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Herein, we report a new, noncovalent DNA-based strategy for 00 L . — z
controlling the stepwise growth of layered nanopatrticle structures 400 500 600 700 800
off of glass surfaces. Others have demonstrated how bifunctional Wavelength (nm)

organic moleculés* or polyelectrolyteScan be used to control-  gigyre 1. UV-visible spectra of alternating layers of Au nanopartices
lably construct mono- and multilayered nanoparticle materials off andb, hybridized to an oligonucleotide-functionalized glass microscope
of planar substrates. The attractive feature of using DNA as a g|ide via the complementary DNA linké& Spectra represent assemblies
particle interconnect is that, in principle, one can synthetically with 1 (a, Amax= 524 nm), 2 b, Amax= 529 NM), 3 €, Amax = 532 NM),
program interparticle distances, particle periodicities, and particle 4 (d, Amax = 534 nm) and 5€, Amax = 534 nm) layers. Spectra were
compositions through choice of DNA sequence. In addition to measured directly through the slide. Inset: Absorbance of nanoparticle
providing a new and powerful method for controlling the growth assemblies atmax with increasing layers.

of nanoparticle-based architectures from solid substrates, this

strategy also allows one to evaluate the relationship betweenScheme 1
nanoparticle aggregate size and both melting and optical properties A

of aggregate DNA-interlinked structures. An understanding of
these two physical parameters and their relationship to materials 'V\,
architecture is essential for utilizing nanoparticle network materi-

als, especially in the area of biodetection. ‘@X

Recently, we invented a new method for colorimetrically
detecting DNA with probes comprised of gold nanoparticles B
functionalized with hundreds of oligonucleotide$he method N \éﬁ
involves the use of two probes that are complementary to a target
sequence, Scheme 1A. When the probes encounter such target
DNA, they are assembled into a network structure that results in
a concomitant red-to-blue color change. This color change is due,
in part, to the increased plasmon interactions of the particles within
the DNA cross-linked network structure. In addition to being a
very simple method for detecting DNA, this assay exhibits
extraordinary selectivity when compared to other hybridization-
based assays. The origin of this selectivity advantage derives from
the extraordinarily sharp melting properties of these DNA-
interconnected nanoparticle network materials. Indeed, normal
melting for a 24 nucleotide duplex occurs over a 25 deg
temperature range (Figure 2C), whereas the same set of sequences
when used as linkers to form a nanoparticle network structure
will melt over 6 degf An unanswered set of questions pertains
to the factors that control the melting properties of these
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unconventional network structures. We had originally hypoth-
esized that this sharp melting behavior was due to the following:
(1) a cooperative effect involving thousands of cross-linked
* To whom correspondence should be addressed. E-mail: camirkin@ nanopatrticles within the network structure and (2) the probing of
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(1) (a) Gittins, D. 1. Bethell, D.; Nichols, R. J.. Schiffrin, D.Adw. Mater. monitoring of the melting process. However, with solution grown
1999 11, 737. (b) Brust, M.; Bethell, D.; Kiely, C. J.; Schiffrin, D. Jangmuir network structures, it is impossible to control aggregate size and
1998 14, 5425. systematically evaluate how increased cross-linking affects the

569(,25)_ ((%)) E;rrlgggrRk_Mc';_-%Lrj\?ilt%k'PMc?'Mﬁzith' - pLangmuir L998 LA . melting properties of nanoparticle network structures. Herein, we

D. G.; Jackson, M. A.; Guthrie, A. P.; Natan, M.1J.Am. Chem. S0d.996 show how our strategy for preparing supramolecular layered
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Davis, J. A.; Guthrie, A. P.; Hommer, M. B.; Jackson, M. A.; Smith, P. C.;

Walter, D. G.; Natan, M. JSciencel995 267, 1629. cally address these issues. ,

(3) Schmid, G.; Baumle, M.; Beyer, Mngew. Chem., Int. Ed. Engl00Q The oligonucleotide-functionalized, 13-nm-diameter Au nano-
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Mo A0S, Sja Brousseau, L. C.; Jones, A Feldheim, [Eem. - gescriped previousi§t Particles were treated with-Bexanethiol-
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Shashidhar, R.; Calvert, J. Mdv. Mater. 1997 9, 61. otide 2 to yield particlesa andb, respectively. Glass slides were
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complete coverage with two layers. Thg.xof the plasmon band
for the multilayer assemblies shifts no more than 10 nm, even
after 5 layers. Thelirection of this shift is consistent with other
experimenta&P and theoreticdf'° treatments of Au nanoparticle
aggregates. However, theagnitudeof the shift is small compared
to that previously observed for suspensions of oligonucleotide-
linked Au nanoparticle networks, which shoWyax > 570 nm.
This suggests that many more linked nanoparticles, perhaps
0.9 \/M T 0.09 hundreds or thousands, are required to produce the dramatic color
change from red to blue observed for gold nanoparticle-based
10 0.06 oligonucleotide probe%sSurface plasmon shifts for aggregated
(] D Au particles have been shown to be highly dependent on
interparticle distance!® and the large distances provided by
20 oligonucleotide linkers (8.2 nm for this system) significantly
0.5 reduce the progressive effect of particle aggregation on the Au
surface plasmon band.
The dissociation properties of the assembled nanoparticle
0.3 E F 1.0 multilayers were highly dependent upon the number of layers
40 60 80 40 60 80 deposited. When the multilayer-coated substrates were suspended
o o in buffer solution and the temperature raised aboveTthef the
T(°C) T(°C) linking oligonucleotides (53C), the nanopatrticles dissociated into
Figure 2. (A) FE-SEM of one layer of oligonucleotide-functionalized ~ solution, leaving behind a colorless glass surface. Increasing or
Au nanoparticles cohybridized with DNA linker to an oligonucleotide- decreasing the pH>(11 or <3) or decreasing the salt concentra-
functionalized, conductive indiurtin oxide (ITO) slide. The visible tion of the buffer suspension (below0.01 M NaCl) also
absorbance spectrum of this slide was identical with that of Figure 1a, dissociated the nanopatrticles by dehybridizing the linking DNA.
indicating that functionalization and particle coverage on ITO is similar  The multilayer assembly was fully reversible, and nanoparticles
to that on glass. The average density of counted particles from 10 suchcould be hybridized to and dehybridized from the glass substrates

images is~800 particlegin?. (B) FE-SEM image of two layers of (e g, three cycles were demonstrated with no detectable irrevers-
particles on the ITO slide. The average density of counted particles from jpje particle binding).

10 such images is-2800 particleg/m?. (C) Dissociation of a 0..xM S . .
solution of the oligonucleotide dupled (- 2 + 3) to single strands in Significantly, while all of the surface bound nanoparticle

0.3 M NaCl, 10 mM phosphate buffer solution (pH 7), monitored by UV agsemblles dissociated above fh\eo.f.the linking oligonucle- .
absorption at 260 nm. (BF) Dissociation of 1 layer (D), 4 layers, (E) otides, the sharpness of thes.e transitions depgnded on thg size of
and 10 layers (F) of oligonucleotide-functionalized Au nanoparticles from the supported aggregate, Figure 2B Surprisingly, the dis-
glass slides immersed in 0.3 M NaCl, 10 mM phosphate buffer solution. Sociation of the first nanoparticle layer from the substrate exhibits
Melting profiles were obtained by measuring the decreasing absorption & transition (Figure 2D, fwhm of the first derivative 5 °C) that

at 520 nm through the slides with increasing temperature. Insets: First iS sharper than that of the same oligonucleotides without nano-
derivatives of the measured dissociation curves. The fwhm of these curvesparticles in solution, Figure 2C. As more nanoparticle layers are
measure (C) 13.2C, (D) 5.6°C, (E) 3.2°C, and (F) 2.9°C. hybridized to the substrate, the melting transition of the oligo-
o ) ) ) nucleotide-linked nanoparticles becomes successively sharper
firstimmersed in a 10 nM solution of 24-mer linkgéand allowed (Figure 2E,F, fwhm of the first derivative 3 °C), until it matches

to hybridize with it fa 4 h atroom temperature, Scheme 1B. hat of the large nanoparticle network assemblies found in
The substrates were washed with clean buffer solution and theng|ytions These experiments confirm that more than two particles
hybridized wit a 2 nMsolution of particlea for 4 h atroom ~ang multiple DNA interconnects are required to obtain the
temperature to attach the first par_t|cle layer. A second partl_cle optimally sharp melting curves. They also show that the optical
layer could be deposited onto the first one by similarly exposing hanges in this system are completely decoupled from the melting

the _sgrfa_ce to solutions of linke8 and par_ticle b'_ These properties (i.e., small aggregates can give sharp transitions but
hybridization steps could be repeated to deposit multiple, alternat- ¢ "pe red).

ing layers of particlesa andb onto the glass, each layer connected
to the previous one by linke3. In the absence of linker, or in the
presence of noncomplementary oligonucleotide, no hybridization
of nanoparticles to the surface was observed.

Each hybridized nanoparticle layer imparted a deeper red color
onto the substrate, and after 10 hybridized layers, the supporting

glass slide appeared reflective and gold in color. Transmission . - ) :
UV —vis spectroscopy of the substrate was used to monitor the {0 the glass support point to a possible route to developing chip-
successive hybridization of nanoparticle layers to the surface based detection formats for DNA with selectivities that are better

Figure 1. The low absorbance of the initial particle layer suggests than those of conventional probe systems.

that it seeded the formation of further layers, which showed a
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(Figure 2A) and two (Figure 2B) particle layers on a surface, 1o§1ggg_a”9' W.-H.; Schatz, G. C.; Duyne, R. P. ¥.Chem. Phys1995

which show low particle coverage with one layer but near  (11) Storhoff, J. J.; Lazarides, A. A.; Mirkin, C. A_; Letsinger, R. L.; Schatz,
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These observations are significant for the following reasons.
(1) This is the first reported methodology for forming layered
nanoparticle-based materials from DNA and designed hybridiza-
tion events. (2) The strategy should be quite general and
extendable to other nanoparticle sizes and compositi33.The
unexpected sharp melting properties of single particles hybridized




