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We have synthesized DNA—silver nanoprism conjugates using the thiol—silver interaction and
have assembled them into anisotropic structures with distinctive optical properties simply by
controlling thermodynamic conditions. The reversible assembly formation takes advantage of the
natural anisotropic architecture of the silver nanoprisms and the cooperative properties of their DNA
conjugates. The anisotropic assemblies have been observed not only ex situ by TEM but also in situ in
a solution by UV —vis spectroscopy. We have further investigated biodiagnostic applications of the
DNA —silver nanoprism conjugates for the colorimetric and quantitative detection of DNA with high
selectivity and sensitivity in the full visible range based upon their unique distant-dependent optical

properties.
Introduction

Anisotropic silver nanomaterials of different shapes
and sizes are an important subject in chemistry, physics,
and materials science.'”’ These materials demonstrate
structurally and optically attractive properties in that
they are typically nonspherical, range from several nano-
meters to submicrometers in size, and exhibit strong
extinction due to surface plasmon resonance (SPR) that
sensitively depends upon their shape and size. Specifi-
cally, plate-like triangular silver nanoprisms (AgNPRs),
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along with other silver anisotropic nanostructures such as
rods,®? cubes,' 12 wires,®!? disks,'* 7 and polyhedrons,l&19
have been extensively investigated with respect to their
controlled syntheses and various applications.’ Importantly,
recent synthetic developments for AgNPRs based upon
photochemical®®® or thermal reactions®'*> have achieved a
very high yield and the systematic and precise control over
structural parameters, enabling their fundamental study
and versatile application in diagnostics, optics, and elec-
tronics.'*?7% These advances in the synthesis and char-
acterization of AgNPRs have offered substantial opportu-
nities for the synthesis of high quality DNA-—silver
nanoprism conjugates (DNA-AgNPRs) that would exhibit
unique chemical and physical properties not only from
AgNPRs and DNA but also from the conjugates themselves,
which is analogous to DNA-conjugated isotropic plasmonic
nanoparticles such as spherical gold and silver nano-
particles.*™® To the best of our knowledge, however,
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synthesis of the polyvalent DNA-AgNPRs has not been
demonstrated to date, despite the highly developed silver
surface chemistry with flat silver surfaces and spherical silver
nanoparticles.

Controlled assembly of such anisotropically nanos-
tructured DNA conjugates is another complicated and
important issue. In fact, anisotropic nanomaterials as
well as isotropic ones are known to exhibit different
chemical and physical properties depending upon how
they are assembled.’® 32 To date, several methods have
been developed to control the assembly formation of
anisotropic nanomaterials, such as gold nanorods,**3~3¢
gold nanoprisms,*®>7 silver nanoprisms,*® *’ and silver
nanocubes.*'** Significantly, these novel assembly struc-
tures have provided scope for understanding the specific
ways in which assemblies are constructed and have
opened up an avenue for their fundamental study and
application. These methods, however, usually require
selective surface modifications of different facets®’*' or
with different chemicals.®® In certain cases, the assembly
formation of a given nanomaterial is limited to two
dimensions on a surface and hardly exhibits anisotropy,
despite the highly anisotropic nature of the individual
nanoparticles. Recently, Mirkin et al. have demonstrated
the concept of inherent shape-directed assembly of trian-
gular gold nanoprisms.*® Only few studies, however, have
yet demonstrated the reversibility of anisotropic assembly
formation of anisotropic nanoparticles, which could lead
to a variety of applications based upon the unique
distance-dependent and assembly structure-dependent
optical properties of the same material.

Herein, we report the synthesis of DNA —silver nanopr-
ism conjugates and their thermodynamically controlled
anisotropic assemblies in aqueous media. The DNA —sil-
ver nanoprism conjugates (DNA-AgNPRs) exhibit the
reversible assembly formation of the conjugates based
upon the DNA—DNA duplex interconnects and assem-
ble in an anisotropic manner that is controlled by thermo-
dynamic conditions. Importantly, the noncovalently
assembled anisotropic structures are observed not only
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ex situ, by electron microscopy, but also in situ, in a
solution using UV —vis spectroscopy, which is strongly
indicative of the programmable assembly formation not
only by the DNA sequence, nanoparticle size, or simple
drying effect, but also by the shape of the nanoparticle.

Experimental Section

Materials. The four HPLC-purified monothiol DNA sequences
(Ag-1: 5 HS-A|-ATTATC ACT 3'; Ag-2: 5 HS-A-AGTGA-
TAAT 3'; SN-1: ¥ HS-A|(-ATCCTTATCAATATT 3/; SN-2: 5
TAACAATAATCCCTC-A-SH 3') and the two unmodified
target DNA sequences (matched: Y GAGGGATTATTGTTAAA-
TATTGA TAAGGAT 3'; mismatched: 5 GAGGGATTATTGT-
TAAATATTGTTAAGGAT 3') were purchased from Genotech
(Dagjeon, Republic of Korea). Dithiothreitol (DTT, Cat.# 43815),
silver nitrate (AgNOj3, Cat.# 204390), trisodium citrate dihydrate
(Cat.# S4641), sodium borohydride (NaBHy,, Cat.# 480886), poly-
(sodium 4-styrenesulfonate) (PSSS, M,, = 1000000, Cat.#
434574), and the chemicals for the buffer preparation were pur-
chased from Sigma-Aldrich (Milwaukee, WI). The NAP-5 sepha-
dex column was purchased from GE Healthcare (Piscataway, NJ).
Ultrapure water from a Direct-Q3 system (18.2 MQ-cm, Millipore;
Billerica, MA) was used in this work.

Synthesis of AgNPRs. The aqueous solution of AgNO5 (5mL,
0.5 mM) was added to the mixture of trisodium citrate (5 mL,
2.5mM), PSSS (0.25 mL, 500 mg/L), and NaBH,4 (0.3 mL, 10 mM,
freshly prepared) in water at a rate of 2 mL/min with stirring. A
yellow seed solution was obtained in 3 min. Nanoprisms were grown
by the injection of aqueous AgNOj; solution (3mL, 0.5 mM) ata rate
of 1 mL/min with vigorous stirring to the mixture of the seed solution
(0.02, 0.06, 0.12, and 0.50 mL, for XL, L, M, and S, respectively),
pure water (SmL), and an ascorbic acid solution (0.075 mL, 10 mM).
To stabilize the particles, an additional trisodium citrate (0.5 mL,
25 mM) solution was added to each mixture. The average edge length
and thickness of the Ag nanoprisms were analyzed by TEM (Tecnai
20, 200 kV, ~50 prisms per size).

Synthesis of DNA-AgNPRs. Prior to the synthesis of DNA-
AgNPRs, excess chemicals were removed from the AgNPR
solutions by centrifugation of the nanoprisms (XL: 3000 rpm
for 30 min; L: 6000 rpm for 20 min; M: 13000 rpm for 10 min; S:
15000 rpm for 20 min), removal of the supernatant, and redis-
persion of the prisms in 4.4 mM trisodium citrate solution
(0.01% Tween 20). The monothiol DNA sequences were depro-
tected by 0.10 M DTT in phosphate buffer (0.17 M, pH 8.0),
purified by a NAP-5 column, and adjusted to 65 uM in water.
The DNA was combined with 1 mL of each Ag nanoprism
solution (XL, L, M, and S), respectively (the final [DNA] = ~10uM).
The nanoprism solutions were salted (0.15 M NaCl and 0.01%
SDS), buffered in 10 mM phosphate at pH 7.4, and incubated at
25 °C for 4 h. The optical properties of DNA-AgNPRs before and
after salting were characterized by UV—vis spectroscopy (Agilent
8453 UV—vis spectrophotometer).

Melting Experiments of DNA-AgNPR Assemblies. Four sets
of the DNA-AgNPRs (XL, L, M, and S) were synthesized, each
of which was composed of two complementary conjugates
functionalized with Ag-1 and Ag-2, respectively. The two com-
plementary conjugates in each set were combined together for
the reversible DNA—DNA hybridization. Melting properties of
the hybridized DNA-AgNPRs were analyzed by monitoring the
extinction at Ayax”' (vide supra) while the temperature was
increased from 25 to 65 °C at a rate of 1 °C/min.

Anisotropic Assembly Formation of DNA-AgNPRs. Two sets of
DNA-AgNPRs (XL), each functionalized with the complementary
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Figure 1. (A) A scheme depicting the conjugation of thiol DNA to a silver nanoprism (AgNPR). (B) UV—vis spectra of unmodified AgNPRs. (C) UV—vis

spectra of DNA-conjugated AgNPRs.

thiol-modified DNA sequences (Ag-1 and Ag-2), respectively, were
combined and allowed to hybridize (1) at —20 °C and then at 4 °C
for 6 h for the edge-to-edge/face assemblies and (2) at 52 °C for 12h
and then at 25 °C for 2h for the face-to-face assemblies, respectively.
The nanoprism assemblies were characterized by the melting experi-
ments (vide supra) and TEM analysis (Tecnai 20, 200 kV).
Colorimetric Detection of Target Sequences. Two batches of
DNA-AgNPR probes (XL) were synthesized as described
above, each with the two complementary thiol-modified DNA
sequences (SN-1 and SN-2), respectively. The DNA-AgNPRs
probes were combined with the target DNA strands in a series of
concentrations (the final [matched] = 1, 5, 10, 25, and 50 nM,
respectively) and kept at 25 °C for 12 h to induce DNA-AgNPR
assembly formation. The melting experiments were conducted
by monitoring the extinction at 785 nm while heating the
assembled DNA-AgNPRs from 25 to 65 °C. The melting
experiment for the single base-mismatched target sequence
([mismatched] = 10 nM) was also performed in the same way.

Results and Discussion

Synthesis of DNA-AgNPRs. For the synthesis of DNA-
AgNPRs, plate-like triangular silver nanoprisms of four
different sizes were first synthesized following a method
previously reported in the literature®* using poly(sodium
4-styrenesulfonate) (PSSS, My = ~1000000) as a struc-
ture-directing agent, and combined with monothiol DNA
(Figure 1A). The mixtures were buffered to 0.15 M NaCl
at pH 7.4 (10 mM phosphate), incubated for 4 h, washed
by repeated centrifugation, and finally redispersed in a
buffer solution. When bare silver nanoprisms were com-
bined with salt ([NaCl] = 0.15 M), the nanostructures
completely crashed and formed large aggregates (see
Supporting Information, Figure 1S). Once conjugated with
DNA, however, no aggregates were observed in the presence
of salt, indicative of the efficient conjugation of DNA strands
on the silver nanoprism surface, as observed with other
analogous DNA—plasmonic nanoparticle conjugates.”®*®
For convenience, we designated the largest DNA-AgNPR
as XL, the second largest as L, the third largest as M, and the
smallest as S, inspired by their sizes. The optical properties of
the bare and DNA-conjugated prisms (XL, L, M, and S)
were characterized by UV—vis spectroscopy. The four bare
prisms (bare XL, L, M, and S) exhibit distinctive primary

plasmons at 830, 738, 660, and 561 nm, respectively, where
Jmax increases as the prism edge increases (Figure 1B).
When conjugated with DNA, however, these plasmons
further blue-shifted by 45— 105 nm in wavelength, depending
upon the size of the prisms (Figure 1C). Interestingly, we
observed that the shift in wavelength was much larger as the
prism size decreased. For example, bare XL has the max-
imum plasmon at 830 nm, which shifts to 785 nm after the
DNA conjugation. This shift of 45 nm for XL, however,
increases significantly to 105 nm in the case of S (from 561 to
456 nm). Based upon this observation, we hypothesized that
the relatively small shifts of larger prisms could indicate that
the DNA conjugation to larger ones might lead to mainly
different dielectric environments on the prism surface due to
the DNA monolayer.>* In contrast, the smaller prisms
underwent not only the DNA monolayer formation but also
a change in shape and size due to the displacement of the
shape-maintaining PSSS on the prism surface by the thiol
DNA and oxidative etching by corrosive chloride ion
(CI*).19,44

To confirm the hypothesis regarding the optical and
structural changes, we analyzed the bare nanoprisms and
DNA conjugates using transmission electron microscopy
(TEM) and atomic force microscopy (AFM). In Figure 2A,
the four types of bare prisms are identified to be
relatively monodispersed but tend to be more truncated
as the size decreases. The edge lengths of the bare prisms
are determined to be 85.3, 50.0, 39.5, and 16.0 nm for XL,
L, M, and S, respectively, and the thickness was 5.08 £+
1.83 nm on average. After the DNA conjugation, XL
shows negligible structural changes except for a slight
truncation at the tips (Figure 2B). As the size of the prisms
decreases, however, they become rounder and smaller
(Figure 2B), indicating the increased truncation and

(43) Amax is obtained from the wavelength where the maximum
extinction in the visible range takes place.

(44) After we combined DNA and AgNPRs, we also tried the addition
of NaNOs instead of NaCl to the mixture for salting but observed
that the nanoprisms crashed, which indicates the thiol DNA
strands were rarely conjugated to the prism surface in the absence
of CI”. We think that Cl™ plays a critical role not only for the
oxidative etching but also in the resultant DNA conjugation on the
silver nanoprism surface. Further study of this issue is currently
underway.
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Figure 2. Transmission electron microscopy (TEM) images of (A) un-
modified AgNPRs and (B) DNA-conjugated AgNPRs. Note that the
nanoprisms are named after their sizes (XL, L, M, and S).

structural transformation that lead to the larger spectro-
scopic changes of smaller prisms in Figure 1C. However,
the thickness of the prisms after the conjugation (DNA-
AgNPRs) increased only slightly to 7.46 £ 1.47 nm,
regardless of the prism edge length. As TEM can “see”
only the electron-rich silver nanoprism body of the DNA-
AgNPRs and not the surface DNA, we further confirmed
the presence of DNA on the prism face by measuring the
thickness of the DNA-AgNPRs using AFM. Before the
conjugation, the vertical height of a nanoprism was
determined to be 5.65 nm by AFM, which is in accordance
with the TEM analysis (see Supporting Information,
Figure 2S). After conjugation, however, the entire thick-
ness increased to 16.9 nm due to the formation of a DNA
monolayer on the prism face. Interestingly, this AFM
result suggests that a time period of 4 h is enough for the
DNA conjugation on a silver nanoprism face, which is
much shorter than the 24 h reported for analogous gold
nanoprism systems prepared using cetyltrimethylammo-
nium bromide (CTAB) as a structure-directing reagent.>’

Reversible and Anisotropic Assembly Properties of
DNA-AgNPRs. The dense DNA loading of DNA-AgNPRs
was investigated by observing their reversible assembly
properties.>” We first prepared two sets of DNA-AgNPRs,
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Figure 3. (A) Hybridized DNA-AgNPR solutions. (B) Dehybridized
DNA-AgNPR solutions. (C) Melting transitions of hybridized XL, L,
M, and S, and their first derivatives (inset). The melting temperatures
(T’s) were obtained from the temperature where the maximum of the
first derivative occurs. When there are two local maxima, the lower T},
was labeled as 7},1 and the higher T, as 7,,2. The T,,’s for each melting
transition are summarized in the inset table. (D) A schematic illustration
of the two-phase dehybridization of DNA-AgNPR assemblies. Note that
the first dehybridization is associated with the edge-to-edge/face interac-
tions and the second dehybridization with the face-to-face interactions.

each of which was complementary to the other. These
conjugates were well dispersed, exhibited a unique color,
and did not form any visible aggregates. When each set was
combined together, however, the conjugates rapidly
formed very large aggregates in less than half an hour
and turned almost colorless as a result of aggregate forma-
tion and decreased SPR, indicative of the DNA—DNA
interconnect formation between the conjugates, and their
unique distance-dependent optical properties (Figure 3A).
When heated to 60 °C, however, all of the conjugates
disassembled and completely dispersed back, exhibiting
their initial colors of light blue, dark blue, violet, and yellow
again (Figure 3B). The optical properties of the assembled
and dispersed conjugates were characterized by UV—vis
spectroscopy (see Supporting Information, Figures 3S and
4S). The reversibility of these assemblies was further char-
acterized by observing their thermal dehybridization using
UV—vis spectroscopy to obtain melting transitions. We
monitored the extinction of the conjugate mixture solutions
at wavelengths where each mixture had the original max-
imum extinction before the hybridization (Ayax: 785, 678,
599, and 456 nm for XL, L, M, and S, respectively) as the
temperature increased from 25 to 65 °C (Figure 3C). When
we consider the transitions below 52 °C, the melting
transitions were all very sharp (fwhm of the first derivatives
of the melting transitions: ~1.9 °C), suggesting the density
of DNA strands on the AgNPR surfaces is high enough to
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Figure 4. Melting transitions of DNA-AgNPR (XL) aggregates assembled (A) at room temperature (25 °C), (B) at —20 °C and then at 4 °C, and (C) at
52 °C. Note that each transition is composed of two phases each occurring at ~51 °C (T},1) and ~54 °C (T,,2), respectively, but that the portion of each
phase differs as the assembly condition changes. (D) UV—vis spectra of dispersed DNA-AgNPRs (XL) (green line) and assembled DNA-AgNPRs (XL) in
an edge-to-edge/face manner (black line) and a face-to-face manner (red line). Both assembled structures exhibit blue-shifts, whose extents depend upon the
assembly structures. TEM images of the assembled DNA-AgNPRs (XL) in an edge-to-edge/face manner and a face-to-face manner are shown in (E) and

(F), respectively, with corresponding schematic illustrations (inset).

exhibit the cooperative melting properties as observed with
other DNA-plasmonic nanoparticle conjugates.””**3” The
melting temperature (77,), a midpoint of a melting transi-
tion, is notably elevated as the prism size increases (see
Figure 3C, inset table). The elevation in 7}, of DNA-
AgNPRs is obviously due to the increased number of
DNA duplex interconnects between the complementary
AgNPRs as their surface area increases, leading to an
increase in cooperativity and thus T,,.*> A modeling study
was also suggested to theoretically explain the T}, asso-
ciated with the nanoparticle size.*®

In addition to the sharp melting transitions due to the
dense DNA loading, we further discovered that the
typical monotonous melting transition gradually evolved
into a stepwise transition as the prism size increased from
S'to XL. In Figure 3C, the melting transition of .S exhibits
only a single sharp increase at 49.1 °C, similar to those of
DNA —spherical gold or silver nanoparticle conjugates.
For XL, however, the melting transition is evidently
composed of two distinctive phases, whose T,,’s are
51.0 °C (T»1) and 53.8 °C (T,2), respectively (AT, =
~3°C). The evolution in the phases of the melting profiles
is more clearly illustrated in the inset of Figure 3C, where
the first derivatives of the melting transitions divide more
distinctively into two peaks as the prism size increases.
The presence of the two phases in the melting transitions
of DNA-AgNPR aggregates indicates that two types of
assembly structures exist concurrently in the system,
where the conjugates bind weakly to each other in one
type of assembly (7,,1) and strongly in the other (7},2).
To elucidate the origin of the stepwise melting profiles, we
reason that the anisotropic structure of a DNA-AgNPR

(45) Lee, J.-S.; Stoeva, S. 1.; Mirkin, C. A. J. Am. Chem. Soc. 2006, 128,
8899-8903.
(46) Park, S. Y.; Stroud, D. Phys. Rev. B 2003, 67, 212202.

has two types of surfaces: two triangular faces ({111}) and
three thin edges.?? As our nanoprisms are almost equilateral
with a constant thickness regardless of the edge length (vide
supra), for a given prism both faces are considered to have
an identical area as are the three edges. Therefore, we
postulate that there are two types of DNA-AgNPR aniso-
tropic assembly structures each based upon (1) face-to-face
interactions and (2) edge-to-edge/face interactions. When
the two cDNA-AgNPRs are combined, the prisms hybri-
dize to construct both assembly types concurrently at room
temperature (25 °C). As the temperature increases, the
DNA-AgNPR assemblies based upon the edge-to-edge/face
interactions dehybridize at a lower temperature (7;,1) due
to the smaller interaction area and the assemblies stacked in
the face-to-face manner dehybridize at a higher temperature
(Tn2) due to the larger interaction area (Figure 3D), result-
ing in the two phases of the melting transition in the stepwise
manner.

Thermodynamically Controlled Assemblies of DNA-
AgNPRs. To verify that the two-phase melting transition
stems from the anisotropic nature of the prism assemblies
based upon the anisotropic architecture of the AgNPRs,
we first hybridized the DNA-AgNPRs (XL and L) with
cDNA—spherical gold nanoparticle conjugates (DNA-
AuNPs, 15 nm in diameter) and analyzed their melting
profiles. In this system, the hybridized DNA-AgNPRs
were not expected to effect the anisotropic assembly
structure due to the isotropic counterpart (DNA-AuNPs)
and would, therefore, result in random or isotropic
assembly aggregates from a macroscopic point of view.
This hypothesis was verified by obtaining single-phase
melting transitions for those assemblies (see Supporting
Information, Figure 5S), an indirect proof of the aniso-
tropic assembly formation of the DNA-AgNPRs (XL, L),
and their resultant 7,,’s in Figure 3C. This result also
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explains the effect of the size of the nanoprism and its
aspect ratio on the melting transition phase. An aspect
ratio is determined as the ratio of the edge length to the
thickness.? As our prisms and their DNA conjugates have
almost identical thickness, regardless of the edge length,
smaller nanoprisms have much lower aspect ratios
(~3 for S) than larger ones (~17 for XL) and, therefore,
are less anisotropic, resulting in single-phase melting
transitions similar to those of isotropic nanoparticle
assemblies (Figure 3C). Importantly, this observation is
a remarkable example of the strong association of the
anisotropy of building blocks with the anisotropy of
assembly structures.*”

We further developed our postulation of the thermody-
namic control for the assembly of DNA-AgNPRs in an
anisotropic manner. According to our postulation, the face-
to-face interactions are thermodynamically more favored
than the edge-to-edge/face interactions, due to the higher
number of the DNA—DNA interconnects between the
prisms. At a lower temperature (e.g., 25 °C), however, the
chance for edge-to-edge/face interactions is as high as that
for face-to-face interactions, because kinetics are more
dominant than thermodynamics.*’” Therefore, if we hybri-
dize the DNA-AgNPRs at a temperature (7yp) that is high
enough to overcome the kinetically favored edge-to-edge/
face hybridization (7., > T1y1) but still below the melting
temperature of the face-to-face hybridization (T, < Tn2),
we expect only the face-to-face hybridization, leading to the
stacked silver nanoprism assembly structures. However, if
the DNA-AgNPRs are allowed to hybridize at a low
temperature, where both types of hybridizations can begin
to take place in a relatively short period of time (<20 min), a
mixture of both structures would be found. The more we
decrease the hybridization temperature, the more significant
this effect would be, leading to an increased portion of the
edge-to-edge/face structures. To confirm this hypothesis we
first observed the melting transition of the DNA-AgNPR
assemblies hybridized at 25 °C and obtained 36.0% of the
first melting phase at 51.1 °C for the disassembly of the edge-
to-edge/face hybridization and 64.0% of the second at
53.8 °C for the disassembly of the face-to-face hybridization
(Figure 4A). When hybridized abruptly at —20 °C and then
at 4 °C for 6 h, the portion of the edge-to-edge/face
hybridization dramatically increased to 63.5%, almost twice
that at 25 °C, indicating the increased formation of the edge-
to-edge/face assemblies (Figure 4B). When hybridized at
52 °C, however, we observed only a single phase transition
whose T;, was 54.2 °C, strong evidence of hybridization
entirely in the face-to-face manner (Figure 4C). Both assem-
bly structures exhibit distinctive Ayax’s, one at 655 nm for
the face-to-face assembly, and the other at 770 nm for the
edge-to-edge/face assembly, which shows a similar shift to
the drying-induced self-assemblies of silver nanoprism struc-
tures (Figure 4D). In addition to these in situ observations
of the assemblies in solution, we further confirmed the
anisotropic assembly structures using TEM. Figure 4E
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shows the assembly structure composed of the randomly
oriented individual DNA-AgNPRs hybridized at —20 °C
and at 4 °C, which clearly demonstrates that the edge-to-
edge/face interactions are dominant under the conditions
studied. Figure 4F shows the face-to-face assembly structure
consisting of several domains each composed of equally
oriented stacked nanoprisms in a face-to-face manner. Sig-
nificantly, and to the best of our knowledge, this result is the
first demonstration of controlling anisotropy of assembly
structures simply by changing the temperature of the same
system, providing a fundamental concept for the assembly of
anisotropic nanobuilding blocks into desired structures
using DNA.

Diagnostic Applications of DNA-AgNPRs. Finally, we
investigated the versatile diagnostic application of
the DNA-AgNPRs by taking advantage of their unique
distance-dependent optical properties and programmable
assembly properties. In fact, the distance-dependent
optical properties of DNA-plasmonic nanoparticle con-
jugates have been widely utilized for the colorimetric
detection of a variety of targets.”**~>* Most of them,
however, are based upon the SPR of individual gold or
silver spherical nanoparticles, whose initial colors are
limited to red (Au) or yellow (Ag). To expand the window
of the initial colors, our group recently synthesized gold
nanoparticle clusters whose optical properties were pre-
cisely regulated to exhibit various colors such as red,
purple, violet, and blue.’> In the present study, this
diversity of color is significantly expanded with silver
nanoprisms whose SPR ranges from the late UV region
(~350 nm) to the early NIR region (~900 nm).>> To
demonstrate the versatility of DNA-AgNPRs for the
colorimetric detection of oligonucleotide targets, we de-
signed two sets of DNA-AgNPR probes (XL), each of
which was complementary to each half of the target
(Figure 5A). When combined with targets of various
concentrations (1, 5, 10, 25, and 50 nM), the probes
aggregated and turned almost colorless. As the aggregates
were heated, however, they disassembled immediately to
turn light blue at certain temperatures depending upon
the target concentration. To investigate the quantitative
aspect of the detection system, we obtained a series of
melting transitions of the DNA-AgNPR aggregates with
different target concentrations and plotted the 7,, as a
function of the target concentration (Figure 5B). The plot
of the T, and the target concentration (Figure 5B, inset)
clearly demonstrates an almost linear correlation between
them, indicating that this system is highly quantitative for
measuring the target concentration. The limit of detection
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Figure 5. (A) A scheme depicting the design of the colorimetric detection system. One of the target sequence bases is changed from adenine to thymine to
examine a single-base mismatch target and is designated in a red box. (B) Melting transitions of DNA-AgNPR (XL) aggregates with respect to various
target concentrations. The melting temperature (77,) is plotted as a function of the target concentration (inset). (C) Melting transitions of DNA-AgNPR
(XL) aggregates formed with a perfectly matched target (black line) and a single-based mismatch target (red line). The first derivatives of melting transitions
are shown in the inset. (D) Rainbow colors exhibited by two cDNA-AgNPRs of various sizes before hybridization (top), after hybridization (center), and

after melting (bottom).

(LOD) under unoptimized conditions was determined to
be 1 nM, comparable to or better than those of other
colorimetric DNA detection systems based upon the
DNA —plasmonic nanoparticle conjugates.>>*3%¢ In-
terestingly, even with XL, we obtained only conventional
monotonous melting transitions in this system. This
result could be due to the increased interparticle distance
(50 bases between prisms compared to 29 bases used for
obtaining the two-phase melting transitions) and discon-
tinuous strands in the duplex, leading to orientational
flexibility of nanoprisms and thus more disoriented na-
noprism assemblies that are associated with averaged
single-phase melting transition. We also evaluated
whether the detection system could recognize a single-
base mismatch of the target sequence by obtaining the
melting transitions of the DNA-AgNPR aggregates with
the perfectly matched target and the single-base mismatch
target, respectively (Figure 5C, each target concentration
was 10 nM). The T},,’s obtained from the first derivatives
of the melting transitions showed a large difference (AT}, =
~4.5 °C), which demonstrates the excellent selectivity of
the detection system. The most important aspect of this
system is its capability to provide full and continuous
spectral coverage in the entire visible region by either
modulating the size and shape of the nanoprisms or
combining two types of nanoprisms with different colors,
which is demonstrated in Figure 5D. Before the hybridi-
zation of the DNA-AgNPRs, the conjugates exhibited
seven initial colors including red, orange, yellow, green,

blue, indigo, and violet, or the so-called “rainbow colors™
(Figure 5D). These colors turned very pale or almost
disappeared after the hybridization of the DNA-AgNPRs
because of the reversible DNA-AgNPR assembly forma-
tion. Once heated, however, they all disassembled and
turned back to the original colors as demonstrated in
Figure 5D. When stored at 4 °C at a dark place, the DNA-
AgNPRs exhibited the reversible assembly formation
without losing the unique optical properties for a
month.”’ This completely reversible assembly formation
combined with a wide spectral variety in the visible region
could serve as a universal platform for nanoparticle-
based colorimetric detection schemes, especially for mul-
tiple targets that require multiple colors as signals.

Conclusions

We synthesized the DNA —silver nanoprism conjugates
and reversibly assembled them in an anisotropic manner
by controlling the thermodynamic conditions. Impor-
tantly, this is the first synthesis of polyvalent anisotropic
silver nanoparticle—DNA conjugates based upon the
thiol—silver interactions. These conjugates exhibit var-
ious colors in the full visible range, reversible assembly
and disassembly properties, and distinctive optical prop-
erties dependent upon the assembly structures and inter-
particle distance. Taken together, it offers a significant
chance to expand the design of the anisotropic assembly
of nanomaterials and colorimetric detection schemes.
Moreover, considering that the in situ characterization
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of nanoparticle assembly is challenging due to the limitations
of electron microscopic observation,®’ our work demon-
strates an advanced strategy to semiquantitatively analyze
anisotropic assembly structures by observing their reversible
assembly and disassembly properties. This work reveals a
fundamental principle to control the assembly of anisotropic
materials based upon the generic cooperative properties of
their DNA conjugates, which could be further applied to
assemble other anisotropic nanomaterials with various
shapes into desired anisotropic structures.
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