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Abstract

A DNA configuration switch was designed to fabricate a reversible and regenerable Raman-active
substrate. The substrate is composed of an Au film and hairpin-shaped DNA strand (hot spot
generation probes, HSGPs) labeled with dye-functionalized silver nanoparticle (AgNP). Another
ssDNA that recognizes a specific trigger was used as an antenna. The HSGPs are immobilized on
the Au film to draw the dye-functionalized AgNPs close to the Au surface and create an intense
electromagnetic field. Hybridization of HSGP with the two arm segments of the antenna forms a
triplex-stem structure to separate the dye-functionalized AgNP from the Au surface and cause a
quenching of the Raman signal. Interaction with its trigger leads to release of the antenna from the
triplex-stem structure, and the hairpin structure of the HSGP is restored, thereby creating an
effective “off” to “on” state of the Raman signal. Nucleic acid sequence associated with the HIV-1
U5 long terminal repeat sequences and ATP are used as the triggers. The substrate shows excellent
reversibility, reproducibility and controllability of SERS effects, which are significant
requirements for practical SERS sensor applications.

In the past two decades, surface-enhanced Raman scattering (SERS) has been developed
into a significant technique in biomedical analysis because of its single-molecule sensitivity,
molecular specificity, and insensitivity to quenching.13 These distinct advantages have led
to the development of a number of ingenious SERS-based biosensors to identify and detect
an array of biological analytes, including small bioactive molecules,* ®> DNAS-8 and
proteins,® 10 and even cells.1! To achieve maximum enhancement of the Raman signal,
current research is focused on fabricating metallic substrates for generation of hot
geometries (hot spots), either using the metal surface morphology or two metal
nanoparticles,12-17 which led to enormous Raman enhancement factors on the order of
1014-1015, Another key requirement of any SERS substrate for practical sensor applications
is the reversibility and reproducibility. However, hot spot-active substrates fabricated by
traditional methods are irreversible and not regenerable, making the sensor usable only once.
Fabrication of reversible and regenerable SERS-active substrates for biosensors is thus
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highly desirable, but remains a challenge, and to the best of our knowledge, no such a
substrate is reported in the literature.

Herein we report a new approach for facile fabrication of reversible and regenerable hot
spots-active substrate through the controlled organization of silver nanoparticles (AgNPs) on
an Au film surface with a specially designed DNA molecular switch. Recent developments
in DNA-based nanotechnology provide an attractive way to organize both metallic and
semiconducting nanoparticles into periodic structures through programmable base-pairing
interactions.18: 19 Using species such as DNA or antibody-antigen interactions to control the
enhancement of Raman scattering, assembly of metallic nanoparticles through biomolecular
recognition has been extensively studied in recent years.5-% 20-22 Chemically, the great
majority of the reported approaches relies on a dyelabeled DNA that binds to a trigger to
alter the conformation of the DNA and produce the desired SERS signal. Being quite
different from previously reported approaches, our active substrate involves an antenna that
specifically binds to a trigger and a hot spot-generation probe (HSGP), these two moieties
are assembled together through a triplex DNA structure, and hot spot is created by
configuration conversion of the AgNPs-functionalized HSGP on the Au surface.

The fundamental concept of this approach is illustrated in Scheme 1. In our design, a central,
trigger-specific single-strand (-ss) DNA (in green) flanked by two arm segments (in purple)
is used as an antenna, while a hairpin-shaped oligonucleotide (in blue) serves as the HSGP,
and rho-damine 6G(R6G) was selected as the Raman reporter. The HSGP is functionalized
with AgNPs. Once the HSGP is bound with the two arm segments of the antenna via
Watson-Crick and Hoogsteen base pairings,23 24 a “triplex-stem” structure is formed, in
which the HSGP remains an “open” configuration. In this state, the R6G-functionalized
AgNPs are physically separated from Au surface, resulting in the SERS signal “off” state
(low SERS effect). Conversely, upon binding with its trigger, the antenna is released from
the triplex-stem structure and the HSGP restores its “duplex-stem” cyclic structure, bringing
the AgNPs into proximity to the Au film surface to enhance the electromagnetic field,25: 26
and produce a very large SERS signal “on” state.

For formation of the SERS-hot spot substrate, AgNPs were prepared according to a reported
method.2” The TEM image shows the formed AgNPs with size distribution from 15 to 20
nm, but most were 18 nm (Figure S1, Supporting Information). The UV-vis absorption
spectrum shows a A max 0f 398 nm (Figure 1, curve a), which is attributed to the surface
plasmon resonance of small AgNPs.28 The AgNPs were first functionalized with
streptavidin and then encoded with thiol-DNA-modified R6G (5'-thiol-TTTTT-R6G-3").
After such modifying, a slight red shift of ~7 nm is observed (curve b). When the
streptavidin-functionalized AgNPs were encoded with R6G molecules, an additional
absorption peak at 526 nm, the Aax Of R6G, clearly appears (curve c). The surface
coverage of R6G molecules on AgNP was evaluated to be 13.5 + 1.2 pmol/cm?2.29 The
stability of streptavidin/R6G-functionalized AgNPs was examined by measuring changes in
the plasmon band absorbance under a wide range of NaCl concentrations. The
functionalized AgNPs can be subjected to high ionic strengths (Figure S2, Supporting
Information).

To assemble the streptavidin/R6G-functionalized AgNPs onto an Au film surface, a 36-base
sSDNA (5'-biotin-CCTCCAGA GAGAGAGAGAGAGGGAGGAAAAAAAAAALhiol-3Y)
was designed and used as HSGP. This DNA strand has a hairpin structure, including a 5-
base pair stem and a 16-base loop sequence of repeating adenine and cytosine nucleotides,
as well as poly(dA) at the 3'-end. Melting temperature measurement ( 7,,,) indicates that
this hairpin structure has moderate thermal stability with a 7, value of 40°C (Figure S3,
Supporting Information). The HSGP was then biotinylated at the 5'-end and immaobilized on
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the Au film surface through 3'-endthiol. The surface coverage of the HSGP on the Au
surface was determined to be 10.2 + 0.8 pmol/cmZ2.29 The Au film was subsequently treated
with thiolated poly(dT)1q to prevent other species from binding to free Au surface sites and
to keep the HSGP standing fairly erect by forming an A-T duplex with the HSGP. The R6G-
functionalized AgNPs were then attached to the 5'-end of the HSGP through specific
streptavidin-biotin interaction.

Atomic force microscopy (AFM) images were used to characterize the surface features of
the Au film treated with AgNPs-functionalized HSGP and “triplex-stem” DNA,
respectively. The image shows that the pure Au film prior to treatment with HSGP had a
mean height of ~10 nm, and no obvious bright spots were observed (Figure 2A), indicating
that the Au surface is enough smooth. After AgNPs were assembled on the Au film through
HSGP, a few bright spots appeared in the image (Figure 2B), and the height was ~30 nm
(d2, Scheme 1B). The ~18 nm of AgNPs, together with the 6-nm length of streptavidin plus
the DNA strand, would create features with topographic heights between 25 and 35 nm.
When HSGP was initially hybridized with the antenna, the open configuration of the 26-
base HSGP increased the height by ~10 nm, AFM images appear as many new bright spots
(Figure 2C) with a mean height of 40 nm (d1, Scheme 1B).

To test the feasibility of this approach as a SERS-active substrate, hot spot creation was first
examined using a 21-mer ssDNA (T1, 5'-ACTGCTAGA GATTTTCCACAT-3") from the
HIV-1 U5 long terminal repeat (LTR) as the trigger. The antenna (P1, 5'-
TCTCTCTCATGTGGAAAATCTCTAGCAGT CTCTCTCT-3") was designed to contain
21 bases in the middle that were identical to complementary of T1, and two arm segments to
bind the loop sequence of the HSGP to form a triplex motif through forming T-AsT and C-
GeC base triplets.23 The sequences of the two arm segments were optimized to achieve the
largest SERS signal enhancement (Figure S4 and Figure S5, Supporting Information).
Figure 3 shows a set of SERS spectra of the R6G molecules that are attached on the AgNPs
upon adding T1 in sodium phosphate buffer (PBS, pH 5.2, 20 mM NaCl and 2.5 mM
MgCl,). This pH was obtained by optimization to achieve the best response sensitivity
(Figure S6, Supporting Information). As expected, starting with the triplex-stem state, the
SERS signals are very weak, indicating that the R6G-functionalzied AgNPs are far away
from the Au surface, so that no hot spot can be generated. Hybridization of P1 with T1 leads
to release of P1 from HSGP so that the HSGP forms its initial duplex-stem cyclic structure,
allowing the AgNPs to approach the Au film more closely, thereby increasing the
electromagnetic field concentration in the SERS hot spot. As a result, a strong SERS signal
is observed. The spectrum characteristics are the same as those obtained for rhodamine dyes
adsorbed on metallic surfaces.30 The SERS enhancement of the most prominent Raman
peak at 1509 cm™1 is estimated to be 23.6-fold upon P1 hybridization to 1.0 pM T1. While
in the presence of 1.0 uM a single-base mismatch sequence (MT1, 5'-
ACTGCTAGATATTTTCCACAT-3"), the value of SERS intensity enhancement was
approximately 8.7-fold under the same conditions, demonstrating the specificity and
selectivity of this approach and its application in selective diagnostics. Controlled
experiment shows that no measurable Raman signal is observed when HSGP was labeled
with R6G at 5"-end and then immobilized on the Au surface (dashed line of Figure 3),
According to literature methods,32:33 an enhancement factor of ~2.14 x 10° was determined
(For details, see Supporting Information), indicating that no distinct Raman scattering signal
could be detected without Ag-dependent electromagnetic field enhancement.31

Because of the strong interactions between DNA and its target, the most routinely designed
generation of SERS hot spots by DNA interaction is irreversible. In our approach, the DNA
hybridization and SERS hot spot generation occur separately. Therefore, opening the hairpin
structure of HSGP upon rehybridization with P1 eliminates the electromagnetic field and hot
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spot generating ability, thus illustrating the controlled “on” and “off” switching of Raman
signals. To demonstrate, hybridization of P1 with T1 produces a large SERS intensity
enhancement (Figure 4). Washing the Au film with PBS and subsequently immersing the Au
film in the P1 solution allows the HSGP to rehybridize and restores its overall geometry to
the degree required to return the SERS spectrum to its pre-exposure form. The
reproducibility and reversibility of active-substrate are achieved by sequentially exposing
the Au film to T1 and P1 solutions. The mean SERS intensity values of the 1509 cm~1-band
with their confidence intervals were found to be 9070.7+ 299.1(n#7=5, 100 nM T1) and 807.8
+38.2 (n=5, 1.0 M P1), respectively. The reversibility is related to AgNPs size. When the
hydrodynamic diameter of AgNPs is > 60 nm, the HSGP can not return its triplex-stem
structure upon hybridization with P1 (data not shown). Nevertheless, compared to most
reported methods that used DNA for the preparation of SERS substrate, our strategy,
employing configuration conversion of HSGP between “open” and “duplex-stem” cyclic
structure, thus provides advantages in terms of controllability and reproducibility.

To demonstrate the universality of this design, hot spot creation by small molecule
interaction was studied by using adenosine triphosphate (ATP) as the trigger and the anti-
ATP-binding aptamer (P2, 5-CCTCTCTCACCTGGGGGAGTA
TTGCGGAGGAAGGTCTCTCTCC-3")3435 as the antenna. P2 is composed of DNA
sequences for ATP and two arm segments of d(TC)6 that are complementary to the central
sequence of the HSGP. In the absence of ATP, the triplex-stem structure enables high
SERS-quenching efficiency. But, in the presence of ATP in the sample solution, significant
SERS signal enhancement is observed (Figure S7, Supporting Information). The
corresponding surface features of the Au film were characterized with AFM mages (Figure
S8, Supporting Information). To demonstrate the potential of applying the SERS hot spot for
quantitative bioanalysis, the peak intensity at 1509 cm~1 was compared to the concentration
of ATP (Figure S9A, Supporting Information), revealing that the SERS signal increased
with the increase in ATP concentration. Initially, the peak’s intensity increased
approximately 1.3-fold when 50 nM ATP was introduced. However, with an ATP
concentration of 4.0 UM, the intensity increased 19-fold, the observed saturation level
(Figure S9B, Supporting Information). The SERS intensity increases linearly with the
increase of ATP concentration between 25 nM and 2.0 uM (/2 = 0.988). The detection limit
of 50 nM ATP is below the dissociation constant of anti-ATP-binding (Ky ~ 6 uM).32:33
This can be attributed to the occurrence of signal amplification by the ability of one, or more
likely, two ATP molecules to bring about one HSGP structural change, while the SERS
spectrum originates from the many tens of R6G molecules in the region of the hot spot.

Finally, it is noteworthy that another way to create the active substrate is direct hybridization
of an antenna with HSGP to form a dsDNA structure, and dehybridization when the antenna
binds to a trigger. While this strategy offers a means of SERS hot spot generation, it suffers
from an intrinsic limitation, because the HSGP is antenna sequence-dependent, in order to
achieve suitable hybridization without hindering the recognition and affinity of antenna
toward its trigger, optimization of the HSGP sequence length is often involved. This
optimization requires preparation of several different hot spot substrates, which means that
the method would not qualify as a general approach for hot spot generation.

In summary, a reversible and regenerable SERS hot spot-active substrate was fabricated by
employing DNA- and Raman dye-functionalized AgNPs on an Au film surface. On the basis
of a configurational switch between an “open” and a “duplex-stem” cyclic DNA structure,
the hot spot effectively switches from an “off” to “on” signal state following the action of a
biological recognition event. Compared to known SERS hot spot substrates, the present
approach shows excellent reversibility, reproducibility, and controllability of SERS effects,
which are significant requirements for practical SERS applications. Nucleic acid sequences
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associated with the LTR and ATP were used to induce hot spot generation, which, by virtue
of the ability to alter the antenna sequence, is applicable to other nucleic acids, proteins, and
small molecules for biomedical applications. Therefore, this hot spot generation strategy can
be considered as a universal method and opens new opportunities toward the development of
more practical SERS detection systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
UV-vis absorption spectra of AgNPs (a), streptavidin-functionalized AgNPs and (b),
streptavidin/R6G-functionalized AgNPs (c) in PBS.
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FIGURE 2.

AFM topographic images of the bare Au film (A), the Au film bonded with streptavidin/
R6G-functionalized AgNPs through HSGP (B), and as in (B), but treated with P1 to form
triplex-stem cyclic DNA (C).
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FIGURE 3.

SERS spectra of the active substrate composed of R6G-functionalized AgNPs-on-Au film
and P1 in PBS in the absence (a), and presence of MT1 (b) and T1(c). Dashed line is SERS
of R6G-labeled HSGP immobilized on the Au film. The concentrations of MT1 and T1 are
1.0 pM, respectively.
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FIGURE 4.

SERS spectra of the Au film after several repeated concentration step changes between 100
nM T1 (traces a, b and c) and 1.0 uM P1 (traces a', b' and c'). The SERS spectrum was
returned to its pre-exposure form by first washing with PBS 3 times and then immersing in
the P1 solution for 2.0 h.
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Scheme 1.

Working principle of the DNA nanomachine-directed reversible SERS active substrate: (A)
Structure switch of HSGP between an open and a hairpin-shaped configuration alternative
induced by the trigger DNA and the antenna. (B) The corresponding reversible SERS “hot
spot” generation through assembly and disassembly of AgNPs on an Au film surface.

JAm Chem Soc. Author manuscript; available in PMC 2013 December 12.



