifunctional surface coatings for implantable medical devices.
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Utilizing block copolymer materials allows us to fabricate highly ordered patterns at length
scales not achievable for common imprinting and lithography techniques. These materials can be
manipulated to yield various pattern arrays even on flexible and non-flat surfaces (e.g., catheters)
using dip-coating. Nonetheless, more research needs to be done to investigate the durability of the
nanopillars with the wear and tear experienced by, for example, a catheter in medical use. The
concept and strategy for creating multifunctional coatings are translatable to other implantable
medical devices composed of metals such as stents. Moreover, nanostructured surfaces play vital
roles in controlling cell adhesion and function®”%® and platelet adhesion and activation for
clotting®®. Motivated by these results, interactions of the nanopillars with cell and platelet are

currently in progress.
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