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number corresponds to a bulk resistivity of
2.4 � 10�6 ohm�m for the silver nanowire. This
nanowire is easily reproducible and has mark-
edly higher conductivity than previously report-
ed double-helix DNA–templated silver nanow-
ires (20).

The 4 � 4 DNA tile can be easily pro-
grammed by varying the sticky ends to form
more sophisticated arrays for applications in
construction of logical molecular devices; for
instance, quantum-dot cellular automata arrays
may be constructed by specifically incorporat-
ing metal nanoparticles into the nanogrids. The
cavities can also be used as pixels in a uniform
pixel array, which could be applied to AFM
visual readout of self-assembly DNA computa-
tions such as a binary counting lattice (30).
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Nanoparticle-Based Bio–Bar
Codes for the Ultrasensitive
Detection of Proteins

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

An ultrasensitive method for detecting protein analytes has been developed.
The system relies on magnetic microparticle probes with antibodies that spe-
cifically bind a target of interest [prostate-specific antigen (PSA) in this case]
and nanoparticle probes that are encoded with DNA that is unique to the protein
target of interest and antibodies that can sandwich the target captured by the
microparticle probes. Magnetic separation of the complexed probes and target
followed by dehybridization of the oligonucleotides on the nanoparticle probe
surface allows the determination of the presence of the target protein by
identifying the oligonucleotide sequence released from the nanoparticle probe.
Because the nanoparticle probe carries with it a large number of oligonucle-
otides per protein binding event, there is substantial amplification and PSA can
be detected at 30 attomolar concentration. Alternatively, a polymerase chain
reaction on the oligonucleotide bar codes can boost the sensitivity to 3 atto-
molar. Comparable clinically accepted conventional assays for detecting the
same target have sensitivity limits of �3 picomdar, six orders of magnitude less
sensitive than what is observed with this method.

The polymerase chain reaction (PCR) and
other forms of target amplification have en-
abled rapid advances in the development of
powerful tools for detecting and quantifying
DNA targets of interest for research, forensic,
and clinical applications (1–3). The develop-
ment of comparable target amplification
methods for proteins could substantially im-
prove medical diagnostics and the developing
field of proteomics (4–7). Although one can-
not yet chemically duplicate protein targets, it
is possible to tag such targets with oligonu-
cleotide markers that can be subsequently
amplified with PCR and then use DNA de-
tection to identify the target of interest (8–
13). This approach, often referred to as im-
muno-PCR, allows the detection of proteins
with DNA markers in a variety of different
formats. Thus far, all immuno-PCR ap-
proaches involve initial immobilization of a
target analyte to a surface and subsequent
detection with an antibody (Ab) with a DNA
marker. The DNA marker is typically strong-
ly bound to the Ab (either through covalent
interactions or streptavidin-biotin binding).
Although these approaches are considerable
advances in protein detection, they have sev-
eral drawbacks: (i) a low ratio of DNA iden-
tification sequence to detection Ab, which
limits sensitivity, (ii) slow target-binding ki-
netics because of the heterogeneous nature of
the target-capture procedure, which increases

assay time and decreases assay sensitivity,
(iii) complex conjugation chemistries that are
required to link the Ab and DNA markers,
and (iv) PCR requirements (14).

Herein, we report a nanoparticle-based bio–
bar-code approach to detect a protein target,
free prostate-specific antigen (PSA), at low at-
tomolar concentrations (Fig. 1). PSA was cho-
sen as the initial target for these studies because
of its importance in the detection of prostate
and breast cancer, the most common cancers
and the second leading cause of cancer death
among American men and women, respectively
(15–18). Identification of disease relapse after
the surgical treatment of prostate cancer using
PSA as a marker present at low levels (10s of
copies) could be extremely beneficial and en-
able the delivery of curative adjuvant therapies
(17, 19). Furthermore, PSA is found in the sera
of breast cancer patients, and it is beginning to
be explored as a breast cancer screening target
(16). Because the concentration of free PSA is
much lower in women’s serum as compared to
that of men, an ultrasensitive test is needed for
breast cancer screening and diagnosis.

The bio–bar-code assay reported herein
uses two types of probes, magnetic micropar-
ticles (MMPs, 1-�m diameter polyamine par-
ticles with magnetic iron oxide cores) func-
tionalized with PSA monoclonal antibodies
(mAbs) (Fig. 1A) (20) and gold nanoparticles
(NP) heavily functionalized with hybridized
oligonucleotides (the bio–bar codes; 5� AC-
ACAACTGTGTTCACTAGCGTTGAACGT-
GGATGAAGTTG 3�) (7, 21, 22) and poly-
clonal detection Abs to recognize PSA (Fig.
1A) (20). In a typical PSA detection experi-
ment (Fig. 1B), the gold NPs and the MMPs
sandwich the PSA target, generating a com-
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plex with a large ratio of bar-code DNA to
protein target (23). Application of a magnetic
field draws the MMPs to the wall of the
reaction vessel in a matter of seconds, allow-
ing the separation of all of the MMPs but
only the reacted NPs from the reaction mix-
ture. Washing the aggregate structures in
NANOpure water (18 megohm; Barnstead
International, Dubuque, IA) dehybridizes
bar-code DNA from NP-immobilized com-
plements. With the use of the magnetic sep-
arator, we readily removed the aggregate
from the assay solution to leave only the
bar-code DNA, which can be quickly identi-
fied by standard DNA detection methodolo-
gies [e.g., gel electrophoresis, fluorophore-
labeling, and scanometric (24) approaches]
that may or may not rely on PCR (Fig. 1B).

Although gel electrophoresis was routine-
ly used to analyze the results of the assay
(20), in general the scanometric method pro-
vided higher sensitivity and was easier to
implement than the gel-based method. There-
fore, the results of the scanometric assay are
reported herein. In the case of PCR-less de-
tection, 30-nm gold particles were used dur-
ing the detection step instead of 13-nm gold
particles to increase the amount of detectable
bar-code DNA (Fig. 1B, step 2). For bar-code
DNA identification, chip-immobilized DNA

20-mers[5�SH-(CH2)6-A10-CAACTTCATC-
CACGTTCAAC 3�], which are complemen-
tary with half of the target bar-code sequence,
were used to capture the isolated bar-code
DNA sequences, and oligonucleotide-modi-
fied 13-nm gold NPs � [5� GCTAGTGAA-
CACAGTTGTGT-A10-(CH2)3-SH 3�-Au]
were used to label the other half of the se-

quence in a sandwich assay format. Chips
with hybridized NP probes are then subjected
to silver amplification (25), which results in
gray spots that can be read with a Verigene
ID (identification) system (Nanosphere, In-
corporated, Northbrook, IL) that measures
light scattered from the developed spots. Tar-
get PSA concentrations from 300 fM to 3 aM

Fig. 1. The bio–bar-code assay method. (A) Probe design
and preparation. (B) PSA detection and bar-code DNA
amplification and identification. In a typical PSA-detection
experiment, an aqueous dispersion of MMP probes functionalized with
mAbs to PSA (50 �l of 3 mg/ml magnetic probe solution) was mixed
with an aqueous solution of free PSA (10 �l 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 �l of 0.1 M phosphate-buffered
saline (PBS) (repeated twice). The NP probes (for 13-nm NP probes,
50 �l at 1 nM; for 30-nm NP probes, 50 �l at 200 pM), functionalized
with polyclonal Abs to PSA and hybridized bar-code DNA strands,
were then added to the assay solution. The NPs reacted with the PSA
immobilized on the MMPs and provided DNA strands for signal
amplification and protein identification (Step 2). This solution was
vigorously stirred at 37°C for 30 min. The MMPs were then washed
with 0.1 M PBS with the magnetic separator to isolate the mag-

netic particles. This step was repeated four times, each time for 1 min,
to remove everything but the MMPs (along with the PSA-bound NP
probes). After the final wash step, the MMP probes were resuspended
in NANOpure water (50 �l) 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-�l 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.

Fig. 2. Scanometric de-
tection of PSA-specific
bar-code DNA. PSA con-
centration (sample vol-
ume of 10 �l) 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 �l of antidi-
nitrophenyl (10 pM) and
2 �l of �-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).
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were detected with the use of the PCR-cou-
pled approach (Fig. 2). The use of this ap-
proach in a more complicated medium such
as goat serum provided a detection sensitivity
of 30 aM, with clear differentiation from
background signal (fig. S4). The selectivity
for the bar-code DNA sequence was excel-
lent, as evidenced by the lack of signal from
the control spots with noncomplementary
capture DNA [5�SH-(CH2)6-A10-GGCAGC-
TCGTGGTGA 3�] and the observation that
there is little discernible signal when PSA is
absent (Fig. 2).

Importantly, one can eliminate the PCR
step and still obtain a high sensitivity assay
by using larger nanoparticles (30 nm), which
can support larger absolute amounts of bar-
code DNA. With such an assay, it was pos-
sible to detect PSA at 30 aM concentration in
a 10-�l sample (Fig. 2, inset). This substan-
tially simplifies the overall complexity of the
assay and still yields a sensitivity that is five
orders of magnitude greater than the cited
commercial assay sensitivity (19) and two
orders of magnitude greater than that cited for
immuno-PCR on the same target under near-
identical conditions (13).

The bio–bar-code method offers several ad-
vantages over current protein detection meth-
ods. First, the target-binding portion of the as-
say is homogeneous (in the sense that the cap-
ture antibodies on the MMPs are dispersed in
solution as opposed to the flat surface of a
microarray or titer plate). Therefore, we can add
a large quantity of MMPs to the reaction vessel
to facilitate the binding kinetics between the
detection antibody and target analyte. Homoge-
neous mixing makes this assay faster than het-
erogeneous immuno-PCR systems and also can
increase sensitivity because the capturing step is
more efficient (the equilibrium can be pushed
toward the captured protein state by increasing
the concentration of MMP probe, which cannot
be done in the heterogeneous assay). Second,
the use of the NP bio–bar codes provides a high
ratio of PCR-amplifiable DNA to labeling Ab
that can substantially increase assay sensitivity.
Third, this assay obviates the need for compli-
cated conjugation chemistry for attaching DNA
to the labeling Abs. Bar-code DNA is bound to
the NP probe through hybridization at the start
of the labeling reaction and liberated for subse-
quent identification with a simple wash step.
Because the labeling Ab and DNA are present
on the same particle, there is no need for the
addition of further antibodies or DNA-protein
conjugates before the identification of bar-code
DNA. In addition, the bar-code DNA is re-
moved from the detection assay, and direct
detection or PCR is carried out on samples of
bar-code DNA that are free from PSA, most of
the biological sample, microparticles, and nano-
particles. This step substantially reduces back-
ground signal. Finally, this protein detection
scheme has the potential for massive multiplex-

ing and the simultaneous detection of many
analytes in one solution, especially in the
PCR-less form. Although the PSA system is
used for the proof of concept, the approach
should be general for almost any target with
known Abs, and, by using the NP-based bio–
bar-code approach (7), one could prepare a
distinct identifiable bar code for nearly every
target of interest.
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Particle Formation by Ion Nucleation
in the Upper Troposphere and

Lower Stratosphere
S.-H. Lee,1* J. M. Reeves,1 J. C. Wilson,1 D. E. Hunton,2

A. A. Viggiano,2 T. M. Miller,2 J. O. Ballenthin,2 L. R. Lait3

Unexpectedly high concentrations of ultrafine particles were observed over a
wide range of latitudes in the upper troposphere and lower stratosphere.
Particle number concentrations and size distributions simulated by a numerical
model of ion-induced nucleation, constrained by measured thermodynamic
data and observed atmospheric key species, were consistent with the obser-
vations. These findings indicate that, at typical upper troposphere and lower
stratosphere conditions, particles are formed by this nucleation process and
grow to measurable sizes with sufficient sun exposure and low preexisting
aerosol surface area. Ion-induced nucleation is thus a globally important source
of aerosol particles, potentially affecting cloud formation and radiative transfer.

Atmospheric aerosols affect climate direct-
ly by altering the radiative balance of the
Earth (1) and indirectly by acting as cloud
condensation nuclei (CCN) (2), which in

turn change the number and size of cloud
droplets and the cloud albedo. Homoge-
neous nucleation (HN) (formation of solid
or liquid particles directly from the gas
phase) is an important source of new par-
ticles in the atmosphere (3, 4 ), but the
process is poorly understood and alone is
unable to explain the observed particle for-
mation. Homogeneous nucleation includes
binary homogeneous nucleation (BHN) of
sulfuric acid–water (H2SO4-H2O) (3, 4 )
and ternary homogeneous nucleation
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