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Thiol-gold (Au) conjugation is perhaps the most routinely applied surface chemistry approach to immobilize re-
ceptors within Au-based molecular sensing platforms. However, no previous studies have investigated in situ im-
mobilization in a nanofluidic systems. In this work, flowthrough receptor immobilization is demonstrated, using
a nanoslit induced depletion zone to enable direct real-time visualization for characterizing the effect of sodium
chloride (NaCl) concentrations during immobilization of thiolated single-stranded DNA on Au. The results show
that the amount of fixed-DNA on Au, as well as the non-specific adsorption of DNA on fused silica surface,
strongly depend on NaCl levels. Furthermore, the non-specific interaction at high NacCl levels reduces the DNA
available for immobilization on Au, but enriches the DNA molecules in the channel under wash by deionized wa-
ter. By adding Tween-20 to decrease the non-specific adsorption and increasing the driving pressure to increase
the DNA flux under high-salt level, the immobilization time can be further decreased to 10 min or less, which is
at least an order of magnitude faster than recently proposed bioconjugation methods for thiolated-DNA-Au con-
jugation. Moreover, this work demonstrates the capability of the platform for DNA- and aptamer-based sensing

assays, thereby opening up new strategies for developing biosensors using nanofluidic platforms.

1. Introduction

Receptors immobilized on gold (Au) substrates are widely used
within optical [1,2] and electrochemical sensors [3,4]. In Au-based
sensing platforms, the attachment of single-stranded DNA (ssDNA) to
Au is a generic step for biorecognition at electrode [5,6] and Au
nanoparticle (AuNP) interfaces [7-9]. The Au-thiol interaction is fre-
quently used to immobilize thiolated-DNA onto Au, which provides a
robust way to fabricate self-assembled monolayers (SAMs) as functional
molecules for further conjugations [10-13]. Since DNA is a negatively
charged molecule, electrostatic repulsion from pre-adsorbed DNA mol-
ecules increases the difficulty of adsorption and immobilization events.
Therefore, the DNA density on the Au surface is limited, and incubation
over several hours is typically required to achieve a steady-state level of

DNA immobilization [14,15]. Various assembly strategies to increase
the efficiency of immobilizing thiolated-DNA onto the Au surface have
been considered in recent years. For instance, positively charged ions in
salt or acidic solutions are used to reduce electrostatic repulsion be-
tween DNA molecules or between DNA and a negatively charged solid
support substrate, such as AuNPs [16,17]. By doing so, the DNA density
on a plain Au surface can be increased and the reaction time for achiev-
ing steady-state immobilization levels can be reduced to ~1 hour [14,
15].

Microfluidic chips are widely used in biosensing [18,19] and bio-
medical [20] applications. The fluidic systems can effectively monitor
the binding interaction on Au in real-time and manipulate the flux of
target molecules by regulating the flow velocity, which are significant
advantages when compared with conventional open-top systems. In re-

Abbreviations: Au, Gold; AuNPs, Gold nanoparticles; DI, Deionized; EMCCD, Electron-multiplying charge-coupled device; ICP, Inductively coupled plasma; NaCl,
Sodium chloride; PSQ, Polysilsesquioxane; SAM, Self-assembled monolayers; SPR, Surface plasmon resonance; ssDNA, Single-stranded DNA; TCEP, Tris(2-

carboxyethyl)phosphine
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cent years, with the rapid development of nanofabrication technology
[21-23], nanofluidic platforms have increasingly been used to investi-
gate the transport properties in nanofluidic channels [24-27], the be-
havior of molecular transport [28-32], and many possible applications
of biomolecular analysis [23,33-38]. It has been reported that nanoslit
designs enable near-instant equilibration of concentration profiles in
the transverse direction at high axial flow rates. As a result, the reaction
time is dramatically reduced and a depletion effect is exhibited, which
is caused by ~100 % reaction at the device surface between targets and
probes with high affinity [33,39-41]. Moreover, the resulting target/
analyte depletion effect in the nanochannel enables virtually back-
ground-free fluorescence imaging at high detection sensitivity for real-
time visualization of their immobilization or binding events at the sur-
face [33], which is not possible by conventional surface plasmon reso-
nance (SPR) characterization [14].

Hence, this fluidic phenomenon unique to nanochannels can be uti-
lized for kinetic studies in real-time visualization [42], which would be
difficult to conduct within a microfluidic chip, and enable spatial reso-
lution down to a single oligonucleotide base-pair [43]. Surprisingly, no
prior work has utilized this depletion effect to systematically study the
influence of salt level on in situ Au-thiol conjugation and DNA transport
to the immobilization surface, which is vital for oligonucleotide-related
gene detection assays, aptamer-based sensors, and other sensor
schemes in nanochannel systems.

To investigate this issue, a nanochannel patterned with Au patches
was used to study the immobilization of thiolated ssDNA prepared in
different concentrations of sodium chloride (NaCl). As shown in Fig. 1,
DNA sample was loaded into the 500 nm-height channels using a pres-
sure pump. After each DNA sample loading step, deionized (DI) water
was introduced to remove the unbound DNA molecules. Previous stud-
ies have shown that the fluorophore signals can be quenched by Au
when excited fluorophores are in proximity of the Au surface [44-47].
Thus, Cy5-labeled ssDNA with hairpin structure was used in this work
to observe the salt effect on DNA immobilization and conformational
change [48].

2. Experimental section

Materials, DNA sequences, equipment, and software are detailed in
Supplementary material.
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2.1. Fabrication of a nanochannel patterned with Au patches

The fabrication procedure of fused silica chips bearing 500 nm deep
channels has been described previously [49]. Fused silica substrate was
spin-coated with photoresist, UV exposed and developed, then etched
by inductively coupled plasma (ICP) to 500 nm deep channels with
1 mm in width and 1 cm in length. A 4 X 3 array of square Au patches
was designed on the bottom of the channel (Fig. S1). Moreover, a poly-
silsesquioxane (PSQ)-coated cover glass was used to seal the nanochan-
nels [49,50]. See Supplementary material for more details.

2.2. DNA adsorption and immobilization on an Au surface in a nanofluidic
channel

One micromolar thiolated-DNA was prepared in different concen-
trations of NaCl with 40 pM tris(2-carboxyethyl)phosphine (TCEP). Ini-
tially, the nanofluidic chip was rinsed by DI water, and then the DNA
samples were loaded into the channel for 40 minutes. To observe the
immobilization efficiency of the DNA samples, DI water was loaded into
the channel for 10 minutes after every DNA loading step. All fluid flows
were driven by applying moderate negative pressures, and the linear re-
lationship between pumping pressure and volume flow rate is shown in
Fig. S2. The DNA sensor chips were imaged using an inverted micro-
scope with an electron-multiplying charge-coupled device (EMCCD)
camera. Fluorescent images were obtained with a 10 X objective (N.A.
= 0.25) using a typical Cyb5 filter set.

3. Results and discussions

3.1. Characterization of the reaction of thiolated-DNA on Au surface in a
nanoconfined channel

To characterize the immobilization of DNA on an Au surface in a
nanochannel platform, two dimensionless numbers were used to ex-
press relationships of diffusion to reaction rate (Damkohler numbers: D,
= [kOn X P xh]/[D]) and convection rate (Péclet number: Pe =
[Um X h]/[D]) [33], where kon is the association rate constant for thio-
lated-DNA adsorption to Au (~1 x103 M-1s-1) [51], P0 the quasi-
maximum surface density of thiolated-DNA immobilized on Au
(~1 x 1013 molecules/cm?2) [52], Um the mean flow velocity (280 pm/
s), D thediffusion coefficient of DNA in aqueous solution (~10-11 m2/s)
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Fig. 1. Experimental layout of salt-dependent thiolated-DNA-Au interaction study in a nanofluidic channel device. (a) DNA was immobilized with depletion effect
on Au patches in nanochannels. (b) The excess DNA was removed based on a DI water wash step.
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[53], and h the channel height (500 nm). In our case, Da is ~ 0.008,
which is much smaller than one, indicating that the reaction in the
nanoplatform is reaction-limited. Additionally, P is ~ 14, which is
much larger than one, denoting that molecular diffusion has a negligi-
ble effect on concentration variation. Moreover, the relationship be-
tween the time for molecules to travel along and diffuse across the
nanochannel (reduce time: t = [DX 1]/ [Um x h2]) was also estimated as
the distance (I) of thiolated-DNA to pass through an Au patch was
100 pm. Here, t is ~ 14.3, which is much larger than 2, indicating al-
most 100 % of thiolated-DNA is attached to the Au surface when pass-
ing through the Au patch [54], resulting in the observed depletion zone
in the nanochannel platform [33]. These results suggest that the
nanochannel design reduces the vertical diffusion effect and thus
achieves higher reaction efficiency compared with the open-top system.
In addition, the fluorescent background of the bulk solution is signifi-
cantly reduced due to the nanoscale channel height. Therefore, com-
pared with the microchannel design, the nanoconfinement design en-
ables in situ visualization of DNA immobilized on the Au surface, which
facilitates direct observation of the reactions near the sensor surface.

3.2. Imaging the interaction of thiolated-DNA with Au in DI water

Upon loading 1pM Cy5-C14-SH aptamer (see Supplementary
material) [48] dissolved in DI water into the nanochannel by flow, no
analyte depletion region was apparent (Fig. S3a), implying a low level
of interaction between the thiolated-DNA and the Au surface [33]. It is
noteworthy that the increasing fluorescence signal on top of the Au
patches is due to the reflectivity of the Au thin film at the excited wave-
length [33]. After the washing step, the signal at the Au patches
dropped to the level before the sample loading (Fig. S3b), indicating the
limited number of thiol-Au bond forming sites for DNA in DI water, as
the electrostatic repulsion from pre-adsorbed DNA increases the diffi-
culty of immobilizing subsequent DNA sequences from the bulk solu-
tion [14].

2400 JiWo
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3.3. Imaging the interaction of thiolated-DNA with Au at different NaCl
concentrations

As shown in Fig. 2a, no analyte depletion was discerned under the
4 mM NaCl condition, and no significant fluorescent signal was de-
tected on Au patches after washing step. Analogous results of DNA im-
mobilization obtained in NaCl concentrations of 12 mM and 37 mM are
shown in Fig. 2b and Fig. S4, respectively. Fig. 2b shows a small degree
of depletion, indicating there are some interactions between the thio-
lated-DNA and the Au surface, such as physical adsorption between nu-
cleotides and Au [6], and the formation of Au-sulfur bonds. However, a
significant signal was not detected on Au patches after removing un-
bound sequences (Fig. 2e). Under the 37 mM salt condition, the deple-
tion zones were more pronounced (Fig. S4a), but the weak fluorescent
signals, detected on Au patches after the washing step, indicated only
low level of interaction between the thiolated-DNA and the Au surface
(Fig. S4b). This indicates that these limited NaCl levels do not signifi-
cantly reduce the electrostatic repulsion upon DNA immobilization.

Considering the DNA immobilization in 110 mM (Fig. S5) and
330 mM (Fig. 2c) NaCl solutions, the depletion zones were clearly seen
when DNA molecules flow over the Au patches. As in Fig. S5, an appar-
ent fluorescent signal continued to be detected on Au patches after
washing with DI water. The intensity was 2,771 +£367 (a.u.), which is
seven times higher than the signal (414 + 45 a.u.) from the open-top ex-
periment with 40 minutes incubation time under the same salt condi-
tion (Fig. S6). This indicates that the nanoslit design can dramatically
increases the DNA immobilization efficiency under flow conditions ver-
sus that obtained by incubation under open-top reaction.

To be noted, in Fig. 2e, the maximum signal on Au patches was
around 1000 (a.u.) in the DNA loading step under 330 mM NaCl condi-
tion, but increased up to 5000 (a.u.) after washing with DI water. We
attribute this observation to the following. The thiolated-DNA was pre-
dicted to form a stem-loop (Fig. S7) in salt solution [48,55], thereby
shortening the distance between Cy5 fluorophores and the Au surface.
It has been reported that when excited fluorophores are in proximity of
the Au surface, the overall quantum yield becomes approximately equal
to the quantum yield of the plasmons, thereby lowering the fluores-
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Fig. 2. Imaging of the depletion pattern in the nanochannel immobilized with Cy5-C14-SH on Au at different NaCl concentrations. Time-lapse fluorescence images
captured from the nanofluidic channel device: 1 pM Cy5-C14-SH/40 uM TCEP/(a) 4 mM (black dot-dashed line), (b) 12 mM (green short dashed line), (c) 330 mM
(red dashed line) and (d) 1 M (blue solid line) NaCl solutions flowed through for 40 minutes, and washed by DI water. (e) Temporal fluorescence intensities (pixel-
averaged) generated from the regions of interest (yellow squares) in (a-d). The driven pressure is —50 mbar. (See Movies S1 to S8).
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cence signal [44]. Hence, the signal of the Cy5 fluorophore was likely
quenched by the Au thin film, and the fluorescence signal observed on
the Au patches at DNA loading steps was caused by the emission and re-
flection signals of the free Cy5-labeled DNA in the bulk (Fig. 2e) [33].
However, the strong electrostatic repulsion between the DNA bases
caused the stem-loop structure to be pulled open during the following
DI water wash step, thereby enlarging the distance between Cy5 fluo-
rophores and the Au surface, resulting in an increase in fluorescence
signal. Thus, the DNA conformational changes at different salt levels
were visualized. Furthermore, the regenerated fluorescence signal
could represent the relative amount of fixed-DNA on the Au surface (DI
water loading steps of Fig. 2e). Likewise, by analyzing the signals of the
fixed-DNA, it indicates that DNA density on the Au surface may be in-
creased by enhancing the thiol-Au interaction through increasing the
salt concentration, so that the immobilization occurs within the reac-
tion time frame (i.e., 40 minutes) (Fig. S8).

Interestingly, in 1 M NaCl solution, DNA did not reach the sensing
area even after 40 minutes of flowing the DNA sample (Fig. 2d). How-
ever, after flowing DI water through the channel, an enriched-DNA
band passed over the Au patches, and the fluorescence signal of fixed-
DNA on the Au patches read around 5,000 (a.u.) (Fig. 2e). This surpris-
ing observation is elucidated in the following section.

3.4. Higher NaCl concentration leads to higher non-specific adsorption

effect

In literature, siloxane on the surface of hydroxylated amorphous
fused silica has been reported to exhibit hydrophobic characteristics
[56], and DNA can adsorb on the surface of amorphous fused silica by
hydrophobic interaction and hydrogen-bonding interactions, which are
formed between the DNA phosphate and surface silanol group of the sil-
ica [57]. These reports indicate that DNA can adsorb on the fused silica
surface in the nanofluidic channel, and the salt concentrations neutral-
ize the charge on DNA backbones and the fused silica surface, thereby
enriching the amount of DNA that adsorbs and self-aggregates on the
silica surface. To verify the role of this phenomenon on our results, a
DNA sample prepared in 110 mM NaCl solution was loaded into the
channel, and then 330 mM NaCl solution without DNA was used to
wash the channel, followed by another DI water wash, which regener-
ated the signal of the fixed-DNA molecules on Au patches. As in Fig. 3
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and Fig. S9, we can find fluorescence intensity from the non-specific ad-
sorption of DNA on the SiO, surface in 330 mM NaCl solution is higher
than that in DI water. This indicates that a higher NaCl concentration
leads to a higher non-specific adsorption of DNA on Sio, surface. Con-
sequently, a highly enriched-DNA band was observed when DI water
was loaded to wash the channel, even after previous washing by
330 mM NacCl solution. It suggests that the salt-free washing solution
reduces the non-specific adsorption of DNA on the silica surface and the
enrichment of DNA in the nanochannel. Furthermore, this result can ex-
plain the greater time required for DNA transport through the
nanochannel under high salt conditions, by enhancing DNA adsorption
and self-aggregation on the fused silica surface, such as at 1 M NaCl
(Fig. 2d), even after 40 minutes of loading.

3.5. The effect of surfactant and flow velocity on DNA immobilization in
nanochannel

Tween-20, a nonionic surfactant with hydrophobic tails that bind to
a hydrophobic domain of fused silica, was used to decrease the non-
specific adsorption of DNA. By adding 0.05 % Tween-20 in the DNA
sample prepared in 1 M NacCl solution reduces non-specific adsorption,
as in Fig. S10. Thus, more DNA molecules become available for immo-
bilization on Au compared to the sample prepared without Tween-20,
as shown in the DNA loading step of Fig. 2d.

Furthermore, compared to the conventional open-top system, the
nanochannel system provides the ability to modulate molecular flux to
the surface. Thus, we increased flow velocity by increasing the negative
driving pressure from 50 (condition with no surfactant) to 700 mbar
and immobilized DNA under 1 M and 2 M NaCl/0.05 % Tween-20 con-
ditions for 10 minutes (Fig. 4a-b and Fig. S11). The averaged immobi-
lization signals from twelve Au patches were increased up to
6,735 +273 (a.u.) and 6,924 +290 (a.u.) under 1 M and 2 M NaCl/0.05
% Tween-20 condition, respectively, and plotted in comparison with
the immobilization process without added Tween-20 (Fig. 4c). Further-
more, under the aforementioned conditions, the fixed-DNA on the Au
surface almost reached a steady-state level, and the DNA (60-mer) den-
sity was ~ 0.42 x 1012 molecules/cm2 on the Au patch
(Supplementary material Section 1.6), which is comparable to the order
of magnitude reported in previous works (1012 — 1013 molecules/cm?2
for 25-mer DNA)[52,58].
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Fig. 3. The effect of NaCl concentration on non-specific adsorption of DNA between fused-silica and Au surfaces: 1 pM Cy5-C14-SH /40 pM TCEP/110 mM Nacl so-
lution flowed through for 20 minutes, washed by 330 mM NacCl, and rinsed by DI-water. (a) Temporal fluorescence intensities (pixel-averaged) generated from the
regions of interest (green squares, fused-silica area) in Fig. S9. (b) Temporal fluorescence intensities (pixel-averaged) generated from the regions of interest (yellow

squares, Au area) in Fig. S9. The driven pressure is — 50 mbar.
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Fig. 4. (a) Immobilization of Cy5-C14-SH in the nanochannel with 1 M NaCl/0.05 % Tween-20. Time-lapse fluorescence images captured from the nanofluidic chan-
nel device: 1 pM Cy5-C14-SH /40 pM TCEP/1 M NaCl/0.05 % Tween-20 solution for 10 minutes (driven pressure —700 mbar) and washed by DI water (driven pres-
sure —50 mbar). (b) Temporal fluorescence intensities (pixel-averaged) generated from the regions of interest (yellow squares) in (a) (see Movies S9 and S10). (c) The
immobilization signals of DNA in the nanochannel under different NaCl concentrations. The values represent the average fluorescence signal of the fixed-Cy5-C14-SH
on the twelve Au patches in the nanochannel after the DI water washing step, with the error bars indicating the standard deviation from the mean of the fluorescence
signal. Specifically, ® and @ refer to 1 pM Cy5-C14-SH/40 pM TCEP/0.05 % Tween-20 prepared in 1 M NaCl and 2 M NacCl, respectively.

This result indicates that DNA immobilization time can be reduced
from several hours required within conventional open-top system to
just a few minutes in the nanochannel under (1) high driving pressure
to increase the flux of DNA molecules, (2) high salt conditions to reduce
the electrostatic repulsion effect, and (3) the addition of 0.05 % Tween-
20 to lessen the hydrophobic effect between DNA molecules and the
surface of the fused silica.

3.6. DNA- and aptamer-based biosensing in the nanochannel

To extend the knowledge learned from the salt-dependent DNA im-
mobilization study above for biosensing applications, we used DNA-
based (lung) cancer gene and aptamer-based protein (human alpha
thrombin) sensing, as practically and clinically interested targets, for
such demonstrations.

For the DNA gene sensing assay, we used a probe DNA fragment cor-
responding to a lung cancer gene marker [59] (SH-25T_CYFRA21-1 (P),
see Supplementary material). To demonstrate the specific detection ca-
pability of the platform at different probe densities, we used a Cy5-
labeled target DNA fragment (Cy5- CYFRA21-1 (T), see Supplementary
material) and Cy3-labeled non-target DNA fragment (Cy3-40T (N), see
Supplementary material) as samples. To ensure consistent reaction con-
ditions, we co-loaded the samples into the nanochannel to react with
probes, which were fixed on Au under different NaCl levels, to demon-
strate the capability of differential sensing. The experiment procedure
is described in detail in the Supplementary material.

The results presented in Fig. 4c demonstrate that the probe density
on the Au surface is dependent on the NaCl levels in the immobilization
solution. In Fig. 5a, we found that the depletion phenomenon was ap-
parent during target DNA detection, while Fig. 5b shows that the sens-
ing intensity of the target DNA increases with an increase in probe den-
sity on Au region. Additionally, Fig. 5a demonstrates that the depletion
zone is not apparent within non-target samples, and the fluorescence

intensity of non-target samples does not depend on probe density (Fig.
5c, Au region). It is worth noting that the increased fluorescence inten-
sities observed during non-target sensing are due to the reflectivity of
the Au thin film at the excited wavelength (Fig. 5¢), and the intensities
from the Au surface are twice that from the SiO B surface [33]. More-
over, it is well known that the fluorescence intensity of different dye-
labeled targets is influenced by factors such as the quantum yield of the
dye molecule and the dye-to-target ratio. Therefore, in order to com-
pare the fluorescence intensities observed from samples with different
dye labels, it is necessary to eliminate the effects of these factors via the
normalization process discussed below.

To truly reveal the nature and information of our data, we compared
the intensities between the ones from the probe-fixed Au surface and
non-probe-fixed SiO_ surface (background) for both target and non-
target sensing analysis by dividing the intensities from the Au surface
by 2 to counter the reflectivity issue from the Au surface. The resulting
values were further normalized by the intensities from the SiO, surface
(background). In the case of target DNA sensing (Fig. 5d), the normal-
ized signal/background ratios increase over time and are much greater
than 1, indicating that target DNA was successfully captured by the
probe with high specificity. Conversely, in non-target DNA sensing, the
ratios (Fig. 5e) hover around 1, suggesting minimal non-specific ad-
sorption which supports the conclusion that the intensity changes in
Fig. 5c primarily arise from the emission and reflection intensities of
the free Cy3-labeled non-target DNA in the bulk solution thus serving as
the background intensity.

For the protein sensing assay, we adopted aptamer-based sensing
scheme by fixing the anti-thrombin aptamer [60] (SH-25T _TBA, see
Supplementary material) on Au patches in the nanochannel. Then, we
co-loaded Cy5-labeled thrombin and Alexa 488-labeled streptavidin
(non-target control) into the nanochannel to react with the fixed-
aptamer. The experiment procedure is detailed in the Supplementary
material.
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Fig. 5. The lung cancer gene detection assays with different probe densities generated under various salt conditions. Time-lapse fluorescence images captured from
the first column of Au patches in the nanofluidic channel device: (a) detection of mixed DNA sample contains Cy5-CYFRA21-1 (T) and Cy3-40T fragments (N) (N:
Non-target; T: Target; See Movie S11). (b) Temporal fluorescence intensities (pixel-averaged) generated from the regions of interest of target detection on Au (yellow
squares) and SiO2 (orange squares) in (a). (c) Temporal fluorescence intensities (pixel-averaged) generated from the regions of interest of non-target detection on Au
(blue squares) and SiO_ (light blue squares) in (a). (d) The intensity ratio curves obtained from (b) by normalizing the sensing intensities on Au surface (IAU) with
those of SiO2 surface (ISioz)' (e) The intensity ratio curves obtained from (c) by normalizing the sensing intensities on Au with those of Si02.

The results presented in Fig. 6a and b clearly distinguish between
the sensing of the target thrombin and the non-target streptavidin reac-
tion. The target thrombin sensing exhibits a characteristic depletion
phenomenon and the Langmuir-like kinetics curve, whereas the non-
target streptavidin reaction does not exhibit a depletion phenomenon
and shows a step-like kinetics curve. Additionally, the intensity ratio
curves for the target protein reached ~ 4 in Fig. 6¢, whereas those for
the non-target protein remained around 1 after loading the mixed sam-
ple. This suggests that, the increase in fluorescence intensity observed
in the non-target streptavidin loading is due to the overall background
increase caused by the bulk solution on Au surface. Moreover, this con-
firms that the aptamer-based sensing can accurately and specifically
identify the thrombin target protein by using this platform.

4. Conclusions

Owing to the formation of the characteristic depletion zone under
flow of fluorescent sample in a nanoconfined channel, the in-situ immo-
bilization of DNA on the Au surface can be visualized in real time. Our
results show DNA immobilization time can be dramatically reduced
from several hours to minutes within a nanochannel under high-salt en-
vironment compared to conventional open-top systems. In addition, the
amount of the non-specific adsorbed DNA molecules is increased with
the concentration of NaCl, and the DNA molecules can be released and
enriched by switching the loading solution to DI water into the
nanochannel. These results suggest that shrinking the channel height to
the nanoscale enhances the collision frequency of DNA molecules to the
sensing surface, thereby accelerating the immobilization procedure.
Consequently, the adverse circumstance of the non-specific adsorption
of DNA molecules to channel surface could also be enhanced with par-
ticularly high salt concentrations, a problem that may be alleviated by
using Tween-20 and increasing the DNA flux via increased driving pres-

sure, by which the immobilization time of DNA may be expedited fur-
ther down to less than 10 minutes. We further demonstrated the gener-
ality of using the nanofluidic platform and the associated immobiliza-
tion protocols for in situ molecular conformational change observation
and wash-free, real-time DNA gene and aptamer-based protein sensing.
This study provides a new perspective to accelerate immobilization of
thiolated DNA on Au and point out the issues to be addressed in operat-
ing a nanofluidic platform for applications such as biosensing and ap-
tamer screening. The outcomes of this study hold potential for the fu-
ture development of nanoconfinement platforms employing alternative
quantitative detection techniques such as surface plasmon resonance
and electrochemical detection.
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Fig. 6. The thrombin detection assay using an anti-thrombin aptamer. Time-lapse fluorescence images captured from the first column of Au patches in the nanoflu-
idic channel device: (a) detection of mixed protein sample contains Alexa 488-labeled streptavidin and Cy5-labeled human alpha thrombin (See Movie S12). (b)
Temporal fluorescence intensities (pixel-averaged) generated from the regions of interest on Au (yellow squares) and SiO2 (orange squares) in (a). (c) The intensity
ratio curves obtained from (b) by normalizing the sensing intensities on Au surface (IAU) with those of SiO2 surface (ISioz)'
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