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Enhanced detection sensitivity through enzyme-
induced precipitate accumulation in LSPR-active
nano-valleys+
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and Hee-Kyung Na ® *°

Biomolecule detection based on the localized surface plasmon resonance (LSPR) phenomenon has
advantages in label-free detection, good sensitivity, and measurement simplicity and reproducibility.
However, in order to ultimately be used for actual diagnosis, the ability to detect trace amounts of
biomarkers is necessary, which requires the development of signal enhancement strategies that enable
ultrasensitive detection. In this paper, we provide a straightforward and efficient route to boost LSPR
sensitivity based on multiple sample washings. We found that repeated washing and drying cycles lead to
a shift in the LSPR peak in a concentration-dependent manner, where this process drives the
accumulation of a precipitate, formed by an enzyme reaction with target specificity, in the sample’'s LSPR
active plasmonic nano-valley structure. Results show that the washing and drying process leads to
a signal enhancement of more 200 times compared to a sensor with only enzyme-based amplification.
To maximize this effect, optimization of the plasmonic nanostructure was also carried out to finally
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Introduction

From the rapid diagnosis of infectious diseases such as COVID-
19 to the early diagnosis of intractable diseases such as cancer,
the need for the development of point-of-care (POC) diagnostic
devices has been continually raised.'® Among various
approaches to aid the development of POC devices, many studies
have been conducted to detect clinically important biomolecules
using the localized surface plasmon resonance (LSPR) phenom-
enon based on its advantages of simplicity and reproducibility in
optical measurements and the possibility for miniaturization.®®

In order to develop an LSPR-based diagnostic device appli-
cable to POC systems, it is necessary to design both portable
analytical equipment and scalable plasmonic chips fabricated
with simple processes.”™ In the case of miniaturized optical
equipment, it is still difficult to precisely read small changes in
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achieve atto-molar detection of miRNA with a distinguishable LSPR peak shift.

wavelength at sub-nanometer resolution.”” As for the sensors, it
remains a challenge to realize superior sensitivity considering the
fabrication of large-area plasmonic nanostructures.”*™° In order
to satisfy these two aspects, the development of a signal ampli-
fication strategy that can induce a distinguishable LSPR peak
shift is required. To this end, there have been wide efforts to
amplify LSPR signals in many studies.'”** But despite advances in
signal amplification methods such as the formation of insoluble
precipitates by enzymatic reactions, a practical strategy to induce
a noticeable LSPR peak shift in the presence of clinically signifi-
cant, low-abundance biomarkers (e.g, miRNA, cancer-specific
antigens, and infectious viruses) has yet to be reported.>>¢

In this regard, we attempted to develop a signal amplification
method that enables biomarker detection with high sensitivity in
scalable plasmonic nanostructures. Starting with a previously
developed method in which the target-specific formation of
a precipitate is induced by an enzyme, we report here a strategy to
increase LSPR sensitivity by accumulating the precipitate in the

13-

LSPR-active region of the sensor by repeating a simple washing
and drying process. With this simple strategy, we achieved atto-
molar detection with a 200 times increase in sensitivity
compared to a sensor with only precipitate formation.

Experimental methods
Fabrication of DAS patterns

The double-bent Au strip (DAS) arrays were fabricated using the
UV-nanoimprint lithography (NIL) process together with Au
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deposition. First, 450 mL MINS-311RM resin was applied to the
center of a 4 inch mold with a 200 nm period. A polyethylene
terephthalate (PET) film was placed over the top of the resin,
and then a roller was used to cover the entire mold with the
resin. After curing by UV irradiation for 600 s, the PET film was
demolded to obtain a patterned film. After that, the post-
exposure process was repeated 3 times for 900 s to increase
the stability of the line pattern.

Gold deposition on the produced film was performed using
an E-beam evaporator while adjusting the deposition angle to
15°, 22.5°, 30°, and 37.5° and depositing Au with a thickness of
10 nm. After that, the film was cut into 5 x 7 mm sections and
used in the experiments.

miRNA 125b detection

After mixing 50 pL thiol-modified hairpin capture DNA
complementary to miRNA 125b (100 pM), 50 uL 10X PBS, and
400 uL DEPC-treated water, the mixture was kept at 95 °C for
5 min and then gradually cooled to 4 °C and maintained for
30 min. Then 50 puL 3-mercapto-1-propanol (100 uM) was added,
and the DAS film was treated with the mixture overnight at
25 °C. Different concentrations of miRNA 125b were added and
incubated at 25 °C for 2 h. After removing the mixture, 200 pL
biotinylated signal probe (200 nM) was added and incubated at
25 °C for 1 h. Then the probe was removed and 1 mL 1% BSA
(PBS) was added and incubated at 25 °C for 1 h. Thereafter,

streptavidin-alkaline phosphatase was added at
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a concentration of 5 pg mL™" and incubated for 1 h. Finally,
after removing the mixture, 1 mL BCIP/NBT solution was added
and incubated at 25 °C for 20 min.

The washing and drying process was performed by first
treating with DW and then drying with nitrogen blow. This
process was repeated 10 times, after which the samples were
measured by UV visible spectroscopy. Finally, the LSPR shift was
calculated as follows: Admax = Amax [POSitive] — Amax [negative].

Electromagnetic simulation

Electromagnetic simulations were performed using three-
dimensional FDTD software (FDTD Solutions, Lumerical Inc.).
Gold strips of thickness 10 nm on a polymer grating (200 nm
period, 90 nm wide at the top, 110 nm wide at the bottom, and
100 nm height) with a refractive index of 1.5 were modeled as
the DAS array. Each detailed simulation geometry is shown in
Fig. S2 and S5.7 Bulk dielectric properties of Au from Johnson
and Christy's results (data included in the software) were used
for the simulation.

Results and discussion

We first compared SEM images of the double-bent Au strip
(DAS) array after incubation in a solution of NBT formazan
produced by the alkaline phosphatase reaction of BCIP/NBT
without and with repeated washing and drying cycles. In the
former case, it was observed that organic precipitates formed on

(c) (d)

Precipitate formation by enzymatic reaction

Fig. 1

Multiple washing and drying

Accumulation in the plasmonic nano-valleys

(a and b) SEM images of DAS after incubation in a solution containing precipitates formed by enzymatic reaction before (a) and after (b)

multiple washing and drying cycles. (c—e) Schematic representation of the accumulation of precipitates in nano-valleys.
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the top of the nanostructure, as shown in Fig. 1a. In the latter
case with repeated washing and drying, as shown in Fig. 1b, the
precipitates permeated into the grooves of the nanostructure (or
nano-valleys). The increased precipitate accumulation in the
grooves is accounted for by the capillary force between the
grooves, which results from repeated exposure to the aqueous
environment and nitrogen blowing of the washing and drying
process as schematically depicted in Fig. 1c-e. The SEM image
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Fig. 2
deposited areas from different deposition angles.
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in Fig. 1b shows the potential for the increase in LSPR sensi-
tivity by increasing the amount of precipitates in the nano-
valleys for increased detection. In this situation, the coverage
of the Au film deposited at the bottom of the nano-valleys is
important to maximize the LSPR sensitivity (ESI, Fig. S1f).
Therefore, we fabricated different DAS arrays by finely control-
ling the deposition angle (from 37.5° to 15°) in the Au evapo-
ration step on the same polyurethane acrylate (PUA)

Log | E/E.|2 Log | E/E-|2 Log | E/E.|>

Log | E/Eo|2

(a—d) SEM images and (e—h) corresponding FDTD simulated electromagnetic field distributions of a double-bent Au strip with varying Au-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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nanogratings, which were obtained by UV-nanoimprint lithog-
raphy with a period of 200 nm. As depicted in Fig. 2a-d, the
lowest deposition angle of 15° results in the largest deposition
area, ie., the most extensive coverage, in the bottom of the
nano-valley. To assess the effect that the Au coverage of the
bottoms of the grooves has on the plasmonic sensing response,
finite-difference time-domain (FDTD) simulation was per-
formed as shown in Fig. 2e-h. The detailed simulation geom-
etries are shown in Fig. S21 for each structure. Depending on
the extent of the Au deposited area in the bottom of the grooves,
the results show a significant enhancement of the localized
electric field for the modeled DAS structure fabricated by Au
deposition at 15°. The LSPR sensitivity was further estimated
through FDTD simulation by modeling the DAS structure with
variable thickness in the surrounding organic layer. As shown in
Fig. S1,1 the LSPR peak shift was shown to be dependent on the
extent of bottom deposition coverage when the thickness of the
organic layer was in the range of 0 to 15 nm.

With the fine-tuned plasmonic nanostructure fabricated by
Au deposition at 15°, we investigated LSPR sensitivity changes
as precipitates accumulate in the plasmonic nano-valleys. First,
as shown in the strategy in Fig. 3a for the sensitive detection of
miRNA 125b, which is known to be involved in various patho-
logical including cancer and neurodegenerative
disease,””* thiol-modified capture DNA with a hairpin struc-
ture was introduced to the fabricated nanopatterned surface. In
the presence of the target miRNA, conformational changes were

events

Soluble

(a)
4 \) 7 Biotinylated DNA l
\“\;\3 \) ¢ Streptavidin-AP
Hairpin DNA mﬁ!NA ..' BCIP./NBT peak shift
precipitate
(c)
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Fig. 3
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induced through sequence-specific hybridization, and the bio-
tinylated signal probe was bound to the end of the capture DNA.
Treatment of alkaline phosphatase-streptavidin conjugate fol-
lowed by the treatment of BCIP/NBT induced the formation of
the precipitate uniformly over the entire surface, as shown in
Fig. S3,T resulting in considerable red-shifted spectral changes
(100 nm) at high concentrations of miRNA 125b (100 nM), as
shown in Fig. S4.T Then following the present strategy, repeated
washing and drying induced an additional 68 nm spectral shift.
But since clinically significant biomarkers typically exist in a low
concentration range, the possibility of signal enhancement at
a lower concentration was examined. In the presence of 10 fM
miRNA 125b, the repeated washing and drying process induced
an additional 14 nm shift, as shown in Fig. 3b, which is notably
larger than the LSPR spectral shift at low concentrations in our
previous report.?®* Furthermore, no considerable LSPR peak
shift was observed in the absence of miRNA 125b. These results
are in good agreement with FDTD simulation, as shown in
Fig. 3c. The detailed simulation geometries are shown in
Fig. S5t for each structure. In the presence of the same volume
of organic layer, a larger portion localized in the valleys causes
a further red shift in the calculated extinction spectrum
compared to that in the uniformly distributed organic layer, as
plotted in Fig. 3d.

Finally, we compared the quantification performance of the
previous signal amplification approach using only precipitate
formation with the current strategy of multiple cycles of

Insoluble
BCIP/NBT o O‘Precipitate

—— 1%t washing
—— 10" washing

(b) 1o

Peak shift

Absorbance (normalized)

970 990 1010 1030 1050
Wavelength (nm)

(d)

—— 1 washing
——— 10" washing

0.8 4

Peak shift

0.6
0.4 4

0.2

Normalized Extinction (a.u.)

0.0 4

920 940 960 980
Wavelength (nm)

(a) Scheme for miRNA detection. (b) LSPR peak shift induced by repeated washing and drying. (c) Local electric fields around the DAS

structures with organic layers uniformly distributed on the Au-deposited pattern (left) and accumulated in the nano-valley (right). Scale bars are
50 nm. (d) Calculated extinction cross-sections of DAS structures when organic matter moves from the top to the nano-valleys with the same

total volume.
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Fig. 4 Calibration curve obtained from the LSPR peak shifts of DAS at
various miRNA concentrations with (red circles) and without (black
squares) repeated washing and drying. Each data point represents the
mean =+ SD of the four experiments.

washing and drying. Fig. 4 plots calibration curves obtained by
the measurement of LSPR peaks in the presence of various
concentrations of miRNA 125b ranging from 0 to 10 fM with 1
cycle (black squares) and 10 cycles (red circles) of washing and
drying. The limits of detection (LoD) of the previous and current
approaches were determined to be 4.4 fM and 16.5 aM,
respectively, according to the equation LoD = 3.3 (SD/S), where
SD is the standard deviation and S is the slope of the calibration
curve. Also, it is worth mentioning that the repeated washing
and drying process performed after the formation of the
precipitate on the plasmonic structure with the least extensive
bottom Au deposition area fabricated at 37.5° did not induce
any additional LSPR shift, as shown in Fig. S6.1 Such difference
can be attributed to the different sensitivities shown in Fig. S1,f
even when the organic materials are equally accumulated inside
the valleys of each nanostructure. Taken together, the current
findings show that it is possible to realize a highly sensitive
LSPR biosensor comparable to previous reports® by driving
accumulated precipitates formed on plasmonic nanostructures
into LSPR-active regions through simple repeated washing and
drying without additional signal amplification or special
processing.

Conclusion

In this report, we have presented a simple and effective method
for LSPR signal enhancement that allows ultrasensitive detec-
tion of target biomolecules. Multiple washing and drying cycles
of the sample drive the accumulation of enzymatic reaction
products in the plasmonic nano-valleys, consequently inducing
an additional LSPR peak shift in a concentration-dependent
manner. Moreover, fine-tuning of the deposited Au coverage
on the bottoms of the nano-valleys provides an extension of the
sensitive detection area for the accumulated analytes. With
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these two strategies, we successfully demonstrated atto-molar
detection of miRNA. By making it possible to induce a notice-
able LSPR peak shift even at low concentrations with the
proposed simple method, POC device applications of LSPR
biosensors are closer to being realized.
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