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Taking advantage of recent developments in the field of metallic nanoparticle-based colorimetric
DNA detection and in the field of in vitro selection of functional DNA/RNA that can recognize
a wide range of analytes, we have designed highly sensitive and selective colorimetric biosensors
for many analytes of choice. As an example of the sensor design strategy, a highly sensitive and
selective colorimetric lead biosensor based on DNAzyme-directed assembly of gold nanoparticles is
reviewed. The DNAzyme consists of an enzyme and a substrate strand, which can be used to assemble
DNA-functionalized gold nanoparticles. The aggregation brings gold nanoparticles together, resulting
in a blue-colored nanoparticle assembly. In the presence of lead, the DNAzyme catalyzes specific
hydrolytic cleavage of the substrate strand, which disrupts the formation of the nanoparticle assembly,
resulting in red-colored individual nanoparticles. The application of the sensor in lead detection in
leaded paint is also demonstrated. In perspective, the use of allosteric DNA/RNAzymes to expand the
range of the nanoparticle-based sensor design method is described.
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INTRODUCTION

The intense red color of gold nanoparticles has at-
tracted scientific attention for more than four centuries
[1,2]. In biology, gold nanoparticles were mainly used as
labeling reagents for microscopy [2]. In 1996, Mirkin and
co-workers reported the functionalization of gold nanopar-
ticles with thiol-modified DNA [3]. Upon addition of
DNA strands that are complementary to the DNA attached
to gold nanoparticles, DNA-functionalized nanoparticles
can aggregate reversibly due to DNA base-pairing interac-
tions, accompanied by a red-to-blue color transition. The
change of color results from the shift of the surface plas-
mon band of gold nanoparticles upon aggregation, and this
property has been subsequently used to design colorimet-
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ric biosensors for selective detection of DNA [4–6]. The
nanoparticle-based DNA detection has been shown to be
not only simple, but also highly sensitive and selective,
and can rival other detection methods, such as those based
on fluorescence.

Over the years, remarkable progress has been made
on the design of nanoparticle-based colorimetric biosen-
sors. For example, besides gold nanoparticles, Ag/Au
core-shell nanoparticles [7], and quantum dots [8], such as
CdSe/ZnS core-shell nanoparticles have been functional-
ized with DNA and shown potential application as biosen-
sors. Recently, peptide nucleic acids (PNA) have been
used to replace DNA to functionalize gold nanoparticles
[9]. Upon hybridization to complementary DNA strands
and formation of nanoparticle aggregates, the stability of
PNA-functionalized gold nanoparticles increases, allow-
ing even higher discrimination of DNA single-base mis-
matches.

The sensors for highly sensitive and selective DNA
detection mentioned above are based on using the tar-
get DNA molecule as a cross-linking reagent. In a recent
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communication, a non-cross-linking-based approach to
gold nanoparticle-based aggregation assays for DNA de-
tection was reported, which is also capable of single-base-
mismatch discrimination [10]. The authors proposed that
the formation of perfectly matched base pairs to the DNA
attached to nanoparticles could reduce the repulsive inter-
actions among nanoparticles. Besides detection methods
based on the aggregation of gold nanoparticles, a simple
scanometric method has been developed, taking the ad-
vantage of gold nanoparticle-catalyzed reduction of silver
[6]. With the increasingly important role that the metallic
nanoparticle-based detection method is playing in diag-
nostics and genomic research, it is very desirable to apply
this detection method beyond simple DNA detection to
the detection of essentially any analyte of interest.

Biology provides the best opportunity to achieve the
above goal. The development of a powerful combinatorial
biology technique called in vitro selection or systematic
evolution of ligands by exponential enrichment (SELEX)
in the early 1990s [11–15] made it possible to obtain func-
tional DNA/RNA molecules that can bind to a wide range
of analytes with high affinity and specificity [16–20]. A
list of analytes that can be recognized by these DNA/RNA
molecules (called aptamers) is presented in Table I. It can
be seen from the table that the range of analytes covers
from those as simple as metal ions to as complicated as
whole cells and even intact viral particles.

Table I. Analytes That Can Be Recognized by DNA/RNA Aptamers

Analyte type Examples and references

Metal ions K(I)[21], Zn(II)[22], Ni(II)[23]
Organic dyes Cibacron blue and Reactive green 19[24,25],

Sulforhodamine B[26], Malachite green [27]
Small organic molecules Biotin[28], Cocaine[29], Theophylline[30],

Adenine[31], Dopamine[32]
Amino acids l-Valine[33], d-Tryptophan[34], Arginine[35–37], Citrulline[38]
Nucleosides/nucleotides Guanosine[39], ATP[40,41], GTP[42], cAMP[43]
Nucleotide analogs 8-oxo-dG[44], 7-Me-guanosine
RNA TAR-RNA[45]
Biological cofactors NAD[46], FMN[46,47], Porphyrins[48], Vitamin B12[49], FAD[50], CoA[51]
Aminoglycosides Tobramycin[52], Neomycin [53]
Oligosaccharides Cellobiose[54]
Polysaccharides Sephadex[55]
Antibiotics Streptomycin[56], Viomycin[57], Tetracycline[58]
Peptides Rev peptide[59], Vasopressin[60], Substance P[61]
Enzymes Human Thrombin[62], HIV Rev Transcriptase[63], Fpg[64] Human RNase H1[65]
Growth factors Karatinocyte GF[66], Basic fibroblast GF[67], VEGF165[68]
Transcription factors NF-κB[69]
Antibodies Human IgE[70]
Gene regulatory factors Elongation factor Tu[71]
Cell adhesion molecules Human CD4[72], Selectin[73]
Cells YPEN-1 endothelial cells[74]
Intact viral/bacterial particles Rous sarcoma virus[75], Anthrax spores[76]

A particularly interesting class of in vitro selected
DNA/RNA are catalytically active DNA/RNA that can
catalyze many of the same reactions as protein enzymes
[77–81]. Catalytic RNA molecules have been found in
nature and are known as ribozymes [82,83], which will
be referred to in this paper as RNAzymes. A list of reac-
tions that RNAzymes can catalyze is presented in Table II.
Long considered as strictly a genetic information stor-
age material, DNA was shown in 1994 to carry out cat-
alytic functions and thus became the newest member of
the enzyme family after proteins and RNA [99]. Catalyti-
cally active DNA molecules are called DNAzymes in this
paper and are also known as deoxyribozymes, DNA en-
zymes or catalytic DNA elsewhere. Although no natu-
rally occurring DNAzymes have been found, DNAzymes
that can catalyze a variety of reactions have been isolated
through the in vitro selection method [78,80,100,101]. In
Table III, a list of reactions that DNA can catalyze is
presented. Importantly, the activity of DNA/RNAzymes
can be tuned in the selection process by varying cofac-
tors and cofactor concentrations, so that the activity of
resulting DNA/RNAzymes could be dependent on those
cofactors (analytes). Therefore, these analyte-dependent
DNA/RNAzymes can be used to design biosensors to de-
tect those analytes.

DNAzymes are especially attractive as a platform
to design biosensors. First, many analyte-dependent
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Table II. Reactions Catalyzed by RNAzymes That Were Isolated fromIn Vitro Selection Experiments

Reaction kcat Km (µM) kcat/kuncat
a Reference

Phosphoester centers
Cleavage 0.1 0.03 105 [84]
Transfer 0.3 0.02 1013 [77]
Ligation 100 9 109 [85]
Phosphorylation 0.3 40 >105 [86]
Mononucleotide polymerization 0.3 5000 >107 [87]
Carbon centers
Aminoacylation 1 9000 106 [88]
Aminoacyl ester hydrolysis 0.02 0.5 10 [89]
Aminoacyl transfer 0.2 0.05 103 [90]
N-alkylation 0.6 1000 107 [91]
S-alkylation 4× 10−3 370 103 [92]
Amide bond cleavage 1× 10−5 102 [93]
Amide bond formation 0.04 2 105 [94]
Peptide bond formation 0.05 200 106 [95]
Diels-Alder cycloaddition >0.1 >500 103 [96]
Others
Biphenyl isomerization 3× 10−5 500 102 [97]
Porphyrin metallation 0.9 10 103 [98]

Note. Table II and Table III were adupted from “The RNA world,” 2nd ed., Cold Spring Harbor
Laboratory Press, 1999, pp. 687–689.
aReactions catalyzed by RNAzymes that were isolated fromin vitro selection experiments. kcat/kuncat

is the rate enhancement over uncatalyzed reaction.

DNAzymes have already been isolated (Table III). Second,
DNA molecules have higher stability than proteins and
RNA and can be denatured and renatured many times with-
out losing their catalytic or binding abilities. Third, DNA
is relatively less expensive to produce, and the solid phase
DNA synthesis chemistry can produce DNA with various
functional groups conveniently. An example of in vitro se-
lection of DNAzymes that have analyte-dependent activi-
ties is shown in Fig. 1. A small population of DNAzymes
with desired properties are selected and amplified from a
pool of up to 1015 random DNA sequences. The selected
DNAzymes are then subjected to further rounds of muta-
tion and amplification and re-selection, often with more

Table III. DNAzymes Isolated ThroughIn Vitro Selection

Reaction Cofactor kmax(min−1)a kcat/kuncat Reference

RNA transesterification Pb2+ 1 105 [99]
Mg2+ 0.01 105 [102]
Ca2+ 0.08 105 [103]
Mg2+ 10 >105 [104]
None 0.01 108 [105]
L-Histidine 0.2 106 [106]
Zn2+ ∼ 40 >105 [107]

DNA cleavage Cu2+ 0.2 >106 [108]
DNA ligation Cu2+ or Zn2+ 0.07 105 [109]
RNA ligation Mn2+ 2.2 >106 [110]
DNA phosphorylation Ca2+ 0.01 109 [111]
5′,5′-pyrophophate formation Cu2+ 5× 10−1 >1010 [112]
Porphyrin metallation None 1.3 103 [113]

stringent selection conditions. When the activity of the
pool stops increasing, the pool is cloned and sequenced to
obtain the active DNAzyme sequences.

The development of the nanotechnology of DNA-
functionalized gold nanoparticles and the development of
the biotechnology of the in vitro selection of target spe-
cific nucleic acids offer us a unique opportunity to combine
these two emerging fields to design colorimetric biosen-
sors that can detect a very wide range of analytes. In this
paper, a brief review of the initial efforts made in our
group to design colorimetric biosensors is presented. We
chose an in vitro selected DNAzyme (named the “8-17”
DNAzyme [104,107,114]) with high selectivity for Pb2+



P1: KEG/JQX

Journal of Fluorescence [JOFL] pp1254-jofl-489229 June 1, 2004 21:4 Style file version 29 Aug, 2003

346 Liu and Lu

Fig. 1. An example ofin vitro selection of DNAzymes with RNA en-
donuclease activity. The initial selection pool (top left) contains a ran-
dom sequence domain of 40 nucleotides (shown as a bar) flanked by
two conserved primer-binding regions (shown as single lines). After one
polymerase chain reaction (PCR) reaction to amplify the DNA pool, a
second PCR reaction is performed in which one of the PCR primers
contains a biotin moiety (B) at the 5′-end, and a ribonucleic adenosine
(rA ) embedded in the 5′-conserved sequence region. TherA is intended
to be the cleavage site due to the relative lability of the RNA bond to-
ward hydrolytic cleavage. The DNA pool is then immobilized on an
avidin column through the biotin moiety on the 5′-end of the DNA.
Since single stranded DNA molecules are most likely to form complex
three-dimensional structure necessary for DNAzyme function, the dou-
ble stranded DNA molecules are denatured by NaOH and the DNA strand
without biotin can be washed away from the column. Addition of metal
ions to the column containing the remaining single-stranded DNA un-
der defined conditions (time, pH, temperature) and subsequent elution
from the column allows selection of DNAzymes that undergo cleavage
at the internal RNA bond in the presence of the metal ion of choice.
The selected DNAzymes can be amplified via PCR and used to seed the
following round of selection. The activity of the selected enzymes can be
improved by gradually using more stringent conditions (such as shorter
incubation times or lower temperatures) in each subsequent round of
selection. The metal-binding affinity of the enzymes may also be im-
proved by gradually decreasing the concentration of the metal ion. The
selection continues until the generation at which improvement of activity
stops. The DNAzymes can then be cloned and sequenced. Adapted from
reference [102].

to design a colorimetric Pb2+ sensor. The primary and
secondary structure of the “8-17” DNAzyme is presented
in Fig. 4A. In the presence of Pb2+, the substrate strand
(17DS) can be cleaved by the enzyme strand (17E) at the
scissile ribo-adenosine position (rA) (Fig. 4B). Through
this work, the feasibility of using gold nanoparticles as col-
orimetric assay tools for DNA/RNAzymes has been val-
idated. Comparisons are made for aggregates assembled
by simple complementary DNA and by DNAzymes. As an
example of the application of the colorimetric Pb2+ sensor,
the detection of Pb2+ in leaded paint is also shown. The
potential of using allosteric DNA/RNAzymes (aptazymes)
to expand the range of analytes that the DNA/RNAzyme-
nanoparticles-based sensor design strategy can apply is
also presented at the end of the review.

GOLD NANOPARTICLES DO NOT INTEREFERE
WITH DNAZYME ACTIVITIES

One of the concerns about the design of colorimet-
ric biosensors using DNAzyme-assembled gold nanopar-
ticles is that nanoparticles might interfere with the activity
of DNAzymes, for example, by absorbing DNAzymes or
target analytes onto nanoparticle surfaces. To investigate
whether the DNAzyme maintains the same activity in the
presence of nanoparticles (functionalized with DNA), a
biochemical assay was performed using a procedure de-
scribed elsewhere [104,107,114]. The “8-17” DNAzyme
cleaves its substrate in the presence of Pb2+ with the same
efficiency, regardless of the presence or absence of gold
nanoparticles (Fig. 2). This result suggests that the interac-
tion between DNA-functionalized gold nanoparticles with
other reagents in the reaction solution is minimal. This
minimal interaction should also be related to the design of
the sensor system (vide infra).

STRUCTURE SIMILARITY BETWEEN
DNA- AND DNAZYME-ASSEMBLED
NANOPATICLE AGGREGATES

Nanoparticle aggregates assembled by complemen-
tary DNA strands reported by Mirkin and co-workers

Fig. 2. The 17E DNAzyme activity assay in the presence (solid dia-
monds) and absence (open squares) of 12-mer DNA attached 13 nm
diameter gold nanoparticles (DNAAu). The reaction was carried out in
25 mM Tris-acetate buffer pH 7.2; 300 mM NaCl. 5µM Pb2+ was
added to initiate the cleavage reaction. The32P-labeled substrate (17DS)
concentration was about 1 nM. The 17E concentration was 5µM. The
DNA-linked gold nanoparticles (DNAAu) were prepared according to
procedures in [5] and their concentration was estimated to be 8 nM.
The size of the gold nanoparticles was verified to be 13 nm by TEM
(JEOL 2010). The cleaved and uncleaved substrates were separated by
20% polyacrylamide gel electrophoresis. The percentage of cleavage
was quantified using a Fuji FLA-3000 PhosphorImager.
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Fig. 3. (A). The UV-vis extinction spectrum of the DNAzyme-assembled 13 nm diameter gold nanoparticle aggregates (solid
line) and the spectrum of separated nanoparticles after the melting of the aggregate (dashed line). (B). The melting curve of the
nanoparticle aggregates that assembled by the DNAzyme (solid triangles), and by simple complementary strand DNA (sequence: 5′-
CATCTCTTCCTATAGTGAGT-3′) (empty squares). The melting curves were measured in 300 mM NaCl, 25 mM Tris-acetate buffer,
pH 7.2. The melting temperatures were determined to be 46◦C for the DNAzyme-assembled aggregates and 44◦C for the DNA-
assembled aggregates. (C). A TEM image of the DNAzyme-assembled 13 nm gold nanoparticle aggregates. The scale bar corresponds
to 200 nm.

possess characteristic melting properties, which are dis-
tinguished by a very sharp melting transition and by a
significant increase in the extinction at 260 nm com-
pared to the melting of double-stranded DNA without
nanoparticles [4,115,116]. Thus, the unique melting curve
is an important property of the DNA-nanoparticle system.
Therefore, measuring the melting curve of the DNAzyme-
assembled nanoparticle aggregates should give informa-
tion on whether the nanoparticles assembled by simple
complementary DNA and by DNAzymes share similar
structures. In Fig. 3A, the UV-vis extinction spectra of
the DNAzyme-assembled nanoparticle aggregates (solid
line) and separated nanoparticles after melting of the ag-
gregates by heating (dashed line) is shown. As can be
observed, after melting, the extinction at 260 nm and at
522 nm increases, while the extinction in the 700 nm re-
gion decreases. The increase in extinction at 260 nm is
used to monitor the melting of nanoparticle aggregates.
The melting curve of DNAzyme-assembled aggregates is
shown in Fig. 3B (solid triangles). By replacing 17E with
a DNA strand that is complementary to 17DS, nanoparti-
cle aggregates can also be formed. In these aggregates,
all DNA are in fully complementary state, similar to

the nanoparticle aggregates reported by Mirkin and co-
workers [4,115,116]. The melting curve of these aggre-
gates is also measured (Fig. 3B, open squares). The two
melting curves share many similarities. The two aggre-
gates have similar melting temperatures (see the figure
legend). Both of the melting curves feature a sharp melt-
ing transition and a very large increase in the extinction
at 260 nm. The similar melting properties suggest that
the DNAzyme-assembled nanoparticle aggregates have
a similar structure as DNA-assembled aggregates, even
though a bulge is present in the DNAzyme (see Fig. 4A).
The structure of the DNAzyme-assembled nanoparticle
aggregates was also characterized by transmission elec-
tron microscopy (Fig. 3C); structures similar to DNA-
assembled aggregates were observed [3]. Therefore, al-
though DNAzymes have special secondary structures that
are required for their catalytic activities, the aggregates as-
sembled by DNAzymes have a similar structure to simple
complementary DNA-assembled aggregates. This simi-
larity allows us to employ the well-characterized proper-
ties of DNA-assembled nanoparticle aggregates for further
design and optimization of DNAzyme-nanoparticle-based
sensors.
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Fig. 4. (A) The secondary structure of the “8-17” DNAzyme system that consists of an enzyme strand (17E) and a substrate
strand (17DS). The cleavage site is indicated by a black arrow. Except for a ribonucleoside adenosine at the cleavage site (rA),
all other nucleosides are deoxyribonucleosides. (B) Cleavage of 17DS by 17E in the presence of Pb2+. (C) Schematics of the
DNAzyme-directed assembly of gold nanoparticles and their application as biosensors for metal ions such as Pb2+. In this system,
17DS has been extended on both the 3′ and 5′ ends for 12 bases (the extended 17DS is named SubAu), which are complementary
to the 12-mer DNA attached to the 13 nm gold nanoparticles (DNAAu). See text for the description of the sensor design.

DESIGN OF THE COLORIMETRIC BIOSENSOR

The cleavage of the substrate strand in the presence of
Pb2+ is the basis of the Pb2+ sensor design (Fig. 4B). The
DNA sequence on gold nanoparticles can be designed in
such a way that the uncleaved substrate can act as a linker
to assemble gold nanoparticles, while the cleaved substrate
cannot assemble nanoparticles. We chose to extend the
substrate strand (17DS) at both ends for 12 bases and
use the 12-base overhangs on each end to hybridize with
DNA on nanoparticles. In this way, the enzyme binding
region on the substrate strand is intact, and the binding of
the substrate to nanoparticles should have little effect on
the enzyme binding to the substrate. Therefore, the high
sensitivity and selectivity of the DNAzyme for Pb2+ can
be maintained.

In the initial design, the sensor contains three com-
ponents, the enzyme strand (17E), the extended sub-
strate strand (named SubAu), and DNA-functionalized
gold nanoparticles (named DNAAu) (Fig. 4C). To make the
system as simple as possible, the two 12-base nanoparticle
hybridizing regions on the substrate strand have identical
sequences, so that nanoparticles are only functionalized
with one kind of DNA [117]. The three components can
anneal because of DNA base pairing interactions. Since
there are over one hundred DNA molecules attached to
each nanoparticle [118], the annealed product can cross-
link to form large nanoparticle aggregates, which have a

blue color. The blue-colored aggregates have sizes ranging
from several hundred nanometers to over one micrometer,
based on TEM characterization. The relatively large size
of nanoparticle aggregates makes them easy to isolate and
purify by simple centrifugation. The purified aggregates
can then be used as a colorimetric biosensor to detect Pb2+.

For the detection, nanoparticle aggregates are heated
above the melting temperature of the aggregates (46◦C)
and allowed to cool slowly in a dry-bath to room tempera-
ture in a time course of∼2 hr. The aggregates contain gold
nanoparticles, the substrate and the enzyme strand. After
melting, the aggregates break into separated nanoparticles
and the substrate and enzyme strands. In the process of
cooling, the enzyme strand anneals to the substrate strand.
The annealed product is either by cleaved in the presence
of Pb2+, or acts as a linker to assemble gold nanoparti-
cles. If nanoparticle aggregates can grow large enough,
the substrate strand is protected in the aggregates from
further cleavage. Because the rate of cleavage is depen-
dent on the Pb2+ concentration, a higher Pb2+ concentra-
tion gives a faster cleavage rate. As a result, the substrate
available to assemble nanoparticles decreases, resulting
in a larger fraction of nanoparticles in the separated state
and a red color. If no Pb2+ is present, the substrate is not
cleaved and the nanoparticles can re-assemble and give
blue colored aggregates. Thus, from the color developed
by the sensor, the Pb2+ concentration can be quantified
(Fig. 4C).
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Fig. 5. (A). The structure of the active DNAzyme (17E). The G• T wobble pair that is crucial for the activity of the DNAzyme
is highlighted by a black dot under the arrow. (B). The structure of the inactive DNAzyme (17Ec), in which the wobble pair is
replaced by a Watson-Crick base pair. (C) Pb2+ detection level of the sensor. When the enzyme strand is the active 17E only,
the Pb2+ detection range is from 0.1µM to 4 µM (solid squares). When the ratio of 17E and 17Ec is 1:20, the Pb2+ detection
range is from 10µM to 200µM (open squares).

A HIGHLY SENSITIVE AND SELECTIVE
SENSOR WITH TUNABLE DETECTION RANGE

The color of the resulting sensor solution after the
Pb2+ detection process described above can be conve-
niently monitored by UV-vis extinction spectroscopy.
Upon aggregation, the extinction at 522 nm decreases,
while the extinction at 700 nm increases (Fig. 3A). Thus,
the ratio of extinction at 522 nm and 700 nm was used
to characterize the degree of nanoparticle aggregation. A
higher extinction ratio correlates with a lower degree of
aggregation, or more nanoparticles in the separated states,
and vice versa. The ratiometric method minimizes the dif-
ferences between each experiment, such as the difference
in nanoparticle concentration. As shown in Fig. 5C (solid
squares), this un-optimized sensor can detect and quantify
Pb2+ from 0.1 to 4µM.

A unique feature of this DNAzyme-based sensor is
that the detection range can be tuned over several orders
of magnitude by using a mixture of active and inactive
DNAzymes. The active DNAzyme contains a G• T wob-
ble pair downstream of the substrate cleavage site (high-
lighted by a black dot in Fig. 5A). This wobble pair is
essential for the activity of the DNAzyme [104,107,114].
If the wobble pair is replaced by a Watson-Crick base
pair, e.g. by exchanging the T in the enzyme strand for a
C base, the activity of the DNAzyme is abolished com-
pletely (Fig. 5B). However, the inactive DNAzyme has
a similar structure to the active DNAzyme, and thus is
also capable of assembling gold nanoparticles with simi-
lar optical properties. When a mixture of active and inac-

tive DNAzymes is used, a higher concentration of Pb2+ is
needed to achieve the same degree of cleavage. Therefore,
the detection range can be tuned to higher Pb2+ concen-
trations. For example, by using a ratio of 20:1 of inactive
to active enzyme, the detection range is shifted to detect
Pb2+ from 10 to 200µM (Fig. 5C, open squares). The
color of the sensor after detecting Pb2+ can be visualized
by spotting the sensor onto a solid surface, such as an alu-
mina TLC plate. Shown in Fig. 6B is the color developed
on a TLC plate with different concentrations of Pb2+. A
blue to purple to red color progression can be observed.
With other divalent metal ions, the color of the sensor re-
mains blue (Fig. 6C), suggesting the high selectivity of
the sensor.

APPLICATIONS: DETECTION OF LEAD
IN LEADED PAINT

As described previously, one of the advantages of
using DNA molecules as biosensor components is the
high stability of DNA. DNA can withstand for rather
harsh conditions and can still maintain binding or catalytic
activities. We have already demonstrated that using the
same DNAzyme labeled with fluorophore and quenchers,
Pb2+ in Lake Michigan water could be detected [119].
By using the nanoparticle-based colorimetric biosensor,
we have demonstrated that even Pb2+ in leaded paint can
be quantitatively detected. The reason that we are inter-
ested in developing sensors to detect Pb2+ in paint is
because∼24 million housing units in the United States
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Fig. 6. (A). The quantification of Pb2+ in leaded paint using UV-vis spectroscopy. Typically, 0.1 g of leaded paint with different
percentages of Pb2+ was soaked in 100µL of 10% acetic acid solution. The soaking solution was diluted 150000 times for the
detection. The detection procedures were the same as that for the detection of Pb2+ in water samples. The color of the sensor
developed on an alumina TLC plate with different Pb2+ concentrations (B) and with 5µM of 8 other divalent metal ions (C).
The reactions in both (B) and (C) are carried out in 25 mM Tris-acetate buffer, pH 7.2, containing 300 mM NaCl. Colorimetric
detection and quantification of lead in leaded paint. The color developed on a TLC plate by the sensor after reacting with 360- (C)
and 15,000-fold (D) dilution of the soaking solution for the leaded paint. The pictures were acquired with an EPSON Perfection
1200S scanner.

have deteriorated leaded paint and elevated levels of lead-
contaminated house dust, according to the U.S. Centers
for Disease Control (CDC) [120]. Current methods for
Pb2+ detection in leaded paint are prone to false positive
or false negative results [121,122]. Given the high sta-
bility of DNA, the high sensitivity and selectivity of the
DNAzyme-based Pb2+ sensor, and its capability of pro-
viding simple colorimetric detection, it is very attractive
to apply this sensor for on-site, real time detection of Pb2+

in leaded paint. We made leaded paint samples with dif-
ferent percentages of Pb2+ added. After drying the leaded
paint, Pb2+ was extracted by soaking with acetic acid so-
lution. Because the amount of Pb2+ in leaded paint can
be as high as 20%, dilution is needed for quantitative de-
tection. Shown in Fig. 6A is the quantification of Pb2+ in
leaded paint using UV-vis spectroscopy. A similar curve
as in the detection of Pb2+ added to Millipore water was
observed, indicating the method can not only be used to
detect but also can quantify lead in paint. Similarly, the
resulting sensor solution can be spotted onto a TLC plate
for visualization. Shown in Fig. 6D and 6E are the colors
developed by the sensor for two different concentration
ranges of Pb2+ in leaded paint. In each case, a blue to
red color transition with increasing Pb2+ percentage was
observed.

PERSPECTIVES

The design of a colorimetric Pb2+ sensor us-
ing DNAzyme-assembled gold nanoparticles has been

demonstrated, which shows potential practical applica-
tions, such as the detection and quantification of Pb2+

in leaded paint [117]. Given the vast amount of analytes
that need to be detected and quantified with high accu-
racy and certainty for civilian, industrial, environmental,
and military applications [123], it would be desirable for
this methodology to be generalized to the detection of all
analytes that can be recognized by DNA/RNA aptamers
listed in Table I. Comparing the analytes that DNAzymes
can recognize in Table III to those that aptamers can rec-
ognize in Table I, it can be seen that most DNAzymes use
only metal ions as cofactors, while the range of analytes
that aptamers can recognize is much wider.

Some recent development in the catalytic DNA/
RNA field has resulted in a new class of DNA/
RNAzymes, which combine an aptamer motif with a
DNA/RNAzyme catalytic core and are known as allosteric
DNA/RNAzymes or aptazymes [18,124–126]. Upon ana-
lytes binding to the aptamer motif, the tertiary structure of
an aptazyme is activated and can cleave the correspond-
ing substrate. Aptazymes can be obtained through either
in vitro selection [19,127,128] or through rational design
[124,125]. One example of an aptazyme that contains an
ATP or adenosine aptamer motif is shown in Fig. 7. This
is an example of the rationally designed aptazymes that
can recognize ATP or adenosine [125,129]. Similarly, the
substrate strand of the aptazyme can be extended on both
ends to hybridize to DNA on nanoparticles for detection
purposes. The invention of aptazymes should expand the
scope of the DNAzyme-nanoparticle methodology to the
detection of a very wide range of important analytes [130].
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Fig. 7. Expanding the range of analytes that DNAzyme-based sensors
can detect by using allosteric DNAzymes (aptazymes). As an example,
the primary and the proposed secondary structure of an ATP or adenosine
aptazyme built on the “8–17” DNAzyme platform is shown [44]. This
aptazyme is composed of a substrate strand, an enzyme strand and a
regulator strand. The 3′-end of the enzyme strand and the 5′-end of the
regulator strand form an ATP or adenosine aptamer motif. Upon binding
to an ATP or adenosine molecule, the aptazyme is activated and can
cleave its substrate. The substrate strand is extended on both ends so that
it can assemble nanoparticles for sensor applications [130].
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