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(57) ABSTRACT 

A conductive polymer is formed enZymatically in the pres 
ence of a polynucleotide template. The method includes 
combining at least one redox monomer With a polynucle 
otide template and a redox enzyme, such as horseradish 
peroxidase, to form a reaction mixture. The monomer aligns 
along the template before or during the polymerization. 
Therefore, the polynucleotide template thereby affects the 
molecular Weight and conformation of the conductive poly 
mer. When the conductive polymer is complexed to a 
polynucleotide duplex, the conformation of the polynucle 
otide duplex can be modulated by changing the oxidation 
state of the conductive polymer. 
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ENZYMATIC TEMPLATE POLYMERIZATION 

RELATED APPLICATION 

[0001] This is a continuation of US. application Ser. No. 
09/447,987, ?led Nov. 23, 1999, Which is a continuation-it 
part of US. application Ser. No. 08/999,542, ?led Nov. 21, 
1997 (now US. Pat. No. 6,018,018), Which is a continua 
tion-in-part of US. application Ser. No. 08/915,827, ?led 
Aug. 21, 1997 (now US. Pat. No. 5,994,498), the entire 
teachings of Which are incorporated herein by reference. 

GOVERNMENT SUPPORT 

[0002] This invention Was made With support from the 
Government under ARO Cooperative Grant DAAH04-94 
2-003. The Government has certain rights in this invention. 

BACKGROUND OF THE INVENTION 

[0003] Recently, there has been an increased interest in 
tailored development of certain classes of polymers, such as 
electrically conductive and optically active polymers (e.g. 
polythiophene, polypyrrole, polyphenols and polyaniline) 
for application to Wider ranges of use. Examples of such 
uses include light-Weight energy storage devices, electro 
lytic capacitors, anti-static and anti-corrosive coatings for 
smart WindoWs, and biological sensors. HoWever, the poten 
tial applications to Which polymers can be put have been 
limited by their lack of solubility and processability. 

[0004] In particular, interest in developing biosensors has 
been stimulated by efforts to sequence the human genome. 
Analysis and manipulation of polynucleotides is expected to 
have genetic engineering applications and aid in the diag 
nosis of genetic disease and in the development and 
improvement of neW drugs. For example, deoxyribonucle 
otides (DNA) exist in living organisms almost exclusively in 
a double helix conformation. HoWever, many variations in 
this conformation has been shoWn to exist (e.g., A-, B-, C 
and Z-type duplexes). The helical structure of a particular 
duplex is related to its sequence and its environment. These 
variations in conformation are thought to be responsible for 
the binding of molecular species, such as enZymes or 
regulatory proteins, to DNA. Therefore, methods of modu 
lating the conformation of DNA are expected to have 
applications in the area of biosensors, molecular recognition 
and drug development. 

SUMMARY OF THE INVENTION 

[0005] The present invention relates to a composition of 
matter in Which a substituted or unsubstituted polyaniline is 
bound to a polynucleotide as a complex. The invention also 
relates to a method of preparing a polynucleotide/polya 
niline complex, Wherein the polynucleotide/polyaniline 
complex is formed by combining a substituted or unsubsti 
tuted aniline monomer, a polynucleotide template and a 
redox enZyme, Whereby the aniline monomer aligns along 
the polynucleotide template to form a complex and poly 
meriZes to form a polyaniline, thereby forming the poly 
nucleotide/polyaniline complex. 
[0006] Another aspect of the invention is a method of 
modulating the conformation of a polynucleotide double 
helix Which is bound to a conductive polymer as a complex 
by changing the oxidation state of the conductive polymer. 
In a speci?c embodiment, polyaniline is bound to a poly 
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nucleotide double helix as a complex. Oxidation of polya 
niline (e.g., increasing the positive charge on the polya 
niline) Which is complexed to a polynucleotide double helix 
causes the double helix to become more tightly Wound (i.e., 
the double helix Will have more base pairs per turn after 
oxidation of the polyaniline). Conversely, reducing the 
polyaniline Will cause a double helix associated With it to 
become more loosely Wound. Therefore, complexation of 
polyaniline to a polynucleotide double helix provides a 
method of modulating the conformation of the double helix 
by changing the oxidation state of the polyaniline. 

[0007] The invention also relates to an electrical element 
that has a nanoWire extending from it. The nanoWire 
includes a polynucleotide template and a conductive poly 
mer bound together as a complex. 

[0008] Another aspect of the invention is a method of 
forming an electrically conductive connection betWeen elec 
trical elements. The method includes connecting at least tWo 
electrical elements With a polynucleotide and contacting the 
polynucleotide With an a redox monomer and a redox 
enZyme. The monomer aligns along the template to form a 
complex and polymeriZes to form a conductive polymer that 
is complexed to the polynucleotide that connects the elec 
trical elements. The polynucleotide/conductive polymer 
complex is electrically conductive and, therefore, forms an 
electrically conductive connection betWeen the electrical 
elements. 

[0009] Another embodiment of the invention is a method 
of identifying a target polynucleotide by contacting the 
target polynucleotide With a probe that includes a polynucle 
otide template complexed With a conductive polymer. The 
probe hybridiZes With the target polynucleotide Which 
causes at least one electromagnetic property of the conduc 
tive polymer to be modi?ed. The target polynucleotide is 
identi?ed by detecting the modi?ed electromagnetic prop 
erty. 
[0010] In this invention, the polynucleotide can serve at 
least three critical functions. First, the polynucleotide can 
serve as a template upon Which the monomers preferentially 
align themselves to form a complex, such as a charge 
transfer complex, thereby limiting parasitic branching and 
controlling the shape of the polymer. In the case of polya 
niline, the mechanism of polymeriZation is primarily para 
directed and results in formation of the electrically active 
form of polyaniline. This preferential alignment provides 
improved electrical and optical properties of the ?nal poly 
mer complex. Second, the polynucleotide can serve as a 
large molecular dopant species Which is complexed and 
essentially locked to the polyaniline chains. Current limita 
tions to the actual use of polyaniline in electronic and optical 
applications largely has been due to poor dopant stability. 
Small ionic dopants or chromophores that are currently used 
are knoWn to diffuse aWay With time and/or conditions. 
Locking of a large polyelectrolyte dopant (e.g., a polynucle 
otide) to the polymer is signi?cant in that it ensures that the 
electronic nature of the conjugated backbone structure of the 
polymer is maintained, and hence the desired electronic and 
optical properties are stabiliZed. Third, the polynucleotide 
template can improve Water solubility of the ?nal polynucle 
otide/polyaniline complex for environmentally friendly, fac 
ile, and inexpensive processing. 
[0011] In addition to the above advantages, complexation 
of a polynucleotide duplex, such as DNA, to an electrically 



US 2005/0079533 A1 

conductive polymer provides a method by Which the con 
formation of the duplex can be modulated, thereby provid 
ing possible application in the area of biosensors and drug 
development. For example, changing the oxidation state of 
polyaniline bound to a DNA duplex changes the linear 
length of a helical turn and, therefore, could be used to study 
the binding properties of DNA regulatory proteins. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] FIG. 1 shoWs the general mechanism of enZymatic 
polymeriZation of aniline in the absence of the polynucle 
otide, promoting ortho- and para-directed reactions. 

[0013] FIG. 2 shoWs the chemical structure of oxidiZed 
(conducting) and reduced (insulating) forms of the polya 
niline Which is formed during enZymatic template guided 
polymeriZation. 

[0014] FIG. 3 shoWs the visible absorption spectra of the 
polyaniline template complex (0.05M aniline to 0.1M sul 
fonated polystyrene (SPS)) formed at various pH’s. 

[0015] FIG. 4 shoWs a plot of absorbance versus (SPS)/ 
aniline ratio to ?nd the optimum dopant-to-monomer ratio. 

[0016] FIG. 5A shoWs the visible absorption and redox 
behavior of polyaniline/SPS prepared at pH 4.0 With 
increasing pH. 

[0017] FIG. 5B shoWs the visible absorbance and redox 
behavior of polyanilines/SPS prepared at pH 4.0 With 
decreasing pH. 

[0018] FIG. 6A shoWs the visible absorbance and redox 
behavior of a 50 bilayer ?lm of poly(diallyl dimethyl 
ammonium chloride) (PDAC) alternating With SPS/polya 
niline (prepared at pH 4.0) With increasing pH. 

[0019] FIG. 6B shoWs the visible absorbance and redox 
behavior of a 50 bilayer ?lm of SPS/polyaniline (prepared at 
pH 4.0) With decreasing pH. 

[0020] FIG. 7A shoWs the visible absorbance of polyphe 
nol Without SPS versus phenol monomer. Polyphenol pre 
cipitated out of solution as a result of polymeriZation. 

[0021] FIG. 7B shoWs the visible absorbance of polyphe 
nol/SPS template versus phenol monomer. The polyphenol 
did not precipitate out of solution. 

[0022] FIG. 8 is a schematic representation of polyaniline 
bound to a DNA double helix. 

[0023] FIG. 9 shoWs the UV-Vis spectra of DNA and 
DNA/polyaniline (Pani) during polymeriZation. 
[0024] FIG. 10 shoWs the CD spectra of DNA and DNA/ 
polyaniline during polymeriZation. 

[0025] FIG. 11 shoWs the CD spectra of DNA; a mixture 
of DNA, aniline monomer and horseradish peroxidase 
(HRP); DNA and NH4F; and DNA/polyaniline. 

[0026] FIG. 12A shoWs the CD spectra of DNA/polya 
niline as the pH is increased from 4 to 10. 

[0027] FIG. 12B shoWs the CD spectra of DNA/polya 
niline as the pH is decreased from 10 to 4. 

[0028] FIG. 13A shoWs the UV-Vis spectra of DNA/ 
polyaniline as the pH is increased from 4 to 10. 
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[0029] FIG. 13B shoWs the UV-Vis spectra of DNA/ 
polyaniline as the pH is decreased from 10 to 4. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0030] The features and other details of the apparatus and 
method of the invention Will noW be more particularly 
described and pointed out in the claims. It Will be understood 
that the particular embodiments of the invention are shoWn 
by Way of illustration and not as limitations of the invention. 
The principal features of this invention can be employed in 
various embodiments Without departing from the scope of 
the invention. All parts and percentages are by Weight unless 
otherWise speci?ed. 

[0031] EnZyme-catalyZed polymeriZation of aniline typi 
cally involves reaction at the ortho and para positions of the 
aromatic ring as shoWn in FIG. 1. This mechanism often 
results in branched polymeric materials Which are intrac 
table and have negligible electrical and optical properties. 
This invention describes a novel template assisted enZymatic 
polymeriZation Which results in a neW class of polyanilines. 
In general, the polyanilines formed by the enZymatic tem 
plate guided polymeriZation described herein are linked at 
the para-position (see FIG. 2) and, therefore, are less 
branched than they generally Would be as a result of some 
other polymeriZation method. 

[0032] In one embodiment, the invention is a composition 
of matter that includes a polynucleotide template and a 
polyaniline bound together as a complex. A method of the 
invention includes preparing a polynucleotide/polyaniline 
complex by combining an aniline monomer, a polynucle 
otide template and a redox enZyme. The monomer aligns 
along the template to form a complex and polymeriZes to 
form polyaniline, thereby forming the polynucleotide/polya 
niline complex. 

[0033] Typically, enZymatic template guided polymeriZa 
tion reactions of the invention are carried out in Water. 
HoWever, other solvents can be include, for example, dim 
ethyl formamide, dimethyl sulfoxide, methanol, ethanol, 
dioxane, etc. The pH of the solvent is adjusted to a pH in a 
range of betWeen about 4.0 and about 10.0. Preferably, the 
pH is betWeen about 4.0 and about 5.0 for aniline monomer. 
Examples of suitable buffers include Tris-HCl buffer, 
sodium phosphate, sodium citrate, etc. When the template 
used is a polynucleotide, the preferable buffer is sodium 
citrate. 

[0034] A suitable redox enZyme is added to the reaction 
mixture. The concentration of enZyme in the reaction mix 
ture is suf?cient to signi?cantly increase the polymerization 
rate of the monomer in the reaction solution. Typically, the 
concentration of enZyme in the reaction mixture is in a range 
of betWeen about one unit/ml and about ?ve units/ml Where 
one unit Will form 1.0 mg purpurogallin from pyrogallol in 
20 seconds at pH 6.0 at 20° C. Examples of suitable enZymes 
include peroxidases, laccase, etc. Preferred enZymes are 
peroxidases. A particularly preferred enZyme is horseradish 
peroxidase. 

[0035] Monomers Which are suitable for the template 
polymeriZation reaction are monomers Which can be poly 
meriZed by enZymatic, redox polymeriZation to form a 
conductive and/or optical active polymer. Such monomers 
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are de?ned herein as “redox monomers”. Examples of 
suitable redox monomers include substituted or unsubsti 
tuted anilines and substituted or unsubstituted phenols. 
Therefore, the polyaniline or polyphenol formed can be 
substituted or unsubstituted. The monomer can be a neutral 

compound, a cation or an anion. Further, the monomer can 
be, for example, a dye, such as an aZo compound, or a 
ligand. Alternatively, an oligomer can be employed rather 
than a monomer. Mixtures of different monomers, oligo 
mers, or of monomers and oligomers, can also be employed. 
In one embodiment, oligomers can form from the monomer 
prior to association or complexation With a template. The 
concentration of monomer in the reaction mixture generally 
is in a range of betWeen about 0.05 mM and about 100 mM. 

[0036] A polynucleotide template preferably is present in 
an amount that at least causes a portion of the aniline 
monomer present to bind to the polynucleotide template and 
that causes at least a portion of the monomer to polymeriZe 
While bound to the template. A“polynucleotide template,” as 
that term is employed herein, is de?ned as a nucleotide 
polymer or oligomer that can bind, such as by ionic binding, 
a redox monomer before and during polymeriZation of the 
monomer, Whereby the monomer polymeriZes. When aniline 
is the redox monomer, the template facilitates coupling of 
the aniline monomers predominately at the para position of 
the aromatic ring. It is believed that binding of aniline 
monomers can affect polymeriZation of adjacent monomers 
along the polynucleotide template, thereby controlling poly 
meriZation, and that the negatively charged polynucleotide 
backbone forms electrostatic bonds With aniline monomers, 
thus causing them to align along the backbone of the 
polynucleotide template. When the redox monomers are 
polymeriZed a polynucleotide/conductive polymer complex 
is formed. When aniline monomers are polymeriZed in the 
presence of a polynucleotide template a polynucleotide/ 
polyaniline complex is formed. 

[0037] In alternative embodiments, other polymers or oli 
gomers can be employed as templates for polymeriZation. 
For example, sulfonated polystyrene, sulfonated polystyrene 
polyion salts, polypeptides, proteins, biological receptors, 
Zeolites, caged compounds, aZopolymers, and vinyl poly 
mers, such as polyvinyl benZoic acid, polystyrene sulfonic 
acid and polyvinyl phosphonates, poly(vinyl phosphonic 
acid), etc can be suitable templates. The template can be an 
anion or cation, such as a polyanion or a polycation. Further, 
the template can be an optically active polyelectrolyte, for 
example, aZo polymers. The template can also be a den 
drimer or a compound that forms micelles, for example, 
dodecyl benZene sulfonic acid. The monomer or oligomer 
associates With the template to form, for example, a com 
plex. After polymerization, the complex can be electrically 
or optically active. 

[0038] The polymeriZation reaction is a redox reaction and 
typically is initiated by adding a suitable oxidant, such as a 
hydrogen peroxide solution, etc. In one embodiment, the 
hydrogen peroxide has a concentration in the polymeriZation 
solution in a range of betWeen about one millimolar and 
about ?ve millimolar. To avoid or minimiZe denaturation of 
the enZyme, a dilute solution of hydrogen peroxide can be 
prepared from a 30% stock solution and added sloWly to the 
reaction With stirring. Preferably, the dilute solution of 
hydrogen peroxide is about 0.1 M to about 0.001 M. 
Typically, the reaction mixture is maintained at a tempera 
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ture in a range of betWeen about 10° C. and about 25° C. 
during polymeriZation. More preferably, the temperature of 
the reaction mixture is maintained at a temperature of about 
20° C. during polymeriZation. 

[0039] The resulting polymer can be, for example, a linear 
polymer, such as an extended linear polymer intertWined 
With the template. Alternatively, the polymer can be den 
dritic, or branched. In any case, the polymer can have a 
conformation that Would not be produced in the absence of 
the template. 

[0040] In one embodiment, the polymer can be polyaniline 
complexed With a polynucleotide template, Wherein the 
polyaniline is an extended linear, helical or branched poly 
mer intertWined With the polynucleotide template. In a 
speci?c embodiment, the polyaniline is a component of a 
Water soluble electrically conducting complex. 

[0041] Optionally, the method of the invention includes 
forming a layer of the polymer on a surface. In this embodi 
ment, the pH of the polymer solution is reduced to a suitable 
pH, such as a pH in a range of betWeen about 2.0 and about 
8.0, by adding a suitable acid, such as hydrochloric acid, etc. 
A suitable surface, such as a glass slide treated With an 
alkali, such as Chemsolv® alkali, is immersed in a polymer 
solution for a suf?cient period of time to cause the polymer 
to accumulate at the surface. In one embodiment, a glass 
slide is immersed in a polymer solution for about ten 
minutes and then removed. The surface can then be Washed 
With Water at a pH of about 2.5 in order to remove unbound 
polymer from the surface. 

[0042] Distinct layers of polymers can be applied to a 
surface by this method. For example, an initial layer can be 
formed by exposing a suitable surface to a polymer formed 
by the method of the invention that is a polyanion and then 
subsequently exposing the same surface, having the polya 
nion deposited upon it, into a solution of a polycation. In one 
speci?c embodiment, a glass slide treated With Chemsolv® 
alkali is exposed to a one milligram/milliliter solution of 
poly(diallyl dimethyl ammonium chloride) at a pH of 2.5 as 
a polycation, and then exposed to a one milligram/milliliter 
solution of SPS/polyaniline formed by the method of the 
invention, as a polyanion. Abilayer of polymers is thereby 
formed. Additional layers of these or other polymers can 
subsequently be applied. 

[0043] Polymerization of the template can be initiated 
simultaneously With, or subsequent to alignment and poly 
meriZation of the bound monomer or oligomer. In one 
embodiment, the template can be removed from the result 
ing polymer, such as by decomposition, dissolution, or 
enZymatic degradation to leave behind a polymer shell. 

[0044] In one speci?c embodiment of the method of the 
invention, the template-assisted enZymatic polymeriZation 
of aniline can be carried out in an aqueous solution using 
0.1M sodium phosphate or tris-HCl buffer and a pH ranging 
from about 4.0 to about 10.0. Aniline monomer typically can 
be added in a range of betWeen about 10 mM and about 100 
nM, and an appropriate amount of a template, in this case 
sulphonated polystyrene (SPS) (molecular Weight of 
70,000), can be added in ratios ranging from about 1:10 to 
about 10:1 SPS/aniline. The enZyme horseradish peroxidase 
then can be added to the reaction mixture in a range of about 
one unit/ml to about ?ve units/ml. To initiate the reaction, an 
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oxidizer, such as a 30% solution of hydrogen peroxide, can 
be added slowly in 10 pl increments over a reaction time of 
3 hours, With constant stirring to a ?nal concentration 
ranging from about 10 mM to about 100 mM. 

[0045] In another speci?c embodiment of the invention, 
the template guided polymerization of aniline can be carried 
out using a polynucleotide template. The polynucleotide is 
dissolved in an aqueous buffer, such as a 10 mM sodium 
citrate buffer, having a pH of about 4 to about 10. Preferably, 
the buffer pH is about 4 to about 5. The concentration of the 
polynucleotide can be determined by UV absorption using 
the molar extinction coef?cient of the polynucleotide at a 
particular Wavelength. This gives the concentration of nucle 
otide bases Which make up the polynucleotide. The molar 
extinction concentration of a polynucleotide in the polymer 
iZation reaction is typically about 1 mM to about 5 mM. 
Aniline monomer is added to the polynucleotide solution in 
a concentration such that the ratio of aniline to nucleotide 
bases in the polynucleotide is about 1: 10 to about 10:1, more 
preferably about 1:1. Horseradish peroxidase (HRP) is 
added to the solution to a concentration of about 1 unit/mL 
to about 5 units/mL, then an oxidiZer, such as hydrogen 
peroxide, is added sloWly to the reaction mixture to initiate 
the reaction. The amount of hydrogen peroxide added is 
about one-?fth equivalent to about 1.0 equivalents of the 
aniline monomer in the reaction mixture. The reaction time 
is typically about 80 min. 

[0046] In yet another speci?c embodiment of the method 
of the invention, the template-assisted enZymatic polymer 
iZation of phenol can be carried out in an aqueous solution 
using 0.1M sodium phosphate or tris-HCl buffer and pH 
ranging from 4.0 to 10.0. Phenol monomer typically can be 
added in a range of betWeen about 10 mM and about 100 
mM and an appropriate amount of the template, sulphonated 
polystyrene (molecular Weight of 70,000), can be added in 
ratios ranging from about 1:10 to about 10:1 SPS/phenol. 
The enZyme horseradish peroxidase then can be added to the 
reaction mixture in a range of about one unit/ml to about ?ve 
units/ml. To initiate the reaction, an oxidiZer, such as a 30% 
solution of hydrogen peroxide, can be added sloWly in about 
10 pl increments over a reaction time of about 3 hours With 
constant stirring to a ?nal concentration ranging from about 
10 mM to about 100 mM. 

[0047] It is to be understood that polymers formed by the 
method of the invention can be formed in an oxidiZed, 
electrically conducting form or in a reduced, insulating form 
of the polymer (see FIG. 2). Other physical properties of the 
polymers that can be affected by the method of the invention 
include the molecular Weight and shape of the polymer. It is 
also to be understood that the polymers formed by the 
method of the invention can bc modi?cd aftcr polymcriZa 
tion. For example, modi?cation call be made at amine 
functional groups to form amides or imine groups. 

[0048] Dissolved polymers formed by the method of the 
invention can be precipitated from solution by adjusting the 
pH With a suitable acid or base. Examples of suitable acids 
or bases include hydrochloric acid, sodium hydroxide, etc. 

[0049] In a preferred embodiment, a polynucleotide 
duplex can be used as a template for polymeriZation of 
polyaniline. Polynucleotide duplexes have a handedness 
and, therefore, may impose a chirality on the polyaniline to 
Which they are complexed. Alternatively, the polyaniline 
complexed to a polynucleotide duplex may be achiral. 
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[0050] The conformation of the polynucleotide duplex 
complexed to a conductive polymer can be controlled by 
controlling the degree of oxidation of the conductive poly 
mer. In general, the more positive charges the backbone of 
the conductive polymer carries, the more tightly Wound the 
double helix Will be. For example, the conformation of the 
polynucleotide duplex in a polynucleotide/polyaniline com 
plex can be controlled by controlling the degree of oxidation 
of the polyaniline. When polyaniline is in the conducting, or 
oxidiZed, form, Where the polyaniline is protonated (see 
FIG. 2), the polynucleotide duplex is more tightly Wound 
(e.g., has more base pairs per helical repeat) than When 
polyaniline is in the insulating, or reduced form, Where the 
polyaniline is neutral. Polyaniline can be converted from the 
insulating form to the conducting form by adding protons to 
(or subtracting electrons from) the polyaniline backbone. 
This oxidation process is called “doping” the polyaniline. 
Conversely, the polyaniline can be dedoped, or reduced, by 
subtracting protons from (or adding electrons to) the polya 
niline backbone. When a polynucleotide/polyaniline com 
plex is in solution, it can be doped (oxidiZed) by decreasing 
the pH of the solution, or dedoped (reduced) by increasing 
the pH of the solution. 

[0051] Alternatively, the polyaniline in the complex can 
be doped or dedoped electrochemically using, for example, 
a potentiostat/galvanostat set-up. The potentiostat/gal 
vanostat set-up can have, for example, a three-electrode cell 
With platinum Wire as the Working electrode, Ag/AgCl as the 
reference electrode and platinum mesh as the counter 
electrode. The polynucleotide/polyaniline complex can be 
contained in an electrolyte solution, such as a sodium citrate 
buffer having about 0.1 M ammonium chloride in contact 
With the Working electrode. The doping and dedoping pro 
cess may be observed by cycling the potential betWeen about 
—0.02 V and 0.8 V With respect to the Ag/AgCl electrode. 

[0052] Therefore, the conformation of the polynucleotide 
duplex in a polynucleotide/polyaniline complex can be 
modulated by changing the oxidation state of the polya 
niline. After oxidation or reduction of the polyaniline, the 
polynucleotide duplex can recover its original conformation, 
or substantially the same conformation as its original con 
formation, by returning the polyaniline to its original, or 
near its original oxidation state. Apolynucleotide duplex has 
substantially the same conformation if the conformation, as 
determined by circular dichroism (hereinafter “CD”), is at 
least about 75% the same. 

[0053] Another embodiment of the invention is an elec 
trical component. The electrical component includes an 
electrical element, such as, a voltage source, a resistor, a 
capacitor, an inductor, a diode, a sWitch or a transistor, Which 
is attached to one or more nanoWires. A nanoWire, as that 
term is employed herein, includes a polynucleotide and a 
conductive polymer, such as polyaniline, bound together as 
a complex. 

[0054] The polynucleotide in the nanoWire can be a single 
strand, a double helix or a portion of the polynucleotide can 
be a single strand and a portion of the polynucleotide can be 
a double helix. In addition, the polynucleotide can be a 
deoxyribonucleotide, a ribonucleotide, a polynucleotide 
analog, a modi?ed polynucleotide or an oligonucleotide. 
Also encompassed Within the invention are polynucleotides 
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that are a combination of deoxyribonucleotide, a ribonucle 
otide, a polynucleotide analog, a modi?ed polynucleotide 
and an oligonucleotide. 

[0055] An electrical element can be connected to one or 
more other electrical elements by a nanoWire. The electrical 
elements can be connected to each other in a closed elec 
trical path, or a path that can be closed by an electrical 
switching element, to form a circuit. When the nanoWire is 
used to connect tWo or more electrical elements, the nanoW 
ire can be self-assembled by hybridiZation. In this embodi 
ment, each electrical element has one or more polynucle 
otides attached to it, a portion of Which can hybridiZe to a 
portion of a polynucleotide on a different electrical element. 
Alternatively, a polynucleotide connector Which can hybrid 
iZe a portion of the sequence of tWo or more polynucleotides 
that are attached to different electrical elements can be use 
to connect the tWo elements. The polynucleotide connector 
can be one or more polynucleotides. When the connector is 
composed of more than one polynucleotide, at least a portion 
of each polynucleotide that makes up the connector is 
hybridiZed to one or more other polynucleotides in the 
connector. 

[0056] The polynucleotide is attached to a surface of the 
electrical element by derivatiZing the polynucleotide With a 
group that can bind to the surface. Therefore, selection of a 
functional group With Which the polynucleotide is to be 
derivatiZed is dependent on the type of material to Which the 
polynucleotide is to be attached. When the polynucleotide is 
to be attached to a surface on an electrical element Which is 

gold, silver, copper, cadmium, Zinc, palladium, platinum, 
mercury, lead, iron, chromium, manganese, tungsten, or any 
alloys of the above metals, the polynucleotide to be attached 
is preferably derivatiZed With a thiol, sul?de or disul?de 
group. When the surface to Which the polynucleotide is to be 
attached is doped or undoped silica, alumina, quartZ or glass, 
the polynucleotide is preferably derivatiZed With a carboxy 
lic acid. When the surface to Which the polynucleotide is to 
be attached is platinum or palladium, the polynucleotide is 
preferably derivatiZed With a nitrile or isonitrile group. 
Finally, When the surface to Which the polynucleotide is to 
be attached is copper, the polynucleotide is preferably 
derivatiZed With a hydroxamic acid group. 

[0057] The invention also relates to a method of forming 
an electrically conductive connection betWeen one or more 
electrical elements. The electrically conductive connection 
is formed by connecting tWo or more electrical elements 
With a polynucleotide. The polynucleotide is contacted With 
a redox monomer, such as an aniline monomer, and a redox 
enZyme, Whereby the redox monomer aligns along the 
polynucleotide and is polymeriZed. The polynucleotide/ 
conductive polymer complex (nanoWire) formed connects 
the electrical elements and is electrically conductive. 

[0058] The polynucleotide connecting tWo or more elec 
trical elements can self-assemble by hybridiZation. In this 
embodiment, the entire polynucleotide, or a portion thereof, 
that is attached to an electrical element, hybridiZes to a 
complementary, or substantially complementary, polynucle 
otide, or a portion of a polynucleotide, attached to a different 
electrical element. The speci?city of hybridiZation alloWs 
speci?c connections betWeen electrical elements to be pre 
determined by determining the sequence of the polynucle 
otide attached to each electrical element. The polynucle 
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otides hybridiZe forming the predetermined connections 
When they are combined in a solution having the appropriate 
conditions of temperature and chemical composition. 

[0059] In another embodiment, a polynucleotide attached 
to an electrical element can be enZymatically ligated to a 
polynucleotide attached to another element. Ligases are 
enZymes Which repair damaged DNA. An example of a 
suitable ligase is T4 DNA ligase. In this embodiment, the 
polynucleotides attached to each electrical element are 
double helixes Which preferable have at least one cohesive, 
or sticky end, on the end of the duplex Which is not attached 
to the electrical element. The term “cohesive end” refers to 
a single stranded polynucleotide Which occurs at the termi 
nal end of a double helix. The cohesive end is typically from 
three to tWenty, preferably three to eight, bases long and can 
hybridiZe to a complementary cohesive end. Once tWo 
complementary cohesive ends have hybridiZed a ligase can 
form covalent bonds betWeen the tWo duplexes. 

[0060] The term “self-assembled polynucleotide” refers to 
either speci?c hybridiZation betWeen polynucleotides 
attached to tWo different electrical elements or to hybrid 
iZation of tWo cohesive ends folloWed by ligation. A nanoW 
ire formed using a self-assembled polynucleotide template is 
a self-assembled nanoWire. Self-assembly of nanoWires to 
form speci?c connection betWeen electrical elements is 
expected to facilitate the construction of nanometer-scale 
devices. 

[0061] Aredox monomer and a redox enZyme are added to 
the solution containing the electrical elements having 
attached polynucleotide templates either simultaneously 
With the electrical elements or, preferably, after the poly 
nucleotides attached to the electrical elements have hybrid 
iZed. The redox monomers, for example, aniline monomers 
align along the hybridiZed polynucleotides to form a com 
plex and are polymeriZed, thereby connecting the electrical 
elements With a nanoWire having a conductive and/or opti 
cally active polymer complexed to a polynucleotide. 

[0062] Another embodiment of the invention is a method 
of identifying a target polynucleotide by contacting the 
target polynucleotide With a probe Which includes a poly 
nucleotide/conductive polymer complex that can bind to a 
target polynucleotide by hybridiZation. Hybridization of the 
probe to the target polynucleotide modi?es at least one 
electromagnetic property of the conductive polymer. Pref 
erably, substituted or unsubstituted polyaniline is the con 
ductive polymer. The probe can bind by hybridiZation to a 
target polynucleotide Which is complementary, or substan 
tially complementary, to the sequence, or a portion of the 
sequence, of the probe polynucleotide. The electromagnetic 
property of the conductive polymer Which is modi?ed is an 
optical and/or electrical property. The change in optical 
and/or electrical properties of the conductive polymer during 
or after hybridiZation With the target can be used in dis 
criminating betWeen perfectly complementary targets and 
targets that have one or more mismatches. In another 
embodiment, the conductive polymer can be complexed to 
the target polynucleotide, as Well as the probe. In this 
embodiment, the conductive polymer is enZymatically poly 
meriZed on the target polynucleotic. The modi?ed electro 
magnetic property can be detected by a combination of 
characteriZation methods that may include, but are not 
limited to, UV-visible absorption, circular dichroism and 
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cyclic voltammetry. These characterization methods can be 
employed to estimate the extent of hybridization. Discrimi 
nation betWeen targets Which are perfectly complementary 
to the probe and those Which have one or more mismatches 
may also be discerned by monitoring the optical and/or 
electrical properties during thermal melting of the hybrid 
ization complex of the probe and the target. In addition, the 
polynucleotide/conductive polymer complex of the probe 
may be may be attached to an electrical element. 

[0063] A “polynucleotide” as used herein refers to single, 
double and triple stranded polynucleotides, as Well as, 
quadruplexes. The polynucleotide in a polynucleotide/ 
polyaniline complex can be a deoxyribonucleotides, ribo 
nucleotides (hereinafter, “RNA”), modi?ed polynucleotides, 
and polynucleotide analogs such as peptide nucleic acid 
(hereinafter, “PNA”) and morpholino nucleic acids. In addi 
tion, a polynucleotide can be composed of more than one 
polynucleotide molecule. For example, a polynucleotide 
duplex can be composed of tWo polynucleotides of the same 
type (e.g., both ribonucleotides or both deoxyribonucle 
otides), or it can be composed of a mixture of different types 
of polynucleotides (e.g., a combination of a ribonucleotide 
and a deoxyribonucleotide). 

[0064] Complementary binding, or hybridization, is gen 
erally understood to occur in an antiparallel manner, hoW 
ever, there are occasions in Which hybridization can occur in 
a parallel fashion, such as in a triple helix, and this arrange 
ment is also Within the scope of the present invention. 
Hybridization is understood to essentially folloW a comple 
mentary pattern Wherein a purine pairs With a pyrimidine via 
hydrogen bonds. More particularly, it is understood that 
When hybridization occurs, complementary base-pairing of 
individual base pairs generally folloWs Chargaff’s Rule 
Wherein an adenine pairs With a thymine (or uracil) and 
guanine pairs With cytosine. HoWever, hybridization can 
occur betWeen less than perfectly complementary sequences 
provided a stable binding complex is formed. The stability 
of a binding complex is dependent on ionic strength, tem 
perature and the concentration of destabilizing agents such 
as urea and formamide in the hybridization medium, as Well 
as, on factors such as the length of the polynucleotide 
sequence, base composition, and percent mismatch betWeen 
hybridizing sequences. 

[0065] In addition, modi?ed bases can account for uncon 
ventional base-pairing. A modi?ed polynucleotide is under 
stood to mean herein a DNA or RNA polynucleotide that 
contains chemically modi?ed nucleotides. The term “poly 
nucleotide analogue” is understood herein to denote non 
nucleic acid molecules such as PNA (see Egholm, et al., J. 
Am. Chem. Soc. (1992), 114:1895, the teachings of Which 
are incorporated herein by reference in their entirety) and 
morpholino antisense oligomers (see Summerton and 
Weller, Antisense and Nucleic Acid Drug Dev. (1997), 
7:187, the teachings of Which are incorporated herein by 
reference in their entirety) that can engage in base-pairing 
interactions With conventional nucleic acids. These modi?ed 
bases and polynucleotide analogues are considered to be 
Within the scope of the instant invention. For example, 
polynucleotides containing deazaguaine and uracil bases can 
be used in place of guanine and thymine, respectively, to 
decrease the thermal stability of hybridized complex. Simi 
larly, S-methylcytosine can be substituted for cytosine in 
hybrids if increased thermal stability is desired. Modi?ca 
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tion to the sugar moiety can also occur and is embraced by 
the present invention. For example, modi?cation to the 
ribose sugar moiety through the addition of 2‘-O-methyl 
groups Which can be used to reduce the nuclease suscepti 
bility of RNA molecules. Modi?cations occurring With 
different moieties of the nucleic acid backbone are also 
Within the scope of this invention. For example, the use of 
methyl phosphate or methyl phosphonate linkages to remove 
negative charges from the phosphodiester backbone can be 
used. 

[0066] Polynucleotides can bind to each other to form 
speci?c binding complexes by complementary base-pairing 
interactions betWeen the polynucleotides. Possible base 
pairing interactions useful in the method include duplexes 
that have canonical Watson-Crick base-pairing (revieWed in 
Cantor and Schimmel, Biophysical Chemistry, Part I. The 
Conformation of Biological Macromolecules, Ch. 3 and 6, 
Freeman, San Francisco, 1980, the teachings of Which are 
incorporated herein by reference in their entirety) or non 
canonical base-pairing schemes such as triple helix forma 
tion (Felsenfeld, Davies, and Rich,J. Am. Chem. Soc. (1957) 
7912023; for revieW see Doronina and Behr, Chem. Soc. Rev. 
(1997), p. 63-71, the teachings of Which are incorporated 
herein by reference in their entirety) and quadruplex forma 
tion (Sen and Gilbert, Nature (1990) 344:410-414; Sen and 
Gilbert, Methods Enzymol. (1992) 211:191-9, the teachings 
of Which are incorporated herein by reference in their 
entirety). Methods for determining the thermal stability of a 
particular hybridization complex are Well known in the 
literature (see Wetmur, Critical Reviews in Biochemistry and 
Molecular Biology, 26:227-259 (1991); Quartin and Wet 
mur, Biochemistry, 28:1040-1047 (1989), the teachings of 
Which are incorporated herein by reference in their entirety). 

[0067] The invention Will noW be further and more spe 
ci?cally described by the folloWing examples. All parts and 
percentages are by Weight unless otherWise speci?ed. 

EXAMPLES 

Example 1 

[0068] A. Materials and Methods 

[0069] Horseradish peroxidase (HRP) (enzyme classi?ca 
tion number (EC) 1.11.1.7), phosphate and Tris-HCl buffers 
Were obtained from Sigma Chemicals Company, St. Louis, 
Mo. Aniline, sulfonated polystyrene (SPS) and hydrogen 
peroxide (30%) Were obtained from Aldrich Chemicals, Inc., 
MilWaukee, Wis. All the chemicals Were used as received. 

[0070] B. Results and Discussion 

[0071] The progress of a template-assisted polymerization 
reaction of aniline in the presence of the polyelectrolyte, 
sulfonated polystyrene (SPS) in a 1:1 ratio, Was monitored 
by the change in visible absorbance. A Perkin-Elmer 
Lambda-9® UV-Vis-near IR spectrophotometer Was used 
for the spectral characterization of the polymer. FIG. 3 
shoWs the visible absorption spectra of the sulfonated poly 
styrene/polyaniline (SPS/PA) complex prepared under vari 
ous pH conditions of 4, 6, 8, and 10. As shoWn in FIG. 3, 
SPS/PA, prepared at a pH of 4, exhibited a strong absor 
bance maximum at approximately 780 mm. This Was indica 
tive of the emeraldine, or oxidized, electrically conducting 
form of polyaniline. Polymerization at higher pH resulted in 












