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The development of specific ion sensors is linked to pressing via a 3 terminal thiol on the catalytic strarid,is relatively rigid,
needs for the rapid detection of toxic metki$ Of particular interest presumably preventing the MB from approaching the electrode to
has been the detection of lead P} an important pollutant with transfer electrons (Scheme 1, left). (Alternatively, transfer may occur
major routes of human exposure arising from lead-based paints andthrough the double stranded DNA from a MB intercalated within
contaminated soils and foodstuff8ecause of the often severe the double-stranded regions of the sensing DRAIn the presence
effects of lead toxicity, which include renal malfunction and the of PK?", the trans-acting catalytic strand cleaves the sessile
inhibition of brain developmerft,allowable juvenile serum lead  phosphodiester of the substrate into two fragments (Scheme 1,
levels are just 100 parts-per-billion (ppb). middle). These fragments presumably dissociate from the complex,

Current protocols for the detection of lead require inductively allowing the MB to transfer electrons to the electrode (Scheme 1,
coupled plasma mass spectroscopy (ICP/MS) (see Supportingright).

Information (SI)), a rather complex laboratory technique. Motivated ' )
Scheme 1. A Schematic of the DNAzyme-Based Electrochemical

by the desire for rapid, portable means of quantifying low-level ggngora
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lead contamination, recent years have seen the development of e
fluorescerit and colorimetri€ sensors achieving parts-per-billion

detection limits. These optical methods, however, suffer from z !
possible drawbacks including potential false signals arising from

contaminating colorants, fluorophores and quenchers, and, fre- "

quently, a reliance on cumbersome optical equipment. Electro-
chemical methods, in contrast, benefit from the impressive minia-

turization of modern microelectronics, the relative paucity of Gcccgr::

electroactive contaminants, and the relative stability and environ- AN e

mental insensitivity of electroactive labels and thus are less likely t

to suffer from these potential drawbacdk$Jnfortunately, however, aInset: secondary structure of the-“&7” lead-dependent DNAzyme

the electrochemical lead detection methods reported to date requireemployed here.

compl_ex, multistep protocols ir.NON.inQ_ the reductive deposition of The catalytic strandl) is composed of a functional domain of
metallic Iead_followed by anodlc_strlpplng voltammetfyere we . 15 deoxynucleotides flanked by and 3 substrate-recognition
propose a simpler electrochemical approach based on the hlghlydomains of 9 nucleotides each. Previous studies indicate that this

specific, metal-induced activation of a lead-requiring DNAzyme. represents the optimal compromise between stable complex forma-

ID NAZS{TEZ afre catr:;lytlc zNA E?\(l:]:ences |solat$d V'S N VIO i and efficient dissociation after cleavalgé?Of note, deposition
selection. “Cofactor-dependent zymes can often be gener- ¢ o catalytic strand during sensor fabrication must be carefully

ated from Fhis app_roach by add.ing varying COf‘.ﬂ"CtorS and cofactor controlled to produce optimal signal gain and reproducibility. As
concentrations during the gelectlon process. Using a Iead'dependengfletermined by electrochemical measurements, the surface coverage
DNAzyme produced by this method, several groups have creatgdof the MB-modified catalytic strandlf was maintained within the
optical lead sensors that couple the presence of this cofactor with range of 3.8+ 0.3 pmotcm2, an electrode loading level at which
catalytic activities producing fluorescent or colorometric outgdts. sensor gai.n is haximized '

Here we ad_apt this same Iead_—dependent DNAz_y_me in an electro- The DNAzyme-based sensor is sensitively and specifically
chemical biosensor that achieves parts-per-billion (nanomolar) responsive to its target ion (Figure 1, 2). In the absence &f Pb
sensitivity and excellent selectivity in a single, convenient measure- we observe only small, reproducible Faradaic currents. Upon

ment step. . . . !
- increasing Pb™ we observe a large increase Faradaic current,
+_ “ ”
The PB*-requiring DNAzyme we have employed, the=&7 saturating at a~60% signal increase above 10/A. The directly

DtNAEyrge[,)’llsAa sbe qtuetnce-spt)e_uflc nuc!ealse actln_? O_TO a Zlng_le- measured detection limit of the current sensor architecture after
strande substrate containing a single, Sessiie 1bo-atenine, v, inepation at 37C is 0.3uM (62 ppb), and the signal gain is

- : 13 .
(md;f&llted ll?ll arr’\c;lvgs n s_;:_hgme ff)' T?eh_sensolr qorllas,ll\ls;s of ad linear over the range from 0.5 to 1M (104 to 2070 ppb). At
methylene-blue (MB) modified version of this catalytic stran approximately 30 min (see Sl, Figure S1) the sensor equilibration

(? dhyb“qllﬁgd to |tsl com;;lgrlrgntiry, ?O;)basE sdutbstratel dolliqor:ucolle- time constant is, however, rather slower than that observed for the
otide €). This complex, which is chemi-absorbed to a gold electrode equivalent solution phase (homogeneous) optical sétfsor.

' Department of Physics, Materials Department, and Institute for Polymers and ~ Control experiments support the proposed sensing mechanism.

%ge%’gfm?gg?%f Chemistry and Biochemistry For example, sensors fabricated using an inactive mutant catalytic
§ Program in BioMolecular Science and Engineering. strand B) (due b a T to Cmutation at position 13} do not respond
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analysis methods (Figure 2B). The lead in these spiked soil samples
(at 80 ppm or 120 ppm) was extracted in 1 mL of 10% HOAc (to
solublize the often insoluble lead salts present in d@fpre being
diluted 100-foldprior to analysis, illustrating the sensor’s excep-
tional sensitivity.

The DNAzyme-based electronic sensor described here exhibits
excellent sensitivity and specificity for its target ion. It also offers
reasonable selectivity, speed, and operational convenience. Finally,
given the potential for in vitro selection to produce cofactor-
iy o e o o sorso cina s ' Sopendent DNAcleaving DNAzymes (o oxample. boh copper
ié:lcubatior%l at various Pb concegntrations. (B) A doseresponse curve for and h|§tld|ne-dependent .[.)NAzymes have peen reported W'Fh the
the lead sensor. The illustrated error bars represent the standard deviatiof€duisite sequence-specific nuclease acti¥jtand given that it
of four measurements conducted with a single electrode at each concentraappears that DNAzymes can be immobilized without loss of

tion; multiple electrodes were used to collect the entire data set. (Relative activity 8¢20this approach may prove of general utility for electro-
sensor response (%), is employed because this is more reproducible
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chemical analyte detection.
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Supporting Information Available: The experimental conditions

for the preparation of DNAzyme-modified electrodes and for the

reported analysis and control experiments. This material is available

Figure 2. The sensor is both specific (capable of rejecting similar ions) free of charge via the Internet at http:/pubs.acs.org.

and selective (uninhibited by complex, contaminant-ridden samples). (A)

Little signal change is observed when the sensor is challenged with divalent
metal ions other than Pb (all at 104M). (B) The sensor is selective enough

to employ with soil extracts. Shown are the signals obtained after the sensor
is challenged with positive control samples comprising lead at 120 or 80
ppm in buffer, with extracts of soil spiked with equivalent amounts of lead,
and extracts from a control soil sample lacking detectable lead. All five
samples were extracted with acetic acid (to solubilize the lead) using EPA
Method 3050B and diluted 100-fold with buffer prior to analysis (i.e.,

whereas the initial lead concentrations were 120 and 80 ppm, the detected

levels were 1200 and 800 ppb).

when challenged with 1M Pk (see SI, Figure S2). A sensor
built using an unreactive, all-deoxyribose substrate strd)iflglso
fails to respond when similarly challenged (see Sl, Figure S3). It

thus appears that the observed increase in electron transfer requires

the specific, lead-induced cleavage of the proper DNAzyme.

The specificity of the sensor was determined by challenging it
with the divalent metal ions M, Ni2*, Zn?*, Ce?*, Mg?t, Cat,
Cw*, and Hg' at 10 uM concentrations (Figure 2A) (see SlI,
Figures S4S7). The response to these ions is effectively indis-
tinguishable from the response observed for control samples lacking

exogenously added metal ions, and thus the sensor appears to be(11)

as specific as the DNAzyme upon which it is ba8éd.ikewise
the sensor’s response to #hbis unaffected by the presence of
divalent contaminating ions such as Mr(Figure 2A).

At 62 ppb (0.3uM) the detection limit of our lead sensor is
more than sufficient for the routine monitoring of lead levels in
food and environmental samples: For example, the U.S. Food and
Drug Administration has set an action level of 500 ppb (2\5)
for lead in products intended for use by infants and childfen.
Similarly, the U.S. Environmental Protection Agency's (EPA) action
levels for total lead in soils range from 100 to 400 parts+pélion
(ppm) (0.5 to 1.5millimolar)1” As evidence of the applicability of
our sensor for such applications, we have tested its ability to
quantify lead in soil samples at parts-per-million concentrations.
Using EPA method 30508 to extract the lead from standard soil
samples prior to measurement with our sensor we obtain values
within a few percent of those determined using standard ICP/MS
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