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Abstract:

With their small sizes and unique and controllable properties, nanostructures are poised to
fulfill an important need in the covert tracking and tagging of materials and living systems.
Furthermore, multimodal materials that are able to not only tag, but dramatically affect their
environments (e.g. through gene regulation) could be of great interest. To these ends, we
proposed two related research paths: the nanowire-based synthesis of novel surface-enhanced
Raman scattering (SERS) substrates that are solution dispersible and undetectable by the naked
eye called Nanodisk Codes (NDCs), and novel fluorescence-based nanoparticles that can easily
transfect cellular membranes and report out on cellular activity, called Nanoflares.

In the first year, we improved the performance of existing NDCs by continuing our
expansion of the relevant materials palette. We continued to work on Ag nanostructures to make
true multicomponent disk code structures and also worked to employ these Ag-based disk codes
with multiple excitation wavelengths. This allowed us to broaden the applicability of the already
useful NDC system. Additionally, we developed methods to create smaller diameter disk code
structures through the on-wire lithography process (OWL) to create even more enhancing
substrates.

In years 2 and 3, we further increased the number of unique codes available to Ag NDCs
developed in our first funding year by creating code directionality and a system for DNA
encryption. In addition, we began studying the unique optical properties of mixed Au and Ag
disk ensemble structures that could lead to further increases in NDC functionality. We also
extended the work from the first year of funding on smaller diameter on-wire lithography (OWL)
structures by optimizing their increased SERS enhancements for future applications in NDCs and
chemical and biological detection. Finally, in years 4 and 5, we developed the Nanoflare for use
in the active tagging of live cells. These Nanoflares detect, with higher signal-to-noise ratios than
previously possible, cellular events in their native environments. Importantly, we used these
materials to simultaneously regulate the gene expression of tagged cells. This allows for
unprecedented control over cellular environments of interest. Taken together, these advances
represent a significant step forward in developing covert tracking and tagging schemes relevant
to the Air Force.

OBJECTIVES
Year 1:

1. Confirm previously preliminary results of Ag-based NDC structures through empirical
and theoretical methods and extend these studies to encompass multiple excitation
wavelengths.

2. Complete initial studies (began last funding period) of Ag-Au systems for multimodal
NDC readout.

3. Start development on methods to create narrow diameter (sub-100 nm) OWL
nanostructures for eventual development in NDC systems.

4. Develop a new nanoparticle-based system, the Nanoflare, for intracellular detection and
tagging.

Year 2:

1. Leverage the nanoflare platform to create a trimodal material that can function as a
cellular taggant, biosensor, and gene regulator.

2. Use the unique capabilities of OWL to study the optical properties of mixed Au and Ag
disk ensemble structures for potential NDC applications



Year 3:
1. Further extend the number of unique NDC structures for Ag-Au multimodal structures
2. Theoretically and empirically optimize the geometry of sub-100 and sub-50 nm OWL
nanostructures for SERS
3. Extend the application of the Nanoflare from detection alone to simultaneous detection
and regulation of cell function.
Year 4 and 5- Supplement:
1. Study the fundamental properties of “nanosheets”, an important new platform for labeling,
tracking, and trace detection.

FINDINGS

There is currently a need for covert tracking and tagging schemes that will allow for
advanced reconnaissance and logistics management in the modern world. In previous years of
research with the AFOSR, the Mirkin research group has shown how the nanodisk code (NDC)
is a novel solution to this challenge. NDCs, which are surface-enhanced Raman scattering
(SERS) substrates, consist of functionalized Au nanodisk dimers that are closely spaced and
arranged in specific binary patterns. The NDCs were demonstrated to be quite effective at
encoding information in multiple ways and were also a powerful biosensing platform. In the last
couple of years, we have shown the ability to extend this original work to create Ag NDCs that
are more sensitive than their Au counterparts. Additionally, we demonstrated the advantages of
shrinking the size of On-Wire Lithography (OWL) dimers for SERS to achieve even higher
enhancement factors. Moreover, we developed a new nanosheet material embedding these OWL
dimers in a 2D silica-based microscopic scaffold which allows the rational deployment of
nanoparticles into complex environments. Recenly, we have worked on using this new platform
for labeling, tracking, and trace detection on dollar bills and also studying the mechanical
properties of nanosheets prepared using this platform.

We developed a new nanosheet material consisting of micron-sized, ultra-thin, and flexible
silica sheets with discrete, highly monodisperse Au nanorod dimers synthesized by OWL. We
showed how this solution-dispersible nanosheet material can conform to complex topographies
while maintaining the geometry of the nanorod dimers and how they can be used to improve the
signal intensity and reproducibility. Additionally, we demonstrated the trace detection of a
known marker for illicit drugs on a dollar bill. Another common research area related to paper
currency focuses on the development of robust, covert, and easily readable authentication
methods for anti-counterfeiting purposes. The nanosheets, like many SERS platforms, are ideally
suited for encoding schemes based on the SERS signal from a variety of thiolated small
molecules that can serve as specific codes. We then focused on introducing the concept behind
the encoding and readout schemes. The nanosheet codes were deposited on dollar bills to test
their performance as authentication labels. To do this, a double-blind study was done where each
dollar bill was tagged with a unique label using nanosheets on each dollar bill. Tests using a
portable Raman spectrometer showed that all of the dollar bills were correctly authenticated. Test
results confirm that the nanosheet platform can serve as a new encoding material that could be
used easily and reproducibly while being invisible to the naked eye and very difficult to
counterfeit. Additionally, we have focused on studying the mechanical properties of silica
nanosheet scaffolds using two nanoindentation characterization tools.

In a different type of nanoscale taggant platform, we also demonstrated the concept of the
nanoflare. Nanoflares are spherical nucleic acids (SNAs, structures with inorganic nanoparticle
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Figure 1. Spectra and corresponding barcodes for all seven of
1. Nanosheets In the first year, we the codes used. From top to bottom, the molecules used are: 4-

developed Ag NDCs that increased the  PSPovTiephero, s bromattiopherl, 3 chirotophena &
SERS sensitivity of the structures due to  ATP), and 1,4-benzenedithiol (1-4,BDT).

the inherent plasmonic advantages of

Ag compared to Au. In the second year, we continued along this path by taking advantage of our
ability to produce significantly smaller OWL dimers that lead to even larger improvements in
their SERS response. During the third year, we took advantage of their inherent ability to be
dispersed while maintaining their predesigned geometries to show that the OWL dimers can be
used in a variety of detection environments. For example, they can be used in solution-averaged
measurements in water and then dropcast on an arbitrary surface to detect molecules adsorbed to
that surface. In the fourth year, we worked on the synthesis, characterization, and application of a
new silica-based nanosheet material for the delivery of Au dimers to complex environments.
These nanosheets effectively harnessed the SERS from individual nanorod dimers and created a
collective SERS signal that was macroscopically addressable, reproducible, and strong. We
focused on implementing the silica nanosheet platform on a dollar bill to demonstrate its use as a
nanoscale barcode that can be easily scanned as a robust, covert, and easily readable
authentication method for anti-counterfeiting purposes. The nanosheets, like many SERS
platforms, are ideally suited for encoding schemes based on the SERS signal from a variety of
thiolated small molecules that can serve as specific codes. By converting the SERS spectrum
from a nanosheet into a one-dimensional barcode where
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Figure 2. Three different ways to increase
the sophistication of the codes by mixing.
(A) One sample of nanosheets co-
functionalized with two molecules, 1,4-
BDT (A) and 4-APT B), where the relative
peak heights (A and B, respectively) from
each molecule are tailored by controlling
their concentrations during
functionalization (A:B in top right corner of
each spectrum). Inset in each is an SEM
image of the single sheet analyzed for the
spectra. (B) Two samples of sheets are
functionalized separately (4-
methylthiophenol and 3-
methoxythiophenol in this case) and then
mixed in solution and deposited on the
surface-of-interest. (C) Two sets of
nanosheets are synthesized with one
resonant at 785 nm (i) and the other at
633 nm (ii). Each is functionalized with a
dye that is resonant at the same
wavelength (indocyanine green at 785 nm
and methylene blue at 633 nm), and when
the codes are mixed and dispensed on a
surface, a multimodal code that reads a
different spectrum at 785 nm (top) and
633 nm (bottom) results.

the lines correspond to the presence and relative width of the peaks in the spectrum, one can
envision an enormous library of potential codes that can be differentiated from one another with
a portable Raman spectrometer (the seven unique codes used in this work shown in Figure 1). In
addition, the nanosheets are robust and maintain their conformation, while also providing stable
signals over long periods of time (months) that can be easily processed into a barcode and
analyzed.

Having introduced the concept behind the encoding and readout schemes, the nanosheet
codes were deposited on dollar bills to test their performance as authentication labels. To do this,
a double-blind study was designed where each dollar bill (out of seventeen total bills) was tagged
with a unique label (Figures 1 and 2) by dispensing a very small volume (<1 pL) of a particular
nanosheet code over a millimeter-sized area in the same location on each dollar bill (Figure 3A).
A portable Raman spectrometer was then used to analyze each dollar bill at this location to test
whether it could be correctly matched with the label used for tagging it (Figure 3B). Measured



directly from the dollar bill in the
portable Raman spectrometer, a
background is observed from the
dollar, but the Raman peaks from the
labels are clearly observed over this
background (Figure 3C, 1). After
subtracting the background (Figure 3C,
i1), the spectrum from each dollar can
be converted into a barcode (black
lines under the spectra) and can be
compared to the library of standard
labels for the codes used in this study
(Figure 1). In this case, the two
standards that matched this particular
dollar (serial number beginning with
A1893) the closest are compared with
the barcode generated from the SERS
spectrum, where black lines indicate
peaks that are a match between the two
and red lines indicate those that are not
(Figure 3D). The barcode can easily be
identified as 3-cholorothiophenol (left,
~84% match compared to ~52% for 4-
methylthiophenol on the right, which
was the second closest match). In this
same way, each of the other sixteen
dollars was also correctly identified
with >75% match in every case (Table
1), demonstrating a new encoding
material that can be used easily and
reproducibly while being invisible to
the naked eye and very difficult to
counterfeit.

Moreover, we focused on the
mechanical properties of the silica
nanosheet scaffold. Nanosheets are
remarkable due to their flexibility and
robustness (Figure 4). The standard
fabrication protocol results in synthesis
of dispersible nanosheets where many
nanorod dimers with well-defined
nanogaps are embedded and held at
fixed positions relative to one another,
creating microscopic and macroscopic
entities that avoid issues related to
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Figure 3. Anti-counterfeiting with nanosheet codes. (A)

Photograph of the region where the nanosheets are deposited on
each of the seventeen bills used in this double-blind example. (B)
Photograph depicting use of the hand-held, portable Raman
spectrometer during analysis of the bills. (C) Example spectra
before (i) and after (ii) subtracting the background signal for the
dollar with the serial number beginning with A1893. The black
lines correspond to the presence of peaks and constitute the
barcode used for comparison to our standard codes. (D)
Examples comparing the code generated in (C) to the two
closest matches (3-chlorothiophenol on the left and 4-
methylthiophenol on the right), where black lines indicate a
match between the two and red lines indicate a peak that is only
present in one. The bill is positively matched to 3-
chlorothiophenol in this case (~84% match), demonstrating
successful analysis of the code.



aggregation of the nanowires. The sheets could cover a number of other complex surfaces,
including discrete bacteria cells deposited on a surface (e.g. Escherichia coli), micron-sized
spheres, and random surface topography (Figure 4). In all cases, the nanosheets conformed to the
morphology of the samples, effectively wrapping around them and positioning the nanorods in

proximity to their highly convex surfaces.

Dollar Serial # Dollar Label Dollar Year Predicted Molecule % Match Correct Molecule
K18265188 B 2006 4-MBT 91 4-MBT
J69943198A E 2006 3-Methoxy 78 3-Methoxy
K63443108D F 2006 1,4-BDT 89 1,4-BDT
F566722858 G 2006 3-Methoxy 83 3-Methoxy
181982245H H 2009 4-Bromo + 4-Meth 85 4-Bromo + 4-Meth
A18937143A I 2006 3-Chloro 81 3-Chloro
G30475445C L 2006 3-Chloro 77 3-Chloro
K38500828A M 2009 4-APT 85 4-APT
D67062729D N 2006 4-Bromo 92 4-Bromo
K227748568 Q 2009 4-Meth 87 4-Meth
B62039428A R 2009 blank 84 blank
B08185711A u 2009 4-APT 77 4-APT
B90201261C v 2009 1,4-BDT 94 1,4-8DT

Table 1. Results from double-blind dollar authentication study. Predicted molecule is the standard code that was
paired with experimental spectrum from each dollar, and percent match is the percentage of the peaks that
matched between the two. Correct molecule is the nanosheet code that was actually applied to the dollars. “Blank”
corresponds to unfunctionalized nanosheets without a molecule present to serve as a control.

Figure 4. SEM images of the nanosheets deposited on a number of
complex topographies. (A,B) Images of the wrapping around and
adhering to a micron-sized silica sphere. (C) A group of nanosheets
conforming to complex, random debris on a silicon wafer. (D)
Nanosheets covering a group of Escherichia coli cells, where the
boundary of covered and uncovered cells is visible.

We used nanoindentation
techniques with the aid of a high
precision atomic force microscope
(AFM) to study the mechanical
properties of these silica sheets.
The mechanical properties were
probed by indenting
(loading/unloading) at the center
of an isolated nanosheet on a
silicon wafer. We used high spring
constant probes (from Bruker
Corporation)  for  mechanical
testing. Two sets of measurements
were done, first with quantitative
nanomechanical property mapping
(peak force QNM) which gives
very accurate and surface sensitive
measurements for thin films
(Figure 5A-C). Indentation was
performed at numerous locations
and depths on the sample to
minimize substrate effects. The

modulus map of a silica sheets were plotted and average Young's modulus values were measured
to be ~1.1 to 1.8 GPa depending on the thickness. Similarly, the hardness values were measured
to be ~58 to 80 MPa for silica nanosheet samples. Secondly, we performed the mechanical
characterization with feedback based displacement control method wusing a Hysitron



Triboindenter characterization tool. Measurements results were consistent with the results
obtained using peak force QNM setup (Figure 5D). In both cases, measured values were very

small compared to the standard
samples. Moreover, we observed a
slight rise in the hardness strength
with increase in nanosheet thickness.
This further understanding of the
mechanical properties will used to
optimize and tailor the fabrication
conditions for deployment of
nanosheets in specific environments
(like the surface of human hair).

2. Nanoflares In 2007, we first
introduced the concept of nanoflares.
Nanoflares are a new class of
spherical nucleic acid (SNA)-based
probes that are comprised of a

densely functionalized
oligonucleotide shell and an inorganic
nanoparticle core. The

oligonucleotide capture sequence
attached to  the  nanoparticle
hybridizes with short, fluorophore-
labeled DNA molecules, termed
“flares”. In this conformation, the
close proximity of the fluorophore to
the Au NP surface leads to quenching
of the fluorescence. However, when a
target mRNA binds to the capture
sequence, the concomitant
displacement of the flare can be
detected as a corresponding increase
in fluorescence (Figure 6). The ability
of these nanoconjugates to both bind
to specific genetic targets and identify
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Figure 5. Mechanical characterization of silica nanosheets. (A) Young's
modulus map of the nanosheet plotted using an atomic foce microscope
(peak force QNM), (B) corresponding characterization results for the
region of interest, (C) distribution of Young’s modulus values over the
scanned surface. (D) Force-displacement plots which were acquired
with feedback based displacement method using a Hysitron
Triboindenter characterization tool.

that binding event with the release of a fluorophore has allowed the nanoflare to be used as both
an efficient anti-sense regulator of gene expression and an extremely sensitive diagnostic of

disorders with a genetic basis.



We have worked on
expanding the capability of the
nanoflare into a construct that
can both quantify RNA
expression in live cells, and
also report the specific location

NAAS . s
Target mRNA of target transcripts within the
g . .

7 cell. The localization of mRNA
has emerged as an essential
process for restricting certain
proteins to specific, often

CyS Reportor Flare' 3-FVAQ-E asymmetrical ~ compartments
s o i within cells. For instance
Figure 6: Schematic of Nanoflare target recognition and binding synaptic potentiation, the basis

of learning and memory, relies

upon the local translation of
specific mRNAs in pre- and post-synaptic compartments. Likewise, the misregulation of mRNA
distribution is associated with a number of disorders, including mental retardation syndrome and
cancer metastasis. However, despite the significant role of mRNA localization in cellular
function, to date there are no effective methods to visualize this phenomenon in live cells. We
have developed such a method based on the NanoFlare architecture previously reported in the
Mirkin group. These highly negatively charged nanostructures do not require cationic
transfection agents or additional particle surface modifications and naturally enter all cell lines
tested to date (over 50, including primary cells) in high quantities. Further, they exhibit enhanced
target hybridization, resistance to enzymatic breakdown and low immune response compared to
free nucleic acids. Together, these properties make the Nanoflare an ideal platform for studying
dynamic intracellular processes. To this end we have developed a Nanoflare-like construct,

referred to as the StickyFlare, which utilizes antisense flares ~
capable of binding to and traveling with mRNA targets (Figure P
7). This construct maintains the ability of the Nanoflare to 4\{"‘

quantify RNA expression in live cells, and adds the ability to
observe dynamically the transport and localization of targeted
transcripts. We have used this new nanoconjugate to probe the
intracellular localization of P-actin mRNA in live cells,
including cervical cancer HeLa cells, and mouse embryonic
fibroblasts (MEFs). Interestingly, the intracellular localization l Target Binding
of the same transcript in these two cell types is starkly

different. In HelLas p-actin mRNA colocalizes with
mitochondria, whereas in MEFs the mRNA is transported to
the growth cones of dendritic outgrowths, where it undergoes
local translation to drive cell growth and motility (Figure 8).
Importantly, these are not static analyses, but maintained real- NCRRIV
time imaging that can be combined into a movie to show the _
dynamics of P-actin transport within each cell. To our
knowledge this construct is the first analytical tool capable of
giving such a complete report of RNA function, that is to

V/A\VAN

v\

Figure 7: Schematic of Stickyflare
target recognition and binding
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simultaneously report RNA concentration and spatial localization in live cells.

Figure 8: StickyFlare shows mRNA localization in live
cells. Upper panel: B—actin mRNA is transporter to
the growth cone of dendritic outgrowths (white
arrows). Lower panels: p—actin SFs colocalize with
mitochondria in HelLa cells. Left, mitochondrial stain;
middle, p-actin SF; right, overlay showing
colocalization.
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