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S
ince the first introduction of gold nano-
particle (AuNP)-based DNA biosensors
by the Mirkin group in 1997,1 there

have been numerous other studies reported
onDNA biosensors utilizing AuNPs.2�8 Most
applications in DNA biosensing that utilize
AuNPs employ the chemisorption of thiol-
modified oligonucleotides onto the surfaces
of these particles.9 However, more recent
studies have also utilized the adsorption of
nonthiolated DNA onto AuNP surfaces.10

In 2004, Li and Rothberg reported that
although double-stranded DNAs (dsDNAs)
do not specifically interact with the surfaces
of AuNPs without a thiol modification, single-
stranded DNAs (ssDNA) can adsorb onto
AuNPs.10,11 Although the nature of adsorp-
tion of nonthiolated ssDNA onto the sur-
faces of AuNPs, both ofwhich are negatively
charged, still remains controversial,10�15

AuNPs loaded with nonthiolated ssDNA
have been widely used in a variety of bio-
sensing or diagnostic applications.10,11,15�23

In most of these applications, ssDNA is
adsorbed onto AuNPs due to noncovalent

interactions, and a change in the signal (e.g.,
colorimetric, fluorescence) can result from
the close proximity between AuNPs re-
leased upon DNA hybridization with com-
plementary ssDNA.15�21 Previouswork by Li
et al. demonstrated the use of binding of
DNA to AuNPs for applications in which the
AuNPs were used to hold onto the ssDNA
as a cargo in assisting single base pair
discrimination,24,25 but the mechanism of
this discrimination is yet to be determined
(vide infra).
Despite the valuable functionalities of

AuNP-loaded ssDNAs in DNA biosensors,
there is little information available in the
literature about how the presence of AuNPs
affects the mechanistic pathway of the hy-
bridization of their DNA cargo.10�15 For
instance, Wu et al. observed that a time-
dependent dynamic equilibrium exists be-
tween the solution-phase hybridized DNAs
and the AuNP-loaded ssDNA strands, but
the detailed mechanism behind this equi-
librium was not clear.26 It can be implied
from the research of several others that
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ABSTRACT A combination of gold nanoparticles (AuNPs) and nucleic acids has been used in

biosensing applications. However, there is a poor fundamental understanding of how gold

nanoparticle surfaces influence the DNA hybridization process. Here, we measured the rate constants

of the hybridization and dehybridization of DNA on gold nanoparticle surfaces to enable the

determination of activation parameters using transition state theory. We show that the target bases

need to be detached from the gold nanoparticle surfaces before zipping. This causes a shift of the rate-

limiting step of hybridization to the mismatch-sensitive zipping step. Furthermore, our results

propose that the binding of gold nanoparticles to the single-stranded DNA segments (commonly

known as bubbles) in the duplex DNA stabilizes the bubbles and accelerates the dehybridization process. We employ the proposed mechanism of DNA

hybridization/dehybridization to explain the ability of 5 nm diameter gold nanoparticles to help discriminate between single base-pair mismatched DNA

molecules when performed in a NanoBioArray chip. The mechanistic insight into the DNA�gold nanoparticle hybridization/dehybridization process should

lead to the development of new biosensors.

KEYWORDS: DNA hybridization and dehybridization . gold nanoparticle (AuNP) . single base-pair discrimination .
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AuNP binding impacts the kinetics of DNA hybridiza-
tion.15,17,18 For example, Ray reported that the hybridiza-
tion of longer oligonucleotides with their complemen-
tary strands (of a fixed size) while loaded onto AuNPs
occurred more slowly than the hybridization of shorter
oligonucleotides.18 This observation suggests the involv-
ement of AuNPs in the rate-limiting step of duplex
formation since longer oligonucleotides have a higher
binding affinity to the AuNP surfaces.13 However, no
experiment has been performed to confirm this hypoth-
esis. Other studies have suggested that AuNPs are
involved in the dehybridization of dsDNAs,27�32 but to
the best of our knowledge no experiments have con-
firmed this hypothesis either. For instance, Cho et al.

observed that AuNPs enhanced the dehybridization of
single base-pair mismatched duplexes,27 but they did
not explain the reason for this observation. In 2009, Chen
et al. studied the kinetics and thermodynamics of DNA
hybridization on the surface of AuNPs, but their findings
also did not explain why dehybridization ofmismatched
duplexesoccurred toagreater extent than thatobserved
for perfectly matched duplexes.33 More surprisingly,
Yang et al. observed that dehybridization was enhanced
even for perfectly matched duplexes in the presence of
5 nm diameter AuNPs, and speculated that the duplex
wasfirst adsorbed and thendenaturedon the surfaces of
the AuNPs.29 This and other studies suggest a discre-
pancy of how dsDNA binds to the AuNPs,29,31,32 which is
contrary to many other reports concluding that dsDNA
does not bind to the AuNPs.10�13

Through further research, Li et al. have determined
that AuNP-loaded DNA targets (AuNP targets), in con-
trast to the DNA targets freely dissolved in the buffer
solution (free targets), were able to discriminate be-
tween the perfectly matched immobilized probe from
the single base-pairmismatched probeswhen unaided
by thermal stringency at room temperature.24,25 We
hypothesized that AuNPs compete with the immobi-
lized probes to gain the target binding, which increases
the stringency of the hybridization process. During this
competitive process themismatched duplex formation
with a lower hybridization affinity would be influenced
more strongly by the presence of AuNPs than the
formation of perfectly matched duplex. The different
energy barrier for each of these two processes would
enhance the discrimination efficiency between the
hybridization of mismatched and perfectly matched
duplexes. Utilizing this influence of the AuNPs on dis-
crimination during hybridization, Sedighi et al. devel-
oped a NanoBioArray chip to detect single nucleotide
polymorphisms in the Kras gene codon 12 at room
temperature.25 Room-temperature detection of single
nucleotide polymorphisms provides a convenient
method for multiplexing in a microarray platform and
alleviates the need for temperature optimization during
multiple hybridization processes. Themechanism of the
observed discrimination is, however, still unknown.

Here, we aim to study the kinetics for DNA hybridiza-
tion and dehybridization of AuNP targets and surface-
immobilized oligonucleotide probes. These studies
are performed using surface plasmon resonance
(SPR) spectroscopy, which has the advantage of not
requiring target labeling, in order to monitor the
hybridization/dehybridization processes. The kinetic
rate constants for hybridization to surface bound
DNA, determined using SPR, were used to calculate
the activation parameters in accordance with transi-
tion state theory. New models are proposed herein to
describe the influence of gold surfaces on DNA hybri-
dization and dehybridization processes for AuNP
targets. These models were based on comparisons
between the calculated activation barriers of AuNP
targets and the corresponding values resulting from
free target processes. Experimental data obtained from
this study (vide infra) indicates that the rate-limiting
step of hybridization is altered from the nucleation
step for free targets to the zipping step in AuNP targets
(Figure 1A). This study also suggests that AuNPs bind to
single-stranded segments (bubbles) as they naturally
form during DNA dehybridization, which could accel-
erate the dehybridization process (Figure 1B). A model
for DNA hybridization that takes place within the
channels of a NanoBioArray chip was created to better
understand the hybridization behavior of AuNP tar-
gets within the chip. The results of this study explain
observations of AuNP-assisted discrimination during
hybridization/dehybridization within the chip, which
could be useful in further optimizing this method.
These findings address inconsistencies between re-
ports in the literature regarding the impact of AuNP
binding on the behavior of DNA hybridization.

RESULTS AND DISCUSSION

The kinetic rate constants for the hybridization of
target oligonucleotides to surface-immobilized 20-mer

Figure 1. Two models of DNA hybridization and dehybridi-
zation. (A) The classical model with the rate-limiting step
during hybridization in the free targets, which is altered for
the AuNP targets. (B) The stabilization of the naturally
formed bubbles by AuNPs modifies the rate-limiting step
of dehybridization of double-stranded DNAs and, thereby,
accelerates this process.
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probes were determined using BIAevaluation software
from SPR sensograms obtained using the kinetic titra-
tion method. This approach was preferred to the
classical method, as the kinetic titration method is
faster and requires less amounts of reagents without
compromising accuracy of the results.34 The SPR sen-
sogram in Figure 2 was obtained from the hybridiza-
tion of a free target strand D20 and its immobilized
perfectly matched probe. The sequence informa-
tion for these DNA strands is reported in Table S1
(Supporting Information). Other SPR sensograms
from the kinetic titration analysis of different target
oligonucleotides with their perfectly matched and
mismatched probes are also shown in Figure S1
(Supporting Information). During these experiments,
10�160 nM of the target oligonucleotides were either
free in solution, or loaded on the surfaces of AuNPs and
suspended in solution (20 nM). As the concentrations

of DNA target molecules in the AuNP target solutions
increase from 10 to 160 nM the DNA-to-AuNP ratios
also increased from 0.5 to 8.0. A concern with the
higher DNA-to-AuNP ratios is that a fraction of the
target molecules (in the AuNP target solutions) would
remain free in the solution.13 The excess of target
molecules causes themeasured values of hybridization
rate constants (kh) for the AuNP targets to have a bias
toward values corresponding to the free target.35

Further analysis (Figure S2, Supporting Information)
of the raw data extracted from the sensograms using
themethod developed by Gotoh et al.36 demonstrated
that such a bias did exist at a concentration of 160 nM
or a DNA-to-AuNP ratio of 8.0 for both 20-mer and 60-
mer targets. The observed bias wasmore severe for the
60-mer targets because it is harder for the longer
oligonucleotides to bind onto the AuNP surfaces at
higher DNA target concentrations. Therefore, we chose
to omit data from the hybridization using 160 nM of
target solutions for calculation of kh values for both free
targets and AuNP targets.
Transition state theory37 was used to extract me-

chanistic information from the kinetic parameters.
According to this theory, the rate-limiting step of
reactions is the formation of the activated complex
or transition state.37 The free energy change of transi-
tion state formation (ΔG‡), also known as activation
free energy change, is related to the rate constant of
the reaction (k) by the Eyring�Polanyi equation, eq 1:

k ¼ kBT

h
e�ΔG‡=RT (1)

where kB is Boltzmann constant, T is absolute tempera-
ture, R is universal gas constant and h is Planck con-
stant. Since ΔG‡ includes both the activation enthalpy
change (ΔH‡) and the activation entropy change (ΔS‡)
and these parameters are related to each other by the
equationΔG‡ =ΔH‡� TΔS‡, determination of the rate-
limiting step of the reaction using ΔG‡ is superior to
using only activation enthalpy changes or ΔH‡.
The kh values determined from the SPR sensograms

(Figure S1, Supporting Information)34 are reported in

Figure 2. Sensogram resulting from the kinetic titration
analysis of 5 different concentrations of free target (D20)
analyzed using a SPR sensor chip with D probes (20-mer)
immobilized on its surfaces. Concentrations 1�5 represent
hybridization�dehybridization experiments conducted for
5 different target concentrations (10�160 nM). The control
signal (red) is created as the target solution flows over a
region of the sensor surface without immobilized probe
molecules. The control signal is subtracted from the sample
signal (green) to create the difference signal (blue) that is
used for data analysis. The inset depicts the hybridization
anddehybridizationphasesofDNAat 40nM (concentration3).

TABLE 1. Kinetic Parameter (kh) andActivationParameter (ΔGh
‡) of Hybridizationwith orwithoutAuNPs (5 nmDiameter)

at 22 �C

free targetb AuNP targetb

Tm
a (�C) kh/10

4 M�1 s�1 ΔGh
‡ kcal/mol ΔΔGh

‡c kcal/mol kh/10
4 M�1 s�1 ΔGh

‡ kcal/mol ΔΔGh
‡c kcal/mol

W20 PM 57.3 4.22 ( 0.08b 11.02 ( 0.01 0.01 ( 0.02 2.03 ( 0.07 11.45 ( 0.02 0.24 ( 0.08
MM 55.2 4.12 ( 0.12 11.03 ( 0.02 1.35 ( 0.22 11.69 ( 0.08

D20 PM 56.0 4.34 ( 0.03 10.99 ( 0.01 0.01 ( 0.02 2.01 ( 0.21 11.45 ( 0.05 0.29 ( 0.07
MM 52.5 4.29 ( 0.18 11.00 ( 0.02 1.22 ( 0.11 11.74 ( 0.04

D60 PM 56.3 4.38 ( 0.09 11.00 ( 0.02 0.01 ( 0.04 1.42 ( 0.12 11.65 ( 0.04 0.29 ( 0.11
MM 53.0 4.27 ( 0.17 11.01 ( 0.04 0.94 ( 0.22 11.90 ( 0.10

aMelting temperature as determined by UV absorbance spectroscopy. b All standard errors are determined from two measurements, and each include four different target
concentrations of 10, 20, 40, and 80 nM. cΔΔGh

‡ is the difference between ΔGh
‡ of perfectly matched (PM) and that of mismatched sequences (PM).
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Table 1 alongwith the calculated activation free energy
changes. The similar values of kh for the free target
hybridization resulted in the corresponding ΔGh

‡ va-
lues to be approximately the same, i.e., ∼11 kcal/mol.
Therefore, the ΔΔGh

‡ values between the perfectly
matched duplexes and mismatched duplexes (with a
mismatched base-pair at the center of the sequence)
are very small, indicating an insensitivity ofΔGh

‡ to the
presence of the mismatch site. This mismatch insensi-
tivity ofΔGh

‡ suggests that themismatched nucleotide
does not significantly influence the transition state.
This observation agrees with previous reports that
the rate-limiting step of free target hybridization is
the nucleation step, which is the formation of a few
base pairs from each strand into a transient intermedi-
ate, called the nucleus.38 The nucleus usually forms at
various sites of the duplex,39 but the mismatch bases
do not take part in the nucleation process.40 The mis-
match bases are incorporated into the duplex during
the subsequent zipping process. The zipping is a
relatively fast step that occurs subsequent to the
rate-limiting nucleation process, and thus the presence
of the mismatch base has little influence on the
hybridization rate.
On the other hand, AuNP-loaded DNA targets ex-

hibit smaller kh values, leading to higher ΔGh
‡ in com-

parison to hybridization with free targets (see Table 1).

More noticeably, the kh values are even lower for the
mismatched duplexes, which lead to significantly
higher ΔΔGh

‡ values in contrast to those for the free
targets. In light of these observations, we propose a
model for the hybridization of AuNP targets (Figure 3A).
We infer that significant differences in ΔGh

‡ originate
from a shift in the rate-limiting step from a mismatch-
insensitive nucleation step to a mismatch-sensitive
zipping step. This shift is, in turn, due to a difference
in hybridization environment for AuNP target nucleo-
tides during the zipping step in comparison to the free
target nucleotides. Following the nucleation step, the
unpaired bases in free targets are free in the solution
and hybridize readily due to the negative enthalpy
change of base-pair formation.38 The unpaired bases
involved in the zipping step for the AuNP targets have
to overcome the potential barriers associated with
disrupting the interactions between the bases and
the surfaces of the AuNPs. This additional energy
barrier hinders the zipping step, making it the rate-
limiting step in the hybridization process. The zipping
is less favorable in the presence of mismatched
bases and results in a higher ΔGh

‡ for hybridization
of mismatched duplexes than for perfectly matched
duplexes. The zipping step remains slow until binding
of the target nucleotides to the AuNPs becomes
unfavorable and the target completely detaches from

Figure 3. Schematics of classical hybridization (A) and dehybridization (B) models for free targets, and newly proposed
models indicating the modifications due to the presence of AuNP targets (C and D, respectively).
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the surfaces of the AuNPs. Once detached from the
AuNPs, the remaining bases will hybridize at a faster
rate to complete the zipping step. This process of
detachment in the zipping step should be even slower
for longer targets due to the increased number of
interactions with the surfaces of the AuNPs (see the
investigation on the effect of target length in the
subsequent section).
We also investigated the influence of the type of

mismatched base-pair on the hybridization reaction
kinetics. For example, the mismatched site of the W20
duplex comprises a G�T base-pair, which is among the
least unstable mismatches, and the mismatched du-
plex of the D20 contains the more unstable C�A
mismatch.41 This is consistent with our measurement
of various melting temperatures, which determined
the lowest melting temperature for the D20 mis-
matched base pair (Table 1). However, based on the
similar ΔΔGh

‡ values for both the W20 and D20 AuNP
targets (Table 1), we speculated that although the
mismatch will influence the hybridization process the
type of the mismatch is not critical. The type of mis-
match would have a greater influence on the melting
temperatures during dehybridization processes and
will be discussed in the following paragraph.
Table 2 shows the dehybridization constants as well

as the corresponding changes in activation free en-
ergy. The rate-limiting step in the dehybridization of
dsDNA is the formation of single-stranded segments
(referred to as bubbles) at different sites along the
duplex (Figure 3A). These bubbles form due to the
continuous cycle between local denaturation and re-
closing, known as thermal breathing of dsDNA.42 The
presence of a mismatched base-pair in the duplex
strand accelerates the formation of bubbles. Unlike
the hybridization rate constants, kh, the dehybridiza-
tion rate constants, kd, are highly influenced by the
presence of mismatched base-pairs.43 Furthermore,
variations in the stabilities of mismatches contribute
to differences observed in the rate of formation of
bubbles.43 These differences are reflected in the varia-
tions in kd values of free target duplexes shown in

Table 2, in contrast to having similar kh values (Table 1).
Regarding themismatch types, C�Amismatches in the
D20 duplex are more unstable, which results in their
kd value being ∼3 times higher for the mismatched
base-pairs than that for the perfectly matched duplex.
This result is in contrast to the ∼2 times increase
observed in the case of the most stable W20 duplex.
Moreover, the higher kd value of D20 leads to a more
negative ΔΔGd

‡ of �0.64 kcal/mol than the corre-
sponding value of W20 (�0.42 kcal/mol).
Even higher dehybridization rates were observed for

AuNP targets with both perfectly matched and mis-
matched probes. In the case of perfectly matched
duplexes, the kd values increased from ∼1 � 10�4 s�1

observed for the free targets to ∼3 � 10�4 s�1 in AuNP
targets. These results suggest a greater role of AuNPs in
the DNA dehybridization process than during hybridiza-
tion. In the case of mismatched duplexes using AuNP
targets, the increase in kd was ∼3 times for the G�T
mismatch and ∼4 times for the C�A mismatch, corre-
sponding to the relative instability of these duplexes. In
the case of D20 for the C�Amismatch, a 4-fold increase
of kd for mismatched over perfectly matched is the
integral to further understanding the mechanism of
AuNP-assisted single base-pair discrimination. In the
case of the AuNP-W20 target, the combination of the
ΔΔGd

‡ value (�0.55 kcal/mol) with the ΔΔGh
‡ value

(0.24 kcal/mol) suggest a better discrimination of
AuNP-W20 targets over the free W20 targets (ΔΔGd

‡

of �0.42 kcal/mol and ΔΔGh
‡ of 0.01 kcal/mol). More-

over, the greater influence of AuNPs on the dehybridi-
zation process than hybridization suggests that the
discrimination is better for D20 (ΔΔGd

‡ of �0.83 and
ΔΔGh

‡ of 0.29 kcal/mol) in comparison to W20 (ΔΔGd
‡

of �0.55 and ΔΔGh
‡ of 0.24 kcal/mol).

Since the binding of AuNPs to the bases is rather
nonspecific, acceleration of the dehybridization pro-
cess by AuNP binding is expected to be independent
of the mismatch base-pair stability. Furthermore,
AuNPs have been frequently reported to not bind with
dsDNA.10�18 We can explain the correlation between
our results and these previous reports by revisiting the

TABLE 2. Kinetic Parameter (kd) and Activation Parameter (ΔGd
‡) of Dehybridization with or without AuNPs (5 nm

Diameter) at 22 �C

free targetb AuNP targetb

Tm
a (�C) kd/10

�4 s�1 ΔGd
‡ kcal/mol ΔΔGd

‡c kcal/mol kd/10
�4 s�1 ΔGd

‡ kcal/mol ΔΔGd
‡c kcal/mol

W20 PM 57.3 1.20 ( 0.02b 22.53 ( 0.02 �0.42 ( 0.04 3.18 ( 0.08 21.96 ( 0.03 �0.55 ( 0.09
MM 55.2 2.46 ( 0.04 22.11 ( 0.02 8.13 ( 0.35 21.41 ( 0.04

D20 PM 56.0 1.25 ( 0.03 22.51 ( 0.02 �0.64 ( 0.07 3.63 ( 0.14 21.88 ( 0.04 �0.83 ( 0.08
MM 52.5 3.72 ( 0.11 21.87 ( 0.03 14.9 ( 0.37 21.06 ( 0.02

D60 PM 56.3 1.21 ( 0.04 22.53 ( 0.03 �0.68 ( 0.07 3.26 ( 0.09 21.95 ( 0.03 �0.95 ( 0.07
MM 53.0 3.87 ( 0.09 21.84 ( 0.02 16.5 ( 0.44 21.00 ( 0.03

aMelting temperature as determined by UV absorbance spectroscopy. b All standard errors are determined from two measurements, and each include five different target
concentrations of 10, 20, 40, 80, and 160 nM. cΔΔGd

‡ is the difference between ΔGd
‡ of perfectly matched (PM) and that of mismatched (MM) sequences.
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rate-limiting step of the dehybridization process for
AuNP targets. Figure 3B shows a potential AuNP-
mediated dehybridization process (in AuNP targets),
in which ssDNA bubbles are formed, in a manner
similar to natural dehybridization (in free targets).
Although fully coiled duplex DNAs do not bind to
AuNPs, once the ssDNA bubbles form they are able
to bind to the AuNPs. Therefore, the energy released
from the interactions between the dehybridized bases
and surfaces of the AuNPs may compensate for the
energy required for the remaining bases to undergo
dehybridization from the probe molecules, thus accel-
erating the process of duplex dehybridization. Our
model suggests that dehybridization in the experiment
by Yang et al.28 was actually initiated by binding of the
AuNPs with the thermal bubbles (or ssDNA segments
in the duplex), but not to the fully coiled dsDNA.28

Other biological events have also been reported to
involve binding with thermally formed bubbles. For
example, TATA binding protein (TBP), a transcription
promoter, binds to bubbles of DNA that form by
thermal breathing.44

Effect of Target Length. Longer oligonucleotides are
known to bind more tightly to the AuNP surfaces,14

most likely due to the potentially higher number of
contact points between the oligonucleotides and the
surfaces of the AuNPs. In order to investigate the
influence of target length, and thus AuNP binding
strength, on the hybridization and dehybridization
processes, we performed SPR studies using targets of
two different lengths. These targets were D60 (60-mer)
andD20 (20-mer) (see Table S1, Supporting Information).
The measured hybridization rate constants and the
corresponding activation parameters of D60 are shown
in Table 1. In comparison to theD20 targets conjugated
to 5 nm diameter AuNPs, D60 shows slower reac-
tion rates (i.e., 1.42 vs 2.01 � 104 M�1 s�1) indicating
a higher energy barrier for hybridization. In accordance
with our proposedmodel of AuNP target hybridization,
we believe that for longer target molecules, due to the

greater number of contact points with the AuNP
surfaces, the slow-zipping step (the rate-limiting step)
lasts longer, and consequently the hybridization rate is
reduced due to the greater number of contact points
with the gold surfaces. Unlike the differences observed
in the hybridization rates, the D60 target had similar
dehybridization rates in comparison to the D20 targets
(3.26 vs 3.63 � 10�4 s�1, respectively), which suggests
binding between the AuNPs and the dangling region
of the D60 target does not enhance its dehybridization.

Effect of AuNP Size. The ssDNAs have been observed
to bind less tightly to small AuNPs in comparison to
larger AuNPs.14,45 A higher degree of curvature in the
smaller AuNPs appears to have an adverse effect on
binding strength. In order to investigate the influence
of AuNP size on interaction with the oligonucleotides,
we measured the kinetic rate constants of D20 targets
loaded onto 12 nm diameter AuNPs and compared
their hybridization and dehybridization parameters
with the corresponding values for D20 loaded onto
5 nmdiameter AuNPs. Both valueswere also compared
with those obtained for free targets. From the derived
kh values (Table 3) it can be observed that the 12 nm
AuNP targets had a similar hybridization rate to that of
the 5 nm AuNP targets (i.e., 2.08 vs 2.01� 104 M�1 s�1,
respectively). The values of ΔΔGh

‡ for the perfectly
matched and mismatched probes remain similar be-
tween the 5 nm AuNP (0.29 kcal/mol) and 12 nm AuNP
(0.27 kcal/mol).

On the other hand, the rates of dehybridization for
the duplexes were not increased in the presence of
12 nm AuNP and the kd values were similar to those for
the free targets (1.17 vs 1.25 � 10�4 s�1, respectively).
This result is in contrast to the values observed for
5 nm AuNP and for free targets (3.63 � 10�4 vs 1.25 �
10�4 s�1), as shown in Table 3. These observations
suggest that the 12 nm AuNP is not significantly
involved in the dehybridization process in contrast
to 5 nm AuNP. While the kh values indicate similar
binding strength between the DNA bases and surfaces

TABLE 3. Kinetic Parameters (kh, kd) and Activation Parameters (ΔGh
‡,ΔGd

‡) of AuNP Targets for AuNPs of TwoDifferent

Sizes and for Free Targets Hybridized to, and Dehybridized from 20-mer DNA Probes at 22 �C

free target AuNP (5 nm diameter) target AuNP (12 nm diameter) target

hybridization kh/10
4 M�1 s�1 ΔGh

‡a kcal/mol ΔΔGh
‡ kcal/mol kh/10

4 M�1 s�1 ΔGh
‡ kcal/mol ΔΔGh

‡ kcal/mol kh/10
4 M�1 s�1 ΔGh

‡ kcal/mol ΔΔGh
‡ kcal/mol

PM 4.34 ( 0.03b 10.99 ( 0.01 0.01 ( 0.02 2.01 ( 0.21 11.45 ( 0.05 0.29 ( 0.07 2.08 ( 0.14 11.43 ( 0.04 0.27 ( 0.09
MM 4.29 ( 0.18 11.00 ( 0.02 1.22 ( 0.11 11.74 ( 0.04 1.31 ( 0.23 11.70 ( 0.08

dehybridization kd/10
�4 s�1 ΔGd

‡a kcal/mol ΔΔGd
‡ kcal/mol kd/10

�4 s�1 ΔGd
‡ kcal/mol ΔΔGd

‡ kcal/mol kd/10
�4 s�1 ΔGd

‡ kcal/mol ΔΔGd
‡ kcal/mol

PM 1.25 ( 0.03c 22.51 ( 0.02 �0.64 ( 0.07 3.63 ( 0.14 21.88 ( 0.04 �0.83 ( 0.08 1.17 ( 0.07 22.55 ( 0.06 �0.65 ( 0.11
MM 3.72 ( 0.11 21.87 ( 0.03 14.9 ( 0.37 21.06 ( 0.02 3.57 ( 0.11 21.89 ( 0.03

aΔGh
‡ andΔGd

‡ are activation free energy changes for hybridization and dehybridization, respectively;ΔΔGh
‡ isΔGh

‡ of perfectly matched (PM) minus that of mismatched
(MM), andΔΔGd

‡ isΔGd
‡ of PM minus that of MM. b All standard errors for kh values are determined from two measurements, and each include 4 different target 20-mer

DNA concentrations of 10, 20, 40 and 80 nM. c All standard errors for kd values are determined from two measurements, and each include 5 different 20-mer target DNA
concentrations of 10, 20, 40, 80 and 160 nM.

A
RTIC

LE



SEDIGHI ET AL. VOL. 8 ’ NO. 7 ’ 6765–6777 ’ 2014

www.acsnano.org

6771

of AuNPs with different sizes, one may anticipate a
similar dehybridization rate for the 12 nm AuNPs. The
apparent decreased involvement in the dehybridiza-
tion process by the larger AuNPs might be due to their
relatively smaller degree of curvature. The surfaces of the
citrate-capped AuNPs are negatively charged. However,
the dsDNA regions adjacent to the ssDNA segments
(bubbles) are also negatively charged (with double charge
density in comparison to regions with ssDNA segments),
and their electrostatic repulsion prevents the AuNPs from
effectively approaching the ssDNA segments. The 5 nm
AuNPs have a larger degree of curvature, such that there is
less electrostatic repulsion during the dehybridization
process.

Extraction of Activation Enthalpy and Entropy Changes. Ad-
ditional SPR experiments were conducted at 28, 34,
40 �C, and Arrhenius plots were constructed in order to
extract the activation enthalpy and entropy changes. A
rearranged format of the Eyring�Polanyi equation was
used (eq 2) to obtain the contributions of the enthalpy
and entropy changes in ΔG‡.

k ¼ kBT

h
e(�ΔH‡=RT )e(ΔS

‡=R) (2)

Figure 4 shows the Arrhenius plot (ln kh/T versus

1/RT) of hybridization rate constants (Figure 4A) and
dehybridization rate constants (Figure 4B) for D20 in
the range of 22 to 40 �C. The activation enthalpy
change (ΔH‡) and activation entropy change (ΔS‡)
were derived (Table 4) from the slope and intercept
of the Arrhenius plots and using eq 2 (see Table S2,
Supporting Information).32 In agreement with previous
reports,43,46 the kh values of the free targets almost
doubled with the temperature increased from 22 to
40 �C. This results in a positiveΔH‡ (Table 4), which has
been previously suggested to correlate with diffusion-
controlled nucleation process.38,42,47 5 nm AuNP tar-
gets, on the other hand, demonstrate a sharper in-
crease in the kh values (i.e., a more negative slope),
which approach the values of the free targets at
40 �C (i.e., 1/RT = 0.0016 M K cal�1). This results in a

doubling of ΔHh
‡ in comparison to the free targets,

which is consistent with the observed increase ofΔGh
‡

values for the 5 nm AuNP targets.
The negative value ofΔSh

‡ for free targets indicates
a drop in the system's disorder in the rate-limiting step
as the nucleus forms between the two DNA strands.
However, the value ofΔSh

‡ for AuNP targets is positive.
Although this value has a high estimated error value, it
is clearly less negative than the free target value. We
attribute this less negative ΔSh

‡ to the involvement of
AuNP binding in the rate-limiting step of hybridization.
We believe that during hybridization involving the
AuNP target, the entropy loss due to the hydrogen
binding between the DNA bases is compensated by
the entropy gain arising from the detachment of target
bases from the surfaces of the AuNPs. Therefore, a less
negative ΔSh

‡ is observed for AuNP target hybridiza-
tion than the free target hybridization, because the
latter only involves the entropy decrease associated
with hydrogen binding in its rate-limiting nucleation
step.

A reverse trend was observed in the dehybridiza-
tion parameters. The 5 nm AuNP targets have a lower
value forΔHd

‡ than the free targets because the transi-
tion state is stabilized by binding with the AuNPs. A
more negative ΔSd

‡ value associated with the AuNP
targets demonstrates the hindrance of the transition
state and further implicates the involvement of AuNPs
in the rate-limiting step.

Figure 4. Arrhenius plots of hybridization rate constants (A) and dehybridization rate constants (B) at temperatures of 40, 34,
28, and 22 �C.

TABLE 4. Activation Enthalpies and Entropies of Free

Targets and 5 nm AuNP Targets

ΔHh
‡a

kcal mol�1

ΔSh
‡a

cal mol�1 K�1

ΔHd
‡b

kcal mol�1

ΔSd
‡b

cal mol�1 K�1

free target 6.06 ( 0.50 �16.72 ( 0.83 20.11 ( 1.97 �7.99 ( 3.26
AuNP5 target 11.42 ( 1.24 0.26 ( 2.05 12.69 ( 2.18 �31.14 ( 3.60

a Obtained from kh measurements at four different temperatures of 40, 34, 28, and
22 �C, based on eq S2a of Table S2 (Supporting Information). b Obtained from kd
measurements at four different temperatures of 40, 34, 28, and 22 �C, based on eq
S2b of Table S2 (Supporting Information).
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DNA Hybridization Model in the NanoBioArray Chip. After
better establishing the role of AuNPs in hybridiza-
tion and dehybridization, we apply this knowledge to
estimate the hybridization results for experiments in-
volving NanoBioArray chips for the single nucleotide
polymorphisms (SNPs) detection of Kras gene.25 We
created a model of the DNA hybridization processes
taking place within the channel of the NanoBioArray
chip (Figure 5A). Our goal was to further understand
the behavior of the AuNP targets and to further verify
the kinetic parameters obtained from the SPR spec-
troscopy measurements through the use of experi-
mental results obtained from the NanoBioArray chip.
As described in the subsequent experimental section,
the hybridization fractions (θpm for perfectly matched
duplexes and θmm for mismatched duplexes) were
determined from the knowledge of the diffusion coef-
ficient, D, of the AuNPs (from dynamic light scattering
(DLS) measurements) and of the maximum duplex
concentration, θ0 (from the calibration measurements
performed using the NanoBioArray chip).

From the DLS experiments the measured hydro-
dynamic diameter, dh, values were used to derive D using
the Einstein�Stokes equation (eq 5, see experimental
section below). The value of dh for the 5 nm diameter
AuNPs (before DNA loading) was determined to be 6.8
((0.2) nm,which increased to 7.6 ((0.5) nmwhen loaded

with the D20 target. The calculated value of D was
6.4 � 10�7 cm2/s for the 20-mer AuNP targets, which
was about half of the value (1.47� 10�6 cm2/s) estimated
for the 20-mer free targets. The values for θ0 were
experimentally obtained from both the measurements
of SPR and experiments using the NanoBioArray chip.
On the basis of the SPR responses before and after probe
immobilization, we estimated that the probe density on
the surfaces of the SPR sensor chip, as determined by the
instrument settings,48 was (1.1( 0.3)� 10�8mol/m2. This
value is relatively close to the corresponding value ob-
tained from the experiments using the NanoBioArray chip
[(1.4 ( 0.2) � 10�8 mol/m2]. Both values of the probe
densities are at a low level, which suggests that the
probe�probe interactions are minor.49

Figure 5B compares the fluorescence signal inten-
sities resulting from the hybridization (indicated by the
hybridization fraction) usingD20 free targets (at 22 and
40 �C) with those values for 5 nm AuNP-D20 targets at
22 �C measured at various hybridization times. The
hybridization fraction, which is θpm in eq 8 (see experi-
mental section below) divided by θ0, is a measure
of sensitivity for the formation of the perfectlymatched
duplexes. In a similar manner θmm in eq 9 (see experi-
mental section below) divided by θ0 gives the hy-
bridization fraction for the mismatched duplexes.
The various conditions are easily compared by plotting

Figure 5. (A) A model of AuNP target hybridization that takes place in the channel of a NanoBioArray chip. Two perfectly
matched (PM) probe spots and twomismatched (MM) probe spots are alternately arrayed on the surfaces within the channel.
(B) Predicted DNA duplex concentration and (C) predicted discrimination ratios plotted against the time permitted for
hybridization that resulted from D20 targets (free targets at 22 and 40 �C, and targets loaded on 5 nm AuNPs at 22 �C).
Hybridization fractions are the fractions of PM probes that form duplexes with the targets, and discrimination ratios (dashed
lines) are derived from the ratio of PM duplexes to MM duplexes.
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the discrimination ratios, which are the fraction of
perfectly matched duplexes over the fraction of mis-
matched duplexes (θpm/θmm). In comparison to the
hybridization fraction at 40 �C, the free target signals
at 22 �C are smaller at short hybridization times
(Figure 5B). This difference is primarily attributed to
their lower kh values at 22 �C. At longer hybridization
times, however, the intensity of the hybridization frac-
tion at 22 �C became equivalent to that at 40 �C. This
time dependence is attributed to a greater influence of
the slower dehybridization rates at 22 �C that compete
with the relatively slower hybridization process.

Similar trends apply to the AuNP targets, except
that they exhibit a relatively lower intensity of the
hybridization fraction even after 60 min of hybridiza-
tion (Figure 5B). The discrimination ratios for the AuNP
targets are, on the other hand, higher than those for
the free targets at 22 or 40 �C for all hybridization times.
This variation in the discrimination ratio is primarily
due to the larger differences in the perfectly matched
and mismatched dehybridization constants for the
AuNP targets, in contrast to the corresponding differ-
ences for the free targets (Table 2).

The fluorescence responses predicted by the
model were verified by the experimental signals ob-
tained using the NanoBioArray chip at two different
hybridization times. As previously reported, hybridiza-
tion occurred within these microfluidic devices at the
intersections between the vertical target DNA chan-
nels and the horizontally preprinted (DNA) probe
lines.25 Figure 6A,B shows representative images of
the fluorescence signals obtained from the 20 and
60min hybridization processes, respectively. The histo-
grams (Figures 6C�F) show the experimentally mea-
sured hybridization fractions of perfectly matched (in
green) and mismatched (in red) duplexes. Histograms
in Figure 6C,D correspond to the signal intensities from
a 20 min hybridization of W20 (Figure 6C) and D20
(Figure 6D), while the histograms in Figure 6E,F show
the corresponding graphs from the 60 min hybridiza-
tion process. The experimentally derived signals
(plotted as columns) are compared with the values
predicted by the model (plotted as solid lines). This
comparison indicates agreement between the pre-
dicted and experimental values within experimental
error. This agreement illustrates the accuracy of the

Figure 6. Comparisonof predicted andexperimentallymeasuredfluorescent intensities from the formationof surface-bound
DNA duplexes. Scanned fluorescence images of the NanoBioArray chips contain spots associated with either 20 min (A) or
60 min (B) periods of hybridization. The histograms (C) and (D) correspond to the integrated fluorescence signals from a 20 min
hybridizationofW20andD20 targets, respectively, from10nM freeDNA. Similarly, the histograms in (E) and (F) correspond to
analysis of the 60 min hybridization processes for W20 and D20, respectively. Histograms created from experimentally
derived fluorescence signal intensities are shown in the columns (background-corrected and averaged between two
independent spots) and plotted in comparison to the signals predicted from the hybridization model (lines). In order to
convert the measured signal intensities into the “hybridization fraction”, a calibration curve of free targets was created from
concentrations from 0.1 nM (lowest end of linear range) to 100 nM (at which the measured signal intensity was saturated).
Measured fluorescence signal intensities were converted into fractions of the maximum observed fluorescence signal.
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rate constants, as determined from the SPR measure-
ments, used in the model in predicting the experi-
mental results obtained using the NanoBioArray chip.

CONCLUSION

In this study, the influence of binding between gold
nanoparticles and DNA molecules during DNA hybri-
dization was investigated in detail. This study com-
pared the hybridization of DNA targets loaded onto the
surfaces of AuNPs (AuNP targets) with the hybridiza-
tion of free DNA targets to surface-bound DNA probes.
We measured the kinetic rate constants for the hybri-
dization and dehybridization processes and deter-
mined the activation parameters of AuNP-loaded

targets in comparison to their equivalent free targets.
Our studies suggest amechanism that the rate-limiting
step in the hybridization process is the DNA zipping
step in the AuNP targets and that AuNPs enhance the
dehybridization of duplexes by stabilization of ther-
mally formed DNA bubbles. The findings of this study
provide a mechanism for the observed AuNP-assisted
single base-pair discrimination in a NanoBioArray chip.
More importantly, the results of this investigation reveal
details behind the discrepancy in the literature regard-
ing DNA hybridization using AuNP-loaded DNA strands,
which has been widely used in a number of recent
biosensors. These results may be utilized to develop
novel AuNP-based DNA biosensors in the future.

EXPERIMENTAL SECTION
Materials. Gold nanoparticles (stabilized with citrate and

tannic acid) of 5 nm diameter were purchased from Sigma Life
Science, and 12 nm diameter gold nanoparticles (capped with
citrate) were obtained from NanoComposix (CA, USA). Sodium
dodecyl sulfate (SDS), 3-aminopropyltriethoxysilane (APTES),
25% glutaraldehyde, cetyltrimethylammonium bromide (CTAB)
and Triton X-100 were purchased from Sigma-Aldrich. Negative
photoresist (SU-8 50) and its developer were purchased from
MicroChem Corp. (Newton, MA). Glass slides with dimensions of
3 in.� 2 in. were obtained from Fisher Scientific Co. (Ottawa, ON,
Canada).

All the reagents and materials required for surface plas-
mon resonance (SPR) experiments including 1-ethyl-3-(3-
(dimethylamino)propyl) carbodiimide (EDC), N-hydroxysuccini-
mide (NHS), ethanolamine, HBS-N Buffer (0.01 M HEPES pH 7.4,
0.15 M NaCl) and CM5 sensor chips, were provided by GE
Healthcare (UK).

All oligonucleotides were synthesized and modified by
Integrated DNA Technologies (Coralville, IA). Wild-type (W)
and G12D (D) target oligonucleotides (20 or 60 bases long)
with the sequence of Kras gene were modified with a biotin
molecule at the 50-end (Table S1, Supporting Information). The
sequences were designed in such a way that the codon
12 sequence was located at the center of the oligonucleotides.
The 20-mer probe oligonucleotides, with each of them com-
plementary to one of the targets (either W or D), were designed.
The probes were modified with an amine group and a C12
spacer at the 50-end. All oligonucleotides and their sequences
are listed in Table S1 (Supporting Information).

Surface Plasmon Resonance (SPR) Spectroscopy. All the SPR mea-
surements were performed on BIAcore X100 (GE Healthcare).
Immobilization of the amine-labeled DNA probes on the CM5
sensor chip, mediated by CTAB, was carried out using a com-
pany-developed protocol.50 Briefly, the sensor surface was
activated by an EDC/NHS mixture (1:1, v/v), which converted
the carboxylic groups to succinimide groups required for amine
binding. Then the probe molecules were immobilized on the
sensor surface by running the immobilization solution contain-
ing the probe molecules (50 μM) and CTAB (0.6 mM) over the
sensor surfaces. Finally, unreacted succinimide groups were
deactivated using an ethanolamine hydrochloride solution (pH
8.5). Free target solutions were prepared with target concentra-
tions of 10, 20, 40, 80, and 160 nM. The AuNP target solutions
were prepared with identical concentrations of the target DNA,
but each contained an AuNP concentration of 20 nM. Themixed
solutions were incubated thereafter at 95 �C for 5 min and then
suspended in HBS-N (containing 0.15 M of NaCl) as the hybri-
dization buffer. The kinetic rate constants of DNA hybridization
were determined using the kinetic titration procedure.34 This
method was preferred to the classical method as the analysis is
faster and requires less reagents without compromising the

accuracy.34 The target solutions continuously flowed for 30 s on
the sensor chip surface (with immobilized probe), starting from
the lowest concentration to the highest. Following the hybridi-
zation of each target solution, the dehybridization buffer was
introduced by a continuous flowover the sensor surface for 60 s.
The HBS-N buffer was used as the dehybridization buffer for the
free target solution, while the dehybridization buffer for the
AuNP targets was HBS-N buffer containing the AuNP loaded
with negative control oligonucleotides, with the same target
length but an unrelated sequence.

During the course of the experiment the SPR instrument
measures the changes in the refractive index within a thin layer
above the sensor chip and records changes in resonance units
(RU). The resulting SPR sensogram contains a double-phase
cycle, and each cycle (experiment run with each concentration)
consists of a hybridization phase and a dehybridization phase
(Figure 2). During each cycle, the RU value increases as a result of
the hybridization to the immobilized probes by the target
molecules which were either free or loaded onto surfaces of
the AuNPs. The dehybridization phase of the sensogram was
generated as the blank solution flowed over the sensor surface
following each hybridization phase. The hybridization buffer
(the buffer in which the target molecules were dissolved) was
used as the blank solution for the free targets. Aiming to
investigate the dehybridization process in the presence of
AuNPs, the blank solution for the AuNP targets also contained
AuNPs loaded with oligonucleotides with unrelated sequences.
At the end of the dehybridization phase in the last cycle, the
regeneration buffer (50 mM NaOH) was added to remove all
the hybridized targets and regenerate the sensor chip surface
for subsequent experiments. The BIAevaluation software (GE
Healthcare) was used to analyze the sensogram to extract the
hybridization and dehybridization rate constants as given by
the Langmuir eqs 3 and 4, respectively.34

dR
dt

¼ khC[Rmax � R] � kdR (3)

dR
dt

¼ �kdR (4)

where kh, C and kd are the hybridization rate constant, target
concentration and the dehybridization rate constant, respec-
tively. The response at each time of the blank sensogram
was subtracted from the corresponding sample response to
give the subtracted value R. The R values were used to indicate
the duplex concentration at each time, and the maximum
response (Rmax) was taken to represent the probe concentration
in the Langmuir equation. The rate of duplex formation (dR/dt),
acquired by nonlinear fitting of the sensogram, contains both
the hybridization and dehybridization terms of the Langmuir
equation (eq 3) during the hybridization phase. While in the
dehybridization phase, dR/dt only contains the dehybridization
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term (eq 4). Therefore, both kinetic rate constants kh and kd have
been calculated using the sensogram information.

Dynamic Light Scattering (DLS) Measurements. The hydrodynamic
diameters of the AuNP targets were measured by dynamic light
scattering (DLS) using a Zetasizer Nano instrument (Malvern
Instruments, UK). The AuNP solutions (5 nm diameter) were
incubated with W20 targets (concentration ratio of 1:1) at 95 �C
for 5 min, cooled down to room temperature, and were directly
measured by DLS. The same procedure without the addition of
W20 targets was followed to measure the hydrodynamic dia-
meter of pristine AuNPs. From the DLS measurements the
hydrodynamic diameter (dh) of the nanoparticle was measured,
and the diffusion coefficient D could be derived using the
Einstein�Stokes equation, eq 5:51

dh ¼ kBT

3πηD
(5)

where kB is Boltzmann constant, η is dynamic viscosity of the
solvent, and T is the temperature in Kelvin.

Melting Temperature Measurement. The UV absorbance spectra
of the DNA were recorded using a Cary 300 Bio UV�visible
spectrophotometer (Varian). Equal molar concentrations of
probes and targets were dispersed in the hybridization buffer
(HBS-N) and incubated overnight at room temperature. The
absorbance hyperchromicity was recorded by monitoring the
absorbance at 260 nm with a linear heating rate of 0.5 �C/min,
starting from 25 to 85 �C.

Model for DNA Hybridization in a NanoBioArray Chip Channel. The
incompressible Navier�Stokes equation was used to simulate
the microfluidic flow in NanoBioArray channels. The channels
are long and rigid, in which there is a steady-state laminar flow
in the x-direction. In order to simulate the target concentrations
along the z- and x-directions, we use two-dimensional geome-
try (Figure 5A). The incompressible Navier�Stokes equation in
these conditions is thus reduced to eq 6:

u ¼ 6uave
z

h
1 � z

h

� �
(6)

where u is the flow velocity in each point (z) along the channel's
height, uave is the average flow velocity, and h is the channel
height.

Since the target molecules were transported via both diffu-
sion as well as convection, the transient two-dimensional mass
transport can be described by eq 7:

DC
Dt

¼ D
D2C
Dx2

þ D2C
Dz2

 !
� u

DC
Dx

� �
(7)

where C represents the target concentration and D is the
target diffusion coefficient. Stellwagen et al.52 suggested an
empirical equation for the diffusion coefficients of DNA inwater:
D = 7.38� 10�6 cm2/s 3 [base number]�0.539, which was used to
calculate the D value of free targets. The D value of the AuNP
targets was measured from DLSmeasurement, as mentioned in
themain text. As the targetmolecules are transported along the
channel, they reach the perfectly matched and mismatched
probe spots on the channel surfaceswhere the probemolecules
are anchored to these surfaces. It is at these regions that the
hybridization process occurs between the target molecules and
probe molecules. The rate of the hybridization, between the
solution-phase target and the surface-bound probe, is gov-
erned by the Langmuir equation and varies between the
perfectly matched and mismatched probe spots, as shown in
eqs 8 and 9:

Dθpm

Dt
¼ kpmh C(θ0 � θpm) � kpmd θpm (8)

Dθmm

Dt
¼ kmm

h C(θ0 � θmm) � kmm
d θmm (9)

where C represents the target concentration determined by
eq 7, θ0 represents the maximum duplex concentration or total
surface probe density, and θpm, kh

pm and kd
pm are the duplex

concentration, hybridization constant and dehybridization con-
stant, respectively, at the perfectlymatched probe regions. θmm,
kh

mm and kd
mm are the corresponding values at themismatched

probe regions. In order to estimate the surface probe densities
(θ0) on the NanoBioArray chip, solutions containing fluores-
cently labeled probes were filled inside the channels, and a
calibration graph was established that correlated the observed
fluorescence signals to the number of probemolecules per area.
Probe densities in the NanoBioArray channel were used in the
model as the θ0 values. They also were compared to the probe
densities on the SPR sensors, as estimated using the level of SPR
signal enhancement that occurred following immobilization.
The hybridization and dehybridization constants were deter-
mined using SPR spectroscopy. COMSOL Multiphysics 3.5 soft-
ware (COMSOLGroup) wasused toperformcalculations to simulate
θpm and θmm at specific time points during the experiment.

DNA Probe Immobilization and DNA Target Hybridization in a Nano-
BioArray Chip. The use of the NanoBioArray chip has been pre-
viously reported.53�55 Briefly, the NanoBioArray chip comprises
of a PDMS slab (2 in. � 2 in.) with 16 straight microchannels,
sealed reversibly to a microscope glass slide. The width of
straight channels was 200 μm, and the height was 35 μm.

The probe immobilization procedure was similar to that
used by previously reported studies.53,55 Briefly, 0.5 μL of probe
solution (in 1.0 M NaCl þ 0.15 M NaHCO3) was added to the
NanoBioArray chip, and a vacuum was applied at the outlet
reservoir to fill the channels. The probe solution was pumped
out of the channel after 30 min of incubation at room tempera-
ture. Subsequent to washing of the channel, the PDMS slab was
peeled off, leaving behind 16 probe lines printed on the glass
slide, which was then rinsed and dried. Another PDMS slab with
16 channels was sealed against the glass slide with the pre-
printed probe lines to carry out the DNA hybridization. These
straight channels were prepared in an orthogonal direction to
the array of parallel probe lines printed onto the surfaces of the
glass slides.

Before introduction to the channel reservoirs, target oligo-
nucleotides were conjugated with the AuNPs (AuNP target). In
order to achieve this, the AuNP solutionwas added to the target
solution and the mixture was incubated at 95 �C for 5 min. As
DNA loading on the AuNP surfaces should make the particles
stable against salt-induced aggregation,10,11 no aggregates
were observed upon successful DNA loading, as confirmed
calorimetrically and also by analysis using transmission electron
microscopy (TEM) of salt-stabilized AuNPs in the presence of
target strands (Figure S3, Supporting Information). For TEM
imaging 10 μL aliquots of this solution was drop cast onto a
copper TEM grid coated with carbon and Formvar (300 mesh;
Electron Microscopy Sciences, Hatfield, PA, USA) and dried
under vacuum in a desiccator. These particles were imaged
using a TEM (H-8100, Hitachi) operating at 200 kV. The control
solutions (pristine AuNPs in aqueous and hybridization buffer
solutions) were prepared for TEM imaging using similar meth-
ods to those for the AuNP target solutions except that theywere
not mixed with the target molecules.

The AuNP target solution (0.5 μL), prepared in hybridization
buffer (1� SSCþ 0.2% SDS) with a final concentration of 10 nM,
was added to the inlet reservoir and then filled in the channel
using vacuum suction. The hybridization of the targets to the
complementary probes occurred at the intersection of target
channels with the probe lines, resulting in hybridization patches
of 200 μm � 200 μm in dimensions. The target solutions were
pumped out from the channels after incubation time of 20 min
(unless noted otherwise) at room temperature (22 �C). High-
temperature experiments were achieved by heating the Nano-
BioArray chip using a Peltier device.

After washing the channel, a solution containing streptavi-
din-Cy5 (50 μg/mL in 1� PBS buffer) was added to the channels
and incubated for 15 min, the channel was rinsed using a wash
solution (1� PBS, Tween-20 0.1%) and the PDMS slab was
peeled away from the glass slide. The fluorescence detection
was carried out by imaging the glass slide with a confocal
laser fluorescent scanner (Typhoon 9410, GE Healthcare) at
10-μm resolution, as previously described.56,57 The excitation
and emission wavelengths were 633 and 670 nm, respectively.
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The photomultiplier tube voltage was set to 600 V. The scanned
image was analyzed by IMAGEQUANT 5.2 software.
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