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ABSTRACT: Because of the growing prevalence of anti-
microbial resistance strains, there is an increasing need to
develop material surfaces that prevent bacterial attachment and
contamination in the absence of antibiotic agents. Herein, we
present bacterial antiadhesive materials inspired from rice
leaves. “Rice leaf-like surfaces” (RLLS) were fabricated by a
templateless, self-masking reactive-ion etching approach.
Bacterial attachment on RLLS was characterized under both
static and dynamic conditions using Gram-negative Escherichia
coli O157:H7 and Gram-positive Staphylococcus aureus. RLLS
surfaces showed exceptional bacterial antiadhesion properties
with a >99.9% adhesion inhibition efficiency. Furthermore, the
optical properties of RLLS were investigated using UV−vis−NIR spectrophotometry. In contrast to most other bacterial
antiadhesive surfaces, RLLS demonstrated optical-grade transparency (i.e., ≥92% transmission). We anticipate that the
combination of bacterial antiadhesion efficiency, optical grade transparency, and the convenient single-step method of
preparation makes RLLS a very attractive candidate for the surfaces of biosensors; endoscopes; and microfluidic, bio-optical, lab-
on-a-chip, and touchscreen devices.
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1. INTRODUCTION

Bacterial fouling is responsible not only for the functional
deterioration of numerous surfaces and devices but also for the
transmission of infection and disease through such surfaces and
devices.1 Bacterial adhesion to a surface, which is the first step
in bacterial fouling, is governed by the interplay among the
physicochemical, interfacial, and geometrical characteristics of
the surface and bacteria.2 Hence, various surface-modification
approaches have been applied and considered to manipulate
the interactions between bacteria and surfaces and to prevent
bacterial attachment to surfaces.3−5 To this end, in particular,
surfaces based on nature-inspired approaches have shown
promising potential in the reduction and inhibition of bacterial
adhesion.6,7 In the light of increasing global concerns about
antimicrobial resistance,8 such surfaces are increasingly needed
to provide alternative or complementary solutions to
antimicrobial surfaces.
One of the key challenges for nature-inspired bacterial

antiadhesive surfaces is the integration of transparency and the
bacterial antiadhesion within a single surface. This is primarily
because surface texture and roughness including the ones
inspired from biological materials often lead to light scattering
as predicted by analytic scattering models and rigorous

electromagnetic theories.9,10 The transparency is generally
inversely correlated with the scattering of light.11 With the
increasing number of emerging biomedical applications and
optical devices requiring high levels of transparency, as well as
operations in bacterial media,12,13 the need for overcoming this
challenge has intensified.
Plant tissues display an unique and rich variety of optical

properties governed by their ultrastructure.14 When light travels
across different tissue layers, its characteristics are modified.
Depending on the photosynthetic or photomorphogenic needs,
a tissue layer can be responsible for light propagation, light
trapping, light gradients, focusing and lens effects, and
wavelength-specific surface reflection.15 For instance, to achieve
the efficient use of light energy, upper layers of most leaves (i.e.,
cuticle and epidermis) are often designed to allow an efficient
passage of light.16 On the other hand, the mesophyll, which is
packed with chloroplasts, is responsible for the scattering and
absorption of light.17 One can hypothesize that it is possible to
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use the guiding principles behind plant tissues to design new
optical materials through bioinspiration.
Herein, we report a rice leaf-inspired approach to produce

novel surfaces with optical transparency and repellency against
bacterial suspensions. The rice leaf was especially selected for
bioinspiration due to its unique hollow nanodisc texture, which
reduces “the total roughness volume” compared to solid pillar-
type bioinspirations. The biomimetic “rice leaf-like surfaces”
(RLLS) showed strong water and bacterial suspension
repellency with static contact angles of 155.7° ± 1.2° and
150.6° ± 1.0°, respectively. In addition, RLLS displayed
excellent bacterial antiadhesion properties with an adhesion
inhibition efficiency of >99.9% for both pathogenic Gram-
negative Escherichia coli O157:H7 and Gram-positive Staph-
ylococcus aureus in comparison to pristine quartz surfaces
(negative control). In this study, these two microorganisms
were selected for two reasons: first, pathogenic bacterial strains
tend to adhere to surfaces more strongly than nonpathogenic
ones;18 and second, according to the United States Centers for
Disease Control and Prevention (CDC), the most common
pathogens that cause hospital-acquired infections are E. coli, S.
aureus, and Pseudomonas aeruginosa. Furthermore, RLLS
demonstrated optical-grade transparency (i.e., ≥92% trans-
mission) due to the relatively small roughness volume achieved
through hollow nanodisc morphology.

2. EXPERIMENTAL SECTION
2.1. Leaf Materials from Rice Plant. Fully developed rice leaf

(Oryza sativa L. ssp. japonica cv. Calmati-202) was obtained from the
Division of Agriculture and Natural Resources at University of
California, Davis, CA, U.S.A. The received rice leaves were kept in a
water bath before use. Fresh leaves were cut into 5 mm × 5 mm flat
areas and immediately used afterward to prevent drying.
2.2. Bioinspired Surface Preparation. Quartz (SiO2) slides

(Ted Pella, Inc., Redding, CA, U.S.A.) cut into 1 cm × 1 cm × 1 mm
were first rinsed with water purified by a Milli-Q Advantage system
A10 (EMD Millipore Corp., Billerica, MA, U.S.A.), yielding Milli-Q
water with resistivity of 18.2 MΩ·cm, and left to dry at room
temperature (23 °C). Subsequently, oxygen plasma treatment by CS-
1701 reactive-ion etcher (RIE; Nordson MARCH, Concord, CA,
U.S.A.) was applied to remove organic adsorbates on the surfaces:
these slides were used as hydrophilic quartz controls. “Rice leaf-like
surfaces” (RLLS) were fabricated by self-masking reactive-ion etching
(SM-RIE) of quartz surfaces for which the operational parameters
were critical in manipulating surface morphology. The following
conditions gave rise to RLLS: flow rates of tetrafluoromethane (CF4)
at 22.5 sccm and oxygen (O2) at 2.5 sccm, pressure of 80 mTorr, radio
frequency (RF) power of 200 W, and etching time of 20 min.
To enable superhydrophobicity, the etched quartz surfaces with rice

leaf-like surface texture were functionalized with trimethylsilyl chloride
(TMCS; Sigma-Aldrich Co., St. Louis, MO, U.S.A.) by placing these in
6% TMCS in hexane (Avantor Performance Materials, Inc., Center
Valley, PA, U.S.A.). The silanation reaction was allowed to take place
for 24 h. Afterward, surfaces were rinsed with hexane and dried under
a stream of nitrogen gas (N2; Brazos Valley Welding Supply, Inc.,
Bryan, TX, U.S.A.) before use. The same functionalization procedure
was also used for the smooth (unetched) quartz surfaces to create
hydrophobic quartz controls.
2.3. Physical and Chemical Characterization of Surfaces.

Surface morphology of the samples was characterized using scanning
electron microscope (SEM; JSM-7500F, JEOL, Tokyo, Japan). In
SEM experiments, the surfaces were coated with 8 nm of platinum/
palladium (Pt/Pd) to reduce charging effects.
The surface roughness was quantified by atomic force microscopy

(AFM; Dimension Icon, Bruker, Santa Barbara, CA, U.S.A.).
Amplitude and height images were obtained in the tapping mode.
The silicon tip cantilever with nominal spring constant of 0.4 N/m,

nominal tip radius of 2 nm, and the nominal resonant frequency of 70
kHz were used.

The TMCS functionalized silica-based materials (i.e., quartz and
RLLS) were characterized using attenuated total reflectance-Fourier
transform infrared (ATR-FTIR) spectroscopy. ATR-FTIR spectra
were recorded on an IRPrestige-21 (Shimadzu Corp., Kyoto, Japan)
system and analyzed using IRsolution (Shimadzu Corp., Kyoto, Japan)
software version 1.40.

X-ray photoelectron spectroscopy (XPS) measurements of TMCS
coverage on silica surfaces were characterized using PHI VersaProbe II
Scanning XPS Microprobe (Physical Electronics, Chanhassen, MN,
U.S.A.). The measurements were carried out using an Al Kα radiation
source (1486.6 eV) operating at 25 W and under high-vacuum
conditions at a pressure of 10−7 Pa.

To determine the wetting characteristics of surfaces, static and
dynamic contact angles of water and bacterial suspension were
measured.19 The contact angles were analyzed by contact angle plug-in
for ImageJ (National Institutes of Health (NIH), Bethesda, MD,
U.S.A.) software. The contact angle values reported on each surface
were obtained by averaging six measurements at room temperature
(23 °C).

2.4. Growth and Maintenance of Microorganisms. Escherichia
coli O157:H7 and Staphylococcus aureus were obtained from the Food
Microbiology Laboratory Culture Collection in the Department of
Animal Science at Texas A&M University, College Station, TX, U.S.A.
Working cultures of E. coli O157:H7 and S. aureus were grown in
tryptic soy broth (TSB; Becton, Dickinson and Co., Sparks, MD,
U.S.A.) with 24 h incubation aerobically at 37 °C. A loopful of
bacterial culture in TSB was transferred twice to fresh TSB every 24 h
and reincubated at 37 °C, resulting in bacterial suspensions to a final
concentration of 8.7−9.1 log CFU/mL.

2.5. Bacterial Adhesion Assay under Static Conditions. Rice
leaves cut into 5 mm × 5 mm were immersed in 9.0 mL of bacterial
suspensions (8.7−9.1 log CFU/mL) and incubated for 4 h at room
temperature (23 °C). The treated rice leaves were then gently
removed from the bacterial suspensions to count attached bacteria on
surfaces. When removing the samples, we made sure that samples were
drawn in a single vertical motion from the bacterial suspension and
held vertically for 3 min to allow remaining droplets to slide away so
that drying effects were not superimposed on the results of adhesion.
All inoculation experiments were replicated four times. The same
experimental procedure was used for pristine quartz, hydrophobic
quartz, and RLLS.

SEM was employed to quantify the attachment of E. coli O157:H7
and S. aureus on various surfaces. After acrolein (Sigma-Aldrich Co., St.
Louis, MO, U.S.A.) inactivation, 10 nm of gold (Au) coating was
applied to sample surfaces to ensure electrical conductivity required by
SEM technique. For quantitative analysis, 100 μm × 100 μm of SEM
images from at least nine different areas were analyzed to count the
number of attached bacteria. Experiments were repeated three times
for each sample.

2.6. Bacterial Adhesion Assay under Dynamic Conditions.
Flow experiments were carried out using a custom flow chamber with
1 cm × 1 cm window made out of the material of interest. Bacterial
adhesion behavior on RLLS window was compared with pristine
quartz window (uncoated) and hydrophobic quartz window
(methylated) by replacing the chamber window in each experiment.
For all surfaces, the flow rate of bacterial suspension inside the
chamber was controlled to be 2.5 μL/s.

Images of flowing bacteria were visualized using differential
interference contrast (DIC) microscopy (Stallion Digital Imaging
Workstation; Carl Zeiss, Jena, Germany) at a frame rate of 0.5 fps.
Movies created by stacking images obtained at various time points
were analyzed manually with ImageJ software to count attached
bacteria on surfaces.

2.7. Screening of Antimicrobial Activity. To determine if
antimicrobial activity or bacterial antiadhesion is responsible for the
observed trends, E. coli O157:H7 and S. aureus strains were grown in
the presence of TMCS-functionalized RLLS and in the presence of 1%
(v/v) bleach solution for 4 h at room temperature (23 °C). Bacteria in
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the absence of any treatment were used as negative controls. To count
the number of bacteria remaining, pour plate method was used by
taking 1.0 mL of bacterial suspension from each dilution to make serial
dilutions. The results are reported as colony-forming units per
milliliter (CFU/mL) and replicated three times.
2.8. Optical Transparency. Transparency of material was studied

by measuring transmittance via UV−vis−NIR spectrophotometry (U-
4100; Hitachi, Tokyo, Japan). Transmission spectra were recorded at a
wavelength range of 400−800 nm.
2.9. Pressure and Chemical Stability Tests. Autoclaving is one

of the most effective and common methods for sterilization. To
confirm mechanical stability of RLLS upon autoclaving, RLLS was
placed in an autoclave (Amsco Lab 250; Steris Corp., Mentor, OH,
U.S.A.) chamber at 121 °C for 20 min under 20 psi pressure
conditions.
Chemical stability of RLLS immersed in 10% hydrogen peroxide

(H2O2, 30% solution; Avantor Performance Materials, Inc., Center
Valley, PA, U.S.A.) solution was monitored as a function of time. To
confirm if any of surface groups are detaching from RLLS with time,
aliquots from the solution containing immersed RLLS were collected
and analyzed using ATR-FTIR spectroscopy at 4 h, 3 days, 1 week, 2
weeks, and 3 weeks.
2.10. Statistical Analysis. Statistical analysis was performed by

using the statistical package for Microsoft Office Excel (Microsoft
Corp., Redmond, WA, U.S.A.) software. Microbiological data from
microscope images were log-transformed prior to statistical analysis.
One-way and two-way analysis of variance (ANOVA) with Tukey’s
post hoc test was used to determine statistical significance of
differences between microbiological data from surface types and
types of bacteria at a p-value of <0.05.

3. RESULTS AND DISCUSSION
3.1. Interfacial and Bacterial Adhesion Characteristics

of Rice Leaf. Plant surfaces, highly sophisticated structures, are
responsible for multiple functions such as the reduction of
water loss, the control of surface wetting, the recognition of
pathogens and insects, the inhibition of contaminant adhesion,
the maintenance of physiological integrity, and the reduction of
surface temperature. These functions are strongly dependent

on surface chemistry and structure.20 As such, our initial focus
was on the interfacial characteristics of rice leaves (Oryza
sativa), which resulted in a water contact angle of 135.1° ± 1.4°
on them under static conditions, indicating their highly
hydrophobic nature (Figure 1a, b). The morphology
responsible for such a wetting behavior involved multiple
length scales: (i) submillimeter-scale groove array with an
average width of 155.4 ± 14.2 μm and depth of 19.6 ± 1.7 μm,
(ii) highly ordered, micron-scale, and clover-shaped features
located on the apex of grooves with a radius of 6.3 ± 0.5 μm,
and (iii) hollow microdiscs located at the bottom and sides of
grooves with an outer diameter of 3.4 ± 0.5 μm, inner diameter
of 1.5 ± 0.4 μm, and height of 3.4 ± 0.6 μm (Figure 1c and
Figure S1). Previous studies on rice leaves reported that the
microdiscs and microclovers are responsible for their super-
hydrophobicity while the groove arrays provide an energy
barrier to travel in orthogonal directions and contribute to the
anisotropic sliding phenomenon.21

It is known that surface roughness and texture can greatly
influence bacterial adhesion.22 Hence, after characterizing the
surface structure of rice leaves, we focused on their bacterial
adhesion behavior. As shown in Figure 1d, there were two
distinct behaviors: while there was significant bacterial (E. coli
O157:H7) adhesion on the regions where microclovers are
located, i.e., the apex of grooves, there was no detectable
bacterial adhesion on the regions where microdiscs are located,
i.e., the bottom and sides of grooves. This trend can be
attributed to the morphological characteristics of bacterial
antiadhesion regions: micropillar-type structures including
microdiscs are known to often cause the transition from the
Wenzel state to the Cassie−Baxter state, where the formation
of air pockets can prevent bacterial attachment.23 In addition,
due to their hollow nature, the total volume of air pockets on
hollow microdiscs can be enhanced in comparison to the
Cassie−Baxter state of solid microdiscs and micropillars,
thereby further inhibiting bacterial access to the surface. In

Figure 1. (a) Photograph of Oryza sativa rice leaf, (b) wetting characteristics of water on rice leaf, (c) SEM micrograph showing the texture
(ultrastructure) of rice leaf, and (d) bacterial attachment behavior on rice leaf.
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addition to the surface structure, there may be additional factors
responsible for the observed trend such as surface chemistry of
microdiscs (see Supporting Information for further discussion).
3.2. Fabrication of RLLS. Bioinspired surfaces are typically

fabricated via bottom-up approaches such as layer-by-layer
assembly and nanoparticle deposition, direct replicating
method using polymers (e.g., polydimethylsiloxane, poly(vinyl
alcohol), and polyurethane), and top-down approaches such as
soft lithography.24 The main limitation of bottom-up
approaches is the challenges associated with their scale-up
and mass production.25 Direct replicating method allows only
the exact replication of surface texture. When a modification in
the texture size or dimension of the fabricated surface is
needed, this approach becomes unfeasible. Furthermore, direct
replication often relies on soft, low adhesion energy polymers
to enable their peeling off from the original pattern.26 However,
such soft polymers tend to suffer from the lack of mechanical
and scratch resistance.27 Top-down photolithography, the most
common method to fabricate nature-inspired surfaces, requires
multiple steps, i.e., exposure, development, deposition, and lift-
off.28

Here, we describe a self-masking reactive-ion etching (SM-
RIE) approach that overcomes the above-mentioned limitations
(Figure 2a). The principles driving the formation of hollow
nanodiscs were that (i) due to the preferential vertical transport
of ions, RIE gives rise to anisotropic etch profiles;29 (ii) due to
its crystal structure, the etching rates show variations in
different crystal planes of quartz;30 and (iii) RIE using CF4
often leads to the polymerization of fluorocarbons (CxFy),

31

which can form nano/microdroplets on quartz and act as masks
for directing etching.32,33 SM-RIE allowed a strong control over
topographical and structural characteristics of the surfaces by
adjusting etching time, CF4/O2 flow rates, pressure, and radio
frequency (RF) power (Figure S2). At relatively low CF4/O2
flow rates and low RF power, it was possible to produce hollow
nanodiscs that mimicked rice leaf in a single-step process
(Figure 2b, c).

3.3. Wetting Characteristics of RLLS. Hydrophilic
materials tend to aggregate on hydrophilic surfaces.34 While
bacteria can adhere on both hydrophobic and hydrophilic
surfaces, bacterial attachment tends to occur significantly more
on hydrophilic surfaces due to their hydrophilic nature.35

Therefore, it is necessary to investigate the wetting character-

Figure 2. (a) Fabrication process of bioinspired “rice leaf-like surfaces” (RLLS), (b) photograph of RLLS, (c) SEM micrograph of RLLS surface, and
(d) wetting characteristics of water on RLLS. Statistical analysis of SEM and AFM micrographs revealed that inner diameter of nanodiscs was 163.0
± 10.5 nm, outer diameter was 198.2 ± 9.3 nm, height was 436.7 ± 12.6 nm, average spacing between nanodiscs was 214.6 ± 153.4 nm, and ratio of
the total rim area to total projection area was ∼0.06.

Figure 3. SEM micrographs of bacterial attachment on pristine quartz (PQ), hydrophobic quartz (HQ), and RLLS surfaces for (a−c) E. coli
O157:H7 and (d−f) S. aureus (bacteria on RLLS surfaces were highlighted with red). (g) The bacterial attachment density as a function of surface
type. Different letters (i.e., A, B, and C) indicate statistically significant differences (p < 0.05).
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istics of the developed surfaces to gain insight into their
bacterial adhesion behaviors. The static water contact angle
measurements revealed that, while the pristine quartz was
hydrophilic (θ < 10.0°), methylated quartz (θ = 95.9° ± 1.1°)
and RLLS (θ = 155.7° ± 1.2°) were hydrophobic and
superhydrophobic, respectively (Figure 2d). The super-
repellency of surfaces was also valid for concentrated E. coli
O157:H7 suspension (9.1 ± 0.1 log CFU/mL) with a static
contact angle of θ = 150.6° ± 1.0° (Figure S3), which is quite
useful for various purposes such as stain release, lubricity, and
water repelling.36,37 Advancing and receding contact angle
measurements revealed that water and bacteria suspension had
contact angle hysteresis of ∼2.5° and ∼2.1°, respectively. Such
low hysteresis indicates that RLLS surface is uniform and fairly
homogeneous and that interaction between surface and liquid
(or suspension) is weak.38

Slight differences in surface tensions of water (σ = 72.1 mN/
m) and bacterial suspensions (σ = 66.3−69.7 mN/m) are likely
to be responsible for ∼5.0° difference in static contact angle
and dynamic contact angle measurements.39 Approximately
85.0° increase in the contact angle changing from pristine
quartz to methylated quartz is attributed to the surface
chemistry effect, due to intrinsically low surface energy of the
methyl group.40 On the other hand, a difference of ∼60.0° in
the contact angle of methylated quartz and RLLS is ascribed to
the surface roughness and topography.41

3.4. Investigation of Bacterial Adhesion on RLLS
under Static Conditions. Hydrodynamics can significantly
influence the transport of bacteria from bulk liquid to
surfaces.42,43 Hence, bacterial adhesion to the developed
surface was investigated under both static and dynamic
conditions. Upon inoculating surfaces with bacterial suspen-
sioni.e., E. coli O157:H7 or S. aureus at a concentration of
8.7−9.1 log CFU/mL under static conditions for 4 hpristine
quartz, hydrophobic quartz, and RLLS surfaces displayed
significantly different bacterial adhesion behavior (Figure 3a−
c). To be specific, for E. coli O157:H7, the pristine quartz
surface supported the greatest bacterial adhesion with a mean
density of 5.8 ± 0.0 log cells/mm2. When the quartz was
methylated, the bacterial adhesion significantly decreased to a

mean density of 4.9 ± 0.1 log cells/mm2. Ultimately,
significantly less bacterial adhesion was detected on RLLS
surfaces, counts were 2.7 ± 0.2 log cells/mm2, corresponding to
>99.9% reduction in bacterial adhesion in comparison to
pristine quartz surfaces. As shown in Figure 3d−f, similar trends
were also observed for S. aureus: the number of adherent
bacteria decreased from 6.1 ± 0.0 to 2.9 ± 0.2 log cells/mm2

upon changing the surface from pristine quartz to RLLS. A
closer look at Figure 3c, f revealed that the attachment of
bacteria was correlated with the existence of unpatterned
regions (see Figure 2c) on RLLS. This result further highlights
the importance of hollow nanodisc texture in preventing
bacterial attachment (see Figure S4 for further comparison).
Figure 3g summarizes these attachment behaviors of E. coli
O157:H7 and S. aureus with respect to surface type.

3.5. Investigation of Bacterial Adhesion on RLLS
under Dynamic Conditions. Prior studies have shown that
the presence of a flow-field can facilitate or hinder the bacterial
adhesion on a surface depending on the shear rates. In general,
low shear rates result in an increased adhesion whereas high
shear rates lead to a decreased adhesion.44−46 Therefore, there
is a need to ensure that the developed surfaces are also effective
in reducing bacterial attachment under the flow conditions that
promote bacterial adhesion. To this end, real-time bacterial
adhesion behavior on RLLS was monitored using a customized
flow chamber that imitates a typical fluidic channel of biosensor
at low flow (shear) rates. The developed surface demonstrated
excellent bacterial (Gram-negative E. coli O157:H7) anti-
adhesion properties during dynamic flow conditions (Figure 4a,
b, and Movie S1, Movie S2, and Movie S3). Similar reduction
trends were also observed against Gram-positive S. aureus
(Movie S4). The number of adhering bacteria on RLLS was
mostly constant during the continuous operation of 60 min,
indicating the bacterial antiadhesion characteristics of these
surfaces. On the other hand, the number of adhering bacteria
increased linearly with increasing flow time for pristine and
methylated quartz window surfaces (Figure 4c, d and Table
S1). The previous studies reported that the initial stages of
bacterial adhesion tend to follow a linear adhesion kinetics with
respect to time,47−50 which is consistent with the trends

Figure 4. (a) Schematic illustration of the experimental setup used in studying bacterial adhesion under dynamic conditions. (b) Time-resolved
micrographs of bacterial attachment on RLLS window obtained via differential interference contrast (DIC) microscopy. The fully adhered bacteria
are highlighted with green. Comparison of bacterial attachment on RLLS with (c) uncoated window and (d) coated window (methylated) at a
dynamic bacterial exposure time of 60 min. See Supporting Information for movie files.
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observed in pristine and methylated quartz surfaces. The loss of
sensitivity in biosensors due to the accumulation of bacteria on
flow chamber windows is a major problem in diagnostic
assays.51 The superior bacterial antiadhesion properties of
RLLS window can help maintain sensor sensitivity by
minimizing distortions in the light or laser path (i.e.,
interference, absorption, and reflection), flow direction, and
flow velocity occurring through bacterial adhesion.
RLLS was chemically functionalized with a monolayer of

TMCS in this study. If TMCS leaches away from the surfaces, it
may lead to bacterial killing through an (unexpected) antibiotic
effect. Hence, to determine whether the observed trends are
indeed due to antiadhesion properties rather than an
antimicrobial effect, a bacterial proliferation assay was
performed. The data showed that the growth of bacterial
cultures did not change in the presence of RLLS: bacterial
concentrations reached ∼8−9 log CFU/mL for both standard
culture media (negative control) and standard culture media
containing RLLS surface (Figure S5).
3.6. Possible Mechanisms of Bacterial Antiadhesion.

The desirable antiadhesion characteristics can be attributed to
two factors: (i) a large volume of air pockets (gaps) and (ii) a
small ratio of the total rim area to the total projection area.
First, the contact angle data indicated the superhydrophobic
nature of RLLS. Superhydrophobic surfaces are associated with
the transition from the Wenzel state to the Cassie−Baxter state
and the formation of air pockets.23 The presence of air pockets
constitutes a physical barrier for bacteria to reach the material
surfaces. Second, the structural characterization of hollow
nanodiscs indicated that the areal ratio of solid/liquid interface
to gas/liquid interface is small (i.e., ∼0.06) due to their hollow
nature. This information, coupled with the fact that the rim
width (i.e., ∼9 nm) of nanodiscs is much smaller than the
length scales of bacteria (i.e., ∼500−4000 nm), suggests a
decreased probability for a bacterium to find a solid surface on
which to attach itself (Figure S6).
3.7. Optical Transparency of RLLS. Although the

developed materials have very promising bacterial antiadhesion
and superhydrophobic properties, they cannot be used as the
components of bio-optical devices unless these satisfy the
optical-grade transparency, i.e., ≥92.0% within the visible light
spectrum from 400 to 700 nm. It is a well-known challenge that
typical surface topography and roughness modification
strategies used for producing superhydrophobic surfaces lead
to the loss of transparency to the levels below 90%, sometimes
even down to 60%.52 By inspiring from the outermost layers of
rice leaves, we were able to produce surfaces with hollow
nanodisc morphology, yielding optically transparent surfaces
(Figure 5a, b). The comparison of transparency via UV−vis−
NIR spectrophotometry indicated that pristine quartz (blue
square) and RLLS (red circle) had a similar transmission level
of 92% in the visible light spectrum. This is ascribed to the fact
that root-mean-square (RMS) roughness of RLLS surfaces
(∼35 nm) and pristine quartz (∼2 nm) was much smaller than
the wavelength of visible light.53

3.8. Mechanical and Chemical Stability. For optically
transparent materials, mechanical integrity and robustness of
surface texture are important issues to consider because the
optical transparency should not deteriorate under operational
conditions. As such, RLLS was tested under standard
sterilization condition, which is a 20 min sterilization process
at 121 °C and 20 psi by autoclave. These conditions are much
harsher than typical operation pressure (i.e., <15 psi) of

biosensors and microfluidic devices.54 It was found that, after
autoclaving, no surface deformation occurred, surface super-
hydrophobicity remained the same, and bacterial antiadhesion
properties and optical-grade transparency were also preserved,
indicating robust durability of RLLS (Figure S7).
In addition, devices and surfaces coming in contact with

bacteria are generally sterilized with chemical sanitizers such as
hydrogen peroxide (H2O2). Therefore, it is necessary to ensure
the chemical stability of the developed bioinspired surfaces in
such solutions. To this end, we investigated the chemical
stability of functional groups of RLLS in 10% hydrogen
peroxide solution over 3 weeks and observed no significant
detachment of chemical groups and no change in wetting
characteristics of the surface (Figure S8).

4. CONCLUSIONS
This study presents a single-step approach involving a
templateless, self-masking reactive-ion etching for producing
rice leaf-inspired surfaces that prevent microorganisms from
attaching to them. In particular, bacterial repellency is
demonstrated with respect to pathogenic Gram-negative E.
coli O157:H7 and Gram-positive S. aureus under both static and
dynamic conditions. The desirable bacterial antiadhesion
characteristics of RLLS are ascribed to two factors associated
with hollow nanodisc texture: (i) a large volume of air pockets
(gaps) and (ii) a small areal ratio of solid/liquid interface to
gas/liquid interface. One distinguishing feature of the
developed rice leaf-inspired surfaces is that they also display
optical-level transparency in the visible spectrum (i.e., ≥92%
transmission). The combination of bacterial antiadhesion and
optical transparency can be achieved presumably because of a
reduced total roughness volume of hollow nanodiscs compared
to solid (nonhollow) textures utilized in typical bacterial
antiadhesion surfaces. Overall, a synergistic combination of
bacterial antiadhesion properties and optical-grade transparency
can open up new avenues in the design of antibiofouling
surfaces and be beneficial for a broad set of applications and
devices including biosensors; endoscopes; and microfluidic,
bio-optical, lab-on-a-chip, and touchscreen devices.
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