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Abstract: The syntheses of several norbornene block copolymers containing oligonucleotide and ferrocenyl
side chains and their use in the electrochemical detection of DNA are described. Two kinds of
DNA-containing block copolymers with either ferrocenyl or dibromoferrocenyl groups were prepared via
ring-opening metathesis polymerization (ROMP). Based on these two distinct ferrocene derivatives, a triblock
copolymer labeling strategy was developed. With this strategy, the identity of DNA target can be determined
by the Ei;s of the ferrocenyl moieties and the ratio of peak currents. These polymers exhibit predictable
and tailorable electrochemical properties, high DNA duplex stability, and unusually sharp melting transitions,
which are highly desirable characteristics for DNA detection applications. Significantly, single-base
mismatches could be easily detected using two distinct block copolymers as dual-channel detection probes

in an electrochemical DNA detection format.

Introduction

havior in several DNA detection systems have led to significant

During the past few years there has been growing interest in improvements in the selectivities of such assaysdn addition,
the synthesis and utilization of nanostructured materials in which Poth the dendrimer- and nanoparticle-based strategies have led
multiple DNA strands of known sequence are attached to a {0 novel signal amplification strategies, which have improved
central “core”. These materials include oligonucleotide-modified the sensitivity of assays based upon them by many orders of

gold nanoparticles and oligonucleotide-functionalized den-

drimers!~ These particular materials have been utilized in a
number of DNA detection applicatiods? and their novel

magnitude when compared with molecular fluorophore probe
technologieg:®°
Recently, we reported a methodology for chemically attaching

properties have led to major advantages with respect to multiple DNA strands to well-defined ROMP-based (ROMP
sensitivity, selectivity, ease of data readout and analysis, and™= fing-opening metathesis polymerizatishyrganic polymers

even cost. For example, in the case of the oligonucleotide-

modified gold nanoparticles, many (over 100) thiol-modified

and block copolymers of norbornene derivatives (Schenié 1).
In this approach, the metathesis catalys{@Ph),Ru=CHPh

DNA strands are attached to the surface of citrate-stabilized gold(1) Was used to polymerize a novel norbornenyl monomer

nanoparticles via a ligand exchange procedsThe resulting
oligonucleotide-modified nanoparticles after complexation with

containing a diphenylacetylene-benzyl alcohol spa2erost-
polymerization modification of the resulting polymer with

other nanoparticles that have been modified with complementary 2-¢yanoethy! tetraisopropylphosphorodiamidig; [ed to the
oligonucleotide sequences exhibit extraordinarily sharp melting iSolation of a polymer that can be readily coupled to DNA using

profiles. Recognition and application of this cooperative be-

(1) Mirkin, C. A.; Letsinger, R. L.; Mucic, R. C.; Storhoff, J. Nature1996
382 607—-6009.

(2) Shchepinov, M. S.; Dalova, A. U.; Bridgman, A. J.; Southern, ENMcleic
Acids Res1997 25, 44474454,

(3) Shchepinov, M. S.; Mir, K. U.; Elder, J. K.; Frank-Kamenetskii, M. D.;
Southern, E. MNucleic Acids Res1999 27, 3035-3041.

(4) Collins, M. L.; Irvine, B.; Tyner, D.; Fine, E.; Zayati, C.; Chang, C.; Horn,
T.; Ahle, D.; Detmer, J.; Shen, L.-P.; Kolberg, J.; Bushnell, S.; Urdea, M.
S.; Ho, D. D.Nucleic Acids Resl997, 25, 2979-2984.

(5) Elghanian, R.; Storhoff, J. J.; Mucic, R. C.; Letsinger, R. L.; Mirkin, C. A.
Sciencel997, 277, 1078-1081.

(6) Storhoff, J. J.; Elghanian, R.; Mucic, R. C.; Mirkin, C. A.; Letsinger, R. L.
J. Am. Chem. S0d.998 120, 1959-1964.

(7) Taton, T. A.; Mirkin, C. A.; Letsinger, R. LScience200Q 289, 1757
1760.

(8) Taton, T. A,; Lu, G.; Mirkin, C. AJ. Am. Chem. So@001, 123 5164-
5165

9) Park,' S.-J.; Taton, T. A.; Mirkin, C. AScience2002 295, 1503-1506.
(10) Demers, L. M.; Mirkin, C. A.; Mucic, R. C.; Reynolds, R. A.; Letsinger,
R. L.; Elghanian, R.; Viswanadham, @nal. Chem200Q 72, 5535-5541.
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standard solid-phase synthesis technidéi8gnificantly, ROMP-
based polymers modified with complementary oligonucleotide
strands reversibly hybridized to form aggregates with very sharp
“melting” characteristics similar to those observed in the
oligonucleotide-modified gold nanoparticle systef.

Due to the living nature of ROMP catalyzed lyand its
functional group tolerance, a wide variety of functional groups
can be incorporated into ROMP-based polymBNA hybrid
structures in a highly tailorable and controlled manner, allowing
one to encode such structures with identification “tags”. These
hybrids can then be used to build materials with recognition

(11) Trnka, T. M.; Grubbs, R. HAcc. Chem. Re®001, 34, 18-29.

(12) Watson, K. J.; Park, S.-J.; Nguyen, S. T.; Mirkin, CJAAm. Chem. Soc.
2001, 123 5592-5593.

(13) Brown, T.; Brown, D. J. S. i®ligonucleotides and Analoguesckstein,
F., Ed.; Oxford University Press: New York, 1991.
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Scheme 1. Synthesis of Polymer—DNA Hybrids
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capabilities and other physical properties and as probes in novelnucleotides covalently modified with redox-active small mol-
detection systems. Herein, we demonstrate the generality andeculeg® in strategies similar to fluorescent-based molecular
the utility of this hybrid polymerDNA approach in a scheme probe assay¥:17.2-28 When compared with these electrochemi-
for the electrochemical detection of DNA. Specifically, we have cally active molecular probes, the block copolymers reported
synthesized both diblock and triblock copolymers of oligo- herein exhibit several desirable DNA hybridization properties
nucleotides and ferrocene derivativeand5 and characterized  such as larger binding constants (manifested in highgand

their electrochemical and DNA hybridization properties. The sharper melting transitions which lead to better target dif-
diblock copolymers were then used successfully in the electro- ferentiation capabilities (vide infra) and higher sensitivities. As
chemical detectiohi—1° of pM-levels of oligonucleotides where  a basis for comparison, we developed a molecular probe that is
the presence of an electrochemical signal after DNA hybridiza- structurally similar to a repeating unit of our polymer probe
tion signifies the presence of a target strand (vide infra). With and acquired a series of melting profiles to further evaluate and
two different diblock copolymerDNA probes, small differ- substantiate the advantages of our ROMP polymer-based
ences in DNA sequence mismatches (single-base pair) can besystems.

reliably distinguished. When using a triblock copolym&NA

hybrid with two ferrocene blocks possessing widely spaced Results and Discussion

redox potentials, the number of polymddNA electrochemical
signaling probes can be significantly increased by tailoring the
peak positions and the intensity ratios of the ferrocene blocks,
allowing one to detect multiple targets simultaneously and
accurately.

Although most commercially available detection systems use
fluorescence spectroscopy, humerous electrochemically baseéz
sensing methods have been reported in recent years. The |ntere:?,F1
in electrochemical detection stems from the simplicity of the

;e?l#]rii? :/orlit;rgmnetng Jnstrur?nentitrllct)n fas \;vell asa%tlzgp_)ro;entlal respectively. These polymer precursors were then coupled to
° aturization and use in point-ol-caré assays. 1h€ o g anq of oligonucleotides to yieldllybrid | —Hybrid 1V
electrochemical component of these detection schemes varies

widely; some systems rely on DNA intercalators, the direct
oxidation of nucleotides, or signal amplification based on
enzymatic processes. Other approaches have employed ollgo(2

A=,

Syntheses of Diblock CopolymerDNA Hybrids. Block
copolymer hybridsKlybrid I —Hybrid IV ) of DNA and redox-
active molecules4, 5) were synthesized by attaching oligo-
nucleotides to the preformed ROMP polymers (Scheme 1). Each
block copolymer was synthesized by reacting the DNA-
odifiable monome® with Grubbs catalysi until all of the
onomer had been consumed and then polymerizing either
onome# or 5, followed by termination with ethyl vinyl ether,
to yield diblock copolymers poBrpoly4d and poly2-poly5,

Immoos, C. E.; Lee, S. J.; Grinstaff, M. \l.. Am. Chem. So2004 126,
10814-10815.

1 Braznl S. A.; Kim, P. H.; Kuhr, W. GAnal. Chem.2001, 73, 4882

20)
)
)
)

(22 Braznl S. A,; Kuhr, W. GAnal. Chem2002 74, 3421-3428.

(14) Kelley, S. O.; Boon, E. M.; Barton, J. K.; Jackson, N. M.; Hill, M. G. (23) Brazill, S.; Hebert N. E.; Kuhr, W. GElectrophoresi2003 24, 2749~
Nucleic Acids Resl999 27, 4830-4837. 2757.

(15) Napier, M. E.; Loomis, C. R.; Sistare, M. F.; Kim, J.; Eckhardt, A. E.; (24) Yu, C. J.; Wang, H.; Wan, Y.; Yowanto, H.; Kim, J. C.; Donilon, L. H.;
Thorp, H. H.Bioconjugate Cheml997, 8, 906-913. Tao, C.; Strong, M.; Chong, YJ. Org. Chem2001, 66, 2937-2942.

(16) Ihara, T.; Maruo, Y.; Takenaka, S.; Takagi, Mucleic Acids Resl996 (25) Cosnier, S.; Gondran, C.; Dueymes, C.; Simon, P.; Fontecave, M.; Decout,
24, 4273-4280. J.-L. Chem. CommurR004 1624-1625.

(17) Yu, C.J.; Wan, Y.; Yowanto, H.; Li, J.; Tao, C. L.; James, M. D.; Tan, C.  (26) Kim, K.; Yang, H.; Park, S. H.; Lee, D.-S.; Kim, S.-J.; Lim, Y. T.; Kim,
L.; Blackburn, G. F.; Meade, T. J. Am. Chem. So®001, 123 11155~ Y. T. Chem. Commur2004 1466-1467.
11161. (27) King, G. C.; di Giusto, D. A.; Wlassoff, W. A.; Giesebrecht, S.; Flening,

(18) Wang, JAnal. Chim. Acta2002 469 63—71. E.; Tyrelle, G. D.Hum. Mutat.2004 23, 420-425.

(19) Drummond, T. G.; Hill, M. G.; Barton, J. KNat. Biotechnol2003 21, (28) Mucic, R. C.; Herrlein, M. K.; Mirkin, C. A.; Letsinger, R. L1. Chem.
1192-1199. Soc, Chem. Commuril996 555-557.
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V. poly2-poly4-poly5 (17:10:5) 5T19ATC CTT ATC AAT ATT-3'
VI poly2-poly4-poly5 (17:5:5)  B-T1o AAT ATT GAT AAG GAT-3'
VIl poly2-poly5-poly4 (17:10:5) 5-T1o TAA CAA TAA TCC CTC-3'
VIl poly2-poly5 (17:10) B-T3ATC CTT AGC AAT ATT-3'

‘i 10pA

Table 1. DNA Sequences of Hybrids )
°
polymer precursor (ratio) sequence g T
| poly2-poly4 (17:10) 3-T3ATC CTT ATC AAT ATT-3' < -
1l poly2-poly4 (17:10) 3-T3 AAT ATT GAT AAG GAT-3' 5
1 poly2-poly5 (17:10) 3-Ts ATC CTT ATC AAT ATT-3' =
\Y poly2-poly5 (17:10) 3-T3 AAT ATT GAT AAG GAT-3' 3

Cathodic
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- g?g nnTn Figure 2. (A) Cyclic voltammograms oflybrid | (dotted line) andHybrid
9 80 - Il (solid line) in CHCI, with ["BusN]PFs as electrolyte. Th&;, values
5 are 30 mV and 350 mV (versus Fc/Bcfor Hybrid | and Hybrid 1 ,
L respectively, as expected from the redox potentials4oénd 5. (B)
8 Absorption spectra of a solution containing complementary polyDéA
o hybrids Hybrid I:Hybrid 1l ) above and below the DNA melting
< temperature, indicating that the aggregation is driven by DNA hybridization.
The mixture ofHybrid 1l and Hybrid IV behaves the same way and
shows similar temperature-dependent s absorption spectra.

10 30 5
Retention time (min) derivatives with a variety of electron-donating or -withdrawing

Figure 1. (A) UV —vis absorption spectrum dflybrid | in water. (B) : ; "
I(_)n-exchange HPLC chromatogram of purifidglbrid | monitored‘by U Z$Stltuentsb To delmonzt_;.atg fthls CapaglhtY’ Wi Chgsse two
vis absorption at 260 nmi{ax for DNA) and 310 nm {max for diphenyl- Ifferent norbornenyl-modified ferrocene derivativésands,

acetylene). Both chromatograms show a single peak at the same retentionwhich exhibit E;j,s separated by 320 mV. Electrochemical

time, indicating that DNA is indeed coupled to the polymer backbone. measurements were carried out on the hybrids by casting thin
films of these materials on Au electrodes (see Supporting

(Scheme 1). DNA sequences and the length of each IC"lemerInformation). Cyclic voltammetry of the resulting films in GH

block are given in Tab.l.e .1' . Cl, with ["BusN]PFs as the electrolyte revealed stable and
Due to the hydrqph|I|C|ty of the DNA block, the res_ultmg reversible waves associated with oxidation and reduction of the

polymer-DNA hybrids were soluble in agueous med|a._ The ferrocenyl blocks of the hybrid materials. The films are stable

number of DN'_A‘ strands _attached to each hybrid was e;nmatedin the organic environment; multiple scans generated consistent

from the UV—vis absorption spectra of the polymer conjugates results. As shown in Figure 2A, thiy, value for Hybrid |

in W?‘ter (Figgre 1A).2'9 lon-exchange HPLC was performed ON" was found to be 30 mV (versnjs Fc/B¢ while the Ey» of

purified Hybrid | (Figure 1B). One major peak at 25 min was Hybrid 1l was 350 mV (versus Fc/Ey (the formal potential

obse_rved at both 260 NMdrkax pf DNA) and 310 nm '(”_‘ax of value of Fc/F¢ in CHyCl, with ["BugN]PFs is 0.46 V versus

the diphenylacetylene spacer in the HPLC eluent), which further SCE)® These values are almost identical with the redox

demonstrates that the oligonucleotides are indeed coupled topotentials observed for the corresponding monordeasds.

the polymer backbone. Preliminary results from capillary . . .
. . - DNA Recognition Properties of Diblock Copolymer—DNA
lectroph ts indicate that [yniEdA . ) )
electropnoresis experiments indicate that our po Hybrids. As outlined in Table 1, complementary polymer

hybrids are monodisperse. . . -
The redox characteristics of the electrochemically active E{;\:Qgﬁ%ﬁyﬁ%cﬁ?re&fﬂ}gﬁ;gé I?;] dfrHoxﬁr;)doll)IQ-gglr;]Sﬁ SJfré
portion of the polymer can be tailored by using ferrocene prepared for DNA recognition studies. When these comple-

(29) Based on the molar absorptivity of DNA at 287 nm and the diphenylacety- Mentary hybrids were mixed together in equal amountg«(@0
lene spacer at 287 and 307 nm, we determined that there are, on average; i
five DNA strands per single polymer chain, which translates-80% 20 ‘ML) in a PBS buffer (0'3 M NaCl, 10 mM phosphate, pH
occupation of the 17 available DNA coupling sites on the Bdiyock. 7), extended polymer aggregates formed and precipitated from
This value was calculated by first determining the polymer concentration i - ; i
based on the absorbance at 307 nm, which is only due to the polymer the solution In_ a few Second‘_?" This Observa_tlon demonstr_a?es
component and not the DNA. Knowing the polymer concentration and its that the organic polymer portions of the hybrids do not inhibit
molar absorptivity at 287 nm allowed us to subtract the polymers’ e ; f f
absorbance at 287 nm from the total absorbance. The DNA concentration the recognition properties of the DNA side chains. The_UV
was determined from the remaining absorbance at 287 nm and the molar vis spectrum of the aggregate solution showed a significantly
absorptivity value at 287 for the DNA sequences. The DNA concentration
divided by the polymer concentration gives the average value of DNA per
polymer. (30) Connelly, N. G.; Geiger, W. EChem. Re. 1996 96, 877-910.
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A

Absorbance at 260 nm (norm.)

30 60,
Temperature (C)

Figure 3. Thermal denaturation curves of networks formed from (A)
Hybrids Il and (B)Hybrid 1l1:IV . Insets: the first derivatives of the
thermal denaturation curves (fwhmm2 °C). Two different block copolymer
aggregates show similar melting transitions, indicating that the type of
ferrocene would not affect the melting properties of DNA. Note Hhtrids

I andlll have the same DNA sequences, adtytorids Il andlV (Table

1). Compared to the thermal denaturation curve for duplex DNA formed

from unmodified oligonucleotides with the same sequence (C), the polymer
aggregates show a much higher melting temperature and a sharper meltin

transition.

Table 2. DNA Sequences Used in Polymer vs Molecular Probe
Comparison

precursor sequence

Fc-DNA | 6 5-T3 ATC CTT ATC AAT ATT-3'
Fc-DNA I 6 5'-T3 AAT ATT GAT AAG GAT-3'
polyDNA | poly2 (17-mer) 5Tz ATC CTT ATC AAT ATT-3'
polyDNA Il poly2 (17-mer)  5T3 AAT ATT GAT AAG GAT-3'
DNA I unmodified 5T3 ATC CTT ATC AAT ATT-3'
DNA Il unmodified 5T3 AAT ATT GAT AAG GAT-3'

Based on theoretical models, the local high density of DNA
strands on our polymer backbone (as compared to free DNA in
solution) appears to be crucial for inducing sharp thermal
denaturation transitions in the resulting polymBMNA hybrid 3!

As the oligonucleotide-modified gold nanoparticle probes offer
high selectivity due to their sharp melting profiles,the unique
melting properties of the block copolymeDNA hybrids point
toward their potential use in high selectivity applications such
as single-nucleotide polymorphism (SNP) detection.

Thermal Denaturation Studies of Polymer and Molecular
Probes.We hypothesize that the unique melting profiles of our
polymer probes, as well as that of DNA-modified gold nano-
particles, result from the presence of multiple DNA linkages in
close proximity. Thus, we predicted that molecular probes would
not exhibit such sharp melting transitions.

To test this prediction, we synthesizedférrocenyl labeled

goligonucleotides Fc-DNA | andFc-DNA II') and homopoly-

mer—DNA hybrids polyDNA | andpolyDNA II') (Table 2).

reduced signal at 260 nm and increased intensity at higher These polymer hybrids were synthesized by coupling oligo-
wavelengths due to scattering from the polymer aggregatesnucleotides to the polymer precursor, mlyfollowing a

(Figure 2B). Upon heating the aggregate solution to°@0a
temperature that is above the polymer-bound DNA’s melting
temperature T, = 62 °C), polymerDNA hybrids can be
redispersed in solution as evidenced by -tXs spectroscopy

previous method? The B-ferrocenyl labeled oligonucleotides
(Fc-DNA | and Fc-DNA 1) consist of a diphenylacetylene
linker in addition to the ferrocenyl moiety (Figure 4A). The
molecular probe was synthesized by converting one of our

(Figure 2B). The temperature dependence of aggregate formatiorf€"focenyl monomer precurséfsnto a ferrocenyl alcohol with
indicates that the aggregates are indeed formed by sequence? three-carbon spacer. The (3-hydroxypropyl)ferrocene com-

specific DNA hybridization rather than nonspecific, hydrophobic
interactions.

The thermal denaturation curves of these aggregates wer
obtained by monitoring their absorbance at 260 nm as a function
of temperature (Figure 3). The block copolymer conjugates show

unigue DNA hybridization properties that differ from unmodi-
fied DNA. First, the aggregates formed from block copolymer
DNA (Figure 3A,B) show higher thermal stabilities (&
higher in melting temperatures) than unmodified duplex DNA

(Figure 3C) of the same sequence at comparable concentrations.

Similar high thermal stabilities have been observed in DNA
dendrimerd and can be attributed to the presence of multiple
DNA linkages which results in cooperative binding. This
attribute suggests that the block copolymBiINA hybrids might

be useful as probes in DNA detection systems. Second, the
aggregates formed from the hybrids show unusually sharp

melting curves; the full widths at half-maximum (fwhm) for
the first derivatives of the melting curves wer@ °C (Figure

3A and B, inset). This is an unusual characteristic, as comparable,
“soft” nanostructure probes made of dendrimers apparently do

not exhibit such a narrow melting transitidhe transitions

observed for the novel probes reported herein are highly

reminiscent of the sharp melting transition observed in the
oligonucleotide-modified gold nanoparticle system, which has
proven to be very useful in DNA diagnostib&$

e

pound was then modified with a diphenylacetylene alcohol
group following a synthetic strategy similar to that used for the
synthesis of the norbornenyl monomar(Scheme 2j2 The
resulting ferrocene derivativel was treated with chlorophos-
phoramidite and coupled to DNA in the same manner as the
homopolymers. The diphenylacetylene functionality increased
the retention time of the oligonucleotide sequence significantly
during HPLC purification and absorbed strongly at 310 nm,
allowing for easy purification and characterization of the
molecular probe.
The similarity in the hydrophobic structure of the ferrocenyl
molecular probe and the DNA side chains on the polymer allows
for an accurate comparison of their melting properties. Primarily,
the two types of probes differ in that the latter possesses multiple
DNA strands in close proximity. Because any contribution of
hydrophobicity? to the melting temperature should be ap-
proximately the same for both systems, comparing their thermal
denaturation profiles should delineate whether the polymeric
nature of the probe has a significant effect on DNA melting
behavior.

Thermal denaturation curves were acquired using-Wig
spectroscopy as previously described. Two sets of hybridization

(31) Jin, R.; Wu, G.; Li, Z.; Mirkin, C. A.; Schatz, G. d. Am. Chem. Soc.
2003 125 1643-1654.

(32) Guckian, K. M.; Schweitzer, B. A.; Ren, R. X. F.; Sheils, C. J.; Tahmassebi,
D. C.; Kool, E. T.J. Am. Chem. So@00Q 122, 2213-2222.
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Table 3. Thermal Stability Values

® A \-O=—O—"~2
<=

—
o)
—

Absorbance at 260 nm (norm.)

30 40 50 60 70

©) Temperature (°C)

—— DNAIDNAII
—— Fc-DNAIL:Fc-DNAIN
—— polyDNAI:polyDNA Il

Absorbance at 260 nm (norm.)

30 40 50 60 70
Temperature (°C)

Figure 4. (A) Structure ofFc-DNA. (B) Thermal denaturation curves of
polyDNA Il , Fc-DNA 11, and an unmodified oligonucleotid®iA 11)
hybridized with a complementary, unmodified oligonucleotiNA ).
(C) Thermal denaturation curvesdlyDNA, Fc-DNA, and an unmodified
oligonucleotide hybridized with their complementary analogue.

experiments were performed on each type of pramdyDNA
and Fc-DNA, Table 2). In the first set of experiments, each
type of probe was hybridized with unmodified complementary
oligonucleotide strandsDNA |). In the second set of experi-

melting <AHy> fwhma

hybridization pair temp (°C (kcal/mol) (°C)
DNA| andll 49.0 99.7 9.4
DNA | andFc-DNA Il 50.3 96.3 10.4
DNA | andpolyDNAP I 46.5 101 9.2
Fc-DNA | andFc-DNA I 51.0 95.2 8.3
polyDNAP| andpolyDNAP II 61.5 452 2.6

afwhm: Full width at half-maximum of the first derivative @)/d(1/
T) vs T). ® polyDNA was prepared from poB/(17-mer), and the average
number of DNA attached to the polymer was determined to be five.

hybridization experiment, theolyDNA |:polyDNA Il hybrid-
ization pair shows a greatly increaséd (T, = 61.5°C, AT,
= 10 °C) and sharpened melting transition (fwhm2.6 °C)
while the molecular probe-molecular protie{DNA I:Fc-DNA

II) melting (T, = 51 °C, fwhm = 8.3 °C) remains similar to
that of unmodified DNA Ty, = 49 °C, fwhm= 9.4°C) (Figure
4C). These results suggest that hydrophobicity does not
contribute significantly to the melting properties of the attached
oligonucleotides. Further, our experiments indicate that multiple
DNA linkages do have a significant effect on DNA melting,
but only whenboth strands of the hybridized duplex are bound
to a structure containing multiple DNA strands. This conclusion
could have large ramifications for probe optimization in chip-
based assays, if one assumes that a DNA-modified surface acts
as such a multiple-linked structure.

To quantify the difference in melting behavior, we performed
simple thermodynamic calculations for each melting profile. Our
calculations were a modification of two literature procedéfrés
for calculating the van’t Hoff mean enthalpic change\Hy >,
which assumes a two-state transition model. There are limita-
tions to this model, particularly in that it ignores the contribu-
tions of cooperativity (a multistate transitio##)3 In addition,
it does not account for the polymebNA duplexes forming
larger aggregate structures. Nevertheless, the van't Hoff en-

ments, each probe type was hybridized to its respective thalpic calculation is a useful first-order approach for comparing

complementary probe, i.&=c-DNA with its complementaryc-
DNA andpolyDNA with its complementarpolyDNA. Inter-

estingly, the melting profiles in the first data set are almost
identical to one another as well as to the melting curve of the exception of thegpolyDNA I:polyDNA Il

unmodified DNA duplex (Figure 4B). In contrast, in the second

Scheme 2. Synthesis of the Molecular Probe Precursor

ﬁff—. U

3
1 M KOH aq, MeOH Fe

1) NaH, THF

2) < >
Br

the enthalpic difference involved in the dehybridization of probe-
hybrid materials.

The values for<AHyw> are listed in Table 3. With the
hybridization pair,
all other hybridization pairs have<AHyy> values of ap-

@4%\2

Cul, Cl,Pd(PPh;),
NEt; =—TMS

K2CO3 TMSTQ—/ H/@

THF/MeOH

Cul, NEt;
CIde(PPh;,)Z

)oj\ 0/_©_
A ~O—=C— H@

10
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proximately 100 kcal/mol. Within experimental error it is DIblOCk TI'iblOCk
difficult to deconvolute the effect of the polymer and molecular

probes on the resulting duplexes where the complementary Copolymers Copolymers

partner is either an unmodified DNA strand or a molecular

probe. However, thpolyDNA:polyDNA hybridization pair has

a <AHyy> value that is 4.5 times greater than any of the other

hybridization pairs. This significant increase in thermal stability e
(..

may be crucial to the success of assays that use genomic DNA
with complex secondary structures. In addition, the melting

ranges, listed as fwhm in Table 3, suggest that polymer probes Bl"ld in : )
should be able to discriminate SNPs better than molecular probes g H =\ /h
under stringent thermal conditions (or salt concentratién). Blocks fLﬂ-.
Thus, a comparison of melting profiles indicates that polymer !
probes such as the ones described herein could be better I = w _’("\Qf)’n
equipped for use in DNA detection than their molecular probe M& = e G
counterparts. o 4
Syntheses of Triblock Copolymer-DNA Hybrids. Oligo- _ W _ ( )
nucleotides have been modified with several redox-active I = L H .
compoundg%36-39 For example, Mucic et al. have developed ""')‘,,'«4?
5'-ferrocenyl modified oligonucleotides as molecular probes for ° B

use in three-strand electrochemical detection as¥dyeriva-
tizing ferrocene for covalent incorporation into oligonucleotides

has also led to SUS;eSSfU' detectiorl1 ;yStemS such as thosgye giplock copolymerDNA hybrid strategy. To increase the
reported by Yu et al"2*and Kuhr et aP*"2* One advantage of  ;mper of potential indicators, we synthesized triblock copoly-
our polymer-DNA hybrid approach is the polyvalent cooper- e containing two different ferrocenyl derivativesands.
ativity of the pendant DNA strands, which provide more specific gy agjusting the relative lengths of the two redox-active blocks
discrimination of single-pair mismatches than analogous mo- one can generate several different tags corresponding to distinct
lecular probe systems (vide supra). The signaling amplification ¢ompinations of the two electrochemically active monomers
capabilities are also better for polymeDNA hybrids, because (gigyre 5)40 Triblock copolymer precursors were synthesized
polymers with larger blocks of labeling molecules can be 1, o1y merizing the DNA-modifiable diphenylacetylene mono-
synthesized, allowing for magnified detection signals. Addition- 1 1ar2 “then adding ferrocene monom&rand finally dibromo-
ally, the functional group tolerance and synthetic control that ferroc’ene monomeb to the growing polymer chain. Each
are native to ROMP polymerization enable us to develop a monomer was added to the polymerization mixture only after
number_ of distinctly Iabe_led probes quite ea_lsny. For example, o previous type of monomer had been consumed. For proof-
by varying the molar ratio of two redox-active groups on the 4t concept experiments, polymer precursors with approximately
same polymer DNA detection probe, numerous unique signa- 5.1 1. " and 1:2 ratios of and 5 were synthesized. Gel-
tures based on not only the positions of the redox signals b”tpermeation chromatographic (GPC) data for these polymers all

also the amplitude ratios of these signals are possible. Such &qwed a single peak, characteristic of a monodisperse sample,
system would have many advantages over molecular probenicating that all three monomers are incorporated into a single

systems, particularly in multiplexing assays, because only a few polymer chain. The poBpoly4-poly5 precursors were then
electrochemical tags would be required to generate NUMEroUS,qnled to DNA to generate triblock copolymedNA Hybrids
barcodelike signatures, detectable by simple data-readout cay,_y (Table 1). In the design of triblock copolymers, we
pabilities, using both identity and quantitati.ve dimensions. employed a To-spacer instead of the;Epacer used for diblock
Based on our block copolymer strategy, in theory any DNA ¢opolymers to improve the water solubility of the final hybrids.
strand in a hybrid can b_e labeled YVIth a unique ele(_:troch_emlcal As expected, triblock copolymeDNA hybrids behave similarly
polymer tag. The detection of multiple DNA strands in a mixture 14 diplock copolymer hybrids as indicated by their BVis
can then be carried out by monitoring the electrochemical signal spectra and melting profiles (Figure 6).
and referencing it to a particular probe associated with a target Cyclic voltammograms of the triblock copolymeDNA
DNA sequence. However, the practical requirem?nt that Fhe hybrids exhibit two distinct redox peaks at 30 and 350 mV
different redox signals arising from the electrochemically active (yqrsus Fc/Ft) (Figure 7). Ratios of the peak current were found
blocks be reasonably spaced apart to achieve complete signai0 be~ 2.7:1, 1:1, and 1:2.7 foHybrid V , Hybrid VI , and
discrimination only allows for the incorporation of approxi-  yprid vii | respectively. Even though the peak current ratios
mately four different indicators in a detection system employing 4re gjightly different from the monomer ratios that we initially

used (2:1, 1:1, and 1:2), these peak ratios and positions are

Figure 5. Schematic illustration of the triblock copolymer labeling strategy.

(33) Marky, L. A.; Breslauer, K. JBiopolymers1987, 26, 1601-1620.

(34) Borer, P. N.; Dengler, B.; Tinoco, I, Jr.; Uhlenbeck, O.JCMol. Biol. consistent with those observed for the polymer precursors prior
1974 86, 843-53. i i

(35) Marky, L. A.; Canuel, L.; Jones, R. A.; Breslauer, KBiophys. Chem. to DNA coupllng. In faCt’ the CyC“C voltammograms of the
1981, 13, 141-149.

(36) Beilstein, A. E.; Grinstaff, M. WJ. Organomet. Chen2001, 637—639, (40) Consider the theoretical case of triblock copolymers with a maximum
398-406. number of 5 repeating units per each electrochemically active block, distinct

(37) Hurley, D. J.; Tor, Y.J. Am. Chem. Sod.998 120, 2194-2195. ratios which can be observed electrochemically would consist of the

(38) Weizman, H.; Tor, YJ. Am. Chem. So2002 124, 1568-1569. following: (0:5), (1:3), (1:4), (1:5), (2:3), (2:4), (2:5), (3:1), (3:2), (3:4),

(39) Hurley, D. J.; Tor, Y.J. Am. Chem. So2002 124 3749-3762. (3:5), (4:1), (4:2), (4:3), (4:5), (5:0), (5:1), (5:2), (5:3), (5:4), (5:5).
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Scheme 3. DNA Detection Based on Polymer—DNA Probes
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Wavelength (nm) a 3'-CCT AAT AAC AAT-S'
5 b 3-TTATAACTATTC CTAT,-5'

£ a'b’ 5-GGATTA TTG TTAAAT ATT GAT AAG GAT-3'
< 0.8
& solution ofa (0.1 mM) to a part of the gold electrode (0:51
© 0.6} cn¥) for 16 h. Then, the electrode was washed with water and
§o d 5w s dipped n a 1 mMaqueous solution of mercaptohexanol for 5
g ) min. This passivation procedure inhibits nonspecific binding of
0.2 hybrid molecules to the gold electrodes. Finally, the electrode
< was washed with copious amounts of water and used for DNA

30 40 50 60 70 detection studies.

Temperature (C) To evaluate the performance of our polym&NA probes,
e gl et synthetic target DNAJ'Y, 10 n) anchiybrid | (1.2 M) were
(IBO)HA tﬁ/ermal denaturation curve for the aggregates (Inset:gfirst Serivativé). cohybridized toa-modified electrodes in PBS solution for_4 h

at room temperature (Scheme 3). As a control experiment,
anothera-modified electrode was treated wittybrid | without

A B target DNA under identical conditions. After washing the
electrodes with PBS solution, alternating current (AC) volta-
mmograms were acquired (Figure 8). The electrode treated with
complementary target shows the desired redox signal dde to

10pA‘ 10pA| while the control sample generates no significant signal.

To test the sensitivity of the method described in Scheme 3,

Anodic Cathodic Anodic

<«— Current —> «<— Current —>

Cc D we have attempted to detect target at concentrations ranging
M‘/\_/L from 10 nM to 1 pM. Thea-modified electrodes were treated
with a series of target solutions (10 r”\M. pM) and polymer
o DNA probeHybrid | (2.4 nM) for 6 h. Then, AC voltammo-
3 Ww grams were obtained for each sample. As presented in Figure
§ 1,4 2,A| 8, we could easily detect target concentrations as low as 100
o pM based on this detection method, which is an order of
0 200 400 0 200 400 . .
Potential vs. Fc'/Fc (mV) Potential vs. Fc'/Fc ( mV) magnitude more sensitive than that reported by Yu et al. for
Figure 7. Cyclic voltammograms in CKCl, with ["BusN]PFs as electrolyte their eleCtrQChemlcal molecular probe systJérWh_en the target
of (A) Hybrid V , a triblock copolymerDNA with a 10:5 ratio of poly: concentration was less than 100 pM, the signal level was
poly5, (B) polymer precursor oHybrid V, (C) Hybrid VI, a triblock indistinguishable from the background and was comparable to
copolymer-DNA with a 5:5 ratio of polykpoly5, and (D)Hybrid VII , a the signal intensity of the control electrode when only treated

triblock copolymer-DNA with a 5:10 ratio of poly:poly5. These triblock

copolymer-DNA hybrids exhibit two distinct redox peaks with expected with Hybrid | (Figure 8, inset).

Ei/2 and peak intensity ratios. The detailed shape of the cyclic voltammo-
grams caused by the diffusion-limited current and the charging current is 10 nM
dependent upon polymer film conditions. The cyclic voltammogram of the
polymer precursor was obtained from a solution sample rather than a film 3
cast on an electrode surface. .g; 5 nM
_ n
T 15k 0 B
. ) = 10" 10" 10
polymer-DNA hybrids and their polymer precursors are almost b3 Target conc. (M)
superimposable (Figure 7A,B). These results not only demon- E 104 .
strate the versatility of our synthetic methodology but also 3 rn
suggest the possibility of using the electrochemical signals as a Jﬁ'%gl\gm
type of barcode to tag many DNA targets present in a single 5- = =
sample solution. without target
DNA Detection Using Diblock Copolymer-DNA Hybrids. 600 -400 -200 O 200 400

The block copolymer conjugates were utilized as DNA probes
in a three-component sandwich-type electrochemical detection | b with [ ] | |

; ; ; 4. Figure 8. AC voltammograms in CbkCl, with ["BusN]PFs as electrolyte
strategy (Scheme 3). In a typical experiment, a disulfide for electrodes treated with different target concentrations. Inset: target

modified oligonucleotidea, was immobilize_d on a freshly  concentration vs peak current. The horizontal dotted line is the peak current
prepared Au electrode (0.5 2 cn?) by applying 0.3 M PBS of the sample without the target DNA.

Potential vs. Fc'/Fc (mV)
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. Hybrid |
Target Il
o — One Layer 5-GGA TTA TTG TTA—AAT ATT GCIT AAG-3'

Pttt CCT AAT AAC AAT TTATAA CGATTC —

! 4 Hybrid VIII

i
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Figure 9. Signal amplification using polymeDNA probes. (A) A scheme = 22 .
illustrating the addition of multiple layers to the electrode surface controlled € &>
by the recognition properties of DNA. (B) AC voltammograms inCH g te
with ["BusN]PFs as electrolyte of multilayer block copolymebNA hybrids 2 20 -
assembled on a gold substrate. o
5 &2—Br
The number of ferrocenyl groups bound to the gold electrodes 18 - Fe

was estimated to be 1 10'3 3.4 x 10'2, and 5.2x 10" in é—ﬂr
the presence of 9.6 10'2 9.0 x 10", and 9.0x 10 target

strands (total sample volume 1500 uL, area= 0.5 cn? 200 0 200 400 600
.( ) P 4 M ) ’ Potential vs. Fc /Fc { mV)
respectively, using eq*1 wherelay is the peak currenty is

; ; Figure 10. (A) Sequences of the target and probe DNAs used for dual-
the number of electrond, is the temperaturek,. is the peak channel detection of a single-base mismatch. NoteHkhtid | andHybrid

amplitude,f is the frequ_enCyF is the Faraday constarR is VIl were prepared from and5, respectively. (B) AC voltammograms in
the gas constant, aidly is the total number of moles of redox  CH.Cl, with ["/BusN]PFs as electrolyte for electrodes treated with either
active species corresponding to the peak. Target | or Target Il in the presence of both detection probes. Only one

major peak is shown at the expected potential for each case.

Iavg(Eo) = 2nfN,, sin hFE,/RT)/cos hOFEJ/RT) (1) strongly on the number of ferrocenyl groups present in each of
) . the hybrids used for building the successive layers.
It is noteworthy that the estimated number of ferrocenyl groups  petection of Single-Base Mismatchesn conventional DNA
can be higher than the number of target DNA molecules present;pip_pased detection systems, two different color fluorophores
in solution. The higher ratio of ferrocenyl groups to target DNA - are often used in each experiment for more accurate detection
is possible because each single polyfiBNA probe possesses  4nq to provide signal ratioing capabilities. In the DNA detection
about 10 ferrocenyl groups, on average. Thus the hybr|_d|zat|on scheme reported herein, two types of hybrids with different
of one target DNA strand can, in principle, result in the ferrocenyl moieties can be used in a manner similar to the
attachment of 10 ferrocenyl groups to the electrode surface, gjectrochemically based dual signaling procedure introduced by
thereb_y providing a form of signal amplification. Hence, v et all” The almost identical melting profiles dflybrid
detection methods based on these novel polyrA probes |.pyyprid 1| andHybrid Ill:Hybrid IV indicate that the nature
can be more sensitive than methods utilizing oligonucleotides f the ferrocenyl group does not significantly affect the melting
modified w@h only single ferrocenyl mmetles, and the sensitivity properties of DNA (Figure 3A and B). This observation suggests
of a detection §ystem pased on this approach should scale tQnat two different polymerDNA probes synthesized from
some extent with the size of the block of redox groups. and5 can be utilized for the dual-channel detection of single-
Signal Amplification via Multilayering. Since our block  pase mismatches. To evaluate the feasibility of this idea, two

copolymer-DNA hybrids possess multiple oligonucleotide side synthetic target DNA strand3érget | andTarget Il in Figure
chains, in theory extra DNA strands are still available for further 10A) were preparedTarget | and Il were designed to have
assembly of bIo_ck copolymers after target hybridi_zation if this only a single base difference at the position indicated by the
latter process is less than 100% efficient or if the target 4w in Figure 10AHybrid | was synthesized as a signaling
concentration is less than polymer-bound DNA. To address the probe for Target |, and Hybrid VIl was synthesized as a
possibility of using these extra oligonucleotides for signal gjgnaling probe folrarget I1 . In these experiments, we prepared
enhancement, a secor]d and th|_rd layer ofpaﬂgntammg block two sample solutions (PBS, 15@0) containing (1)Hybrid I ,
copolymer-DNA hybrids (Hybrid Il andHybrid I', respec-  pyprid viil | andTarget | and (2)Hybrid |, Hybrid VIII
tively) were assembled successively onto the electrode surfaceyng Target 11 . Concentrations for polymer probes and target
aft.er the initial hybridization of target DNA andlybrid | DNA were 1.2 nM and 10 nM, respectively, for both samples.
(Figure 9A and B). As the number of layers increased, the peak then gold electrodes modified with capture DNA strands were
currents increased, showing that signal amplification via mul- j,mersed in the sample solutions and kept at@3After 4 h
tilayering is indeed possible (Figure 9B). In these experiments, of jncubation, the electrodes were washed with PBS buffer and
the sensitivity is increased proportionally to the number of yried with flowing No. Finally, AC voltammograms were
layers. Thus, the magnitude of amplification will depend gpiained for each of the electrodes (Figure 10B). In each case,
(41) Sumner, J. J.; Weber, K. S.; Hockett, L. A.; Creager, Sl. Phys. Chem. the re_dox Slgnals attnbUtable_ to the correspondlngly matched

B 200Q 104, 7449-7454. signaling probes were the major peaks observed. The electrode
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treated with the sample containidgrget | produced a major  allowed us to develop an electrochemical detection system that
signal at~30 mV (versus Fc/Fg Figure 10B), corresponding  exhibits point-mutation selectivity and better target differentia-
to the presence of ferrocenilybrid | on the surface, and a  tion capabilities than those observed for single-oligonucleotide
trace signal at 350 mV, corresponding to the mismatched probe.probes. Also, due to their strong binding constants, as reflected
The electrode treated witharget Il produced a major signal  in increasedTy’s, they should compete more effectively for
at~350 mV (versus Fc/Fg Figure 10B), corresponding to the  target than conventional single-oligonucleotide probes. Finally,
presence of dibromoferrocenyliybrid VIII  on the surface, and  although only two types of probes have been evaluated for the
a minor signal at 30 mV, corresponding to the mismatched proof-of-concept studies reported herein, in principle, a very
probe. When the electrodes were incubated at room temperaturelarge number of probes can be designed by systematically
they show two strong redox peaks rather than a single one. Thuschanging the length and composition of the redox-active blocks
selectivity in our strategy can easily be achieved using thermal in the hybrid structures.
stringency conditions. An increased hybridization temperature
destabilizes only the mismatched probes, giving rise to one Acknowledgment. C.A.M. and S.T.N. acknowledge the
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