Taeghwan HYEON (& & & % = 1)

Center for Nanoparticle Research, Institute for Basic Science (IBS),
and School of Chemical and Biological Engineering,
Seoul National University (SNU), Seoul 151-742, Korea

@
1bS 71zerazy
Institute for Basic Science




*‘Mechamsm

Composﬂe




Why Nanocrystals are Important?
Like Alphabets, Nanocrystals are Key Base Materials

for the implementation of Nanotechnology.
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Why Is Size Uniformity of Nanoparticles Important?

- Physical properties of nanoparticles

are directly dependent on the particle size.

- For various applications,

uniform-sized nanoparticles are critical.

J. Park et al. Angew. Chem. Int. Ed. S. Kwon and T. Hyeon,
(Invited Review) 2007, 46, 4630. Acc. Chem. Res. 2008, 41, 1696.




CdSe semiconductor Quantum Dots

b) S— — Conduction
— ———— band
Wavelength 480 =
of emission ' ) 840
/ nm
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e~ e ™ o=t band
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Particle

size 2.5 3.1 3.4 4.0 52 6.3

/ nm
H. Goesmann, C. Feldmann, Angew. Chem., Int. Ed. 2010, 49, 1362-1395.

D. V. Talapin, J.-S. Lee, M. V. Kovalenko, E. V. Shevchenko, Chem. Rev. 2010, 110, 389.



Synthesis of Monodisperse Nanocrystals
Using Hot-injection methods

MIT UC-Berkeley IBM Watson
5.1 nm CdSe 8.5 nm CdSe 5 nm Fe-Pt alloy
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Murray, Norris and Bawendi, Peng and Alivisatos, Sun and Murray,
J. Am. Chem. Soc. 1993, 115, 8706 J. Am. Chem. Soc. 1998, 120, 5343 Science 2000, 287, 1989.



Conventional Synthesis of Monodisperse Nanocrystals

. Monodisperse nanoparticles:
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Heat-up Process to produce Uniform Fe;O, Nanocrystals
by slowing heating Fe-oleate complex to 320 °C
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11 nm Iron oxigde
11 nm Fe nanoparticles Nanocrystals




Main problem: expensive & toxic precursor
Fe(CO): ($ 2000 USD/KQ)

Synthesis of T. Hyeon et al. 3. Am. Chem. Soc.

Fe-Oleate complex from
the reaction of Fe(CO)5 & Oleic acid 2001, 123, 12798

Thermolysis of
Fe-oleate complex

Controlled
Oxidation

10



40 gram of Monodisperse Magnetite Nanocrystals
are produced using FeCl,;6H,0

FeCl,6H,0 +

Na-Oleate P Fe-Oleate
Complex

Fe-Oleate
Complex

Heating from RT to B.P.
—_—
Followed by Aging

J. Park et al. Nature Mater. 2004, 3, 891.




> 1 kg of 11 nm Fe;O, Nanocrystals
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CHEMICAL & ENGINEERING NEWS

NANOCRYSTALS BY
THE KILOGRAM

Kilogram-scale batches of uniform-sized
nanocrystals can be prepared via a simple
synthesis procedure, according to re-
searchers in South Korea. The availability
of a low-cost method for making bulk
quantities of monodisperse (single-sized)
nanocrystals may speed up development
of nanotechnology applications. Several

TAEGHWAN HYEON/SEOUL NATIO

TEM analysis shows that these Fe;O, (magnetite) crystals,

methods for preparing monodisperse which were made via a kilogram-scale preparation
nanocrystals have already been reported, method, are highly uniform in size and shape.

but typically those methods yield gram

quantities of product and require size-

soning steps. 'Iheghwan Hyeon‘ apro- Chemical, also in Seoul, have synthesnzed

fessor of chemical engineering at Seoul kilw-xale batches qfuniformly sized
National University, reported that his 11-nm-diameter magnetite (Fe,0,) crys-

research group, in collaboration with Wan- tals viaa procedure they developed. The

Jae Myeong and coworkers ar Hanwha method, which takes less than seven hours

to complete and does not require size-

Hanwha Chemicals:Co.:

- sivereagent,and t en heat?ng the complex

- Pilot Plant of 100€ reactor
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Colloidal nanoparticles as advanced biological sensors,
Philip D. Howes, Rona Chandrawati, Molly M. Stevens*
P. D. Howes et al., Science 346, 53 (2014)
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Example: Protease detection

| Fluorescent nanoparticle biosensors | | Plasmonic nanoparticle biosensars |
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Quantum dot bioconjugates

for imaging, labelling and sensing
H. Mattoussi, Nature Mater. 2005, 4, 435.

Applications in cellular labelling, deep-tissue imaging, assay
labelling and as efficient fluorescence resonance energy transfer
donors.

High quantum yield, high molar extinction coefficients (~10-100 X
that of organic dyes)

Broad absorption with narrow, symmetric photoluminescence (PL)
spectra (full-width at half-maximum ~25-40 nm) spanning the UV
to near-infrared, large effective Stokes shifts

High resistance to photobleaching
Exceptional resistance to photo- and chemical degradation
Size-tune fluorescent emission as a function of core size

Broad excitation spectra, which allow excitation of mixed QD
populations at a single wavelength far removed (>100 nm)
from their respective emissions - ‘multiplexing’
(simultaneous detection of multiple signals).
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Absorbance (normalized)

Absorbance (normalized)

Comparison of rnodamine red/DsRed?2 spectral properties to those
of QDs highlighting how multiple narrow, symmetric QD emissions can be
used in the same spectral window as that of an organic dye.
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A)

Emission

Wavelength (nm) :

B)

C) Conduction

Band

Valence
Band
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J. M. Klostranec, W. C. W. Chan, Adv. Mater. 2006, 18, 1953.
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Representative QD core materials scaled as a function of their emission
wavelength superimposed over the spectrum.
Representative areas of biological interest
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Pseudo-colored image depicting five-color QD

staining of fixed human epithelial cells.
Cyan corresponds to 655-nm Qdots labelling the nucleus,
magenta 605-Qdots labelling Ki-67 protein,
green 565-Qdots labelling microtubules
and red 705-Qdots labelling actin filaments.




Fluorescent Bio-imaging using QDs
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Absorbance (normalized)
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Wavelength (nm)

Toass cors (A) 145 17.5 19.0 215 240

o BEELREEL R L Dubertret et. al., Science 2002, 298, 1759.

~_.P~

Medintz et. al. , Nat. Mater. 2005, 4, 435.  Differentiation of Xenopus embryos to cells

Advantage Limitation

Long term stability *Highly toxic cadmium
*Various wavelength Shallow penetration
*Narrow emission depth to living organ




Water-dispersible Nanoparticles

Hydrophobic shell

Ligand Exchange
with hydrophilic ligands

Encapsulation
with hydrophilic surface




Semicondutor Nanocrystals

Semiconductor Nanocrystals as Fluorescent Biological Labels
Shimon Weiss and A. Paul Alivisatos (U. California, Berkeley)

Science 1999, 281, 2013.

The use of nanocrystals for biological detection.
A. Paul Alivisatos, Nature Biotechnology 2004, 22, 47.

Demonstration of Photostability of QD’s vs conventional dye

..
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Near-infrared fluorescent type Il guantum dots

for sentinel lymph node mapping,

Sungjee Kim, Yong Taik Lim, ....... , M. G. Bawendi, J. H. Frangioni,
Nature Biotechnology 2004, 22, 93.

* Fluorescence emission of type |l quantum dots can be tuned

Into the near infrared and that a polydentate phosphine coating renders
them soluble, disperse and stable in serum.

* Type Il NIR QDs with a hydrodynamic diameter of 15-20 nm,

a maximal absorption cross-section, fluorescence at 840—860 nm

* NIR QD size of 16 nm = 440 kDa protein - critical diameter

of 5 ~ 50 nm needed for retention of QDs in sentinel lymph node (SLN)

Sentinel lymph node:
First lymph node(s) reached by metastasizing cancer cells from a tumor.




* By changing the two variables of shell thickness and core size, the
emission of type-Il QDs can be easily and widely tuned.
* PL spectra from CdTe/CdSe QDs that range from 700 nm
to over 1000 nm simply by changing the core size and shell thickness.

= €

PL Intensity (arb. unit)

o

600 700 800 900 1000 1100
Wavelength (nm)



NIR emitting window is appealing for biological optical imaging
because of the low tissue absorption and scattering effects.
typically at 650-900 nm
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R. Weissleder, Nature Biotechnol. 2001, 19, 316.



« Demonstrate that these quantum dots allow a major cancer surgery,
sentinel lymph node mapping, under complete image guidance.

* Injection of only 400 pmol of near-infrared quantum dots permits
sentinel lymph nodes 1 cm deep to be imaged easily in real time
using excitation fluence rates of only 5 mW/cm>.

* Localization of SLN - only 3 -4 min

* Image guidance using NIR QDs minimized size of incision to find node

Sentinel lymph node:
First lymph node(s) reached by metastasizing cancer cells from a tumor.




NIR QD sentinel lymph node mapping in the mouse
Images of mouse injected intradermally with 10 pmol of NIR QDs in the left paw.

a

Pre-injection Color video 5 min NIR fluorescence 5 min

autofluorescence post-injection post-injection
r' 1

b Color video NIR fluorescence

Sentinel lymph node:
First lymph node(s) reached by metastasizing cancer cells from a tumor.



Surgical field in a pig injected intradermally
with 400 pmol of NIR QDs in the right groin.

Color video NIR fluorescence  Color-NIR merge

Pre-injection

post-injection (autofluorescence)

30 sec

4min
post-injection

Image-guided
resection




< nature
matenals +,

High-Resolution
Three-Photon
Biomedical Imaging
using Bright Doped

ZnS Nanocrystals

J. Yu et al.,
Nature Mater. 2013, 12, 359.




Toxicity Issue of Semiconductor Nanocrystals

4 N

The in vivo accessible quantum dots are composed of toxic elements,
and hardly degradable. Making smaller Q.D. < 6 nm requires more
toxic element (Arsenic).

N — Prof. Frangioni@ MGHNat. Biotech. Commentary 2011)

/

» Almost every fluorescence imaging semiconductor nanocrystal
IS composed of toxic elements (Cd, As, Se, etc.)

« ZnS is a main-cover material to temporarily solve this problem.

CdSe/ZnS, CdTe/ZnS
INP/ZnS, INAsS/ZnS



3-photon imaging using non-toxic & bright Mn**-doped ZnS
nanocrystals enables deeper tissue penetration in vivo.
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32

“News & Views in Nature Mater.,” K. Zagorovsky, W. C. W. Chan, Nature Mater. 2013, 12, 285.



3-photon fluorescence microscopy improves
tissue penetration depth and resolution in vivo.

One-photon Three-photon
—\—

Il

.‘

Penetration: low Penetration: high
Resolution: low Resolution: high
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33
“News & Views in Nature Mater.,” K. Zagorovsky, W. C. W. Chan, Nature Mater. 2013, 12, 285.



Fluorescence Correlation Spectroscopy

® ZnS:Mn** NCs
- ® Rhodamine 6G
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» The quantum mechanical probability of three-photon process is lower
than that of one-photon and two-photon process.
(3PA~The 5" order nonlinear optical process!)

 Due to large 3PA cross section of ZnS:Mn NCs, the 3PL brightness
reaches to the two-photon brightness of 1 GM at low power of 1.3 m\W.



3PL High-Resolution Imaging of ZnS:Mn NCs

Signal Intensity (a.u.)

[ | ‘, il
| J I \ "‘ |
r} vw' N’Lﬂ' | ‘| ll,l
00 05 Il" 15 20 25 30
X (um)
< High-Resqutiqn Imaqing 5 lemporal Imaging
at non-saturation regime @ low power (1mW)

3PL of ZnS:Mn NCs enables high-resolution imaging approaching
theoretical limit of 3PL Imaging (272 nm for 950 nm NIR eXxcitation).

The ability of live cellular imaging for 10 hours demonstrates no phototoxicity
at the imaging condition owing to low power excitation of 0.5 mW.






In Vivo 3PL Imaging of
ZnS:Mn NC-RGD Conjugates

rrrrrrrrrrr

-
N
1

—
(&)
" Il "

—=-ZnS:Mn* NC
—o— Rhodamine 6G
—4—FITC
—— RITC

o
™

= H
n
A L A L i 1

Relative intensity (a.u.)
o
(@]

o
N

''''''''''''

Excitation time (min.)

* High photostability of ZnS:Mn NCs enables in vivo 3PL imaging at
high power (~10 mW).

« 3PL of RGD-conjugated ZnS:Mn NCs were visualized at the tumor

vasculature due to the angiogenesis targeting.



Depth- pro;ectlon of Tumor Vasculature

Background
autofluorescence

3PL of RGD-conjugated ZnS:Mn NCs can be imaged down to 100 um
even at the base of dermis (Highly Scattering & Very Challenging).



In Vivo 3PL Imaging of
ZnS:Mn NC-targeting Tumor

SHG from collagen fiber

Multiphoton imaging One-photon imaging
© Q) Wk (i)
g .
Q
)
ZnS:Mn NCs three-photon FITC two-photon

T [

Endothelial Lining Extravasation
(um resolution) (subcellular
resolution)

Unmixed

« 3PL of ZnS:Mn NCs in tumor vasculature is highly bright &
spectrally distinguishable from background fluorescence.

« 3PL Imaging of ZnS:Mn NCs-targeting Tumor at um & Subcellular
Resolution.
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* The reticuloendothelial organs already contain non-negligible amounts
of zinc ions (Biocompatibility of ZnS nanocrystals).

 The total amount of zinc ions is gradually decreased (Clearance of ZnS
nanocrystals).

* The histological examination confirms no sign of in vivo toxicity
(Biocompatibility of ZnS nanocrystals).
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New non-toxic T1 MRI contrast agent using
paramagnetic 3 nm Iron Oxide Nanoparticles

WL 398 WW: 1178 SA
Jugular Ve'm\ /Carotid Artery

: : -l Subclavian Vein
Axillary Vei \“fp A

Superior Vena CaK 0

Inferior Vena Cava

Nearly Paramagnetic Was able to image blood vessel of <200 pm

In collaboration with Prof. Seung Hong Choi
at Radiology, Seoul National University Hospital

B. Kim et al. J. Am. Chem. Soc. 2011, 133, 12624.



Magnetic Resonance Imaging (MRI)

 Anatomical details in noninvasive & real-time
* High resolution (vs. PET)
* High sensitivity (vs. CT)




T1 MRI Contrast Agents using
Paramagnetic Gd-complexes

O
o- DOTAREM NN
2;:*\ giography

N+ NTH=0
O- E i, _:Gd?’i'_]:o

Toxic Gd3**: Nephrogenic systemic fibrosis (NSF)

» New Non-toxic MRI contrast should be developed !



.._‘—fd/ U.5. Department of Health and Human Services

A to Z Index | Follow FDA | En Espaiiol

"_I.) U.S. Food and Drug Administration
IDA_ Protecting and Promoting Your Health _ Q

Home | Food | Drugs | Medical Devices | Radiation-Emitiing Products | Vaccines, Blood & Biologics | Animal & Veterinary | Cosmetics | Tobacco Products

Drugs

Home Drugs » Drug Safety and Availability

FDA Drug Safety Communication: FDA evaluating

Drug Alerts and Statements the risk of brain deposits with repeated use of
gadolinium-based contrast agents for magnetic
resonance imaging (MRI)

Medication Guides

Drug Safety Communications

f SHARE in LINKEDIN | @ PINIT &% EMAIL & PRINT
Drug Shortages v
Postmarket Drug Safety [7-27-2013]
Information for Patients and v
Providers

Safety Announcement

Information by Drug Class
The U.S. Food and Drug Administration (FDA) is investigating the risk of brain deposits following repeated

Medication Errors use of gadolinium-based contrast agents (GBCAs) for magnetic resonance imaging (MRI). MRIs help
detect abnormalities of body organs, blood vessels, and other tissues. Recent publications in the medical
Drug Safety Podcasts v literature have reported that deposits of GBCAs (See Table 1) remain in the brains of some patients who

1-21 It

undergo four or more contrast MRI scans, long after the last administration. is unknown whether these

Safe Use Initiative v gadolinium deposits are harmful or can lead to adverse health effects.



Paramagnetic T1 MRI contrast agents (Clinically used)
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Magnetization (emu/g)
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Relaxivity versus Size
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In vivo MIR blood pool Imaging
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Paramagnetic T1 MRI contrast agents

INDICATIONS AND USAGE
MultiHance is indicated for intravenous use in magnetic resonance imaging (MRI) of the central nervous system (CNS) in adults and

children over 2 years of age to visualize lesions with abnormal blood brain barrier or abnormal vasculanty of the brain, spine, and

IMPORTANT SAFETY INFORMATION

WARNING: NEPHROGENIC SYSTEMIC FIBROSIS
(Gadolinium-based contrast agents (GBCAs) increase the risk for NSF among patients with impaired elimination of the drugs. Avoid
use of GBCAs in these patients unless the diagnostic information is essential and not available with non-contrasted MRl or other

modalities. NSF may result in fatal or debilitating systemic fibrosis affecting the skin, muscle and inte] //\
. . . . 0 N N 0
= The risk for HEF appear§ h|ghe§t among patients with: | i ﬁ Gd F‘*DW
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Gold Nanoparticles

Marie-Christine Daniel and Didier Astruc*
Chem. Rev. 2004, 104, 293-346

Title: Gold nanoparticles: Assembly, supramolecular chemistry,
guantum-size-related properties, and applications toward biology,
catalysis, and nanotechnology

Author(s): Daniel MC, Astruc D

Source: CHEMICAL REVIEWS Volume: 104 Issue: 1 Pages: 293-
346 Published: JAN 2004

Times Cited: 3,306



Scanometric DNA Array Detection

with Au Nanoparticle Probes
Detection of Cancer cells at very early staage.
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J.-M. Nam, C. S. Thaxton, C. A. Mirkin Science 2003, 301, 1884.
T. Andrew Taton,1,2 Chad A. Mirkin,1,2* Robert L. Letsinger1l* Science 2000, 289, 1757.



QD’s vs. Metal Nanoparticles

* This absorption does not derive from transitions between
guantized energy states.

* Instead, in metal particles, collective modes of motion of
the electron gas can be excited. They are referred to as
surface plasmons.

* Freely mobile electrons are trapped in such metal boxes
and show a characteristic collective osclillation frequency of
the plasma resonance, giving rise to the so-called plasmon
resonance band (PRB) observed near 530 nm in the 5-20-
nm-diameter range.

* The size dependence of the plasmon frequency Is
negligible: No shift in Absorption maximum for colloidal gold
nanocrystals in the range between 5 and 30 nm.
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Normalized Absorbance
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Applications of

Gold Nanoparticles

See references 506 — 517 of
Chem. Rev. 2004, 104, 293-346.



Surface Plasmon Band (SPB)

Freely mobile electrons are trapped in such metal boxes and show a
characteristic collective oscillation frequency of the plasma
resonance, giving rise to the so-called plasmon resonance band
(PRB) observed near 530 nm in the 5-20-nm-diameter range.

The deep-red color of AUNP sols in water and glasses reflects the
surface plasmon band (SPB), a broad absorption band in the visible
region around 520 nm.

The SPB is due to the collective oscillations of the electron gas
at the surface of nanoparticles (6s electrons of the conduction
band for AUNPS) that is correlated with the electromagnetic field of
the incoming light, i.e., the excitation of the coherent oscillation of
the conduction band.




Main characteristics of SPB

(1) its position around 520 nm;

(i) its sharp decrease with decreasing core size for AUNPs with 1.4-
3.2-nm core diameters due to the onset of quantum size effects that
become important.

(i) SPB Is absent for AUNPs with core diameter less than 2 nm, as
well as for bulk gold.

(iv) For AuNPs of mean diameter of 9, 15, 22, 48, and 99 nm, the
SPB maximum Amax was observed at 517, 520, 521, 533, and 575
nm, respectively, in agueous media.

(v) The SPB maximum and bandwidth are also influenced by the

particle shape, medium dielectric constant, and temperature.




Optical absorption spectra of 8.3 nm Au nanoparticles in water

I{ LI

—

0.8

0.8

0.4

02

Normalized absorbance

0
00 400 SO0 550 600 650 T

Wavelength (nm)



Programmed Materials Synthesis with DNA
James J. Storhoff and Chad A. Mirkin*
Chem. Rev. 1999, 99, 1849-1862

ORIGINAL PAPER:
DNA Based Method for Rationally Assembling Nanoparticles

Into Macroscopic Materials.
Mirkin, C. A.; Letsinger, R. L.; Mucic, R. C.; Storhoff, J. J.

Nature 1996, 382, 60/7-609.
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A DNA-based method for
rationally assembling
nanoparticles into
macroscopic materials

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

Department of Chermistry, Nodhwestem Unersity, Evanstan,
linis G0208, LISA

Cnnmrm particles of metals and semiconductors have pmm-
tinlly useful opiical, optoelectronic and material properties'™
that derive from their small (nanoscopic) size. These properties
might lead to applications inclading chemical s¢nsors, spectro-
scopic enhancers, quantom dot and nanostrocture fabrication,
and microdmaging methods™. A great deal of control can now be
exercised over the chemical composidon, size and polydis-
persity'd of colloidal particles, and many methods have been
developed for assembling them into uscful sggregates and mat-
erials. Here we describe a method for bling eodloidal gold
nanoparticles rationally and reversibly into macroscopic aggre-
gates, The method fnvolves attaching to the surfaces of two
batches of 13-nm gold particles non-complementary DNA oligo-
nucleotides capped with thiol groups, which bind 1o gold. YWhen
we add to the solution an oliponucleotide doplex with *sticky ends”
that are 1 ary to the two d scquences, the nano-
particles self-assemble into aggregates. This assembly process
can be reversed by thermal denaturation, This strategy should
now make it possible o tailor the optical, electronic and struc-
tural properties of the colloidal aggregates by nsing the specificity
of DNA interactions to direct the interactons between particles of
different size and composition.

Previous assembly methads have focused on the use of covalent
‘linker’ molecules that possess functionalities a1 opposing ends
with chemical affinities for the colloids of interest. One of the most
sucecssful approaches to date® has involved the use of gold
colloids and well cstablished thiol adsorption chemisty®. In
this approach, linear alkanedithiols were used as the particle
linker molecules. The thiol growps at each end of the linker
molecule covalently attach themselves to the colloidal particles
to form aggregate structures. The drawbacks of this method are
that the process is difficult ro control and the assemblics are
formed irreversibly. Methods for systematically controlling the
assembly process are needed if the materials properties of these
unusual structures are o be explodted fully.

Cur oligonuclectide-based method allows the controlled and
reversible assembly of gold nanoparticles into supramalecular
structures. Oligonucleotides offer several advantages over non-
Biological-based  linker molecules, For example, discrete
sequences of controlled length and with the sppropriate surface
hinding functionality may be prepared in an automated fashion
with a DNA synthesizer. In this way, the molecular recognition
properties of the aliganucleatides may be used o trigger the
colloidal self-assembly process, The Interparticle distances and
stabilities of the supramolecalar structures penerated by this
method can be controlled through the choive of oligonucleotide
sequence and length, solvent, temperature and supporting clec-
tralvie conceniration.

{Mhers also have recognized the uiility of DNA for the pre-
paration of new biomaterials and nanofabrication methods, Pre-
vious researchers have focused on using the sequence-specific
molccular-recognition propertics of oligonuclestides to design
impressive strugmures with well defined geometric shapes and
sizes' ™, The chemistry propuosed here focuses on merging the
ch-:m:lstr}' of DMNA with the chemistry of inorgandic colloidal

MNATURE - WOL 382 - 15 ALUGUST 1995

materials, In addition 10 generating materials with properties
that are hybnds of their DNA and colloidal precursors, the
union of metal-colloid and DNA chemistry offers significant
oppaortunities relative to the construction of pure DNA materials.
As noted by Seeman'®, “the theory of produeing DINA [structures]
is well ahead of experimental confirmation. It is much easier
design a [structure] than it is to prove its synthesis.” An advantage
of the DNA/colloid hybrid materials reported herein is that the
assemblics can be characterized easily by transmission electron
microzcopy (TEM) and/or atomic force microscopy (AFM) as
well s speciroscopic methods conventionally used with DNAL
COur approach to using oligonucleotides for the controlled
assembly of gold nunoparticles into aggregate macroscopic struc-
tures is outlined in Fig. 1. First, 13-nm-diameter Ao particles are
arcd’". These particles form a dark red suspension in water,
and like thin-film Au substeates™, they are easily modified with
oliponucleatides, which are functionalred with alkane thiols at
their ¥ termini. In a typical expenment, one soluion of 17nM
{150 1) Au collaids is treated for 24h with 3.75 M (46ul) 3-
thiol-TTTGCTGA, and a second solution of eolloids is treated
with 3,75 pM (46 ul} ¥-thiol-TACCGTTG. Note that these aligo-
nuclectides are non<complementary. After treatment with the
thiolcapped oligonucleotides, the two colloidal Au solutions are
combined, and becanse of the non-complementary natures of the
oligonucleotides, no reaction takes place. A bencficial conse-
quence of capping the colloids with these oligonucleotides is

AU nanoparticles
o
Modification with B Muodification with
34niok TACCGTTG-S  « “a E-ABTOGTTT-3-thisl
13 i
Pl et = ;\_j- |
Rl L e e TN |
Py st 0 s H
. i LV
i {_A 's...f' C |
Addition of Ilnlmg DA dupdex:
d]'f’ T TOAGCAAAS

i Further aligomerization
* and setiling

FIG. 1 Scheme showing the DNA-based colloidal nancparticle assembly
strategy {the hybridized 12-base-pair portion of the linking duplex is
abbraviated as 1 71). If a duplex with a 12-tase-pair overtap But with
‘stuzky ands' weth four base mismatches (5-AAGTCAGTIATACGCGCTAG and
F-ATATGCGCGATCAMATCACA] i used in the sacond step, no raversble
partcle aggregation is cbsersed. The scheme s not meant o imgly the
formetion of 3 cranaling |atice but rEther an SgEregete stiructure that can
e reversibily annealed, A & the heating abave the dissociation lempealue
af the duples,
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Fig. 4 TEM images of: a, oo agdregated DN&fcolaid bhybnd matedal; b, a
two-dirmensional colloidal ageregate showing the orderdng of the DNA-
linked Au nanopaticles, Images were taken with a0 Hitschi 8100
Transmission Electron Microscope.

This work gives entey into a new class of DNAnanoparticle
Tiwlstid materials and assemblies, which might lave wseful elee-
rical, optical and structural properties that should be contrallable
throurh choice of nanoparticle size and chemical composition,
and oligonucleotide sequence and length. We note that it should
he possible ta ..xtcnd this strategy easily to other noble-metal (for
cmm{}lc Ag. Pty and semiconductar (for ceampic, C'dSe and
Cdsy ™™ colloidal panoparticles with well established surface
coordination chemistry. Our initial results bode well for the wility
of this strategy for developing new types of biosensing and
sequencing schemes for DNA. The Au colloidal particles have
large extinction eocfficients for the bands that ghve rise to their
colours (Fig, 2), These intense colours, which depend on particle
size and concentration and interparticle distance, make these
materials particularly attractive for new colonmetric sensing and
sequencing strategies for DNA.
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Organization of ‘nanocrystal
molecules’ using DNA

A. Paul Alivisatos”, Kai P. Johnssont, Xiaogang Peng™,
Troy E. Wilsont, Colin J. Lowetht, Marcel P. Bruchez Jr*
& Peter G. Schultzt

* Departmant of Chemistry, Universty of California at Bersglay, Berkoloy,
Califomia 94720, USA and Moleowtar Design Institute, Lesmence Barkeky
Mational Laboratory, Barkeley, Calfomia 4704, USA

+ Howard Hughas Medical bnzstitute, Degartment of Chamistry,

Univereity of Calformia at b‘-erkele‘,' Berielay, Calformia B4 720, USA
ParTERNING matter on the nanemetre seale 15 an Irupnrtant
ehjective of curreni materials chemistry and physics. Tt is
driven by both the need te further miniotorize electronic com-
ponents and the fact that at the nanometre scale, materials
properties are strongly size-dependent and thus can be tuned
sensitively’. In nanoscale crystals, quantum size effects and the
Large number of surface atoms influence the, chemical, elecironic,
magnetic and optical behmviour' ™, “Top-duown® (for example,
lithegraphic) methods for nanoscale manipulation reach only
to the upper end of the nanometre regime’; but whereas ‘bottom-
up' wet chemical techniques allow for the preparation of mona-
disperse, defect-free crystallites just 1=10nm in size”™, ways to
contrel the structure of nanocrysial sssemblics are scarce, Here
we describe a strategy for the synthesis of ‘nanocrystal moelecoles',
inwhich dizcrete numbers of pold nanacrystals are organized into
spatially defined structures based on Watson-Crick base-pairing
interactions. We altach single-stranded DNA oligoneeclentides of
defined length and sequence lo individual nanocrystals, and these
assemble into dimers and trimers on addition of 8 complemen-
tary single-stramded DMA template. We anticipate that this
approach should allow the constructlon of more complex twao-
and three-dimensional assemblies.

Previous approsches towards the preparation of coupled quan
tum dots include co-collods of cadmivm selenide—zime oxide
{CdS—2nd); ref. 11) and cadmivm sulphide—silver iodide (CdS—
Aglrefl 121, In addition, small molecule crosslinking agents have
Been used to synthesize aggregares of Au (ref, 13) and cadmium
sulphide linked 1o titanium oxide (CAS-TiOy; rell 14) as well s
discrete dimers of cadmium selenide {CdSe; ref, 15), Finally, the
collective prUerijes ul nanocrystals have been imaestigated using
arganic menclayers"™ and crystallization™ " to generate ordered
areays of inorganic quantum dods. Tt remains an open question
whether sell-assembly methods can be employed 10 gensrate
complex sequences of nanocrystals.

Binlogical systems are characterized by remarkably complex
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A nanoparticle “satellite structure” comprised
of a 31 nm Au nanoparticle linked through DNA
hybridization to several 8 nm Au nanoparticles,
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Sharp melting behavior of DNA-linked nanoparticles

(1) the formation of an aggregate with many different DNA interconnects
(2) the use of a nanoparticle optical signature rather than a DNA
optical signature to map out the melting behavior of the aggregates.
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In the presence of complementary target DNA,
oligonucleotide-functionalized gold nanoparticles will aggregate.
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Nanostructures in Biodiagnostics, N. L. Rosi and Chad A. Mirkin* Chem. Rev. 2005, 105, 1547-1562



Solution color changes from red to blue upon the analyte-directed
, @ consequence of interacting

particle surface plasmons and aggregate scattering properties.

Melting profiles of the nanoparticle-labeled DNA aggregates

were extraordinarily sharp, occurring over a temperature range
much more narrow than the transition for unlabeled or conventional
fluorophore-labeled DNA.

By virtue of sharp melting transitions target DNA could be differentiated
from DNA with single base-pair mismatches simply by measuring
absorbance (or looking at color) as a function of temperature.



Scanometric DNA Array Detection

with Nanoparticle Probes
T. Andrew Taton,1,2 Chad A. Mirkin,1,2* Robert L. Letsingerl*
Science 2000, 289, 1757.

» Specific hybridization of surface-bound, single strand
capture oligonucleotides to complementary targets.

* Both the specificity and sensitivity of these assays are
dependent on the dissociation properties of capture
strands hybridized to perfect and to mismatched
complements.

* These network structures exhibit exceptionally sharp
melting profiles; FWHM as low as 2°C.

« Sharp melting transitions allow one to differentiate a
perfectly complementary target strand from a strand
with a single base mismatch




» Analyzing combinatorial DNA arrays using
oligonucleotide-modified gold nanoparticle probes

» Melting profiles of the targets from an array substrate.
 Discrimination of an oligonucleotide sequence from
targets with single nucleotide mismatches with a selectivity
that is over three times that observed for fluorophore-
labeled targets.

* When coupled with a signal amplification method based
on nanoparticle-promoted reduction of silver(l), the
sensitivity of this scanometric array detection system
exceeds that of the analogous fluorophore system by two
orders of magnitude.



S GGA TTA TTG TTA---AAT ATT GAT AAG GAT 3’
CCT AXT AAC AAT TTATAACTATTC CTA
X = A (complementary),

G,C,T (mismatched)

1. NS\, (target DNA)
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(100 pM) (control)



The lowest target concentration that can be effectively
distinguished from the background baseline is 50 fM.
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Melting curves for relative selectivity
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Scanometric Fluorescence
A G T C X A G T C

40 °C e & & » | g o 18 %6
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Hybridization signal could be resolved at the X 5 A elements
at target concentrations as low as 50 fM (5);

this represents a 100-fold increase In sensitivity over that of
Cy3-labeled arrays imaged by confocal fluorescence
microscopy, for which target concentrations of > 5 pM required



“Northwestern Spot Test” for polynucleotide detection

¥ TAC-GAG-TTG-AGA-ATC-CTG-AAT-GOG Y
.:W»TCT TAG—GAOTTNCGC—S\.

F TACGAG-TTG-AGAATC.CTGAAT.OCT ¥

"NTO-CTC-AAC-TCT TAG-GAC~TTA-CG$-O\’

C Qae Base Pair Mismalch at Probe Tad
& TAC-CAG-TTG-AGA-CTCLTG-AAT-GCG ¥

.,W TC-AAL-TCT TAG-GAL- WA—CGC-B\.

D One Base Dalydon

& TAC-GAG-TTG-AGA-ATC-CTG-RAT-GAOY
.os-ﬁmmrm YM—G’C-TTA-OWHSH.
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