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Successful diagnosis and treatment of many diseases depends on the availability of sensitive, reliable and low cost tools for the detection
of the biomarkers associated with the diseases. Simple methods that use non-invasive biological samples are especially suitable for the
deployment in clinical environment. In this paper we demonstrate the application of a method that employ capped gold nanoslit surface
plasmon resonance (SPR) sensor and microfluidic chip for the detection of a urinary nucleic acid biomarker in clinical samples. This
method detects low concentration biomarker in a relative large volume (~1mL) of sample. The method utilizes magnetic nanoparticles
(MNPs) for the isolation of target molecule and signal enhancement in conjunction with surface plasmon resonance (SPR) on capped
gold nanoslits. The ability of the method to detect urinary miRNA-16-5p in AKI patients was tested and the result was compared with the
data obtained with polymerase chain reaction (PCR). miRNA-16-5p has been found to be a specific and noninvasive biomarker for acute
kidney injury (AKI). Our method allows the detection of the biomarker in urine of AKI patients without amplification and labeling of the
target molecules.

SPR with extraordinary optical transmission has being very
1. Introduction promising for biosensing applications***°. In this work, highly
sensitive capped gold nanoslit (CG nanoslit) film was used as the
sensing platform.
Microfluidics, with the ability of fluid manipulation on the
microscale, sample enrichment, isolation and sorting, provides
applications in biological analysis. Microfluidic systems have
been shown to be extremely useful and powerful for the
preparation, delivery and analysis of samples, as well as cell
sorting and separation. Integrating microfluidics with plasmonic
sensors allows for the creation of a portable, stable and robust
Lab-On-Chip system for label-free detection'®%*,
Previously, we developed a detection method that uses gold
nanoslit SPR for detection of mMRNA hnRNP B1, which is a
promising biomarker in early stage of lung cancer®®. Such a
sensitive detection technique that has integrated microfluidic chip
has the potential of being developed into efficient and effective
biosensing platforms. Unfortunately, the microfluidic chip used
in the previous work is only capable of handling small volume of
sample (~ 7 micro liters). However, to detect low concentrations
of biomarker in urine, it is necessary to process volume of
samples of the order of milliliters. In this paper we demonstrate a
new design of microfluidic chip to integrate with the novel
sensitive CG nanoslit film to detect low concentration of urinary
miRNA biomarker.
In this work we demonstrate a label-free detection of rare miRNA
in urine of patients with acute kidney injury (AKI). Presence of
miRNA in urine has been reported as a biomarker for kidney
7 injury % ¥ Early stage diagnosis is very important for the

Micro-ribonucleic acids (miRNA) have been used as diagnosis
and prognosis biomarkers’®. Weber et al have shown the
presence of miRNA in human fluids such as plasma, saliva, tears
and urine and they have demonstrated the potential of theses
extracellular miRNAs in human fluids as biomarker for detection
of physiopathological conditions 4. With their high stability in
body fluids, miRNAs are potential biomarkers for cancer
diagnosis®. Detection of miRNA biomarkers in urine makes non-
invasive diagnostic possible. However, the concentration of
miRNA in urine, compare to those in other body fluids, is the
lowest?. Developing a sensitive method to detect miRNA in urine
for non-invasive diagnosis of diseases is critical for the
development of diagnosis devices for clinical application.
Polymerase chain reaction (PCR) is one of the available
techniques to detect miRNA in urine. However, PCR is a label
based and multistep methods that usually require significant
sample preparation and experienced personnel to conduct the
test®.

Surface plasmon resonance (SPR) is one of the biosensor
technologies with applications in medical diagnostics’®. SPR-
based sensors offer rapid, label-free detection methods with the
ability to observe the kinetic reaction process in real time°.
Compare to most commonly used, attenuated total internal
reflection (ATR) sensors, SPR sensors based on gold
nanostructures allow using probe light at normal incidence and
facilitate chip-based integration and high-throughput and label-
free detections of biomarkers. Sensitive periodic nanostructure
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treatment of AKI. Current standard marker (serum Creatinine)
does not reveal the injury until 48 to 72 hours, which is late for
effective treatment. Lin et al. have shown that urinary miR-494
expression levels are significantly higher only in AKI patients
and the level increases significantly before the rise of serum
creatinine level®®. Lin et al. have also discovered that miR-16-5p
was found in urine of AKI patients and not in normal subjects
(manuscript to be submitted). They suggested that urinary
miRNA-16-5p can be served as a specific and noninvasive
biomarker for AKI. Here, we focused on developing a method
based on label-free nanostructure transmission SPR for detection
of urinary miRNA-16-5p in early stage of AKI. In a close
collaboration with physicians, urine samples from patients were
tested with our method and the result were compared with PCR
data.

2. Material and Methods
2.1. Materials

FesO, MNPs modified with amino groups (TANBead® USPIO-
101) with particle sizes of 6~10 nm and concentrations of 10
mg/ml (1.4 x10'® MNPs/ml) were purchased from Tanbead. The
MNP surface was modified with a cross-linker, sulfosuccinimidyl
4-(N-maleimidomethyl)  cyclohexane-1-carboxylate  (sulfo-
SMCC, Thermo scientific Prod# 22322). The synthetic
oligonucleotides were obtained from Proligo. The oligonucleotide
sequences are listed in Table 1.

2.2. Double hybridization method

In this work, CG nanoslit SPR as sensing platform was employed
to detect low concentration biomarker in urine. Similar to our
previous work®, a double hybridization method was applied to
isolate and detect the target molecule. The approach includes
double hybridization in two steps. As shown in figure 1, in the
first step, functionalized iron oxide MNPs immobilized with the
oligonucleotide probe complementary to the target sequence
(probe 1) isolates the target molecule from urine sample. MNPs
were isolated and the supernatant was removed. The MNPs
carrying the target molecules were re-suspended in hybridization
buffer. In the second steps the isolated target molecule on the
MNPs is allowed to hybridize with the second complementary
probe (probe I1) immobilized on the CG nanoslit (schematic
figure 1). The concentration of MNPs must be optimized to
obtain the maximum efficiency of the isolation. In the case of low
concentration target molecule in large volume of sample,
increasing the number of MNPs increases the probability of
capturing. However, the concentration of the MNPs must be kept
below a concentration to avoid SPR background noise due to the
“Brownian motion” of the MNPs. The concentration of ~1x10%3
particles per 1 mL of urine was found to be the optimal value and
was used for all experiments in this paper.

2.2.1 Designing two specific probes

Double hybridization at two different specific locations in the two
steps results in a very specific nucleic acid detection method. The
probe I and probe Il sequences were designed based on the target
molecule sequence. Probe | is a 23-mer oligonucleotide sequence
that includes a 12-mer T spacer and a 11-mers sequence, which is
complementary to the 12-22 region of miRNA-16-5p. The 5'-end
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Figure 1 A schematic of the double hybridization method to
detect the nucleic acid target (a) First step: isolation of the target
molecule using MNPs (b) Second step: hybridizing the target
molecule isolated on the MNPs with Probe I1 on the CG nanoslit.

of probe I is modified with a sulfhydryl group (C¢SH) to attach to
the functionalized MNPs. Probe | on the MNPs hybridizes with
the target molecule in the first step to isolate the target molecules
in the urine sample to reduce the interference of non-target
nucleic acids, proteins and possible cell debris on the second
hybridization step. Probe Il is a 23-mers oligonucleotide that
includes a 12-mer T spacer and an 11-mer sequence
complementary to the 1-11 region of miRNA-16-5p. The 3’-end
of probe 1l is modified with a sulfhydryl group (C3SH) to attach
to the CG nanoslit surface. Probe Il hybridizes with the target
molecule isolated in the first step. The hybridization event in the
second step is detected by the SPR method. Probes | and Il are
designed to be complementary to the unique region of the target
miRNA-16-5p sequence. The sequences of probe | and probe Il
are shown in Table 1.

To detect a nucleic acid biomarker in a complex sample matrix
such as urine and avoiding the non-specific binding of non-target
molecule, the composition of hybridization solution needs to be
optimized. We optimized the salt concentration (stringency) and
formamide percentage to achieve high specific method to detect
miRNA-16-5p in urine sample.

2.2.2 Functionalization of MNPs and CG nanoslit surface

Fifty microliters of the MNP suspension from a stock (25 puM)
was suspended in 25 mL of 1xPBS buffer. Then, 25 mg of the
cross-linker (sulfo- SMCC) was added, and the mixture was
allowed to react overnight. Using a magnet, the modified MNPs
were isolated and then re-suspended in 10 pL of 1xPBS buffer.
One hundred microliter of a 100 uM solution of thiol-modified
probe | was added to the tube and was allowed to react overnight.
MNPs functionalized with Probe | were then separated with a
magnet, washed and re-suspended in 8 mL of 1xPBS buffer. The
suspension of the probe | immobilized MNPs can be stored in a
4°C for up to one month. This batch of probe-lI-immobilized-
MNP can be used for 20 detections. For each detection, 400uL of
the probe-I-immobilized-MNP is used.
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Figure 2 (a) top view of the funnel chip integrated with CG
nanoslit film and the magnet. The needle was used to introduce
the magnetic field to the detection area. (b) Layered structure
of the microfluidic chip integrated with a CG nanoslit film.

The CG nanoslit film was integrated with the microfluidic chip
and the surface of CG nanoslits was functionalized by
immobilizing the complementary probe Il. A solution of 10 uM
thiol-modified probe Il was introduced to the funnel chip. The
CG nanoslit surface was allowed to react with probe Il for
overnight and was then rinsed twice with 1x PBS buffer (the
buffer was flowed to the channel of funnel chip). The CG nanoslit
functionalized with probe Il can be stored at 4°C up to one month
before the SPR measurement.

2.3. A novel microfluidic chip to process large volume of
sample

Microfluidic systems, as an emerging technology in clinical
applications, provide various advantages including process
integration and short analysis time. Detection of low
concentration biomarker requires processing a large volume of
sample. A novel fluidic chip, funnel chip, for introducing large
volume of sample was designed and fabricated to integrate with
the CG nanoslit film for detection of rare miRNA biomarker in
the urine sample. The structure of funnel chip is shown in Figure
2.

The microfluidic chips were fabricated using a laser scriber to
ablate trenches on polymetheylmethacrylate (PMMA) substrates
and double-sided tape® **. The PMMA substrates were then
bonded together by thermal binding and with the CG nanoslit
film using the double-sided tapes. The gold nanoslit film
integrated with PMMA layers was then attached to a glass slide
using an optically clear adhesive layer (3M™ optically clear
adhesive 8263). A gel loading pipet tip (Labcon, Cat# 1034-800-
000) was used as the sample reservoir and the connector to
introduce the sample to the microchannel accommodating the
SPR sensor. A Nickel-coated ferritic iron needle attached to a
cylindrical neodymium magnet was put beneath the nanoslit to
bring the MNPs carrying the target to the surface to bind with the

probe Il immobilized on the gold nanoslits. This design provides

s an efficient way to capture target molecule with minimal non-
specific binding due to shear forces produced by fluid flow.
Furthermore, integrating a magnet to the microfluidic chip to
bring the MNPs carrying the target molecule to the SPR sensor
surface improves the efficiency of capturing.

40 2.4. Fabrication of CG nanoslits

In this work, CG nanoslit platform developed by Lee. et al. was
employed as the sensing platform. The CG nanoslit film consist
of an upper layer of periodic metallic nanowires and a lower layer
of periodic metallic nanoslits. The period of both layers is 600
s nm. The CG nanoslit were fabricated on a 178-um-thick cyclic
olefin polymer (COP) film using nanoimprint lithography. The
devolopment of CG nanoslit sensing platform has been described
in Lee et. al . Briefly, the CG nanoslit film was fabricated as
follow. First, nanogrooves of 80 nm in width and 80 nm in depth
soon a silicon substrate were fabricated using electron beam
lithography and a reactive ion etching method. A 300-nm-thick
ZEP-520 resist (ZEP-520, Zeon Corp, Tokyo, Japan) was spin-
coated on a 525-um-thick silicon substrate. An electron-beam
writing system (Elionix ELS 7000) was used to write groove
ss arrays. The patterns were then transferred to the silicon substrate
by using a reactive ion etching machine (Oxford Instrument,
plasmalab 80plus). The silicon template and COP film were
placed on a heating plate and heated to a temperature of 170 °C to
soften the polymer substrate. The template and substrate were
s cooled before removal from the chamber. The COP film now
bearing periodic nanoridges was then peeled off the template.
Finaly, sputtering an 80-nm-thick gold film on the imprinted
plastic substrate completed the fabrication of the CG nanoslit
film.

es 2.5. Urine sample

Human serum and urine samples were obtained from 2 critical
patients who developed AKI, defined as >1.5-fold increase in
serum creatinine, in compliance with Acute Kidney Injury
Network criteria. Patients were admitted to the Department of
70 Internal Medicine, Taipei Medical University Hospital (Taipei,
Taiwan) and Tzu Chi General Hospital (Hualien Taiwan). This
research project was approved by the Institutional Review Board
of the Department of Internal Medicine, Taipei Medical
University Hospital, and informed consents were obtained from
s all patients. Urine samples were obtained from 6 healthy
volunteers as well. All samples were frozen at -80°C until use.
The sample of urine (1 mL) was thawed at room temperature
prior to the detection of the target miRNA by the double
hybridization method. The suspension of the functionalized
@ MNPs (final concentration 2x10* particles per mL) and
hybridization buffer (final concentration of 1xSSC solution, 7.5%
of formamide) were mixed with the urine sample in an Eppendorf
tube and allowed to hybridize for one hour at room temperature.
By using a magnet, MNPs were isolated and the supernatant was
ss removed. The MNPs carrying the target molecules were re-
suspended in 150pL of hybridization buffer (final concentration
of 9xSSC solution, 30% of formamide). Following the first step,
the MNPs suspension was introduced to the funnel chip to
hybridize with probe 11 on the CG nanoslit.

This journal is © The Royal Society of Chemistry [year]
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Figure 3 (a) The dynamic SPR response that indicates the
real-time progression of the hybridization of target molecule
with the probe Il on the CG nanoslit, (b) The calibration
curve obtained for various concentration of synthetic
miRNA-16-5p spiked in urine from healthy subjects

2.6. SPR measurement

A transverse magnetic-polarized wave in the CG nanoslit
generated sharp and asymmetric Fano resonances in transmission
spectra. Surface plasmon resonance of the fabricated CG
s nanoslits with a period of 600 nm manifested as a transmission
spectrum in a wavelength range of 820-850 nm when the
hybridization buffer is put in contact with the nanoslit film. The
position of the SPR spectrum shifts due to the environmental
changes around the nanoslits. The hybridization of the
10 immobilized probe 11 on the CG nanoslit and the target molecule
leads to a red shift in the SPR resonance wavelength. The SPR
response was recorded every 5 seconds during the hybridization
reaction. The measurement started 30 seconds after introducing
the sample. Raw data were obtained and processed with a home-
15 written MATLAB® program. The wavelength at the local
minimum of the SPR spectrum was identified by applying a local
maximum-minimum method. (Koptenko 2003, available on
http://www.mathworks.com/matlabcentral/fileexchange/3170).
The wavelength at the local minimum of the SPR spectrum was
20 plotted against time. The resulting graph indicates the real-time
progression of the hybridization reaction.

2.7 RNA Isolation
The human urine RNA was extracted using the QiAMP

from applying the method to a sample of 2 nM one
mismatch sequence in comparison with the response from
a sample of 2 nM perfect match sequence

circulating nucleic acid kit (Qiagen). RNA isolation was
25 performed according to the manufacturer’s instructions.

2.8 Quantitative PCR and reverse transcription PCR

The ABI PRISM 7700 Sequence Detection System (ABI) was
used for quantitative PCR (Q-PCR) analysis. For the detection of
miR-16-5p expression, stem-loop Q-PCR was carried out using

3 the TagMan miRNA Assays with TagMan® Universal Master
Mix Il according to standard procedure (Life Technologies, CA,
USA). Q-PCR was performed using the TagMan 2 x universal
master mix and 20x TagMan miRNA assay (primers & probe).
All samples were run in duplicate and the resulting C; values

35 averaged. Relative expression was evaluated by the comparative
threshold cycle method. The expression of miRNA-16-5p was
normalized to the expression of U6 small nuclear RNA (U6
snRNA), which is commonly used as a reference gene in miRNA
quantification.

» 3. RESULT and DISCUSSION
3.1. Detection of biomarker in large volume of sample

Previously we have demonstrated a novel platform for detecting
nucleic acid biomarkers in small volumes of sample. However,
the microfluidic device needs to be re-designed in order to handle
ss large sample volume. The performance of a biosensor is limited
by the efficiency at which the analyte can be brought into
proximity of the sensing element to bind with the recognition
molecules on the sensor surface 32 %,
In most surface-based sensors such as SPR, interaction between
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1;31 150 healthy subject. Figure 3 (a) shows the dynamic SPR response
g when the double hybridization method was applied to a 1 nM
i? ;n, 100 35 solution of synthetic target molecule representing miRNA-16-5p.
18 < A calibration curve (figure 3(b)) was obtained from the values of
Z the shifts in the wavelength of SPR resonance for various
19 B concentrations of the target molecule. The equation of ((y =
20 . N . 0.0999In(x) + 1.13), R?= 0.9888) was obtained for the calibration
g;' 6\)‘6\9'0‘ \\q‘\““\ o \\)\'L\ 40 CUIve. -
o e ¢ The reference response was obtained when the double
23 we? P*\"a \*\Q hybridization method was applied to a urine sample of healthy
24 ) o subjects without adding the synthetic target (blank). The dynamic
S pn 9, T S o st e o o bk s o s T 4
) ss slight signal fluctuation due to the Brownian motion was
27 Zl]fbt{;gt;lz]epgtriae?]rt]:?lz\;tvs\:h:xfi:)ld’;’;;c:oa;%iﬁzosnpﬁlﬁsigﬁ?sf observed. The standard deviation of the SPR response fluctuation
gg axis sho_ws the fold-of?change in serum C_reatinin_e (CRE) of \(’jvis 2;25 T‘my'tthlctT] 15 cotr;]sﬁe.recihas the bac;kgtroundt no;]sfe'h :Ee
30 AKI patients. (b) Relative expression of urinary miRNA-16 of etection limit or the method IS the concentration at which the
the two AKI patients obtained with PCR shift of the SPR spectrum position is 0.75 nm (i.e. three times
31 so STD). Inserting this number in the equation yields the detection
32 the analyte and the recognition probe is limited by diffusion. limit of 17 M. Detection of target molecule in a range from tens
33 Mass transfer to the reactive surfaces, the saturation time scales of femtomolar to nanomolar makes this method suitable for
34 and the capture fractions in flow are important parameters that detection of AKI.
35 require being optimized . o ] ) )
36 s When the recognition process is limited only by diffusion, the ~ S-3- SPecificity assessment by detection of single nucleotide
37 detection limit is determined by analyte mass transport %, Ways @ mismatch
38 to improve this aspect are highly desirable to improve the  To evaluate the specificity of the method, a high concentration
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44 performance to detect a biomarker in large volume of samples. dynamic SPR response for the one mismatch sequence is shown
45 3.1.2.1 Optimization of the flow velocity in F_igu_re 4(b). Comparing the responses confirm the high
46 specificity of our method. Mismatched sequence was clearly
47 15 We designed a microfluifluidic chip to flow the suspension of ¢ distinguishable from the fully matched complementary target.
48 MNPs-target to bind with the second complementary probe on The high specificity is the result of pre-isolation of target
49 the CG nanoslt. The velocity of the flow has been optimized to molecule, double hybridization and optimized flow of sample to
50 achieve the high efficiency of detection. Maximum sensitivity ~ minimize the non-specific binding of non-target molecules. SPR
51 and lowest detection limit was achieved when the suspension of has been reported as a sensitive method for detection of
52 2 the MNPs carrying the target was introduced to the funnel chip 7 oligonuleotide mismatches ¥ %,
53 with the flow rate of 6 pL/min. The corresponding laminar shear
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Figure 6 The values of SPR wavelength shift when applying
the method to 1 mL of urine from three CKD patients. The
data are expressed as means + SD of two measurements for
CKD-A123 and CKD-F1021.

3.4. Detection of miRNA-16-5p in urine of AKI patient

Double hybridization method was applied to detect urinary
miRNA-16-5p of AKI patients. Urine samples of two AKI
patients were received from the hospital. Urine from six healthy
donors was mixed and used as the healthy subject in this test.
Figure 5(a) shows the fold-of-change of SPR response detecting
urinary miRNA-16-5p of two AKI patients compare to the
healthy subject (left Y axis). For comparison, the right Y axis
shows the fold-of-change in serum Creatinine (CRE) of AKI
patients. The serum CRE values for AKI patients were provided
by the hospital. The average of CRE values reported in previous
studies “° was used as reference for healthy patients.

Furthermore, our result was compared with the result of relative
Q-PCR (figure 5(b)) to evaluate the capability of our method to
detect miRNA in urine sample. A good agreement between SPR
and PCR result to detect the presence of elevated level of
miRNA-16-5p was confirmed. The results for the detection of
MiRNA-16-5p from patient’s using the “double
hybridization method” demonstrate a sensitive method for
clinical application.

urine

3.5. Distinguishing AKI from Chronic kidney disease

Further specificity test was carried out by applying the double
hybridization method on patients with chronic kidney disease
(CKD). Double hybridization method designed with probes to
detect miRNA-16-5p was applied to CKD samples. This test was
aimed to evaluate the specificity of our method to discriminate
between AKI patients and CKD subjects. The SPR responses
from applying the double hybridization method to 1 mL of urine
from three CKD patients are shown in figure 6.

The comparison of SPR response when double hybridization
method was applied to urine samples from healthy subjects, CKD
and AKI patients are demonstrated in figure 7. Compared to the
healthy and the CKD subjects, the SPR response for AKI patients
were statistically significant (p< 0.05). There was no significant
difference between the SPR responses of healthy and CKD
subjects (p = 0.6).As it was mentioned above, we found a good
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Figure 7 Comparing the SPR responses when double
hybridization method was applied to healthy, CKD and
AKI subjects. The data are expressed as means * SD.
*P<0.05, **P< 0.01. N.S.D, no significant difference.

agreement between SPR and the relative Q-PCR results to detect
the presence of elevated level of miRNA-16-5p. There are several
limitations to use PCR for clinical applications. One of the
limitations of PCR is the amount of time needed for sample
preparation. Especially for RNA samples which requires a
reverse-transcription step to convert the RNA molecules into
DNA. Moreover, reverse-transcription step can be affected by the
presence of inhibitors for reverse transcription enzymes that can
leads to false-negative results*’. Another limitation of PCR for
clinical application is the multiplexing. Due to the temperature
control and speed of amplification for different targets, multiplex
analysis of number of target molecules is rather challenging. In
comparison with label based and multi-steps PCR method, our
method offers label-free, fast detection of analyte in a robust and
simple platform which can be operated with minimal training.
This, coupled with its low cost and ease of integration in a
portable system, makes it an outstanding candidate for
developing a clinically viable diagnostic tool for diseases such as
AKI. We are now developing a portable system for rapid and
reliable diagnosis of AKI.

4, Conclusions

In this paper we demonstrated a novel method for detection of
miRNA-16-5p in urine as a promising method for rapid and non-
invasive diagnosis of AKI. Our method is based on
nanostructured transmission SPR integrated in microfluidic
system for the introduction of the sample. The viability of our
method for clinical application was evaluated by detecting the
miRNA-16-5p biomarker in urine samples from patients with
AKI. The results were compared with the established technique,
PCR. Having confirmed the validity of this method for clinical
application, further work will be focused on developing a
portable system which can be deployed in clinical environments.

Our group has discovered seven miRNAs in urine of AKI patients
that cannot be found in urine of healthy subjects. Using an array
of CG nanoslit sensors, we are currently developing a platform
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for simultaneous, multiplexed detection of seven AKI
biomarkers, with the aim of improving the sensitivity and
specificity of diagnosis.
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Table 1
Oligonucleotide Sequence (5" >3 ) Modification

1 [TTTTTTTTTTTCGCCAATATTT 5" modification
Probe I (CsSH)

2 ACGTGCTGCTATTTTTTTTTTTT 3’ modification

Probe 11 (CsSH)

3 TAGCAGCACGTAAATATTGGCG
Target None
Single mismatch * TAGCAGCACGTAAATACTGGCG None

1- Complementary sequence to the region of 12-22 of miRNA 16-5p
2- Complementary sequence to the region of 1-11 of miRNA 16-5p
3- miRNA 16-5p sequence

4- Single nucleotide mismatch sequence
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