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ABSTRACT: Surfaces patterned with hydrophilic and hydrophobic regions provide n
robust and versatile means for investigating the wetting behaviors of liquids, surface \/
properties analysis, and producing patterned arrays. However, the fabrication of integral ‘ B
and uniform arrays onto these open systems remains a challenge, thus restricting them / \%
from being used in practical applications. Here, we present a simple yet powerful N >
approach for the fabrication of water droplet arrays and the assembly of photonic crystal ¢+ = U
bead arrays based on hydrophilic hydrophobic patterned substrates. Various integral \-/

arrays are simply prepared in a high-quality output with a low cost, large scale, and

uniform size control. By simply taking a breath, which brings moisture to the substrate :
surface, complex hydrophilic hydrophaobic outlined images can be revisualized in the —
discontinuous hydrophilic regions. Integration of hydrogel photonic crystal bead arrays —
into the “breath-taking” process results in breath-responsive photonic crystal beads, Evaporation
which can change their colors upon a mild exhalation. This state-of-the-art technology

not only provides an e ective methodology for the preparation of patterned arrays but also demonstrates intriguing applications

Breathing on

in information storage and biochemical sensors.

KEYWORDS: hydrophilic hydrophobic, microdroplet array, photonic crystal beads, breath-taking, invisible patterns

INTRODUCTION

Hydrophilicity of a surface is always an intriguing topic as it
explains the microscopic view of many molecular interactions
and, at the same time, gives rise to macroscopic daily norms
such as water condensation on a cold surface. Surfaces
patterned with hydrophilic and hydrophobic regions provide
robust and versatile means for investigating the wetting
behaviors of liquids, for example, dropwise condensation and
droplet array formation." ” The hydrophilic and hydrophobic
patterned surfaces can be widely used for not only water
collection and surface properties analysis®® but also for
producing patterned arrays® such as geometry-controllable
liquid arrays,”"® cell microarrays,™* hydrogel arrays, and particle
arrays.>*> ** In spite of the low cost, facile manipulation, and
high throughput for the hydrophilicity patterning, its
application is rare to date.” One of the major challenges is
that these open systems face an issue of solvent evaporation,
which restricts them from being employed in applications
involving aqueous systems such as analytical screening tests and
crystallization.'® Fast evaporation of volatile solvents in open
microsystems may induce problems, for example, unreliable
analytical results or inset vacancy defects in particles deposition,
as a result of the variation in solvents volume and the change in
concentration of components with time.”**%*" Several
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approaches have been proposed to solve this issue. One of
the most facile methods is to control the experimental
temperature and humidity."® However, it is still challenging
for low boiling point solvents, for example, acetone, ethanol,
and hexane.” Another suggested solution is to introduce
nonvolatile solvent into the open system for micropattern
formation, for example, ionic liquids.”*® These ionic liquid-
based micropatterns are limited to nonaqueous applications,
which may not be suitable for analysis methodologies as they
require water as a reaction medium.*****?% An alternative
approach to address the issue is to constrain the solvent within
speci ed structures such as walls, reservoirs, or channels.
However, these structures induce problems such as complex
techniques of preparation, large dead volume, and poor control
of hydrodynamic pressure.*®*"%2

By a wise use of lab-on-a-chip techniques with an appropriate
nonvolatile solvent, however, a hydrophilic hydrophobic
regionalized device was potentially developed into a state-of-
the-art technology which is practical for di erent functions.
Herein, we report a simple but e ective strategy for the
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fabrication of patterned surfaces with hydrophilic and hydro-
phobic regions and demonstrate two of their “breath-taking”
applications: the assembly of precise 2D large-scale photonic
crystal bead arrays and information storage triggered by
exhalation vapor.

Photonic crystals with band gap properties are constructed
from periodically arranged nanoparticles, which can be widely
used for in vivo imaging,?*?* displays,®® ' sensors,’*?° and
anticounterfeiting labels.*® At this stage, however, there are too
few reported methods performing the fabrication of uniform
photonic crystal bead arrays in a high-quality output with a low
cost, large scale, and precise size control. In this study, photonic
crystal beads were assembled onto a surface with well-de ned
hydrophilic and hydrophobic regions by immersing the
patterned substrates into a polystyrene (PS) suspension
followed by a stabilized oil phase. The microdroplets attached
are of precise sizes and uniform shapes, which enable the
formation of high-quality photonic crystal beads. To the best of
our knowledge, this would be the rst reported method which
allows a fast and simple dip-and-pick process for the massive
fabrication of photonic crystal beads with a regular and
controllable size. Furthermore, patterned hydrophilic hydro-
phobic regionalized surfaces have also been designed for
information storage application by a simple technique, inducing
exhalation visualization of invisible images. As an unprece-
dented attempt, integration of hydrogel photonic crystal beads
into this breath-taking process results in breath-responsive
photonic crystal beads which can potentially be used for
information storage and biochemical sensors.

EXPERIMENTAL SECTION

Materials. 1H,1H,2H,2H-per uorooctyltrichlorosilane (PFTS) was
purchased from Sigma-Aldrich. AZ 5214 and AZ 300 MIF were
purchased from AZ Electronic Materials (United States). Styrene (St),
acrylic acid (AA), N-isopropylacrylamide (NIPAM), N,N -
methylenebis(acrylamide), and potassium persulfate (KPS) were
purchased from Sigma-Aldrich. Hexadecene (HE) was obtained from
Acros. All chemicals except styrene were used as received. Styrene was
treated with 5.0 wt % aqueous sodium hydroxide (NaOH, Sigma-
Aldrich) to remove the inhibitor. Ultrapure water was used in all the
experiments.

Characterization. The photographs were taken with a digital
camera (Canon, EOS Kiss X4). The scanning electron microscopy
(SEM) images were recorded using eld-emission scanning electron
microscopy (FE-SEM, Nova NanoSEM 450) to determine the
morphologies of the photonic crystal beads. All samples for SEM
characterization were coated with thin layers of gold (' 25 nm thick).
Transmission electron microscope (TEM) imaging was carried out on
a FEI/Philips Tecnal 12 Bio TWIN transmission electron microscope.
The optical images of the droplet arrays and photonic crystal beads
were recorded using an optical microscope (Nikon Ni U, Japan). The
re ection spectra of the photonic crystal beads were recorded using an
optical microscope (Nikon Ni U, Japan) and a ber optic
spectrometer (HR 2000+, Ocean Optics, United States). The pro le
height of photonic crystal bead array was recorded with a pro lometer
(AlphaStep D-100). An X-ray photoelectron spectroscopy (XPS) was
used to detect the functional groups of the treated and untreated
silicon substrates. XPS measurements were performed on ESCALAB
250Xi (Thermo Fisher Scienti ¢, America) using a monochromic Al
K source operating at 200 W with an X-ray beam diameter of 650

m. The pass energy was 20 eV. The binding energy of C 1s (284.6
eV) was used as a reference. Static contact angles (CAs) were
measured using a contact angle meter (DSA 30, Kruss Gmbh) at room
temperature, and each contact angle value was measured at least ve
times.

Fabrication of the Hydrophilic Hydrophobic Patterns. First,
a layer of AZ 5214 photoresist was spin-coated and patterned on the
clean substrates, including silica wafer and plastic Im using the
standard photolithography. After the AZ 300 MIF development, the
substrates were washed with ultrapure water and dried in a stream of
nitrogen gas. Then, the substrates were treated by oxygen plasma
(Weike PDC-M, China) for 10 5.*° In a typical experiment, the wafers
were further treated by vapor-phase self-assembled monolayer (SAM)
using PFTS.*" Finally, the substrates were rinsed with ethanol to
remove patterned AZ 5214 photoresist and dried in a stream of
nitrogen gas.

Preparation of Patterned Droplet Array. The 2 in. treated silica
wafers with various patterns of square, hexagon, and round geometries
(size from 50 to 200 m) were immersed into a plastic Petri dish
partially lled with water for 30 s and then taken out immediately. In
addition, to ensure the integrity of the tiny droplets array, silica wafers
with uorescently labeled water droplets (green) were immersed into a
Petri dish containing 10 mL of hexadecene to prevent fast evaporation.
The bright- eld and uorescence microscopy images were recorded
with a microscope.

Fabrication of the Photonic Crystal Bead Array. PS particles
(ca. 174 and 225 nm) and core shell hydrogel particles bearing a
poly(styrene-co-acrylic acid) (PS-co-PAA) core and poly(acrylic acid-
co-N-isopropylacrylamide) (PAA-co-PNIPAM) hydrogel shell (ca. 182
nm) were prepared by emulsi er-free emulsion polymerization
according to our previous work.>3° The particle suspensions were
diluted with ultrapure water to the desired concentration (typically 2.0

4.0 wt %). The patterned silica wafers were then immersed into the
colloidal suspension and withdrawn after 30 s. Subsequently, the
substrates were immersed into a glass Petri dish containing 10 mL of
hexadecene, which was warmed to 50 °C for 72 h to allow the water
within these droplets to slowly evaporate.*? During the evaporation,
the particles were self-assembled into photonic crystal beads and
pinned onto the wafers. The resultant beads were washed with n-
hexane to remove the hexadecene and dried at room temperature.

Exhalation Performances. The simplest way to bring water vapor
to the substrate is by exhalation, which was how we discovered this
interesting phenomenon. However, the water vapor condensed on the
substrate was easily evaporated. To guarantee visible and complete
images, we put some ice underneath the substrate, which lengthens the
lasting time of the condensed water droplets. All images were captured
at 25 °C with a relative humidity of 75%.

RESULTS AND DISCUSSION

The preparation process of the hydrophilic hydrophobic
patterned surface is illustrated in Scheme 1. In a typical
experiment, Si wafer was employed as the substrate and nally
processed with standard photolithography. After oxygen plasma
treatment, patterned Si wafers were modi ed with PFTS by
chemical vapor deposition method.** As shown in Figure 1, the
CA value increases from 58.2 £ 1.5° to 108.1 + 0.4°, which is
attributed to the vapor-phase SAM using PFTS. Without
modi cation with PFTS, the nonpatterned zone of Si wafer is
hydrophilic and clean due to the previous plasma treatment
which brings about hydroxyl ( OH) functionalities and
increases wettability observed as a thin Im of water (CA <
5°). On the contrary, without plasma treatment, the patterned
zone of Si wafer reserves pristine hydrophilicity.

To further prove that the nonpatterned surfaces have been
successfully modi ed with  OH, and CF; groups, surface
elemental compositions of the nonpatterned surfaces have been
characterized by XPS analysis as shown in Figure 2 and Figure
S1. By treating with plasma, OH groups were obtained in the
surface of Si water (Figure 2a and b). Si 2p and O 1s spectra
show that the modi ed surface is composed of Si OH at 101.1
eV (Si 2p) and 533.5 eV (O 1s). The hydroxyl groups on the
modi ed surfaces contribute to the obtained superhydrophi-
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Scheme 1. lllustration of Fabricating Hydrophilic
Hydrophobic Patterned Surface with Photolithography and
Surface Modi cation by SAM
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Figure 1. CAs on various Si wafers measured immediately after
treatment: (a) pristine Si wafer, (b) after treatment of plasma, and (c)
PFTS SAMs.

licity. These hydroxyl groups can easily react with PFTS to
form O Si C bonds (Figure 2c). As observed in Figures 2¢
and d,Si Cand C F bonds can be obtained after PFTS SAMs
treatment. The SAMs, composed of CF; groups, signi cantly
increase the hydrophobicity of the modi ed surfaces.

We utilized this surface modi cation strategy to prepare
microdroplet arrays surrounded by nonwettable PFTS areas.
The approach to fabricate microdroplet arrays is schematically
presented in Figure 3a. When the modi ed substrates were
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Figure 3. (a) Schematic representation of the formation of
microdroplet array. (b) Hexagonal microdroplet array with length
side of 200 m. (c) Square microdroplets with a length side of 200

m. (d) Round microdroplets with a diameter of 200 m. The scale
bars are 500 m.

immersed into an aqueous solution for 30 s, the hydrophilic
and hydrophobic regions were covered with one layer of water

Im. As the substrates were picked up, we found that the liquid
was moving along the PFTS-hydroxyl-patterned wafer surface,
discontinuously avoiding the PFTS barriers and spontaneously
forming an array of individual droplets on the plasma-treated
areas. Microdroplets with various geometries such as hexagons,
squares, and rounds were formed. Freestanding microdroplets
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Figure 2. High-resolution XPS scan spectra of silicon wafer after plasma (a and b) and PFTS (c and d) SAMs treatment: (a) Si 2p, (b) O 1s, (c) Si

2p, and (d) F 1s spectra.
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with speci ¢ geometries and sizes were de ned by the
photomask features. As shown in Figures 3b d, it demon-
strated good uniformity of the droplets produced via the
discontinuous dewetting method. However, it was di cult to
keep the integrity of the droplets even with a larger side length
of 200 m due to the fast evaporation at room temperature
(Figures 3b and c).

To solve this problem, small size microdroplet arrays
containing a uorescence dye were prepared according to the
previous method, which were immediately immersed into
hexadecene after withdrawal from aqueous solution (Figure
4a). As shown in Figures 4b e, arrays of hemisphere droplets

(a) Microdropletarray  Immersed in oil

Photonic crystal bead array

- e

500 um
—

Figure 4. (a) Illustration of the formation of photonic crystal bead
array covered with a Im of oil. (b and d) Dyed microdroplets with
diameters of 50 and 25 m and their corresponding uorescence
images (c and e). (f and g) Bright- eld microscope images of colloidal
suspension microdroplet arrays with diameters of 233 and 117 m. All
images share the same scale bar.

on patterned wafers with diameters from24 £+ 2t0 46 +4 m
were generated. These uniform and tiny droplet arrays were
kept integrally for a long time in hexadecene under room
temperature. Furthermore, these surfactant-free droplet-in-oil
arrays are free from surfactant contamination, which can
potentially be widely used for high throughput analysis or
particles deposition without design of complex structures.
The assembly of photonic crystal beads on solid substrates to
form precise 2D arrays represents another challenge in
nanoscience research.*> There are several approaches for
generating photonic crystal arrays, for example, template-
directed self-assembly,”® inkjet printing,?® photolithographic
techniques, and microimprint lithography.”*** However, the
low-cost and facile fabrication of large-scale, uniform, and
precise locations of photonic crystal bead arrays with structural
integrity remains a great challenge but is strongly desirable.
Here, we demonstrate that PS colloidal suspension micro-
droplet arrays can be applied to create 2D patterns of uniform
photonic crystal beads. A schematic formation of the photonic
crystal bead array is shown in Figure 4a. The PS particles were
suspended in an aqueous solution and self-assembled into
dome-shaped patterns (Figures 4f and g). As shown in Figures

5a and b, the photonic crystal bead array showed bright blue
color with a diameter of 65 = 1.7 m, height of 9 m, and
horizontal distance of 1086 m between two adjacent beads.
The color of photonic crystal beads (94 = 25 m in size, 10

m in height, and 715 m in horizontal distance between two
adjacent beads) can be varied to green by changing the size of
PS particles, as shown in Figures 5¢ and d. The beads were
uniform and aligned orderly in 2D arrays. In addition, the bead
size can be tuned by employing featured photomask with small
size geometries. As illustrated in Figure S2, uniform and small
size photonic crystal beads were obtained, and the measured
sizes were 30 £ 2 and 53 = 4 m, respectively. Compared to
photonic crystals assembled in the air, the photonic crystal bead
array assembled in the oil is more uniform and with integral
structures due to the slow evaporation of water, and no co ee
ring e ect is observed.*>*® As shown in Figures 6a c, the PS
particles were packed into an ordered hexagonal symmetry,
creating dome structures positioned in desired locations to
construct complex, higher-order arrays. As a result, brilliant
Bragg di ractions can be observed at 451 and 532 nm,
respectively (Figure 6d).

Previously, we observed that the hydrophilic hydrophobic
border could be clearly outlined by droplet or bead array. On
the basis of these observations, we hypothesized that the
invisible hydrophilic hydrophobic patterns could be visible
again upon the condensation of water droplets, which gave us
an inspiration of employing the design for information storage.
Therefore, to further demonstrate the potential applications, a
hydrophilic hydrophobic patterned mobile phone screen
protector and a QR code on Si wafer were successfully
fabricated (Figure 7). The patterned regions are hydrophilic,
which rst form condensation nuclei after a mild exhalation.
Then, water droplets grow faster and bigger in these regions
due to higher surface energies, therefore scattering more light
to visualize the outline of the patterns. It can be observed that
the complex patterns visualized after exhaling on the surfaces
are well-de ned and with high resolution. All of the designed

gures and words on the screen protector can be clearly
observed (Figures 7a and ¢, Video S1). The QR code, which
contains the word “SIAT”, appears after vapor condensation,
and the resolution of the code is high enough to be read by a
QR code-reading mobile phone app (Figures 7d and e).
According to former studies, for condensation gures (CFs),
sensitivity of surface features and image resolution depends on
several factors, including the stage of growth of the CF, the rate
of condensation, and the type of surface.®*’ *° On a
homogeneous surface, condensation includes several distinct
stages in the formation of a CF. The earliest stage involves the
uniform coverage of the surface by the nucleation of small
droplets that grow with little coalescence. Subsequent stage
includes a regime in which the droplet distribution remains,
with growth and coalescence, similar in time and exhibits a well-
de ned structure factor. This stage is followed by a regime in
which nucleation of new droplets occurs between older and
larger drops. Normally, the stage of CF evolution with
negligible droplet coalescence gives the images with the highest
sensitivity and resolution. However, condensation on a
heterogeneous surface is totally di erent in the rst stage, in
which the nucleation of small droplets that rst grow and
coalesce in the hydrophilic surfaces due to the higher surface
energies. Thereafter, the nucleation of small droplets occurred
in the hydrophobic surfaces. Thus, the resolution depends on
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Figure 5. Bright- eld microscope images of photonic crystal bead arrays assembled with 174 nm (&) and 225 nm PS particles (c), and the insets are
their enlarged images. (b and d) Corresponding heights of a single bead. The scale bars of images (a and ¢) are 500 m, and the scale bars of the
insets are 30 m.
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Figure 7. (a) Bright- eld microscope images of exhalation visualization
of invisible images on a plastic patterned Im. Optical images of water
droplets before (b and d) and after (c and €) being condensed into
various images on a patterned plastic Im (b and c), and into a QR
code on a patterned Si wafer (d and e) with a diameter of 2 in. The
scale bars are 500 m (a) and 1 cm (b e).
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Figure 6. (2) SEM image of photonic crystal bead array assembled
with 225 nm PS particles. (b) SEM images of a single bead and (c) its
surface morphology. (d) Re ectance spectra of blue and green
photonic crystal beads assembled with 174 and 225 nm PS particles,
respectively.

the contrast in the water a nity between the hydrophobic and
hydrophilic regions.

It is worthy to note that the formation of CFs can be rapid method of imaging that is simple, nondestructive, and

( 15) and, in principle, reversible as CFs can be generated by inexpensive. Furthermore, all of these properties are crucial
condensation and erased by evaporation repeatedly. Compared for CFs to be practically applied on various commercial
to plasma treatment in which the repeatability can only last for products as it o ers a renovate strategy for embedding
several days due to hydrophilic loss, substrates treated with messages massively with a good durability and reversibility in
PFTS SAMs are more robust so that the patterns can still be image revisualization. Having said this, it is possible for this
clearly revisualized after one year under ambient conditions breath-taking technology to be commercialized as an
(Figure S$3).*° Of particular signi cance is that CFs o er a anticounterfeiting strategy for a broad range of products, for
38121 DOI: 10.1021/acsami.7b10359
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Figure 8. (a) Re ection spectra of dynamic exhalation swelling of a hydrogel photonic crystal bead assembled with core shell hydrogel particles (ca.
182 nm), and the insets are the bright- eld microscope images of the photonic crystal bead. (b) Di raction wavelengths of the photonic crystal bead
recorded in ve cycles by exhaled breath condensation and evaporation. The scale bars of the insets are 30 m.

example, polymer Im-based currency banknotes, credit cards,
or instant food by simply breathing on it and checking the
di erent symbols that appear.

Thanks to the e cient assembly of photonic crystal bead
array and the excellent performance of exhalation visualization
on the patterned hydrophilic hydrophaobic surfaces, we further
demonstrate that the photonic crystal bead arrays can
potentially be used in various elds by an integration of the
two. Hydrogel photonic crystal beads were assembled with
core shell hydrogel particles consisted of PS-co-PAA cores and
PAA-co-PNIPAM hydrogel shells (Figure S4), and the bead
arrays were prepared according to the previous work. To study
the breath-taking properties of the arrays for potential
applications, their color-shifting features were investigated. To
monitor the color change induced by dynamic exhalation
swelling of the assembled hydrogel particles, a single bead was
recorded in real time. As shown in Figure 8a, a hydrogel
photonic crystal bead showed brilliant blue color in dry
condition. Interestingly, the hydrogel bead changed its color
from blue to green in seconds after being breathed upon, which
is a result of hydration followed by swelling of the hydrogel
layer of the assembled core shell hydrogel particles in the
presence of exhalation vapor. Swelling of the hydrogel shells
increases the e ective diameter of the particles, thus shifting the
wavelength of di raction peak ( ) toward a longer
wavelength. As shown in Figure 8a, the re ection peak of the
bead shifted 70 nm after being breathed upon. When the
moisture evaporated, the bead returned to its original color, and
the color variation can be repeated for more than ve cycles of
the hydration dehydration process (Figure 8b). The rapid
breath-taking color change of hydrogel photonic crystal bead is
extremely favorable for immediate recognition by naked eyes.
With further integration of functionalities into the hydrogel
layer, this hydrophilic hydrophobic patterned photonic crystal
bead array sensor can have great importance for optical devices,
information storage, food safety, point-of-care testing, and
ecopollution determination.”>**#* 4

CONCLUSIONS

A simple but e ective strategy was developed for the fabrication
of patterned surfaces with hydrophilic and hydrophobic regions
which demonstrate intriguing applications. These patterned

38122

surfaces can not only be used for the fabrication of water
droplet arrays but also provide an unprecedented way for the
preparation of photonic crystal bead arrays with good
uniformity, reproducibility, and well-de ned shapes. The
color of the bead array can be varied by changing the size of
the assembled particles, and the bead size can be tuned by
employing featured photomask with small size geometries. In
addition, complex hydrophilic hydrophobic outlined images
can be revisualized in the discontinuous hydrophilic regions by
a breath-taking technique. Because this imaging technique is
based on a nondestructive di erential wetting process by
condensed water droplets, the patterns can be reversibly
imaged and thus reused for more than one year under ambient
conditions. Furthermore, integration of hydrogel photonic
crystal beads into the breath-taking process results in breath-
responsive photonic crystal beads which can change their colors
by a mild exhalation. These breath-taking designs can be
potentially developed into a state-of-the-art technology which is
practical for anticounterfeiting, information storage, and
biochemical sensors.
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