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
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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




allorable Physical Properties

B 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
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Electrical and electrochemical
Magnetic
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Colorimetric Detection of DNA
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Figure 2. In the presence of complementary target DNA,
oligonucleotide-functionalized gold nanoparticles will ag-
gregate (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
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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 setties; 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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l n Polynucleotide
targets

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

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,” Chad A. Mirkin*
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Fig. 2. Mercaptoalkyloligonuclectide-modified
13-nm Au particles and polynuclectide targets
used for examining the selectivity of the nancpar-
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 particles is formed. Dashed
lines represent flexible spacer portions of the mer-
captoalkyloligonucleotide strands bound to the
nanoparticles; note that these spacers, because
of their noncomplementary nature, do not partic-
ipate in hybridization. The full sequences for the
two probes, 1 and 2, which bind to targets 3
through 7, ara

1-5'SH-(CHa)e- [CTA-ATE;%SC -ACA-G]
[CC-TAT-CGA-CCA-TGC-T]
priobe
2-5'SH-(CHg)g-| ATG-G%%{CT-AT&-C]
[GC-GCT-AGA-GTC-GTT-T]
probe




Fig. 3. (A) Comparison of A
the thermal dissociation :
curves for complexes of
mercaptoalkyloligonucleo-
tide-modified Au nanopar-
tickes (black circles) and
mercaptoalkyloligonucleo-
tides without Au nanopar-
tickes (red squares) with the
complementary target, 3, in
hybridization buffer (0.1 M
MNaCl, 10 mM phosphate
buffer, pH 7.0). For the first
sal (black circlas), a mixiurs l
of 150 pl of each colloid i, W T '

conjugate and 3 ul of the 10 20 30 40 50 60 70

target oligonuclectida in hy- Temperature (“C)

bridization buffer (0.1 M

MaCl, 10 mM phosphate, pH 7.0) was frozen 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 measurad at 1-min intervals with a temperature increase of 1°C per minuta.
The increase in absorption at 260 nm (g, was ~0.3 absorption units (AL). In the absence of the
oligonuclectide targets, the absorbance of the nanopartickes did not increase with increasing
temperature, For the second set, the mercaptoakyloligonucleotides and complementary target
(sach 0.33 pM) were equilbrated at room temperatura in 1 ml of buffer, and the changes in
absorbance with temperature were monitored as before. The increase in A.eq was 0.08 AL, (Insets)
Derivative curves for each set (15). (B) Spot test showing T, {thermal transition associated with the
color change) for the Au nanoparticle probes hybridized with complementary target. A solution
preparad 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 themally regulated cuvette chamber of the spectrophotomeater. Samples (3 pl) wers
transferred to a C, g reverse phase plate with an Eppendorf pipatte as the temperature of the solution
was incraasad incremantally 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) complementary
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-pl thin-walled Eppendorf
tube by addition of 1 plofa 6.6 pM oligonuclectide
target to a mixture containing 50 pl of each probe
(0.06 uM 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
on a C,, reverse phase plate.
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Figure 5. (A—G) The spot method for polynucleotide detection which demonstrates the selectivity of the Au naneparticle bazed detection system
toward zingle base imperfections. The probes and comesponding polynucleotids targets are listed in Figure 2. (H) Spot test demonstrating the
detection and differentiation by color of a polynucleotide target in the pressnce of polymucleotides with smgle base imperfections.
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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 DNA-gold nanoparticles at various
NaCl 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 partcle,
the probe DNA and the targets were 2.3, 500, and 500 nM, respectively.
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Figure 2. Visible spectra comresponding to Figure 1A (dotted line, no target)
and 1B (solid line, complementary target) at 0.5 M NaCl.
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J. Am., Chem. Soc. 2000, 122, 9071—9077

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 1n Scheme 1: a MHA-coated Au film modified with a 12-
mer oligonucleotide S1(A). after hybridization 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 obigonucleotide-coated Au film measured dunng a 60-mun
exposure to S3:Au conjugates
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T 45 DNA Figure 5. Plot of normalized intensity of SPR reflectance as a function
— of logarithmic concentration of the analyte 24-mer oligo (S2). Each

spot represents one data point at the corresponding concentration. CCD
parameters: exposure time = 0.3 s, 16 bt resolution, spot size = 4.5
mm mn diameter. Inset: a 2-D SPR image of a Au surface denivatized
with 20 uL of buffer blank. 1 pM, 0.1 nM., and 10 nM S2 oligos (from

left to nght, respectively).




20+

1.0[—

Normalized Intensity

Table 1. Companson of Sensitaty for Au—Amplified SPR mn
DNA Analysis with Other Techmques

Figure 7. Plot of normalized mtensity of SPR reflectance as a function
of loganthmic concentration of the analyte 24-mer oligo (52) from the
image shown in Figure 6. The error bars are standard deviations from

the data in Figure 5.
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Conc.[S2] (M)

n-#

detection method detection lumit of target DNA refs

radiolabeling 100 fg 71

fluorescence 1.2 x 107 probes/cm® 36

unamphfied 100 fg/100 ym- for 10-mer oligos, 33,35
scanmng SPR 150 nM ~120 bp DNA

unamplified 10 nM 16-mer oligos 63
imaging SPR

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

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

? The spots on SPR imaging surface can be detected by scanning
SPR with ease, which demonstrated a lower detection limit can be
achieved with the scanming instrument. Considering an instrumental
angle resolution limat of 0.005°, a theoretical detection limut of 2 x
10" particles’'em® can be realized® °®The oligonucleotide surface
coverage reported for these expeniments 1s an upper limit, determined
by assuming 100% of the molecules 1n solution hybndized 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 m J. AM. CHEM. SOC. 2006, 128, 4954—4955

Scheme 1. Representation of Structure and Color Change of

Nanoassemhly in the Presence of Triplex Binder at Room . g il -
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Figure 3. The color change of nanoassembly (NP-1, NP-2, and DNA-3)
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5' TT AA G AAA AAA 3
DNA3 'y 5 TTC TTC TTT 'rrrcrrm.aua.
A B
ﬁ ™ E 164
ﬂ 34 ﬁ u = — G
Sequence specific £ § o ==

LET
LEE
Tempemiure [°C)
Figure 2. Melting curves of (A) NP-1, NP-2, and DNA-3 assemblies in
the presence of DNA hinders. (B) DNA-1, DNA-2, and DNA-3 (no
nanoparticles) i the presence of DNA binders. ﬂ




Self-Assembled Nanoparticle Probes for Recognition and
Detection of Biomolecules

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

o =¥

Target DNA

=TS OO, e |
Figure 1. Nanoparticle-based probes and their operating pninciples. Two
oligonucleotide molecules (oligos) are shown to self-assemble mto a
constrained conformation on each gold particle (2.5 nm diameter). A Ts
spacer (six thymines) is inserted at both the 3"- and 5’-ends to reduce stenic
hindrance. Single-stranded DNA 15 represented by a single line and double-
stranded DNA by a cross-linked double line. In the assembled (closed) state,
the fluorophore 1s quenched by the nanoparticle. Upon target binding, the
constrained conformation opens, the fluorophore leaves the surface because
of the structural nmdity of the hybndized DNA (double-stranded), and ﬁ

B ”ijmunmumn:ﬁb g

fluorescence 15 restored. In the open state, the fluorophore is separated from
the particle surface by about 10 nm. See text for detailed explanation. Au,

gold particle; F, fluorophore; 5, sulfur atom
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Figure 5. Fluorescence responses and the lack of sequence recognition
abuliies observed for nonthuolated nanoparticle probes. (A) Fluorescence
spectra of nonthiolated probes generated by 2 complementary target (red
curve), a noncomplementary target (green curve), and no farget (black
curve). These probes are considered nonfunctional because they do not
recogmze specific DNA sequences. (B) Fluorescence signals obtained from
the supematant solution when the probes were treated with 2 complementary
target (red curve) or a noncomplementary target (green curve). The result
revealed that the oligos were released mnto solution by nonspecific adsorption
of the target on the partcle surface. With a thiol group, thes release was
not observed (lintle of no signal i selution, black cwve m B) The
nonfunctional probes were prepared mn the same way as the functonal
probes. except that the 3-end thiol group was deleted The mienuty
differences for the red and green curves were within expenmental errorns
and had no partcular sipmificance
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Figure 6. Schematc illustration of possible configurations for (a) nonthi-
olated and (b) thiolated oligonucleotides adsorbed on colloidal gold
nanocrystals. Detailed discussion in text




Silver Amplification

Target DNA L’ﬁ;\,
1 ® %

Ag
Hydroquinone
(pH 3.8)

o

Ag(s)

Quinone :
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 Secience (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,'? Chad A. Mirkin,'** Robert L. Letsinger'

5 GGA TTA TTG TTA—-AAT ATT GAT AAG GAT 3
CCT AXT AACAAT TTATAACTA TTC CTA L
X = A (complementary),
G,.C, T (mismatched)

1. NS\, (target DNA)

Ag’
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(PH 3.8)
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50 fM => 0.2 fM




Fig. 1. Images of 7 mm by 13 mm, oligonucie-
otide-functionalized, fioat 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 oligonudeo-
tide-functionalized glass surfaces that had been
exposed to varying concentrations of oligonu-
cleotide target, labeled with 5 nM oligonudleo-

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 NaCl and 10 mM MNaH 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, 2x PBS hybridization buffer [0.3 M NaCl, 10 mM NaH,PO,/
Na;HPO, buffer (pH 7)]. 5 min amplification time. The lowest target concentration that can be
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Fisr-t_ ? l{Ltf:lt}d Nano- Scanometric Fluorescence
particie-labeled arrays |“ . ~ -
developed at differ- A G T C X A G TZEC
ent stringency tem- ]
peratures. Model oli- 40 °C ® & & » ® O O 15 °C
onucleotide arrays : J

with the capture se- |
quences shown in = "
Scheme 1) were 45°C L ® ¢ 25 °C

treated with oligonu-

cleotide target and
nanoparticle probes, ° 35 °
followed by a 2-min |:I :l :

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 96:9.7:6. (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-abeled 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 QuantArra% 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.
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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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Bio-Bar-Code-Based DNA Detection with PCR-like Sensitivity
Jwa-Min Nam, Savka |. Stoeva, and Chad A. Mirkin*
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Bar-Code DNA: 3 AGCTACGAGTTCAGAATCCTGAATGLGACG 27
Figure 1. The DNA-BCA assay. (A) Nanoparhicle and magnetic micro

particle probe preparation. (B) Nanoparticle-based PCR-less DNA ampli
ficanon scheme
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Figure 2. Amplified anthrax bar-code DNA detection with the Verigene
ID system. (A) Anthrax bar-code DNA 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 intensity (47 & 2).
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Nanoparticle-Based Bio—Bar

Codes for the Ultrasensitive

Detection of Proteins

26 SEPTEMBER 2003 VOL 301

Jwa-Min Nam,* C. Shad Thaxton,* Chad A. Mirkin{

(MMP) Probe
r Gola Mamoparticie |_~mi Capturs DNA ~ — Bar-Cods DNA

Fig. 1. The bio-bar-code assay method. (A) Probe design
and preparation. (B) PSA detection and bar-code DMA
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 pl 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,
S0 pl at 1 nM; for 30-nm NP probes, 50 pl at 200 pM), functionalized
with polyclonal Abs to PSA and hybridized bar-code DNA strands,
were then added to the assay solution. The MPs 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-

Stap 4.

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

13 nm NPs for Bio-Bar-Code PCR
30 nm NPs lor PCR-lsas Mathod

Sap 3.
MMP Probe Separation
Bar-Code DMA  and Bar-Code DMA

/_'I:Iﬂgbmn

=3

netic particles. This step was repeated four times, each time for 1 min,
to remove eveqz—(hing 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). Notice 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-specific
bar-code DNA. 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

~ e

Figure 7. When the capture/target/probe sandwich is
positioned in the gap between two electrodes, catalytic
reduction of silver 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.)
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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).
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Table 1. Detection Limits of Nucleic Acid Assays”

88 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

scanometric®®57 (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
electrical!® (carbon nanotube) 54 aM

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

other non-enzymatic fluorescence® (molecular fluorophores) ~600 fM*®
based methods fluorescence (dendrimer amplification)'™ 2.5 nug

electrochemical amplification!® (electroactive reporter molecules) 100 aM

@ Detection limits can vary based on target length and sequence; therefore, it is difficult to compare assavs without testing

them using identical targets and conditions. ®* Values taken from ref 34.

&




Table 2. Detection Limits of Protein Assavs

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)° (~4.4 pMF
optical™ (Au nanoparticles) IgE and IgG1 ~20 nM
magnetic relaxation™ (iron oxide adenovirus (ADV) and 100 ADV/ 50 HSV/
nanoparticles) herpes simplex virus 100w L 100 uL.
(HSV)
scanometric™ (Au nanoparticles with  mouse IgG 200 pM
Ag amplification)
Raman® (Au nanoparticles with prostate-specific antigen 30 fM
Raman labels)
surface plasmon resonance®# atreptavidin(S A) and ~1 pM SA and
(triangular Ag particles on surfaces)  anti-biotin (AB) ~700 pM AB
electrical''® (single-walled carbon 10E3 antibody to UIA RNA ~1 nM
nanotubes) splicing factor
electrical®® (Si nanowires) streptavidin 10 pM
bio-bar-code amplification™ prostate-specific antigen 30 aM (3 aM)® (30 aMP
(Au nanoparticles with
Ag amplification)
molecular fluorophore enzyme-linked immunosorbent various pM range pM range
methods assay
electrochemical methods electrochemical amplification® IgG 13 M
(oligonucleotide reporter molecules)
enzyme-based amplification immuno-PCR™ bovine serum albumin 2 M
methods rolling circle amplification™ prostate-specific antigen 3

¢ Reported in ng/mL; 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.




Surface Plasmon

=200 nm

Evanescent field

Gold film
Glass

Index matching
fluid
3 Glass

Light : Delector
source

E Kz
-\—fm—/f]\\*ﬁ»
++ 44 == =—=l4+ ++
/i I"Jt El

o |4

#

Lk |
LE Ls L B
od LT Met

Aﬁt source

Figure 3. Schematics of an SPR experiment (top) and of the
light-induced surface plasmons (bottom).

Reflectivity, R

(b)
4
'96‘@,_
Detector

p-polarized 8- Prism

','/';1 A A 50 nm Ag or Au

SBHBBEHBBBBHBB —Thin Dielectric Layer
1.0
0.8
0.6
0.4-
0.2

38 40 42 o/ d 44 46 48
(L




Drift: Drude mode

_Electric field E

random scattening centers

J = nev,=

m
N’
O

EECS 217C Nanotechnology © 2004 P. Burke




AC Dielectric Response

2
Cl)p Plasma frequency

C02

e =1-

polarizability of a small metal sphere with dielectric function ()

& — 1
' ]1}'3 _
o

2

u&-])

£ = =b + I— — > .

W + 1w
R3(epw? — u-—,‘j,) Fwwyep
o= = - :
(eb + 3)w?* — u.fﬁ] + wylep + 3)




_—+"' €, (dielectric)

_ +

N &y |

e Emetall ++ &y = -2Re (&)
A

Surface plasmon
resonance

absorption

Energy

E

Dielectric function (g,)
=]

—
=

Lh

]
Ln

aexp .'. # =
:- g Smtra
. Silver
2 4 6 8 10

Energy (eV)

8




Biomolecular Binding in Real

Time

Optical
detection
Light- WK
source
Polarized

light

Prism

Sensor chip with -
gold ﬁrm

Flow channel

4 Intensity

' Resonance
signal
Time

-

Sensorgram




PR (Surface Plasmon Resonanc
Detection System

al

Sensor Chip i

Lot No:

Gold-Dextran Surfaces Microfluidic System




DL IN HIAZ1IE AppdlLatud

Flow Cell
Polarizer /

Collimated
White Light Source

Gold Film

Prism

ey
j Gwc Narrow Band

Interference Filter

SPRimager
GWC Technologies, Inc.
Madison, WI USA

www.gwctechnologies.com

CCD Camera

Raw Image

UCIrvin

University of California, Ir

%



| ocalized Plasmon

" e cloud

Figure 6. Schematic of plasmon
[39].

oscillation for a sphere. From




+——d—>

m,

my




field enhancement

E. = gFy, where Ey is the magnitude of the incident field
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Fig. 1. Sngle Ag nanc-
partiches imagad with eva-
nescant-wine  ascitaton
Total internal reflection of
the laser beam at the
olass-kquid interface was
used 1o reduce the lassr
scaftering background
The instrument setup for
SVaneECenl-wWane micros-
copy was adapted from
Funatsuedal (11). Thaim-
ages wers directly record-
e on color photographic
filn (ASA-1600F with a
30-5 exposure by a Mikon
35-mm camera attached
to the microscops. (A Lin-
fitered photograph showe
ing scattered laser koht
fram all particlkes immobs-
leed on a pobdysine-coat-
ad sudace. (B) Filtesd
photographs taken froma
blank Ag colold sample
(rcubated with 1 m
MNaCl and no REG analyte
moleculas). (C) and (D) R-
tarad pholographs taken
from a Ag colioid sample
incubated with 2 = 10~
M PG These mages
were selected to show al
least one Raman scatter-
ing particle. Different ar-
aas of the cover siip ware

Probing Single Molecules and Single
Nanoparticles by Surface-Enhanced
Raman Scattering

Shuming Nie* and Steven R. Emory

e

Fig. 2 Tappng-rmode AFM images of screangd Agnanoparticlos, (A) Large area faney imaga showing
four single nanoparicles. Particlos 1 and 2w highly sficient for Raman enhancemant, bat particles
Jand & ismalkr in se) were ncd, [B) Close-up image o ahot aggregate containng four linsary amangsd
partickes. |C) Close-up image of a rod-shaped hol particls. (D) Clese-up imnge of a csted hot particla

« 21 FEBRUARY 1997

rapidly scresnad, and maosat fiekds of view did not contain visible particlas. (E) Fiterad phaotograph taken from
Ag collod incubated with 2 = 10" M RéG. (F) Fiterad photograph taken from Ag colloid incubated with 2
< 109 M REG. A high-performance bandpass fiter was used 1o remove the scaltersd laser ight and to pass
Stokes-shifted Raman signals from 540 10580 nm (220 to 2200 cm~ 7). Continuous-wiave excitation at 514.5
nm was provided by an Ar lon lasen The bolal aeer power at the sample was 10 mW. Note the color
differsnces between the scatterad laser light in (4) and the red-shifted lght in (C) through (F)




Fig. 3. Surface-en-
hanced Raman spectra
of R6G obtained with a
linearly polarzed confo-
cal laser beam from two
Ag nanoparticles. The
R6G 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
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Fig. 4. Emission-polarized surface-enhanced Ra-
man signals of ReG observed from a single Ag
nanoparticle with a polarization-scrambled confo-
cal laser beam. A dichroic sheet polarizer was
rotated 90° to select Raman scattering signals
polarized parallel (upper spectrum) or perpendic-
ular (lower spectrum) to the long molecular axis of
RE6G. (Inserts) Structure of R6G, the electronic
transition dipole (along the long axis when excited
at 514.5 nm), and the dichroic polarizer orienta-
tions. Other 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 10'%, 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 fluorescence.
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Electromagnetic contributions to single-molecule sensitivity
in surface-enhanced Raman scattering
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Nanosphere Arrays with Controlled Sub-10-nm Gaps as Surface-Enhanced
Raman Spectroscopy Substrates

11

{l":"'“ # U"’z
= 2
= =
=
-]

£ ‘\.

e

1iik CTAB
l.mmm :

400 @0 @m0 f000 12
Yiavelength / nm

Figure 1. (A) Schemanc illusranon of the fabneation of sub-10-nm gap
Au NP arrays. (B) SEM image of the arrays. (C) SEM muage of monolayer
of 1solated Au NPs on ITO glass. (D) Vis—NIR extinction spectrum of the
monclayer of isolated Au NPs and arrays.
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Anal. Chem. 2003, 75, 8171-8178

Spectroscopic Tags Using Dye-Embedded

Nanoparticles and Surface-Enhanced Raman
Scattering
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Figure 4. Chemical structures of four Raman reporters and their
surface-enhanced resonance Raman spectra: (a) 3.2 -Diethylthiadi-
carbocyanine iodide (DTDC); (b) malachite green isothiocyanate
(MGITC); (c) tetramethylrhodamine-S-isothiocyanate (TRITC); and (e)
rhodamine-5-(and-6)-isothiocyanate (XRITC).
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Nanoparticle Probes with Surface Enhanced
Raman Spectroscopic Tags for Cellular Cancer
Targeting
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Biological Imaging of HEK293 Cells Expressing
PLCy1 Using Surface-Enhanced Raman Microscopy
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Figure 6. Fluorescence and SERS images of normal HEK293 cells and PLCy 1-expressing HEK293 cells. (a) QD-labeled Nuorescence images
of normal celis: (lefl) 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~" REG 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 normal cell. Colorful spots indicate the
laser spots across the middie of the cell along the y axis. (d) QD-labeled fluorescence images of cancer cells: (lefl) brightfleld image, (right)
fivorescence image. () SERS images of single cancer cell: (left) brightfield image, (nght) Raman mapping image of single cancer ceil based
on the 1650-cm~ ' REG peak. The cell area was scanned with an interval of 1 yum. Intensities are scaled to the highest value in each area. {f)
Overlay image of brightfield and Raman mapping for single cancer cell. Colorful spols Indicale the laser spols across the middie 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

(a)

-
f 4

Figure 2. (a) SEM image of a cell. Upper nght inset magmfication of a
group of aggregated NPs. The scale bar is 200 nm. Lower left inset: the
correspondmg Raman mtensity image of the same cell obtammed with a power
density of 10° W/em?. Laser-induced damage to the cell is shown in (b)
the monomer (blue circle in a), (c) the aggregates, and (d) a pair of dumers.

Figure 1. (a) The chemical stocture of Faman reporter 1; (b) Raman
spectra of the CN vibration mode extracted from positions I, II, and Il of
the cell shown o the optical image (c). Inset of (b) 15 a cellular Raman
spectrum taken from spot IV of the same cell. (d) Raman ntensity map of
the C=N band of the same cell. and (¢} the corresponding SEM image
Inset in (¢) showed the NPs in the lower nght circle. (f) The group of NPs
a3 shown in the large oval of (e}
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Figure 6. Localized surface plasmon resonance (LSPR), surface-enhanced Raman
spectroscopy (SERS), and wavelength-scanned surface-enhanced Raman excitation
spectroscopy (WS-SERES) results for benzenethiol adsorbed on Ag fim-over-nanosphere
(Ag FON) surfaces and nanoparticie arrays fabricated by nanosphere lithography

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

Aw = 532 nm, power = 3.0 mW, and 100 5 data acquisition time. (b) Contact-mode alomic
force microscopy (AFM) image of Ag FON surface (nanosphere diameter D = 410 nm,
depasited mass thickness d, = 200 nm) used for SERS in (a). {c) Contact-mode

AFM image of Ag FON surface (D = 500 nm, d, = 250 nm) used for WS-SERES

in (&), (d) LSPR spectrum (solid ine, Aes. = 562 nm FWHM = 144 nm) and WS-SERES
spectra (data poinis) for the 1081 cm~! band of benzenethiol measured from the Ag FON
surface in (b). (e) LSPR specirum (Solid ine, Apg, = 638 nm, FWHM = 131 nm) and
WS-SERES specira (data points) for the 1081 cm~' band of benzenethiol measured

from Ag FON surface in (c). (f) SERS specirum measured from Ag nanoparticie amray
surface (A, = 532 nm, power = 3.0 mW, 100 5 data acquisition time). (g) LSPR

spectrum (soiid ing, Ay, = 688 nm, FWHM = 95 nm) and W5-SERES specira

{data points) for the 1081 cm~" band of benzenethiol measured from a

Ag nanoparticie array surface. (inset) Tapping-mode AFM image of a representative

array surface.
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Tip Enhanced Raman

(a) ©

9 —
B8
ey
= 6
g’ .
= 34 ¢ 11
z 6 12" 42 4
- 12 \T 9 3
£ , 1518 2
-2 8 13 14 17 | EE——
100 140 180 220 1000 1100
distance (nm) shift (cm ')

Figure 24. TERS mapping on a rough Au swrface. An STM unage
of the sample 1s shown in a. TERS data was collected at the
positions indicated by the arrows. The cross section of the
topography image 1s shown n b, and the TERS collection sites are
labeled with crosses. (c) Comresponding 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 pm
Resolution: 100 x 100 pixel
Integration Time: 110 ms per spectrum
Feedback: SNOM AC Mode

Topogra an || | Averaged Spectra of Marked Area




Applications of Quantum Dots in Biology
An Overview

Charles Z. Hotz

Size dependent emission spectra
Single excitation

Higher photostability

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 yield 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  sma-
son spectra of several o
wrtactant-coated wemi-
conductor  nanoorystals
in & vaniety of umes. The
Blue el represents
different sires of Cdbe
ranocystals [16) wigh
diameters of 21, 24
11, 36 and 46 nm
[from right to lsh). The
preen series s of InP { | ¥ \
nanocrystals [26) with ' VA \
dimreters of 30, 15 ¢ g A o
and 45 nm. The red se- e

ried i of Ik nenocry-
tals {16] with diametiers Wavsangtn (v

of 28, 36, 46, and 6.0

nm. (B8] A true-color bmage of a series of silica-coated core (CdSe)—shell (InS or CdS) nancorystal
probes in aguecus buffer, all lluminated simultanecudy with a handheld uitredolet lamp
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Fig. 4. Sequential scan photostability comparison
of fluorescein-phalloidin-labeled actin fibers com-
pared with nanocrystal-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-us dwell time and ~20-mW
power for each laser. The average intensity of four

Fig. 3. Cross section of a dual-labeled sample pixels was followed in each sample through 100
tsmn&d’wnlh a Bic-Rad 1024h Mﬂinhm-_:cﬁ successive scans and normalized to its initial value.
ning confocal microscope with a = On . s - -
nurmerical aperture objective. The mouse 373 fi- The intensity of the fluorescein erp!l. qUIC[thf to
broblasts were grown and prepared as described autofluorescence levels, whereas the intensity of
in (7). A false-colored image was obtained with the MHDCI')I'SHE deS unh‘, 5Iightiy.

363-nm excitation, with simultaneous two-chan-
nel detection (522DF 35-nm PWHM namow-pass
filter for the green, and a 585-nm long-pass filter
for the red). Image width: B4 um




uantum Dot Bioconjugates for
Ultrasensitive Nonisotopic

Detection
Warren C. W. Chan and Shuming Nie*

Fig. 1. (A) Schematic (B) o
of a ZnS-capped CdSe
Q0 that i f\'.l'\p.‘k’.l;‘f.‘ﬂ:"
coupled to a protein
¢  mercaptoacetic
acid. (B) TEM of QD-
transferrin {an iron-
transport  protein)
conjugates, Scale bar,
100 mm. Clusters of
closely spaced parti-
cles  were  mainly
formed by sample
-.prrad:ng and rjr'lrﬂg
on the carbon grid
and not by chemical
cross-linking, Ins-
capped QDs with a
Cd5e core size of 4.2
M wete prepaned ac-
cording to the proce-
dure dﬁ':lﬂfwd t‘r:.'
Hines and Guyot-Sionnest (7). The colloidal QDs were dissobved In QD3 was extracted, Excess mercaptoacetic acid was removed by four or
chloralorm and were reacted with Hi.:-:.q»l mercaploatetic acid | :CIM] miore rownds of :cn‘lrllugahnrl The purdhzvd QDT wele -:ml;uguu'll 1]
for 2 hours. An aquecus phosphate-buffered saline (PBS) solution (pH  transferrin and IgG with the cross-linking reagent ethyl-3-{dimethyl-
7.4) was added to this reaction modure at a 1:7 volume ratio. After  aminopropyljcarbodiimide. Standard protocols were followed (16). -
igonous -\.ruhnﬂ and mixing, the chorefarm and water Ia:,'cr': ':tpﬂm'lqd cept the exceds proteins were Fertiolyed Ir:,- Jupcal!:d -:Qn[l:i!ug_.][lc-u. Thie
spontanecisly. The aqueous layer, which contained mercapto-coated  purified conjugates were stored in PBS at room temperature

Fig. 4 Luminescence images of colled Hela
cells that were ncubated with {A] mercapto-
0 and (8] QO-transferrin conjugates. The QO
biocon|ugates were traraparted into the cell by
recepior-medisted endocytols and were de-
tected il clistert of aggregates. Lumineiiende
*blinking™ wan not obsenved for thess clurten
becaris of statintical seraging. The mage
were obtained with an epi eafehis Mitha
e That wt equipped w Bilgh- resohstion
CCD camera (1.4 million poceh) (Photometrix
Tikson, Arfona) and & 100-W Mg exollation
Lemp. Hels cell were grown in @ minae
wisntial med

25 SEPTEMBER 1998 VOL 281 SCIENCE Tk dad Rigioon, The Ciured ol weew

scuhated ovemight with sither control Q04 of
tha tramferrin conjugates at 37C After e
pested wathings to ol
plld were remowed from the petri dish and
placed on a glans cover slip for imaging The
Trypain-tresled Cells had @ spherical shape on
the cower dip. Cell diamster, — 10 jum

ste excess QD the




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)

g




Structure

Core gquantum 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 quantum dot




Alexa 568 streptavidin Qdot 605 streptavidin
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Fig. 1. Companson of absorbance and enussion spectra (normahized) of (A) Alexa®
568 streptavidin conjugate and (B) Qdot® 605 streptavidin conjugate. Note that the
quantum dot conjugate can absorb hght efficiently far to the blue of the emission
(C) Companson of enussion spectra (nonnormalized) of streptavidin conjugates of
Qdot 605 (—). Alexa 546 (), Alexa 568 (—), and Cy3* (—). The spectra were taken
under conditions in wluch each fluorophore absorbed the same amount of excitation
light. The measured quantum yvields of the conjugates were 55, 8, 16, and 11%, respec-
tively. (D) Companison of absorbance spectra (nonnormalized. each 1 pM flurophore)
of Qdot 605 streptavicin conjugate (—), Cy3 streptavidin conjugate (=), Alexa 546
streptavidin conjugate (=), and Alexa 568 streptavidin conjugate (—). Note that all
dye spectra are enhanced fivefold for clanty. Alexa, Cy3, and Qdot are registered trade-
marks of Molecular Probes. Amersham Biosciences, and Quantum Dot Corporation,
respectively

Table 1

Optical Properties of Quantum Dots Compared to Common Dyes?
Fluorescent dye Anrstation (111 P gmirnio (DY) e(mol-cm?)
Qdat 525 400 525 250,000
Alexa 483 495 519 78,000
Fluorescemn 494 518 79.000
Qdot 565 400 565 960,000
Cy3 550 370 130,000
Alexa 555 555 365 112.000
Qdot 535 400 585 1.340.000
R-Phycosrythnn 565 578 1,960,000
TMR 355 =80 90,000
Qdot 605 400 605 2,320,000
Alexa 563 578 603 §3.000
Texas Red 395 615 96,000
Qdot 655 400 655 4,720,000
APC 650 660 700,000
Alexa 647 650 668 250,000
Cy5 649 670 200,000
Alexa 647-PE 565 668 1,960,000

“The extmchon coefficients (¢) are generally much larger for quantum dots than for fluores-
cent dyes. Furthermore, the excitanon wavelength (A, uz0e) can be much farther from the

[ T N —
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Photo Stability

Fig. 2. Comparison of photostability between Qdot® 605 and Alexa Fluor® 488 streptavidin conjugates. Actin filaments in 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 illumimated for 3 min with light from a 100-W mercury lamp under a
%100 1.30 o1l objective. An excitation filter (excitation: 485 = 20 nm) was used to excite both Alexa 488 and Qdot 605. Emission
filters (emussion: 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 mtervals for each color automatically.
Images at 0, 20. 60, 120, and 180 s are shown. Whereas Alexa 488 labeling signal faded quickly and became undetectable within
2 mun._ the Qdot 605 signal showed no obvious change for the entire 3-min 1llumination period.




Multiplexing by Q-dot

Quantum Dot
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Figure 3. Quantum dots can be employed for detecting Illll[li]ﬂ{* targets in l"'uiI'lth' assay. Specifically, varying the numbers

and ratios of different quantum dots |‘J£rtfugpl 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.)




A

Quantum dot
colors

Spectrally-
encoded
mixtures

Mix to form
unigue

mixtures
(codes)

Encoding

Encoded beads, cells, etc.

Application

Format

Multiplexed gene
expression

Encoded beads each with
gene-specific ohgos

"uhtiT:plrx-:‘d SNP
g\fﬂU “ng

FEncoded beads wath
allele-specific oligos

Multiplexed
Immunoas Bllys

Fnecoded bheads wath
anubodies

Multiplexed cell-
based assays

Mixed cell types encoded
with quantum dots

Multiplexed reporter
:LS%H}'E

Encaded cell lines
ﬂ'xpﬂ: S.."-Ing Vanous
receptors

Polymer beads (& oligos),
various cell types, or
cells with different receptors

Fig. 6. Concept of encoding using quantum dots. Quantum dot colors can be mixed to produce spectral codes. These nuxtures
can be combined with polymer beads to produce encoded beads that can be subsequently coupled to distinct oligonucleotides or
other affimty molecules. Altemnatively. the quantum dot spectral codes can be used to label cells to differentiate cell lines, or cell lines
beaning chfferent receptors. SNP. single nucleotide polymorphism
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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.
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