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Metallic nanoparticles (MNPs) are known to alter the emission of vicinal fluorophores through the near-
field interaction, leading to either fluorescence quenching or enhancement. Much ambiguity remains in
the experimental outcome of such a near-field interaction, particularly for bulk colloidal solution. It is
hypothesized that the strong far-field interference from the inner filter effect of the MNPs could mask the
true near-field MNP—fluorophore interaction significantly. Thus, in this work, a reliable internal control
capable of decoupling the near-field interaction from far-field interference is established by the use of
the DNA toehold concept to mediate the in situ assembly and disassembly of the MNP—-fluorophore con-
jugate. A model gold nanoparticle (AuNP)-Cy3 system is used to investigate our proposed toehold-
mediated internal control system. The maximum fluorescence enhancement is obtained for large-sized
AuNP (58 nm) separated from Cy3 at an intermediate distance of 6.8 nm, while fluorescence quenching is

Received 30th June 2014,
Accepted 28th August 2014

DOI: 10.1039/c4nr03643c

observed for smaller-sized AuNP (11 nm and 23 nm), which is in agreement with the theoretical values
reported in the literature. This work shows that the toehold-mediated internal control design can serve as
a central system for evaluating the near-field interaction of other MNP—fluorophore combinations and
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Introduction

The use of metallic nanoparticles (MNP) to modify the emis-
sion of vicinal fluorophores has gained much interest in
recent years' since the ability to enhance the inherent fluo-
rescence brightness can have profound impact on diverse
fields utilizing fluorescence-based measurements and devices,
such as materials science,” molecular detection® and medical
imaging.* The physical origin of metal enhanced fluorescence
(or MEF) lies in the near-field interaction between the surface
plasmon, ie. collective oscillation of electrons, of the MNP
and the dipolar fluorophore.” There are three main effects
from the near-field interaction, namely concentrating the inci-
dent light reaching the fluorophore, increasing the optical
states available for spontaneous emission of light and provid-
ing an additional non-radiative energy transfer pathway.

The first two effects facilitate fluorescence enhancement
through the mechanism of excitation and emission enhance-
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facilitate the rational design of specific MNP—-fluorophore systems for various applications.

ment respectively, while the third factor leads to fluorescence
quenching.® Such a complex interplay of conflicting processes
renders it challenging to predict the exact outcome of the MNP-
fluorophore interaction. Much ambiguity remains in this field
on whether a particular MNP enhances’'® or quenches''™?
fluorescence or both."*"® While the reported observations for
substrate-based fluorescence enhancement or quenching are
largely consistent with the literature and with theoretical under-
standing,">" it is acknowledged that the enhancement in bulk
colloidal solution is difficult to reproduce without ambiguity.’
We identified the following experimental challenges in
obtaining consistent observations of fluorescence enhance-
ment or quenching in a colloidal system: (i) difficulty in separ-
ating nanoparticle-bound fluorophores from the unbound
ones, and this is closely related to (ii) the difficulty in esta-
blishing a reliable control set-up to measure the baseline fluore-
scence intensity, (iii) far-field interference due to the large
absorption cross-section of MNP and (iv) difficulty in control-
ling well-defined nanoparticle assemblies in the solution
phase and therefore the formation of non-specific “hot spots”.
Different strategies have been employed by various groups
to address the first and second challenges though not without
their own limitations. The separation method of choice is cen-
trifugation from which the equivalent amount of fluorophore
to use in the control experiment is typically estimated from the
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amount of unbound fluorophore in the supernatant.”®
However, this method is prone to large error margin. Others
have tried to avoid using a separate control by adding exogen-
ous chemicals, such as cyanide etching for gold, to the reac-
tion mixture to remove the MNP and establish the baseline
fluorescence level.'® Such chemical treatments could alter the
physiochemical environment of the fluorophore. For both
strategies, the MNP-fluorophore and reference fluorophore are
in different photophysical environments since the MNP is
completely eliminated from the control set-up.

This brings the spotlight to the third challenge - despite
the greater scientific significance, the development of a
general approach to account for this far-field interference
experimentally remains relatively unexplored. Since the extinc-
tion coefficient of MNPs is typically 3-5 orders of magnitude
larger than that of a fluorophore, MNPs can exert substantial
interference, i.e. the attenuation of the incident light and re-
absorption of light emitted by the fluorophore, or commonly
known as the inner filter effect (Fig. 1a)."® We further noted
that reports of colloidal metal-enhanced fluorescence are typi-
cally accompanied by a conscious effort to work with extremely
low nanoparticle concentration of ca. 10’-10'° particles mL™"
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Fig. 1 (a) Typical fluorescence enhancement measurements are com-
pared with control set-ups with an equivalent amount of fluorophore in
the absence of metallic nanoparticles (MNPs) which fail to take into
account the strong inner filter effect by the MNPs. Our proposed
toehold-mediated internal control aims to decouple the true near-field
influence of MNPs from the inner filter effect on the fluorophore. This
was achieved by the in situ removal of the fluorophore from the MNPs
via DNA hybridization within the same reaction volume, thereby esta-
blishing an internal control experiencing the same extent of the inner
filter effect. (b) Dynamic, in situ assembly and disassembly of the MNP—
fluorophore conjugate were achieved via DNA hybridization and
toehold-mediated strand removal respectively. In step 1, thiolated DNA
(SH) hybridized with Cy3-tagged DNA (C3) via the complementary
domain b to form a SH-C3 complex. The MNP and fluorophore was
separated at a distance defined by the length of domain a. In step 2, a
fully complementary strand (CS) next bound to and removed C3 from
the SH-C3 complex via the toehold overhang (domain t). This effectively
removed the fluorophore from the near-field influence of the MNPs and
the final mixture served as the control set-up for establishing the base-
line fluorescence level.
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to minimize the inner filter effect.>*®*' To the best of our
knowledge, there has only been one report thus far by Baptista
and coworkers which rigorously ensures that the reference
fluorophore remains in the same optical condition as the
MNP-fluorophore to probe their near-field interaction accu-
rately.>” Their approach to correct for the inner filter effect in
the control is to incubate a separate set of MNPs with an equi-
valent amount of fluorophore lacking the functional group for
direct chemical attachment. However, this falls short of being
a general methodology as it could be difficult to find alterna-
tive forms of other fluorophores both with and without
binding affinity to the MNP. Moreover, the uncertainty of
quantifying an “equivalent” amount of fluorophore to use in
the control still remains. There is therefore a need to design
an internal control that inherently accounts for the inner filter
effect in order to assess the near-field interaction between
MNPs and the fluorophore more accurately.

This motivates us to use the concept of DNA toehold to
trigger the dynamic assembly and disassembly of a MNP-fluoro-
phore conjugate within the same reaction volume to decouple
true near-field interaction from interference by the inner filter
effect (Fig. 1b). Toehold refers to a short single-stranded DNA
overhang that can bind to a complementary sequence and
trigger the strand displacement process to exchange single-
stranded DNA amongst double-stranded complexes.** Our pro-
posed strategy ensures that the MNP-fluorophore conjugate
and reference fluorophore (internal control) remain in the
same photophysical environment since the disassembly
process occurs in situ within the same reaction volume. This
also facilitates the ease of separating the bound and unbound
fluorophore without the need for an explicit quantification of
the bound fluorophore. We can control the attachment of the
fluorophore to or its removal from the MNP via simple DNA
hybridization or dehybridization without stringent require-
ment on the chemical structure of the fluorophore, rendering
this as a general approach towards the design of an internal
control for future MNP-fluorophore studies. The rational design
of DNA sequences can also confer high colloidal stability to the
MNP and ensure that they exist as single-particle entities in
solution thereby addressing the final challenge of controlling
the formation of well-defined MNP-fluorophore assembly.

The findings from this work can potentially be applied for
biosensing, in particular, the nanoflare system where fluo-
rescent dyes are displaced from the nanoparticle-DNA conju-
gates in the presence of target DNA or RNA.>* The guidelines
here may inspire future nanoflare designs to achieve a more
drastic fluorescent “turn-on” signal and hence improve the
detection sensitivity.

Results and discussion

DNA toehold design to mediate dynamic MNP-fluorophore
assembly/disassembly

DNA is a commonly-used spacer to link metallic nanoparticles
(MNPs) and the fluorophore at a well-defined separation

This journal is © The Royal Society of Chemistry 2014
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distance.”® Recently, Acuna and coworkers have utilized design
rules in DNA origami to organize MNPs and fluorophores into
discrete assemblies with nanometer precision.*>*” This serves
as an elegant tool to study the fluorescence enhancement or
quenching phenomenon at the single molecule level and pro-
vides valuable insights into the science underlying the MNP-
fluorophore interaction. However, single molecule measure-
ments do not necessarily sum up to the bulk observation due
to complications such as the inner filter effect. Instead of
using DNA just for its structural precision, we leveraged upon
the non-equilibrium state of Watson-Crick base pairing to
control the dynamic assembly or disassembly of the MNP-
fluorophore conjugate, which served as a reliable internal
control crucial for the more accurate evaluation of the MNP-
fluorophore near-field interaction in colloidal solution
(Fig. 1b).

Two sets of DNA, i.e. 50 nt thiolated DNA (SH) and Cy3-
tagged DNA (C3), with a complementary sequence (domain b)
were designed to link the MNP and fluorophore at a fixed sepa-
ration distance (domain a) via DNA hybridization. The length
of domain a was varied to achieve three separation distances
of 10 nt (10C3), 20 nt (20C3) and 29 nt (29C3). The length of
domain b was adjusted accordingly such that the length of the
SH strand was kept constant at 50 nt. A fully complementary
strand (CS) was designed to remove C3 from SH via a 6 nt
toehold sequence (domain t). Three CS strands corresponding
to each C3 strand were designed, i.e. 10CS, 20CS, 29CS. This
facilitated the dynamic disassembly of the MNP-fluorophore
complex and effectively removed the fluorophore from the
near-field influence of the MNP in situ. The actual DNA
sequences were designed using the Nupack web server®® to
have no predictable secondary structures (Table S1}). This
ensured that the DNA strands assumed a fully stretched con-
formation on the AuNP surface for maximal DNA hybridization
and toehold removal efficiency.

The feasibility of the DNA circuit designed was evaluated by
polyacrylamide gel electrophoresis (PAGE) (Fig. 2). An equi-
molar amount of SH (lane 2) and C3 (lane 3) was found to
hybridize with ca. 100% efficiency to form the SH-C3 complex
(lane 4). CS (lane 5) was then added to the SH-C3 complex at
two loading ratios of 1:1 (lane 7) and 2:1 (lane 8) to form C3-
CS (lane 6) and SH. The band corresponding to the SH-C3
complex became faint at 1: 1 loading ratio and was completely
exhausted at 2 : 1 loading ratio, demonstrating that the enthal-
pic gain from an additional 6 bp in the C3-CS complex is a
sufficient driving force in ensuring the C3-CS complex being
the dominant species over the SH-C3 complex at equilibrium.

Adapting toehold design on the MNP-fluorophore system

The validated DNA toehold design was adapted to a model
MNP-fluorophore system (Fig. 3a). Gold nanoparticles (AuNPs)
were used in this study due to their more ambiguous contri-
bution towards fluorescence quenching or enhancement than
silver nanoparticles.” A larger-sized AuNP system was chosen
due to its larger scattering cross-section which can facilitate
the radiation of emission to the far field and is theoretically

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 12% PAGE to evaluate the efficiency of DNA hybridization and
toehold-mediated fluorophore removal (order of lane no. from left to
right). In the first step of DNA hybridization, 1 pM of thiolated DNA (SH)
(lane 2) and 1 pM of Cy3-tagged DNA (C3) (lane 3) was mixed in a
1:1 molar ratio to form the SH-C3 complex (lane 4) with ca. 100% yield.
In the second step, complementary strand (CS) was added to trigger the
toehold removal of C3 from the SH-C3 complex in1:1 (lane 7) and 1:2
(lane 8) molar ratios. Lanes 5 and 6 correspond to 1 uM of CS and 1 pM
of pre-annealed CS—-C3 complex respectively. The set of C3 and CS
used in this PAGE analysis represented the separation distance of 10 nt,
i.e. 10C3 and 10CS, with the corresponding sequence length of 46 nt
each. Note that SH (50 nt) and C3-CS complex (46 bp) migrated at a
similar rate by comparing lanes 2 and 6, making the product bands (con-
sisting both SH and C3-CS) of the toehold removal step not differenti-
able. Lanes 1 and 9 correspond to 10—300 bp DNA ladder. Note that the
gel analysis was carried out on pure DNA species without MNPs.

more likely to induce metal-enhanced fluorescence.> A mono-
dispersed quasi-spherical AuNP sample with an average dia-
meter of 57.8 + 4.2 nm was synthesized (Fig. 3b and S1t) by
citrate reduction according to a reported protocol.”’ The SH
strand was conjugated onto the AuNP via a slow salt-ageing
process® to achieve a high DNA density of ca. 684 strands per
particle which is close to the reported value of 640 strands per
particle for full surface coverage.’’ DNA attached onto the
AuNP remained functional as indicated by the ability to hybri-
dize to the partially complementary C3 strand with a reason-
able hybridization efficiency of ca. 30%. It should be noted
that it is difficult to achieve high hybridization efficiency for a
high local concentration of DNA on the AuNP due to steric hin-
drance and strong electrostatic repulsion.®”

The colloidal stability of the AuNP-SH probe was validated
by dynamic light scattering (DLS) in both the high salt hybridi-
zation buffer (10 mM phosphate buffer (pH 7.5), 300 mM
NaCl, 1.0 mM MgCl,, 10 mM KCl) and ultrapure water (UP)
(Fig. 3c). The lack of aggregation peak or appreciable peak
shift ensured that the system was free of larger-sized aggre-
gates. This is important since “hot spots” formed by aggre-
gates are known to generate a highly concentrated localized
electromagnetic field with larger fluorescence enhancement
potential which could complicate the result interpretation.®*>*
It is worth mentioning that the AuNP-SH probes could with-
stand a salt concentration up to 0.6 M NaCl (probes were not
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Fig. 3 (a) A model AuNP—fluorophore system to evaluate the perform-

ance of the toehold-mediated internal control. 58 nm AuNP was syn-
thesized using an established citrate reduction protocol which was then
functionalized with a dense shell of thiolated DNA (SH) via the slow salt
ageing process. The Cy3-tagged DNA (C3) strand was then hybridized to
the AuNP-SH probe to form the MNP—fluorophore system. The steps of
synthesis and functionalized were then characterized. (b) Transmission
electron microscopy (TEM) image of the as-synthesized AuNP. Scale bar
shown is 100 nm. A fairly homogeneous particle population with size
distribution of 57.8 + 4.2 nm was obtained (n = 303) (right). (c) Dynamic
light scattering measurement of the hydrodynamic diameter of the
AuNP-SH probes in ultrapure water (UP, black) and buffer solution (red).
No aggregation was observed even at high salt concentration used
during hybridization. (Inset) Digicam images of the purified AUNP—-SH
probes dispersed in buffer solution exhibited a ruby red colour.

challenged at higher salt concentrations) without the use of
surfactants, which is rare for such large-sized AuNP. This
highlights the importance of careful DNA sequence design in
particle stability in general for future related work on nano-
particle-DNA systems.

Decoupling near-field MNP-fluorophore interaction from the
inner filter effect

DNA hybridization and the subsequent toehold-mediated
fluorophore removal were carried out sequentially on the
AuNP-SH system to probe for the true near-field MNP-fluoro-
phore interaction (Fig. 4a). The Cy3 fluorophore was chosen to
tag the C3 strand due to the large extent of spectral overlap of
Cy3 with the absorption spectrum of the 58 nm AuNP
(Fig. 4b). The maximum fluorescence enhancement is known
to occur when the localized surface plasmon resonance (LSPR)
peak is slightly blue-shifted from the fluorophore emission
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peak.®® A near-100% overlap between the absorption spectra of
both AuNP and C3 suggests the possibility of excitation
enhancement on the fluorophore emission.

The temporal profile of the C3 PL intensity at various steps
of addition is shown in Fig. 4c. A 5% dip in the PL intensity
was observed initially when the AuNP-SH probe was added to
pure C3. After adding CS, C3 was removed from the near-field
influence of the AuNP via the toehold sequence while remain-
ing in the same reaction mixture, i.e. experiencing the same
inner filter effect condition as the AuNP-SH-C3 complex. The
PL intensity of the C3-CS and AuNP-SH mixture dropped
further over time to ca. 50% of that measured for the AuNP-
SH-C3 complex at equilibrium, suggesting that the fluo-
rescence of C3 was enhanced approximately twofold when in
close proximity to the AuNP. All PL intensity measured over
time was adjusted to take into account the effect of photo-
bleaching (Fig. S21). Thus, the difference between the final PL
intensity and the initial PL intensity of pure C3 can be un-
ambiguously attributed to the inner filter effect by AuNP as its
physical inclusion was the only variable in the system. This
suggests that the strong inner filter effect, especially at higher
nanoparticle concentrations, can mask a comparatively weaker
fluorescence enhancement to give an apparent conclusion of
quenching.

Effect of the separation distance on the MNP-fluorophore
interaction

Having confirmed the feasibility of using a DNA toehold
design to control the assembly and disassembly between AuNP
and C3, we studied the effect of the separation distance
between the MNP and the fluorophore on the fluorescence
enhancement factor (EF) (Fig. 5a). EF is defined as the ratio of
the PL intensity before the addition of CS, which accounts for
both near-field interaction and inner filter effect, to that after
the addition of CS, which only accounts for the inner filter
effect (Fig. 1a). Three separation distances of 3.4 nm, 6.8 nm
and 9.9 nm were used in this proof-of-concept study. It is
worth noting that a 9 nt spacing was used for the longest sepa-
ration distance (9.9 nm) instead of the 10 nt spacing used in
other two cases to avoid guanine quenching.®® Fig. 5b shows
the kinetics of the toehold-mediated MNP-fluorophore dis-
assembly process which reached equilibrium within 30 min for
all separation distances. Comparing the EF at 30 min for the
three cases showed that the fluorescence enhancement was
dependent on the separation distance between the AuNP and
the Cy3 fluorophore with a maximum EF of 2 obtained at an
intermediate separation distance of ca. 6.8 nm (Fig. 5c). This
general trend was in line with that observed in the literature.””
At a shorter separation distance, non-radiative decay is the
dominant energy transfer pathway. As the separation distance
increases further, the electromagnetic field intensity becomes
weaker and the effect of excitation enhancement is reduced.
We further verified that the fluorescence enhancement was
not due to the formation of AuNP aggregates in the high-salt
hybridization buffer by characterizing the size distribution of

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 (a) Schematic outline of the hybridization of Cy3-tagged DNA (C3) to gold nanoparticle—DNA (AuNP-SH) probes and the subsequent

removal of C3 from the AuNP-SH—-C3 complex using a complementary strand (CS) to decouple the near-field influence of AuNP on Cy3 from the
inner filter effect. (b) Normalized extinction (solid) and emission (dotted) spectrum of C3 (black) and 58 nm AuNP (red). A large extent of spectral
overlap between AuNP and C3 should facilitate the near-field interaction. (c) The temporal profile of the C3 photoluminescence (PL) intensity. There
was a slight dip in the PL intensity when the AUNP-SH probe was added in the first step of DNA hybridization (from blue dashed line to red dashed
line) which could have led to an apparent observation of quenching. The PL intensity dropped further over time when CS was added (at t = 0) for the
toehold removal of C3 from the near field influence of AuNP to obtain a final mixture of C3—CS and AuNP-SH.

the AuNP-SH-C3 complex by nanoparticle tracking analysis
(NTA) (Fig. S37).

Effect of the nanoparticle size on the MNP-fluorophore
interaction

The optical properties of an AuNP consist of two components,
i.e. absorption and scattering.*® The absorption component
contributes towards quenching and scales to the power of
three of the nanoparticle size. The scattering component con-
tributes towards enhancement and scales to the power of six of
the nanoparticle size. Thus, a larger AuNP (>40 nm*°) with a
larger scattering-to-absorption ratio®® is expected to enhance
nearby fluorophore emission, while smaller AuNP should
instead quench fluorescence. Having demonstrated fluo-
rescence enhancement with a larger 58 nm AuNP using our
toehold-mediated internal control design, we further investi-
gated the effect of smaller AuNP, ie. 11 nm and 23 nm
(Fig. s41), on the fluorescence emission. In both cases, there
was a drastic increase in the PL intensity when CS was added,
suggesting the restoration of fluorescence when Cy3-tagged C3
was released from the near-field of the AuNP (Fig. 6a and b).
This implied that both the 11 nm and 23 nm AuNPs quenched
fluorescence as opposed to the fluorescence enhance-
ment observed for the 58 nm AuNP. Furthermore, the extent
of quenching decreased for the larger 23 nm AuNP. This

This journal is © The Royal Society of Chemistry 2014

quenching-to-enhancement transition from small- to larger-
sized AuNP is in line with the common understanding of MEF
(Fig. 6¢).

Conclusions

We have demonstrated the feasibility of using a DNA toehold-
mediated internal control to account for the inner filter effect
when probing the near-field interaction between the metallic
nanoparticle (MNP) and the fluorophore. This was achieved by
the in situ assembly and disassembly of the MNP-fluorophore
complex separated by a well-defined DNA spacer. A model gold
nanoparticle (AuNP)-Cy3 model system was used to investigate
the effect of two factors, namely the MNP-fluorophore separ-
ation distance and the MNP size, on the enhancement or
quenching of fluorescence emission. The observed trends were
in accordance with the theory reported in the literature,
thereby confirming the applicability of our proposed toehold-
mediated internal control design. We hope that this can serve
as a central system for evaluating the effects of other influen-
cing factors, e.g. nanoparticle shape and spectral overlap, on
the MNP-fluorophore interaction more accurately to eventually
facilitate the rational design of specific MNP-fluorophore
systems for various applications.
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Fig. 5 (a) DNA was used as a spacer to separate Cy3 (tagged on C3)

from AuNP at three distances, i.e. 3.4 nm (10C3), 6.8 nm (20C3) and
9.9 nm (29C3). A perfectly complementary strand (CS) for each separ-
ation distance, i.e. 10CS, 20CS and 29CS, was designed to remove their
C3 counterpart from the near-field influence of AuNP. (b) The toehold-
mediated strand displacement process reached an equilibrium (black
dotted line was added to guide the eye) within 30 min. (c) The enhance-
ment factor (EF) was dependent on the separation distance between the
AuNP and Cy3 fluorophore, with a maximum EF of approximately 2
obtained at an intermediate separation distance of 20 nt (ca. 6.4 nm). All
data shown are mean + standard deviation (n = 4).

Experimental
Materials

All DNA oligonucleotides used in this study were purchased
from Integrated DNA (IDT), and HPLC purified by IDT. The
sequences are provided in Table S1.7 The lyophilized DNA was
reconstituted in 1x Tris-EDTA buffer (1x TE, pH 8.0) to give
100 pM stock and stored at 4 °C. The following chemicals were
used as received: gold(m) chloride trihydrate (HAuCl,-3H,O,
>99.9% trace metal basis), sodium chloride (NaCl, >99.5%),
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Fig. 6 Kinetics of toehold-mediated removal step for (a) 11 nm and (b)
23 nm AuNP. The photoluminescence (PL) intensity of Cy3 was restored
drastically when the complementary strand (CS) was added at t = 0 min,
suggesting that the near-field interaction for the two smaller AuNP sizes
led to fluorescence quenching. A red dotted line was drawn to indicate
the average PL intensity of the AUNP-SH—-C3 complex. (c) Smaller-sized
AuNP (11 nm and 23 nm) quenched fluorescence (EF < 1) while larger-
sized AuNP (58 nm) exhibited metal-enhanced fluorescence (EF > 1).
The effect of nanoparticle size on the MNP—fluorophore interaction was
statistically significant at @ = 0.05 using ANOVA test. This is in line with
the common understanding that the scattering component of the
plasmon enhances fluorescence while the absorption component
quenches fluorescence. As the size of AuNP increased, the scattering-
to-absorption ratio increased and the quenching-to-enhancement
observation was expected. All data shown are mean + standard deviation
(n = 4). * denotes p < 0.05 for two-tailed Student’s t-test. Graphs under
a horizontal bar tagged with * indicates statistical significance (p < 0.05)
for all combinations of pair-wise t-test.
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magnesium chloride (MgCl,, >98%), N,N,N’,N'-tetramethyl-
ethylenediamine (TEMED, for electrophoresis, ~99%),
ammonium persulfate ((NH,),S,0g, for molecular biology, for
electrophoresis, >98%) were purchased from Sigma Aldrich.
30% acrylamide-bis solution, 29:1 (3.3% C) was purchased
from Biorad. Potassium chloride (KCl, >99.5%) was purchased
from Applichem. SYBR gold nucleic acid stain (10 000x in
DMSO) and tris(2-carboxyethyl)phosphine hydrochloride
(TCEP) were purchased from Invitrogen. 1x TE (pH 8.0) was
purchased from 1st BASE. Phosphate buffer (pH 7.5) was pre-
pared using sodium phosphate dibasic (Na,HPO, anhydrous
enzyme grade) from Fischer Scientific and sodium dihydrogen
phosphate dihydrate (NaH,PO,-2H,0) from Kanto Chemical
Co. Inc. Mili-Q water with a resistance >18.2 MQ cm™"' was
used throughout the experiment.

Native PAGE analysis of the toehold-mediated strand
displacement reaction

Stock DNA (100 pM in 1x TE, pH 8.0) was diluted to the
respective working concentrations in hybridization buffer
(10 mM pH 7.4 phosphate buffer, 300 mM NaCl, 10 mM KClI,
1.0 mM MgCl,). Thiolated DNA (SH) and Cy3-tagged DNA (C3)
were heated to 70 °C for 5 min and allowed to cool to room
temperature for 1 h. Complementary strand (CS) was then
added in varying concentrations and the strand displacement
reaction was allowed to proceed for 1 h at room temperature.

12% DNA polyacrylamide gel was prepared using 0.5x TBE
buffer. The gel was pre-run at 5 V em™" for 1 h in 0.5x TBE
running buffer. The samples were loaded and ran at 100 V for
90 min. Post-staining was carried out using 1x Sybr gold dye
for 20 min in the dark.

Synthesis of 50 nm gold nanoparticles (AuNPs)

All glassware and magnetic stir bars were cleaned with aqua
regia (3:1 v/v HCI (37%)-HNO; (65%). Note that aqua regia is
highly corrosive) and rinsed with a copious amount of ultra-
pure water (UP) prior to particle synthesis. A seeded, 2-stage
growth process was used to synthesize fairly homogeneous
58 nm AuNP.”° The product was air-cooled, filtered with a
0.22 pm filter and stored at 4 °C until further use.

Functionalization of AuNP with thiolated DNA (AuNP-SH)

The 58 nm AuNP was functionalized with thiolated DNA (SH)
using the slow salting method with modifications.>® 5 pM
(final) of DNA was activated with 1 mM TCEP in 10 mM phos-
phate buffer (pH 7.5) for 30 min. The unpurified DNA was
then added to 5 nM (final) of AuNP (1000 : 1 loading ratio) in
5 mM phosphate buffer (pH 7.5). After 30 min of incubation,
the salt concentration was adjusted to 20 mM using 1 M NaCl.
After 3 h of salt screening, 1 M NaCl was further added to
increase the salt concentration to 50 mM and the probes were
left overnight at room temperature. The salt concentration was
gradually increased to 600 mM NaCl over 9 h by adding 5 M
NaCl in 3 h intervals and left for overnight incubation. The
aged probes were then purified by washing with 400 pL UP
and centrifuging at 5000 rpm for 10 min at room temperature.
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This was repeated 5 times in all. The purified AuNP-SH probes
were re-dispersed in 50 pL UP and stored at 4 °C until use.

Characterization of the AuNP and AuNP-SH probe

The size distribution of the as-synthesized 58 nm AuNP was
characterized by transmission electron microscopy (TEM) and
nanoparticle tracking analysis (NTA). TEM images were
recorded on a JEOL JEM-2100F electron microscope with an
operating voltage of 200 kV. 10 pL of the sample solution was
pipetted onto a copper grid covered with a continuous carbon
film (Electron Microscopy Sciences) and left to dry in air. At
least 100 nanoparticles were measured from the micrographs
using the Image] software. NTA analysis was carried out on
LM10 (NanoSight) using ca. 1 mL sample volume. The nano-
particles were diluted with UP to a final concentration of ca.
108 particles mL . Particle tracking was recorded for 60 s.

The extinction coefficient of the 58 nm AuNP was not avail-
able in the literature and so, we estimated the value using a
combined technique of NTA and UV-visible absorption
measurements (Varian Cary 50 Bio spectrometer). A calibration
curve was obtained from UV-vis measurements over a range of
unknown particle concentrations which gave absorbance
values within the range 0.1-1.0. NTA was then used to estimate
the particle concentration for a known dilution factor. Particle
tracking was sampled over at least 3 regions and the average
particle concentration was used. An extinction coefficient of
111 x 10" M em™ (s.d. = 0.14 x 10'° M~ em™, n = 2) was
estimated using the combined information.

The successful fabrication of the AuNP-SH probe was
characterized by the change in the zeta potential ({-potential)
of the nanoparticles. The nanoparticles were adjusted to an
appropriate concentration using UP. The Smoluchowski model
was used to solve Henry’s equation. The DNA loading on AuNP
was estimated by an indirect method of measuring the absor-
bance of the DNA in the supernatant obtained during the
washing steps and subtracting this from the amount of DNA
inputted. The hybridization efficiency of the AuNP-SH probe
was estimated from the fluorescence measurement of the
AuNP-SH-C3 complex which had been corrected for the
enhancement/quenching effect.

The stability of the AuNP-SH probe was characterized by
dynamic light scattering (DLS) and UV-visible spectroscopy.
For both measurements, the nanoparticles were diluted to a
final concentration of ca. 10 pM in either UP or hybridization
buffer. DLS and (-potential were measured on a Malvern Zeta-
sizer Nano-ZS.

Hybridization of AuNP-SH with Cy3-tagged DNA

25 pM of Cy3-tagged DNA (C3) was added to 5 nM AuNP-SH
probe (5000:1 loading ratio) in hybridization buffer. The
mixture was heated to 70 °C for 5 min and allowed to cool to
room temperature overnight. The hybridized AuNP-SH-C3
probe complex was purified by washing with 400 puL hybridi-
zation buffer at 5000 rpm for 10 min at 4 °C. In between
washes, the fluorescence measurement of the probe complex
was taken to monitor the separation process of unbound C3.
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By the 3rd round of washing, the fluorescence signal had
stabilized.

Fluorescence measurement

All fluorescence measurements were carried out on a micro-
plate reader (Tecan). All analysis volume was kept constant at
200 pL. Emission spectra were obtained by scanning at
560-700 nm using an excitation wavelength of 535 nm. The
AuNP-SH-C3 probe complex was diluted to a concentration as
low as possible to minimize interference from the inner filter
effect while still achieving a reasonable signal-to-noise ratio.
Due to the large disparity in the extinction coefficient between
the AuNP and Cy3, it was difficult to maintain an absorbance
value less than 0.1 (recommended to avoid the inner filter
effect) and an absorbance of less than ca. 0.2 was deemed to
be acceptable.

Kinetics study of toehold-mediated strand displacement

1 uM of complementary DNA was added to the purified AuNP-
SH-C3 probe complex of a concentration ca. 10 pM for the
kinetics study. The fluorescence measurement (dex = 535 nm,
Jem = 568 nm) was taken every 5 min for the first half an hour,
followed by every 15 min-interval for the next 2 h. A control
set-up with only C3 was sampled at the same measurement
frequency to take into account the effect of photobleaching
over time.
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