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SERS-based droplet microfluidics for high-
throughput gradient analysist
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In the last two decades, microfluidic technology has emerged as a highly efficient tool for the study of
various chemical and biological reactions. Recently, we reported that high-throughput detection of various
concentrations of a reagent is possible using a continuous gradient microfluidic channel combined with a
surface-enhanced Raman scattering (SERS) detection platform. In this continuous flow regime, however,
the deposition of nanoparticle aggregates on channel surfaces induces the “memory effect,” affecting both
sensitivity and reproducibility. To resolve this problem, a SERS-based gradient droplet system was devel-
oped. Herein, the serial dilution of a reagent was achieved in a stepwise manner using microfluidic concen-
tration gradient generators. Then various concentrations of a reagent generated in different channels were
simultaneously trapped into the tiny volume of droplets by injecting an oil mixture into the channel. Com-
pared to the single-phase regime, this two-phase liquid/liquid segmented flow regime allows minimization
of resident time distributions of reagents through localization of reagents in encapsulated droplets. Conse-
quently, the sample stacking problem could be solved using this system because it greatly reduces the
memory effect. We believe that this SERS-based gradient droplet system will be of significant utility in
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1. Introduction

In the enzyme-linked immunosorbent assay (ELISA) using a
96-well plate, tedious manual dilution steps through repetitive
pipetting are required. Microfluidic gradient platforms have
been extensively used in various biological assays due to their
many advantages, including reduced sample volume and
automatic generation of various concentration gradients.'”
We previously reported that the manual dilution process in
ELISA can be eliminated using a gradient microfluidic tech-
nique because various concentrations of a reagent can be au-
tomatically generated using microfluidic gradient generators.*
Together with this gradient microfluidic system, a highly
sensitive on-chip detection technology has been developed for
real-time analysis of a target molecule. Recently, surface-
enhanced Raman scattering (SERS) using metal nanoparticles
has been considered as a promising detection technique due
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simultaneously monitoring chemical and biological reactions for various concentrations of a reagent.

to its high sensitivity and multiplex detection capability.”™°
Consequently, SERS-based microfluidic gradient platforms
have recently attracted significant attention. SERS has a
highly sensitive detection capability, and gradient micro-
fluidic platforms provide advantages in fluid control and high
throughput analysis. It also provides an ideal means for yield-
ing sensitive detection with the reproducible measurement
conditions and highly defined detection area specified by
small microfluidic channels."*™® Therefore, integration of
SERS with microfluidic gradient platforms offers wide appli-
cation in chemical or biological analysis.** ™"’

Our research group previously reported a programmable,
gold array-embedded gradient microfluidic chip that inte-
grated a gradient microfluidic device with gold-patterned
microarray wells.”® Using this device, the manual dilution
process involving repetitive pipetting and an inaccurate pro-
cess could be eliminated because various concentrations of a
reagent were automatically generated using microfluidic gra-
dient generators. In this work, the assay was performed in a
continuous flow condition. However, this single-phase flow
regime suffered from the difficulties associated with imple-
mentation of micro-substrates within a channel, washing
unreacted reagents in the channel, and memory effects
caused by deposition of nanoparticle aggregates on channel
surfaces.> ** To resolve the problems in this continuous flow
regime, we implemented a droplet microfluidic module®*>*
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into the continuous flow gradient channel in this work. Accu-
rate serial dilution of a reagent could be achieved using a
microfluidic gradient generator in a continuous flow regime,
and then all concentrations of a reagent in different channels
were simultaneously trapped into tiny volume of droplets by
injecting an oil mixture into the channel.

The droplet gradient chip proposed in this work is com-
posed of two layers. One layer is a panel for serial dilution of
a reagent, and the other is a panel for nanoparticle distribu-
tion and droplet generation. For sensitive SERS detection of
different concentrations of a reagent, branched gold nano-
particles, gold nanoflowers (AuNFs), were used in this work.
AuNFs demonstrate stronger SERS activity than non-
branched gold nanospheres (AuNSs) due to the anisotropic
distribution of electromagnetic fields near the surface of
branched nanoparticles.?*”** In the present work, a conceptu-
ally new SERS-based gradient microdroplet system was
designed and fabricated. The presented device allows rapid
and reproducible automatic SERS detection of multiple con-
centrations of a reagent through generation of gradient
microdroplets and their sensitive SERS detection using
AuNFs. To validate our approach, malachite green (MG) was
chosen as a target reagent. We anticipate that this SERS-
based gradient microdroplet platform will have great promise
in simultaneously and automatically monitoring chemical or
biological reactions for various concentrations of a reagent.

2. Materials and methods

2.1 Reagents and materials

Gold(m) chloride trihydrate (>99.9%), sodium citrate tribasic
dehydrate (99%), 1H,1H,2H,2H-perfluorooctanol (PFO, 97%),
trichloro(1H,1H,2H,2H-perfluorooctyl)silane (97%), perfluoro-
decalin (95%), hydroquinone (>99%), malachite green carbi-
nol hydrochloride (85%), and fluorescein sodium salt were
purchased from Sigma-Aldrich (MO, USA) and used without
further purification. Polydimethylsiloxane (PDMS, Sylgard
184 Silicone Elastomer Kit) was purchased from Dow Corning
(MI, USA). FC-40 (a mixture of perfluorotributylamine and
perfluoro(di-n-butylmethylamine)) and FC-70 (perfluorotripen-
tylamine) were purchased from 3M (MN, U.S.A.). Deionized
water was purified using a Milli-Q water purification system
(MA, USA).

2.2 Instrumentation

Fluorescence measurements were performed using an Olym-
pus IX71 inverted microscope system (Olympus Co., Tokyo,
Japan). Images assessing serial dilution and mixing efficiency
within the microfluidic channel were acquired and analysed
using Q-imaging software. SERS measurements were
performed using a home-built confocal Raman microscope
system. A Spectra Physics He-Ne laser (Research Electro-
Optics, Inc., Boulder, CO, USA) operating at 633 nm was used
as the excitation source with a laser power of approximately
12 mW. A 20x objective lens (numerical aperture of 0.40) was
used to focus the laser beam. The flow rate of the droplets
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was finely controlled to consistently pass the detection area
at each channel. The laser beam was focused on the center of
the channel after droplets passed through the winding chan-
nels. Raman spectra were collected for 10 s from the droplets
passing the detection area. Since the average flow rate was
167 droplets per min, the number of droplets to encompass
the detection point for 10 s corresponds to 28 droplets. Ra-
man measurements were performed three times to gain more
reproducible values. An Acton SP2500 monochromator with a
PIXIS charge-coupled device (CCD) camera (Princeton Instru-
ments, MA, USA) was used to collect Raman scattering sig-
nals at a spectral resolution of 1 cm™". The Rayleigh line was
removed from the Raman scattering using a holographic
notch filter in the collection path. Precision syringe pumps
(PHD 2000, Harvard Apparatus, Holliston, MA, USA), 1 mL
Norm-Ject plastic syringes (Henke-Sass Wolf GmbH, Ger-
many), 32 mm 22G needles (KOVAX-NEEDLEs, Korea Vaccine
Co., Ltd., Seoul, Korea), and Tygon microbore tubing (ID =
0.02 IN, Saint-Gobain PPL Corp., Paris, France) were used to
inject the sample into the gradient microdroplet chip.

2.3 Preparation of gold flower nanoparticles

Flower-shaped gold nanoparticles (AuNFs) were prepared
using the synthetic method reported by Li et al.*° First, 75 uL
of 100 mM HAuCl, was dissolved in 30 mL of deionized wa-
ter, and 0.9 mL of 1% sodium citrate was added with stirring
for 30 min and heated to boil until the solution color
changes to red. Then the solution was cooled under stirring
to prepare gold nanospheres, which were used as seeds for
synthesis of AuNFs. The average diameter of the seeds was
estimated to be 20 nm. Second, the seeds and 25 uL of
HAuCl, were dissolved in 9.6 mL of deionized water, and
then 22 pL of 1% sodium citrate and 1 mL of 30 mM hydro-
quinone were added to the solution under stirring for 30 min
at room temperature to make branches on the surface of the
seeds. When the HAuCl, solution was completely reduced on
the surface of the seeds by the hydroquinone and sodium
citrate, the reaction was terminated. The final AuNFs solution
was optimized by adding 200 pL of seeds, which were used as
SERS-active AuNFs probes. Before adding AuNFs into the
microfluidic chip, the solution were purified and concen-
trated through centrifugation (300 rpm, 20 min) and
redispersed in DI water. The final concentration of AuNF was
estimated to be 0.1 nM. The optimum ratio between Au seeds
and reducing agents was determined by altering the amount
of seeds from 15, 50, 100, and 200 pL to 300 pL, whereas the
amounts of HAuCl,, sodium citrate, and hydroquinone were
fixed. A Cary 100 spectrophotometer (Varian, Salt Lake City,
UT, USA) was used to acquire UV extinction spectra of each
AuNF synthesized with a different amount of seeds. High-
magnification transmission electron microscopy (TEM)
images were obtained with a JEOL JEM 2100F instrument
(JEOL, Tokyo, Japan) at an accelerating voltage of 200 kV to
assess the size and morphology of each of the AuNFs.
Dynamic light scattering data were obtained for the AuNFs
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with a Nano-ZS90 (Malvern Instruments, Malvern, UK). The
final AuNF solution was optimized by adding 200 pL of seeds,
which were used as SERS-active AuNF probes.

2.4 Fabrication of the gradient microdroplet chip

Gradient droplet microfluidic channels consisted of two indi-
vidual PDMS panels. One was the panel for serial dilution of
a reagent and distribution of the SERS-active AuNF solution,
and the other was the panel for generation of six parallel
droplets. The device patterns were designed using AutoCad
software (Autodesk Inc., San Rafael, CA, USA). Positive SU-8
50-100 photoresist (MicroChem Corp., Westborough, MA,
USA) moulds for the two PDMS panels were fabricated by the
standard lithographic method. Subsequently, the PDMS pre-
polymer and curing agent (Sylgard 184, Dow Corning,
Auburn, MI, USA) were mixed in a ratio of 10:1 (w/w),
degassed, and decanted onto the positive mould. The mixture
of pre-polymer and curing agent was cured at 70 °C for 2 h in
an oven and demoulded. Next, inlet and outlet holes for flu-
idic access were formed, and the structured PDMS substrate
was bonded to a glass slide using oxygen plasma. For hydro-
phobic treatments of the interior channel surface, the inside
of the channel was filled with 1% (v/v) trichloro(1H,1H,2H,2H-
perfluorooctyl)silane in FC-40 solution, immediately after
which the entire device was placed in a desiccator for 1 h.
The channel was then washed with ethanol and dried at 70
°C for 1 h to remove the remaining ethanol. The widths of
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the inlet channels, droplet channels, and other channels
were 300 um, 200 um, and 120 um, respectively. The depth of
all channels was estimated to be 100 pm. A 10:20:3 (v/v)
mixture of FC-40, FC-70, and PFO was used as a carrier oil.

3. Results and discussion
3.1 Design of microfluidic channels for serial dilutions

Fig. 1a shows the schematic design of the gradient droplet
chip used in this work. This chip was designed to perform
high throughput detection of a reagent. As described above,
this gradient chip is composed of two layers. For highly sen-
sitive detection of a reagent, AuNFs were used as SERS nano-
tags in this work. Fig. 1b illustrates a schematic view of a
three-layer gradient droplet chip. The top layer is a gradient
panel to generate different concentrations of a reagent. In
the middle layer, droplets were generated by injecting inert
oil from the inlet on the top, and each gradient was mixed
with AuNFs at the junction of the bottom part of the channel,
shown in Fig. 1c. Herein, different concentrations of a re-
agent were adsorbed on AuNFs in each droplet, and their
SERS signals were measured after formation of serial drop-
lets. Each droplet contained the same number of AuNFs and
different concentrations of a reagent, and the reaction be-
tween SERS nanotags and reagents was accelerated when they
passed through the multiple winding channels. The third
layer was a glass substrate to bind the top and middle

(b) 0 Top layer

4 (Target loading & gradient generation)

0 Middle layer
(Sample reaction & SERS detection)

_____

Bottom layer (slide glass)
(corrosion resistant glass)

(o
( ) Gradient <

sample AuNFs SERS detection

Oil J'.‘,,

Outlets 4 /

Fig. 1 (a) Schematic design of a gradient droplet microfluidic chip for SERS-based high throughput gradient analysis. Gold nanoflowers (AuNFs),
target analyte to be diluted, buffer solution, and carrier oil were injected into the channel inlets, and the SERS signals were measured using a He-
Ne laser for multiple droplets containing various concentrations of a target reagent. (b) The system consists of two parallel layers: (i) target loading
and serial dilution occur in the top panel, (ii) nanoparticle distribution, droplet generation, and SERS detection occur in the middle panel. (c) Image
(left) and photo (right) of the middle layer showing the droplet generation and SERS detection.
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polydimethylsiloxane (PDMS) panels together. The three
layers were bonded together using oxygen plasma treatment.
The photograph on the right side of Fig. 1c shows the inte-
grated gradient microdroplet chip filled with two different
colours of ink, and their colour changes demonstrate suc-
cessful generation of different concentration gradients by our
droplet gradient generators. Fig. 2a shows a detailed layout
of gradient microfluidic channels (i, top layer) and micro-
droplet generation channels (ii, middle layer). Fig. 2b shows
an image of an integrated micro-network gradient droplet
channel.

We previously reported a microfluidic gradient chip using
serial dilution channels to generate six different concentra-
tions of a reagent.'*?" A target reagent to be diluted and dilu-
tion buffer (ie., deionized water) were simultaneously
injected into the gradient generating panel (Fig. 3a). The
dilution buffer and reagent were divided into five sub-
channels (R,) and two sub-channels (R}, and R.), respectively.
The reagent in one of the two divided channels passed
through a channel (R},), and the reagent in the other channel
(R.) mixed with dilution buffer in the merged channel (Ry).
The diluted reagent sequentially repeated division and dilu-
tion steps. Finally, six different concentrations of a reagent
were generated through four cascade-dilution steps (i = 4)
and mixed with AuNFs at each junction of the distribution
panel of the microfluidic device. To design the serial dilution
channels for on-demand generation of six different concen-
trations of a reagent, we used an electro-hydraulic analogy
(Kirchhoff's law),>* which defines a proper flow rate (Q) as
electric current, pressure (P) as electric voltage, and flow re-
sistance (R) in the microfluidic network.

From Kirchhoff's current law, the following conditions of
a flow rate are satisfied:

Qe Nt Qan = Qpni1 T Qcni1, Where Qe 5 = 0
1 <N<iwherei=4 (1)

@0 o ®)

eleieldidle

9:9. 9.0 00

Fig. 2 (a) Layouts of gradient droplet microfluidic channels consisting
of two parallel layers: (i) Top layer: a reagent was serially diluted by
buffer solution to make six different concentrations in the upper
section, and gold nanoflowers (AuNFs) were equally distributed to six
channels in the lower section. (i) Middle layer: six different
concentrations of a reagent and AuNFs were produced, and carrier oil
was injected to generate six individual droplets. (b) Image of integrated
double-layer micro-network gradient droplet channel.
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Fig. 3 (a) Theoretical control module of gradient generation in the top
layer using an electro-hydraulic analogy for serial dilution of a reagent.
(b) Fluorescence image obtained at the end of the gradient generation
section, using fluorescein dye and deionized water in the top layer. (c)
The fluorescence intensity was calculated from the cross-section of
each channel, demonstrating two-fold serial dilution of a reagent.

The concentration of the sample in the Nth channel (Cy)
will be a function of two mixing flow rates:

O.n C.+ O.v

Cyu =
o Qc,N +Qa,N " QC,N +Qa,N

Cs (2)

Solving eqn (1) and (2), the ratio of mixing flow rates can
be defined as a function of the desired concentration
profiles.

QC,N: Qa,N = (CN+1 - Cs) : (CN - CN+1)1
1 <N<iwherei=4 (3)

Using eqn (3), we designed a two-fold serial dilution
mechanism, which determines a set of concentration values
(C1:C5:C5:C4:C5:Cg 100:50:25:12.5:6.25:0) and the
ratio of flow rate (Qun:Qcn=1:1).

The flow resistances of each channel could be determined
using Kirchhoff's voltage law:

+
. +MR€LN + QN+1 Rc,N+1’ (RC’5 = 0)
vaN vaN Qb,N (4)

1< N <i,wherei=4

To simplify the circuit design, it was assumed that R was
proportional to channel length, and the following parameters
could be fixed.

Rgn=Rq
RC,N = Rc
R,; = iR, where i =4 (5)

Finally, the initial flow rates (Q; and Q,) and all the chan-
nel lengths (Lb,ly Lb,27 Lb,3) Lb,4y La,l; La,27 La,37 La,4y La,Sy Lc and
Lg) could be determined using eqn (3)-(5), as shown in
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Table 1 Initial flow rates and channel lengths at different channel positions calculated from Kirchhoff's law

{Qb,1, --» Que} Q1 Q2 L. Lq L,y Lpp Ly Ly Laa Ly, Las Lys Lys
Parameter (uL min™") (uL min™") (uL min™) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
Calculated value 0.500 = 2.031 0.969 3.000 5.000 6.500 16.250 27.625 39.813 12.000 26.571 45.667 86.500 48.250

(Q:1 + Q)6

Table 1. A fluorescence microscope was used to access the
performance of the gradient panel (Fig. 3b and c). As
expected, the first gradient layer automatically generated dif-
ferent gradients with a two-fold dilution. To identify this gra-
dient dilution, 1.0 mM fluorescein sodium salt solution and
deionized water were injected into the channel to visualize
the generation of different concentrations of a reagent in the
microfluidic channel. For quantitative analysis of each seri-
ally diluted reagent, the fluorescence intensity was deter-
mined from the cross-section of each channel. Two-fold serial
dilutions of a reagent were successfully generated, as shown
by the normalized fluorescence intensity values in Fig. 3b. In
the comparison between calculated and experimental fluores-
cence intensity values, however, the experimental intensity
was slightly stronger than the calculated one from the second
serial dilution. It was suspected that the difference was
caused by a slightly different laminar flow formation between
water and the fluorescence solution.

3.2 Design of fluidic channels for high-throughput droplet
generation

Six different concentrations of a reagent were distributed at
the top layer and were conveyed to the droplet generation
panels in the middle layer of the chip. At the junction be-
tween the top and middle layers of the chip, AuNFs were
loaded into each parallel channel and then mixed with differ-
ent concentrations of a sample. Here, the flow rate of AuNFs
was kept the same as the rate of gradient samples.

Qbn=Qen =05 (UL min™") where1 <N <6 (6)

Consequently, different concentrations of a reagent were
efficiently mixed with AuNFs by passing through the winding
channels. For generation of droplets, a mixture of chemically
inert oil and surfactant was injected directly into the channel
from the upper side. The optimum flow rate of continuous
oil to generate a uniform droplet at each channel was deter-
mined to be 6 uL min~". To generate a uniform flow rate at
each channel, the flow resistances were set to the same value
(Rg1 = Rg» = Re3 = Reyq = Ry 5 = Rgg), as shown in Fig. 4a.

Droplet generation at each parallel channel was recorded
using a high-speed camera (PCO AG, Kelheim, Germany) to
observe the number of droplets passing through a designated
point. The colour changes of blue and red inks in Fig. 4b
demonstrate formation of consistent droplets with different
concentrations in the six channels. Fig. 4c shows that each
gradient droplet in the six different channels maintained a
consistent volume with a standard deviation of 0.044. The

678 | Lab Chip, 2019, 19, 674-681

error bar indicates the standard deviation for the volumes of
six microdroplets at each channel. To assess the reliability of
droplet generation, the total volume of the droplets passing
through each channel per minute was calculated and com-
pared, as in Fig. S1.f Herein, the average droplet volume and
the average number of droplets were estimated to be 5.75 nL
and 167, respectively. SERS signals for this number of drop-
lets were measured and compared for different concentra-
tions of a reagent at each channel. Video S1{ shows real-time
tracking of the gradient droplet generation for six different
concentrations of a reagent. This two-phase oil/aqueous solu-
tion regime enables minimization of resident time of a re-
agent in the encapsulated droplets. Consequently, the sample
stacking problem caused by deposition of nanoparticle aggre-
gates on channel surfaces was solved.

3.3 Quantitative analysis of MG using AuNFs in a
microdroplet channel

Gold nanoparticles are the most widely used enhancing
probes in SERS detection. To gain a strong signal enhance-
ment, aggregation of nanoparticles is needed because only
molecules located at hot junctions can contribute to signal
enhancement. In previous work, however, there existed a
problem with reproducibility because particle aggregation is
a random process and is difficult to control. Therefore,
AuNFs were used for reproducible detection of MG in this
work. Field enhancements can be achieved from the tips of
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Fig. 4 (a) Design of six individual droplet generation channels in the
middle layer. (b) Photographic images of six channels demonstrating
the mixing process between a reagent (blue ink) and gold nanoflowers
(AuNFs, red ink) in the microfluidic channel. (c) The total droplet
volume passing through each channel was calculated from the size of
each droplet and the droplet frequency, demonstrating reliable droplet
formation at each channel.
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Fig. 5 Comparison of chemical properties between gold nanospheres
(AuNSs) and gold nanoflowers (AuNFs). (a) TEM images showing the
size and morphology of AuNSs and AuNFs. They show similar size
distribution. (b) UV absorbance spectra of AuNSs and AuNFs. The
surface plasmon band of AuNFs demonstrates a red shift from the
band of AuNSs. (c) Comparison of relative Raman intensities of
malachite green (MG) for AuNSs and AuNFs. AuNFs shows stronger
Raman intensity than AuNSs for MG in the low concentration region.

an individual AuNF, and more reproducible SERS signals are
achieved because aggregation is not required. Fig. S21 shows
the TEM images of AuNFs for different amounts of gold
nanosphere seeds in the 15-300 pL range. With the increase
of gold nanosphere concentration, the solution colour
changed from light blue to purple (Fig. S2af). The corre-
sponding UV/vis spectra in Fig. S2b{ show that formation of
branched structures gave rise to a red shift, indicating a
change of the surface plasmon resonance property. Fig. S2ct
shows TEM images monitoring AuNF evolution along the
seed-mediated growth.

To compare the sensitivity and reproducibility of AuNFs
with those of AuNSs, the SERS spectra of MG in micro-
droplets were measured and analysed. First, 60 nm-diameter
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AuNSs and AuNFs were synthesized, and their size distribu-
tions were identified on TEM images, as shown in Fig. 5a.
Their UV/vis spectral data showed that the surface plasmon
band was shifted from 555 to 615 nm when AuNFs were
formed through the growth of tips. Fig. 5c compares the
SERS detection results of MG using AuNFs with those mea-
sured using AuNSs. In this SERS detection, the peak intensity
at 1615 cm ' was used for quantitative evaluation of MG. As
shown in this figure, Raman intensity variations for AuNFs
showed good agreement with those measured using AuNSs
for various concentrations of MG. However, the average stan-
dard deviations calculated from the error bars revealed that
AuNFs (5.84%) were more reproducible than AuNSs (32.6%)
in the 0.20-50 pM range of MG. In Fig. S3,i the color of
AuNSs-MG mixtures changes from red to gray when the con-
centration of MG is over 6.25 uM. This means the particles
start to aggregate from this concentration. On the other
hand, the color change of AuNFs-MG mixtures demonstrates
that AuNFs start to aggregate when the concentration of MG
reaches 50 uM. Corresponding UV-vis spectra show the same
trends along the MG concentration change. Consequently, er-
ror deviations of AuNSs and AuNFs start to greatly increase
from corresponding concentrations, 6.25 uM and 50 pM, re-
spectively. In addition, the SERS detection results using
AuNFs were more consistent in the low concentration range
(0.20-1.56 uM) than those measured using AuNSs, as shown
in the inset of Fig. 5c. This indicated that more sensitive
quantitative analysis of MG was possible using AuNFs in the
microdroplet channel. The limits of detection calculated from
the standard deviations of five measurements were estimated
to be 2.56 uM and 0.24 pM for AuNSs and AuNFs, respec-
tively. Consequently, it can be concluded that more reproduc-
ible and sensitive SERS-based microdroplet detection of MG
is possible using AuNFs.

Fig. 6a shows the SERS spectra of MG collected from 6
gradient channels, and the photograph on the right side
shows the corresponding gradient microdroplet channels
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2 -
R%=0.995 4
@ S
c L
Q o
8 P
£ #
=
=
E L
-2 #3.
#4 ?’.
#6#,*
>
0 <) 50 75 100

MG concentration[uM]

Fig. 6 Quantitative analysis of malachite green (MG) was performed in a SERS-based gradient droplet microfluidic system. (a) SERS spectra of dif-
ferent concentrations of MG were collected for 10 s at the end of each droplet generation channel. (b) Corresponding calibration plot of the Ra-
man intensity in the linear range as a function of concentration of MG (correlation coefficient R? = 0.995). The error bars indicate the standard de-

viations from three measurements for each concentration.
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filled with two different colours of ink. Herein, 100 uM of
MG was serially diluted to six different concentrations using
the gradient channels, and then different concentrations of
MG were encapsulated in the oil phase and mixed with
AuNFs inside each droplet. Finally, the Raman signal for each
droplet channel was measured by focusing the laser beam on
the centre of the channel after droplets passed through the
winding channels. Spectral signals were collected for 10 s for
each channel. Because the droplet generation rate was 167
droplets per min, the collected signals corresponded to the
Raman signal for 28 droplets. As reported earlier, Raman
spectra measured from a sequence of droplets include signals
from carrier oil and aqueous droplets, but the SERS signals
originating from the AuNFs inside the aqueous droplets were
much stronger than those measured from the continuous oil
phase. Fig. S4+ shows the Raman spectra (400-1800 cm™') of
PDMS, liquid oil, MG and AuNFs mixtures and the same mix-
tures in the microdroplet channel, respectively. A weak
Raman peak was observed at 747 cm™ from liquid oil (red
color). Three weak Raman peaks at 485 cm*, 612 cm " and
680 cm ™" were observed from PDMS substrates. However, any
Raman signals were not observed around 1615 cm™', which
was used for the quantitative evaluation of MG, from oil or
PDMS substrates. Furthermore, the Raman intensities of
PDMS and oil are negligible compared to the SERS signal
intensity of MG adsorbed AuNFs. Therefore, we conclude that
there is no interference from PDMS substrates and the oil.
The Raman peak at 1615 cm™' was used for quantitative eval-
uation of MG as shown in Fig. 6a. Fig. 6b shows the corre-
sponding calibration curve of MG in the 0-100 pM range,
indicating an excellent linear relationship (R* = 0.995).

4. Conclusions

In the present study, we designed and fabricated a conceptu-
ally new SERS-based droplet gradient chip for high through-
put detection of various concentrations of a reagent. This
chip was composed of two PDMS layers: one was a panel for
serial dilution of a reagent using continuous, single-phase
gradient channels, and the other was a panel for distribution
of AuNFs and droplet generation. After accurate concentra-
tion gradients of a reagent were generated in the first layer,
they were trapped into tiny droplets by oil injection in the
second layer. This two-phase liquid/liquid segmented flow
regime allowed minimization of resident time of a reagent
through localization of reagents in the encapsulated droplets,
and the sample stacking problem in the single flow regime
was successfully resolved.

In addition, SERS-based on-chip detection using AuNFs
was performed for high throughput analysis of different con-
centrations of a reagent trapped in a series of droplets. When
branched AuNFs are exposed to a laser beam, the incident
field is greatly enhanced at the active sites, called electromag-
netic hot junctions, by localized surface plasmon effects.
Consequently, SERS is a highly sensitive on-chip detection
method, with microdroplet platforms providing many advan-
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tages over microscale methods, including high analytical
throughput, facile automation, and reduced sample require-
ments. Accordingly, the integration of SERS with micro-
droplet platforms offers significant utility in chemical and
biological experimentation. Herein, we report a fully inte-
grated SERS-based microdroplet platform for simultaneous
detection of various concentrations of a reagent. These novel,
SERS-based gradient microdroplet platforms are expected to
be powerful analytical tools for high throughput detection of
a chemical or biological reagent.
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