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

g




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




Nanomaterial Detection

Optical

Electrical and electrochemical
Magnetic

Nanowire and Nanotubes
Nanofabrication




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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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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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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— 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).




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)
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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 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'
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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

_gn

-

Greyscale 8-bt

A B c

{10 nm)

e F &

{100 pM)  (control)

s0 4"

1E-14 1E-12 1E-10
Concentration (M)

effectively distinguished from the background baseline is 50 M.

Percent Hybridized Label

100

100

-B
:

10

20 30 40
Temperature ("C)

50 60




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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Nanoparticles with Raman
Spectroscopic Fingerprints for
DNA and RNA Detection
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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).




1.0 Targer DNA 2
55494925 5495945
2 L
2
HeNe Laser
N
s iy b l-\'f!
Ag JE 3€
_H[nlruphw* - :
APISX 713
Cy3
. - HVA 5. TTAGAG TTG CAT GGA —TTAACT CCT CTT TCT -3
() S-Cy3AAT CTC AAC GTACCT AAT TGA GGA GAAAGA ~S- ~|
TAMRA (TMR)
HVB  5-TTG GCT TTC AGT TAT —ATG GAT GAT GTG GTA -3
. iy - (-5 TMR-AAC CGAAAG TCAATA  TAC CTACTA CAC CAT -5,
- - - - . ' o
Texas Red (TR
(TR) E HIV 5. AGAAGA TAT TTG GAA TAA —CAT GAC CTG GAT GCA-3'
E S @ S-TRTCTTCTATAMCCTTATT  GTACTG GAC CTACGT -S|
=
Cy3.5 S EV
y 4 5- GGA GTAAAT GTT GGA —-GAA CAG TAT CAA CAA -3’
= _ |5  @-s-Cyi5CCTCATTTACAACCT  CTT GTCATAGTT GTT --Sx; I
= {
Rhodamine 6G (RD) e YV 5.AGTTGTAAC GGAAGA --TGC AAT AGT AAT CAG -3
= S @ S-Ro-TCAACATIG CCTTCT  ACG TTATCATTAGTC ~S~p |
. C?s I BA 5-GAG GGATTATTG TTA —-AAT ATT GTAAAG GAT -3
- \ A @ 5-C/5CTCCCTAATAACAAT  TTATAACAT TTC CTA Sy |

400 800 1200 1600
Frequency (cm”)

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 Sefence (http/fwww.aaas.orgl,
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ref 65. Copyright 2002 American Association for the Advancement of Science. )
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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, 726 59325933
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Target DHA (anthra): 5 GGATTATTGTTAAATATTGATAAGGAT 37
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).
NP3 A, -CCTAATAACAATTIA TAACTATTCCTA-A 5'-MMP

- - S GGATGATTGTTAAAT--ATTGATAAGGAT 3

Figure 3. Single base mismatch expenment.
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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).




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.
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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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FIG. 5. EM-enhancement factor for a rotationally symmetric
silver droplet as a function of the angle defining the opening edge

FIG. 3. (Color) EM-enhancement factor M5 a1 o crows secton

ol 4iw dilterion, sitver pacticle comfigneiont: The iwwlsigh ¢ . The field 1s polarized parallel to the axis of the droplet and the
of the modent ficld 1 A =314.5 nm with vernical polanzaton. The . . 2t ( V4 3 . "

S o e s o e B evaluation position (star) 1s located 0.5 nm outside the tip. As the
figurations of two spheres {top) and two palygons (botiom) with a droplet becomes sharper the enhancement increases several orders
separation of 1 nm. The muddle cohonn shows the sane stmaton .

bast with a sepamation distance of 5.5 nm The nght-hand colhmm Of magl],lnlde

shows the case of an nolated sngle parucle. All panicles share a
commion largest dmmension of 90 nm. Note that the color scale from
dark blue 1o dark red # loganthine, covering the mterval 107
<M= 10", Regions with enhancement ousside this interval are
shown m dark blue and dark red, respectively




Nanosphere Arrays with Controlled Sub-10-nm Gaps as Surface-Enhanced
Raman Spectroscopy Substrates
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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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Figure 2. (A) SERS spectra of 5 uL of pMA with different concentranons
deposited on the NP amrays. The excitation laser wavelength is 785 nm

Adsorpnon isotherm of pMA on the NP arrays obtained according to (B)
1077 and (C) 3920 con~* modes in the SERS spectra. Jp 15 the peak intensity

of a saurated pMA monolayer.
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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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Raman Reporter
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Silcate by Ethanol
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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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Anal. Chem. 2008, 78, 887-0073

Nanoparticle Probes with Surface Enhanced
Raman Spectroscopic Tags for Cellular Cancer
Targeting
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Anal Chem. 2007, 7P 818=822

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}




Molecular imaging of live cells by Raman microscopy
Almar F Palonpon'*, Mikiko Sodeoka®” and Katsumasa Fujita'*

Current Opinion in Chemical Biology 2013, 17:708-715
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Figure 2. Structures of thymidine analogues.
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Alkynyl sugar analogs for the labeling and
visualization of glycoconjugates in cells
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Scheme 1. Modified sugar analogs and probes used in this study.
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Figure 1. Fabncaton scheme for the construchon of multi-element DNA amavs. A clean gold surface 15 reacted with the amme-termmated alkanetiiol
MUAM, and subsequently reacted with Fmoc-NHS to create a hydrophobic surface. This surface 1s then exposed to UV radiation through a quartz
mask and nnsed with solvenr to remove the MUAM+Fmoc from specific areas of the surface, leaving bare gold pads. These bare gold areas on
the sample surface are filled i with MUAM, resulting m an array of MUAM pads surrounded by a hydrophobic Fmoc background. Solutions of
DNA are then delivered by pipet onto the specific array locations and are covalently bound to the surface via the bifunctonal linker SSMCC. In
the final rwo steps, the Fmoc-terminal groups on the array background are removed and replaced by PEG groups which prohibit the nonspecific
binding of analyte proteins to the background.
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Figure 2. Surface reaction scheme showing the steps involved m the
reversible modification of the array background. (Step 2) The starting
amune-ternunated alkanethiol surface (MUAM) 1s reacted with the
Fmoc-NHS protecting group to form a carbamate linkage thus creating
a hydrophobic Fmoc-termunated surface. (Step 6) After DNA im-
mobilization (see Figure 3), the hydrophobic Fmoc group 1s removed
from the surface with a basic secondary anune, resultung in the reurn
of the onigmal MUAM surface. (Step 7) In the final array fabrication
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Figure 3. Surface reaction scheme showing the immobilization of thiol-
terminated DNA to the array surface. In Step 5 of the DNA armray
fabrication, the heterobifunctional linker SSMCC 1s used to attach 5'-
thiol modified oligonucleotide sequences to reactive pads of MUAM.
This linker contamns an NHSS ester functionality (reactive toward
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Glass Surface Modification
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Scheme 2.2 Reagents for derivatization of glass

surfaces. T APTES = aminoprapyitriethoxysilane;

2 MPTS = 3-mercaptopropyltrimethoxysilane;
3 GPTS = glycidoxypropyltrimethoxysilane;
4 TETU = triethoxysilane undecanoic acig;

5 HE-APTS = bis{hydroxyethy)aminopropyltrieth-
oxysilane); 6 4.trimethoxysilylbenzaldehyde;

7 GETS/HEG = glycidoxypropyltrimethoxysilare-
hexaethylene glyeol: 8 poly{lysine).

Scheme 2.1 2D schematic description of a

polysiloxane monolayer on a glass surface
iX = terminal functional
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Figure 2.3 Schematic respresentation of a steptavidin sensor surface assembled on a
reacrinn-controlled biotinylated SAM [23].
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