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Herein, a droplet manipulation system with a
superamphiphobic (SPO)—superamphiphilic (SPI) pat-
terned polydimethylsiloxane (PDMS) substrate is devel-
oped for a multiplex bioassay from single-droplet samples.
The SPO substrate is fabricated by sequential spraying of
adhesive and fluorinated silica nanoparticles onto a PDMS
substrate. It is subsequently subjected to oxygen plasma
with a patterned mask to form SPI patterns. The SPO layer
exhibits extreme liquid repellency with a high contact angle
(>150°) toward low surface tension and viscous biofluidic
droplets (e.g., ethylene glycol, blood, dimethyl sulfoxide,
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and alginate hydrogel). In contrast, the SPI exhibits liquid adhesion with a near zero contact angle. Using the droplet
manipulation system, various liquid droplets can be precisely manipulated and dispensed onto the predefined SPI patterns
on the SPO PDMS substrate. This system enables a multiplex colorimetric bioassay, capable of detecting multiple analytes,
including glucose, uric acid, and lactate, from a single sample droplet. In addition, the detection of glucose concentrations
in a plasma droplet of diabetic and healthy mice are performed to demonstrate the feasibility of the proposed system for

efficient clinical diagnostic applications.

superamphiphobic, bioassay, droplet manipulation, colorimetric analysis, biomimetics

roplet-based microfluidic systems have received signifi-

cant attention because they enable efficient biological

and chemical analyses with a small sample amount and
simple reagents.' > Compared to conventional microfluidic
devices with fluidic channels, droplet-based microfluidic
systems provide greater flexibility and versatility because they
do not require complex channel networks, pumps, or tubing
systems.” Several approaches can be used to control droplet
samples on a substrate using surface energy gradients,” elec-
trowetting,6 electromagnetic force,” ¢ light,“’12 and acoustic
wave."> However, these methods often require additives,
such as electrolytes or magnetizable particles, to enhance the
response of liquid droplets to applied forces, which hinders the
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use of droplet-based microfluidic systems for many analytical
applications.”"*

Extremely water-repellent superhydrophobic surfaces have
attracted significant interest for use in droplet-based microfluidics
because they enable facile droplet manipulation without the use
of additives.””~"" However, the full-range of manipulations of
water droplets, such as transporting, mixing, and dispensing,
has rarely been demonstrated on a superhydrophobic surface
because of the lack of facile droplet manipulation methods.
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Electrowetting is widely used in droplet-based microfluidic
systems because of its capability for comprehensive droplet
manipulation.”” Although electrowetting allows facile droplet
manipulation, it requires a closed system with high applied
voltage, which restricts its versatility for various biological appli-
cations. Therefore, the development of a droplet manipulation
system using a superhydrophobic surface is urgently needed.
Recently, we developed a droplet-based microfluidic plat-
form that enabled the full-range of manipulations of individual
water droplets through reversible local deformation of micro-
structured superhydrophobic substrates.'® Although the devel-
oped droplet-based microfluidic platform provided a high degree
of freedom for droplet manipulation, it was not able to dispense
small amounts of liquid from the sample. To the best of our
knowledge, no droplet-based microfluidic system has been
developed that allows full-range manipulation of low surface
tension and viscous biofluidic droplets. The lack of an effective
manipulation method for droplet samples limits the applications
of related multiplex bioassays and point-of-care diagnostics.
Analysis of biological analytes in human bodily fluids is
required for the diagnosis and management of chronic
diseases."” ™' Various biosensing techniques, including fluo-
rescence,” > electrochernistry,“’25 chemiluminescence,”*>’
biobarcode assays,”**’ and colorimetric bioassays,’”*' have
been developed to detect/measure biological analytes. Among
these methods, colorimetric bioassays have attracted particular
attention because of their straightforward, rapid, and easily
recognizable response without the need for expensive or sophi-
sticated instruments. The combination of a colorimetric
bioassay and a droplet-based microfluidic platform would likely
prove to be beneficial for the development of point-of-care devices
that enable multiplex bioassays using a single droplet.”**~**
Herein, we report a strategy that enables full-range mani-
pulation of various liquid droplets, including water, ethylene
glycol (EG), blood, dimethyl sulfoxide (DMSO), and hydro-
gels. A stretchable superamphiphobic (SPO)—superamphiphilic
(SPI) patterned polydimethylsiloxane (PDMS) substrate was
the platform with which we were able to achieve the full-range
manipulation. The SPO layer was fabricated through sequential
spray coating of a double layer of adhesive and fluorinated
silica nanoparticles (F-NPs) on a thin and flexible PDMS sub-
strate. The SPO-layer-coated PDMS (SPO PDMS) substrate
exhibited extremely high liquid repellency with a large contact
angle (CA) of >150° and a low sliding angle (SA) of <10°
toward various liquid droplets. The surface maintained its
superamphiphobicity even under high strain rates (>100%) and
repeated stretching cycles (>1000 cycles). To manipulate a
liquid droplet on the substrate, a local dimple structure
was formed by placing a moving vacuum tip under the
substrate. Liquid droplets in the SPO region were easily moved
along the local dimple structure because of the extremely
low surface adhesion force. To form SPI patterns on the SPO
PDMS substrate, the substrate was treated with oxygen plasma
and a shadow mask. After defining the SPI regions on the SPO
PDMS substrate, liquid droplets with a volume of 0.05—1.4 uL
were precisely dispensed onto the SPI patterns through the
fabricated droplet manipulation system. Thus, a single-droplet
multiplex colorimetric bioassay was demonstrated. Various
biological analytes such as glucose (GL), uric acid (UA), and
lactate (LA) over clinically relevant ranges (GL, 0—20 mM;
UA, 0.25—4 mM; LA, 0—20 mM) were successfully analyzed
using the developed system. In addition, diabetes diagnoses
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were conducted by determination of the GL concentrations in
the plasma of healthy and diabetic mice.

RESULTS AND DISCUSSION

Fabrication of SPO—SPI Patterned PDMS Substrate
for a Single-Droplet Multiplex Colorimetric Bioassay
Platform. Figure la shows a schematic of the single-droplet
multiplex colorimetric bioassay platform. A predesigned colori-
metric bioassay library is formed on the SPO—SPI patterned
PDMS substrate as a disposable cartridge. Upon loading the
cartridge onto the droplet manipulation system, a single-droplet
sample (e.g, blood, tears, or urine) containing multiple bio-
logical analytes can be precisely manipulated by the local
dimple structure generated by the application of a vacuum
tip beneath the substrate. The droplet can easily be moved
along the vacuum tip, and a very small volume of liquid can
be dispensed onto each SPI pattern. The SPI patterns were
predesigned with different colorimetric reagents to enable the
examination of multiple analytes in the single-droplet sample.

Figure 1b shows the fabrication process of the SPO—SPI
patterned PDMS substrate. First, the SPO layer is coated onto a
thin and flat PDMS substrate using a simple and sequential
spray of adhesive material and F-NPs. The SPI regions are then
defined on the SPO layer by oxygen plasma treatment with a
shadow mask. This enables the simple and large-area coating
of the SPO layer with SPI patterns on various materials
(see Figures S1 and S2 for more information). Figure 1c shows
representative scanning electron microscopy (SEM) images of
the fabricated SPO PDMS substrate. The SEM images show
hierarchical micro- and nanostructures composed of bonding
material and F-NPs deposited by spray coating. The generated
micro/nanohierarchical structures maintained their morphol-
ogy even after the oxygen plasma treatment (Figure S3).

The chemical composition of the SPO layer coated on the Si
surface with and without plasma treatment was characterized by
X-ray photoelectron spectroscopy (XPS), as shown in Figure 1d.
The SPO layer spectrum shows a relatively large F 1s peak
(689.4 €V) arising from the fluoroalkyl silane (FAS) of the
F-NPs on the substrate.”> The FAS was decomposed by
reactive oxygen atoms from the plasma treatment, resulting in a
decreased F 1s peak intensity in the XPS spectrum of the SPI
substrate.'> The SPO PDMS substrate exhibited extremely high
liquid repellency for water, EG, blood, DMSO, and hydrogels.
In contrast, the SPI surface exhibited extremely high liquid
wettability, as shown in Figure le.

Extreme Wettability of the SPO and SPI PDMS
Substrates. To characterize the wettability of the SPO/SPI
coating layers, 10 uL blood samples were dropped onto
20°-tilted bare, SPO PMDS, and SPI-layer-coated PDMS
(SPI PDMS) substrates (Figure 2a and Movie S1). In this
study, 0.75 U/mL of heparin was used to prevent the imme-
diate clotting of fresh blood droplets upon exposure to air.*®
When the blood sample was dropped onto a bare PDMS sub-
strate, it adhered to the substrate and did not roll off. However,
when it was dropped onto the SPO PDMS substrate, the blood
droplet quickly rolled off due to gravitational forces, without
leaving blood residue on the substrate. After plasma treatment,
the wettability of the SPO surface dramatically changed, resulting
in rapid spreading of the blood droplet on the substrate.

For quantitative analysis of the liquid wetting behaviors on
the SPO/SPI substrates, the static CAs of the various types
of droplets on SPO/SPI PDMS were measured (Figure 2b,c).
All liquids used in this experiment showed a high CA (>150°)
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Figure 1. SPO—SPI patterned PDMS substrate for the droplet-based multiplex bioassay platform. (a) Schematic of droplet-based multiplex
bioassays on SPO—SPI patterned substrates. A predesigned bioassay library on a disposable cartridge is loaded onto the droplet manipulation
platform for single-droplet multiplex bioassays. (b) Schematic of the fabrication process of the SPO—SPI patterned substrate. (c) Scanning
electron microscopy images showing the hierarchical micro- and nanostructures of the substrates. Scale bars: 100, 10, and 1 pm for
hierarchical-, micro-, and nanostructures, respectively. (d) X-ray photoelectron spectra of the SPO and SPI surfaces. (e) Photograph of

various liquids on the SPO and SPI surfaces. Scale bar: 1 cm.

on SPO PDMS while showing a CA of nearly zero on SPI
PDMS. In addition to the static CAs, the SAs of each type of
sample were measured, and the liquids on the SPO PDMS
displayed very low SAs (<10°, Figure S4). The liquid repellency
of the prepared substrate was further investigated by measuring
the CAs and SAs of various liquid droplets (Figure SS).
The droplets with varying surface tensions were prepared by
mixing water, which has a high surface tension (72 mN/m)
and ethanol, which has a low surface tension (21.8 mN/m)
with different mixing ratios. The SPO PDMS substrate showed
extreme repellency toward the liquid droplets with a surface
tension greater than 33 mN/m, which is lower than that of
most biological fluids, such as blood, plasma, sweat, and urine
(46—72 mN/m).”” 7>’ The extreme wettability of the SPO/SPI
PDMS substrate can be explained by the low surface energy of
the hierarchical micro- and nanostructures. Figure 2d shows a
schematic of wettability principles for the hierarchically
structured SPO/SPI layers. During the sequential spray-coating
process, re-entrant microstructures form from the aerosol of
adhesive droplets and agglomerates of F-NPs.** Thus, when a
liquid with low surface tension is loaded onto the fabricated
structures, the meniscus between the liquid and re-entrant
cavities adopts a convex shape because of the negative slope of
the re-entrant structures and the low surface energy of the F-
NPs.*"* The gravitational force induced downward intrinsic
pressure (P,) in equilibrium with an upward Laplace pressure
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(Pp) at the interfaces. In addition, the agglomerated F-NPs con-
tribute to the superamphiphobicity of the substrate by forming
a large number of nanoscale pores that contain tiny air pockets
(Figure $6).**! Therefore, low-surface-tension liquids and
complex biofluids such as EG and blood are excluded from
the cavities, resulting in the nonwetting surface with high CA
(>150°, Figure 2c). The surface energy drastically increases
after the oxygen plasma treatment because it decomposes the
low-surface-energy FAS layer.”® The increased energy of the
plasma-treated surface changes the direction of P, downward,
resulting in an almost zero apparent CA of the liquids on the
hierarchical structures (Figure 7).

Mechanical Durability of the SPO PDMS Substrate.
For the local deformation of surfaces to allow the manipulation
of liquid droplets, the extreme wettability of SPO PDMS must
be maintained under the stretched state. Figure 3a shows a
10 uL EG droplet on SPO PDMS before and after the appli-
cation of a uniaxial tensile strain. SPO PDMS retained its liquid
repellency at strain levels of as high as 100%. Because of the
heterogeneous tensile strain distribution during surface stret-
ching, the micro/nanohierarchical structures were preserved in
specific section of the surface (hills), whereas the other sections
(valleys) were elongated, exposing the flat PDMS surface
(Figure 3b). Thus, the extreme wetting behavior at the macro-
scopic scale was maintained through the formation of air
cavities in partially preserved hierarchical structures, even under

DOI: 10.1021/acsnano.7b05826
ACS Nano 2018, 12, 932—-941


http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b05826/suppl_file/nn7b05826_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b05826/suppl_file/nn7b05826_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b05826/suppl_file/nn7b05826_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b05826/suppl_file/nn7b05826_si_001.pdf
http://dx.doi.org/10.1021/acsnano.7b05826

ACS Nano
a > b EGCA=155t07° © 200
o 0s V‘_oss r‘ 3s T sPo . SP
N\ 3 N\ s N\ < 150
\ 9 N @
1 [=2]
A A ‘
, ’ 5}
Bare PDMS /A Y 4 EG CA ~0° % o
0s 0.05s 0.10s ©
N\ N\ N\ 0
o~ . 1@ > O
\ \ d —— A
SPO PDMS A A SPO SPI Adreaive
P; liquid
Os 0.05s 3s
V N ':. N '.: N J
- Y -9 N t /A P:l:L

I oW AT aY | | (OB 8 |
Substrate Substrate

Figure 2. Experimental observations and theoretical principles of the extreme wettability of SPO and SPI PDMS substrates. (a) Sequential
photographs of blood droplets on bare, SPO, and SPI PDMS substrates tilted at 20°. Scale bar: 1 cm. (b) Optical images of a 5 L EG droplet
on the SPO and SPI surfaces. (c) CAs of various liquid droplets on the SPO and SPI surfaces. All liquid droplets used in these experiments
showed a high CA (>150°) on the SPO surface and an almost zero CA on the SPI surface. d) Schematics of the wettability principles of the

SPO and SPI surfaces.
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Figure 3. Mechanical durability of the SPO PDMS substrate under repeated stretching cycles. (a) Photographs of the stretching and relaxing
of the substrate. Scale bar: 1 cm. (b) SEM images of the substrate under 100% strain. Scale bar: 50 gm. The magnified SEM images indicate
that the hierarchical micro- and nanostructures were maintained under stretching. Scale bar: 10 gm. (c,d) CAs and SAs of the EG droplets on
the SPO substrate under different uniaxial strains and number of stretching cycles.

100% strain (Figure 3c).** In addition, stable adhesion between
the coating layer and PDMS substrate contributes to the
mechanical durability of SPO PDMS upon repeated stretching
(Figure 3d). In these experiments, 100% uniaxial strain is
applied and released during each cycle. SPO PDMS showed no
defects or delamination of the coating even after 1000 stretch
and release cycles (Figure S8), and its initial CA and SA values
were unchanged.

Liquid Droplet Manipulation on the SPO-SPI
Patterned PDMS Substrate. Using the highly stretchable
SPO—SPI patterned PDMS, we demonstrated precise liquid
droplet manipulation in the prepared system including trans-
porting, mixing, and dispensing (Figure 4a and Movie S2).
The diameter of the circular SPI patterns and the spacing
between them were 2 and 15 mm, respectively. A vacuum
pressure of 20 kPa was applied beneath the substrate through a
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10 mm diameter vacuum tip to load the droplet. Then, the tip
was gently pulled down using a Z-stage to create a slight slope
(~5°). For the manipulation of the liquid, the vacuum tip was
horizontally manipulated using an automated X—Y transla-
tion stage. The 200 yL EG droplet freely traveled on the SPO
region with the moving vacuum tip and left a few microliters of
fluid on the SPI patterns along the path of the vacuum tip.
In addition, the manipulation of the blood and multiple other
droplets were successfully demonstrated using the fabricated
system combined with multiple vacuum tips (Movie S3 and
Movie S4). It should be noted that the biofluidic droplet
dispensing and multiple droplet guiding are useful in bio-
medical applications because they enable automated detection
and analysis of bioanalytes in a high-throughput manner.

The principle of liquid droplet guiding and dispensing is
shown in Figure 4b. Generally, droplet behavior on the surface
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Figure 4. Guiding and dispensing of the liquid droplet on the SPO—SPI patterned PDMS substrate. (a) Sequential photographs of droplet
dispensing on the SPO—SPI patterned surface. Scale bar: 1 cm. (b) Schematic diagram showing the principle of droplet guiding and
dispensing used in this study. The daughter droplet is dispensed from the parent droplet when the vacuum tip passes the SPI pattern. (c) Mass
of the required droplet volume for droplet dispensing as a function of pattern diameter. (d) Mass of the dispensed daughter droplet as a
function of pattern diameter. (e) Consecutive photographs of droplet dispensing on a single SPI pattern. The pattern maintains its
superamphiphilicity after the first dispensed droplet was dried. Scale bar: 5 mm. (f) Absorption spectra of rhodamine B (RB) and malachite
green (MG) on a dyed SPI pattern. The characteristic peaks correspond to the different dyes (RB, 557 nm; MG, 627 nm). After sequential
dispensing and drying of the RB and MG dye droplets on a single pattern (denoted as RB and MG) the absorption spectrum shows double

peak characteristics, composed of the RB and MG peaks.

is governed by the correlation between the gravity applied to
the droplet on a substrate (Fg) and surface adhesion force
(F,qn)- When F, is larger than F,4,, liquid droplets freely move
on the substrate with appropriate manipulation. For droplets
on a tilted substrate, F, can be determined by the equation;
F, = mg sin &, where m is the mass of the parent droplet, g is
the gravitational acceleration, and ¢ is the tilting angle of the
substrate. From the above equation, the adhesion force of the
SPO substrate was calculated to be 2.6 mN (Figure S4), which
implies that a water droplet greater than ~3 uL can be guided
along the local movements of the dimples. Compared to the
F,q, of SPO substrate, the surface adhesion force of the SPI
pattern (Fgpy) is extremely high. Thus, when the guided droplet
passes the SPI pattern, the droplet sticks to the pattern and
is stretched as the vacuum tip moves away from the pattern.
The droplet is stretched until F, becomes equal to Fgp.
Then, some of the droplet (daughter droplet) remains from the
parent droplet when the tip is moved away from the pattern. In
contrast, when F, is smaller than Fgp;, the parent droplet is
pinned on the SPI pattern rather than dispensing the daughter
droplet. From the Furmidge equation, Fgp; can be described by
Dy(1 — cos Oc,), where D is the diameter of the pattern, y is
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the liquid surface tension, and 6, is the CA of the droplet on
the SPI pattern.”> Therefore, the conditions required for the
droplet to be dispensed onto the SPI pattern can be derived
from the following equation:

mg sin & > Dy(1 — cos O,) (1)
Equation 1 implies that the minimum mass of the parent
droplet required for droplet dispensing (m,,;,) is in proportion
to D and y. Figure 4c shows the experimentally determined and
calculated results of m,;, as a function of the diameter of the
SPI pattern needed to satisfy the droplet dispensing conditions.
As predicted from eq 1, the m,;, increases with SPI pattern
diameter. In addition, the m,;, of the water droplet is clearly
larger than that of the EG droplet when using the same SPI
pattern. The m,;, difference between the water and EG droplet
can be attributed to the surface tension of water (72.0 mN/m),
which is greater than that of EG (47.3 mN/m). The experimentally
determined values are smaller than those of the calculation, and
the disparity increases as the SPI pattern diameter increases.
This behavior can be attributed to the nonuniform adhesion
force distribution of the SPI pattern resulting from the defor-
mation of the droplet meniscus.*® If the volume of the droplet
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(GL, 0 mM), healthy mouse plasma, and diabetic mouse plasma.

increases, the instability of the droplet meniscus shows a similar
increase (Figure S9). Thus, the droplet rolls off of the adhesive
surface before it can achieve the maximum full pinning force of
the SPI pattern. Figure 4d shows the mass of the daughter
droplets left on the SPI pattern after dispensing. As can be
clearly observed in Figure 4d, a few microliters of the daughter
droplet were precisely dispensed, and the mass was determined
by diameter of the SPI pattern. When the diameter of the SPI
pattern was raised from 1 to 2 mm, small liquid droplets were
precisely dispensed with volumes ranging from 0.05 to 1 uL for
water and 0.4 to 1.4 uL for EG. Interestingly, the daughter
droplet mass of the EG was larger than that of the water at a
constant pattern size. This is attributed to the higher surface
tension of water than that of EG, resulting in a stronger
adhesion to the SPI pattern (eq 1). To determine the limitation
of droplet dispensing, SPI patterns with different diameters
were fabricated (Figure S10). The results confirmed that water
dispensing can be successfully achieved with a pattern diameter
as small as 0.6 mm. However, when the diameter is smaller than
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0.6 mm, dispensing of the water droplet did not occur since the
adhesion force of the SPI region at the smaller diameters was
negligible compared to the surface tension of the water droplet.

To apply the developed system as a droplet-based bioassay
platform, the extremely high liquid wettability of the SPO—SPI
patterns must be maintained. Figure 4e and Movie S5 show the
sequential dispensing of two different droplets containing either
red or blue dyes on the same 2 mm diameter SPI pattern.
Even after dyeing the pattern with the first red droplet, no notice-
able change in wettability was observed in the SPI pattern.
The blue droplet was successfully dispensed on the red-dyed
SPI pattern. Another important consideration is whether the
substances in the sample droplets can be sufficiently mixed
on the SPI pattern. The mixing of the substances on the
SPI pattern was evaluated by sequential staining of the SPI
pattern with two different fluorescent dyes Figure 4f shows the
absorption spectra of the fluorescent-dye-stained SPO—SPI
patterns. First, the absorption spectra of rhodamine B (RB) was
measured, and malachite green (MG) was then stained on the
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SPI patterns. The absorption spectra of RB and MG showed
significant peaks at 557 and 627 nm, respectively, matching
previously reported results.”** Next, the absorption spectrum
of an RB/MG mixed pattern formed by successive dyeing and
drying of RB and MG on the same SPI pattern was measured.
Significantly, the two characteristic peaks appeared at the same
wavelengths of the pure RB and MG spectra, suggesting that
various specimens can be mixed well and successfully reacted
on the SPI pattern. Furthermore, this capability enables colori-
metric bioassays where independent colors are extracted from
the pattern using a wavelength filter.

Colorimetric Bioassay Using the SPO—SPI Patterned
PDMS Substrate-Based Droplet Manipulation System.
To determine the analytical efficacy of the developed system,
the enzymatic colorimetric assay of three clinical relevant
analytes (GL, UA, and LA) were performed using the SPO—
SPI patterned PDMS substrate-based droplet manipulation
system. For the colorimetric assay, the droplet manipulation
system was used to prepattern the SPI regions of the substrate
with the colorimetric reagents consisting of enzymes and a
color indicator. The droplets containing the biological analytes
were then dispensed and fully dried onto the SPI region
previously coated with the reagent (see Materials and Methods
section for details). Figure Sa—c and the corresponding insets
show the results of the colorimetric assay for GL, UA, and
LA, respectively. Higher analyte concentrations led to increased
color intensity, and linear relationships were obtained over
the following concentration ranges: GL (0—20 mM), UA
(0.25—-4 mM), and LA (0—20 mM). These results are similar
to those ?reviously reported for microfluidic paper-based
devices."”*” The fabricated bioassay substrate exhibited stable
wettability and colorimetric response after 2 weeks, regard-
less of storage conditions (see Figures S11 and S12 and the
Supporting Information for more details). It should be noted
that the developed system can efliciently reduce sample con-
sumption (1 yL) by reducing handling mistakes and unnecessary
waste, such as sample absorption to a microfluidic channel.
Furthermore, the developed system enables the simultaneous
detection of many analytes in a single run using a single droplet.
Figure 5d(i) shows the overall multiplex bioassay procedure.
To demonstrate the multiplex bioassay, SPI patterns were
formed in a 3 X 3 array on the SPO PDMS substrate, and each
of the columns was coated with GL, UA, and LA reagents.
Next, three combinations of analyte samples (Table 1) were

Table 1. Combinations of the Analytes for Testing the
Multiplex Colorimetric Bioassays

glucose (mM) uric acid (mM) lactate (mM)

sample 1 10 2 0
sample 2 0 2 2
sample 3 10 0 2

sequentially dispensed from the top to bottom lines. Figure Sd(ii)
shows the multiple analyte detection results for each sample.
From the measured color intensity, it was determined that the
concentration of each analyte in the sample droplets were
similar to the predesigned concentrations within a 20% error,
which satisfies the FDA standard (Figure Se).”” Compared to
conventional microfluidic multiplex bioassays, our system can
transfer and pattern the sample droplet without the need for
microfluidic channels. Therefore, our system is more suitable
for multiplex bioassays as it reduces cross-contamination
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between reaction zones. To explore the feasibility of the devel-
oped system as a practical diagnosis platform, the diabetes state
of mice was determined by analyzing the GL concentration
in a plasma droplet sample, as shown in Figure 5f. Blood plasma
samples were obtained from both healthy and diabetic mice.
Figure Sg shows the GL concentrations determined by color-
imetric assay. Animals were classified as diabetic if their per-
fusate GL concentration was higher than 13 mM.>" The results
show that the GL level in the diabetic mouse was 13.3 mM,
whereas that in the healthy one was determined to be 7.5 mM.
To determine the accuracy of the measured GL concentrations,
the samples were also examined using a conventional GL meter
(Accu-Check Active), with similar results to those obtained
from the colorimetric assay. This implies that our approach can
be practically used as a diagnosis platform with high accuracy.

CONCLUSION

Herein, we developed an SPO—SPI patterned PDMS substrate-
based droplet manipulation system for multiplex bioassay
platforms. The SPO layer was formed by spraying a double
layer of adhesive and F-NPs, which is a straightforward and
efficient method suitable for spraying of large areas. The SPI
region was patterned using an oxygen plasma treatment in
combination with a shadow mask. The experimental and theo-
retical results demonstrated that the SPO and SPI layers
exhibited extremely high liquid repellency and adhesive prop-
erties toward low surface tension and viscous biofluidic drop-
lets. The extraordinary properties of the SPO—SPI patterned
PDMS substrate enabled full-range droplet manipulation,
including transportation, mixing, and dispensing, through the
control of a local dimple. Based on the developed droplet
manipulation system, a multiplex colorimetric bioassay platform
was fabricated that is able to precisely determine the concen-
tration of multiple clinically relevant analytes (GL, UA, and LA)
using only a single droplet. Furthermore, the feasibility of the
developed device as a diagnostic platform was examined by
diagnosing diabetes. Therefore, we expect that the developed
system will have broad applications in the biomedical field
because of its simple fabrication process and potential for easy
combination with conventional biosensing methods.

MATERIALS AND METHODS

Preparation of F-NPs. A total of 200 mg of silica nanoparticles
(10—-20 nm particle size, Sigma-Aldrich) was dispersed in 9.7 g of
toluene. Subsequently, 0.1 g of 1H,1H,2H,2H-perfluorooctyl-
triethoxysilane (POTS, Sigma-Aldrich) was added to the silica solution
and homogeneously mixed with ultrasonication for 1 h to fluorinate
the silica nanoparticles. The solution was then centrifuged (3000 rpm
for 30 min) and washed with acetone three times to remove any
residual POTS. Finally, the F-NP solution was diluted to 2 wt % in
acetone.

Fabrication of the Stretchable SPO PDMS Substrate. A total
of 7 g of PDMS (Sylgard 184, Dow Corning) was mixed with a curing
agent in a weight ratio of 10:1 and gently poured into a round
polystyrene Petri dish (140 mm in diameter) after degassing in a
vacuum chamber. The PDMS substrate was cured in an oven at 80 °C
for 1 h and carefully peeled off to obtain a ~340 ym thick PDMS layer.
To fabricate the SPO PDMS substrate, S g of commercially available
bonding material (PART# 4000, Ultra-Ever Dry), composed of acetic
acid 1,1-dimethylethyl ester (36 wt %), xylene (36 wt %), acetone
(11 wt %), and proprietary polymer material (17 wt %), was spray-
coated onto the PDMS substrate using an airbrush (0.5 mm nozzle
size, GP-50, Sparmax), followed by drying at 80 °C for 30 min in an
oven. The 2 wt % F-NPs solution prepared previously was sprayed
onto the bonding-material-coated PDMS substrate using an airbrush
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with the same specifications. The spray-coating processes were
conducted under 140 kPa of N, pressure at a constant distance of
~20 cm.

Fabrication of SPO—SPI Patterned Substrates. To obtain SPI
patterns on the SPO PDMS substrates, the SPO PDMS substrate was
plasma treated at 100 W for 45 s (CUTE-MPR, Femto Science) using
a patterned shadow mask. The wettability of the region exposed to
plasma was changed from SPO to SPL

Droplet Manipulation on the SPO—SPI Patterned Substrate.
For droplet manipulation, the circular SPI regions were patterned in a
2 mm diameter and 15 mm spacing on the SPO PDMS substrate.
Then, the SPO—SPI patterned PDMS substrate with a diameter of
140 mm was suspended in a metallic sample stage with an 85 mm
diameter central hole without sagging. A vacuum tip (10 mm diameter,
20 kPa of vacuum pressure) was placed beneath the substrate to
manipulate the droplet motion. The distance between the substrate
and vacuum tip was adjusted using a Z-axis stage. The movement of
the vacuum tip was precisely controlled by a programmable X-Y
translation stage at a speed of 3 mm/s (see Figure S13 for detailed
configuration of the liquid manipulation system).

Investigation of Droplet Dispensing on the SPO-SPI
Patterned PDMS Substrate. To study the effect of SPI pattern
diameter for droplet dispensing, we prepared various SPO—SPI
patterned PDMS substrates by varying the diameter of SPI patterns
(1.0, 1.2, 1.4, 1.6, 1.8, and 2.0 mm). The substrate was then placed on
a digital scale with tilting angle of 5°. To measure the minimum
dispensable volume from the parent droplet, successive microdrops
were placed on the patterns using an insulin syringe (BD Ultra-Fine II)
until the droplet was completely dispensed. The mass of the daughter
droplet was then measured using a similar procedure.

Investigation of Droplet Patterning Using a Fluorescent
Dye. RB and MG were purchased from Sigma-Aldrich and
were dissolved in DI water to a final concentration of 0.1 mM.
The absorption spectra of RB, MG, and mixed RB/MG were measured
using a UV—vis spectrophotometer (V-650, JASCO).

Colorimetric-Analysis-Based Multiplex Bioassays. The
p-(+)-GL (99%), UA (99%), LA (99%), glucose oxidase (GOx,
from Aspergillus niger, 128200 U/g), uricase (UC, from Candida sp.,
5 U/mg), lactate oxidase (LOx, from Pediococcus sp., 20 U/mg),
peroxidase (HRP, from horseradish, 146 U/mg), p-(+)-trehalose
dehydrate (TRH, 98.5%), 4-aminoantipyrine (4-AAP, reagent grade),
3,5-dichloro-2-hydroxybenzenesulfonate (DHBS, 98%), and o-dianisi-
dine dihydrochloride (OD, 95%) were purchased from Sigma-Aldrich.
Potassium iodide (KI, 99.5%) was purchased from Duksan Chemical.
All colorimetric reagents were prepared by mixing the enzyme
and chromogenic solutions in a 1:1 ratio. For the glucose assay, the
enzyme solution was prepared by dissolving GOx (100 U/mL),
HRP (30 U/mL), and TRH (0.3 M) in 100 mM PBS (pH 6.0).
The chromogenic reagent was prepared by dissolving KI in 100 mM
PBS (pH 6.0) to a final concentration of 0.6 M. For the uric acid assay,
the enzyme solution was prepared by dissolving UC (80 U/mL), HRP
(300 U/mL), and TRH (0.3 M) in 100 mM PBS (pH 6.0). For this
solution, the chromogenic reagent was prepared by dissolving 4-AAP
(4 mM) and DHBS (8 mM) in 100 mM PBS (pH 6.0). For the
lactate assay, the enzyme solution was prepared by dissolving LOx
(10 U/mL), HRP (30 U/mL), and TRH (0.3 M) in 100 mM PBS
(pH 6.0). The OD was dissolved in 100 mM PBS (pH 6.0) to a final
concentration of 31 mM and acted as the chromogenic reagent.
Analytes including GL (0, 2.5, S, 10, and 20 mM), UA (0.25, 0.5, 1, 2,
and 4 mM), and LA (0, 2.5, S, 10, and 20 mM) were prepared
in various concentrations. To prepare the analytical zone, 1 yL of
colorimetric reagents containing the selected enzyme and chromo-
genic solutions was dispensed in the 2 mm diameter circular SPI
regions using the droplet manipulation system and were fully dried at
room temperature for 30 min. Then, 1 uL of solutions containing the
analytes was dispensed onto the colorimetric reagent prepatterned SPI
regions and dried at room temperature for 30 min. The timed needed
for evaporation of the liquid dispensed in 2 mm diameter SPI pattern
exceeded 30 min, providing a sufficient time for the colorimetric assay
response (Figure S14). In addition, loss of the sample during the
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guiding and dispensing of the droplet by evaporation was negligible
and did not affect the colorimetric assay results (Figure S15). A scanner
was used to acquire images of the colorimetric detection on the SPO—SPI
patterned substrates and the color intensity of the images was analyzed
using the Adobe Photoshop CS6 software. For diabetes diagnosis, mouse
sera were acquired from healthy and diabetic mice®* (ICR, 7-week
old, female; purchased from Orientbio Seongnam, Gyeonggi, Korea).
A glucometer (ACCU-CHEK Active, Roche, Basel, Switzerland) was
used to compare the results of the developed multiplex assay platform.

Characterization. The surface morphologies of the SPO—SPI
patterned PDMS substrate were characterized using a field-emission
scanning electron microscope (JSM-6360, JEOL). The chemical com-
position of the substrate was determined using an X-ray photoelectron
spectrometer (K-alpha, Thermo Scientific) equipped with a mono-
chromatic Al Ka X-ray source. The static CAs of the liquids were
measured using a CA measurement system equipped with a dynamic
image capture camera (Phoenix 300, SEO Co., Ltd.). In this study, the
SAs were defined as the tilting angle when the droplet began to move
across the surface. To measure the SAs, 10 uL of liquid droplets were
placed on the substrate, and the tilting angle was gently increased
using a manual tilting stage until the droplet rolled off.
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