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Abstract: The combination of high metal selectivity of DNAzymes with the strong distance-dependent optical
properties of metallic nanopatrticles has presented considerable opportunities for designing colorimetric
sensors for metal ions. We previously communicated a design for a colorimetric lead sensor based on the
assembly of gold nanoparticles by a Pb?*-dependent DNAzyme. However, heating to 50 °C followed by a
cooling process of ~2 h was required to observe the color change. Herein we report a new improved
design that allows fast (<10 min) detection of Pb?" at ambient temperature. This improvement of sensor
performance is a result of detailed studies of the DNAzyme and nanoparticles, which identified “tail-to-tail”
nanoparticle alignment, and large (42 nm diameter) nanoparticle size as the major determining factors in
allowing fast color changes. The optimal conditions for other factors such as temperature (35 °C) and
concentrations of the DNAzyme (2 uM), its substrate (3 nM), and NaCl (300 mM) have also been determined.
These results demonstrate that fundamental understanding of the DNAzyme biochemistry and nanoparticle
science can lead to dramatically improved colorimetric sensors.

Introduction With recent developments in nanotechnology and biology,
new methods of designing colorimetric biosensors are emerg-
ng.16:20211n nanotechnology, the assembly of metallic nano-
particles has resulted in novel materials with interesting
properties’> 24 The extremely high extinction coefficients and
the strongly distance-dependent optical properties of gold
nanopatrticles allow the nanoparticles to be utilized as ideal color
reporting groups for colorimetric sensor dest§AFor example,

the extinction coefficients of 13- and 50-nm diameter gold
nanoparticles are 2.¥ 10° and 1.5x 10*°M~-1cm™1 (at~520

nm), respectively® which are 3-5 orders of magnitude more
'than those of traditional organic chromophores. As a result,
nanoparticles at nanomolar concentration can be clearly observed
by naked eyes, allowing sensitive detection with minimal
consumption of materials. More importantly, when gold nano-
particles approach each other and aggregate, the color of the
nanoparticles changes from red to blue, because of the shift of
the surface plasmon band to longer wavelength. When gold

Metal ion sensor design has been a focus of many researcq
endeavors, as it can provide detection and quantification of metal
ions in many fields of application such as environmental
bioinorganic chemistry, developmental biology, clinical toxicol-
ogy, waste management, and bioremediation of radionuclides
and metal iond-12 While significant progress has been made
on the design of sensors using fluorescehée;, 7-*-13 surface
plasmon resonandeglectrochemistr§, and other detection
techniques*> designing colorimetric sensors is much less
advanced, even though colorimetric sensors can allow onsite
real-time qualitative or semiquantitative detection without
complicated analytical instruments.1°
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Figure 1. (A) Secondary structure of the “8L7” DNAzyme. (B) Cleavage of 17DS by 17E in the presence of"PtC) Schematics of the previous

colorimetric PB* sensor design. The three components of the sen$aNa,, Suby, and 17E) can assemble to form blue-colored aggregates. Nanoparticles
were aligned in a “head-to-tail” manner. A heating-and-cooling process (annealing) was needed for detection. (D) Schematics of the newcdosoretri
design. The nanoparticles are aligned in the “tail-to-tail” manner. In the absence of Rimoparticles can be assembled by the DNAzyme at ambient
temperature within 10 min, resulting in a blue color; while in the presence 3f, B6Sul, is cleaved by 17E, inhibiting the assembly, resulting in a red
color of separated nanoparticles.

nanoparticles are functionalized with thiol-modified DNA, the Zn2"*2and C@* “34*have already been obtained. For practical
distance between gold nanoparticles can be controlled by aapplications, DNA molecules are much more stable than protein
linking DNA that is complementary to the DNA attached to or RNA and can be denatured and renatured many times without
nanoparticleg? On the basis of this phenomenon, colorimetric losing activity or binding ability. DNA is also cost-effective to
biosensors for highly sensitive and selective detection of produce. With these valuable properties, DNAzymes have

complementary DNA have been developéd’

already shown promising applications as anti-viral agénts,

In biology, DNA has been shown to no longer be just a purely components for DNA-based logic gatéss well as components

genetic material; it can catalyze a number of reactions in the for biosensor
manner seen for protein- or RNA-based biocatalysts. Catalyti-

§,_32,43,47
By using a PB*-specific DNAzyme as the target recognition

cally active DNA molecules are known as deoxyribozymes or element and DNA-functionalized gold nanoparticles as the

DNAzymes?8-32 DNAzymes are attractive molecules for metal

signaling element, we communicated a design of a colorimetric

ion sensor design because DNAzymes with metal-dependentP?" biosensof® The PB*-specific DNAzyme is known as the
activities can be conveniently obtained through combinatorial “8—17" DNAzyme;>“®4%whose secondary structure is shown
biology methods such as systematic evolution of ligands by in Figure 1A. The DNAzyme is composed of a substrate strand

exponential enrichment (SELEX) or in vitro selecti&n3® For
example, DNAzymes that are specific for 2?38 Cu2+,39-41
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(17DS) and an enzyme strand (17E). Both strands are DNA,
except that the substrate strand contains a single RNA linkage
(ribonucleoside adenosine, (rA)) that serves as the cleavage site.
In the presence of Ph, the substrate strand is cleaved by the
enzyme strand (Figure 1B). At pH 6.0, the single-turnover rate
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Figure 2. (A) Extinction spectra of separated (dashed curve) and DNAzyme assembled (solid curve) 42-nm gold nanoparticles. The experimental conditions
were 3 nM 35Suf,, 2uM 17E, 300 mM NaCl, pH 8.2, and 3. (B) The effect of hanoparticle alignment and size on the rate of color change. Extinction
ratios were normalized for comparison. In the figure legends, “HT” and “TT” denote “head-to-tail” and “tail-to-tail” alignment, respectivetyorhe
numbers following indicate the sizes of nanoparticles used. The experiments were performedMitlTE at room temperature. The substrate concentration

was 160 nM for 13-nm nanoparticles, 120 nM for-136-nm mixed nanoparticles, and 3 nM for-335 nm and 4242 nm nanoparticles. Time-dependent
extinction spectra for the DNAzyme-assembled gold nanoparticles (C) in the absenée of E) in the presence of 4M of Pb?+. Experimental conditions

were the same as described in Figure 2A.

constant for the cleavage reaction was determined to-Bbe  that allows fast €10 min) detection of P at ambient
min~1 with saturated P. A linear pH-dependent behavior of  temperature. By dramatically improving the performance of the
the DNAzyme suggested that at higher pH, the cleavage reactioncolorimetric sensor, we demonstrate the impact of a detailed
would be even faster220 mirm?! at pH 7.5)%° To adapt the understanding of both DNAzyme biology and nanoparticle
DNAzyme into a colorimetric P sensor, the substrate strand technology on sensor design.

was extended on both ends by 12 bases, which were comple- ) .
mentary to a 12-mer DNA attached to gold nanoparticles. The Results and Discussion

nanoparticles (®NAa,), extended substrate (Sl and Ratiometric Quantification of Colorimetric Signals. The
enzyme (17E) could assemble to form blue-colored aggregatessignaling of the colorimetric sensor is based on the color change
and be used as a colorimetric sensor fof'PBo sense PU, of gold nanoparticles at different assembly states. Therefore, it

the aggregates were warmed to a temperature above theilis very important to find a simple, yet reliable method to quantify
melting temperaturelg, = 46 °C for the aggregates in 300 MM the optical properties of gold nanoparticles. Dispersed 13-nm
NaCl), at which the aggregates were dissociated into separatedyold nanoparticles possess a surface plasmon peak at 522 nm.
nanoparticles, resulting in a red color. If the system was allowed For larger particles, the peak shifts to longer wavelength (e.g.,
to cool slowly to room temperature in the absence ¢fPthe 532 nm for 42-nm nanoparticles). In Figure 2A, extinction
nanoparticles could re-assemble to form blue aggregatesIf Pb - spectra of separated (dashed curve) and aggregated (solid curve)
was present, the substrate was cleaved by the enzyme in thet2-nm gold nanoparticles are presented. Upon aggregation, the
cooling process, inhibiting the reformation of nanoparticle 532-nm peak decreases in intensity while the extinction in the
aggregates and resulting in a red color (Figure 1C). Therefore, 700-nm region increases (solid curve), resulting in the red-to-
by observing the color of the sensor,?Plzould be detected  blue color transitio?® On the basis of previous experi-
and quantifiect? ments20.2151jt was found that quantitative results could be
This colorimetric sensor was highly sensitive and selective obtained by monitoring the ratio of extinction at the plasmon
for P?* and showed an interesting tunable detection r&hge.  peak (532 nm) and at 700 nm. A higher ratio was associated
However, there are several disadvantages for this design. Fomwith separated nanoparticles of red color, while a lower ratio
example, heating was required, followed by a cooling process was associated with aggregated nanoparticles of blue color.
of ~2 h to observe color changes, which made practical onsite Although the extinction ratio differed slightly for nanoparticles
applications difficult. Here we report a new improved design prepared in different batches, the trend of the extinction ratio
change with respect to the assembly state of nanoparticles was
(50) Brown, A. K.;Li, J.; Pavot, C. M. B.; Lu, YBiochemistn2003 42, 7152- maintained. Therefore, instead of using the change of extinction
(51) Liu, J.; Lu, Y.Chem. Mater2004 16, 3231-3238. at a single wavelength, the ratiometric method was used to
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Figure 3. Optimization of the PB sensor system. (A) Effect of the substrate concentration on the rate of aggregatiofGati8&CI and 17E concentration
were 300 mM and M, respectively. (B) Effect of the enzyme (17E) concentration on the rate of aggregation. The substrate concentration was 3 nM, and

other conditions are the same as those in (A). (C) Effect of NaCl concentration on the rate of aggregation. The substrate concentration was 3enM, and oth
conditions are the same as those in (A).

monitor the assembly state of gold nanoparticles. Ratiometric an extended substrate (353w and two kinds of nanoparticles
sensors such as this are suitable for practical applications sincg5’DNAay and 3DNAay), which were functionalized with'5
they are less vulnerable to fluctuations of sampling and and 3-end thiol-modified 12-mer DNA, respectively. The

monitoring conditions. nanoparticles were arranged in a “tail-to-tail” manner. In the
New Sensor Design with Accelerated Rate of Color absence of PH, the nanoparticles assembled gradually, ac-
Change.In the previous sensor design (Figure 23, heating- companied by a color change from red to blue. Figure 2C shows

and-cooling process was required because the three componentiie extinction spectra of the sensor system at different time
of the sensor (BNAay, Suby, and 17E) did not assemble points in the absence of Ph A decrease of the 532-nm peak

spontaneously at room temperature. For example, by monitoringand the increase of extinction at 700 nm could be observed. If
the extinction ratio of the above system for an hour at room Pt was present, the substrate was cleaved by the enzyme,

temperature, no change could be observed (Figure®@Bhe inhibiting nanoparticle aggregation (Figure 2D).
assembly could only be observed when a heating-and-cooling Optimization of the New Pb?*™ Sensor SystemSince the
process was employed, as it facilitated DNA hybridiza@ipt rate of color change is crucial for practical applications of the

To improve the performance of the sensor, we investigated thesensor, factors that affect the rate of color change have been
effect of nanoparticle alignment on the rate of nanoparticle investigated. First, the effect of the substrate (35gubon-
aggregation. In the original design, the nanoparticles were centration was studied, because it is the substrate strand that is
aligned in a “head-to-tail” manner (Figure 1C). This alignment physically responsible for the assembly of nanopatrticles. It can
made it easy to synthesize the DNA-functionalized nanoparticles be observed from Figure 3A that higher substrate concentrations
because both the “head” and “tail” had the identical DNA resulted in faster color changes. To avoid decreased sensor
sequence, and therefore only one set of the DNA-functionalized sensitivity with too high substrate concentration, 3 nM of
nanoparticles was needed to hybridize to the DNAzyme substrate was chosen for subsequent experiments, as a com-
substrate (Suty). However, we argue that this design, albeit promise between the detection time and sensitivity. Typically,
simple, might result in a large steric hindrance that could 0.11 nM of 42-nm nanoparticles was used in each experiment,
disfavor the assembly. Indeed, by changing DNA sequences tocorresponding to a substrate-to-nanopatrticle ratio of 27:1. Mirkin
allow nanoparticles to be aligned in the “tail-to-tail” manner and co-workers have determined the number of DNA molecules
(Figure 1D), nanoparticle aggregation could be observed at roomattached to 16-nm gold nanoparticles to be 159 per pafficle.
temperature (Figure 2E])). However, the rate of aggregation Therefore, the number of DNA molecules on each of the 42-
was still slow, and more timal h was needed for the aggregation nm particles was estimated to 84100 per particle by assuming

to reach completion. the same surface coverage.

To accelerate the rate of color change, nanoparticles with  The effect of the enzyme (17E) concentration was investigated
larger sizes were then employed. It is known that the optical next, while keeping other factors constant. As shown in Figure
properties of a nanoparticle aggregate are dominated by its size 3B, the rate of color change increased with an increase in
instead of the number of nanoparticles in the aggrefféte.  enzyme concentration. In the absence of the enzyme, the
Therefore, less aggregation should be required to give the sameaggregation was inhibited (Figure 3M). This was somewhat
color change with larger nanopatrticles, and the time required unexpected since the substrate strand alone was thought to be
for the color change should be decreased. This was indeed whaphysically responsible for the assembly of nanoparticles. The
was observed. For example, the rates of color change wereabove enzyme-dependent studies suggest that the first step of
progressively faster for a mixture of 13- and 35-nm nanoparticles the assembly process should be the hybridization of substrate
(Figure 2B, a), all 35-nm nanoparticlesq), and all 42-nm strands to enzyme strands. After hybridization, a rigid backbone
nanoparticlesM). The color change approached completion in was formed on the substrate, forcing the two “sticky ends” of
less than 10 min for 42-nm nanopatrticles. Therefore, by using the substrate to stick out and facilitate the assembly of
a “tail-to-tail” alignment and larger nanoparticles, a room- nanoparticle§! In the absence of the enzyme strand, the other
temperature aggregation-based sensor was designed (Figure 1D)sticky end” might fold back to the same nanoparticle after a
The new sensor system was composed of the enzyme (17E)substrate hybridized with DNA on one nanoparticle, decreasing

(52) Reynolds, R. A,, lll; Mirkin, C. A.; Letsinger, R. LJ. Am. Chem. Soc. (53) Demers, L. M.; Mirkin, C. A.; Mucic, R. C.; Reynolds, R. A., llI; Letsinger,
200Q 122, 3795-3796. R. L.; Elghanian, R.; Viswanadham, @nal. Chem2000Q 72, 5535-5541.
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10 m—without annealing reported to be~0.9 day?® with ~1 mM of free thiol>* Since
. with annealing the estimated free thiol is much lowex25 pM) and the
g detection time is very short{10 min) in our system, the thiol
“ e exchange should be minimal.
w’ 4 The effect of NaCl concentration was also investigated. NaCl
2 helps to reduce the electrostatic repulsion of negatively charged
. | . _ . m DNA phosphate backbones, and it thus favors DNA hybridiza-
35Sub,, O  3nM 60nM 900 nM 3nM tion. As shown in Figure 3C, the rate of color change increased
17E 0 0 0 0 1M significantly with increasing NaCl concentrations. For example,

Figure 4. Comparison of the degree of aggregation with annealing (gray the extinction ratio stopped decreasing in 3 min in the presence
bars) or without annealing (black bars). The substrate (3&$abd enzyme of 500 mM NacCl. Since large nanoparticles tend to aggregate

(17E) concentrations for each experiment are indicated inxtagis. by themselves irreversibly under high salt conditions and pose
Experimental conditions were similar to those described in Figure 2A. The s .
samples were either annealed by warming to %85 for 5 min and stability problems, a control experiment was performed to
subsequently cooling slowly to room temperaturerda orsimply left at monitor the aggregation of the DNA-functionalized 42-nm
room temperature for 3 h. nanoparticles in 500 mM NaCl by UWis spectroscopy. No
significant decrease in the absorption was observed in 30 min,
the chance to anneal with another particle. To achieve a higherywhich was more than enough time to carry out the sensing
rate of color change at room temperature without annealing, operation (see Supporting Information, Figure S1). In practice,
high enzyme concentration (2M) was used to assist the  the DNA-functionalized nanoparticles were stored in a low salt
substrate/enzyme hybridization, which corresponded to an condition 100 mM NaCl) to maximize it stability (see
enzyme-to-substrate ratio of 666:1. Experimental Section) and were added to sensing solution
One major advantage of the new design was elimination of containing high salt concentration right before sensing operation.
the annealing step (a heating and cooling process). To gainFor the current experiments, we chose to use 300 mM NaCl to
further insight into the DNAzyme/nanoparticle system, the effect reduce errors resulting from timing. In the presence of 300 mM
of annealing on the formation of nanoparticle aggregates was NacCl, the extinction ratio decreasing was insignificant aft&0
also investigated (see Figure 4). Several experimental conditionsmin.
are shown on the horizontal axis. First, experiments were It is important to note that nanoparticle aggregates would
performed in the absence of the enzyme strand. With annealingcontinue to grow even though the extinction ratio stopped
for 3 h, the degree of aggregation increased with increasing decreasing, because of reasons such as the growth of larger
substrate (35Suh) concentration (gray bars). For samples aggregates at the expense of smaller hstheory, the change
sitting at room temperature f@ h without annealing (black  of aggregate size and size distribution can still cause a change
bars), the degree of aggregation was lower compared to sample#n optical properties of the aggregatéSherefore, it is difficult
with an annealing step, and the extinction ratio stopped to define a state in which the aggregation is completely finished.
decreasing when it reached5. These results suggested that In practice, when the extinction ratio drops-d, the rate for
for samples without the enzyme strand, an annealing step wasfurther decrease of the ratio is very slow.1/min, see Figure
important for the formation of large nanoparticle aggregates. 3). Therefore, the effect of further aggregate growth on detection
However, in the presence ofiM of enzyme strand, the highest ~ should be minimal.
level of aggregation was observed even with only 3 nM of  The Effect of Temperature. Ideal sensors should operate
substrate, regardless of annealing or not. These observationsn a wide temperature range, including ambient temperature.
were different from the results obtained for nanoparticles aligned Thus, the rate of nanoparticle aggregation at nine temperatures
in the “head-to-tail” manner, in which case no aggregation could from 10 to 45°C in the absence (Figure B) and presencell)
be observed if the enzyme strand was missing, even with of 2 uM Pb?* were compared. The aggregation process was
annealing® The results confirmed that the alignment of Vvery slow at low temperature (1T, Figure 5A). It became
nanoparticle is critical for accelerated nanoparticle aggregation faster with increasing temperature until 36, after which a
at constant temperature. At the same time, the presence of arfurther increase of temperature resulted in decreased rates of
enzyme strand could help to increase the rate of aggregationaggregation to completely inhibited aggregation at 4%
significantly. Therefore, the rate of aggregation was strongly temperature-
For a system containing gold nanoparticles functionalized dependent. At each temperature, the solid squares were above

with two different thiol-modified DNA, thiol-exchange reaction the empty squares (except for. 48), indicgting that the
may occur, resulting in nanoparticles attached with botasd presence of P inhibited nanoparticle aggregation. The optimal

5-thiol-modified DNA, which could bring the two “sticky ends” temperature for detection was determined to be Gswhere

of the substrate to the same nanoparticle. In our system, thethe two curves .and|:|) have th? largest separation.
If the aggregation of nanoparticles at 256 (room temper-

thiol exchange process was suppressed by two means. First, .
the two different nanoparticles were stored separately, so thatat“re) and 35C are compared, de_tect|on at 35 +has another
the reaction time for thiol exchange was limited to about 10 advantage. At 25C, the samp!e with 1M of Pb? C_OUId also
min. Second, free thiol-modified DNA molecules were removed form aggrega}tes, although W't_h a slowe.r rate (Figure [SD'
by multiple washing steps. The free thiol concentration was After a SUfff'emly long time ("e',' 30 .m|n), sampl'es with or
estimated to be less than 25 pM (see Experimental Section). ItWIthOUt PB* would have almost identical color (Figure 5D).
is known that the rate of thiol exchange is dependent on the (54) Hostetler, M. J.: Templeton, A. C.: Murray, R. Wangmuir 1999 15,
concentration of free thiol. For example, the exchange rate was = 3782-3789.
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Figure 5. Temperature effect on the aggregation raf@). Qbtained in the absence of Pb (W) obtained in the presence ofM Pk?*. Experimental
conditions were similar to those described in Figure 2A, except that the temperature was varied.

On the other hand, at 3% the color of the sample with Pb temperature-dependent behavior of the substrate (355ts
did not change after~~5 min (Figure 5F,H). For practical melting curve was measured, and the melting temperature was
applications, this stability in color is a valuable property. calculated to be 44C (Figure S2D). The higher experimentally
Although the sensor is based on the kinetics of DNAzyme measured transition temperature suggested that the Mfold
cleavage and nanoparticle aggregation, it is capable of reachingorogram had missed certain stable secondary structures, which
an equilibrium state relatively fast. As a result, errors in timing may be attributable to the fact that the single ribo-adenosine
would not induce significant errors in determining the detection nucleotide (Figure 1A) was counted as a deoxy-ribo-adenosine
results. The fact that35°C is the optimal detection temperature  for the Mfold calculation. The high melting temperature of the
allows the sensor to be used in a wide field temperature range,substrate could explain the need for the enzyme to assemble
since 35°C is a temperature readily obtainable by operator nanoparticles at 38C (Figure 3B). After annealing with the
holding the sample tubes by hand even though the “room” or enzyme, the secondary structure of the substrate was disrupted.
field temperature is different. The substrate/enzyme complex could assemble nanoparticles
It was surprising that, at temperatures below’85the rate more efficiently in comparison to the substrate alone, since the
of aggregation decreased with decreasing temperature, sincewo “sticky ends” in the complex stretch out much more than
lower temperatures should stabilize the DNA duplex structure in the substrate alone.
more. The observation can be explained as follows. For two Performance of the New PB* Sensor.Under the optimized
pieces of DNA to hybridize, the secondary and tertiary structures detection condition (3 nM substrate 1 enzyme, 300 mM
of each individual piece have to be disrupted. As predicted by NaCl, and 35°C), the sensitivity and selectivity of the sensor

th]e Mfolld prog(;z?/:/n éavallr?: le %t t.Te IrE]Stltt)l.r};ormatkl)(_:s_ (]Eentt_er gt / were tested. The aggregation kinetics of the sensor with different
ensselaer and Wadsworth web site, http://Www.bIoInfo.Ip1.eAul pio+ o cantrations was monitored by WVis spectroscopy.

applications/mfold¥> no stable secondary structures were As shown in Figure 6A. the agareqation was close to completi
o - ) pletion
formed at 35°C for the substrate strand (35%up With after 8 min fc?r the samplggwiiout any added?PbThe

df(;)r.?ass of (;etrrr]wperature, more gr:d tr)n orek :ﬁcal sltrucltu[es ;Nereaggregation was suppressed with increase &f Bbncentration.
stabiiized and e energy required to break these jocal STUc ureSI'herefore, extinction ratios at 8 min were used for quantification

(-dG) '“C“?"’Tse‘?' _(see Supporting Informat|on,_ Fl_gure .82)' (Figure 6B). The extinction ratio has a linear relationship with
Therefore, it is difficult for DNA to overcome the kinetic barrier i .
PB** in the concentration range from 0.4 to /@M. The

of disrupting its own structure at lower temperature, resulting o Lo
in a slower rate of nanoparticle aggregation. As a control selectivity of the sensor was checked by monitoring the rate of
experiment to demonstrate that the temper;ature-dependen?ggregaﬂon in the presence okl of different divalent metal

. : lons (Figure 6C). Only P& could inhibit the aggregation of
aggregation was not confined to the DNAzyme system, a 24- . . . -
mer DNA that was complementary to the two DNA strands on n'an.opartlcles, while other metal ions shpwed aggregation rates
nanoparticles was used to assemble the nanoparticles at differen?'mIIar o the background rate. C(_)nvemently, t_he color_ of the
temperatures. Results similar to the DNAzyme system were sensor could be observed by spotting the resulting solution onto

a solid substrate, such as an alumina TLC plate. Color

observed (see Supporting Information, Figure S3). ;
The Mfold program predicted non-cooperative transitions progression from blue to red could be observed for samples

from 10 to 30°C for the substrate (Figure S2). To check the with increasing PB"™ concentration, while samples with:8
concentration of other metal ions gave blue-colored spots (Figure

(55) Zuker, M.Nucleic Acids Res2003 31, 3406-3415. 6D).
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Figure 6. Sensitivity and selectivity of the new Pbsensor. (A) Kinetics of nanoparticle aggregation in the presence of differéhtcBhcentrations. (B)
Extinction ratio at 8 min after the initiation of aggregation for differenZPboncentrations (from Figure 6A). (C) Kinetics of nanoparticle aggregation in
the presence of BM of Pk?* or other divalent metal ions (€b, Z?*, Cc#t, Mn2*, Ni2*, C&", and Mg"). (D) Color developed on an alumina TLC plate
after 10 min of nanoparticle aggregation (see Experimental Section for details).

Conclusions Within several minutes, the color changed from pale yellow to deep

We h identified f h ff h f col h red. After the color change, the system was allowed to reflux for another
e have igentilied tactors that affect the rate of color change half hour to allow complete reduction. Then the system was cooled

of gold nanoparticles assembled by DNAzymes; this under- gjquly to room temperature, and the nanoparticles were filtered with a
standing has led to dramatically improved colorimetric Sensors funnel (Pyrex). The nanoparticles were characterized with TEM (JEOL
capable of fast €10 min) detection at ambient temperature. 2010), and the size was determined to be-4% nm. Most of the
Major factors that affect the rate of color change include the nanoparticles had a spherical shape, and a small portion of nanoparticles
alignment and size of nanoparticles. The linking substrate, appeared to be nanorods with aspect ratio less than 2. The gold colloid
enzyme, and NaCl concentration as well as temperature alsohad an extinction peak at 532 nm-ofl.04, and the concentration was
can affect the rate of color change. The sensor design method-@lculated to be approximately 0.13 nM, using the assumption that all
introduced here should be generally applicable to design nanoparticles were spherical with radii of 42 nm, all HAu@las

" - - ) . reacted, and the density of nanoparticles was the same as bulk gold.
;glt?vr;g;mc sensors with DNAzymes that show analyte-specific This gave an extinction coefficient of 8:0 10° M~* cm™* at 532 nm.

For 35-nm diameter gold nanoparticles, similar procedures for the
Experimental Section preparation were used, except that 2.0 mL of sodium citrate, instead

) ) of 1.8 mL, was adde#f The preparation of 13-nm diameter nanopar-
Oligonucleotide and ReagentsAll DNA samples were purchased tjcles followed literature procedurés.

from Integrated DNA Technologies Inc. The substrates and enzymes Functionalization of Nanoparticles with 3- or 5'-Thiol-Modified

used in the experiments were purified by HPLC by the company. ; o ) . ) .

. . DNA. Thiol-modified DNA was activated by incubating with 100 mM
P.b(OAC)Z'SHZO (99.999%), HAUGI (99'999%). and sodium C|t_rate DTT. Typically, 60uL of 1 mM DNA was incubated with 6@L of
dihydrate (99_ %) were purchased from Aldrich and used without 200 mM DTT at room temperature for 1 h. The mixture was then diluted
further purification. with water to 600uL and was desalted with a Sep-Pak C18 column

Prepar_ation and Func'tionalization of Gold Nanoparticles.GoIo_I (Waters) to remove DTT. The column was treated sequentially with
nanoparticles (42-nm diameter) were prepared by the reduction of 10 mL of 95% CHCN, 10 mL of mixture of CHCN, methanol, and

) . o ) )
HAUCI, by sodium citraté® Glassware used in the preparation was water (1:1:1 volume ratio), 20 mL of water, and 10 mL2oM NH-

soaked in aqua regia and rinsed thoroughly with Millipore water. In a OAc. The DNA and DTT mixture was then loaded into the column.

25f?-mL_ tr\]/vo-_m.aclf gf‘k’l_zofo?glé OfMO'S (;T.]M H_AuCl/vas hﬁateddt; g DTT was washed away by 20 mL of water, and DNA was eluted by 1
reflux with stirring; 1.8 mL of 38.8 mM sodium citrate was then added. mL of elution solution (containing 1:1:1 volume ratio of @EN,

(56) Handley, D. A. InColloidal Gold Principles, Methods, and Aplicatians
Hayat, M. A., Ed.; Academic Press: San Diego, CA, 1989; Vol. 1, pp (57) Storhoff, J. J.; Elghanian, R.; Mucic, R. C.; Mirkin, C. A.; Letsinger, R. L.
1-12. J. Am. Chem. S0d.998 120, 1959-1964.
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methanol, and water). The eluted DNA was added to 12 mL of gold The dead time between adding the substrate to the monitoring of the
nanoparticles0.13 nM). The concentration of thiol-modified DNA  first spectrum was controlled to be 15 s for all samples.

was~3 uM after the DTT treatment and desalting. After incubation Spot Test on TLC Plates. Typically, for 10 uL of 0.22 nM of

for 1 day, 1.4 mL of buffer containgil M NaCl and 0.1 M Tris acetate, =~ 3'DNA,, and BDNAa, mixture containing 300 mM NaCl and 2V

pH 8.2, was added by drop. After another incubation of 2 days, the 17E with varying divalent metal ion concentrationsyll of 50 nM
nanoparticles were purified by centrifugation at 8000 rpm for 15 min. substrate (35Suk) was added to initiate aggregation. After 10 min,
The supernatant~98% of total volume) was removed, and DNA-  the solution was spotted onto an alumina TLC plate. After drying, the
functionalized nanoparticles were redispersed in 25 mM Tris acetate plate was scanned with a scanner (Canon 5000F).

buffer, pH 8.2, with 100 mM NacCl. The process was repeated three . o
times to minimize free DNA in solution. The concentration of free Acknowledgment. This material is based upon work sup-

DNA was estimated to be less than 25 pM with the three washing steps. Ported by the U.S. Department of Energy (NABIR program,
Finally, the nanoparticles were dispersed in the same buffer, and the DEFG02-01-ER63179), National Science Foundation (DMR-

extinction at 532 nm was adjusted t92.2 (corresponding to a 0117792 and CTS-0120978), and Department of Housing and

concentration 0f~0.28 nM for 42-nm nanoparticles aned.5 nM for Urban Development (ILLTS0097-03).
35-nm nanoparticles).

Assemb|y of Nanopartides by the DNAzyme_|n a typ|ca| Supporting Information Available: NanOpartIC|e Stab”'ty
experiment, 2(iL of nanoparticles functionalized witH-ghiol-modified assay in 500 mM NacCl, predicted secondary structures of the
DNA (3'DNA,,) and 20uL of nanoparticles functionalized with'5 35Suh,, at different temperatures, temperature-dependent ag-
thiol-modified DNA-functionalized gold nanoparticlesBNA,) were gregation of gold nanopatrticles by a complementary DNA, and

mixed (both with extinction at 532 nm 6f2.2). NaCl, the enzyme g melting curve of the DNAzyme-assembled nanoparticle

(17E), and divalent metal ions to be detected were added, and the ﬁna'aggregates. This material is available free of charge via the
volume was adjusted to 98.. The aggregation was initiated by adding Internet at http://pubs.acs.org.

2 ul of substrate strand, and the extinction was monitored on a Hewlett-

Packard 8453 spectrophotometer. The buffer was Tris acetate (pH 8.2).JA046628H
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