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Abstract

This paper reports a fabrication method that can make microstructures such as microfluidic channels and nanostructures to
generate surface plasmon resonance (SPR) signals in one-step using hot embossing. We first made a micro/nanostructural
mold on a silicon substrate through sequential e-beam lithography, reactive ion etching (RIE), photolithography, and induc-
tively coupled plasma RIE. The fabricated mold and cyclo-olefin polymer (COP) film were pressed between two flat, heated
metal bases under optimal conditions, and the micro/nanostructures were complementarily transferred to the COP film. After
depositing a thin aluminum film onto the nanostructure, the device was completed by patterning Nafion that crossed two
channels and a nearby nanostructure, and by bonding the COP film to a flat polydimethylsiloxane (PDMS) substrate with
holes punched for the inlets and outlets. SPR signals of the nanostructures of the microfluidic channel were calibrated using
glycerol solutions of different percentages, and a wavelength sensitivity of 393 nm/refractive index unit was found for the Al-
based nanoslit SPR sensing chip. To detect macromolecules, we first modified bovine serum albumin (BSA) onto the surface
of the SPR chip and then allowed different concentrations of anti-BSA samples to flow into the device. A calibration curve
for detecting anti-BSA was constructed, and anti-BSA detection levels with and without preconcentration were compared.

Keywords Localized surface plasmon resonance (LSPR) - Biosensor - Microfluidics - Hot embossing - Ion concentration
polarization

1 Introduction

Yi-Jung Lu and Han-Yun Hsieh are equally contributed.

Surface plasmon resonance (SPR) effects are widely used in
biomedical applications, that are mainly focused on biosen-
sors (Homola et al. 1999; Homola and Piliarik 2006; Lee
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2015, 2019; Yougbaré et al. 2020; Tan et al. 2021; Dutta
et al. 2022; Mostufa et al. 2022). When light propagates
into the nanostructure with sizes smaller than or comparable
to the wavelength of the incident light, LSPR is generated
in the near field of the nanostructure. Recently, a periodic
submicron metallic grating film was designed to generate
LSPR signals (Ebbesen et al. 1998; Lezec et al. 2002; Stew-
art et al. 2008). The resonant wavelength is known as the
period of the grating time surrounding the refractive index.
To mass-produce SPR sensing chips, grating structures are
nano-imprinted onto plastic substrates, and then a thin metal
film is deposited onto them (Lee et al. 2012; Hsieh et al.
2022a). This fabrication method allows mass-production and
is also able to integrate the SPR chip with a microfluidic
channel and miniaturization of the optical system (Hsieh
et al. 2022b).

Integration of SPR into microfluidic channels has ena-
bled the development of portable, low-cost SPR biosensors
(Chuang et al. 2020; Wang et al. 2020). The combination
of SPR biosensors and microfluidics has also enabled the
development of high-throughput screening platforms for
drug discovery.

Recently, nanofluidic preconcentration, based on inte-
grated ion concentration polarization (ICP) phenomena, was
developed with biosensors to detect low-abundance biomol-
ecules (Wang et al. 2005; Ko et al. 2012; Chung et al. 2015;
Deng et al. 2018; Fan et al. 2018; Sheen et al. 2022). ICP
is an electrokinetic phenomenon that occurs in a selective
ion channel that bridges two parallel microfluidic channels
and generates ion enrichment in one channel and deletion
in the other channel. When ion depletion occurs, the non-
uniform electric field induces an electrical force that pushes
negative ions away from the depleted region. Subsequently,
electro-osmotic flow (EOF), induced by the potential differ-
ence between the two terminals of the microfluidic channel,

brings ions to the boundary of the depleted region. Nano-
fluidic preconcentration is able to collect negative ions and
macromolecules in a small area of the microfluidic channel
(Kwak et al. 2011; Ko et al. 2012; Fan et al. 2020; Lu et al.
2021).

The challenge when using a nanofluidic preconcentrator
to enhance the limit of detection (LOD) of an SPR biosens-
ing chip is that SPR sensing chips have to align with the
specific area where protein enrichment occurs. Normally,
the alignment issue is the key point of the yield rate of mass-
production. In this study, we developed a hot-embossing
method that is able to simultaneously print microstructures
and nanostructures onto plastic thin films. The microstruc-
tures can be used as microfluidic channels after bonding,
and the nanostructures can be used to generate SPR signals
after depositing a thin metal film. The advantage of the co-
printing micro/nanostructure method is that the microfluidic
channel and SPR sensing chip can automatically be aligned
during printing. Further, we also used the fabricated micro-
fluidic device to generate ICP phenomena to collect proteins
in the SPR sensing area to enhance the LOD.

2 Materials and methods
2.1 Micro/nanostructural mold preparation

A micro/nanostructural mold was made by two-time lithog-
raphy including e-beam lithography and traditional pho-
tolithography. For e-beam lithography, schematics of the
fabrication process are plotted in Fig. 1a—e. First, a 4-inch
(10.2-cm) wafer was cleaned with piranha solution (H,SO,:
H,0,=3: 1) for 30 min, rinsed with deionized (DI) water,
dried with a nitrogen stream, and baked in a 120 °C oven for
10 min. ZEP520A was spin-coated onto a cleaned wafer at

Fig. 1 Procedures of micro/
nanostructural mold fabrica-
tion. a Clean silicon wafer, b
spin-coating of the ZEP520A
photoresist, ¢ patterning of

the photoresist by e-beam
lithography, d etching of the
silicon substrate by reactive ion
etching (RIE), e removal of the
photoresist, f spin-coating of the
s1813 photoresist, g patterning
of the photoresist with a pho-
tomask and aligner, h etching
of the silicon substrate by deep
RIE, and i removal of the s1813
photoresist, and then cleaning
of the substrate to obtain the
finished mold
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a rotating speed of 6000 rpm for 120 s to obtain a 300-nm-
thick photoresist. The ZEP520A-coated wafer was then
baked on a 180 °C hotplate for 3 min to evaporate the sol-
vent. The photoresist was patterned with an e-beam writer
(ELS7500, Elionix, Tokyo, Japan) at 100 kV and an expo-
sure area dose of 200 uC/cm?. After lithography, the e-beam-
patterned ZEP520A was developed using ZED-N50 devel-
oper for 1 min, and then rinsed with ZMD-D for 10 s. The
wafer was further baked using a 140 °C hotplate for 3 min.
After baking, the wafer was subjected to reactive ion etch-
ing (RIE) for 2 min with an etching gas of 50 sccm CHF;/25
sccm SF, to a depth of 100 nm. To remove the photoresist,
piranha solution was used for several minutes, with the wafer
left in an ultrasonic machine for 30 min. After drying, the
wafer was cut to 38 X 28 mm. In this study, we etched a
one-dimensional gap array of 50 nm in width, 500 nm in
period, and a total area of 150X 150 um. After transferring
the pattern to a transparent polymer film by hot embossing,
the “nanostructure” on polymer film was called a “nanoslit”.

A microfluidic mold was further made on the wafer and
aligned with a grate structure. The procedures are shown
in Fig. 1f—i. The S1813 photoresist was spin-coated onto
the substrate at a rotating speed of 2000 rpm for 30 s, and
baked on a 120 °C hotplate for 1 min. The photomask of
the microfluidic channel was aligned to two nanostructural
arrays and exposed to an energy dose of 180 mJ/cm? for 17 s.
After exposure, the substrate was immersed in developer of
2% tetramethyl ammonium hydroxide (TMAH) for 40 s, and
then baked on a 120 °C hotplate for 10 min. The S1813 pat-
terned substrate was then dry-etched by inductively coupled

plasma (ICP)-RIE with 1:1 C,Fg: SF, gases for 3 h. A micro-
fluidic mold depth of 10 um was obtained. After etching, the
photoresist was removed with piranha solution and ultra-
sonic treatment for 30 min, and then rinsed with DI water.
After rinsing and drying, the substrate was ready to use.

2.2 Hot-embossing process

The fabricated micro/nanostructure shown in Fig. 2a was
used as a mold for hot embossing. The micro/nanostruc-
ture hybrid mold on a silicon substrate was designed and
fabricated as shown in Fig. 2b. The COP film (ZF16-188,
ZeonorFilm, Zeon Corp., Kawasaki City, Japan) with
a thickness of 188 pm was cut to 3 X4 cm, sandwiched
between the mold and a flat glass wafer, and placed into the
hot-embossing machine. Initially, the top/bottom plates were
set to heat up to 180/140 °C, and a pressure of 0.20 MPa
was provided for 90 s. After releasing the pressure, the top/
bottom plates were cooled to 100/80 °C, and then the COP
film was peeled off the mold as shown in Fig. 2c.

2.3 Nafion patterning process

To create an ion-selective channel across two parallel chan-
nels, a nanoporous thin membrane, called Nafion, was pat-
terned using a microfluidic deposition method. A flow chart
of the process is shown in Fig. 3. First, a microgroove was
made with polydimethylsiloxane (PDMS) using regular soft
lithography. The PDMS groove covered the area where we
desired to pattern Nafion onto the COP substrate, and was

Shadow tape with hole
(d) opening for depositing metal

_— (C)
Flat G\

substrate

Fig.2 Schematics of the hot-embossing technique for co-printing the
nanostructure and microstructure. a Two flat stages clamped, b the
mold and c plastic film and also increased the temperature. d After
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printing, the nanostructures on the plastic substrate were deposited
with thin aluminum by covering with shadow tape and sputter-coating
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temporarily bonded to the substrate. The Nafion membrane
was patterned near the SPR sensing area, thus bridging the
two parallel channels on the COP substrate.

To generate the ion concentration polarization (ICP) phe-
nomenon, the Nafion thin film, a nanoporous membrane,
was patterned between two nanoslit structures through a
microflow pattering technique as shown in Fig. 1c. First, the
designed PDMS-based microfluidic channel was aligned and
temporarily bonded to the nanoslit substrate. Nafion which
had been dissolved in a mixture of low-aliphatic alcohols,
and water was allowed to flow into the microfluidic chan-
nel. After 30 s, the microfluidic channel was removed. The
patterned thin Nafion membrane was successfully deposited
onto the nanoslit substrate after solution volatilization.

2.4 Experimental setup
The experimental setup included a power supply to trigger

ICP in the microfluidic channel, a spectrometer to measure
resonant wavelength spectra of the nanoslit SPR sensor

(b) 4 Nafion pumpin

[ S

(a) (©

L—1

(d) (e)

—A

Negative
pressure

PC poms [l Nafion

Fig. 3 Processes of Nafion thin-film deposition by a microfluidic pat-
terning method. a A microfluidic channel was designed and placed on
the substrate without permanent bonding. b Nafion dissolved in alco-
hol was allowed to flow by capillary action into the channel. ¢ After
the Nafion solution had filled the microfluidic channel, it was incu-
bated for 30 s. d After incubation, the Nafion solution was aspirated
out of the microfluidic channel. e When aspirating out the Nafion
solution, a thin film of Nafion was left as a residual in the channel. f
After drying and removing the microfluidic channel, the thin Nafion
film was patterned on the substrate
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in the microfluidic channel, and a computer to record and
analyze variations in the resonant wavelength spectra. To
sense biomolecules by nanoslit SPR, resonant wavelength
spectra of the nanoslit SPR were measured with a spec-
trometer. A white light was focused by a 10 X objective
lens onto the nanoslit SPR sensing region, and the trans-
mitted light was collected by another 10 X objective lens
from the opposite side of the SPR sensing chip. The light
was polarized in the transverse-magnetic (TM) direction,
and spectra were recorded in real time with a spectrom-
eter. Variations in the peaks of the resonant spectra were
analyzed by a computer. To observe preconcentration plug
formatting in the microfluidic channel, an inverted fluores-
cence microscope with a 10 X objective lens was used, and
images were recorded with a camera (Fig. 4).

2.5 Integrated device

To fabricate this device, the microfluidic channel and
nanoslit structure were first co-printed by hot embossing,
and then nanoslit structures were deposited as an alu-
minum (Al) film with a thickness of 50 nm by a thermal
evaporator and as a thin layer of aluminum oxide (AlO,)
by atom layer deposition. A Nafion thin film was patterned
between the two SPR sensing regions after Al deposition.
The Nafion film also crossed the two parallel channels.
Four holes were drilled into a piece of cured, flat PDMS,
which were used to connect to the channel inlets and out-
lets. PDMS was used to seal the microstructure to form
microfluidic channels. To bond the PDMS and COP sub-
strate together, the COP substrate and 0.3 ml1 99% v/v of a
3-aminopropyl triethoxysilane (APTES) ethanol solution
were left in a vacuum chamber overnight for vapor deposi-
tion of the APTES onto the COP and AlO, surface. After
APTES deposition, PDMS and the COP substrate were
treated with oxygen plasma at 18 W for 30 s, and PDMS
and the COP substrate were bonded together.
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3 Sensing theory

When a light penetrates a periodic metallic nanostructure
in one dimension, the resonant wavelength (4) in the TM
direction is described by

/1=a-dp; 1)

where a is the environmental refractive index near the SPR
sensing region, and d,, is the period of the metallic nano-
structure. For example, when an SPR sensing chip is in air,
the refractive index of the air is 1, so that the value of the
resonant peak is equal to the period of the nanostructure.
When an SPR chip is immersed in water, the environmen-
tal refractive index is 1.33. To detect biomolecules with an
SPR sensing chip, bovine serum albumin (BSA) was first
modified to the SPR surface by van der Waals forces. The
BSA adherent on the metallic SPR surface caused the envi-
ronmental refractive index to increase, the resonant peak
to be red-shifted, and the peak value to increase. The BSA
adherent on the SPR surface was affinity-conjugated with
anti-BSA, and the peak value increased again. To quantify
biomolecules, different concentrations of anti-BSA samples
were prepared, and the red-shift of the SPR chip was quanti-
fied (Fig. 5).
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Fig.5 Mechanism of macromolecule detection based on a surface
plasmon resonance (SPR) sensing chip. a A bare SPR chip, b an anti-
body-modified SPR chip, ¢ an antibody-modified SPR chip interact-
ing with an antigen, and d resonant peaks showing a red-shift when
conjugating increasing numbers of macromolecules

4 Results and discussion

4.1 Calibration of the Al-nanoslit SPR sensing chip
in the microfluidic channel

To calibrate the Al-based nanoslit SPR sensing chip in the
microfluidic channel, different concentrations of glycerol
solutions in a range of 0-20% v/v were prepared. The glyc-
erol solutions were allowed to sequentially flow into the
microfluidic channel, and resonant waveforms of the SPR
sensing area were recorded. After curve fitting and nor-
malization, overlapping waveforms were plotted in Fig. 6a.
Different concentrations of glycerol solutions correspond-
ing to refractive indexes can be found at a website (www.
dow.com/glycerine/resources). When higher concentration
glycerol solutions flowed into the microfluidic channel, the
SPR spectrum in the TM wave direction exhibited a greater
red-shift because of the higher refractive index. To evaluate
the sensitivity of the developed SPR sensor, peak values
of the resonant waves shown in Fig. 6a were plotted on the
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Fig.6 Sensitivity test. a Resonant peaks of surface plasmon reso-
nance (SPR) chips immersed in different-concentration glycerol solu-
tions. b Peak values associated with the refractive index
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x-axis, and the refractive indexes corresponding to concen-
trations of glycerol solutions of resonant waves were plotted
on the y-axis, as shown in Fig. 6b. Peak values showed linear
relations to the refractive index. Based on these results, a
wavelength sensitivity of 393 nm/refractive index unit (RIU)
was found.

After being modified with APTES, aluminum oxide on
the nanoslit was able to conjugate with amino groups on pro-
teins through carboxyl groups at the end of APTES. In this
study, BSA diluted in phosphate-buffered saline (PBS) at a
final concentration of 1 mg/ml was first allowed to flow into
the microfluid channel and was retained for 2 h. After incu-
bation, we continuously flushed the microfluid channel with
PBS for 5 min to wash out non-specific bound BSA. Differ-
ent concentrations of anti-BSA solutions in PBS from 20 ng/
ml to 200 pg/ml were prepared to demonstrate the sensing
technique. Prepared samples were allowed to sequentially
flow into the microfluid channel from low to high concentra-
tions. Each sample flowed into the microfluidic channel for
10 min at a flow rate of 1 pL./min, and the resonant spectrum
of the SPR chip was recorded. After smoothing and normali-
zation, the spectra were stacked as in Fig. 7a. Results indi-
cated that the SPR sensing area in the microfluidic channel
conjugated more anti-BSA when higher concentrations of
anti-BSA samples flowed into the device. With more anti-
BSA attached to the BSA on the SPR sensing area, the envi-
ronmental refractive index more strongly changed, resulting
in a greater red-shift of the resonant peak wavelength. We
repeated the experiment three times, recorded the resonant
peak wavelength for each condition, and plotted the red-shift
in Fig. 7b. Experimental data points of the red-shift versus
anti-BSA concentration on a logarithmic scale plot were lin-
early regressed and showed an R? value of 0.97.

4.2 Preconcentration in the microfluidic channel

Our strategy to improve the detection limit and sensitivity of
the SPR sensing chip was to enrich targeted samples in the
sensing region. The developed microfluidic device shown in
Fig. 8 was used. To electrically manipulate anti-BSA in the
microfluidic channel, an initial voltage of 5 V was applied to
the two terminals of the main channel, and the two terminals
of the buffer channel were grounded. Two power supplies
and two sides of the terminals of the main and buffer chan-
nels formed two circuits, named the left and right circuits.
As to electrical conditions, ion depletion occurred in the
intersecting region of the main channel and ion-selective
channel. The ion-depletion phenomenon resulted in a non-
uniform electric field and an electric force that pushed mol-
ecules or proteins with a negative charge away from the
depletion region.

Subsequently, we increased the voltage of the left circuit
to 10V, and the voltage difference between the left and right
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Fig.7 Macromolecule detection. a Stacked spectra of resonant wave-
lengths for detecting different concentrations of the bovine serum
albumin (BSA) antibody. b Red-shift of peak values versus concen-
trations of antibody on a logarithmic scale

circuits generated EOF in the main channel, which flowed
from the left to the right side. The EOF brought ions, mol-
ecules, and proteins to the boundary of the ion-depletion
region, and those with a negative charge were excluded from
the depletion region in the main channel. Therefore, proteins
with a negative charge were trapped near the ion-depletion
region.

In this experiment, fluorescein 5-isothiocyanate (FITC)-
conjugated goat anti-mouse immunoglobulin G (IgG; 31569,
Thermo Fisher Scientific) was used to visualize the protein-
trapping processes. The trapping processes are shown in
Fig. 9. First, a 5.8 nM fluorescent antibody was prepared and
allowed to flow into the main channel of the device as shown
in Fig. 9a. When we applied 5 V to the left and right circuits,
a deletion region occurred and grew until it occupied all of
the intersecting region of Nafion and the microfluidic chan-
nel, and pushed proteins away as shown in Fig. 9b and c. In
the next step, we increased the voltage of the left circuit to
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(a)

(b)

Fig.8 Preconcentration of an integrated surface plasmon resonance
(SPR) sensing chip. a Nafion patterning near the SPR chip. b Image
of patterned Nafion. ¢ Image of the SPR chip integrated with the
microfluidic channel and preconcentrator. d SEM image of the nano-
structure of the SPR chip. e Configuration of the sensing chip with
preconcentration

10V, and a protein-concentrated plug was observed near the
left side of the Nafion as shown in Fig. 9d where the SPR
sensor was located.

The developed preconcentrating device was used to
enhance SPR signals. We loaded anti-BSA samples from
20 ng/ml to 20 pg/ml into the device. After the preconcen-
tration process and incubation for 10 min, we measured
SPR signals and calculated the red-shift for each case.
Average results were plotted and compared to those shown
in Fig. 7b. As shown in Fig. 10, we found that after pre-
concentration, the red-shift of the SPR resonant peaks had
increased 1~ 1.9 nm on average compared to those without
preconcentration.

From data shown in Fig. 10, anti-BSA with concentra-
tions of 20, 200, 2000, 20,000 and 200,000 ng/ml without
preconcentration caused resonant peaks of SPR signals to
red-shift 0.7, 1.4, 1.8, 2.6, and 3.6 nm, respectively. After
preconcentrating, the 20, 200, and 2000 ng/ml anti-BSA
samples on SPR chips caused resonant peaks to red-shift
1.7, 2.4, and 3.3 nm, respectively, which were close to the
shifting results from the 2000, 20,000 and 200,000 ng/ml

samples without preconcentrating. Therefore, we estimated
that our preconcentrating device was able to enrich anti-BSA
by 100-fold.

Results indicated that the preconcentrator helped enhance
SPR signals, because proteins in the microfluidic channel
collected at the SPR sensing region accelerated BSA and
anti-BSA interactions. With traditional biosensors, targets
are transported to the sensing region through diffusion;
therefore, it takes a long time for the reaction to occur. In
contrast, the electrical preconcentrating technique forces
them to rapidly encounter each other, and they interact much
more quickly.

Development of metallic nanostructures for generating
LSPR signals can be separated into two ways: (1) chemi-
cal synthesis of nanoparticles (NPs) on a substrate, and (2)
nanofabrication on a substrate. For chemical synthesis of
NPs, previous work studied LSPR signals of synthesized
NPs with different composite materials (Sui et al. 2019; Jian
et al. 2020; Yu et al. 2020) and shape effects (Kuo et al.
2017; Yougbaré et al. 2021). Studies using nanofabrication
mainly focused on effects from structural shapes (Xu and
Geng 2021), and interactions between two structures (Hsiao
et al. 2020; Chang et al. 2021). These efforts mentioned
above optimized the sensitivity and detection limit of their
nanoplasmonic chips. To integrate nanoplasmonic chips
with microfluidic channels for the continuous monitoring of
LSPR signals, the microfluidic channels need to be aligned
and bonded to the developed substrates, and well-trained
technicians are required (Geng et al. 2014; Soler et al. 2017).

In our study, the strategy we used to improve the detection
limit was to preconcentrate the sample in the microfluidic
channel. Further, we together printed the nanostructure for
LSPR sensing and the microstructure for building the micro-
fluidic channel. By co-printing them together, we did not
need to align the LSPR sensing chip and the microfluidic
channel. A comparison is shown in Table 1.

5 Conclusions

In this study, we developed a nanostructure/microstructure
co-printing technique that can respectively be used to pro-
duce SPR sensing chips and microfluidic channels. With
co-printing, the alignment procedure of the microfluidic
channel to the SPR chip can be omitted during manufac-
ture, which can dramatically increase the fabrication yield
rate. The SPR sensing chip embedded in the microfluidic
device and integrated with the nanofluidic preconcentrator
demonstrated enhanced macromolecule detection. The peak
of the resonance spectrum of the SPR chip was measured.
Peak values versus different concentrations of glycerol solu-
tions were plotted to determine a refractive index sensitivity
of 393 nm/RIU. After modifying BSA on the surface of the
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Fig. 9 Nanofluidic concentration processes. a A fluorescent dye-
labeled protein solution filled the sample channel. b When voltage
was applied, ion-deletion occurred. ¢ The voltage was increased until
a depletion region overlapped the entire microfluidic channel where it
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Fig. 10 Comparison of anti-bovine serum albumin (BSA) detection
with and that without preconcentration
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Nafion

Depletion Region Occur

Depletion
Region

Concentration
Plug

intersected the Nafion. d Applying a voltage difference between the
two ends of the sample channel caused a concentration plug to occur
near the Nafion

SPR sensing area, different concentrations of anti-BSA sam-
ples were allowed to flow into the device and were incubated
for a period to allow BSA and anti-BSA to interact. After
the BSA and anti-BSA interacted, the resonant wavelengths
of the SPR chip red-shifted. Distances that peak values of
the resonant wavelengths shifted after BSA interacted with
different concentrations of anti-BSA were obtained to build
a standard curve. We also preconcentrated anti-BSA in the
SPR sensing chip region, incubated it for a period, and then
measured peak values of resonant wavelengths. Moreover,
a comparison of anti-BSA detection with and that without
preconcentration was investigated, and a preconcentration
factor of around 100-fold was found.
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Table 1 Comparison of the current method to other techniques

Type Fabrication method Sensing improvement strategy

Microfluidic integration Reference

Nanoparticles

Nanostructures Nanofabrication
two structures

Nanostructures Hot embossing

Chemical synthesis Composite materials, nanoparticle shape Alignment needed

Effect of shape and interaction between

Integration with a preconcentrator

(Geng et al. 2014; Sui et al. 2019)

Alignment needed (Soler et al. 2017; Xu and Geng 2021)

Fabricated together Current study
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