NANO
LETTERS

) 2007
Nanodisk Codes vol. 7. No. 12

3849-3853

Lidong Qin, T Matthew J. Banholzer, T Jill E. Millstone, T and Chad A. Mirkin*

Department of Chemistry and International Institute for Nanotechnology,
Northwestern Uniersity, 2145 Sheridan Roadp&nston, Illinois 60208-3113

Received October 9, 2007; Revised Manuscript Received November 6, 2007

ABSTRACT

We report a new encoding system based upon dispersible arrays of nanodisks prepared by on-wire lithography and functionalized with
Raman active chromophores. These nanodisk arrays are encoded both physically (in a “barcode” pattern) and spectroscopically (Raman)
along the array. These structures can be used in covert encoding strategies because of their small size or as biological labels with readout
by scanning confocal Raman spectroscopy. As proof-of-concept, we demonstrate their utility in DNA detection in a multiplexed format at
target concentrations as low as 100 fM.

Encoded materials are used for many applications, including Recently, we reported a process called OWL that allows
cryptography, computation, brand protection, covert tracking one to tailor the physical and chemical structure of nanorods
of material goods and personnel, and labeling in biological to generate a class of nanostructures not accessible by
and chemical diagnostiés® Often, nanostructures are ap- conventional synthetic or lithographic proces¥g$ Specif-
pealing materials for encoding applications because they canically, one can make dispersible, segmented nanorod struc-
be dispersed or hidden in a variety of media due to their tures of fixed diameters with gap separations and disk
small size, and their chemical and physical properties canfeatures well-defined along the length of the nanostructure.
be rationally designed in a variety of wa¥s. In addition, Gaps between metal sections can be fabricated with dimen-
certain types of nano- and micromaterials are beginning to sions from 2 nm to manyum. This high degree of
find application as probes in sensitive and selective moleculartajlorability has allowed us to probe the relationship between
diagnostic systents®°These materials include nanoparticles feature size, gap size, and Raman-enhancing properties in
labeled with Raman chromophor€sstriped nanorods;*2 such a way that we can identify the maximum enhancing
and several types of beads modified with fluorophdtés’ structure for a class of disk materials fabricated by OWL.
such as organic dyes and inorganic quantum fotsStriped By site isolating disk pairs along the long axis of a nanorod,
nanorods are a particularly interesting class of materials we can use confocal Raman microscopy (CRM) to indepen-
because they are dispersible entities, allow for massive dently address each disk pair. On the basis of the observation
encoding based upon the length and location of individual that one can create Raman hot spots at specific locations
chemical blocks within the structures, and can be function- giong the long axis of the rod, we hypothesized that one
alized using conventional surface chemistfeshese nano-  ¢oyid use disk pair structures that exhibit large enhancements
structures are typically identified by reflectivity or fluores- 5 5 noyel encoding scheme. Once functionalized with the
cence. However, the high degree of overlap between common, phrapriate chromophores, these nanodisk codes (NDCs) can
fluorescent labels, the quenching properties of the metal po jgentified easily by Raman spectroscopy and take
blocks that comprise the structures, and the difficulty in advantage of the well-known surface-enhanced Raman
resolving differences in metal reflectivity represent limita- scattering (SERS) phenomeni8¢1%22 In principle, one can

tions for these systents?Herein, we report a new encoding enerate a myriad of nanodisk codes simply by varying the
system b,ase‘?' upon dispersible arrays of ngnodi_sks prgpareaumber and location of the pairs as well as the type and
by on-W|re.I|thography (OWL) and functlonghzed with number of chromophores used as spectroscopic labeling
Raman active chromophorgs. Th“ese nan?dlsk arrays areagents. This multilevel approach to encoding nanostructures
encoded both physically (in a *barcode” pattern) and avoids some of the limitations of striped barcodes by

spectroscopically (Raman) along the array. These StrUCtureﬁransitioning weaknesses such as fluorescence quenching into

can be_used n cqvert _encodlng str_ategles because of Fhe'%ldvantages in the context of the Raman format. Herein, we
small size or as biological labels with readout by scanning

Raman spectrosco report the synthesis, functionalization, and use of NDCs in
P Py the context of both physical and nucleic acid labeling.
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Figure 1. Scheme of the NDC method. (a) Synthesis and functionalization. (b) Thirteen possible 5-disk-pair NDCs with corresponding
binary codes. (c) 2D (top) and 3D (middle) scanning Raman microscopy images of a 11111 NDC. Representative Raman spectrum of MB
(bottom) taken from the center of the hot spot generated in the middle disk pair shown in the Raman maps above.

thesig*26 and then converted to disk arrays using OWL blue (MB) and para-mercaptoaniline (pMA), two commonly
methodology (Figure 1A, Supporting Information Figure used dyes available from a wide library of Raman chro-
S1)18 This approach has allowed us to design SERS- mophoreg’?8These serve as NDC labelshat enable either
optimized Au nanodisk arrays consisting of spatially sepa- redundant or complementary detection methods. In this work,
rated disk pairs and to assign a binary coding scheme to thes¢hese Raman-active molecules are immobilized on the surface
disk pair arrays, where the presence of a disk pair is of the nanodisk code, where each spot in this array exhibits
represented by the number one, and the absence of a diskh SERS enhancement factor of 4«61(® (see Supporting
pair is represented by a zero. For example, if the middle Information for details of functionalization and calculatiéh).
(third) disk pair in a five pair array is intentionally omitted Note that we have made arrays as long aguiPthus far,
by depositing Ni in place of an Au disk pair, a code of 11011 which can support as many as 10 independently addressable
is generated. Alternatively, a 10101 barcode is prepared bydisk pairs and 287 disk codes based upon physical encoding
replacing the second and the fourth Au disk pairs with Ni alone (see Supporting Information Figure S3).
during the deposition process. With 5 pairs of disks, this The Raman-active NDC4 were characterized by CRM
encoding scheme, based solely on the location and humbely integrating the entire spectral intensity from 139 to 2789
of disk pairs, yields 13 distinct NDCs when redundant cm. In this mode, the disk pair features appear as fully
sequences are eliminated (Figure 1B). The number of uniqueresolved bright spots against a dark, smooth background in
coding structures that are available increases exponentiallyboth the two- (2D) and three-dimensional (3D) images
simply by generating longer arrays with more disk pairs (e.g., (Figure 1C, top, middle). Additionally, a full Raman
25 disk pairs= 2.7 x 1 unique codes; see Supporting spectrum is recorded at each pixel of the image and provides
Information for growth calculation and Figure S2). Raman fingerprint information to accurately assign the
As proof-of-concept, we have fabricated three representa-labeled NDC (Figure 1C, bottom).
tive NDCs: 11111, 11011, and 10101 codes, (field emission It is important to note that this approach does not work
scanning electron microscopy (FE-SEM), Supporting Infor- with the conventional striped metal barcodes, because the
mation Figure S1IA-C). The Au NDCS<2 are functionalized  disk pairs and optimized gaps are required to achieve high
with a Raman label to yield Raman-active NDE¢Figure levels of enhanced spectroscopic responses (the optimized
1A). For the purposes of this study, we have used methylenearchitectural parameters for these disk pairs has been
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Figure 2. Comparison of Raman signals in NDCs and conventional striped metal barcodes. (a) Optical (inset) and scanning Raman 3D
images of a Au-Ni nanorod (left), a 11111 NDC (right) and (b) an Au nanoratisk pair array. (c,d) Raman spectra taken at discrete
locations designated by red and blue arrows in (a,b) respectively.

determined previously. To illustrate the importance of the  reporter strand that contains a Raman-active probe. Because
OWL-generated architecture, we prepared an aqueous soluthe disk pairs generate a SERS-enhancement factor of over
tion of pre-etched wires (analogous to striped barcodes) and8 orders of magnitude (see Supporting Information), even a
NDCs (made from these pre-etched wires) and simulta- small number of binding events can be detected by CRM
neously labeled them with pMA (see Supporting Informa- (Figure 1A, panel 5). In principle, it has an inherent
tion). Both structures were characterized by dark field multiplexing capability due to the “barcode” nature of the
microscopy and scanning Raman spectroscopy (Figurestructures.
2A,C). Note that each of the five disk pairs of the 11111  To confirm and demonstrate this capability, we employed
NDC exhibits a strong Raman response (Figure 2A, (right) a three-strand DNA detection system as described above
and C (red)) while the unetched structure exhibits almost wherein 11011 nanodisk codes are functionalized with an
no signal intensity (Figure 2A (left) and C (blue)). Indeed, oligonucleotide sequence (called “NBPgi1") that we de-
the signal intensity of the spectra resulting from the Au disk signed to be complementary to a section of a DNA target
codes is 142 000 charge-coupled device (CCD) counts higher(targetioi). The complement to the second half of this target
than the spectra corresponding to the striped wires (calculatedsequence contained a Cy5 reporter molecule (repesigr
by numerically integrating the spectra associated with the (Figure 3A). In a different solution, we functionalized 10101-
locations at the red and blue arrows in Figure 2A). The ratio encoded NDCs with a second sequence (N24J, which
of signal intensity between the NDC and unetched wires is is complementary to one-half of a second DNA target
approximately 143:1 (normalized for background). To de- (targetoioy); the complement to the second half of this target
termine if this signal difference was due to differences in sequence contained a TAMRA reporter molecule (re-
surface area, we designed a nanorod structure that containegorteroior) (Figure 3A). We then mixed the functionalized
both a single disk pair and a long Au nanorod segment, where11011 and 10101 NDCs, both target sequences and both
the surface area ratio between the nanorod section and theeporter strands in the same solution, and allowed the
disk pair is 9:2 (FE-SEM image, Supporting Information oligonucleotides to hybridize at 3T. When both targetos;
Figure S1E). After functionalizing this structure with pMA, and targeb.o1 are present, positive images are obtained for
we see that the signal intensity from the disk pair is 92 times both 11011 and 10101 disk codes (Figure 3B). Because the
higher (~~91 000 CCD counts) than the nanorod, despite the Raman image map contains full Raman spectral information
much larger surface area and number of chromophoresfor both Cy5 and TAMRA embedded in every pixel, we were
immobilized on the conventional nanorod segment (Figure able to specifically monitor the Raman band ranging from
2B,D). 525.2 to 592.4 cmt from Cy5 and apply a filter to the signal
This binary physical encoding coupled with the high- output (blue bar, Figure 3E). By doing so, we have
sensitivity Raman readout makes these disk codes attractivedemonstrated that only targeh:and reporterois DNA are
as labels in biological tagging schemes. Accordingly, as present on 11011 disk codes (Figure 3C). Likewise, we have
proof-of-concept we have investigated the use of NDCs in monitored the Raman band ranging from 1630.0 to 1679.0
a three-strand sandwich scheme (Figure 3A). In thesecm™ from TAMRA, applied a similar filter (red bar, Figure
experiments, thiol-modified single-stranded DNA (ssDNA) 3E), and demonstrated that only target and reporteip:o:
molecules were attached to the NDC surfaces according towere present on 10101 disk codes (Figure 3D). It is important
previously published protocols used for gold spherical to note that the multiplexing ability of this system is a result
nanoparticle$.These oligonucleotides contained a sequence of the binary coding architecture and not the different Raman
complementary to one-half of a target sSDNA sequence. Thedyes. In this case, two Raman dyes are used simply to
remaining half of the target sequence is complementary to aillustrate the specificity of the system.
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Figure 3. Multiplexing with NDCs. (a) Scheme of 11011 and 10101 NDC nanostructures showing DNA sequences of target, reporter, and
NDC strands. (b) Full-spectrum 3D scanning Raman image of 11011 and 10101 disk codes functionalized with different single-stranded
DNA sequences. (c¢) Filtered Raman image of (b) where the transmitted frequencies are indicated by the blue bar in (e), corresponding to
a unique Raman band from the Cy5 reporter (52%22.4 cnt?). (d) Filtered Raman image of (b) where the transmitted frequencies are
indicated by the red bar in (a), corresponding to a unigue Raman peak from the TAMRA reporter {1B3®® cnt?l). (e) Raman

spectra of Cy5 and TAMRA from reporter DNA sequences immobilized on NDC after DNA hybridization. N.B. (c,d) are taken with only

a fraction of the total Raman signal being collected; the three images-it) (bo not have the sanmscale and have been normalized for

a straightforward comparison.
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Figure 4. Three-strand sandwich DNA-labeling based on NDC and Raman probe. (a) Schematic representation of three-strand DNA
system, including DNA sequences used in these experiments. (b) 3D scanning Raman images of DNA detection results at target concentrations
of 50 pM, 5 pM, and control with no target (top to bottom, respectively). All three images are graphed with the-szatee The control
experiment (with only reporter and NDC strands, and no target) does not give any readable response. (c) A representative Raman spectrum
taken from 3D spectra in (b).

Using the NDCs in a sandwich format, we have detected = 13 nm + 5%). Using Raman-dye modified AuNPs has
target DNA at concentrations as low as 5 pM (Figure 4A). the potential to generate a 100-fold increase in signal intensity
A control experiment containing the same amount of reporter due to~100 additional labeled strands being brought into
sequences and NDCs, but without target DNA, shows no the Raman hotspot per AUNP binding event. The nanoparticle
discernible Raman signal (Figure 4B). Each NDC can be also quenches the fluorescence of the Raman dye, which has
readout within a time scale ranging from seconds to minutes, been shown to interfere with Raman scattering. Using the
depending on the desired application (Supporting Information NP-target-NDC sandwich ass&y(Figure 1A), an LOD of
Figure S4). The limit of detection (LOD) is reasonably im- 100 fM is achievable (Supporting Information Figures S5
pressive, considering the assay has not been coupled with @nd S6). A control experiment where NPs and NDCs are
secondary amplification scheme. Even at these low concen-mixed without the presence of a target sequence shows no
trations, the Raman lines (and thus the “fingerprint” character discernible response, and SEM of the NDCs after mixing
of the spectrum) are still readily observable (Figure 4C).  confirms that no significant NP binding to the NDCs occurs.

Additional sensitivity can be gained if one immobilizes In conclusion, we have developed a novel and potentially
reporter DNA strands on Au nanoparticles (NP) (diameter powerful encoding system based upon dispersible arrays of
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nanodisks that are capable of high-sensitivity, multimodal References
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