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Abstract

A superamphiphobic surface composed of two different size ranges of TiO, nanoparticles was simply fabricated through spraying
the perfluorosilane coated TiO, nanoparticles suspension dispersing in ethanol. The surface chemistry was finely regulated through
gradient UV irradiation-induced organic compound degradation to fabricate surface with gradient solid surface energy or wetta-
bility. The fabricated surface shows good droplet sorting ability, which can successfully discriminate ethanol droplets with different
concentrations. As a proof-of-concept, the biosensor application of this surface was demonstrated by using it for naked-eye ATP
detection. Liquid droplets with different concentrations of ATP after ATP-dependent rolling circle amplification (RCA) can be
effectively sorted by the surface. This developed biosensor methodology based on droplet sorting ability of the fabricated surface is

energy-efficient and economical which is promising for biosensors, point-of-care testing, and biochemical assays.
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Introduction

In recent years, surfaces with special wettability are desirable
because of their widespread applications, including self-
cleaning [1-3], antifouling [4], anti-icing [5—7], liquid separa-
tion [8, 9], droplet bouncing [10, 11], droplet manipulations
[12, 13], and droplet sorting [14]. As far as we know, there are
a few reports that indicate surface with special wettability that
can be directly used for naked-eye biosensor applications.
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For the naked-eye sensing format, colorimetric sensors
have attracted considerable interest because of their simple-
and instrument-free characteristics. Colorimetric ELISA [15]
and plasmonic nanoparticles-based colorimetric assay [16, 17]
are the two most used colorimetric naked-eye diagnostic tech-
niques. Traditional naked-eye sensing strategies based on the
color change of the assays are more or less suffer from insen-
sitive to the shading of a color, which limits the sensitivity of
the detection [18]. Herein, we propose a new concept for the
naked-eye biosensor based on the different rolling ability of
droplets with different physicochemical property on the tun-
able superamphiphobic surface.

As tunable superamphiphobic surfaces have been applied
in many fields, the fabrication of such surfaces with patterned
or gradient wettability is a crucial step in practical relevant
applications. To date, many technologies and methods have
been developed to fabricate patterned wettability on
superhydrophobic surfaces, including ink printing [19], soft-
lithography [20], and photolithography [21, 22]. Most of cur-
rent methods are focused on the preparation of patterned wet-
tability on superhydrophobic surfaces. It is desirable to fabri-
cate wettability gradient on superomniphibic surfaces for bio-
sensor applications.

In this study, we aimed to fabricate tunable superamphiphobic
surfaces composed of TiO, nanoparticles for biosensor applica-
tions. TiO, with high photocatalytic efficiency could be used to
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regulate the chemical composition of the surface, and thus tune
the solid surface energy under UV irradiation. It was proved that
the solid surface energy could be gradiently regulated through
gradient UV irradiation. The liquid droplet-sorting ability of the
superamphiphobic surfaces with gradient solid surface energy
was demonstrated and the possibility for biosensor application
was studied. To our best knowledge, this is the first report of
using superamphiphobic surfaces with gradient wettability to
detect biomolecules.

Experimental section
Materials

1H, 1H, 2H, 2H-perfluorooctyltricthoxysilane (98%) and tita-
nium (IV) oxide were purchased from Sigma-Aldrich. P25
titanium oxide was purchased from Degussa. Laboratory sol-
vent, ethanol absolute was purchased from Sinopharm.
Phosphorylated linear ssDNA and primer probes were pur-
chased from Shanghai Sangon Biotech. T4 DNA ligase,
phi29 DNA polymerase, and 5 x TBE buffer were purchased
from Thermo Scientific. Deoxyribonucleoside 5'-triphos-
phates mixture (ANTPs) was purchased from Sigma-Aldrich.
ATP, AMP, GTP, CTP, and UTP were purchased from BBI
Life Science. Gel Red was purchased from Biotium.

Fabrication of superamphiphobic surface

0.2 g 1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane was
added into 19.8 g ethanol absolute, and the solution was me-
chanically stirred for 2 h. Then, 1.2 g titanium (IV) oxide and
1.2 g P25 were added into solution; the suspension was me-
chanically stirred for overnight to make a uniform suspension.
The glass (50 mm % 50 mm x 3 mm thick) was pretreated by
ultrasonicating for 10 min in acetone, ethanol, and ultrapure
water, respectively, and drying with drier. The uniform sus-
pension is painted on the pretreated glass by spray gun (Lotus,
Shanghai) with a 0.8-mm nozzle diameter by using a nitrogen
pressure source with flow of 10 L/min. Then, the painted glass
was dried in air horizontally.

Regulating the solid surface energy
of superamphiphobic surface

The solid surface energy of superomniphibic surface was con-
tinuously tuned by manipulating an injection pump with a
lightproof mask moving at a velocity of 2.5 mm/min for ac-
quiring different UV irradiation time of the surface. The UV
area light source is an UV-LED lamp (A = 365 nm) with 10 cm
long and 10 cm wide. The paint is placed approximately
20 cm away from the UV-LED lamp. The UV light intensity
irradiated on the surface was about 1300 pW/cm?.
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Characterization of the fabricated surface

The X-ray diffraction (XRD) patterns are performed on a
D8 Advance Diffractometer (Bruker Corporation,
Germany) with Cu Ko radiation (A=1.54178 A) at a
scanning rate of 0.02° s~ in the 20 range from 10° to
80°. The morphology of samples is characterized by a
Hitachi SU8010 Field Emission Scanning Electron
Microscopy (FESEM, Japan). X-ray photoelectron spec-
troscopy (XPS, USA) was operated by Thermo Scientific
VG ESCALAB 250 photoelectron spectrometer through
the Al K« line as the excitation source at an energy step
size of 0.1 eV. High-resolution scans were done for the F
(1), Ti (2p), O (1 s), Si (2p), and C (1 s) at a pass energy
of 20 eV. The contact angles were measured at room tem-
perature via the sessile-drop method using an optical con-
tact angle goniometer OCA20 (Dataphysics, Germany).
The video of the movement of different droplets is record-
ed by contact angle goniometer DSA100 (Kruss) with
200 fps.

Rolling circle amplification

One microliter of phosphorylated linear ssDNA (30 uM) is
mixed with 3 L of primer probes (30 uM) in 36 pL hybrid-
ization buffer (pH 7.5, 10 mM Tris-HCI, 100 mM NacCl,
5 mM MgCl,). The mixture solution was heated to 95 °C
for 10 min and then slowly cooled down to room temperature.
Then, 10 uL of T4 DNA ligase, 10 uL. T4 DNA ligase buffer
(pH 7.8, 400 mM Tris-HCI, 100 mM MgCl,, 100 mM DTT,
5 mM ATP), and 40 pL sterile ultrapure water was added into
solution and incubated at 37 °C for 2 h to produce circular
DNA templates. The T4 ligase buffer contains different con-
centrations of ATP, 5 mM AMP, 5 mM GTP, 5 mM UTP, and
5 mM CTP for ATP detection and specificity detection, re-
spectively. After the ligation, T4 DNA ligase was inactivated
at 65 °C for 10 min. Then, the circular DNA templates of
50 puL was performed with 2 pL phi29 DNA polymerase (1
unit/uL), 10 uL phi29 DNA polymerase buffer (pH 7.9,
330 mM Tris-acetate, 100 mM Mg-acetate, 660 mM K-ace-
tate, 10 mM DTT) 18 pL sterile ultrapure water and 20 pL
dNTP (25 mM) at 37 °C for 1 h. The resulting solution was
heated to 65 °C for 10 min to inactivate the DNA polymerase
before measurement.

Gel electrophoresis

The products of RCA were analyzed by using 0.9% agarose
gel electrophoresis. A potential of 130 V at 25 °C for 110 min
was applied for gel electrophoresis separation with 1 x TBE
buffer. After separation, agarose gel was analyzed by gel im-
age system Tanon-5200 Multi (Tanon, China).
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Results and discussion
The principles for biosensing applications

The principles for biosensing applications in our system is
based on the droplet sorting capacity occur on the
superamphiphobic surfaces with gradient solid surface energy.
Superamphiphobic surfaces are surfaces which are both
superoleophobic and superhydrophobic. Liquid droplets can
easily roll off from the superamphiphobic surfaces due to the
high apparent contact angle 6* (usually 6% >150°) and low
contact angle hysteresis A6* (usually A6* < 10°) [23]. When
the droplets roll off from the tilted surfaces with a fixed angle,
there would be a balance between work done due to gravity
and work expanded because of adhesion as descripted in Eq. 1.

pgVsin w=ylvDTCL (cos 0*rec—cos f*adv) (1)

where, p is the density of the liquid, g is the acceleration of
gravity, V is the volume of the liquid droplet, w is the roll off
angle of the droplet (the minimum angle the surface must be
tilted for droplet to roll off). Dycy, is the width of solid-liquid-
vapor contact line perpendicular to the rolling direction, 6% . and
0*,4v are the apparent receding and advancing contact angles, i,
represents the interaction between liquid and solid surface.

In the case of droplets with fixed volume but different
surface intense (or different interaction between liquid and
solid surface), droplets with lower -, (or stronger interaction
with solid surface) adhere more to a superamphiphobic sur-
face which results in a higher D¢ and higher A6*, and then
display higher w. For the liquid droplets with higher v, (or
weaker interaction with solid surface), the droplets adhere less
to the superamphiphobic surface and display a lower w. Thus,
it could be predicted that liquid droplets with certain higher
surface tension (or weaker interaction with solid surface) will
roll off from the solid surface with certain surface energy s,
and appropriate tilt angle « (here w < «v), while droplets with
lower surface tension and w >« will adhere to the surface.
Accordingly, when droplets with different surface tensions
(or different interaction with solid surface) were placed on
the superamphiphobic surface with identical surface structure
and fixed tilt angle «, but different or gradient solid surface
energy, droplets with higher surface tension could be more
likely to roll off from the surface while droplets with lower
surface tension tend to adhere on the surface, which means
that, at a fixed tilt angle «, the superamphiphobic surface with
lower solid surface energy will allow more liquids with appro-
priate surface tension to roll off from the surface compared to
the one with higher solid surface energy. In this way, the
superamphiphobic surface with fixed tilt angle o and gradient
wettability (or solid surface energy) could be used to sort
droplets with different surface tensions (or different interac-
tion with solid surface). When the liquid droplets roll off from

the top edge (edge with lower solid surface energy) of the
superamphiphobic surface at a fixed tilt angle « and gradient
solid surface energy, droplet with lower surface tension (or
stronger interaction with solid surface) tends to adhere on
the region with lower solid surface energy while droplet with
higher surface tension (or weaker interaction with solid sur-
face) prefer to stick on the area with higher solid surface en-
ergy. In this way, we can easily sort the liquid droplet accord-
ing to the surface tension by using the superamphiphobic sur-
face with gradient solid surface energy.

Fabrication and characterization
of superamphiphobic surface

In order to obtain a superamphiphobic surface with tunable wet-
tability (or solid surface energy), we firstly fabricate the
superamphiphobic surface by using dual-size nanoparticles of
titanium dioxide (TiO,) coated with perfluorooctyltriethoxysilane
according to previously reported method [24]. Two different size
ranges of TiO, (~21 nm and ~60 to 200 nm) were simply mixed
in an ethanol solution with perfluorooctyltriethoxysilane to obtain
a milk-white suspension. Two different size ranges of TiO, were
used to increase the roughness of the surface. This ethanol based
suspension was sprayed on the clean glass surface (5 cm x 5 cm)
and air-dried to fabricate the superamphiphobic surface. Scanning
electron microscopy (SEM) images of the superamphiphobic sur-
face show that the surface was composed of two different size
ranges of TiO, nanoparticles (Fig. 1a). Energy dispersive spec-
trometer (EDS) (Fig. 1b) and X-ray photoelectron spectroscopy
(XPS) (Fig. 1d) of the superamphiphobic surface showed that the
TiO, nanoparticles on the surface were coated with
perfluorooctyltriethoxysilane. The superamphiphobicity of the
surface was evident from a range of liquid droplets beading up
on the surface (Fig. lc, top). The surface displayed very high
apparent contact angles with water, glycerol, olive oil, and n-
hexadecane (Fig. lc, bottom) indicating that the surface is both
superhydrophobic and superoleophobic, that is,
superamphiphobic. The superamphiphobicity of the surface was
further evident from water and diiodomethane liquid droplets
bouncing on the surface as shown in Movie S1 (see, Electronic
Supplementary Material (ESM)).

Tuning the superamphiphobic surface with gradient
wettability

As mentioned above, the fabricated superamphiphobic surface
was composed of two different size ranges of TiO, nanopar-
ticles which were coated with perfluorooctyltriethoxysilane.
TiO, nanoparticles, especially P25 TiO, nanoparticles, have
high photocatalytic activity which could be used to precisely
regulate the surface chemistry through UV irradiation-induced
surface organic compounds degradation [25, 26]. Under UV
irradiation (A =365 nm), electron-hole pairs generated on the
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Fig. 1 Characterizations of the superamphiphobic TiO, surface. a
Scanning electron microscope (SEM) images showing the constituent
TiO, nanoparticles on the surface. Nanoparticles with small size (about
21 nm) refers to P25. b Energy dispersive spectrometer (EDS) showing
the elemental compositions of the superamphiphobic TiO, surface. ¢

surface of TiO, nanoparticles can produce radical species such
as *O, and *OH. These radical species could further degrade
the organic compounds such as -CF, and -CF; groups in this
system, resulting in the change of solid surface energy and
wettability. Accordingly, the wettability (solid surface energy)
of the superamphiphobic surface was finely tuned through
gradient UV irradiation of the superamphiphobic surface as
shown in Fig. 2a. The UV lightproof mask was placed above
the superamphiphobic surface and was pushed forward at a
constant speed by using the micro-injection pump. In this way,
the superamphiphobic surface was gradiently UV irradiated.
The UV irradiation gradient can be easily controlled through
tuning the pump speed according to the length of the
superamphiphobic surface. Here, we control the gradient UV
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Photographs of different droplets beading up on the superamphiphobic
surface (top) and corresponding apparent contact angles (bottom). d X-
ray photoelectron spectroscopy (XPS) of the superamphiphobic TiO,
surface, where “Ti” refers to TiO, and “F” refers to
perfluorooctyltriethoxysilane

irradiation time from O to 20 min, which means that the UV
irradiation time linearly increased from O (at the initiating edge
of the surface) to 20 min (at the end edge of the surface).
XPS was used to confirm the gradient degradation of -CF, and
-CF; groups on the surface after gradient UV irradiation. As can
be seen from Fig. 2b, the peak of -CF; disappeared after a 4-min
irradiation and the peak of -CF, decreased with the increasing of
UV irradiation time. The degradation of -CF, and -CF3 groups
resulted in the increase of surface energy. As shown in Fig. S1
(see ESM), the solid surface energy linearly increased with the
increasing of UV irradiation time. Correspondingly, the apparent
contact angles of ethanol with different concentrations decreased
with the increasing of UV irradiation time (Fig. 2c). The droplet
sorting ability of the UV irradiated surface was demonstrated by
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Fig. 2 a Schematic showing the a
process of tuning the wettability
(solid surface energy) of the
superamphiphobic surface. b X-
ray photoelectron spectroscopy
(XPS) of superamphiphobic
surface with different UV
irradiation times. ¢ Apparent
contact angles of ethanol with
different concentrations on
superamphiphobic surface
decreasing with increasing UV
irradiation time. d Liquid droplets
with different surface tensions
sticking on different position of
the superamphiphobic surface
with gradient wettability showing
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sorting six different droplets of ethanol with different concentra-
tions or surface tensions (the corresponding surface tensions with
different ethanol concentrations were shown in ESM Fig. S2) as
shown in Fig. 2d. The UV irradiated surface was tilted at a fixed
angle 15° with 0-min UV irradiation (low solid surface energy) at
the top of the incline and 20-min UV irradiation (high solid sur-
face energy) at the bottom of the incline. The UV irradiation time
linearly increased from 0 to 20 min along the incline and also the
solid surface energy linearly increased along the incline. The eth-
anol droplets with different concentrations were placed on top of
the incline and let them freely roll off. As can be seen from Fig. 2d
and ESM Movie S2, the ethanol droplet with low concentration
can easily roll off from the top of the incline and adhere to the
bottom area of the incline, while the ethanol droplet with high
concentration trend to adhere to the top area of the incline.
According to the position of the droplets, we can easily sort the
ethanol droplets with different concentrations.

Biosensing applications for naked-eye ATP detection
The biosensing application of this superamphiphobic surface with

gradient wettability was demonstrated using this surface to detect
ATP. ATP is a general bacterial marker [27], naked-eye ATP

detection has potential application for the detection of infectious
organisms [28]. As a proof-of-concept, we used this surface to
sort the liquid droplets after ATP-dependent DNA rolling circle
amplification (RCA). In a typical process, 5" phosphorylation
modified linear ssDNA (5’-TCGTTTGATGTTCCTAACGT
ACCAACGCACACGCAGTATTATGGACTGGTAAAAGC
TTTCCGAGGTAGCCTGGAGCATAGAGGCATTGGCTG-
3") firstly annealed with primer DNA (5’-TAGGAACA
TCAAACGACAGCCA-3'). The separated terminals of the line-
ar ssDNA was then connected by T4 DNA ligase in the presence
of ATP to form a circular DNA template (as shown in Fig. 3a).
This circular DNA can further be used as template for RCA to
form long single-stranded DNA product. Without the ATP, the
linear ssDNA cannot be connected by T4 DNA ligase and no
RCA product formed as shown in Fig. S3 (see, ESM). As the
DNA ligase process is highly ATP-dependent [29], we tune the
concentration of ATP to regulate the concentration of circular
DNA template, which correspondingly regulate the concentration
or length of RCA DNA product. The surface tensions of the
liquids with different ATP concentrations after RCA decreased
with the increasing of ATP concentration (ESM Fig. S4). After
RCA with different concentrations of ATP, the liquid droplets of
the product were placed on the tilted surface (with 15° tilt angle)
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Fig. 3 a Schematic illustration of
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and let them freely roll off from the top of the incline. As can been
seen from Fig. 3b and ESM Movie S3, the droplet with low ATP
concentration rolled off from the top of the incline easily and then
adhered to the bottom area of the incline, while the droplet with
high ATP concentration more likely to stick on the top area of the
surface. According to the position of the droplet, we can easily
discriminate the concentration of ATP. One thing should be point
out is that the specificity of this ATP detection method was further
demonstrated by using AMP, GTP, UTP, CTP, and ATP with
250 uM to perform the rolling circle amplification. After RCA,
the droplets were sorted using the fabricated surface and the re-
sults were shown in Fig. 3c and ESM Movie S4. The results
shows that the droplets with AMP, GTP, UTP, and CTP after
RCA ceasily rolled off from the top of the incline, while the droplet
with ATP adhered to the top of the incline. This excellent speci-
ficity was achieved because the process of DNA ligation is highly
ATP-dependent and it is hard to form the circular DNA template
for RCA without the ATP (ESM Fig. S4).

Conclusions

In summary, we demonstrated a method to fabricate
superamphiphobic with gradient solid surface energy for naked-
eye ATP detection. We fabricated superamphiphobic surface using
two different size ranges of TiO, nanoparticles coated with
perfluorooctyltriethoxysilane. The surface chemistry, and
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consequently the solid surface energy of this fabricated
superamphiphobic was finely regulated through UV irradiation-
induced organic compound degradation based on the high photo-
catalytic activity of TiO, nanoparticles. The superamphiphobic
surface with gradient solid surface energy was obtained via gradi-
ent UV irradiation. We demonstrated the droplet-sorting ability of
the fabricated surface by using it to discriminate ethanol droplets
with different concentrations according to the position of droplets
sticking on the tilted surface after rolling off from the top incline.
The biosensor application of this superamphiphobic surface was
preliminarily attempted to detect ATP combining ATP-dependent
RCA with the droplet-sorting ability of the fabricated surface. The
droplets with different concentrations of ATP after RCA can be
effectively sorted and this ATP detection method showed good
specificity. This developed methodology for droplet-sorting is
energy-efficient and economical which is promising for biosen-
sors, point-of-care testing, and biochemical assays.
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