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ABSTRACT: Novel functionalized pyrroles, 3-pyrrolylacrylic acid (PAA), 5-(3-pyrrolyl) 2,4-pentadienoic acid
(PPDA), and 3-pyrrolylpentanoic acid (PPA) were synthesized and used to construct label-free gene sensors
based on pyrrole copolymer films. Electrochemical impedance spectroscopy (EIS) was used to obtain electrical
readout from these gene sensors. Comparison of the performance of PPDA-containing sensors to that containing
3-pyrrolylpentanoic acid (PPA), a similar functionalized pyrrole but with a saturated side chain, showed that
functionalized polymers with unsaturated side chains have superior properties for use in biosensor applications.
Sensors based on copolymers of both PAA and PPDA were evaluated across a wide range of oligonucleotide
concentrations. The highest sensitivity was exhibited by a polgPyPDA) sensor whose EIS spectra were

well resolved, and the changes in charge-transfer resistance, taken as the index of sensor response, were largest
among the materials studied. This sensor had a detection limit of 0.5 nM and a good selectivity.

Introduction mobilized on or within the sensor film. Main immobilization

. ) . : methodsinclude ODN entrapméttZ3covalentimmobilizatiod2*-27
Gene analysis plays an ever-increasing role in a number of o S o8 30 .

4 : ; - or affinity interactions®3° Research into the covalent attach-
areas related to human health such as diagnosis of infectious

diseases, genetic mutations, drug discovery, forensics, and food" oeln:ngl;sa\l/vla)‘lsoni]grl]i%urlee d tg asncw;]nueh-moérh(?:?a(r;b;rﬁ)i/e-l;uerlcgloT;tlelzred
technology. To fulfill these challenges, a new generation of gene poly P Y o : i :
sensors that are fast, reliable, and cost-effective needs to be? roposed a process of functionalization of a conjugated polymer
- ! . which involves the preparation of a precursor polymer film
developed. Currently widely used gene array technologies rely . . . .
. o . bearing a leaving group, such as an activated ester, at its
on anchoring of specific probe DNA fragments or oligonucle-

otides (ODN) onto solid surfaces and detection of fluorescently 3-p05|2t(|50n, that can be substituted by an appropriate funcponal
. . . . - group?® Although several research groups investigated differ-
or radioactively tagged analyte oligonucleotides that bind by

Watson-Crick base pairing to the complementary probe ently substituted pyrrole- or thiophene-based conducting poly-

3,34 i
sequence (hybridization). Such techniques have shortcomingsmers fo prepare DNA sensdis®3there is no study that

arising from, for example, limited tagging efficiency, hazardous investigates the effect of the “linker” group (functionalized side

. > : chain that links the polymer backbone and the bioprobe) on
waste disposal, and complex multistep analysis. A number of . .
e the resulting sensor properties.
novel approaches that seek faster, sensitive, and label-free gene ) . . .
Here we report the synthesis of monomers functionalized with

detection have been suggested using new detection techniques - ] . .
based on opticai? acoustic and electrochemickl® interac- Unsaturated carbon side chains, 3-pyrrolylacrylic acid and 5-(3

tions pyrrolyl) 2,4-pentadienoic acid, and their conducting polymers.

) . ) ODN probes were covalently attached to these polymers to
Electrochemical gene sensors are regarded as particularlyeonsiryct gene sensors. We compare the response of one of the

suitable for direct and fast biosensing since they can convert goncors having an unsaturated side chain with the response of

the bipreco_gnition event (here D_NA hybridizati_on) intoadirect 5 sensor based on a corresponding conducting polymer but with

electrical signal~® Electrochemical DNA sensing approaches  gayratecside chains. Electrochemical impedance spectroscopy

include the intrinsic electroactivity of DNAJ-13 electrochem- (EIS), which has been widely used for DNA detectfdiwas
istry of DNA-specific redox reporters;'>electrochemistry of | |saq ,to detect and quantify hybridization. ’

colloidal gold nanoparticles and nanocryst&isl® and the _ )
electrochemistry of intrinsically conducting polymérs. Experimental Section

The intrinsically conducting polymers (ICPs) are a relatively ~ Materials. Pyrrole (Py,), (triphenylphosphoranylidene) methyl

new class of polymeric materials that possess a delocalized®cetate (TPPMA, 98%), LiBF{(95%), 1-ethyl-3-(3-(dimethylami-
electronic strupctl}/re which is sensitivep to changes in the no)propyl)carbodiimide (EDC), phosphate buffered saline pellets

. - . . .~ (PBS, pH 7.4), and propylene carbonate (anhydrous, 99.7%) were
polymeric _chaln environment and other perturbatl_ons of chain obtained from Aldrich. Pyrrole was distilled before use under
conformation. Therefore, they may be used as active substrates;acyum. Invitrogen Life Technologies Co. synthesized the oligo-

that can sensitively report a biological recognition event, such pycleotides (ODNs) including probe NMEAT GAG TAT TGA
as DNA hybridization. The changes in delocalized electronic TGC CGA-3, complementary target5CG GCA TCA ATACTC
structure or other ICP properties, caused by the recognition ATC-3', one point mismatch’sTCG GCA ACA ATA CTC ATC-
event, are manifested in altered optical and electrical properties3’, two point mismatch 5TCG GCA AAA ATA CTC ATC-3,
of the ICPs and, when measured, can provide a signal for theand noncomplementary-§AT GCT GGT GCG TCG CAC-3 All
presence of the target DNA sampfeEor ICPs to be used as ~ 2queous solutions were prepared using Milli-Q water (182-M

solid substrate for gene sensors oligonucleotides must be im-c™)- Other chemicals used in this study were of reagent grade or
better and purchased from local commercial sources. All reagents

were used as supplied without further purification, unless otherwise
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OH PPDA, and 0.2 M LiCIQ in 2 mL of acetonitrile or propylene
o carbonate. Film thickness was controlled by the total charge passed
&) during polymerization.

| Reflective FT-IR and UV—Vis Spectra MeasurementsRe-

N flective FT-IR spectra were measured using a Bio-RAD FTS-60
H FT-IR spectrometer under a nitrogen atmosphere. For-u¥
QCHe OH spectral measurements, copolymer films were prepared in a solution
0 b o] ’) 0 containing 0.25 M Py, 0.025 M PAA or PPDA, and 0.2 M LiGIO
UH‘\H in 2 mL of propylene carbonate on ITO quartz electrod®s< 15
| | | | + 5 Q, Delta Technologies, Limited). The UWis spectra of
o=éN=o a O_'g o _° . o E‘_O polymer films were recorded in situ in PBS solution at constant
o=$=0 —*— potential of 0.6 or—0.6 V using a UV-1700 spectrophotometer
(Shimadzu).
ODN Probe Immobilization. The attachment of ODN probes
CHs CHs CH, onto the copolymer film was performed according to a previously
M OCHs @ %) described procedurg.To covalently attach the ODN probe, 40

of phosphate buffer (pH 5.2) containing 20 nmol of ODN probe
° and 400 nmol of EDC was applied to the surface of a copolymer-
‘/§0 coated electrode and kept at 28 for 1 h. Finally, the modified
UH electrode was thoroughly washed using PBS solution (pH 7.4) in
. | N H order to remove any remaining unattached ODN probes.
ot | Hybridization. Hybridization was carried out by incubating the
sensor films in PBS solution (pH 7.4) containing ODN targets for
1 h at 42.0°C, unless otherwise stated. After hybridization, the

%) electrode was washed three times using PBS solution for 5 min to
CH, remove any nonhybridized ODNSs.
© Electrochemical Impedance MeasurementElectrochemical
Figure 1. Synthesis of PAA and PPDA: (a) TPPMA, THF, 50 for impedance spectra were recorded before and after hybridization
4 h; (b) MeOH/NaOH, refluxed for 5 h; (c) LiBH THF, rt for 24 h; using an EG&G potentiostat/galvanostat (model 280, Princeton

(d) MnO,, chloroform, refluxed for 12 h; (e) TPPMA, THF, 5C for

4 h: (f) MeOH/NaOH, refluxed for 5 h, Applied Research) coupled to an EG&G 1025 frequency response

analyzer in PBS solution (pH 7.4) containing 5.0 mMAE(CN)/
KsFe(CN) (1:1 mol/mol) as a redox couple. Prior to measurements,

Synthesis of 3-Pyrrolylacrylic Acid (PAA), 5-(3-Pyrrolyl)-2,4- all electrolyte solutions were purged for_5_ min with n_i;rogen. A
pentadienoic Acid (PPDA), and 3-Pyrrolylpentanoic Acid (PPA). conventional three-elect_rode cell containing a modified glassy
The synthesis of 1pttolylsulfonyl)pyrrole-3-carboxaldehydel) carbon electrode as working electrode, Pt slides as counter electrode,
was as previously describ&iThe subsequent synthesis steps are 2Nd AG/AGCI (n 3 M KCI) as a reference electrode were used.

shown in Figure 1. A Wittig condensation betweenpitglylsul- The impedance experiments were run with a 10 mv sinusoidal
fonyl)pyrrole-3-carboxaldehydd) and TPPMA proceeded to 3-(1- excnanonsgmplltude atan applled_ bias potential of 230 mV of the
(p-tolylsulfonyl)pyrrol-3-yl)acrylic acid methyl esteR), which was [Fe(CN) redox couple. The |mpedance data were measured
hydrolyzed to give PAAJ). 1H NMR (DMSO-dg): 6 5.95 (d,1H,), and collected at harmonic frequencies from 1 Hz to 2 MHz at 12
6.40 (M, 1H), 6.80 (m, 1H), 7.18 (m, 1H), 7.46 (d, 1H,), 11.15 (s steps per decade and analyzed using ZView software (version 2.80,
1H), 11.80 (s, 1H). IR (KBr): 3397 s, 226500 br, 3436, 1691  Scribner Associates, Inc., North Carolina).

m, 1663, 1603 s, 1498, 1410, 1338, 1272, 727 (see Supporting

Information for'H NMR spectrum of 3-(3-pyrrolyl)acrylic acid). Results and Discussion

3-(1-(p-Tolylsulfonyl)pyrrol-3-yl)-2-propenal §) was obtained Copolymer Synthesis and Characterization.In previous
by reduction of 3-(14¢-tolylsulfonyl)pyrrol-3-yl)-acrylic acid methyl ICP-based sensors, the “linker” between polymer backbone and
ester @) with LiBH 4 and oxidation of 3-(1{¢-tolylsulfonyl)pyrrol- DNA probe was a saturated alkyl ch&it®33340ur primary
3-yl)-2-propenol §) with MnO,. 3-(1-(-Tolylsulfonyl)pyrrol-3- motivation for this work was to investigate the difference in

Kl)az-pl)ropetnal 9 ;";‘S A%b{eRCteSCil-Ztg g\f\égtégzgggdfgi‘“igg?”d sensor responses arising from using conducting polymers that
yarolysis 10 give R ' ' ! ' differ in saturation and length of the side chain

1531, 1499, 1344, 1265, 1149, 1075, 989.NMR (DMSO-dg, . . .

olppm): 11.92 (s, 1H), 11.02 (s, 1H), 7.31 (m, 1H), 7.03 (m, 1H), Figure 1 shows the schematic of the synthesis of PAA and

6.94 (d, 1H), 6.78 (m, 1H), 6.62 (m, 1H), 6.34 (m, 1H), 5.76 (d, PPDA which contain unsaturated alkyl side chains. To our
1H), 5.92 (d, 1H), 3.73 (s, 3H), 2.42 (s, 3H) (see Supporting knowledge, synthesis of PPDA is reported for the first time,

Information forH and 3C NMR spectra of 5-(H-pyrrol-3-yl)- and a somewhat modified synthesis of PAA has been recently
2,4-pentadienoic acid). reported by us?

The synthesis of 3-pyrrolylpentanoic acid (PPA) was performed  The UV—vis spectra of pyrrole, PAA, and PPDA are shown
according to the procedure by Coopér. in Figure 2. Compared with the UV spectrum of pyrrole,

Electrochemical Copolymerization. The electrochemical syn-  additional strong absorption peaks appeared in the spectra of
thesis of poly(Pyeo-PAA), poly(Pyco-PPDA), and poly(Pyco- PAA and PPDA at 300 and 335 nm, respectively. This is
PPA) films was carried out by using a CH Instrument electro- attributed to ar—s* transition of the double bond in the side
chemical workstation (model 440, CH Instruments) at a fixed chains of PAA and PPDA molecules. The unsaturated side chain
potential of 1.0 V (Ag/AgCI). A three-electrode cell with a volume )y, absorption peak of PPDA is red-shifted compared to PAA,

of 3.0 mL, comprising a glassy carbon working electrode (BAS, . : . . . .
3.0 mm in diameter, 7.07 mhgeometrical area), an Ag/AgC! (3 Icons‘,tlﬁ,tter?t Wlt?v;h_e Sx(?talctecil_lnct(ease of the effective conjugation
M KClI) reference electrode, and Pt wire counter electrode, were ‘€19 trougive=z= delocalization. .
used. Prior to electropolymerization, glassy carbon electrodes were  POlY(Py-€0-PAA) and poly(Pyeo-PPDA) films produced by
polished with a 0.5:m alumina slurry (Allied Tech Products, Inc.) ~ €lectropolymerization were investigated by means of reflective
and then washed with acetone, ethanol, and Milli-Q water. The FTIR to confirm the presence of functionalized monomers in

polymerization solution contained 0.5 M Py, 6.25 mM PAA or the copolymer through the presence of a band around 1710 cm
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Figure 2. UV —vis spectra of monomers: (a) pyrrole, (b) 3-pyrrolyl-
pentanoic acid (PPA), (c) 3-pyrrolylacrylic acid (PAA), (d) 5-(3-
pyrrolyl)-2,4-pentadienoic acid (PPDA).
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Figure 3. Reflective FT-IR spectra of polymer films: (a) PPy; (b)
poly(Py<o-PAA); (c) poly(Pyco-PPDA).
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due to the GO stretching mode of the carboxylic group, as
shown in Figure 3. To further confirm the presence of
conjugated side chains, the UWis spectra of these copolymer
films were measured (see Figure 3 of Supporting Information).
Compared to PPy, poly(Pge-PAA) and poly(Pyeo-PPDA)
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Figure 4. Nyquist plots Zy vs Ze) for electrochemical impedance
measurements based on electrodes coated with pob@PRDA) (A)

and poly(Pyeo-PPA) (B) in PBS solution (pH 7.4) containing 5.0 mM
Fe(CN)}*/Fe(CN}*: (a) before immobilization of ODN probe; (b)
after immobilization of ODN probe; (c) after incubation with 20.2 nM
ODN target solution. Inset: equivalent circuit model. The experimental
data are shown as symbols and the fitting data as solid lines.

have new absorption peaks at 292 and 307 nm, respectively, . B .
resulting from the presence of the conjugated side chains andspectra were fitted based on a modified Randles equivalent

consistent with the UWvis spectra of PAA and PPDA
monomers (see Figure 2). After reduction of films-&2.6 V,

circuit that consists of a solution resistan&g) in series with
a constant phase element (CPE) and Faradic impedance in

strong absorption peaks at 292 and 307 nm are still present,parallel (as shown in Figure 5A, inset). The Faradic impedance
suggesting that the electrochemical reduction (or oxidation) only consists of a charge-transfer resistanBg) (and a Warburg
causes structural changes in the polymer backbone but does ndmpedance Z,,). The inclusion of a CPE instead of a plain
disturb the conjugation between the side chains and the polymercapacitance improved the goodness of fit. In physical terms a

backbone.
Performance of Sensors Based on Poly(Pye-PPA) and
Poly(Py-o-PPDA). In order to investigate the benefits of

CPE (eq 1) reflects inhomogeneities of the surface reactions
where the parametar determines the extent of the deviation
from the Randles and Ershler model:

polypyrrole with conjugated side chains, we synthesized 3-pyr-
rolylpentanoic acid (PPA), which has a saturated side chain with
the same number of carbons as PPDA. The copolymers of poly-
(Py-co-PPA) and poly(Pyeo-PPDA) were electrochemically ~Whenn = 1, the CPE reduces to a capacitan®y using this
synthesized from a propylene carbonate solution of LiClhe model, the obtained charge-transfer resistance for polgPy-
amino-functionalized ODN probes were covalently grafted on PPA) and poly(Pyco-PPDA) films are 495 and 38, respec-
copolymer films by the well-known carbodiimide chemistry tively. Significant difference irR; values obtained with those
using EDC catalyst.Changes in copolymer film characteristics two films illustrates the improved electron-transfer capability
following attachment of ODN probes and response to comple- of the poly(Pyeo-PPDA) film as compared to a poly(Rye-
mentary ODN sequences were detected by means of electroPPA) film.

chemical impedance spectroscopy (EIS) in PBS solution con-  Figure 4 also shows the electrochemical impedance spectra
taining 5 mM K;Fe(CN) KsFe(CN) as a redox probe. The  of poly(Py-co-PPDA) and poly(Pyco-PPA) films, after attach-
obtained electrochemical impedance spectra of the films are ment of ODN probes (b) and after incubation in PBS solution
shown in Figure 4 (spectra a) in the form of Nyquist plots. All containing 20.2 nM of complementary ODNSs (c). After probe

CPE=AY(jw)™" 1)
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Figure 5. Nyquist plots ¢Z, vs Ze) for electrochemical impedance
measurements based on electrodes coated with pob@PAA) (A)
and poly(Pyeo-PPDA) (B) in PBS solution (pH 7.4) containing 5.0
mM Fe(CN)}*~/Fe(CN}*: (a) before immobilization of the ODN
probes; (b) after immobilization of ODN probes; (c) after hybridization 0 o B C D
with 20.2 nM complementary ODNSs. In all cases, the experimental _ . . ' .
data are shown as symbols and the fitting curves obtained with the Figure 7. Normalized changes in the charge-transfer resistance of a
equivalent circuit model as solid lines. sensor based on poly(Rp-PPDA) film after hybridization with
different ODN sequences (20.2 nM): (A) complementary ODN; (B)

. . . noncomplementary ODN; (C) two-point mismatched ODN; (D) one-
attachment, the values B%; increased in both materials due to point mismatched ODNAR, is the change in the charge-transfer

the formation of a negatively charged ODN layer that electro- resistance of the sensor hybridized with fully complementary ODN.
statically repels the negative redox probe, [Fe(gN}—, and Inset: (A) Electrochemical impedance spectra (a) after immobilization

inhibits i ; i of ODN probe, (b) after incubation with 20.2 nM noncomplementar
inhibits interfacial electron transfer. The chgnges inRhevalue ODN, anpd © a(ftz)ar incubation with 20.2 N two-point m?smatchec)i/
for poly(Py-co-PPDA) and poly(Pyeo-PPA) films were 184 and  opN (B) Electrochemical impedance spectra (a) after immobilization
67 Q, respectively; i.e., the change Ry for the poly(Pyeo- of ODN probe and (b) after incubation with 20.2 nM one-point
PPDA) film is more than twice that for the poly(Ry-PPA) mismatched ODN.

film. After hybridization with 20.2 nM complementary ODN,

the AR for poly(Py-co-PPDA) and poly(Pyco-PPA) films was Comparison of Sensing Properties of Poly(Py0-PAA)

173 and 942, respectively. These results demonstrate that poly- and Poly(Py-co-PPDA). The sensors based on poly(Py-
(Py<o-PPDA) films are much more susceptible to perturbations PAA) and poly(Pyeo-PPDA) films were prepared, and their
caused by probe immobilization and hybridization than an Sensing properties were investigated by EIS as described above.
otherwise equivalent poly(Pge-PPA) film. The primary dif- Parts A and B of Figure 5 present the electrochemical impedance
ference in molecular structure between PPDA and PPA is the spectra of poly(Pyco-PAA) and poly(Pyeo-PPDA) films,
degree of side-chain conjugation. It is therefore reasonable torespectively, directly after electropolymerization (a), after at-
conclude from the above experiments that the presence oftachment of ODN probes (b), and after the sensors were
conjugation in the side chain improves the DNA sensor incubated in PBS solution containing 20.2 nM of complementary
performance. A possible explanation is that the side chain of ODNs (c). It can be seen from Figure 5 (curve a) that both
PPDA extends the polymer backbone conjugation toward the copolymer films showed fast electron transfer. The charge-
bioprobe through overlap of electrons, which causes the whole transfer resistance valudy, are relatively small in both films,
electronic structure of the polymer to be more sensitive to being 55 and 51Q for poly(Py-co-PAA) and poly(Pyeo-
perturbations caused by ODN hybridization. In addition, the PPDA), respectively. After ODN probe immobilization both
negative charges on ODNs (and ODN duplexes) may causefilms showed a significant increase Ry, presumably due to
strong deformation of the electron density of the side chains of the formation of a negatively charged interface of ODNs that
PPDA, and this perturbation may be easily transferred to the electrostatically repels the negative redox probe, [FegENY,
polymer backbone via conjugation, thus providing a way of and inhibits interfacial electron transfer. These findings are in
communication between the main polymer backbone and thegeneral agreement with observations by Wallace é% ahd
probe ODN (or any other bioprobe) bound in the side chain. Wang et alt!

[&*]
h
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After hybridization theR values increased further to 255.0 polypyrrole functionalized with unsaturated carbon side chains,
and 249.8Q for poly(Py-co-PAA) and poly(Pyeo-PPDA), onto which ODN probes are grafted, provides electrical-readout
respectively. This can be explained by the formation of ODN capable sensors with superior properties compared to a similar
duplexes that further distort the electronic properties of the sensor that contains a saturated carbon side chain. We suggest
polymer backbone and/or additional increase in the amount of that the most probable reason for such results is an extension
electrostatic charges and thus the repulsion of the oppositelyof the polymer backbone conjugation toward the bioprobe
charged redox probe. When the change in charge-transferthrough overlap ofz electrons, which causes the whole
resistance before and after hybridizatiovi, which was used electronic structure of the polymer to be more sensitive to
as the sensor readout, is compared, poly(B¥rAA) has a perturbations caused by ODN hybridization. However, this
response of 81.22 and poly(Pyeo-PPDA) of 134.4Q. The should be investigated further to eliminate other possible effects
improved sensor response of poly(Bg-PPDA) films illustrates (e.q., stiffness of the side chain). It was found that the longer
that the longer side chain (5-carbon chain vs 3-carbon chain) side chain has a positive effect on the sensor response. The
has a positive effect on hybridization transduction. This result sensitivity and selectivity of the sensor based on poly¢ey-
is in contrast to the study by Cooper et al., using polypyrroles PPDA) were investigated in detail, and the detection limit of
with saturated side chains, on the heterogeneous electron-transfed.5 nM (S/N= 3) was determined along with a considerable
rate constant of cytochronteat the conducting polymer coated sensor selectivity.
electrodes’ They found that the values of heterogeneous
electron-transfer rate constant decreased significantly with the  Acknowledgment. The authors thank the Marsden Fund
increase in the number of carbon atoms between the acid group(Royal Society New Zealand) and UniServices for financial
and the pyrrole ring (i.e., side chain length). In this study, the support.
electron-transfer capabilities of poly(Rp-PAA) and poly(Py-
co-PPDA) do not change as much with increasing side chain ~_Supporting Information Available: Details of the synthesis
length most likely due to the conjugation between the side chain ©f 3-pyrrolylacrylic acid and 5-(3-pyrrolyl)-2,4-pentadienoic acid
and polymer backbone, as demonstrated by the similar charge-2"d the UV-vis spectra of the copolymers. This material is
transfer resistances of poly(Ry-PAA) and poly(Pyeo-PPDA) available free of charge via the Internet at http://pubs.acs.org.
films (Figure 5, curve a). However, the increase in the length
of the side chain, which acts as a “spacer”, is expected to
improve hybridization efficiency due to reduced steric con- (1) Liu, J,; Tian, S.; Tiefenauer, L.; Nielsen, P. E.; Knoll, Ahal. Chem.

. g : 2005 77, 2756-2761.
2 _ '
straing? which could be a reason for an increased poly¢By (2) Peter, C.; Meusel, M.; Grawe, F.; Katerkamp, A.; Cammann, K.
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