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AC Dielectric Response
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Figure 3. Schematics of an SPR experiment (top) and of the
light-induced surface plasmons (bottom).
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Biomolecular Binding in Real
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Figure 6. Schematic of plasmon oscillation for a sphere. From
[39].
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- field enhancement

E, = gEy, where Ej is the magnitude of the incident field
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Probing Single Molecules and Single
Nanoparticles by Surface-Enhanced
Raman Scattering

SCIENCE « VOL. 275 « 21 FEBRUARY 1997

Fig. 1. Single Ag nanc-
particles imaged with eva-
nescent-wave excitation.
Total internal reflaction of
the laser beam at the
glass-liquid interface was
used to reduce the laser
scattering  background.
The instrument setup for
avanescant-wave micros-
copy was adapted from
Funatsuetal (77). Theim-
ages were directly record-
ed on color photographic
film (ASA-16C0) with a
30-s exposure by a Nikon
35-mm camera attached
tothe microscope. (A) Un-
fittered photograph shaow-
ing scattered laser light
from all particles immaobi-
lzed on a polylysine-ccat-
ed surface. (B) Fitered
photographs taken from a
blank Ag colloid sample
(incubated  with 1 mM
NaCl and no R6G analyte
molecules). (CG) and (D) Fil-
tered photographs taken
from a Ag colloid sample
incubated with 2 » 1011
M R8G. These images
were selected to show at
least one Raman scatter-
ing particle. Different ar-
eas of the cover slip were
rapidly screened, and mast fields of view did not contain visible particles. (E) Fittered photograph taken from
Ag colloid incubated with 2 x 1012 M RBGE. (F) Filterad photograph taken from Ag colloid incubated with 2
% 10~2 M R&E. A high-performance bandpass filter was usad to remove the scattered laser light and to pass
Stokes-shifted Rarman signals from 540 to 580 nm (920 to 2200 cm~ 7). Continuous-wave excitation at 514.5
nm was provided by an Ar ion laser. The total laser power at the sample was 10 mW. Note the color
differences betwean the scattered laser light in (&) and the red-shifted light in (C) through (F).

Shuming Nie* and Steven R. Emory

200 nm

Fig. 2. Tapping-mode APM images of screened Ag nanoparticles. (A) Large area survey image showing
four single nanoparticles. Particles 1 and 2 were highly efficient for Raman enhancement, but particles
3and 4 (smallerin size) were not. (B) Close-up image of a hot aggregate containing four linearly arranged
particles. (C) Close-up image of a rod-shaped hot particle. (D) Close-up image of a faceted haot particle.



Fig. 3. Surface-en-
hanced Raman spectra
of REG obtained with a
linearly polarzed confo-
cal laser beam from two
Ag nanoparticles. The
R&6G concentration was
2 x 10-"" M, corre-
sponding to an average
of 0.1 analyte molecule
per particle. The direc-
tion of laser polarization
and the expected parti-
cle orientation are shown
schematically for each
spectrum. Laser wave-
length, 514.5 nm; laser
power, 250 nW; laser fo-
cal radius, ~250 nm; in-
tegration time, 30 s. All
spectra were plotted on
the same intensity scale
in arbitrary units of the

Raman intensity (arbitrary units)

CCD detector readout signal.
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Fig. 4. Emission-polarized surface-enhanced Ra-
man signals of R&G observed from a single Ag
nanoparticle with a polarzation-scrambled confo-
cal laser beam. A dichroic sheet polarzer was
rotated 90° to select Raman scattering signals
polarized parallel (upper spectrum) or perpendic-
ular (lower spectrum) to the long molecular axis of
R&G. (Inserts) Structure of RaG, the electronic
transition dipole (along the long axis whan excited
at 514.5 nm), and the dichroic polarizer orienta-
tions. COther conditions as in Fig. 3.

troscopic signatures of adsorbed molecules. For single rhodamine 6G molecules ad-
sorbed on the selected nanoparticles, the intrinsic Raman enhancement factors were on
the order of 10™ to 107%, much larger than the ensemble-averaged values derived from
conventional measurements. This enormous enhancement leads to vibrational Raman
signals that are more intense and more stable than single-molecule fluocrescence.



Electromagnetic contributions to single-molecule sensitivity
in surface-enhanced Raman scattering
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FIG. 3. (Color) EM-enhancement factor M= at a cross section
through six different silver particle configurations. The wavelength
of the mcident field 1s A= 75145 nm with vertical polanization. The
left-hand column illustrates the EM enhancement for dimer con-
figurations of two spheres (top) and two polygons (bottom) with a
separation of 1 nm. The nuddle column shows the same sifuation.
but with a separation distance of 5.5 nm. The right-hand column
shows the case of an isolated single particle. All particles share a
common largest dimension of 90 nm. Note that the color scale from
dark blue to dark red is logarithmic. covering the interval 10°
<MFM<108. Regions with enhancement outside this interval are
shown in dark blue and dark red. respectively.

i
-

1ﬁ- |=. '.:‘;.'L
- o
11
= °] 1]
E 4'— é i -‘_'"-—-_._____-_._
2 10
= HH e
o 21 I
° i i — =15
04 semeees g 307

e g = 60°

R — ﬁhm
sin(y)=rid

I I 1 I
600 800 1000 1200
Wavelength A (nm)

T
400

FIG. 5. EM-enhancement factor for a rotationally symmetric
silver droplet as a function of the angle defining the opening edge
. The field 1s polarized parallel to the axis of the droplet and the
evaluation position (star) 1s located 0.5 nm outside the tip. As the
droplet becomes sharper the enhancement increases several orders

of magnitude.



Nanosphere Arrays with Controlled Sub-10-nm Gaps as Surface-Enhanced
Raman Spectroscopy Substrates

l

“arrays
isolated NPs

LI - — -

M S 00 &0 ®OD 1000 12
8500 nm. . b Wavelength f nm

Figure 1. (A) Schematic illustration of the fabrication of sub-10-nm gap
Au NP amays. (B) SEM image of the arrays. (C) SEM mmage of monclayer
of 1solated Au NPs on ITO glass. (I} Vis—NIR extinction spectrum of the
monolayer of 1solated Au NPs and arrays.
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Figure 2. (A) SERS spectra of 3 uL of pMA with different concentrations
depeosited on the NP amays. The excitation laser wavelength 15 783 nm.
Adsorption isothenm of pMA on the NP arrays obtained according to (B)
1077 and (C) 390 cm—* modes i the SERS spectra. Iy 1z the pesk mmtensity
of a saturated pMA monolayer.



Profiling the Near Field of a Plasmonic

Nanoparticle with Raman-Based

Molecular Rulers
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Apal. Chem. 2003, 75, 817 1—8176

Spectroscopic Tags Using Dye-Embedded

Nanoparticles and Surface-Enhanced Raman
Scattering

(a) (b)

Raman Reporter
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Figure 4. Chemical structures of four Raman reporters and their
surface-enhancad resonance Raman specira: (a) 3.3 -Diethylthiadi-
carbocyanine iodide (OTOC) () malachite green isothiocyanate
(MGITC); (z) tetramethylrhodamine-S-iscthiocyanate (TRITC); and (&)
rhcdamine-S-[and-G-isothiocyanate (XRITC).



Anal. Chem. 2006, 78, 6067—8573

Nanoparticle Probes with Surface Enhanced

Raman Spectroscopic Tags for Cellular Cancer
Targeting
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Anal. Chem. 2007, 72, 816—822

Biological Imaging of HEK293 Cells Expressing
PLCy1 Using Surface-Enhanced Raman Microscopy
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Figure 4. Schematic diagram depicting immeobilization of Au/Ag core—shell nanoprobes on PLCy1-expressing HEK293 cells and their SERS

detection.

of PLCy1-expressing HEK 223 cells using red QDs. The z-axis interval of optical slices is 1.3
after which the free Q0= were washed away. These fluorescence images indicate that PLCy 1

Figure 5. Serial fluorescence opfical sections
am. Cells were incubated for 20 min in red Q0s,
markers are only expressed on the surface membranes. Scale bar, 10 um.
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Figure 6. Fluorescence and SERS images of normal HEK293 cells and PLCy 1-expressing HEK293 cells. (a) QD-labeled fluorescence images
of normal cells: (left) brightfield image, (right) fluorescence image. (b) SERS images of single normal cell: (left) brightfield image, (right) Raman
mapping image of single normal cell based on the 1650-cm~' R6G peak. The cell area was scanned with an interval of 1 um. Intensities are
scaled to the highest value in each area. (c) Overlay image of brightfield and Raman mapping for single nermal cell. Colorful spots indicate the
laser spots across the middle of the cell along the v axis. (d) QD-labeled fluorescence images of cancer cells: (left) brightfield image, (right)
fluocrescence image. (e) SERS images of single cancer cell: (left) brightfield image, (right) Raman mapping image of single cancer cell based
on the 1650-cm~' REG peak. The cell area was scanned with an interval of 1 gm. Intensities are scaled to the highest value in each area. (f)
Overlay image of brightfield and Raman mapping for single cancer cell. Colorful spots indicate the laser spots across the middle of the cell
along the y axis.
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Mammalian Cell Surface Imaging with Nitrile-Functionalized Nanoprobes:
Biophysical Characterization of Aggregation and Polarization Anisotropy in
SERS Imaging
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Figere 2, (a) SEM mage of a cell. Upper nght inset mapgmfication of a
group of aggregated NPs. The scale bar is 200 nm. Lower left mset: the
comesponding Ramean mtensity mmage of the same cell obtained with a power
density of 10° Wiem?®. Laser-nduced damage to the cell is shown in (b)
the monomer (blue circle in a), {c) the aggregates. and (d) a pair of dimers.

Figure 1. (a) The chemical structure of Raman reporter 1; (b) Raman
gpectra of the CN vibration mode extracted from positions I 1T, and IIT of
the cell shown in the optical image (c). Inset of (b) is a cellular Raman
spectrum taken from spot IV of the same cell. (d) Eaman intensity map of
the C=N band of the same cell. and (e) the comrssponding SEM image.
Inset in () showed the INPs in the lower right circle. (f) The group of NPs
as shown in the large oval of (g).



Figure 6. Localized surface plasmon resonance (LSPR), surface-enhanced Raman
spectroscopy (SERS), and wavelength-scanned suface-enhanced Raman excitation
spectroscopy (WS-S5ERES) results for benzenethiol adsorbed on Ag film-over-nanosphere
(Ag FON) surfaces and nanoparticle arrays fabricated by nanosphere lithography

(NSL). (a) SERS spectrum measured from Ag FON surface with excitation wavelength

Ao = 532 nim, power = 3.0 mW, and 100 s data acquisition time. (b) Contact-maode atomic
force micraoscopy (AFM) image of Ag FON surface (nanosphere diameter D = 410 nm,
deposited mass thickness dy, = 200 nm) used for SERS in (a). (c) Contaclt-mode

AFM image of Ag FON suace (D = 500 nm, dg, = 250 nm) used for W5-5ERES

in {e). (d) LSPR spectrum (solid Iine, Ay, = 562 nm, FWHNM = 144 nm) and WS-5ERES
spectra (data points) for the 1081 cm~" band of benzenethiol measured from the Ag FON
surface in (b). (e) LSPR spectrum (solid line, Ays, = 638 nm, FWHM = 137 nm) and
WS-SERES spectra (data points) for the 1081 cm~! hand of benzenethiol measured

from Ag FON surface in (c). (f) SERS spectrum measured from Ag nanoparticle array
surtace (A, = 532 nm, power = 3.0 mW, 100 s data acquisition time). (g) LSPR

spectrum (solid fine, Ay, = 688 nm, FWHM = 95 nm) and WS-SERES spectra

(data points) for the 10871 em~T band of benzenethiol measured from a

Ag nanoparticle array surace. (inset) Tapping-mode AFNM image of a representative

array surface.
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Tip Enhanced Raman
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Figure 24. TERS mapping on a rough Au surface. An STM 1mage
of the sample 1s shown in a. TERS data was collected at the
positions indicated by the arrows. The cross section of the
topography 1mage 1s shown i b, and the TERS collection sites are
labeled with crosses. (¢) Corresponding TERS sequence. The
numbers denote the sites where the spectra were collected. Reprinted
with permission from ref 463. Copyright 2007 American Chemical
Society.



Near-Field Raman Microscopy

Droplet of AG nano particles labelled with Rodamine 6G on cover glass "

Experiment Parameters: .

Excitation Laser: 532 nm

Scan Range: 4 um X 4 um
Resolution: 100 x 100 pixel
Integration Time: 110 ms per spectrum
Feedback: SNOM AC Mode
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Periodic Hole Array

Transmittance (%) >
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Figure 17. Correlation of transmission spectral features with hole/
disk plasmonic excitations. (a) Normal incidence transmission
spectrum . of a quasi-3D plasmome erystal (blue), and rigorous
slectrodynamics modeling of the spectrum for an ideal crystal
lareen) and one that includes subtle 1solated nanoscale grains of
Au near the edges of the Au disks (red). (b) Computed electro-
magnetic field distribution associated with the resonance at 883
nm (labeled B in a). The intensity is concentrated at the edges of
the nancholes m the upper level of the crystal. (¢) Field disinbution
associated with the resonance at 1138 nm (labeled C in a). showing
strong conpling between the upper and lower levels of the erystal.
Reprninted with penmmssion from ref 77. Copynight 2006 The
National Academy of Sciences of the USA.
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Nanomaterials for Biodiagnostic

* Nucleic Acid
— Genetic information for identification
— Diseases, bacterium, virus, pathogen
— PCR with molecular fluorophore, State of the Art
— Expansive, Non-portable, Non-multiplexing

 Proteins

— Cancers and diseases, unusual high concentration of
marker

— ELISA (~pM) with molecular fluorophore
— No PCR version



ELISA (Enzyme-Linked Immunosorbent Assay)

Is a biochemical technique used mainly in immunology to detect the
presence of an antibody or an antigen in a sample. It utilizes two antibodies,
one of which is specific to the antigen and the other of which is coupled to an
enzyme. This second antibody gives the assay its "enzyme-linked" name,
and will cause a chromogenic or fluorogenic substrate to produce a signal.
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Why Nanomaterials?

 Molecular fluorophores
— Limited spectral response
— photostability

 Nanomaterials
— Small size (1-100 nm)
— Chemically tailorable physical properties
— Unusual target binding properties
— Structure robustness



Tailorable Physical Properties

AQ Nanoprisms oy Spheres Al Spheres Ap Spheres Ag Spheres Ag Spheres
=100 am —100 rvm =50 nm =100 nm ~&0 nm =40 nm

R 200nm (same for all the images)

Figure 1. Sizes, shapes, and compositions of metal nanoparticles can be systematically varied to produce materials with
distinet light-scattering properties.



Nanomaterial Detection

Optical

Electrical and electrochemical
Magnetic

Nanowire and Nanotubes
Nanofabrication



Colorimetric Detection of DNA

E C e |— nanoparticle-modified DNA
€ |— unmodified DNA
=
3 F < | 58°C| o
3
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without with f|p—"o——" 0%
DNA target DNA target 30 40 50 60 70

Temperature ("C)

Figure 2. In the presence of complementary target DNA,
oligonucleotide-functionalized gold nanoparticles will ag-
oregate (A), resulting in a change of solution color from
red to blue (B). The aggregation process can be monitored
using UV—vis spectroscopy or simply by spotting the
solution on a silica support (C). (Reprinted with permission
from Science (http:/www.aaas.org), ref 29. Copyright 1997
American Association for the Advancement of Science.)



A DNA-based method for
rationally assembling
nanoparticles into
macroscopic materials

Chad A. Mirkin, Robert L. Letsinger, Robert C. Mucic
& James J. Storhoff

Au nanoparticles

O
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Further oligomerization
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FIG. 2 Cuvettes with the Au colloids and the four DNA strands responsible
for the assembly process. Left cuvette, at 80 °C with DNA-modified colloids
in the unhybridized state; centre, after cooling to room temperature but
before the precipitate settles; and right, after the polymeric precipitate
settles to the bottom of the cuvette. Heating either of these cool solutions
results in the reformation of the DNA-modified colloids in the unhybridized
state (shown in the left cuvette).
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Selective Colorimetric Detection of

Polynucleotides Based on the Distance-Dependent
Optical Properties of Gold Nanoparticles

Robert Elghanian, James J. Storhoff, Robert C. Mucic,
Robert L. Letsinger,”

o T
l n Polynucleotide
targets

Fig. 1. Schematic representation of the concept
for generating aggregates signaling hybridization
of nanoparticle-oligonuclectide conjugates with
cligonuclecticde target molecules. The nanopar-
ticles and the oligonuclectide interconnacts are
not drawn to scale, and the number of cligomers
per particle is believed to be much larger than
depicted.

Chad A. Mirkin™
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Fig. 2. Mearcaptoalkyloligonuclectide-modified
13-nm Au particles and polynuclectide targets
used for examining the selectivity of the nanopar-
ticle-based colorimetric polynucleotide detection
system. (A) Complementary target; (B) probes
without the target; (C) a half-complementary tar-
get; (D) a 6-bp deletion; (E) a 1-bp mismatch; and
(F) a 2-bp mismatch. For the sake of clarity, only
two particles are shown; in reality a polymeric ag-
gregate with many paricles is formed. Dashed
lines represent flexible spacer portions of the mer-
captoakyloligonuclectide strands bound to the
nanocparticles; note that these spacers, becauss
of their noncomplemeantary nature, do not partic-
ipate in hybridization. The full sequences for the
twio probes, 1 and 2, which bind to targets 3
through 7, are

1-5"3H-(CHale- [CTA—ATC—CGC—ACA-G]
[CO-TAT-CGA- CCA TGC-T]

probe

2-5'SH-(CH, )¢ [ATG-GCAACT-ATAC]
[GC-GCT-AGA-GTC-GTT-T]

probe



Fig. 3. (A} Comlparisclz-nlof A T 55.0°C [B
the thermal dissociation "

curves for complexes of
mercaptoalkyloligonucleo-
tide-modified Au nanopar-
ticles [(black circles) and
mercaptoalkyloligonucleo-
tides without Au nancpar-
ticles (red squares) with the
complementary target, 3, in
hybridization buffer (0.1 M
NaCl, 10 mM phosphate
buffer, pH 7.0). Far the first
sat (black circles), a mixture
of 150 pl of each colloid T T y y v T "
conjugate and 3 pl of the 10 20 30 40 50 60 70
target oligonucleotide in hy- Temperature (°C)
bridization buffer (0.1 M

MNaCl, 10 mM phosphate, pH 7.0) was frazen at the temperature of dry ice, kept for 5 min, thawed over
a period of 15 min, and diluted to 1.0 ml with buffer (final target concentration, 0.02 pM). The
absorbance was measured at 1-min intervals with a temperature increase of 1°C per minuta.
The increase in absarption at 260 nm [A.eq) was ~0.2 absorption units (AL). In the absence of the
aligonucleotide targets, the absorbance of the nanoparticles did not increase with increasing
temperature. For the second set, the mercaptoalkyloligonuclectides and complementary target
(each 0.33 pM) were equilbrated at room temperature in 1 ml of buffer, and the changes in
absarbance with temperature were monitored as before. The increasein Asggwas 0.08 ALl (Insets)
Derivative curves for each set (75). (B) Spot test showing T, (thermal transition associated with the
color change) for the Au nanoparticle probes hybridized with complementary target. A solution
prepared from 150 pl of each probe and 3 pl of the target (0.06 pM final target concentration) was
frozen for 5 min, allowed to thaw for 10 min, transferred to a 1-ml cuvette, and warmed at 58°C for
5 min in the thermally regulated cuvette chamber of the spectrophotometer. Samples (3 pl) were
transferred to a C, ; reverse phase plate with an Eppendorf pipette as the temperature of the solution
was increased incrementally 0.5°C at 5-min intervals.
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Fig. 4. Selective polynuclectide detection for the
target probes shown in Fig. 2: (A) complamantary
target; (B) no target; (C) complementary to one
probe; (D) a 6-bp deletion; (E) a 1-bp mismatch;
and (F) a 2-bp mismatch. Nanoparticle aggregates
were prepared in a 600-ul thin-walled Eppendorf
tube by addition of 1 plofa 6.6 pM oligonuclectide
target to a mixture containing 50 wl of each probe
(0.06 puM final target concentration). The mixture
was frozen (5 min) in a bath of dry ice and isopropyl
alcohol and allowed to warm to room temperature.,
Samples were then transferred to a temperature-
controlled water bath, and 3-pl aliquots were re-
moved at the indicated temperatures and spotted
ona G, , reverse phase plate.
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Figure 5. (A—(G) The spot method for polynuclectide detection which demonstrates the selectivity of the Au naneparticle based detection svstem
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Rapid Aggregation of Gold Nanoparticles Induced by Non-Cross-Linking
DNA Hybridization

Kae Sato, Kazuo Hosokawa, and Mizuo Maeda*
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Figure 1. Aggregation behaviors of the DINA-gold nanoparticles at vanous
WaCl concentrations at room temperature: (A) without a target DNA, (B)
with the complementary target, and (C) with a target containing a single-
base mismatch at its 5" terminus. The final concentrations of the particle,
the probe DINA | and the targets were 2.3, 500, and 500 oM, respectively.

60-500 nM

8102 m J. AM. CHEM. SOC. 2003, 725, 5102—-8103

0.8
535'“"' """ No target
» ", 5#“ M | — Complementary
- L3
IE
T
=
*
=
0
400 450 500 550 600 650 700 750 800

Wavelength / nm

Figure 2. Visible spectra corresponding to Figure 1A (dotted line, no target)
and 1B (solid line, complementary target) at 0.5 M NaCl
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Colloidal Au-Enhanced Surface Plasmon Resonance for Ultrasensitive
Detection of DNA Hybridization

Lin He, Michael D. Musick, Sheila R. Nicewarner, Frank G. Salinas, Stephen J. Benkovic,
Michael J. Natan, and Christine D. Keating*

Scheme 1. SPR Surface Assembly
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Figure 1. SPR curves of surfaces prepared in sequential steps as
illustrated in Scheme 1. a MHA-coated Au film medified with a 12-
mer oligonucleotide S1{A), after hvbridization with its complementary
24-mer target S2 (B), and followed by introduction of S3:Au conjugate
(C) to the surface. Inset: surface plasmon reflectance changes at 53.2°
for the oligonucleotide-coated Au film measured during a 60-min
exposure to 53:Au conjugates.



Scheme 2. SPR Surface Assembly mn the Digestion

Experiment
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Figure 5. Plot of normalized intensity of SPR reflectance as a function
of logarithmic concentration of the analyte 24-mer oligo (52). Each
spot represents one data pomt at the corresponding concentration. CCD
parameters: exposure time = 0.3 s 16 bat resolution. spot size = 4.5
mm in diameter. Inset: a 2-D SPR mmage of a Au surface denvatized
with 20 uL of buffer blank. 1 pM. 0.1 nM, and 10 nM 52 oligos (from
left to nght, respectively).
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Figure 7. Plot of normalized mtensity of SPR reflectance as a function
of logarithmic concentration of the analyte 24-mer oligo ($2) from the
image shown in Figure 6. The error bars are standard deviations from
the data in Figure 5.

Table 1. Comparison of Sensitivity for Au—Amplified SPR 1
DNA Analysis with Other Techmques

detection method detection limit of target DINA refs

radiolabeling 100 fg 71

fluorescence 1.2 x 107 probes/cm?® 36

unamplified 100 fg/100 pum? for 10-mer oligos, 33,35
scanning SPR 150 nM ~120 bp DNA

unamplified 10 nM 16-mer oligos 63
imaging SPE.

Au-amplified lower than 10 pM 24-mer oligos? this work
scanning SPR

Au-amplified 10 pM 24-mer oligos, =12 pg/cm’ this work
imaging SPR. (=8 x 10% oligonucleotides/cm?®)®

2 The spots on SPR imaging surface can be detected by scanning
SPE with ease, which demonstrated a lower detection limit can be
achieved with the scanning mstrument. Considening an mnstrumental
angle resolution limit of 0.005°, a theoretical detection limat of 2 x
107 particles/cm® can be realized® ° The oligonucleotide surface
coverage reported for these experiments 1s an upper limit. determuned
by assuming 100% of the molecules in solution hybridized to the
surface.



A Gold Nanoparticle Based Approach for Screening Triplex DNA Binders
Min Su Han, Abigail K. R. Lytton-Jean, and Chad A. Mirkin*
4954 w J. AM. CHEM. SOC. 2006, 128, 4954—4955

Scheme 1. Representation of Structure and Color Change of

Nanoassembly in the Presence of Triplex Binder at Room . ; - P—— 1'
Temperature | ﬁ !— : .
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Figure 3. The color change of nanoassembly (NP-1, NP-2, and DNA-3)

.EHG-FEG;-GGT CAATTCTTC TTT TITCT & in the absence and presence of DNA binders at room temperature.
5'CGA GTT AAG AAG AAA ARA 3'

5'TTC TTC TTT TTT CT-PEG.-SH 34

DNA-3
ﬁ‘E 8 Eg 1.0+
B 8 R ——— i
Sequence specific  § « § o —=
E I
s P % 6.1 ™ - W & &0 5

Temparature [T} Tempemiure (°C)
Figure 2. Melting curves of {A) NP-1, NP-2, and DINA-3 assemblies in
the presence of DNA binders, (B) DNA-1, DNA-2 and DNA-3 (no
nanoparticles) in the presence of DNA binders.



Self-Assembled Nanoparticle Probes for Recognition and
Detection of Biomolecules

Dustin J. Maxwell, Jason R. Taylor, and Shuming Nie*1
9606 m J. AM. CHEM. SOC. 2002, 124, 9606—9612

Te

(o=@

Target DNA

L -
] TWTEQ I
'\‘
=T I, 6 |

Figure 1. Nanoparticle-based probes and their operating principles. Two
oligonucleotide molecules (oligos) are shown to self-assemble into a
constrained conformation on each gold particle (2.5 nm diameter). A T,
spacer (six thymines) is inserted at both the 3"- and 3"-ends to reduce steric
hindrance. Single-stranded DNA 1s represented by a single line and double-
stranded DNA by a cross-linked double line. In the assembled (closed) state,
the fluorophore is quenched by the nanoparticle. Upon target binding, the
constrained conformation opens, the fluorophore leaves the surface because
of the stmuctural nigidity of the hybridized DNA (double-stranded). and
fluorescence 1s restored. In the open state, the fluorophore 1s separated from
the particle surface by about 10 nm. See text for detailed explanation. Au,
gold particle; F, fluorophore; S, sulfur atom.
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Figure 5. Fluorescence responses and the lack of sequence recognition Arch

abilities observed for nonthiolated nancparticle probes. (A) Fluorescence

spectra of nonthiolated probes generated by a complementary target (red {EU% EIDW

curve), a noncomplementary target (green curve), and no target (black .

curve). These probes are considered nonfunctional because they do not Standing

recognize specific DNA sequences. (B) Fluorescence signals obtained from AT A VAV,

the supernatant solution when the probes were treated with a complementary »

target (red curve) or a noncomplementary target (green curve). The result

revealed that the oligos were released into solution by nonspecific adsorption

of the target on the particle surface. With a thiol group, this release was {ba':kg round

not observed (liftle or no signal in solution, black curve in B). The . . .. . . . .
nonfunctional probes were prepared in the same way as the functional Figure 6. Schematic illustration of possible configurations for (a) nonthi-
probes, except that the 3"end thiol group was deleted. The intensity olated and (b) thiolated oligonucleotides adsorbed on colleidal gold

differences for the red and green curves were within experimental errors

and had no particular significance. nanocrystals. Detailed discussion in text.



Silver Amplification
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Figure 4. Scanometric DNA assay. In this assay a surface-
bound capture oligonucleotide binds one-half of the target
of interest, and an oligonucleotide-functionalized gold
nanoparticle probe binds to the other half. Catalytic
reduction of silver onto the capture/target/probe sandwich
results in a signal that can be detected scanometrically.
(Reprinted with permission from Science (http:/www.
aaas.org), ref 66. Copyright 2000 American Association for
the Advancement of Science.)

Catalytic reduction of Ag on Au



Scanometric DNA Array
Detection with Nanoparticle

Probes

SCIENCE  VOL 289 8 SEPTEMBER 2000 T. Andrew Taton,”2 Chad A. Mirkin,"2* Robert L. Letsinger'®

5 GGA TTA TTG TTA—AAT ATT GAT AAG GAT 3
CCT AXT AAC AAT TTATAACTA TTC CTA =9
X = A (complementary),

G,C,T (mismatched)

N\, (target DNA)

A"
hydroquinone
{(pH 3.8)

Agls)
quinone

50 fM => 0.2 fM



Fig. 1. Images of 7 mm by 13 mm, oligonucle-
otide-functionalized, float glass slides, obtained
with a flatbed scanner. (A) Slide before hybrid-
ization of target and nanoparticle probe. (B) A
slide identical to (A) after hybridization with
oligonucleotide target (10 nM) and then nano-
particle probes (5 nM in particles). The pink
color derives from the Au nanoparticle probes.
(€) A slide identical to (B) after exposure to
silver amplification solution for 5 min. (D) Slide
before hybridization of target and nanoparticle
probe. (E) A slide identical to (D) after hybrid-
ization with target (100 pM} and then nanopar-
ticle probe (5 nM). The extinction of the sub-
monolayer of nanoparticles is too low to be
observed visually or with a flatbed scanner. (F)
A slide identical to (E) after exposure to silver
amplification solution for 5 min. Slide (F) is
lighter than slide (C), indicating a lower con-
centration of target. (G) A control slide exposed
to 5 nM nanoparticle probe and then exposed
to silver amplification solution for 5 min. No
darkening of the slide is observed. (H) Graph of
8-bit gray scale values as a function of target
concentration. The gray scale values were taken
from flatbed scanner images of oligonucleo-
tide-functionalized glass surfaces that had been
exposed to varying concentrations of oligonu-
cleotide target, labeled with 5 nM oligonucleo-
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tide probe and immersed in silver amplification solution. For any given amplification time, the
grayscale range is limited by surface saturation at high grayscale values and the sensitivity of the
scanner at low values. Therefore, the dynamic range of this system can be adjusted by means of
hybridization and amplification conditions (that is, lower target concentrations require longer
amplification periods). Squares: 18-base capture-target overlap (5), 8> PBS hybridization buffer
[1.2 M NacCl and 10 mM NaH,PO./Na;HPO, buffer (pH 7)], 15 min amplification time. Circles:
12-base capture-target overlap, 8:< PBS hybridization buffer, 10 min amplification time. Triangles:
12-base capture-target overlap, 2:< PBS hybridization buffer [0.3 M NacCl, 10 mM NaH PO,/
MNazHPO, buffer (pH 7)]. 5 min amplification time. The lowest target concentration that can be
effectively distinguished from the background baseline is 50 fM.

Percent Hybridized Label

10

20 30 40
Temperature ("C)

50

80



Fig. 3. (Left) Nano- Scanometric Fluorescence

particle-labeled arrays - ~
developed at differ- A G TC X A G TOC

ent stringency tem-
peratures. Model oli- 40 °C e & & 0 e O ) 186 *C
onucleotide arrays
with the capture se-
quences shown in

Scheme 1) were 45°C LR ® © 25 °C

treated with oligonu-

cleotide target and

nanoparticle probes, gq °C 35 °C
followed by a 2-min

buffer wash at the
temperatures shown
and subsequent silver 55 °C 45 °C
amplification  (73).
Images were obtained
with an Epson Expression 636 (600 dots per inch) flatbed scanner (Epson America, Long Beach,
California). The darkened border indicates the array that showed optimum selectivity for the perfectly
complementary target; at this temperature, the ratio of background-subtracted, 8-bit gray scale values
for elements A:G:T:C, obtained from histogram averages in Adobe Photoshop (Adobe Systems, San Jose,
California), is 96:27:6. (Right) Fluorophore-labeled arrays washed at different stringency temperatures.
Model oligonucleotide arrays identical to those shown at left were treated with oligonucleotide target
and Cy3-labeled oligonucleotide probes, followed by a 2-min buffer wash at the temperatures shown.
Images were obtained with a ScanArray Confocal Microarray Scanner (GSI Lumonics, Billerica, Massa-
chusetts). The darkened border indicates the array that showed the highest selectivity for the perfectly
complementary target, as calculated by the QuantArray Analysis software package (GSI Lumonics); at
this temperature, the intensity ratio (in percent, with the intensity of the X = A element at 15°C set
to 100%) for elements A:G:T:C is 18:7:1:1.




Nanoparticles with Raman

Spectroscopic Fingerprints for
DNA and RNA Detection

YunWei Charles Cao, Rongchao Jin, Chad A. Mirkin* 30 AUGUST 2002 VOL 297 SCIENCE
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Fig. 1. Flatbed scanner images of microarrays hybridized with nanoparticles (A) before and (B) after
Ag enhancing. (C) A typical Raman spectrum acquired from one of the Ag spots. (D) A profile of
Raman intensity at 1192 cm™" as a function of position on the chip; the laser beam from the
Raman instrument is moved over the chip from left to right as defined by the line in (B).
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Figure 5. If Raman dyes (blue spheres) are attached to the labeling probe in the scanometric assay, the targets can be

encoded and detected via the Raman signal of their labels. (Reprinted with permission from Science (http:/www.aaas.org),
ref 68. Copyright 2002 American Association for the Advancement of Science.)
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Fig. 3. (A) Flatbed scanner
images of Ag-enhanced
microarrays and (B) cor-
responding Raman spec-
tra. The colored boxes
correlate with the color-
coded Raman spectra in
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Bio-Bar-Code-Based DNA Detection with PCR-like Sensitivity
Jwa-Min Nam, Savka |. Stoeva, and Chad A. Mirkin®

J.AM. CHEM. SOC. 2004, 126, 5932—5533
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Target DNA |anthrax): 5° GGATTATTGTTAAATATTGATAAGGAT 3°

Bar-Code DNA: 3 AGCTACGAGTTGAGAATCCTGAATGCGACG 3°
Figure 1. The DNA-BCA assay. (A) Nanoparticle and magnetic micro-
particle probe preparation. (B) Nanoparticle-based PCR-less DNA ampli-
fication scheme.
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Figure 2. Amplified anthrax bar-code DINA detection with the Verigene
ID system. (A) Anthrax bar-code DINA detection with 30 nm NP probes.
(B) Quantitative data of spot intensities with 30 nm NP probes {Adobe
Photoshop, Adobe Systems, Inc.. San Jose, CA). The horizontal line

represents control signal mtensity (47 £ 2).
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Figure 3. Single base mismatch expernment.
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Nanoparticle-Based Bio—Bar
Codes for the Ultrasensitive

Detection of Proteins
Jwa-Min Nam,* C. Shad Thaxton,* Chad A. Mirkint
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Fig. 1. The bio—bar-code assay method. (A) Probe design
and preparation. (B) PSA detection and bar-code DMNA
amplification and identification. In a typical PSA-detection
experiment, an aqueous dispersion of MMP probes functionalized with
mAbs to PSA (50 pl of 3 mg/ml magnetic probe solution) was mixed
with an aqueous solution of free PSA (10 wl of PSA) and stirred at
37°C for 30 min (Step 1). A 1.5-ml tube containing the assay solution
was placed in a BioMag microcentrifuge tube separator (Polysciences,
Incorporated, Warrington, PA) at room temperature. After 15 s, the
MMP-PSA hybrids were concentrated on the wall of the tube. The
supernatant (solution of unbound PSA molecules) was removed, and
the MMPs were resuspended in 50 pl of 0.1 M phosphate-buffered
saline (PBS) (repeated twice). The NP probes (for 13-nm NP probes,
50 plat 1 nM; for 30-nm NP probes, 50 pul at 200 pM), functionalized
with polyclonal Abs to PSA and hybridized bar-code DNA strands,
were then added to the assay solution. The NPs reacted with the PSA
immobilized on the MMPs and provided DNA strands for signal
amplification and protein identification (Step 2). This solution was
vigorously stirred at 37°C for 30 min. The MMPs were then washed
with 0.1 M PBS with the magnetic separator to isolate the mag-

Step 4.

& : MMP Probes

PCR-less Detection o
of Bar-Code DNA from
30 nm NP Probes

-

=

netic particles. This step was repeated four times, each time for 1 min,
to remove everything but the MMPs (along with the PSA-bound NP
probes). After the final wash step, the MMP probes were resuspended
in NANOpure water (50 pl) for 2 min to dehybridize bar-code DNA
strands from the nanoparticle probe surface. Dehybridized bar-code
DNA was then easily separated and collected from the probes with
the use of the magnetic separator (Step 3). For bar-code DNA
amplification (Step 4), isolated bar-code DNA was added to a PCR
reaction mixture (20-pl final volume) containing the appropriate
primers, and the solution was then thermally cycled (20). The bar-
code DNA amplicon was stained with ethidium bromide and mixed
with gel-loading dye (20). Gel electrophoresis or scanometric DNA
detection (24) was then performed to determine whether amplifica-
tion had taken place. Primer amplification was ruled out with appro-
priate control experiments (20). Motice that the number of bound NP
probes for each PSA is unknown and will depend upon target protein
concentration.
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Fig. 2. Scanometric de-
tection of PSA-spedific
bar-code DMA. PSA con-
centration (sample vol-
ume of 10 pl) was var-
ied from 300 fM to 3 aM
and a negative control
sample where no PSA
was added (control) is
shown. For all seven
samples, 2 pl of antidi-
nitrophenyl (10 pM) and
2 pl of p-galactosidase
(10 pM) were added as
background  proteins.
Also shown is PCR-less
detection of PSA (30 aM
and control) with 30 nm
NP probes (inset). Chips
were imaged with the
Verigene ID system (20).



Array-Based Electrical Detection
of DNA with Nanoparticle

Probes
So-Jung Park, T. Andrew Taton,* Chad A. Mirkint
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Figure 7. When the capture/target/probe sandwich is
positioned in the gap between two electrodes, catalytic
reduction of gilver onto the sandwich system results in a
signal that can be detected electrically. (Reprinted with
permission from Science (http:/www.aaas.org), ref 93.

Copyright 2002 American Association for the Advancement
of Science.)

SCIENCE VOL 295 22 FEBRUARY 2002



A
ﬁ,ﬁ] <44 @ _... ﬁfﬂ@ hrquumane é%

B C

Target DNA
5' GGA Tﬂﬂ TTG TTA--AAT ATT GATAAG GAT 3 H
X et — | mm

ALCCT AX|T AAC AAT TTATAA CTATTC CTA Af,"%ﬁ“ﬂ‘

Capture strands Probe strands 2.8 - ‘
X = A (complementary), —>{ = 20 pem

T, G, C (mismatched)

Fig. 1. (A) Scheme showing concept behind electrical detection of DNA. (B) Sequences of capture,
target, and probe DNA strands. (C) Optical microscope images of the electrodes used in a typical
detection experiment. The spot in the electrode gap in the high-magnification image is food dye
spotted by a robotic arrayer (GMS 417 Microarrayer, Genetic Microsystems, Woburn, MA).




Table 1. Detection Limits of Nucleic Acid Assays®

28 PCR genomic
assay DNA products DNA

nanostructure-based colorimetric? (cross-linked Au nanoparticles) ~10 nM
methods colorimetric® (non-cross-linked Au nanoparticles) 60 nM
magnetic relaxation®” (iron oxide nanoparticles) 20 pM
electrochemical® (nanoparticles) 270 pM

gecanometric®®88ET (Ay nanoparticles with Ag amplification) 50 fM 100 aM? 200 fM
Raman spectroscopy® (Au nanoparticles with Ag amplification) ~1{fM
electrical® (Au nanoparticles with Ag amplification) 500 M
electrical® (Si nanowire) 10 M
electricall®® (carbon nanotube) 54 aM

resonant light-scattering® % (metal nanoparticles) 170 fM?® 33 fM
fluorescence® (ZnS and CdSe quantum dots) 2 nM
surface plasmon resonance*! (Au nanoparticles) 10 pM
quartz crystal microbalance® (Au nanoparticles) ~11fM
laser diffraction*? (Au nanoparticles) ~50 M
fluorescence®® (fluorescent nanoparticles) ~1 fM
bio-bar-code amplification’! (Au nanoparticles with Ag amplification) 500 zM

other non-enzymatic fluorescence® (molecular fluorophores) ~B00 M5
based methods fluorescence (dendrimer amplification)! 2.5 ug

electrochemical amplification!®® (electroactive reporter molecules) 100 aM

@ Detection limits can vary based on target length and sequence; therefore, it 1s difficult to compare assays without testing
them using identical targets and conditions. ® Values taken from ref 34.




Table 2. Detection Limits of Protein Assays

protein protein
assay target in saline in serum
nanostructure-based optical™ (Au nanoshells) rabbit IgG 0.88 ng/mL 0.88 ng/mL
methods (~4.4 pM)= (~d.4 pM)®
optical™ (Au nanoparticles) IgE and IgG1 ~20 nM
magnetic relaxation®® (iron oxide adenovirus (ADV) and 100 ADV/ 50 HSV/
nanoparticles) herpes simplex virus 100uL 100 uLL
(HSV)
scanometric’® (Au nanoparticles with  mouse IgG 200 pM
Ag amplification)
Raman® (Au nanoparticles with prostate-specific antigen 30 M
Raman labels)
aurface plasmon resonance® 4 streptavidin(S A) and ~1 pM SA and
(triangular Ag particles on surfaces)  anti-biotin (AB) ~T700 pM AB
electrical''? (single-walled carbon 10E3 antibody to U1A RNA ~1 nM
nanotubes) splicing factor
electrical®® (81 nanowires) streptavidin 10 pM
bio-bar-code amplification™ prostate-specific antigen 30 aM (3aM)® (30 aM)p®
(Au nanoparticles with
Ag amplification)
molecular fluorophore enzyme-linked immunosorbent various pM range pM range
methods assay
electrochemical methods electrochemical amplification 37 I=G 13 M
(oligonucleotide reporter molecules)
enzyme-bazsed amplification immuno-PCR™® bovine serum albumin 2 M
methods rolling circle amplification™ prostate-specific antigen 3 M

¢ Reported in ng/mlL; authors converted to molar concentration for ease of comparison. ® These values are the lower limits
when PCR is used to amplify the bar-code DNA prior to scanometric detection of bar codes.




Applications of Quantum Dots in Biology
An Overview

Charles Z. Hotz

Size dependent emission spectra
Single excitation

Higher photostabillity

Narrow emission peak

Low toxicity for coated quantum dots
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Nucleation and Growth of CdSe on ZnS Quantum Crystallite
Seeds, and Vice Versa, in Inverse Micelle Media

A. R. Kortan, R. Hull, R. L. Opila, M. G. Bawendi, M. L. Steigerwald, P. J. Carroll, and
L. E. Brus*

Contribution from AT&T Bell Laboratories, Murray Hill, New Jersey 07974,
Received June 20. 1989
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Figure 2. Room temperature luminescence spectra after annealing: (A)
(CdSe)Ph, {B) (CdSe),(ZnS),Ph. The integrated quantum vield in B
is more than an order of magnitude higher than in A.



Semiconductor Nanocrystals as
Fluorescent Biological Labels

Marcel Bruchez Jr., Mario Moronne, Peter Gin, Shimon Weiss,*

- - *
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Fig. 2. (A) Size- and ma-
terial-dependent  emis-
sion spectra of several
surfactant-coated semi-
conductor nanocrystals
in a variety of sizes. The
blue series represents
different sizes of CdSe
nanocrystals (76) with
diameters of 2.1, 24,
3.1, 36, and 46 nm
(from right to left). The
green series is of InP
nanocrystals (26) with
diameters of 3.0, 3.5,
and 46 nm. The red se- 1771
ries is of InAs nanocrys-

tals (76) with diameters Wavelength (nm)

of 28, 3.6, 46, and 6.0

nm. (B) A true-color image of a series of silica-coated core (CdSe)-shell (ZnS or CdS) nanocrystal
probes in aqueous buffer, all illuminated simultaneously with a handheld ultravielet lamp.

Normalized fluorescence

Fig. 3. Cross section of a dual-labeled sample
examined with a Bio-Rad 1024 MRC laser-scan-
ning confocal microscope with a 40 oil 1.3
numerical aperture objective. The mouse 3T3 fi-
broblasts were grown and prepared as described
in (27). A false-colored image was obtained with
363-nm excitation, with simultaneous two-chan-
nel detection (522DF 35-nm FWHM narrow-pass
filter for the green, and a 585-nm long-pass filter
for the red). Image width: 84 pum.

red nanocrystals on actin

=
a
|

flugrescein phalloidin on actin

Mormalized fluorescence

=
b
1

SCan number

Fig. 4. Sequential scan photostability comparison
of fluorescein-phalloidin-labeled actin fibers com-
pared with manocrystal-labeled actin fibers. Fluo-
rescein was excited at 488 nm and the nanocrys-
tals at 363 nm by a laser scanning confocal mi-
croscope with a 12-ps dwell time and ~20-mW
power for each laser. The average intensity of four
pixels was followed in each sample through 100
successive scans and normalized to its initial value.
The intensity of the fluorescein drops quickly to
autofluorescence levels, whereas the intensity of
the nanocrystals drops only slightly.



Quantum Dot Bioconjugates for
Ultrasensitive Nonisotopic

Warren C. W. Chan and Shuming Nie*

Fig. 1. (A) Schematic A
of a ZnS-capped CdSe
QD that is covalently
coupled to a protein
by  mercaptoacetic
acid. (B) TEM of QD-
transferrin (an iron-
transport  protein)
conjugates. Scale bar,
100 nm. Clusters of
closely spaced parti-
cles were mainly
formed by sample
spreading and drying
on the carbon grid
and not by chemical
cross-linking. ~ ZnS-
capped QDs with a
CdsSe core size of 4.2
nm were prepared ac-
cording to the proce-
dure developed by
Hines and Guyot-Sionnest (7). The colloidal QDs were dissolved in
chloroform and were reacted with glacial mercaptoacetic acid (~1.0 M)
for 2 hours. An aqueous phosphate-buffered saline (PBS) solution (pH
7.4) was added to this reaction mixture at a 1:1 volume ratio. After
vigorous shaking and mixing, the chloroform and water layers separated
spontaneously. The aqueous layer, which contained mercapto-coated

HOOCCH,-8

25 SEPTEMBER 1998 VOL 281
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Detection

(B) "

QDs, was extracted. Excess mercaptoacetic acid was removed by four or
more rounds of centrifugation. The purified QDs were conjugated to
transferrin and 1gG with the cross-linking reagent ethyl-3-(dimethyl-
aminopropyljcarbodiimide. Standard protocols were followed (76), ex-
cept the excess proteins were removed by repeated centrifugation. The
purified conjugates were stored in PBS at room temperature.

Fig. 4. Luminescence images of cultured Hela
cells that were incubated with (A) mercapta-
QDs and (B) QD-transferrin conjugates. The QD
bioconjugates were transported into the cell by
receptor-mediated endocytosis and were de-
tected as clusters or aggregates. Luminescence
"blinking" was not observed for these clusters
because of statistical averaging. The images
were obtained with an epifluorescence micro-
scope that was equipped with a high-resolution
CCD camera (1.4 million pixels) (Photometrix,
Tucson, Arizona) and a 100-W Hg excitation
lamp. Hela cells were grown in a minimum
essential medium containing 10% fetal calf
serum, 1% antibiotics (penicillin and strepto-
mycin), and fungizone. The cultured cells were
incubated overnight with either control QDs or
the transferrin conjugates at 37°C. After re-
peated washings to eliminate excess QDs, the
cells were removed from the petri dish and
placed on a glass cover slip for imaging. The
trypsin-treated cells had a spherical shape on
the cover slip. Cell diameter, —10 pm.




Optical Properties

Broadband Absorption
— Single laser excitation

Sharp Emission
— 20-30 nm symmetric emission

High Quantum Yield
— 20 x more than R6G

Good Photostability
— 100 x more stable for R6G (4 Hrs vs 10 mins)

Loner fluorescent lifetime (20-40 ns vs 5 ns)



Structure

Core guantum dot

— CdSe, hydrophobic, not stable, lower QE (~5%)

— Defects =>Trap state

Core-shell quantum dot

— ZnS/CdSe, hydrophobic, stable, higher QE (~50%)

— Coated with higher bandgap materials or passivation
reduces defects

Water soluble guantum dot

— Hydrophilic polymer coating

Quantum dot bioconjugation

— Bioconjugate to hydrophilic qguantum dot



Alexa 568 streptavidin Qdot 605 streptavidin
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R _,_/ : Optical Properties of Quantum Dots Compared to Common Dyes?
400 300 600 Too 400 S00 B00 o0
A Wavelength (nm) B Wavelength {nm) Fluorescent dye M citation (111 M ermision (D) g(mol”-em™)
— Qdot 525 400 525 280,000
E n 4.Ee0F '\ Aloxa546-SAv (5X) Alexa 488 495 519 78,000
| =] | — - 1 : P -
ﬁ } l] -:E AlexaSa8-3Ay (5X) Fluorescein 494 518 79,000
A | \, 9 akns Cy2-8Av (SX) Qdot 565 400 565 960,000
oy ’ \ = Qdot BO-SAV Cy3 550 570 130,000
E '.ll 9 2Es6 \ Alexa 555 555 565 112,000
-] | =
'—: ,l \ g \k Qdot 585 400 585 1,840,000
L fl \ S 106 R-Phycoerythrin 565 578 1,960,000
-l - P
E « \ = 5x . _— \ TMR 555 580 90,000
ui M 0.6400 : Qdot 605 400 605 2,320,000
500 550 600 580 700 wo.se s R Tl Alexa 568 578 603 88,000
Wavel h 5
C Wavelength (nm) D avelength (nm) Texas Red 595 615 96,000
Qdot 655 400 655 4,720,000
Fig. 1 Comparison of absorbance and emission spectra (normalized) of (A) Alexa® if’ C 647 gzg 222 zgg-ggg
568 streptavidin conjugate and (B) Qdot® 605 streptavidin conjugate Note that the C‘:m ! 619 670 200,000
quantum dot. conjugate can absorb light effimenth,-‘ far to the blu_e pf the RMUSSION.  Aova 647 PE 565 668 1.960.000
(C) Comparison of emission spectra (nonnormalized) of streptavidin conjugates of
Qdot 605 (—), Alexa 546 (=), Alexa 568 (—), and Cv3® (=). The spectra were taken “The extinction coefficients () are generally much larger for quantum dots than for fluores-

- . ) e cent dyes. Furthermore, the excitation wavelength (A o) can be much farther from the
under conditions m which each fluorophore absorbed the same amount of excitation emission (huscer) ot (hescson)
135100 -

light. The measured quantum yields of the conjugates were 55, 8. 16, and 11%, raspec-
tively. (D) Comparison of absorbance spectra (nonnormalized, each 1 pM flurophore)
of Qdot 605 streptavidin conjugate (—), Cy3 streptavidin conjugate (—), Alexa 546
streptavidin conjugate (—), and Alexa 568 streptavidin conjugate (—). Note that all
dye spectra are enhanced fivefold for clarity. Alexa, Cy3, and Qdot are registered trade-
marks of Molecular Probes, Amersham Biosciences, and Quantum Dot Corporation,
respectively.



Photo Stabillity

0200

Fig. 2. Comparison of photostability between Qdot® 605 and Alexa Fluor® 4388 streptavidin conjugates. Actmn filaments i two
3T3 mouse fibroblast cells were labeled with Qdot 605 streptavidin conjugate (red). and the nucler were stamed with Alexa Fluor
488 streptavidin (green). The specimens were continuously illuminated for 3 min with light from a 100-W mercury lamp under a
%100 1.30 o1l objectrve. An excitation filter (excitation: 485 = 20 nm) was used to excite both Alexa 488 and Qdot 605. Emission
filters (enussion: 535 = 10 and em 605 = 10 nm) on a motorized filter wheel were used to collect Alexa 488 and Qdot 605 signals,
respectively. Images were captured with a cooled charge-coupled device camera at 10-s intervals for each color automatically.
Images at 0, 20, 60, 120, and 180 s are shown. Whereas Alexa 4858 labeling signal faded quickly and became undetectable within
2 mun, the Qdot 605 signal showed no obvious change for the entire 3-mun 1llumination period.



Multiplexing by Q-dot

Quantum Dot
Labels
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Figure 3. Quantum dots can be employed for detecting multiple targets in a single assay. Specifically, varying the numbers
and ratios of different quantum dots per target results in a unique fluorescent signal for each individual target. (Reprinted
with permission of Nature Publishing Group. Nature Biotech., Vol. 19, 2001, by Nie, et al.)
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(codes)
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Application Format
Multiplexed gene Encoded beads each wath
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Fig. 6. Concept of encoding using quanfum dots. Quantum dot colors can be nuxed to produce spectral codes. These mixtures
can be combined with polymer beads to produce encoded beads that can be subsequently coupled to distinet oligonucleotides or
other affinity molecules. Alternatrvely, the quantum dot spectral codes can be used to label cells to differentiate cell lines_ or cell lines
bearing different receptors. SNP, single nucleotide polymorphism.
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= Coding 1:1:1
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Fig. 1. Schematic drawing of working curves for preparation of multicolor quantum
dot microbeads. Arrows depict two representative beads coded with intensity ratios of
1:1:1 and 3:2:2, and the number of quantum dots (or concentration) can be obtained
from the x axis. Each single bead may contain quantum dots (Q-dots) ranging from sev-
eral hundred to millions, depending on the bead size and surface area.



Cell Culture

In the remainder of this section, each step was performed using aseptic tech-
nique inside a laminar flow hood (see Note 2). Ten milliliters of medium was
transferred by pipet mto each labeled flask. Thawed vials were then sterilized
by swabbing with alcohol. The vials were slowly opened. and the medum with
the cells was transferred by pipet into the appropriately labeled flask. The flasks
were next placed in a 37°C incubator at 5% CO,, and the cells were allowed to
grow until confluent.

Once confluent, the medium was aspirated off and the cells well rinsed with
PBS. and then 3 mL of 0.1% trypsin was added. After approx | to 2 min. or
when the cells began to round up and detach. 3 mL of medum was added to
disperse the cells and to 1nhibit the trypsin (see Note 3). Cells from each flask
were then transferred to an appropriately labeled 50-mL conical tube and cen-
trifuged at 500g for 5 min. The supernatant was aspirated off, and the cells
were resuspended i fresh medium.

Using a hemacytometer, the cells were counted and their concentration was
determined (see Note 4). The cell solution was next diluted to 1 x 10° cells/mL
and 150 uL. was added to the glass cover slip of poly-D-lysine-coated sterile
MatTek microwell dishes. The cells were incubated at 37°C with 5% CO, for
3 h to allow the cells to attach. Once the cells had attached, 2 mL of additional
medmum was added to the dish. The dishes were then returned to the incubator
and allowed to grow for 3 d or until 50% confluent.



Hemacytometer

Cover Shp

Hemacytometer with cover slip.

Sample Loading Chamber with a
calibrated counting grid

Site at where the sample is
introduced into the chamber.

Counting Gnd as viewed under

a microscope.

The grids for enumerating particles
manually or by CCD imaging
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Fig. 3. Layout of hemacytometer.



Fluorescence Imaging Scheme

Darkroom Filter cube
(Excitation/ High intensity
s " :mission filiers) light (mercury
Digital video wnhson il = { e
or xenon lamp)
camera

v ¥

]" Inverted
fluorescent scope

= Computer Image processing and

= | znalysis software

Fig. 2. Components required for fluorescent imaging. An mverted fluorescent micro-
scope equipped with the appropriate excitation/emission filter(s) and camera msertion
site also should include a mercury or xenon lamp for fluorophore excitation and a dig-
ital camera. The computer selected should have sufficient memory to process and to
analyze digital images using analysis software. All equipment shown should be set up
in a room 1n Which lighting can be shut off without mconveniencing other laboratory
operations.



Quantum Dot Bio-conjugation

Core
Shell » Fluorescent dye

Hydrophilic polymer F‘m’F
Streptavidin e .

Qdot™ Streptavidin Conjugate Dye Strepravidin Conjugate

-

Fig. 3. Schematic of Qdot™ Nanocrystal Probe compared to a typically labeled
fluorescent dye protein conjugate (see text for descriptions). Proteins generally carry
several fluorescent dye labels (F). By contrast, each quantum dot 1s conjugated to mul-
tiple protein molecules.



Q-dot Aggregation

Clustering Clustering

Non-Clustering

Fig. 4. Evidence for quantum dot aggregation (magnification: x40): (A) fluorescent
image of aggregated SA-quantum dots in absence of cells: (B) image of nonaggregated
SA-quantum dots m absence of cells; (C) mmage of cells surrounded by aggregated
SA-quantum dots (arrowheads); (D) bright-field image.



Biotinylated Cell

Cell + Biotin

Fig. 1. Labeling of biotinylated HEK293 cells with SA-quantum dots (magnification:
%10). Three-day-old HEK293 cells cultured on poly-D-lysine glass-bottomed micro-
well dishes were biotinylated as described in Subheading 3.2.1. (A,B) Biotinylated
HEK293 cells incubated with SA-quantum dots (50 nM); (C,D) biotinylated HEK293
cells labeled with SA-quantum dots after preincubating with 2 mg/mL of biotin.



Q-dot Antibody Labeling

ab-Q-dot Q-dot anti-ab-Q-dot
A Hippocampal B ANET-293

Q-dot

c

Fig. 5. SA-quantum dots and SA-Alexa Red recognize biotin-modified antibody-
labeled cultures. (A) Eight-day-old fixed primary hippocampal cultures incubated with
anti-LAMP followed by SA-quantum dots (a, b) or SA-quantum dots alone (c, d):
(B) labeling of live hNET-293 cells with anti-hNET + biotinylated anti-rabbit IgG
followed by SA-quantum dots (a. b) or SA-quantum dots alone (c. d).



Use of Nanobarcodes® Particles in Bioassays

R. Griffith Freeman, Paul A. Raju, Scott M. Norton,
lan D. Walton, Patrick C. Smith, Lin He, Michael ]J. Natan,
Michael Y. Sha, and Sharron G. Penn

Submicrometer Metallic
Barcodes
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Fig. 1. Synthesis of
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Surface Functionalization

Reflectance Fluorescence

Fig. 2. Signal detection of oligonucleotide-derivatized NBCs hybridized with com-
plementary Cy5 oligonucleotide.
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Synthesis of Nanoparticles
and Surface Modifications



Synthesis of Silver Nanoparticles

1. A solution of AQNO, (1.0 x 103 M) in deionized water was
heated until it began to boil.

2. Sodium citrate solution was added dropwise to the silver
nitrate solution as soon as the boiling commenced. The color
of the solution slowly turned into grayish yellow, indicating
the reduction of the Ag+ ions.

3. Heating was continued for an additional 15 min, and then the
solution was cooled to room temperature before employing
for further experimentation.

OH




Synthesis of Gold Nanoparticles

1. Add 20 mL of 1.0 mM HAuCI, to a 50 mL round bottom flask

on a stirring hot plate.

Add a magnetic stir bar and bring the solution to a boil.

To the boiling solution, add 2 mL of a 1% solution of

trisodium citrate dihydrate

4. The gold sol gradually forms as the citrate reduces the
gold(lll). Stop heating when a deep red color is obtained.
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Construction of Core Shell Ag/Au@SiO, Nanoparticles

1. Under vigorous stirring, 1 ml of the silver/ gold colloids solution was mixed with
250 mL of isopropanol and 25 mL of deionized water.

2. Immediately after the addition of 4 mL of 30% ammonium hydroxide, different
amounts of tetraethoxysilane (TEOS) were added to the reaction mixture.

3. To obtain different silica layer thicknesses, TEOS solutions with a concentration
between 50% and 100% was added to the suspension. The reaction was stirred
at room temperature for 30 minutes and then was allowed to age without
agitation at 4 C overnight.

4. Each suspension of silica-coated silver/gold nanoparticles was washed and
centrifuged, followed by re-suspension in water. The thickness of the silica
layers was determined from TEM images .
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Figure 1. (a) Schematic iliustration of a
silica-core, gold-shell nanoshel,
indicating inner (r,) and outer (T,) radif
of the shell layers. (b) Depiction of a
fourlayer, concentric nanoshell.
(c) Schematic illustration of a metallic
nanorod. (d) Piot of nanoshell
resonance as a function of core and
shell dimensions, overlaid with reported
spectral ranges of nanorod resonances
(red, transverse plasmon; purple,
longitudinal plasmon), and reported
nanoshell and concentric nanoshell
combined spectral range of plasmon
response.
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Figure 2. Plasmon hybridization and the sphere—cavity model for nanoshells: the interaction
between a sphere (resonance frequency, wy,) and a cavity plasmon (resonance frequency,
) is tuned by varying the thickness of the shell layer of the nanoparticle. Two hybrid
plasmon resonances, the w_ “bright " or “bonding,” plasmon and the w, “dark,” or
“anti-bonding,” plasmon resonances are formed. The lower-energy plasmon couples most

strongly to the optical field.
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Figure 5. (a) Piasmon hybridization piciure applied to surface plasmaon resonance sensing with nanoshelis: the fow-energy “bonding” plasmon, _ , is
sensitized to changes in its dielectric environment. The biue background schematically denotes the embedding medium for the nanoparticle.

(b) Experimental curves showing plasmon resonance shifts for nanoshell-coated films in various media- (i) carbon disulfide, (ii) toluene,

(i) hexane, {iv) ethanol, {v) H,Q, and {vi) air. The index of refraction for each embedding medium is noted on the far right of the spectra. Specira
are offset for clarity. {c) Scanning electron micrograph of nanoshells deposited onfo a poly{viny! pyridine) functionalized glass surface, as used
to acquire data in (b). Inset individual nanoshell.




Preparation of Fe;O,@Ag/Au

To the magnetic nanoparticle suspension obtained from commercial company,
add 50 ml of a solution of Au (lll) salt or Ag (I) salt at concentration of 0.01-1%
mmol/L , shaking for 30 minutes, allowing Au (lIl) or Ag () ion to absorb on the
surface of magnetic nanoparticle sufficiently,

Then adding 15-40 ml of reducing agent, such as hydroxylamine hydrochloride
at concentration of 40 mmol/L, reacting for 5-40 minutes.

Further adding 1-10 ml of a solution of Au (lIl) salt or Ag (l) salt at concentration
of 0.01-1%, shaking for 10 minutes, coating a reduced layer of gold or silver on
the surface of the magnetic nanoparticle, forming super-paramagnetic
composite particles having core/shell structure, separating magnetically,
washing repeatedly with distilled water.



Nanorods

l. Synthesis of seed Gold nanoparticle seeds

2.5x 10* M HAuCl, + (~ 4nm diameter)
2.5 x 10* M Na-citrate

06mLO.1M
é + Ice-cold ag NaBH, :> ﬂ

Il. Stock solution - Reducti
Addition of o? Al:f’*lct):
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25x10*MHAuCl, = |::> in disappearance
+0.1 M CTAB of color
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Il. Three step protocol for nanorod synthesis :
Step C 'M #/
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Add 1mL
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1 mL seed + 1mLA+
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Figure 2. Seed-mediated growth approach to making gold and silver nanorods of controlled aspect ratio. The specific conditions shown here, for
20 mL volume of seed solution, lead to high-aspect ratio gold nanorods. (bottom right) Transmission electron micrograph of gold nanorods that are
an average of 500 nm long.

J. Phys. Chem. B 2005, 109, 13857—13870



Directional Growth

Cetrimonium bromide ((C,5H;3)N(CH;);Br) (CTAB)

+
N~ Br
/ \

HO OH

Ascorbic acid

Figure 5. Cartoon of the crystallography of gold nanorods. The
direction of elongation is [110]. The cross-sectional view is a pentagon:
each end of the rod is capped with five triangular faces that are
Au{111}. The sides of the rods are not as well-defined: either Au{100}
or Au{110} faces. or both.



STEP 1: SYMMETRY BREAKING IN FCC METALS

A) NUCLEATION B) GROWTH C) DEVELOPMENT OF FACETS

STEP 2: PREFERENTIAL SURFACTANT BINDING TO SPECIFIC CRYSTAL FACES

<:> Wne
a1yy (1003

B) CONTINUED GROWTH IN 1-D ﬂ

A) BINDING OF CTAB UNTIL THE REAGENTS

TO AU(100) FACE ARE EXHAUSTED

S = CTAB

THE POSITIVELY CHARGED CTAB BILAYER STABILIZES THE NANORODS

4T TYET

Figure 8. Proposed mechanism of surfactant-directed metal nanorod growth. The single crystalline seed particles have facets that are differentially
blocked by surfactant (or an initial halide layer that then electrostatically attracts the cationic surfactant). Subsequent addition of metal ions and
weak reducing agent lead to metallic growth at the exposed particle faces. In this example, the pentatetrahedral twin formation leads to Au {111}
faces that are on the ends of the nanorods. leaving less stable faces of gold as the side faces, which are bound by the surfactant bilayer.



Nanorods
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Figure 3. Transmission electron micrographs (top), optical spectra (left), and photographs (right) of aqueous solutions of Au nanorods of
various aspect ratios. The seed sample has an aspect ratio of 1. Samples a, b, ¢, d, and e have aspect ratios of 1.35 + 0.32, 1.95 4+ 0.34,
3.06 4 0.28, 3.50 £+ 0.29, and 4.42 + 0.23, respectively. Scale bars: 500 nm for a and b, 100 nm for c—e. Reprinted with permission from
ref 16. Copyright 2005 American Chemical Society.



Nanocube and Nanorice
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The graphic above depicts various magnitedes of nanonce, which i a rice-shaped

nanoparticle wath a non-conductmg core made of ron caade and covered by a metalic
shell made of gold  Scientists plan to attach the nanonce to scanmng probe microscopes
to obtan very clear image quality that surpasses teday’s technology. For the Air Force,
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matenals and to mortor chermecal reachons. (Graphic provided by Prof Maom Halas)



Synthesis of CdSe Quantum Dots

Synthesis of TOPO/HDA capped quantum dots of CdSe

Cadmium acetate (0.107g, 0.4mmol) and oleic acid (0.27mL, 0.4mmol) in 1:2 ratio were placed in a two neck flask degassed
and refilled with nitrogen, stirred at 120-130 °C under nitrogen atmosphere for 2-3 hours, obtained a clear light yellow solution.
Then a mixture of capping reagent i.e. 6g of hexadecylamine (HDA) and 6g of tri-octylphosphine oxide (TOPO) prepared in
separate flask was added at the same temperature and stirring was done for another 30min at temperature ~ 350 °C. The
temperature was reduced and TOPSe was added at different temperatures at 250 °C through syringe immediately the color of
reaction mixture became dark brown (TOPSe was prepared simultaneously in a separate vessel, appropriate quantity of Se
(0.0329) powder was heated in 2mL tri-octyl phosphine (TOP) at 70-90 °C for about an hour to get a clear solution of TOPSe),
stirring was continued for another 30min aliquots were taken from the reaction solution to monitor the reaction. The
temperature of the reaction was reduced the stirring was done for another 1-2 hours. 50mL toluene was added before the
cooling the reaction to prevent the solidification of TOPO and HDA. It was centrifuged at 3000rpm for 15min, a pallet was
discarded, the supernatant solution was treated with the methanol for precipitation of CdSe nano-crystals, centrifuged at

7000rpm washed with methanol (3 x 6mL) to get product. A red residue was obtained which was re-dispersed in toluene.
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Synthesis of CdSe Quantum dots
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Synthesis of CdSe/ZnS Quantum Dots

20mL (31mg, 0.16 mmol) colloidal solution of CdSe QDs from stock solution (54mg
dissolved in 35mL toluene) was placed in a two-neck flask. TOPO (6g) and HAD (6g) were
added and then toluene was removed through vacuum, flask refilled with nitrogen. The
reaction mixture was heated at 350 °C for two hours. In another flask zinc acetate in 1:3 ratio
with respect of CdSe and was dissolved in 4mL of oleic acid stirred at 120 °C for 2 hours
obtained a light yellow coloured solution and temperature reduced to 60-70 °C. After cooling
to room temperature, TOPSe was mixed with Zn salt solution. And the mixture was injected
slowly through syringe in to reaction solution of CdSe-TOPO at 180-200 °C. The stirring was
done for another an hour. The similar procedure was followed for work up of reaction as

avobe experiment. The final product was re-dispersed in toluene.
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Sulfhydryl Labeling
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Silica Modification
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Fig. 1. (A) Emission maxima and sizes of quantum dots of different composition. Quantum dots can be
synthesized from various types of semiconductor materials (II-VI: CdS, CdSe, CdTe...; lII-V: InP, InAs...; IV-VI:
PbSe...) characterized by different bulk band gap energies. The curves represent experimental data from the
literature on the dependence of peak emission wavelength on qdot diameter. The range of emission wavelength
is 400 to 1350 nm, with size varying from 2 to 9.5 nm (organic passivation/solubilization layer not included).
All spectra are typically around 30 to 50 nm (full width at half maximum). Inset: Representative emission
spectra for some materials. Data are from (72, 18, 27, 76-82). Data for CdHgTe/ZnS have been extrapolated to
the maximum emission wavelength obtained in our group. (B) Absorption (upper curves) and emission (lower curves)
spectra of four CdSe/ZnS qdot samples. The blue vertical line indicates the 488-nm line of an argon-ion laser, which
can be used to efficiently exdte all four types of qdots simultaneously. [Adapted from (28)] (C) Size comparison of
qdots and comparable objects. FITC, fluorescein isothiocyanate; GFP, green fluorescent protein; qdot, green (4 nm, top)
and red (6.5 nm, bottom) CdSe/ZnS qdot; grod, rod-shaped qdot (size from Quantum Dot Corp.'s Web site). Three
proteins—streptavidin (SAV), maltose binding protein (MBP), and immunoglobulin G (lgG}—have been used for
further functionalization of qdots (see text) and add to the final size of the qdot, in conjunction with the solubilization

chemi ig. 2).
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FIGURE 3 Maleimide functionalized QDs for conjugating thiol-containing ligands. TOPO stabi-
lized QDs are coated with a primary amine functionalized tri-block amphiphilic copolymer for pro-
ducing water-soluble QDs, which facilitate further conjugation to ligands with free thiols through
bi-functional cross-linkers.
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Scheme 1. Modular Design of Hydrophilic Ligands with Terminal
Functional Groups Used in This Study

Hydrophilic Functional group
Anchor segment " OH

- COOH
- Biotin
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SH SH
Bidentate thiol group
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Figure 1. Chemical structures and synthetic routes of the surface ligands used in this study: (a) DCC, DMAP, CH,Cl,; (b) PPhs. H,O. THF: (c¢) biotin
N-hydroxysuccinimide ester, EtsN. DMF: (d) NaBH4, EtOH. H>O: () succinic anhydride, pyridine; (f) NaBH4. EtOH, H2O



