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We report herein a nanoparticle-based methodology for detecting DNA in solution using inductively coupled
plasma atomic emission spectrometry (ICP-AES) as a readout tool. This represents the first homogeneous solution
assay of biologically significant targets by employing ICP-related techniques. Two types of particles are
employed: silica nanoparticles or gold nanoparticles functionalized with oligonucleotides that are capable of
hybridizing with half of the target DNA sequence as signal readout components, and magnetic microparticles
functionalized with oligonucleotides that are capable of hybridizing with the other half of the sequence as capture
components. In the presence of target DNA, three components form typical sandwich structures, and the application
of a magnetic field could effectively separate them from the rest of the solution. Subsequent application of ICP-
AES effectively provides an inorganic elemental readout for the diagnosis of target DNA.

Introduction voltammetry on the heavy metals, for the detection of DR
One limitation is that only a selected number of elements could

The past decade has witnessed significant progress in thebe utilized for simultaneous coding purposes. In contrast, ICP
controlled synthesis of nanoparticles (NPs) in a monodisperseis a well-established atomization, ionization, and excitation
format with varied shapes, sizes, and compositions. Methodssource that is used in combination with either AES or mass
for preparing and handling NFbiomolecule conjugates have  spectrometric (MS) detection for trace elemental analysis. ICP
also advanced to a stage where stable probes could be fabricatedlas a much higher resolution in principle, allowing a vast
on a routine basis.These developments have contributed to majority of elements to be detected in a sequential and
the emerging exploitation of NPs in molecular diagnostics and simultaneous mode. The Zhdf@nd Baranot? groups devel-
biomedical research, in many ways complementing the tradi- oped an immunological method for the detection of proteins
tional methods. DNA detection is central to the diagnosis of based on ICP-MS. The Merkbgroup used ICP-MS for the
genetic and pathogenic diseases and has benefited tremendousiynmunoassay of peptide-conjugated DNAwhich required a
from the advances. Thus far, detection methods employing NPsproper peptide sequence that was covalently linked with DNA
as probes, such as colorimet#ié, fluorescencé;® resonant  and the use of antibodies. Moreover, their methods were
light-scattering’®!! scanometrié? and Raman spectroscopy, invariably based on the capture of NP probes onto a planar
have been based mostly on the unique physical propertiessubstrate, either a nitrocellulose membrane or a 96-well micro-
associated with NPs themseléJhese strategies have afforded tjter plate.
hlghly_ selective gnd sensitive DNA assays that are derived from  |~p_AES is one of the most commonly employed techniques
superior properties associated with the NP-labeled DNA (€.9., ¢ glemental analysis. Its high specificity, multi-element
sharp melting transitions and signal amplification through bio- .5 nahility and good detection limits result in the use of the
barcoding). However, challenges remain: for example, many yochnique in a large variety of applications. The instrument

gf these Imgthgdisyﬁerffrct)]m !'m;te.d multlpIeX|:?)g .capablllgles measures characteristic emission spectra by optical spectrometry.
ue to a limited choice of physical signatures, albeit a combina- 5 plasma source is used to dissociate the sample into its

tlontotth Ps vt\;||th d'sct:'lqd pro;l)emestcould occtz?lsml)n?lly |C|rcumt- | constituent atoms or ions, exciting them to a higher energy level.
ven e_tpro e?' emtlcat_ Sl'lgnituref‘_’ parltlcu a:_y etenE)eI\TAa They return to their ground state by emitting photons of a
compositions, offer a potentially attractive aiternative to characteristic wavelength depending on the element that is

detection by p'roviding a direct, m.ultiplexable in p.rinciple, facile present. This light is recorded by an optical spectrometer, and
read(_)ut. Hereln_we report a SQIUt'On DNA sandw_|ch assay .basedthe technique provides a quantitative analysis of the original
on oI|gonucleot|de-funf:t|ona_l|zt_ad NP probes using inductively sample by calibrating against standards. ICP-AES remains a
fﬁ;?;%g&?srg?fgﬁmlc emission spectrometry (ICP-AES) as competitive analytical tool in certain aspects compared with ICP-
. P i . . MS. For example, much more standard methods are adopted
Prior to this work, the Wang group used Inorganic nanoc_rys_,tal by ICP-AES, and high spectral resolution helps eliminate
tracers as electrochemical tags, by carrying out stripping jnierelement interference. Further, mass effect and isotope
‘ interference do not exist in the ICP-AES system. This analytical
* Corresponding author. Phone:86 25-8368-6291. Fax+86 25-8331-  too] thus far hasn’t been exploited in the DNA detection arena.
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Scheme 1. Sandwich-Type Assay for DNA Detection Table 2. Oligonucleotide Sequences and Modification
target DNA1 5'-GGATTATTGTTAAATATTGATAAGGAT-3
s Q:}if”' capture DNA2 5'-ATTTAACAATAATCCAAAAAAAAAA-SH-3'
H??f:r capture DNA3 5'-HS-AAAAAAAAAAATCCTTATCAAT-3'
P random DNA4 5'-TAGGAATAGTTATAAATTGTTATTAGG-3
Target DNA Silica-NP ]')Tobe paSSiVatiOrl DNA5 5'-HS-AAAAAAAAAA-3'
s
5 é instrument. Transmission electron microscopy (TEM) was performed
Z | s on either a JEOL JEM-1230 or JEOL JEM-200CX facility.
= J“?Eﬁ;m Materials. m-MaleimidobenzoyN-hydroxysuccinimide ester (MBS),
% and succinimidyl 44-maleimidophenyl] butyrate (SMPB) were ob-
Silver tained from Pierce Biotechnology Co. Tetraethyl orthosilicate (TEOS,
Lf}gﬁj}cnhanccmcnt { 98%), 3-aminopropyltrimethoxysilane (APTMS, 97%), and silver
J?ﬁ"‘.{ - enhancement solution were purchased from Aldrich Chemical Co.
Sodium phosphate dibasic anhydrousA#RO4, traceselect 99.99%),
sodium dihydrogen phosphate anhydrous (BR®H, traceselect
99.0%), and sodium chloride (NaCl, traceselec®9.99%) were from
b,f’&é%r\‘rf Fluka Chemical Co. Amino-functionalized MMP solution (Dynal
v}f!\j 4 Biotech Co., Dynabeads M-270 Amine) was commercially available
ﬁj ?L from Invitrogen Co. HAuC}4H,O (99.9%) was from ShangJuly
MMP ‘probe Silica-NP probe Au-NP probe Chemical Co., Ltd. All oligonucleotides (Table 2) were synthesized
and purified by Sangon, Inc. (Shanghai, China), and their concentrations
Table 1. Operating Conditions of JY 38 S ICP-AES were quantified by optical density (OD) at 260 nm. Capture strands
radlio frequency powder 900 W DNA2 and D'NA3,are thlolated_ ollgonuc_leotldes with ar(A)10—

} spacer at the'3r 5 end, respectively, which complement half of the
operating frequency 40.68 MHz . S
focal lenath im target sequence of DNAL. DNA4 is a random sequence, which is not

' 1eng _ cognate to either DNA2 or DNA3. DNAS5 is a thiolated DNA for
grating 4320 grooves mm~1 o - I
. ) . passivating particle surfaces. Nanopure water (18-&n) purified
practical resolution ratio 0.005 nm g . )
S by a Sartorius Arium 611 system was used throughout the experiment.
coolant argon flow 12 L min~?1 ) . . . .
- o Preparation of Modified Silica NPs. First, ~400-nm monodisperse
auxiliary argon flow 0.3L min?t - . & Bri
fing gas 0.2 L min-1 silica NPs were prepared by the'B&w method?! Briefly, 50 mL of
coa ) 0.9 M TEOS in absolute ethanol was added dropwise to a solution
wavelengths range 165—800 nm -~ .
lenaths for Si 251 611 consisting of 100 mL of absolute ethanol and 44 mL of ammonia- (28
wavelengins for Sl ' nm 30%) under vigorous stirring. The reaction was allowed to continue
wavelengths for Au 242.795 nm

detection limit 0.01-0.1 L1 for 12 h at room temperature. Second, silanization of the silica NPs
etection fimits ' Sugm with APTMS was performed. To achieve this, 500 of APTMS was
RSD <2% - . X . ; . .
injected into the first reaction vessel, and the mixed solution was stirred
for 12 h. The resulting APTMS-modified silica NPs were washed six

- - : - : times with ethanol by centrifugation, decanting and redispersing in
established in a variety of bioconjugates. Therefore, we chose . ; :
y 119 ethanol. Afterward, the powder was dried overnight at 1082 Third,

silica NPs and Au NPS two of the r.epresentatlve N.PS' as pr.ObeSthe NPs were modified with an MBS cross-linkérAnhydrous

to evaluate the feasibility of detecting target DNA in a solution o L )

f t Ami dified fi . ficl MMPS) f acetonitrile (2 mL) containing 0.00086 g of MBS cross-linker was added
prma_. mlr_lo-mo me magf‘e ic microparticles ( s) func- to 10 mg of APTMS-modified silica. The reaction was allowed to
tionalized with DNA were utilized to capture and separate target

. A A - proceed fo 1 h atroom temperature under constant vortex and then
DNA, which then underwent further hybridization with silica- | iate for 11 h. Finally, the particles were centrifuged, and the

or Au-NP probes in solution (Scheme 1). The captured NP gnematant was decanted, washed twice with acetonitrile, washed once
probes were then subjected to ICP-AES for elemental readout.yjth coupling phosphate-buffered saline (PBS) buffer 1 (1 M NaCl,
Our solution assay offers, in principle, faster target-binding 10 mM sodium phosphate, pH 7.0), and dried overnight a0
kinetics than the planar substrate format because of the(MBS—APTMS—silica).
homogeneous nature of the target-capture procedure. Silica-NP Probes.Target-binding DNA1-modified silica-NP probes
were synthesized by adding 1 OD of DNA2 to a solution containing
2.3 mg of MBS-APTMS—silica in coupling PBS buffer 1, and the
Experimental Section final concentration of the DNA2 was 34M. The reaction between
the maleimide group and the -SH group of the DNA2 was allowed to
Instrumentation. A mono-channel scanning ICP-AES (model JY  proceed for 10 h under rotation. After reaction, the particles were
38 S, France) was used for this experiment. The optimal operating centrifuged and decanted, followed by washing three times with
parameters for the instrument are summarized in Table 1. The detectioncoupling PBS buffer 1. The excess maleimide groups were passivated
limits of this apparatus are 0.0@@/mL for silicon element, and 0.001  with 1 mL of 7.2uM thiolated-A10 DNAS in coupling PBS buffer 1.
wg/mL for gold element. For detection values in micrograms per gram, The resulting particles were washed with coupling PBS buffer 1 three
we assume that one gram of the solution equals one milliliter. Prior to times and finally redispersed in 2 mL of PBS buffer 2 (0.2 M NacCl,
the analysis of Si, solutions of calibration verification standards, 10 mM phosphate buffer, pH 7.2). We estimated the DNA density by
containing 0, 3, 6, and 10g/g Si were used for the calibration and to  measuring the decrease in the absorbance of supernatant at 260 nm
establish a linear relationship. For Au, solutions containing 0, 1, 2, after the modification of particles, which was used to calculate the total
and 5ug9/g Au were used. Time-resolved Fourier transform infrared amount of DNA that was loaded onto the particle surface. There are,
(FT-IR) spectroscopy was recorded on a Bruker IF 66/S facility, and on average, 5.% 10° DNA2 strands per silica NP.
ultraviolet-visible—near-infrared (UV-vis—NIR) extinction spectro- Au-NP Probes (13 nm).Au NPs with an average diameter of 13
scopy measurement was carried out on a Perkin-Elmer Lambda 35nm were synthesized by the citrate reduction of HAUECIAU-NP CDV
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probes were prepared according to a slightly modified procedure in
the literature. Briefly, 100uL of 34 uM thiolated target-binding DNA2
was incubated in 2 mL of 13 nm Au-NP solution17 nM). After
standing for 16 h, the solution was brought to 0.1 M NaCl, 10 mM
phosphate buffer (pH 7), in a stepwise manner with 0.3 M NaCl, 30
mM phosphate buffer (pH 7), and allowed to age for 40 h. Excess
reagents were removed by centrifugation at 14 000 rpm for 25 min.
Finally, the red oily precipitate was washed by centrifugation and then
redispersed in 2 mL of buffer (0.2 M NaCl, 0.01% tween 20, 10 mM
phosphate buffer, pH 7.2). a
MMP Probes. Amino-functionalized MMPs (2.8im, with poly-
styrene coating) were modified withH-ghiol-terminated DNA3 using 4000 3500 3000 2500 2000 1500
a method developed by the Mirkin grog&pThe process is described Wavenumber / cm‘l
as follows: MMPs (30QuL, 30 mg mL™*) were washed three times  Figure 1. IR spectra of silica NPs after each modification step: (a)
with 300 uL of anhydrous dimethyl sulfoxide (DMSO), and then  neat silica NPs, (b) after modification with APTMS, and (c) after further
redispersed in a solution of SMPB (1 mg) in anhydrous DMSO (100 modification with MBS.
uL). The suspension sealed with foil and Parafilm was allowed to vortex
for 30 min and rotate for another 12 h at room temperature. After enhancement solution (1Qf. of silver enhancement solution A and
reaction, the beads were magnetically separated and washed three times00 xL of silver enhancement solution B), followed by vortex for 2
with anhydrous DMSO (30@L) and then twice with coupling PBS ~ min. Then the unreacted silver enhancement solution was removed by
buffer 3 (0.15 M NaCl, 0.1 M sodium phosphate, pH 7.0)Thiol- placing the reaction vessel on a magnet separator for 1 min. Finally,
terminated DNA3 (10Q.L, 39 mM) was then added to the MMP wet  before introduction into the ICP, the resulting system was washed six
cake. After reaction for 10 h under rotation, the MMPs were washed times with 0.3 M PBN and dissolved by 1 mL of 0.1% aqua regia
three times with coupling buffer 3. The resulting MMPs were passivated solution (prepared by mixing concentrated nitric acid and concentrated
with 100uL of 72 uM thiolated-A10 DNA in coupling buffer 3 for 10 hydrochloric acid in a volumetric ratio of 1:3) in nanopure water.
h and washed three times with PBS buffer 2. Finally, the DNA3- and
DNA5-modified MMPs were redispersed in 2 mL of assay buffer (0.2 ) )
M NaCl, 0.1% tween 20, 10 mM phosphate buffer, pH 7.2), and stored Results and Discussion
at4°C. There are, on average, 2.685.0° DNA3 strands per particle. ) . N N
Detection with Silica-NP Probes.The assay was conducted by a Preparation of Mo_d'f'e,d SII[Ca NPs. S,'l'ca NPs We.re
typical procedure of three-component sandwich assay format. Threeemployed as probes in this typlcgl_s_,andWICh-type experiment.
methods-direct sonication (1), acid dissolution (2), and high-temper- Silic@ NPs were chosen for the initial proof-of-concept dem-
ature release (3)were employed in this experiment before the solution Onstration here because they are accessible in macroscopic
of MMPs with target-linked silica NPs was introduced into the ICP quantities and in monodisperse form. Moreover, methods exist
system. Initially, 30uL of target DNA1 solution was added to MMp  for facile incorporation of other types of NPs and therefore
probes (50uL). The mixture was warmed to 4%C and allowed to ~ chemical coding elements into silica NPsTo prepare the
stay for 30 min, then rotated f@ h at 25°C. After the reaction was ~ probes, amino groups were first introduced onto the surface of
completed, the MMPtarget complexes were separated on a 12-well- silica NPs with APTMS. The APTMS-functionalized silica NPs
plate magnet separator (Promega Co.) and washed three times withwere then activated with a heterobifunctional cross-linker (MBS)
the assay buffer. The resulting MMfarget complexes were redis-  that containdN-hydroxysuccinimide ester and maleimide groups.
persed in the 5@L of assay buffer, followed by the addition of 2@ The various heterobifunctional cross-linkers that are adopted
of silica-NP solution. After hybridization for 2 h, the system was washed in the surface modification perform differently in different
six times with assay buffer as described before. In method 1, the final chemical environments and substrate surfaces. No single cross-
washed system was redispersed in 1 mL of nanopure water by Jinker excels in all aspects. As a result, the choice of a cross-
SOnicatiOn, followed by introduction into ICP. In method 2, before |inker for a partlcular Substrate |S |arge|y a tria|_and_error
introduction into ICP, 10Q:L of hydrochloric acid was added to the process. We chose MBS for the modification of silica NPs by
final washed system in order to dissolve the MMPs, followed by dilution following an optimized method developed by Jin et®ilica
to 1 mL with nanopure water. In method 3, the final washed system \pg after this step possessed maleimide-exposed chain ends for
was redispersed in 2Q@. of nanopure water, followed by heating at  ¢;rther modification with the sulfhydryl groups on thiolated
80 °C for 5 min, and then sonicated at 80 for 10 min to ensure oligonucleotides to form stable thioether bonds. The modifica-
effective release of the silica NP. Before measuring the signal of 5|I|<_:on, tion of silica NPs with APTMS has been reporfédyherein
removal of all of the MMPs by a magnetic separator from solution an anhydrous toluene solution of APTMS was reacted with the

was performed. This high-temperature release step was repeated twa p red silica NPs. However. no IR signatur iated
more times to completely collect the silica NPs that were linked to as-prepared stiica S. However, ho sighaiures associate

MMPs through target DNA. The whole solution (62Q) of released with —CH, were observgd. As a result, .yve modlfled_the
silica NPs was diluted to 1 mL by nanopure water for detection. procedure by directly adding APTMS to the Beo system, in

Detection with Au-NP Probes.The procedure for detecting target the p_reserl_ce of ammonia and e.thanOL _The IR SPeCtra of
DNAL1 in solution by Au-NP probes was similar to that by silica-NP mOdIer'd Sl.hca NPs before the loading of oligonucleotides a.re
probes. After completing the preparation of MMERrget complexes _shown in Figure 1. The signature pegks marke_d by th? asterisks
as well as washing three times with assay buffer,b00f Au-NP !n t_he _IR spectra compargc_i W(,e” W't_h those in the literature,
probes was added to the above MMRrget conjugates, which were  Indicating successful modification with APTMS and MBS.
redispersed in 5@L of assay buffer. The mixture was hybridized for ~ IN @ddition, the control experiment carried out in the absence
2 h under rotation at room temperature, followed by washing six times ©f APTMS did not yield silica NPs with aCH; IR signature,
with phosphate-buffered nitrate (PBN) buffer (0.3 M Nadl®0 mM confirming that—CH, came from surface-anchored APTMS
phosphate buffer, pH 7.0). Silver enhancement solution was used ininstead of incompletely hydrolyzed TEOS.
this experiment to compare the results of the assay by color discrimina-  Assay with Silica-NP ProbesThe reason 400-nm silica NPs
tion. The final washed system was exposed to 2Q0of silver were chosen is based on the following considerations: alth%@{}

Absorbance
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Figure 2. TEM images of the sandwich structure formed by silica
NPs and MMPs linked with DNA1.

B

silica NPs of smaller diameters exhibit better dispersibility, they
could only allow limited signal amplification, while larger silica

e

NPs would result in poor dispersibility and therefore poor =
binding kinetics. In our assay system, we utilized MMP probes =)
as a convenient handle for facile separation of target DNA and, 2 0
further, capturing silica NPs for the ICP-AES readout. A DNA B

sequence, DNAL, which is associated with the anthrax lethal
factor, was chosen as the target for the first set of experiménts.
To evaluate the feasibility of this assay format, we first 0.
investigate the formation of a sandwich structure comprised of
MMPs and silica NPs by TEM. Consistent with our expectation,
in the presence of target DNA, silica NPs formed satellite-like
structures surrounding MMPs in solution (Figure 2). The
nonuniform coating of silica NPs on the surface of an MMP is
largely due to the less favorable binding kinetics derived from
two factors: (1) the large size of silica NPs leads to less
prominent Brownian motion and correspondingly less collision
probability with MMPs; and (2) the loading density of oligo-
nucleotides on silica NPs is 1.9 pmol/gna value that is an 0.0
order of magnitude lower than that on Au NPs (19 pmoflcm a b c¢c d f 9
for oligonucleotides with an-(A)10— spacer on 15 nm Au Figure 3. Silicon signal obtained by ICP-AES with method 1 (A),
NPs)28 whereas the total surface area of silica NPs is compa- method 2 (B), and method 3 (C) in a series of DNA concentrations:
rable to that of Au NPs in a given amount of buffer solution. m %,51?13'%“3'\20'3";"\/;‘;'&213'2 ,%M(g?'\g\;b ﬁ?dﬁ Anl'V' DNAL, (e) 3.5
This leads to the less hybridization probability. The above two ' ' ' '
factors contribute to the formation of a lower amount of
sandwich structures and nonuniform coating of silica-NPs on temperature release of the captured silica NPs that resulted from
the surface of an MMP. DNA dehybridization at this temperature. MMPs are extremely
The three-component sandwich structures exist either asstable, even at high temperatures, as evidenced by TEM. This
bridged networks (Figure 2A) or discrete MMPs (Figure 2B). ensures the integrity and reproducibility of the high-temperature
The networked structures were not observed in the assemblyrelease method. A series of target DNAL concentrations were
with Au-NP probeg? This phenomenon most likely results from  studied, ranging from 3.5M to 3.5 pM, and, simultaneously,
the size of the silica NPs, which is much closer to that of MMPs DNA4 (3.5 «M) with a noncomplementary, random sequence
compared with Au NPs. The sub-micrometer-sized silica NPs was used as a control to preliminarily test the selectivity of our
will obviously result in different hybridization kinetics than Au  system. From Figure 3, several observations deserve com-
NPs and require screening of experimental parameters that favoments: first, the silicon signals in the presence of DNA4 were
their binding to micrometer-sized MMPs. Nevertheless, even invariably at the background level (no target), irrespective of
though the hybridization efficiency and therefore the captured the methods adopted. Second, a positive correlation between
silica NPs are not yet optimized, they have allowed us to the silicon signal and the target DNA concentration, especially
demonstrate the ICP-AES-based solution DNA sandwich assayat high concentrations, was identified for all three methods. The
with this system. Because NPs in ICP have the same atomizationexperiments presented for silica NPs, repeated on separate
efficiency as that of ion solutiorid,elemental signals could be  batches of samples, confirmed the reproducibility of the results
obtained by subjecting solution silica NPs to the ICP-AES in Figure 3 and the reliability of the protocols. Third, method
facility for analysis. Our own experiment confirmed that the 1 displayed higher signals at high DNA1 concentrations
silicon signals of solution NPs could be directly measured by compared those of with methods 2 and 3, most likely because
ICP-AES. A slight amount of impurity from the buffer solution the ICP-AES values obtained reflected the full amount of
could significantly increase the background signals for designed hybridized silica NPs. The reason the acid dissolution method
target elements. Therefore, salts with stringent traceselect valueggave a lower signal might be due to the interference of the
were employed in the preparation solutions. We examined targetpolystyrene coating after the dissolution of MMPs. High-
DNA concentration-dependent responses by three differenttemperature thermal release, even repeated three times, could
methods. These methods differ in the pretreatment of MMP  not ensure complete removal of all the silica NPs, as evidenced
NP conjugates before the ICP-AES measurement. Method 1by TEM. The signal generated from the sample of 3.5 pM is
relied on direct sonication to disperse the MMRP complexes higher compared with that from the sample of 350 pM (Figure
in solution in situ. Method 2 used acid to dissolve MMPs to 3C). The reason why this happens is not clear at this point, but
yield a silica-NP solution. Method 3 took advantage of the high- is conjectured to be due to less efficient thermal release febel
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higher DNA concentration and, correspondingly, a higher [
number of DNA interlinks between silica NPs and MMPs under e . o

the experimental conditions employed herein. Finally, even with ' Bt | il "
the target DNA concentration as low as 3.5 pM, the silicon T

signal (0.16ug/g) was higher than the background (0:ifg), ;

suggesting that our assay system could get down to this
concentration range. It is important to note that silica-NP probes
were always freshly prepared immediately prior to use, and, |
under this condition, repeat experiments verified the reproduc- |

ibility of our detection data. However, silica-NP probes might — . =

degrade over time and affect the overall performance of our '

assay system after being left standing for an extended periodFiQIJUtf_e 4A |m_age? 01; Silvef-enhbfﬂ:nfiedd MMZ_}NP ?fzmple;XS'S\l AIT
of time. Indeed, the performance of our assay system is lessSOUlion. A SEries of colors were obtaned with diitérent targe
satisfactory after one weéRln an ideal situation, if the surface ;ﬁﬂngﬁgiﬂzﬁ (S)goé E)b,\),l %?\IKQA DNAL (€) 35 nM DNAL (d) 350
of MMPs is completely covered with silica NPs and all the silica ' ' '

NPs are detected by the ICP-AES facility, a lower detection |
limit can be achieved. This requires substantial optimization of
the experimental variables, which is currently underway in our
laboratory.

Assay with Au—NP Probes.We first examined the colori-
metric method to compare our system with the scanometric assay
carried out earlier by the Mirkin grou.Prior to our investiga-
tion, the silver enhancement method had also been used for
electrochemical detection in a homogeneous solution on particle
assembly directed by a biotirstreptavidin pair and oligonucle-
otides31:32However, no macroscopic outlook was presented for
the resulting silver-enhanced nanostructures. The principle of
silver enhancement is that, in the presence of Au NPs, silver
ions are reduced by hydroquinone to yield silver metal on the
surface of Au NPs. Herein, the silver enhancement with Au Figure 5. TEM images of MMPs hybridized with Au NPs before (A,B)
NPs in a homogeneous solution was explored in a similar and after (C,D) silver enhancement.
fashion. Similar to what was observed on a flat surface, when 15
we applied silver enhancement to the sandwiched MIMP ’
complexes in solution, the macroscopic outlook of the sample
turned black. This promising result may broaden the application
of silver enhancement in direct homogeneous solution assay
systems. In addition, before the application of silver enhance-
ment solution, while a colloidal solution of Au NPs with
diameters of 13 nm exhibited a red color, in a typical sandwich
assay, after hybridizing with MMPs in the presence of target
DNAL1 of higher concentrations (3.5M and 35 nM), the
solution color faded when the reaction vessels were placed on
a magnetic separator. This reflected the fact that most of the 0.0-
Au NPs were captured on MMPs. However, at lower target Figure 6. Gold signal obtained by ICP-AES with different target DNA1
DNA concentrations (350 pM and 3.5 pM), the color of the B2 i 00 (g) 0, (b) 3.5 /AMyDNA4, (c) 3.5 M DNAL, ?d) 35nM
leftover solution could not be differentiated from the back- pyas, (e) 3.5 nM DNAL, (f) 350 pM DNA1, and (g) 3.5 pM DNAL.
ground. In contrast, the silver enhancement allowed the signal
to be amplified, and, even at target DNA concentrations as low
as 3.5 pM, the silver-enhanced sample displayed a darker colorto hybridize with more than one MMP in solution led to the
than the background (Figure 4). Thus, the color of the MMP  reduction of silver ions only on the surfaces of discrete MMPs.
NP complexes obtained after silver enhancement indirectly Figure 5 shows the TEM images of MMPs hybridized with Au
reflected the degree of hybridization in different concentrations NPs before (Figure 5A,B) and after (Figure 5C,D) silver
of the target DNA in solution. Several experimental conditions enhancement. Comparison of these two images allowed us to
employed herein deserve comments: we chose PBN buffer togbserve the obvious change in the morphology at the edge of
exchange and replace PBS buffer to avoid a direct precipitation MMPs. The MMP surfaces turned rougher after the silver
reaction between residual Cland Ag™ and loss of silver  enhancement. With these results in hand, we were able to then
enhancement on MMPNP complexes. The duration of silver  jnvestigate concentration-dependent ICP-AES responses. ICP-
enhancement significantly impacted the color of the resulting AES data of gold element showed a positive correlation with
sample. The sample apparently turned black after application every concentration of target DNA, and the random DNA4
of the enhancement solution for 2 min. This optimum condition detection also exhibited a signal level as low as the background
was adopted throughout the experiment, by being capable of(Figure 6). The concentration of DNA detected with Au-NP
signal amplification and differentiation against background.  probes could get down to 350 pM. Under the unoptimized

Silver-enhanced MMPs continued to have a good dispers- conditions that were employed herein, the detection limit by
ibility in solution. The fact that 13 nm Au NPs were too small ICP-AES is higher than that by silver enhancement. CDV

A

|
°

100 nm
—

500 nm
—

—
o
1

[Au] / (no/9)

a b c d e f g



2800 Biomacromolecules, Vol. 8, No. 9, 2007

Albeit not demonstrated, given the unusually sharp melting

profile invariably associated with NP-based DNA detection

systems, the single or double mismatch differentiation should

be within the reach of our new diagnostic platform, through

either thermal or salt stringency wash. Further improvement and

optimization of the methodology will provide us with a more
competitive sandwich assay.

Conclusion

Wu et al.

(7) Zhao, X.; Hilliard, L. R.; Tan, W.J. Am. Chem. SoQ003 125
11474-11475.

(8) Gerion, D.; Chen, F. Q.; Kannan, B.; Fu, A. H.; Parak, W. J.; Chen,
D. J.; Majumdar, A.; Alivisatos, A. PAnal. Chem2003 75, 4766~

4772.
(9) Ho, Y. P.; Kung, M. C,; Yang, S.; Wang, T. Mlano Lett.2005 5,
1693-1697.
(10) Taton, T. A.; Mirkin, C. A.J. Am. Chem. SoQ001, 123 5164
5165.

(11) Bao, P.; Frutos, A. G.; Greef, C.; Lahiri, J.; Muller, U.; Peterson, T.
C.; Warden, L.; Xie, X. Y.Anal. Chem2002 74, 1792-1797.
(12) Taton, T. A.; Mirkin, C. A.Science200Q 289, 1757-1760.

We have developed an NP-based DNA detection method (13) Cao, Y. W. C.; Jin, R. C.; Mirkin, C. AScience2002 297, 1536~

using ICP-AES as a readout tool. Detection of DNA has been
successfully achieved with this sandwich assay format. Further

optimization of the experimental variables is anticipated to

1540.
(14) Rosi, N. L.; Mirkin, C. A.Chem. Re. 2005 105, 1547-1562.
(15) Wang, J.; Liu, G.; MerkdcA. J. Am. Chem. So2003 125 3214~
3215.

increase the selectivity and sensitivity. This method transitions (16) Liu, G.; Lee, T. M. H.; Wang, dI. Am. Chem. So€005 127, 38—

ICP detection of biologically significant targets from flat

39.

substrate to solution. Our strategy also has many advantages, (17) Zhang, C.; Zhang, Z.; Yu, B.; Shi, J.; Zhang, Ahal. Chem2002

such as ease of performance, low cost, rapid detection due to

faster binding kinetics, and good reproducibility. Although yet

to be demonstrated, the most important application of this

method is expected in multiplexed DNA detection, via doping
different metals into the silica NPs or directly utilizing NPs with

different chemical compositions to provide various element
signals. With improvement of the instrument, ICP-AES could
emerge as a powerful method in DNA diagnostics.
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