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ABSTRACT We present a plasmonic turn-on biosensing assay for insulin detection via aptamer DNA based on
the plasmonic interaction of centimeter scale gold/silver double-layer nanodisk arrays and gold nanoparticles.
The large-scale nanostructures were fabricated by laser interference lithography technique. The detecting
optical signal-extinction spectra of the system were monitored by UV-visible spectrophotometry. The 3D finite-
difference time-domain simulation was used to observe the plasmonic interaction of the sensing system. The
platform exhibits an exceptionally large turn-on signal by a 120 nm red shift of the localized surface plas-
monic resonance peak, results in the limit detection of 140 pM. The centimeter-scale localized surface plas-
mon resonance nanostructures combined with turn-on design scheme would offer a promising sensor-on-chip
biosensing platform.
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1. Introduction

Diabetes can lead to many dangerous complications therefore necessary to detect it early so that effective treatments
can be intervened in the early stages [1]. Type 1 diabetes is related to the insulin deficiency leads to glucose in the blood
not being absorbed [2]. Detection of insulin is critical for diagnosis of this high risk disease [3]. Conventional methods
applied for insulin sensing include immunoassay methods (RIA – Radioimmunoassay [4], ELISA – Enzyme-Linked
Immunosorbent Assay [5], and CLIA chemiluminescence immunoassay [6]), analytical chemistry methods (fluorescent
detection [7], mass spectrometry [8], Raman spectroscopy [9]), electrochemical spectrometry [10]. These methods have
their own advantages and some limitations needed to improve including selectivity, detection time, multiplex sample
preparation, electronic signal reading instrumentation, and complex signal enhancement procedure [11].

Recently, the usage of localized surface plasmon resonance of nanostructures in biological sensing assays has become
a promising method due to its distinctive characteristics. Localized surface plasmon resonance (LSPR) is widely known
as the collective charge oscillations that arises around nanoscale structures when light is illuminated onto the surface [12].
LSPR owns highly sensitivity to the localized refractive index (RI) changes. The biomolecular attachment on the surface of
the nanostructures changes the local RI in the vicinity of the sensing surface that results in a sensitive response in LSPR-
induced light absorption spectrum which is used to conduct specific detection [13]. LSPR – based detection by using
nanoscale structures fabricated in a large – scale area has been demonstrated to be an effective platform for biosensing
offers the advantage of being easily multiplexed to enable high throughput screening in an array format [14–20].

Laser interference lithography (LIL) is one of the simple techniques to produce a large area of well ordering arrays of
LSPR nanostructures [21, 22]. In addition, this technique can be used to fabricate the nanostructures array in all available
rigid or flexible substrates. With one shot of laser exposure in few minutes, by manipulating carefully the laser incident
beam angles as well as the relative angles between exposure times, the size, shape can be altered flexibly [23]. Previously,
we fabricated 2D gold/silver nanodisks by LIL with high refractive index sensitivity and successfully used these nanodisks
for DNA sensing platform [19].

Nucleic acid aptamers have been widely used as chemical antibodies in various biological sensing due to the specific
recognition and tight binding to their targets [24, 25]. The insulin aptamers are single stranded DNAs containing a two-
repeat sequence of the insulin-linked polymorphic region (ILPR) of the human insulin gene promoter region [26,27]. They
can fold into G-quadruplex oligonucleotides in the presence of insulin with high specificity and affinity. Many research
groups have used insulin aptamers as ligands in insulin detection [28–31].

In this work, we report the experimental assay for insulin sensing with a turn-on design sensing scheme by using
fabricated 2D gold/silver nanodisks, gold nanoparticles and insulin aptamers. Our objective is to integrate the high
sensitivity resulting from the plasmonic interactions between gold nanoparticles and large-scale gold/silver nanodisk array
and the high selectivity resulting from the specific binding of the insulin to their aptamers. The “turn-on” design means
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that the lesser insulin concentration presents the higher optical signal of plasmonic system can be generated, consequently,
the higher sensitivity can be achieved.

2. Detection scheme and working principle

The detection scheme is shown in Fig. 1. The detecting optical signal in this design is LSPR peak shift of the 2D
gold/silver nanodisks as the gold nanoparticles are attached to the nanodisk surfaces by insulin aptamer DNA. The ap-
tamer DNA was complementary with two different single DNA strands attached to 2D gold/silver double-layer nanodisks
(capture DNA c1) and gold nanoparticles (capture DNA c2). Without the presence of insulin, the aptamers link the gold
nanoparticles to the nanodisk surfaces and cause the LSPR peak shift (signal on). Since the binding affinity of insulin
aptamer DNA to insulin to form G-quadruplex is much higher than that to complementary single DNA strands, the in-
sulin aptamers have prior bindings to insulin rather than to their complementary strands. Therefore, once the insulin is
introduced there is lesser available insulin aptamer DNA for attachment of gold nanoparticles to the nannodisk surfaces.
As a result, smaller LSPR peak shifts of the 2D gold/silver nanodisks are generated (signal off). The presence of various
concentrations of insulin in the system will modulate the attachment of gold nanoparticles due to the interaction of insulin
and their aptamer, hence, insulin can be detected by the corresponding LSPR peak shift of the nanodisks. By observing
the LSPR spectrum of the 2D gold/silver nanodisks, insulin could be detected selectively and sensitively.

FIG. 1. “Turn on” insulin detection scheme

The gold nanoparticles in this design are sensing indicators as well as the plasmonic signal amplifying agents. Once
they are brought closely enough to the nanodisk surfaces, the plasmonic interaction between them occurs [32]. As a result,
the electromagnetic field surrounding them increases, the sensitivity to the localized refractive index (RI) changes of the
nanodisks enhances significantly. Therefore, the lesser biological binding events on the nanodisk surfaces still cause a
large LSPR peak shift for the detection.

The key point of our detection design is turn-on strategy. With the same concentration of insulin aptamer DNA
introduced, the lower insulin concentration is needed to detect in the system, the more insulin aptamer DNA are left,
the more gold nanoparticles are attached to the nanodisk surface, and the larger LSPR peak shift is recorded. By that
turn-on principle, the detecting signal is enlarged as the concentration of the sensing agent is lessened. Hence, the lower
concentration of sensing agent could be detected.

3. Materials and methods

3.1. Materials

All substrates (silicon, quartz, PEN) were bought from Photonik Pte Ltd (Singapore). The photoresist maN1407
and maR404 remover used for laser interference lithography was brought from Micro resist technology (Germany). The
metallic materials used for fabrication of nanodisks (chromium, silver, gold) were supplied by MOS Group Pte Ltd
(Singapore). The chemicals, insulin and DNA strands used in this study were bought from Sigma Aldrich (Singapore).
The DNA sequences are shown in Table 1.
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TABLE 1. DNA sequences

Name Sequences

C1-Capture DNA 3’-ACCATCCCACAGAAGTTT [thiolC6]-5’

C2-Capture DNA 3’-[thiolC3] TTTCCACCACCCCCCCCA-5’

IA-Aptamer DNA 5’-GGTGGTGGGGGGGGTTGGTAGGGTGTC TTCTT-3’

3.2. Fabrication of 2D gold/silver double-layer nanodisks on centimer scale substrate

All 2D gold/silver double-layer nanodisks used in this study were fabricated by laser interference lithography (LIL)
technique in a homebuilt Lloyd’s-mirror LIL system with a 325 nm He–Cd laser. The procedure was similar to the
standard lithography procedure and described in our previous study in detail [19]. Shortly, the negative photoresist firstly
coated on the substrates, then they were exposed to laser on the LIL system to create holes array. After that, the 20 nm thick
silver layer and 10 nm thick gold layer were deposited by an electron-beam evaporator to form 30 nm thick gold/silver
nanodisk arrays after liff-off process.

3.3. Capture DNA attachment to gold/silver nanodisks and gold nanoparticles

Gold nanoparticles (∼ 15 nm) were synthesized by citrate reduction of HAuCl4 method [33]. Capture DNA at-
tachment to gold/silver nanodisks and gold nanoparticles were followed by the same procedure as were described in our
previous study [19]. In brief, two types of capture DNA strands (Table 1) were used, the capture strand c1 was attached
to gold/silver nanodisks and the capture strand c2 was attached to gold nanoparticles. These 3’- or 5’-terminal disul-
fide groups of single-stranded capture DNAs were first cleaved by immersing these DNA strands in a mixture of 0.1 M
dithiotheritol (DTT) and phosphate buffer solution (pH = 8.0) for 2 hours, afterwards purified on NAP-5 columns (GE
Healthcare). Then the corresponding purified capture DNA solution was brought to 15 nm gold nanoparticles and the
gold/silver nanodisks for attachment. Finally, the rinsing process was carried out to remove the non-binding capture
DNAs.

3.4. Insulin sensing experiment

At first, the attachment of capture DNA to the nanodisk arrays and gold nanoparticles was performed. Then, 1 µM
insulin aptamer DNA (IA) in insulin buffer (50 mM Tris-HCl, 10 mM KCl, 100 mM NaCl, pH = 8.0) was subject to the
heating process to unfold the DNA sequences to increase the binding affinity of the aptamer to insulin. The heating process
was carried out at 90 ◦C in 10 minutes and then the aptamer solution was cooled in 30 minutes to room temperature. After
that, the insulin was introduced to the aptamer solution then allowed to incubate at room temperature in 1 hour. The
sensing concentration of insulin ranged from 10 pM to 50 µM. For the experiment with no insulin introduction, this step
was skipped. Next, DNA-captured gold nanoparticles were added to the incubated mixture of insulin and their aptamers.
After that, this final mixture was brought to the DNA-capture gold/silver nanodisk arrays. It was allowed to incubate in
2 hours then rinsed with insulin buffer thoroughly. Finally, the modified gold/silver nanodisk arrays were brought to the
measurement step to obtain the extinction spectra. In the selectivity experiments, the same procedure was carried out with
other proteins (bovine serum albumin (BSA), and alkaline phosphatase (ALP) and thrombin).

3.5. Characterization

To observe the morphology of nanodisks and the attachment of gold nanoparticles to the nanodisk surface, a scanning
electron microscope (SEM) was used (NOVA NanoSEM 230-FEI, USA). The extinction spectra of the nanodisks were
characterized by a UV-1800 UV-VISspectrophotometer (Shimadzu, Japan) in transmission mode.

4. Result and discussion

4.1. Observation of 2D gold/silver nanodisks

After fabrication, the 2D Au/Ag nanodisks were observed by SEM to confirm the size of the nanostructures. The
diameter of the disks is 330 nm approximately. The size of the disk can be altered by changing the interference angle of
LIL system. This is the smallest size of the disks that can be fabricated by our home-made LIL system. The nanodisks
are double layer, the 20 nm thick silver layers are underneath and 10 nm thick gold layers are on the top. The double
layer was fabricated to take advantage of the high refractive index sensing of silver and the biological compatibility of
gold. The centimeter scale of nanodisks was obtained by one shot of laser exposure by LIL technique on many types of
substrates. As shown in Figs. 2b and 2c, the nanodisks were fabricated on silicon, quartz and polyethylene naphthalate
(PEN) substrates. In this study, all samples were fabricated on quartz substrate to get high transmittance for optical signal
detection.
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FIG. 2. Fabricated 2D gold/silver nanodisks: (a) SEM image, (b) centimeter scale of nanodisks on rigid
substrate (quartz, silicon) and (c) flexible substrate (PEN)

4.2. Viability and selectivity of the detection scheme

To examine the viability of the detection scheme, the LSPR peak shifts of two experiments with and without insulin
introduction were recorded and shown in Figs. 3a and 3b, respectively. Consideration of 1:1 binding ratio of insulin
and their aptamer, 5 µM insulin and 1 µM aptamer was introduced in the experiments to eliminate the free aptamer (as
described in 3.4). The LSPR peak shift of the nanodisks in this experiment was 50 nm (Fig. 3a) while the LSPR peak
shift of the nanodisks in insulin absence experiment was 120 nm (Fig. 3b). The LSPR peak shift of the nanodisks in these
experiments results from the changing in local refractive index at the surface of the nanodisks where insulin aptamer and
gold nanoparticles were attached. No insulin was introduced, there were more DNA aptamers which are linkers attaching
more gold nanoparticles to nanodisk surfaces. Consequently, the larger change in local refractive index was caused and
the larger LSPR peak shifts were obtained. These recorded values proved that the “turn on” strategy detection worked
successfully.

FIG. 3. LSPR peak shifts of viability and selectivity experiments with 1 µM of insulin aptamer DNA:
a – in presence of 5 µM insulin, b – in absence of insulin (blank sample), c – in presence of 5 µM BSA,
ALP and thrombin respectively

To validate the selectivity of the design, the same experiment was carried out with the 1 µM insulin aptamer and 5 µM
of three different proteins: bovine serum albumin (BSA), and alkaline phosphatase (ALP) and thrombin. The recorded
LSPR peak shifts of the nanodisks in these experiments were shown in Fig. 3c. The LSPR peak shifts of experiments with
BSA, ALP and thrombin were 118 nm, 125 and 104 nm, respectively. These values are in the order of the peak shift of the
blank sample (the sample without insulin) and distinctly higher than that of the sample with insulin. This means that the
detection design exclusively “turn off” with insulin presence. These results obviously demonstrated the high selectivity
of our insulin detection platform.
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4.3. Signal enhancement by plasmonic interactions

Signal enhancement is the key to lower the limit of detection of molecules under consideration. The LSPR based
sensing works on monitoring the LSPR peak shift according to the local refractive index change of the LSPR nanostruc-
tures. Without amplification agents, the DNA strands binding events on the LSPR nanostructure surface usually cause
small changes in RI and results in low sensitivity of the detection [32, 34]. As mentioned, the gold nanoparticles in our
detection played as signal enhanced agents by taking advantage of plasmonic interactions between gold/silver nanodisks
and gold nanoparticles. The plasmonic interactions between them were verified by using the finite difference time domain
(FDTD) simulation as shown in Figs. 4a and 4b. The simulated distance between the nanodisk and the gold nanoparticle
is equal to the length of the linker insulin aptamer (the length of 32 bases strand is approximately 10 nm). As can be seen,
with presence of the gold nanoparticle close to the nanodisk surface, the plasmon interaction between them makes the
electromagnetic field of the nanodisk increases significantly. It should be emphasized that, during the sensing experiments
there were many gold nanoparticles brought to the nanodisk surfaces as presented in the corresponding SEM image in
Figs. 4c and 4d. In addition, the 2D gold/silver nanodisks were in a centimeter scale. Due to these factors, the collective
resonance electromagnetic field of nanodisks in the sensing platform was extremely enhanced and resulting in an incredi-
bly LSPR peak shifts that was caused by the binding of DNA to the nanodisk surfaces. In our “turn-on” insulin detection
design, this enhancement strategy is greatly effective since the lesser insulin was introduced, the larger LSPR peak shift
was created.

FIG. 4. Plasmonic interaction between gold nanoparticles and gold/silver nanodisks: (a) simulated
electromagnetic field of one gold/silver nanodisk, (b) simulated electromagnetic field enhancement
between one gold nanoparticle and one gold/silver nanodisk; attachment of gold nanoparticle to 2D
gold/silver nanodisks (c) in the absence of insulin (blank sample) and (d) in the presence of 5 µM insulin

However, the unexpected of free DNA aptamer bindings were also enhanced. There were a number of nanoparticles
binded on the nanodisk surfaces (Fig. 4c) and they caused a measurable LSPR peak shift of the system (Fig. 3a) in the
experiment with insulin introduction. This evidence proposed that there was an amount of free insulin aptamer that did not
bind to insulin in spite of the concentration of insulin (5 µM) is five times higher than that of their aptamer DNA (1 µM).
These results may be caused by the dynamic range of the biological interaction between insulin and their aptamer [34].
Nevertheless, the affection of the inactive insulin aptamer binding was diminished in our “turn-on” dectection scheme.

4.4. Sensitivity and specificity

The sensitivity of the insulin detection platform was demonstrated by a series of experiments at various concentrations
from 10 pM to 50 µM of insulin in the presence of the same concentration of aptamer DNA (1 µM). The LSPR peak shifts
of the system in these experiments are presented in Fig. 5a. Obviously, as the concentration of insulin decreases from
50 µM to 10 pM, the value of LSPR peak shift increases from 44 nm to 117 nm. The combination of the “turn-on”
strategy with plasmonic enhancement over a centimeter scale of our system produces a distinctive shift (117 nm) of the
LSPR peak with a small amount of insulin introduction (10 pM). To the best of our knowledge, such a large shift of the
extinction spectrum peak has not been reported in literature of LSPR based insulin sensing, till date. We used the ICH
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technique to calculate the limit of detection (LOD) of our sensing assay [35], LOD = 3.3σ/s (σ – standard deviation of
response, s – slope of the calibration curve). The data of the LSPR peak shifts in the insulin concentration range of 0 M
to 500 pM were used to compute the LOD (the inset of Fig. 4). The calculated LOD of our insulin detection platform was
140 pM. The LOD of our sensing system is comparable to the concentration of free insulin the in blood, blood plasma
or interstitial fluid that is in the picomolar range [11]. The result asserts strongly that our unoptimized system works on
insulin detection with high sensitivity.

FIG. 5. Sensitivity and specificity experimental results: (a) LSPR peak shifts of 2D gold/silver nan-
odisks after the incubation with various concentrations of insulin, (b) LSPR peak shifts of 2D gold/silver
nanodisks after the incubation with 5 µM insulin, DNA-captured gold nanoparticles, 1 µM adenosine
aptamer DNA (1 – after attaching capture DNA, 2 – after the incubation)

The nonspecific binding experiments were carried out further to confirm the specificity of the sensing system. All
biological components of the system were observed the nonspecific interaction to the nanodisks. Fig. 5b shows the LSPR
peak shift of nanodisk after incubating with insulin, DNA-captured gold nanoparticles, adenosine aptamer (single DNA
strands have the same base number as insulin aptamers but they form the G-quadruplex with adenosine not insulin). The
nonspecific interactions of these components with the nanodisks only results in 15 nm red shift of the nanodisk LSPR peak.
The SEM image inset also showed a couple of gold nanoparticles attached to the nanodisk surface after the nonspecific
incubation. These data proved that the LSPR peak shifts in our sensing experiments were predominantly attributed to
specific biological binding.

5. Conclusion

In summary, we reported a “turn-on” plasmon insulin detection platform by using LSPR structures combined with
plasmonic amplification as optical transducers. The LSPR structures in this study were Au/Ag nanodisks of 320 nm
diameter that were fabricated into centimeter scale 2D arrays on quartz substrates by laser interference lithography. The
“turn on” detection strategy helped one to maximize the detecting optical signals at low concentrations of detecting
insulin and to eliminate the nonspecific biological interactions. The plasmonic amplification is contributed by localized
plasmonic interactions between a huge number of 15 nm gold nanoparticles with Au/Ag nanodisks. The combination of
these factors leaded to the high sensitivity of our detection system that achieved the LOD of 140 pM that is comparable
as picomolar range of insulin level in human body. The specificity of the system is assured by the distinct biological
interaction of insulin and their DNA aptamers during the detection. The principles of our sensing platform can be applied
for other DNA aptamer linked biological agents even small molecules. In addition, the large area of the fabricated LSPR
nanostructures on all type of substrates in a short time may be an alternative approach for the lab-on-chip biological
sensing.
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