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Abstract: An integrated PCR-free DNA sensor, which combines a sequence-specific receptor, an optical
polymeric transducer, and an intrinsic fluorescence amplification mechanism, is reported. This sensor is
based on the different conformations adopted by a cationic polythiophene when electrostatically bound to
ss-DNA or ds-DNA, and on the efficient and fast energy transfer between the resulting fluorescent
polythiophene/ds-DNA complex and neighboring fluorophores attached to ss-DNA probes. This molecular
system allows the detection of only five molecules in 3 mL of an aqueous solution, or 3 zM, in 5 min.
Moreover, this work demonstrates, for the first time, the direct detection of single nucleotide polymorphisms
(SNPs) from clinical samples in only a few minutes, without the need for nucleic acid amplification.

Introduction polymerase chain reactith(PCR), to provide the detection

Simple and ultrasensitive sequence-specific DNA biosensorsfsensmvity and specificity needed for a rapid assessment of the

are urgently needed for the rapid diagnosis of infections and identity qf pathogens which might be present in var.ious clinical
genetic diseases as well as for environmental and forensicathenwron(rjnentil_ s;amtplgsﬁ ngeve:, PC'? requ;_es_, cct)lmi)kl]ex
applications. For instance, the efficient and affordable detection mixtures and sophisticated hardware to perform efficiently the
of infectious disease agents is seen by the World Health enzy_manc reaction. To develop particularly S|_mple and inex-
Organization as the most critical biotechnological development pensive assays, we report hereln.a DNA detecthn system Wh'.Ch
for improving health in developing countriédhe recognition combines an anionic oligonucleotide probe, a cationic polymeric

capabilities of DNA through hybridization reactions are well- transducer, which also serves as a localized counterion promot-
established, but adequate transducers are needed to generaterég specific hybridization, and an intrinsic photonic amplification
physically measurable signal from the hybridization event. For mechanism. For the first time, it is possible to easily and
this purpose, various optical (molecular beacons, DNA-deriva- spemflga!ly detect as fgw as f ve mplecules of [.)NA gxtracted
tized nanoparticles, conjugated polymers, etc.) and electro-g]Orn chp(;cal samples Itn 5f Tr']n Tglstgppr(;ach 'Sl' swtablle I%r
chemical (redox-active nucleic acids, redox polymers, enzymatic € rapid assessment of ihe iden Ity o sing'e nucieotde
systems, etc.) DNA sensors have been propdsédvany of polymorphisms (SNPs), genes, and pathogens without the need

them rely on some form of chemical amplification, such as the for nucleic acid amplification.
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(2) Fodor, S. P. A; Read, J. L,; Pirrung, M. C.; Stryer, L.; Lu, A. T; Solas, To develop this direct molecular detection approach, a
D. Sciencel991, 251, 767773

(3) Tyagi, S.. Kramer, F. RNat. Biotechnol 1996 14, 303-308. cationic polythiophene (Polymer 1 in Figure 1) was first

4) 2"5%%“3%%& T.; Pullen, A. E.; Swager, T. hem. Re. 2000 100, synthesized as described elsewhé&r€. This water-soluble

(5) Drummond, T. G.; Hill, M. G.; Barton, J. KNat. Biotechnol2003 21, ConjUgated_ polymer exhibits CO'|OI’ and fluorescence changes
1192-1199. ) . when put in the presence of single-stranded (ss) or double-

(6) Storhoff, J. J.; Lucas, A. D.; Garimella, V.; Bao, Y. P.;' lMu, U. R. Nat. . . .
Biotechnol. 2004 22, 883-887. stranded (ds) nucleic acids. For instance, when a 20-mer

@ g‘gag_gé?':’g? Stoeva, S. I.; Mirkin, C. Al. Am. Chem. So2004 126, unlabeled capture probe (i.e., X1:-GATGATTGAACCATC-

(8) Liu, R. H.; Yang, J.; Lenigk, R.; Bonanno, J.; GrodzinskiARal. Chem CACCA-3) is stoichiometrically (on a repeat unit basis) added
2004 76, 1824-1831. i

() Lit, B Bazan, G, CChem. Mater2004 16, 44674476, to polymer 1, the fluorescence of the polymer is quepched and

(10) Ho, H. A.; Baissinot, M.; Bergeron, M. G.; Corbeil, G.; Doke; Boudreau, the mixture becomes red{ax = 527 nm), corresponding to a
D.; Leclerc, M.Angew. Chem., Int. ER002 41, 1548-1551. H H H

(11) Gaylord. B, S.- Heeger, A. J.- Bazan, G.Rboc. Natl. Acad. Sci. U.S.A planar, hlg_h_ly conjugated aggregated fqrm of the polythlophene.
2002 99, 10954-10957. Upon addition of a complementary oligonucleotide (i.e., Y1:

(12) Nilsson, K. P. R.; Ingaisa O.Nat. Mater.2003 2, 419-424.

(13) Dore K.; Dubus, S.; Ho, H. A.; Leesque, |.; Brunette, M.; Corbeil, G.;
Boissinot, M.; Boivin, G.; Bergeron, M. G.; Boudreau, D.; Leclerc, M. (14) saiki, R. K.; Scharf, S.; Faloona, F.; Mullis, K. B.; Horn, G. T.; Erlich, H.
Am. Chem. SoQ004 126, 4240-4244. A.; Arnheim, N. Sciencel985 230 1350-1354.

10.1021/ja053417j CCC: $30.25 © 2005 American Chemical Society J. AM. CHEM. SOC. 2005, 127, 12673—12676 m 12673



ARTICLES

Ho et al.

(A)

0.6

Polymer 1

o
IS
L

(=1

Absorbance
o

0.0

500 600 700 800

Wavelength (nm)

300 400

(B) ©

400+
300+
200

100+

Fluorescence Intensity

04
300

500 600 700 800

Wavelength (nm)

400

Figure 1. (A) Chemical structure of polymer 1 and U\Wisible absorption
spectra of (a) polymer 1/X1/Y1 triplex (perfect match), (b) polymer
1/[X1+Alexa Fluor (AF) 546] duplex, and (c) polymer 1/5%AF546/Y1
triplex (perfect match) in water at 58. (B) Fluorescence spectra, with
excitation at 420 nm, of (a) polymer 1/X1/Y1 triplex (perfect match), (b)
polymer 1/[X1+AF546] duplex, (c) polymer 1/XtAF546/Y1 triplex
(perfect match) in water at 58C.

3-GTACTAACTTGGTAGGTGGT-5) to the capture strand,
triplex formation results in a helical conformation of the
polythiophene leading to a yellow colot{ax = 421 nm; Figure
1A, a) with fluorescence at 530 nm (Figure 1B, a). This helical
structure of the polythiophene in the triplex form was confirmed
previously by circular dichroism measuremetts.

A new integrated DNA sensor was then designed by
combining this polymeric transducer with capture probes labeled
with a fluorophore (e.g., Alexa Fluor 546) in order to induce
Forster resonance energy transfer (FRET). With this new
transduction strategy, the stoichiometric duplex still gives a red
color (Figure 1A, b) and quenched fluorescence (Figure 1B,
b). When this duplex hybridizes with its complementary
oligonucleotide, a new absorption feature appears at 420 nm
which is related to the formation of a triplex (see Figure 1A,
¢). Upon excitation at 420 nm, the fluorescence band at 530
nm of the resulting triplex (the donor in this FRET scheme)
overlaps neatly with the absorption spectrum of the acceptor
(Alexa Fluor 546, absorption peaks at 516 and 556 nm in Figure
1A, ¢), which then emits at longer wavelengths (emission
maximum at 572 nm; see Figure 1B, c). Upon addition of
noncomplementary or mismatched DNA to the duplex, the
complex remains in the red nonfluorescent form, preventing the
FRET mechanism from occurring. Consequently, the fluores-

cence intensity measured (in the same experimental conditions)

with the perfect complementary ss-DNA strand is always higher
than that obtained with targets having two (i.e., Y2!- 3

12674 J. AM. CHEM. SOC. = VOL. 127, NO. 36, 2005

GTACTAACTTCGAAGGTGGT-8) mismatches or even one
(i.e., Y3: 3-GTACTAACTTCGTAGGTGGT-5) mismatch.

More interestingly, as shown in Figure 2, starting with a large
number of duplex probes (ca. ®Qcopies), 30 copies of 20-
mer target oligonucleotides are easily detected from a volume
of 3 mL, and perfectly complementary targets can still be
distinguished at such low concentrations from sequences having
two or even one mismatch. The detection limit calculated from
these data is five copies in 3 mL, or 3 zM, with a custom blue-
LED fluorimeter, whereas a somewhat higher detection limit
of 30 copies in 3 mL, or 18 zM, was obtained using a
commercial (Varian Cary Eclipse) spectrofluorometer (see
Supporting Information). Previous studies described an amplified
quenching of the signaP~2° whereas our approach involves a
“turn-on” signal amplification®'1.15In the present case, the
amplification of the signal does not come only from the large
optical density of the polymer but could also come from a fast
and efficient energy transfér20 from the helical and well-
structured polythiophenes to many neighboring chromophores,
a process that can be described as “superlighting” or “fluores-
cence chain reaction” (FCR) (see Figure 3). Moreover, because
of the small Stokes shift of the Alexa Fluor chromophore, it is
possible that energy transfer occurs also between these ag-
gregated chromophoré$.To support these assumptions, dy-
namic light scattering measurements have clearly revealed the
formation of nanoaggregates of duplexes ca. 80 nm in diameter,
which are preserved upon hybridization. Moreover, it is worth
noting that this photonic amplification effect is not observed
for unlabeled ss-DNA probes, for which limits of detection in
the attomolar range were report&d.

This novel signal amplification detection scheme also makes
possible the direct detection of ds-DNA at ultralow concentration
levels. Because the probe-to-target hybridization reaction is in
competition with rehybridization of the ds-DNA, most previ-
ously reported direct DNA detection techniques rely on the
availability of the target sequence as ss-DNA. In the case of
our polythiophene transducer, previous stutfiézhave shown
that the presence of noncomplementary ds-DNA may lead to
false positive signals since the polythiophene has a higher
affinity toward ds-DNA compared to that of the ss-DNA probes.
However, experimental conditions have been found that selec-
tively enhance the recognition reaction between the DNA
capture probe and the DNA target. Specifically, in pure water
at 65°C, all denaturated DNA material remains denaturated
and hybridization essentially only occurs with labeled ss-DNA
probes in the duplexes, promoted by the electrostatically bound
cationic polythiophene transducer, which also serves as a

'localized counterion for the negative charges of the phosphate

moieties.

The high selectivity provided by the FRET-enhanced detec-
tion scheme and this ability of the polythiophene transducer to
promote hybridization in otherwise unfavorable conditions was

(15) McQuade, D. T.; Hegedus, A. H.; Swager, T.MAm. Chem. So2000Q
122 12389-12390.

(16) Levitsky, I. A.; Kim, J.; Swager, T. Ml. Am. Chem. So2999 121, 1466~

1472.

(17) Nguyen, T.-Q.; Wu, J.; Doan, V.; Schwartz, B. J.; Tolbert, SSEience
200Q 288 652-656.

(18) Kim, J.; Swager, T. MNature2001, 411, 1030-1034.

(19) Beljonne, D.; Pourtois, G.; Silva, C.; Hennebicq, E.; Herz, L. M.; Friend,
R. H.; Scholes, G. D.; Setayesh, K.;"Man, K.; Bredas, J. L Proc. Natl.
Acad. Sci. U.S.A2002 99, 10982-10987.

(20) Chen, L.; McBranch, D. W.; Wang, H. L.; Helgeson, R.; Wudl, F.; Whitten,
D. G. Proc. Natl. Acad. Sci. U.S.A999 96, 12287-12292.
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Figure 2. Corrected fluorescence intensity (after subtraction of the signal due to initial duplex) measured at 572 nm, with excitation at 420 nm in pure water
at 55°C, as a function of the number of 20-mer oligonucleotide target copies: (blue) polymerAB8A6+ Y1 (perfect match); (red) polymer 1/XIAF546
+ Y2 (two mismatches); (green) polymer 1/%AF546 + Y3 (one mismatch).

mer oligonucleotides (Figure 2), that is, about five copies in
the entire 3 mL sample volume. Other examples are provided
in the Supporting Information.

Furthermore, although both 15-mer oligonucleotides used to
probe tyrosinemia in the example above were designed to be
unique in the human genome, there are numerous loci presenting
only one mismatch with these probes, notably, at the extremities.
However, no significant hybridization signal was detected from
these nonspecific target sequences. We believe that very high
stringency is obtained by hybridizing in water at 85, where
the only counterion available to neutralize the phosphate
backbone of the nucleic acids is the cationic polythiophene

) ) . ) ... transducer localized on the capture probe, therefore, permitting
Figure 3. Schematic description of the proposed signal amplification .. . . .
detection mechanism based on the conformational change of cationic quUISIte specificity. All these fe_atures suggest brogd applicabil-
polythiophene and energy transfer for ultrasensitive, selective, and rapid ity of our new method to selectively detect few copies of target
DNA detection. nucleic acid sequences in complex mixtures, without the need

used to distinguish disease-associated single nucleotide poly-for nucleic acid amplification. To the best of our knowledge

. ) o : and according to a recent reviéi,this combination of
morphisms (SNPs) in nonamplified human genomic DNA e = L
. . L sensitivity, selectivity, and simplicity cannot be reached by any
samples. For instance, Figure 4A shows calibration curves . .
i . . . .~ other available technique.
obtained by testing normal (i.e., wild type) human genomic
DNA, with probe sequences complementary to the wild type Conclusion
(TAN 101: 5-CCG GTG AGT ATC TGG-3 and mutated We h developed int ted lecul ; hich
(TAN 100: 5-CCG GTG AAT ATC TGG-3) sequences of € have developed an Integrated molecular system whic

the gene defective in the human genetic disease, hereditarycomlt_);_nei'_ a spem::c recepg?r:f an op?cal :Lalzjsd_ucgr, a(r;d an
tyrosinemia type BL22 Similarly, Figure 4B shows curves 2nipification mechanism. This novel method IS based on

obtained with mutated DNA (from il patients) tested with the different electrostatic interactions between a cationic poly-

same two probes. Interestingly, heterozygote samples gave éthlophene (i.e., polymer 1) and ss-DNA or ds-DNA, and the

fluorescence signal about half of the values obtained for the efﬁme_nt energy transfer _bet_ween th_e resulting triplex (com-
perfect match with homozygote samples. These data Wereple_xatlon_between the cationic polythiophene and ds-DNA) ar_ld
obtained in 5 min and show that we can easily and rapidly pelghborlng fluorophores attached to SS'.[.)NA propes. This
distinguish wild-type DNA from mutated DNA; that is, we can Impressive methodo]ogy Ieads. tq the specific detect.lgr} of few
detect a single nucleotide polymorphism (SNP) in the entire copies of nucleic acids in 5 min in water. The sensitivity and

genome, without prior amplification or enrichment of the target specificity of this new approach should, therefore, lead to simple,
' rapid, and cost-effective diagnostic tools without any PCR

and at concentration levels similar to those achieved with 20-
420 nm ‘ f 572 nm

(21) St-Louis, M.; Tanguay, R. MHum. Mutat 1997, 9, 291-299.
(22) Phaneuf, D.; Lambert, M.; Laframboise, R.; Mitchell, G.; Lettre, F.; (23) Piunno, P. A. E.; Krull, U. JAnal. Bioanal. Chem2005 381, 1004
Tanguay, R. MJ. Clin. Invest.1992 90, 1185-1192. 1011.
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(A) 307 type | IVS12+5 G—A splice mutatior?>??the 15-mer capture probe
| sequence complementary to the mutated sequence in the genome was
254 I (TAN 100) 3-CCG GTG AAT ATC TGG-3, and the capture probe
complementary to wild-type DNA was (TAN 101)}-8CG GTG AGT
e ATC TGG-3. Alexa Fluor 546 was attached at théemd of the

i ¥ . . - - :
20 oligonucleotide probes. For the detection of a specific sequence in the

entire human genome to be quantitatively valid, it is very important to
15 - i verify that this sequence is unique. The probes TAN 100 and TAN
101 were thus tested against the human genome, using BLAST and
I FASTA calculations and the GenBank database. The TAN 100 and
TAN 101 probe sequences were found to be unique to the IVS12
I mutation. Despite this unigueness, it should be noted that several sites
5 displaying a single nucleotide difference were found. All oligonucle-
% otides solutions were diluted with sterilized water, and all dilutions
0+ _—,,;-‘.-"—'———— and solution handling were performed in plasticware.
. . . . . . Extraction and Purification of DNA from Blood. Human genomic
0 20 40 80 80 100 DNA used in Figure 4 was extracted from patient blood as previously
Number of added copies in 3 mL describeé and stored frozen at20 °C until use and aliquoted to the
desired concentrations.

General Procedure for Optical Measurements. UV —visible
absorption spectra (Figure 1A) were taken using a Hewlett-Packard
(model 8452A) spectrophotometer. Fluorescence spectra (Figure 1B)
were recorded on a Varian Cary Eclipse spectrofluorometer, while the
fluorescence calibration curves (Figures 2 and 4) were obtained on a
custom portable fluorometer described elsewteaad modified for
measurement of Alexa Fluor emission at 572 nm. In all cases, excitation
was made at 420 nm, and the fluorescence data points on the calibration
curves come from the average of five optical measurements at 572
nm. Each optical measurement is obtained by the integration of the
fluorescence signal over a period of 10 s. For all optical measurements,
3 mL quartz cells with an optical path length of 1.0 cm were utilized.
The limit of detection is calculated as 3 times the standard deviation
of the optical measurements for the blank signal, divided by the slope
of the calibration curve. Duplexes were prepared by mixing stoichio-
metric quantities of the polymer and of the oligonucleotide capture
T probes to give a concentration of 2 ¥ (stock solution). The resulting

Number of added copies in 3 mL. complex was then diluted to the desired concentrations. Hybridization
Figure 4. (A) Corrected fluorescence intensity (after subtraction of the experiments were carried out at 55 for the 20-mer oligonucleotides

sign_al due to initial duplex) measur_ed at 572 nm, with excitatio_n at 420 gnd at 65°C for the detection of tyrosinemia SNPs. For the tyrosinemia
nm in pure water at 658C, as a function of the number of genomic DNA studies, the samples were first denaturated at°mo

copies: (red) TAN 10} wild-type genomic DNA (perfect match); (blue) L . g .
TAN 100 + wild-type genomic DNA (one mismatch). (B) Corrected Dynamic Light Scattering Measurements Dynamic light scattering

fluorescence intensity (after subtraction of the signal due to initial duplex) Measurements were made on a Malvern Zetasizer Model 3000 HSA.
measured at 572 nm, with excitation at 420 nm, as a function of the number An aqueous solution of the polymer-labeled probe complex (“duplex”)
of genomic DNA copies: (blue) TAN 106 mutated genomic DNA (perfect  at a concentration of 2.6% 107 M (or 1.61 x 10" copies/L) was
match); (red) TAN 101+ mutated genomic DNA (one mismatch). analyzed. The resulting particle size distributions were narrow (fwhm
< 20 nm) and obtained several times with good precisjgn< 2).

10

Corrected Fluorescence Intensity (kHz)

(

]
—
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amplification steps. In addition, this polymeric system shows
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