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Herein we report the development of a simple, rapid,
homogeneous, and sensitive detection system for DNA
based on the scattering properties of silver-amplified gold
nanoparticle probes. The assay uses DNA-functionalized
magnetic particle probes that act as scavengers for target
DNA, which can be collected via a magnetic field. Once
the DNA targets are isolated from the initial sample, they
are sandwiched via hybridization by a second set of
probes. The latter probes are 13-nm gold nanoparticles
modified with a different target complementary DNA.
Excess probes are removed through repetitive washing
steps. The gold particles are dispersed in solution by
dehybridization, corresponding to an assumed 1:1 ratio
with the target DNA. Electroless deposition of silver on
the surface of the gold probes results in particle growth,
which increases their scattering efficiency with time. The
scattering efficiency and the extinction signatures of the
particle sizes are monitored as a function of time and
correlated with target concentration. The limit of detection
for this novel assay was determined to be 10 fM.

There are now a variety of methods for detecting nucleic acids.!
These include techniques based upon fluorescence,?=> radioactiv-
ity,6 the quartz crystal microbalance,”® Raman spectroscopy,’
colorimetry,1°~12 and electrochemistry.!314 In most cases, molec-
ular probes are used to label the target molecule of interest, in a
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manner that provides suitable readout. Recently, there has been
significant interest in using nanoparticle probes as alternatives to
molecular ones. Gold nanoparticles’® 19 and quantum dots®# have
been a major focus of study in this regard. Gold nanoparticles, in
particular, when heavily modified with thiolated oligonucleotides,
exhibit target binding properties that translate into selectivity
advantages and catalytic properties that lead to sensitivity en-
hancement when compared to molecular probe analogues of the
same sequence.?22 These types of probes have led to chip-based
sandwich assays for DNA, which rely on the scattering,?-2
absorbance,!15 conductivity,? or spectroscopic signatures? of the
metal particle probes. Some of these assays now rival molecular
fluorophore probe-based PCR assays in terms of sensitivity2’-2)
and have been shown to be capable of identifying and differentiat-
ing single-nucleotide polymorphisms in genomic DNA targets
without the need for enzymatic amplification.?05!

Relatively little has been done to evaluate the potential of using
gold nanoparticle probes for homogeneous detection formats (i.e.,
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Scheme 1. Homogeneous Detection of DNA?
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2 Magnetic microparticle probes capture target DNA. Gold
nanoparticle probes hybridize to a different portion of the target
sequence. A bar magnet localizes the target probe sandwich
complexes. Unbound gold particles are removed by washing.
Dehybridization of the gold particles from the sandwich complex
followed by silver deposition on the gold particles provides
amplification and straightforward detection by the naked eye, and
absorbance measurement or a light scatter measurement. Se-
guence information: Au NP, (5'-HS-(CH2)6-A10-PEG1s-CTT GAC
TTT GGG GAT TGT AGG-3'); DNA target, (5'-ATT TTC GGG
TTT ATT ACA GG-PEG;5-CCT ACA ATC CCC AAA GTC AAG-
3'); MMP, (5'- NH2-(CH_)6-A10-CCT GTA ATA AAC CCG AAA AT-
3').

in solution and not on a chip). In fact, only two general solution-
based approaches have been taken. One involves the use of the
intense surface plasmon resonance of DNA-functionalized gold
nanoparticle probes and their aggregate size-dependent resonance
shifts as indicators of DNA hybridization.!! This approach offers
a target sensitivity limit in the high picomolar (1072, pM) to low
nanomolar (109 nM) concentration range.!! More recently,
variants of it have been used to screen a variety of DNA binding
molecules and enzyme inhibitors.32-3¢ Another more sensitive
approach uses the increased scattering efficiency of nanoparticles
immobilized on a surface allowing for DNA detection at concentra-
tions as low as 100 aM.2>3035 In this report, we present a new
homogeneous detection method that uses gold nanoparticle
probes in solution, as diagnostic surrogates for nucleic acid targets
that is simple, quantitative, and inexpensive (Scheme 1). Solution-
phase growth of the gold nanoparticle probes through electroless
deposition of silver results in an increase of the particle size, which
scales with light scattering efficiency.? The results of the assay
can be measured and quantified with a UV—visible spectrometer
and, in some cases, visually monitored with the unaided eye.

EXPERIMENTAL SECTION
Chemicals and Materials. Nanopure water (18 MQ; Barn-
stead International) was used in all experiments and to prepare
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all buffers. All commercial reagents were used as received unless
otherwise noted. The DNA strands were purchased from Inte-
grated DNA Technologies, Inc. and were HPLC purified prior to
use. Citrate-stabilized Au NP probes (13-nm diameter’”) were
prepared following standard literature procedures.3® Magnetic
microparticle probes (MMPs) were prepared from tosyl-activated
magnetic beads (2.8 um, concentration = 2 x 10° beads/mL,
Dynal Biotech/Invitrogen Corp., Dynabeads M-280) using the
manufacturer’s protocol (3 ug of DNA was used to modify 107
particles).

Methods. In a typical experiment, 25 uL of prerinsed MMPs
(5 mg/mL) and 25 uL of phosphate buffer saline (0.1 M NaCl in
0.01 M of sodium phosphate buffer, pH = 7, denoted PBS unless
otherwise stated) were mixed in a 1.5-mL microcentrifuge tube
(Ambion Inc., RNAse/DNAse free, nonstick). Following addition
of 10 uL of nucleic acid target sample at designated concentrations
over the 1 fM—10 nM concentration range, the solution was
vigorously stirred at 37 °C (New Brunswick Scientific, Incubator
12400) for 30 min, with care not to allow settling of the magnetic
microparticles. A bar magnet was used to magnetically attract the
MMPs to the reaction sidewall, allowing for repeated washing with
PBS (3 x 50 ul). The MMPs with captured target were
redispersed in PBS (25 uL), and oligonucleotide-modified gold
nanoparticle probes (Au NPs) were then added to the test solution
(25 uL of 5 nM 13-nm-diameter particles). The solution was
vigorously stirred at 37 °C for 30 min, in order to allow
hybridization between the captured target, MMPs, and the Au
NPs. The sandwich complexes were then magnetically separated
and washed four times with 50 uL of PBS buffer. Water (100 uL)
was added to the test solution, and the sample was vigorously
stirred at 50 °C for 10 min allowing for full dehybridization of the
Au NPs from the magnetic microparticles and target. A bar magnet
was used to separate the free MMPs from the supernatant with
the Au NPs.

Finally, silver amplification solution (40 uL, Ted Pella Inc.) was
added to the collected supernatant, which resulted in silver
deposition on the surface of the Au NPs, with a rate dependent
on the Au NP concentration. Negative control samples were
obtained from assays carried out in the absence of nucleic acid
target. Immediately after the addition of the silver amplification
solution, droplets (20 uL) of the reaction were pipetted onto a
microscope slide (Fisherbrand, Frosted Microscope slides, pre-
cleaned) and positioned in the holder of a white light waveguide
source (Fiber Lite, PL 750) for data acquisition. The scattering
images of the droplets were captured at different times using a
digital camera (Sony CyberShot DSC-W1, 5.1 Megapixel).

The hydrodynamic radius of the growing particles in solution
was also investigated as a function of time using a dynamic light
scattering instrument (Malvern Instruments, Zetasizer Nano ZS).
The DLS sample consisted of 100 uL of gold nanoparticle probes
(10 nM), 700 uL of water, and 200 uL of silver staining solution
(final Au NP concentration 1 nM). The nanoparticles that were
isolated following magnetic separation from the DNA assay (100
ul) were diluted to 500 uL with water, silver amplification solution
(200 ul) was added, and UV—vis spectra were collected as a
function of time. UV-—vis spectra (Hewlett-Packard 8452a)
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Figure 1. Optical images of droplets consisting of various initial Au nanoparticle concentrations that grew into larger particles following silver
amplification. Images on the left were taken after 2 min of amplification, while images on the right were obtained after 10 min of amplification.

were also collected from standard diluted samples in addition to
the Au NPs released in the assay in order to track extinction at
450 nm as a function of particle size.

An alternate, high-throughput method for carrying out the
signal transduction involved pipetting the Au NP solutions (60
ul) into the wells of a microplate prior to silver enhancement
(Corning Inc., 96 well 1/2 area, Costar). Simultaneous addition
of 40 uL of the silver amplification solution to each well was carried
out with the aid of a multichannel pipet (Fisher Scientific,
Finnpipette II). The extinction at 450 nm from each well was
followed as a function of time using an absorbance plate reader,
until the solution in each well became opaque (Molecular Devices,
SpectraMax 190). In addition, the silver amplification of 1 nM gold
particles was followed in a 1-mL quartz cuvette using a UV—vis
spectrophotometer. It should be noted that the two UV-—vis
experiments (Figure 3A/B) have not been standardized to a 1-cm
path length.

Electron microscopy images of silver-deposited seeds were
obtained with a Hitachi H-8100 TEM. Extinction spectra (used to
calculate gold nanoparticle and nucleic acid concentrations) were
recorded using a diode array spectrophotometer (Hewlett-Packard
8452a). The concentrations of DNA solutions and gold nanopar-
ticle probes were calculated using Beer’s law, with obtained
extinction spectra, using the extinction coefficients for each strand
(see: http://www.basic.northwestern.edu/biotools/OligoCalc.ht-
ml) and 13-nm gold NPs (eans® = 2.7 x 108), respectively.

Safety Considerations. To the best of our knowledge, this
assay presents no serious hazards, though caution should be taken
to avoid skin and eye contact with the silver enhancement solution.
In addition, when the assays are used in conjunction with unknown
biological samples, all proper government safety protocols should
be followed.

RESULTS AND DISCUSSION
In a typical assay, DNA-modified magnetic microparticles were

added to the sample solution in order to hybridize and capture
DNA targets, Scheme 1. The captured DNA target—MMP
complexes were isolated with a bar magnet, and nanoparticle
probes complementary to a different region of the target were
added. This resulted in the sandwiching of the DNA target
between the magnetic and gold particle probes according to
previously reported procedures.®® Following target capture, the
sandwich structures were isolated using a magnetic field and then
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washed with buffer to eliminate any unbound gold nanoparticle
probes. Pure water was added to the reaction vessel (an Eppendorf
tube) to resuspend the target—probe sandwich complexes, and
the mixture was heated to 50 °C to facilitate dehybridization of
the duplexes into their single-strand forms (the duplex maintains
a high local salt concentration, due to the previous ionic condi-
tions). A magnet was then used to separate the magnetic particles
from the gold nanoparticle probes and target. Following dehy-
bridization of the complexes, the number of nanoparticles was
assumed to be equal to the number of target nucleic acid strands
captured. This assumption is reasonable, since there is a sub-
stantial excess of capture sequences on the magnetic particles
(102) as compared to the total number of targets (e.g., at 10 fM,
there are ~10° target copies). Since there is an abundance of gold
nanoparticle probes (8 x 101, the probability of a single gold
particle sandwiching multiple targets is negligible. Finally, the
colorimetric signature and light scattering capabilities of the gold
nanoparticle probes were amplified by the addition of an Ag*™/
hydroquinone solution, which results in the deposition of Ag® on
the Au nanoparticle probes in solution. This deposition and growth
process is easily monitored using a variety of techniques, including
visual readout, UV—vis spectroscopy, and dynamic light scattering.

In order to optimize the assay, it was important to study the
silver amplification of gold nanoparticle probes in solution under
controlled conditions to evaluate how they might affect the
dynamic range, detection limit, time, and readout of the assay.
The scattering amplification can be qualitatively assessed with the
naked eye by monitoring the conversion of the test solution from
a transparent state to a cloudy gray color. At higher nanoparticle
concentrations (greater than 1 nM), this appears as a red to gray
transition because of the intense plasmon band of the dispersed
gold nanoparticles at 520 nm. A more quantitative way to monitor
the change in the scattering of the solutions is to pipet ~10 uL of
each particle suspension onto an unmodified microscope slide that
can be used as a waveguide for white light. The degree of light
scattering as determined by the color or intensity of the spot
provides a quick and easy way to estimate the nanoparticle
concentration (Figure 1). For example, at 100 pM Au NP
concentration after 2 min of silver development, the solution
appears pale blue. Above 100 pM, the solution concentrations
become difficult to differentiate from each other as they are
saturated and scatter white light. For nanoparticle concentrations
below 100 pM, the solutions enhanced for 2 min appear as
differing shades of blue. For some Au NP concentrations (<1 pM),
2-min amplification time is not sufficient to generate detectable
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Figure 2. Dynamic light scattering results monitoring the growth of
13-nm Au nanoparticles after an excess of silver amplification solution
was added to the solution.

scattering (Figure 1, left panel). However, if the reaction is allowed
to proceed for 10 min, 1 pM, 100 fM, and 10 fM provide a
scattering signal that can be easily differentiated with the naked
eye from background (Figure 1 right panel). There are a couple
of interesting assay readout features that depend upon amplifica-
tion time worth noting. For the assay with 2-min amplification
times, there are intensity differences depending upon initial
nanoparticle concentration. At higher particle concentrations (1—
10 nM), amplification results in a collection of particles that scatter
white light (leftmost region, left panel, Figure 1). This is a false
color effect from the camera due to an extended exposure time.
With the naked eye, solutions at high concentrations appear bright
blue/gray. At intermediate and lower concentrations, the scatter-
ing appears blue to the naked eye. In order to observe particle
concentrations below 1 pM, 10-min amplification times were
required. Interestingly, in this concentration range, the particles
must grow considerably larger before they scatter enough light
to be observed with the naked eye. This method allows for an
estimation of target concentration based upon color that can be
discerned with the naked eye.

To prove that the gold nanoparticles were indeed growing in
size, the hydrodynamic radius of the Au NPs was monitored by
DLS. The data show that upon addition of the silver amplification
solution the hydrodynamic radius of the particle changes from
~18 to ~40 nm (Figure 2). This process occurs over the first few
seconds of the amplification step. The particles keep growing over
a 10-min period until they are ~0.7 um in diameter. The particle
sizes were independently confirmed by TEM (insets, Figure 2).
Under these conditions, the readout method has limited use with
particles larger than ~0.7 um due to limitations of the DLS
instrument, interference from the large particles that render the
solution opaque, and particle instability making DLS poorly suited
for quantification.

For applications requiring rigorous quantification, UV—vis
spectroscopy can be used to measure the relative extinction
intensities of the amplified particles. To evaluate the quantitative
capabilities of this detection system, we studied solutions that
spanned the 10 nM—1 fM concentration range (Figure 3A). The
UV—vis spectra show that the plasmon band for the 13-nm Au
nanoparticles (spectrum 1) disappears almost immediately upon
addition of the Ag amplification solution. The resulting silver-
coated gold nanoparticles continue to grow, with a characteristic
band at 450 nm increasing in intensity and broadening, in part,
due to particle light scattering.40:41
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Figure 3. (A) Extinction spectra following the growth of Au NPs.
(B) Plot of extinction intensity at 450 nm as a function of time for
various initial concentrations of Au nanoparticles. Note: the decreas-
ing intensity at the highest Au NP concentration, postamplification,
is due to particle settling. The concentrations shown above are (top
to bottom: 10 nM, 1 nM, 100 pM, 10 pM, 1 pM, 100 fM, 10 fM, no
particles).

Interestingly, a dilution series of the Au nanoparticles spanning
the range from 10 nM to 1 fM shows that the rate of particle
growth is highly dependent on the initial particle concentration
(Figure 3B). The extinction maximum at 450 nm in the spectrum
for the different nanoparticle concentrations levels off at different
intensities and over different time scales. By UV—vis spectroscopy,
the maximum extinction values are attained as soon as 8 min after
the addition of the silver amplification solution for a 10 nM solution
of Au NPs and as long as 30 min for a 10 fM solution of particles.
An innovative aspect of this method is the use of maximum
extinction to quantitatively detect Au NPs at concentrations as
low as 10 fM. One can simply look at the spectra in Figure 3B
and see that the end points as determined by extinction leveling
are quantitative indicators of particle concentration.

After gaining an understanding of the Kkinetics of silver
enhancement, particle limits of detection (LODs), and readout
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options, we evaluated the assay in the context of DNA detection.
A dilution series of nucleic acid targets, comprising sequence
sections that were identified as conserved areas of the HIV-2 virus,
were isolated and analyzed following Scheme 1 and as described
above. An amplification time of 30 min was employed to obtain
maximum extinction intensities from each sample (Figure 4).
Under these conditions, the assay has an LOD of 10 fM and a
linear range from high femtomolar to low nanomolar. To detect
unknown target concentrations with this method, a standard curve
(a general research tool for quantitative analysis of unknown
concentrations) would need to be used. Though this detection
method is not as sensitive as the recently developed bio-barcode
assay**42~# due to the lack of the amplification step resulting from
the oligonucleotide substitution for the initial target, it does have
some highly significant and useful attributes. It has a convenient
colorimetric readout, is highly reproducible and rapid, does not
require microarray components (which lowers the total cost
substantially), and exhibits a sensitivity great enough for various
applications where PCR would not be necessary.*~4
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Figure 4. Detection results for DNA target concentrations in the

10 fM—1 nM range.

CONCLUSIONS

A novel way of quantitatively detecting nucleic acids has been
developed. The method is straightforward to implement and offers
an LOD of 10 fM. Importantly, it can be read out qualitatively
with the naked eye or quantitatively with a low-cost absorbance
device. These attributes make the technology very attractive for
mobile and point-of-care uses.!934849 Sjgnificantly, in principle,
the concept can be easily extended to other analytes such as
proteins, certain metal ions, and small molecules that can be
sandwiched with gold nanoparticle probes modified with the
appropriate recognition agents.?05152 Efforts in this direction are
underway.
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