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Abstract: Electropolymerization of aniline in the presence of poly(acrylic acid) on Au electrodes yields a
polyaniline/poly(acrylic acid) composite film, exhibiting reversible redox functions in aqueous solutions at
pH = 7.0. In situ electrochemical-SPR measurements are used to identify the dynamics of swelling and
shrinking of the polymer film upon the oxidation of the polyaniline (PAn) to its oxidized state (PAn?*) and
the reduction of the oxidized polymer (PANn?*) back to its reduced state (PAn), respectively. Covalent
attachment of Né-(2-aminoethyl)-flavin adenin dinucleotide (amino-FAD, 1) to the carboxylic groups of the
composite polyaniline/poly(acrylic acid) film followed by the reconstitution of apoglucose oxidase on the
functional polymer yields an electrically contacted glucose oxidase of unprecedented electrical communica-
tion efficiency with the electrode: electron-transfer turnover rate ~1000 s~* at 30 °C. In situ electrochemical-
SPR analyses are used to characterize the bioelectrocatalytic functions of the biomaterial—polymer
interface. The current responses of the bioelectrocatalytic system increase as the glucose concentrations
are elevated. Similarly, the SPR spectra of the system are controlled by the concentration of glucose. The
glucose concentration controls the steady-state concentration ratio of PAn/PAn?* in the film composition.
Therefore, the SPR spectrum of the film measured upon its electrochemical oxidation is shifted from the
spectrum typical for the oxidized PAn?* at low glucose concentration to the spectrum characteristic of the
reduced PAn at high glucose concentration. Similarly, the polyaniline/poly(acrylic acid) film acts as an
electrocatalyst for the oxidation of NADH. Accordingly, an integrated bioelectrocatalytic assembly was
constructed on the electrode by the covalent attachment of AP-(2-aminoethyl)-3-nicotinamide adenine
dinucleotide (amino-NAD™, 2) to the polymer film, and the two-dimensional cross-linking of an affinity complex
formed between lactate dehydrogenase and the NAD*-cofactor units associated with the polymer using
glutaric dialdehyde as a cross-linker. In situ electrochemical-SPR measurements are used to characterize
the bioelectrocatalytic functions of the system. The amperometric responses of the system increase as the
concentrations of lactate are elevated, and an electron-transfer turnover rate of 350 s~ between the
biocatalyst and the electrode is estimated. As the PAn?" oxidizes the NADH units generated by the
biocatalyzed oxidation of lactate, the PAn/PAn?" steady-state ratio in the film is controlled by the
concentration of lactate. Accordingly, the SPR spectrum measured upon electrochemical oxidation of the
film is similar to the spectrum of PAn?* at low lactate concentration, whereas the SPR spectrum resembles
that of PAn at high concentrations of lactate.

Introduction systems, and bioelectrochemicaland optobioelectronfcas-

Thin-film assemblies organized on electrode supports repre- semblies. Surface plasmon resonance spectroscopy (SPR) is an
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effective spectroscopic method to characterize the optical andbiosensord?23 Redox enzymes usually lack direct electrical
structural (thickness) features of thin-film assembliesually, communication with electrode supports. The application of
these parameters are derived by the theoretical fitting of the diffusional electron mediatof8, the tethering of redox relay
experimental reflectance spectra using the Fresnel equdtlén.  groups to the enzyn®;28the encapsulation of the biocatalysts
SPR spectroscopy has been widely applied to characterizein redox polymerg? or the surface reconstitution of redox
protein and enzyme thin films on surfacd@s3 biorecognition apoenzymes on relay cofactor uéitprovide, however, general
binding processes on Au suppottd>and chemical transforma-  routes to electrically communicate with the redox enzymes and
tions on surface®¥1’In situ electrochemical-SPR measurements the electrodes. Conductive polymers and polymers functional-
provide an effective method to characterize structural or optical ized with redox units have been applied as wiring matrixes for
properties of redox-activated interfaces on gold suppérts. the electrochemical activation of redox enzyrdeSor example,
Indeed, in situ electrochemical-SPR experiments on redox- an Os complex-containing polymer provides an oxidative
activated polymer films were used to follow swelling/shrinking electron path from the entrapped glucose oxidadahereas a
processes of polyméfsand ion migration in charged polyméts bipyridinium-containing polymer allows reductive electron
and for the determination of the optical properties of polymer transfer to the nitrate reductase enzyite.
films.21 Thus, the integration of redox enzymes with redox polymers
The assembly of biomaterials as monolayer or multilayer as mediating electron-transfer units at Au surfaces would enable
films on surfaces is the subject of extensive recent researchthe in situ electrochemical-SPR transduction of the bioelectro-
efforts directed to the development of bioseng8is,biofuel catalytic processes. Only a few examples of in situ electro-
cells?*and optobioelectronic systerfiimmobilization of redox chemical-SPR measurements in the presence of redox proteins
enzymes on electrodes, and the electrochemical activation ofare available. These include the characterization of electron
the biocatalysts, is a common practice to develop amperometrictransfer of cytochrome at a monolayer-modified electrod®,
and the polyaniline-mediated reduction of®3 in the presence
of horseradish peroxidaséHere we report on the organization
of integrated, electrically contacted, films consisting of poly-
aniline/poly(acrylic acid) modified with glucose oxidase (GOx)
or polyaniline/poly(acrylic acid) modified with the NAD
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Lactate dehydrogenase (LDH, EC 1.1.1.27 from rabbit muscle, type FAD-modified polymer film was incubated in a 0.1 M phosphate buffer
II) and glucose oxidase (GOx, EC 1.1.3.4 frémpergillus nigey were solution, pH= 7.0, that included the apo-GOx, 1 mg mi_for 5 h at
purchased from Sigma and used without further purification. Apoglu- room temperature. The resulting electrode was washed with the
cose oxidase (apo-GOx) was prepared by a modificona reported phosphate buffer to remove any unbound apo-GOXx.

method3* All other chemicals, including 1,4-dihydi8-nicotinamide The covalent coupling of amino-NAD(2) to the polyaniline/poly-
adenine dinucleotide (NADH3), 4-(2-hydroxyethyl)piperazine-1-  (acrylic acid)-modified Au electrode was performed by soaking the
ethanesulfonic acid sodium salt (HEPES), 1-ethyl-3-(3-dimethylami- polymer-functionalized electrode in the 0.01 M HEPES buffer solution,
nopropyl)carbodiimide (EDC), aniline, glutaric dialdehyde, poly(acrylic pH = 7.2, that include®, 5 x 1074 M, and EDC, 1x 1073 M, for 2

acid) (450000 gnol™?), glucose, and lactate were purchased from h at room temperature. The resulting electrode was washed with the
Aldrich or Sigma and used as supplied. Ultrapure water from Seralpur 0.1 M phosphate buffer solution, pH 7.0, to remove any unreacted

Pro 90 CN source was used in all experiments. 2. The electrode functionalized with the NABnodified polymer was
In Situ Electrochemical-SPR MeasurementsThe SPR Kretsch- incubated in 0.1 M phosphate buffer, p#7.0, that included LDH, 1
mann-type spectrometer Biosuplar-2 (Analytig&ystem; light-emit- mg mL™%, for 10 min. Then the electrode was briefly (1 s) washed

ting diode light sourced = 670 nm) was used in this work. A high  with the phosphate buffer solution and immediately immersed in the
refraction index of the prismiN= 1.61) and a broad dynamic diapason solution of glutaric dialdehyde, 10% (v/v) in 0.1 M phosphate buffer,
(up to 19 in air) of the SPR instrument allowed the SPR analyses of pH = 7.0, for 10 min. After the cross-linking of LDH, the electrode
thick polymer films (up to 200 nm) without change of the initial angle. surface was washed with phosphate buffer to remove any unbound
This is an important condition for the correctness of the computer fitting LDH.
of the experimental data to a theoretical curve. The SPR data were Al the steps of the electrode modification including electrochemical
processed using Biosuplar-2 software (version 2.2.30) on a PC deposition of the composite polymer layer and assembling of cofactor/
computer. The experimental SPR spectra of the polymer film were fitted enzyme units were performed in the SPR electrochemical cell, and the
to the theoretical curves based on five-phase Fresnel calculations usingspR spectra were measured after each reaction step to follow the Au
the Nelder-Mead algorithm of minimization! electrode modification. All modification steps and measurements were
Cyclic voltammetry and multipotential step chronoamperometry performed in air at ambient temperature30 °C.
experiments were performed using an electrochemical analyzer (EG&G,  Microgravimetric, Quartz-Crystal Microbalance (QCM) Mea-
VersaStat) linked to a computer (EG&G software 270/250). The use syrements.A QCM analyzer (Fluke 164T multifunction counter, 1.3
of a simple open cell (23@L) enabled easy emptying of the cell  GHz, TCXO0) and quartz crystals (AT-cut, 9 MHz, Seiko) sandwiched
contents and thus rapid removal and change of solution above thepetween two Au electrodes (area 0.1962croughness factor3.5)
polymer films when needed. Glass supports (TF-1 glasss 20 mm) were employed for the microgravimetric analyses in air. The QCM
covered with a Cr thin sublayer (5 nm) and a polycrystalline Au layer crystals were calibrated by electropolymerization of aniline in 0.1 M
(50 nm) supplied by AnalyticakSystem were used for the in situ 1,50, and 0.5 M NaSQ; electrolyte solution, followed by coulometric
electrochemical-SPR measurements. The Au-covered glass plate wag;ssay of the resulting PAn film and relating of the crystal frequency

used as a working electrode (1.5%area exposed to the solution); an  changes to the electrochemically derived polymer mass.
auxiliary Pt and a quasi-reference Ag electrodes were made from wires

of 0.5-mm diameter and added to the cell. The Ag quasi-reference Results and Discussion
electrode was calibratédaccording to the potential of dimethyl . ) .
viologen,E° = —0.687 V versus SCE, measured by cyclic voltammetry, ~ 1h€ conductive polymer employed in our studies is poly-
and the potentials are reported versus SCE. The SPR sensograms (time2hiline (PAn). This polymer is, however, redox-active only in
dependent changes of the reflectance minimum) were measured in sitiacidic solutions’ pH < 3, thus preventing its integration with
upon application of an external potential onto the working electrode. redox enzymes that usually operate in neutral pH regions. It

Modification of Au Electrodes with Polyaniline/Poly(acrylic acid) was reported, however, that composite polyaniline polymers
Composites and the Assembly of the Integrated Enzyme/Cofactor/ doped with poly(vinyl sulfonaté§ or poly(acrylic acid) switch
Redox Polymer Films on ElectrodesA polyaniline/poly(acrylic acid) the redox activity of the polyaniline to neutral pH regions.
CfmpOSitT’ layer was gfnerf‘te‘j ona A”'coatled 9'?53 S”f’port by theaccordingly, aniline was electropolymerized on Au electrodes
electropolymerization of aniline, 0.2 M, in an electrolyte solution, pH . . : .
— 1.8, composed of 0.1 M 4$0; and 0.5 M NaSQs, that included in the presence of poly(acrylic acid) (Scheme 1). The composite
poly(acrylic acid) (450 000gnol-1), 15 mgmL-L3 The polymeriza- polymer Ia}yer was prepared by one voltammetric cycle where
tion was performed by the application of one potential cycle between th€ potential was swept from0.1 to 1.1V and back, scan rate
—0.1 and+1.1 V, potential scan rate of 100 m&/™. The resulting 100 mV+s%. Figure 1 shows the cyclic voltammogram of the
film was washed with the background electrolyte solution composed resulting polymer layer, at pH 7.0. It shows a quasi-reversible
of 0.1 M H;SO, and 0.5 M NaSQ, to exclude any residual monomer  electrochemical process of the redox polymer-modified Au
from the cell. electrode, with a peak-to-peak separation of 85 mV at the

The covalent coupling of amino-FALL) to the polyaniline/poly- potential scan rate 100 my 1. By coulometric assay of the
(acrylic acid)-modified Au electrode was performed by soaking the oxidation (or reduction) wave of PAE® = 0.29 V, the surface
electrode in a 0.01 M HEPES buffer solution, pH7.2, that includes coverage of polyaniline is estimated to46.3 x 10-8 g-cm™2.
1 5x 10" M, and EDC, 1x 10°° M, for 2 h atroom temperature.  1ha Figure 1 inset shows the SPR spectrum of the resulting
Ihe resulting electrode was washed with 0.1 M p.hOSp.hate b_uffer, PH composite polyaniline/poly(acrylic acid) film in water (curve
= 7.0, to remove nonreacted The electrode functionalized with the . . .

a), and the theoretical fit (curve b) according to the Fresnel

(32) Bickmann, A. F.; Wray, V.; Stocker, A. IiMethods in Enzyhmology:
Vitamins and Coenzyme#cCormick, D. B., Ed.; Academic Press: (37) (a) Ohsaka, T.; Ohnuki, Y.; Oyama, N.; Katagiri, K.; Kamisako,JK.

Orlando, FI, 1997; Vol. 280, Part 1, p 360. Electroanal. Chem1984 161,399-405. (b) Diaz, A. F.; Logan, J. Al.
(33) Bickmann, A. F.; Wray, VBiotech. Appl. Biochenl992 15, 303—-310. Electroanal. Chem198Q 111, 111-114. (c) Cui, S. Y.; Park, S. Msynth.
(34) Morris, D. L.; Buckler, R. T. IlMethods in Enzymology.angone, J. J., Met. 1999 105,91-98. (d) Jannakoudakis, P. D.; Pagalos Synth. Met.

Van Vunakis, H., Eds.; Academic Press: Orlando, FL, 1983; Vol. 92, Part 1994 68,17—31

E, pp 413-417. (38) (a) Bartlett, P. N.; Wang, J. H. Chem. Soc., Faraday Trant996 92,
(35) Katz, E.; Schlereth, D. D.; Schmidt, H.-1. Electroanal. Chem1994 4137-4143. (b) Bartlett, P. N.; Birkin, P. R.; Wallace, E. N. K.Chem.

367, 59-70. Soc., Faraday Transl997 93, 1951-1960. (c) Bartlett, P. N.; Wallace,
(36) Bartlett, P. N.; Simon, BPhys. Chem. Chem. PhyZ00Q 2, 2599-2606. E. N. K. Phys. Chem. Chem. Phy2001, 3, 1491-1496.
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Figure 1. Cyclic voltammogram of a polyaniline/poly(acrylic acid) film-
functionalized Au electrode recorded in 0.1 M phosphate buffersspHO,
potential scan rate, 100 m§ 1. Inset: The SPR spectrum of the respective
polyaniline/poly(acrylic acid) film-functionalized Au electrode recorded in
water (a) and its theoretical fitting (b).

Scheme 1. Modification of a Au Electrode with a Composite
Redox Polymer Film Consisting of Polyaniline and Poly(acrylic
acid)

NH»
@ (-CHy=CH-n
COOH

-
-

Potential scan: -0.1 Vto 1.1V

PAN*™

ooy

equation ( = 1.4 used for the first approximatighandn =
1.393 + 0.04 received after the fitting), implying that the
composite PAn/poly(acrylic acid) film does not differ substan-
tially in its refractive index from pure PAn and that the film is
uniform. The polymer layer thickness derived from the SPR
spectrum fitting is 90 nm.

Figure 2, curves a and b, shows the SPR spectra of the
reduced polyaniline state (PAn) generated upon application of
a potential corresponding t60.3 V and that of the oxidized
polyaniline state (PA#) generated upon the application of a
potential of 0.6 V on the electrode, respectively. The change in
the SPR spectrum upon the oxidation of PAn to PAIs
attributed to a change in the refraction index of the polymer
upon oxidation (vide infra). Application of sequential potential
steps on the polyaniline/poly(acrylic acid)-modified electrode,
where the potential is stepped fror0.3 (PAN state) tot-0.6
V (PAR?* state) and back (the electrode is maintained at each

PAn
. —2e
{ovon <=
H n o +2e”

(39) Mo, D,; Lin, Y. Y.; Tan, J. H,; Yu, Z. X.; Zhou, G. Z.; Gong, K. C.; Zhang,
G. P.; He, X.-F.Thin Solid Films1993 234, 468—-470.
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and 0.6 V and back with time intervals of 1.5 s. Inset: Chronoamperometric
measurements with the potential steps between 0.6 (a)-argiV (b) with
time intervals of 1.5 s between the potential steps.

potential for 1.5 s) results in the chronoamperometric transients
shown in Figure 2 (inset). Concomitantly, the surface plasmon
spectrum of the film is cycled between the spectra of oxidized
and reduced states of the polymer, Figure 2, curve c. Figure
3A shows the time-dependent reflectance changes in the SPR
spectra at a fixed angle of incidenee € 67.5), as a result of

the potential multistep sequence applied to the modified
electrode (Figure 3B). (Note that the oxidation or reduction steps
are applied for 20 s, which is a substantially longer time interval
than that in Figure 2, inset.) Oxidation of the polymer film from
PAn to PAR* results in a rapid change in the reflectance
intensity, followed by a slow increase in the reflectance.
Similarly, the reduction of PA# to PAn results in a fast,
instantaneous, decrease in the reflectance intensity followed by
a slow decrease in the reflectance intensity. The fast increase
in the SPR reflectance upon the oxidation of PAn to PAis
attributed to a change in the refractive index of the polymer
film as a result of its oxidation. The slow increase in the
reflectance intensity observed upon the oxidation of the polymer
is attributed to the swelling of the oxidized polymer. The
swelling is attributed to the uptake of counteranions, ac-
companied by the hydration of the polymer. Similarly, the fast
decrease in the reflectance intensity observed upon the reduction
of PAr?" is attributed to the restoration of the refractive index
of PANn. The slow decrease in the reflectance intensity is then
attributed to the shrinking of the reduced polymer as a result of
the release of counteranions and dehydration of the #iim.
Theoretical fitting of the SPR spectrum obtained immediately
after oxidation to PA®", and assuming that the oxidized
polymer thickness is identical to the PAn thickness (90 nm, as
the polymer does not swell within this time interval) yields a
refractive index value ofi = 1.389+ 0.47. Theoretical fitting

of the SPR spectrum of PAh after reaching the saturated
swollen configuration, using the derived value of the refractive
index for PArFT, yields a polymer thickness of 120 nm for the
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Figure 3. (A) Time-dependent reflectance changes of the polyaniline/poly-
(acrylic acid) thin-film-functionalized Au electrode measured at a fixed angle
of incidence ¢ = 67.5’) upon the application of multistep potential cycles.
(B) Chronoamperometric transients corresponding to the SPR spectra in
(A), generated by potential steps betweed.3 and 0.6 V and back with
time intervals of 20 s between the potential steps. The arrows show the
time of the application of the oxidative potential, 0.6 V, (a), and reductive
potential,—0.3 V, (b), respectively. The chronoamperometric and in situ
SPR measurements were performed in 0.1 M phosphate buffer; pH.

swollen PAR". Thus, the polymer thickness increases by 30
nm because of the swelling process induced by polymer
oxidation. In turn, theoretical fitting of the SPR spectrum of
the PAnN film obtained immediately after reduction of PAmo

PAn yields a polymer thickness of 120 nm that corresponds to
the swollen assembly. Theoretical fitting of the SPR spectrum
obtained after relaxation of the reduced polymer vyields the
original polymer thickness of 90 nm. This means full revers-
ibility of the swelling—shrinking processes induced by the cyclic
potential changes betweerD.3 and 0.6 V. Kinetic analyses of
the time-dependent increase in the reflectance intensity yields
a swelling rate constant that correspondkst@; = 3.5 x 1074

st and a shrinking rate constantkfink= 2.2 x 1074 s for

the oxidized and reduced polymer films, respectively. These
rate constants of the composite polyaniline/poly(acrylic acid)
film measured at pH= 7.0 are very similar to those reported
previously for a polyaniline fili¥ in an acidic solution, pH=

1.8. The SPR reflectance intensity can be reversibly switched
between high- and low-intensity values upon the electrochemical
cycling of the polymer film between the PAnand PAn states,
respectively. Thus, the system represents an electrochemical
switch where optical SPR transduction provides the read-out
signal of the “ON"/“OFF” states of the polymer film.

The fact that the polyaniline polymer exhibits redox activity
at pH = 7.0, as a result of the incorporation of poly(acrylic
acid), suggests that one could integrate biocatalysts with the
polymer film on the electrodes. Furthermore, the carboxylic acid
residues of the poly(acrylic acid) component could provide sites
for covalent tethering of biocatalysts to the polymer. Thus, the
bioelectrocatalytic functions of the PAn/enzyme electrode could
then be transduced by in situ electrochemical-SPR experiments.

In situ electrochemical-SPR measurements were applied to
characterize the bioelectrocatalyzed oxidation of glucose by a
composite polyaniline/poly(acrylic acid) film that includes an
engineered glucose oxidase. Our laboratory has demonstrated
that reconstitution of apoglucose oxidase on a relay-FAD
monolayer yields a biocatalyst of unprecedented electrical
contact efficiency with the electrod@This extremely efficient
electrical communication between the biocatalyst redox site and
the electrode was attributed to the structural alignment of the
redox biocatalyst on the electrode surface, in a configuration
that provides a directional electron wiring between the enzyme
redox site and the conducting support. The fact that a polyaniline
film can activate redox enzymes such as glucose oxidase or
horseradish peroxida®esuggests that appropriate immobiliza-
tion of GOx in the polyaniline film could lead to an integrated
electrically contacted bioelectrocatalytic assembly for the oxida-
tion of glucose. Scheme 2 outlines the method we employed to
construct the integrated polyaniline/poly(acrylic acid)/GOx
bioelectrocatalytic film on the electrode surface. The polyaniline/
poly(acrylic acid) film is functionalized with the flavin cofactor
by the covalent coupling of amino-FAD to the carboxylic acid
residues of poly(acrylic acid). Reconstitution of apoglucose
oxidase on the FAD units yields the bioelectrocatalytic redox-
active polymer film.

Complementary microgravimetric, QCM measurements were
performed on Ad-quartz crystals functionalized with the
polyaniline/poly(acrylic acid) film. The polymer film on the
Au—quartz crystals was generated by the same procedure as
employed for the modification of the AtSPR electrodes. The
changes in the quartz-crystal resonance frequencies were mea-
sured in air upon the electropolymerization step, after covalent
coupling of the amino-FAD and, subsequently, after the recon-
stitution of GOx on the FAD-functionalized film. From the
frequency changes, and using the Sauerbrey relétithe, mass
changes on the electrode as a result of the formation of the poly-
mer film, the further covalent binding of the FAD units, and
the surface reconstitution of GOx were calculated. The com-
posite polymer film coverage of 1.27 10~ g-cm™2 was de-

(40) (a) Bartlett, N. P.; Birkin, P. RAnal. Chem.1993 66, 1118-1119. (b)
Bartlett, P. N.; Birkin, P. RAnal. Chem1994 66, 1552-1559. (c) Bartlett,
P. N.; Birkin, P. R.; Palmisano, F.; DeBenedettoJGChem. Soc., Faraday
Trans.1996 92, 3123-3130.

(41) Buttry, D. A;; Ward, M. D.Chem. Re. 1992 92, 1355-1379.
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Scheme 2. Reconstitution of Glucose Oxidase (GOx) on the
FAD-Functionalized Polyaniline/Poly(acrylic acid) Film
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Knowing the enzyme content in the film,>3 10-12 mol-cm=2,

and the highest achieved current density,0.3 mA-cm~2, we
calculate the electron-transfer turnover rate between the enzyme
redox site and the electrode to bel000 electrons/s. At the
temperature employed in our measurement8Q °C), the
turnover rate of the native GOx for the electron transfer from
glucose to dioxygen (natural electron acceptory80+ 150

s 13 The overall rate constant of the bioelectrocatalytic process
is estimatetf to be~7.5 x 10* M~1-s71, Thus, the reconstituted
GOx on the polyaniline/poly(acrylic acid) film reveals a turnover
rate similar to that of the native enzyme, implying that the
conductive redox polymer provides an extremely efficient

Gluconic electrical contact between the enzyme redox center and the
acid electrode support.
= In a control experiment, native GOx was covalently linked
N\f‘\N = iN-ED to the polyaniline/poly(acrylic acid) film by direct coupling of
:@EN swho a) lysine residues of the biocatalyst to the carboxylic groups in
T NH, TFAD] the film. The resulting redox polymer/enzyme assembly shows
H—0H [ a minute bioelectrocatalytic current for the oxidation of glucose
Hp-oH \ :(’\iHN Zﬂgx j» (~2 orders of magnitude lower than the amperometric response
O=g_o_g_o ) :N L : of the reconsut_uted_GO_x system). This exper_|ment_demonstrates
& & WO Native GOx Apo-GOx that the functionalization of the polymer film with random
Fon o configurations of the enzyme does not yield an electrically

contacted bioelectrocatalytically active matrix. The results
emphasize that it is essential to align the enzyme in respect to
the polymer film by the reconstitution process. The nanoengi-
neered biocatalytic configuration yields an integrated, electrically

rived from the frequency change after the electropolymerization.
Taking into account the electrode coverage with the redox-active
polyaniline component, 9.% 1078 g-cm=2, derived from the

coulometric measurements, we estimated that the electrochemi-corr["’lcte_OI assembly. . I

cally inactive poly(acrylic acid) component has a coverage of '_I'_he b|oelectrqcata_lyt|c oxidation of glucose by the po_Iy-
54 10 S 1t 5275 (i) of he compostepolymer . 10O Aol SO Ser Y e s e
film. Assuming that the polyaniline/poly(acrylic acid) film olication of the potential corresponding 0.3 V on the

density? is ~1.1-1.2 gmL™! and that the homogeneous . S 2
electrodeposition of the polymer film occurs on the surface, we polyaniline/poly(acrylic acid)/GOx-functionalized electrode re-
' sults in the SPR spectrum shown in Figure 4B, curve a. At this

estimate the thickness of the polymer film to&00 nm. This . . A
value is similar to the polymer thickness of 90 nm derived from potential, the redox polymer film exists in its reduced state, PAN.
Addition of glucose to the systenkt(= —0.3 V) results in a

the fitting of the SPR spectrum. . ) o
Knowing the masses of the immobilizddand the surface- fr?:nc%en::ne;T;tisoZRo?‘pngguo?eozé?giIlclem 4t£atclusr\|lnec:fe£e_lr_1:§nt of
reconstituted GOx and the area of the-Aquartz crystal, the ; L -
y change in the SPR spectrum of the film is attributed to the

surface coverages df and GOx on the polymer film were ) .
calculated to b%ywz % 101 and ~3 x pl(glz mol-cn-2 reduction of the FAD center in GOx to FADRHy the added
respectively. Using the footprint dimension of GOx (58291#"% glucose. The change in the refractiye i_ndex of th_e film as a
and the calculated surface coverage of GOx on the electrode,rESUIt OT the reduction of the FAD site is respo.nsmle for the
we find that the enzyme coverage corresponding to a denselyChange in the SPR spectra. As all enzyme FAD sites are reduced
packed enzyme monolayer is formed on the polymer film. Since tc; the FAt?]HZ statlet,. |nd§geRndent of the b:”k c?rllé:entt.rat;o'n 3:
the thickness of the electrochemically polymerized films on the glucose, the resutting curves are aimost identical In the
SPR electrodes and Auguartz crystals are similar, we assume entire range of glucose concentrations. Biasing the potential of
' the polyaniline/poly(acrylic acid)/GOx electrode-80.6 V, in

that similar coverages of the biocatalyst are obtained on the . .
9 y the absence of glucose, results in the SPR spectrum shown in

SPR electrodes. . ) . _ -
Figure 4A shows the cyclic voltammograms of the poly- F|gure.4(B), curve (3, that is characteristic of the oxidized
aniline/poly(acrylic acid)/GOx film-functionalized electrode in polyaml_ne state, PA_&T' Addition of glucose_ 0 th_e system
the presence of various concentrations of glucose. As the results in a change in the SPR spectra depicted in Figure 48,
curves b—f'. The minimum reflectivity angle is shifted to lower

concentration of glucose increases, the electrocatalytic anodic | d the reflect intensity d th i
current is higher. The wave of the electrocatalytic anodic current angies, and the reflectance Intensity decreases as the concentra-
tion of glucose is elevated. The inset of Figure 4B shows the

starts at the oxidation potential of the polyaniline film, implying . .
that the redox polymer mediates the bioelectrocatalyzed Oxida_enlarged S_PR specira measured in the presence of dlfferent
concentrations of glucose: curvestrecorded at a potential

tion of glucose by the oxidation of the flavin site in the enzyme. -
g y Y corresponding te-0.3 V whereas curves bf ' were recorded

at an applied potential of 0.6 V. It can be seen that the SPR
spectra of the oxidized polyaniline film shift in their spectral

(42) (a) Yang, C.Y.; Smith, P. Heeger, A. J.; Cao, Y.; Osterholm, Bdymer
1994 35, 1142-1147. (b) Palaniappan, ur. Polym. J2001, 37, 975~
981.

(43) Hecht, H. J.; Kalisz, H. M.; Hendle, J.; Schmid, R. D.; Schomburg].D.
Mol. Biol. 1993 229, 153-172.

(44) Andrieux, C. P.; Samt, J. JJ. Electroanal. Chem1978 93, 163-168.
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Figure 4. (A) Cyclic voltammograms of the Au electrode modified with the polyaniline/poly(acrylic acid) thin film functionalized with the reconstituted
GOx in the presence of various concentrations of glucose: (a) 0, (b) 5, (c) 10, (d) 20, (e) 35, and (f) 50 mM. Potential scan raté, BNSPR spectra

of the Au electrode modified with the polyaniline/poly(acrylic acid) thin film and functionalized with the reconstituted glucose oxidase. ffaelspexted

in curves a-f were recorded at an applied potential-60.3 V in the presence of various concentrations of glucose: (a) 0, (b) 5, (c) 10, (d) 20, (e) 35, and
(f) 50 mM. The spectra shown in curve’s-&' were recorded at an applied potential of 0.6 V in the presence of various concentrations of glugd3e: (a

(b 5, () 10, (d) 20, (&) 35, and (f) 50 mM. Inset shows the enlarged SPR spectra. Arrows show the direction of the SPR spectrum shift upon increase
of the glucose concentration at the applied potential of 0.6 V. (C) Calibration plots of the amperometric redpgnsessured at 0.6 V (a) and changes

in the minimum of reflectance intensiti@gR (b) at different concentrations of glucose. TAR values were calculated as differences between the reflectance
minimum measured at 0.6 V and the reflectance minimum measure@.atV for each glucose concentration. The data were obtained in 0.1 M phosphate
buffer, pH= 7.0.

features to those of the reduced film as the concentration of dependent enzymes with electrodes for bioelectrocatalytic
glucose is elevated. This is consistent with the fact that the transformations requires the development of electrochemical
electron-transfer turnover rate between the enzyme redox sitemeans for the regeneration of NAD(Pyofactor?6:45 The use
and the electrode is very efficient, and it proves the bioelec- of NAD(P)*-dependent enzymes as bioactive interfaces in sensor
trocatalytic mechanism where the polyaniline mediates the devices requires the assembly of the biocatalyst, NAD(P)
oxidation of the enzyme redox center. That is, the electron cofactor, and a cofactor regenerating electrocatalyst as integrated
transfer from the enzyme reduced cofactor, FADkb the systems that are in electrical contact with the electrode support.
oxidized polymer film, and from it to the Au conductive support The composite polyaniline/poly(acrylic acid) film acts as an
(biased at 0.6 V), generates a steady-state ratio PA#/PAhe electrocatalyst for the oxidation of NADH to NAf36.:38
content of the reduced polymer state, PAn, in the steady-state(Scheme 3A). Figure 5A shows the cyclic voltammograms of
population PAn/PA®" is higher as the rate of the electron the polyaniline/poly(acrylic acid)-functionalized electrode at
transfer from FADH to the PART is increased upon elevation  different concentrations of NADH in an in situ electrochemical-
of the glucose concentration. SPR experiment. An electrocatalytic anodic current is developed
Figure 4C shows the calibration curves derived from the in at the oxidation potential of the redox film. The electrocatalytic
situ electrochemical-SPR measurements: The amperometricanodic current increases as the concentration of NADH is
responses of the system (curve a) at different concentrations ofelevated. These results imply that the polyaniline film catalyzes
glucose are complemented by the changes in the minimum ofthe NADH oxidation.
reflectance intensitiesAR (curve b). TheAR values were Treatment of the redox polymer-functionalized electrode with
calculated as the differences between the reflectance minimumdifferent concentrations of NADH, while biasing the electrode
measured at 0.6 V and the reflectance minimum measured atat the potential of 0.6 V, would generate a PAn/PAsteady-
—0.3 V for each glucose concentration. We see that the state ratio controlled by the rate of the electron transfer from
bioelectrocatalytic anodic currents for the oxidation of glucose NADH to PAr**, and this would be controlled by the NADH
increase linearly with the elevation of the glucose concentration, concentration. While in the absence of NADH the redox polymer
whereas theAR values reveal a reciprocal dependence upon will exist at this potential in the P& state, increase of the
increasing the concentration of glucose. The origin for the NADH concentration will elevate the steady-state content of
different dependence of the two physical parametkgsgnd PAn in the PAn/PAR" mixture. Figure 5B shows the SPR
AR) on the glucose concentration may be quantitatively spectra of the polyaniline/poly(acrylic acid)-modified electrode
expressed by kinetic analysis of the electrochemical process inin the absence and in the presence of added NADH at two
the system. The bioelectrocatalytic oxidation of glucose yields different potentials: aE = —0.3 V and atE = 0.6 V, where
a steady-state ratio of PAn/PAnin the film. The bioelectro-  the redox polymer is electrochemically reduced and oxidized,
catalytic current directly relates to the concentration of PAN, respectively. At the potential 6£0.3 V, the polymer exists in
leading to a linear dependence of tig: on the glucose  the PAn state and the spectrum in the absence of NADH is
concentration. TheAR relates, however, to the difference shown in Figure 5B, curve a. Addition of NADH results in a
([PAR?*] — [PAn]) leading to the reciprocal dependenceAdt shift in the minimum reflectivity angle to higher values. This
on the glucose concentrations. change is attributed mainly to the changes in the refractive index
Among the redox enzymes, NAD(P)cofactor-dependent
enzymes play a central role. The coupling of NAD(P) (45) Katakis, I.; Domingues, BMikrochim. Acta1997 126, 11-32.
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Scheme 3. (A) Electrocatalyzed Oxidation of NADH by the
Composite Polyaniline/Poly(acrylic acid) Thin Film. (B) Assembly
of the Integrated Lactate Dehydrogenase (LDH) Biocatalytic
Interface on the NAD"-Functionalized Polyaniline/Poly(acrylic acid)
Thin Film
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above the polymersolution interface as a result of the addition
of NADH. Theoretical fitting of the spectra reveals that the
refractive index changes from= 1.338+ 0.008 ton= 1.370

+ 0.03Q upon addition of 10 mM NADH. This change in the
refractive index may originate from the association of NADH
to the polymer film by multi-H-bond interactions. The shifted
SPR spectrum is almost unaffected upon the further addition
of NADH (a slight increase in the reflectance intensity, cf.
Figure 5B, curves bd; see also inset). Application of the
potential of+0.6 V on the electrode results in the formation of
the PART film, and the SPR spectrum in the absence of NADH
is shown in Figure 5B, curve'aThe difference between the
SPR spectra of the PAn staté £ —0.3 V), curve a, and the
PAr?* state E = 0.6 V), curve § originates from the change
of the redox polymer refractive index as discussed before.
Addition of NADH to the polymer-modified electrode biased
atE = 0.6 V results in a decrease in the reflectance intensity,
and the minimum reflectivity angle is positioned between that
of pure PART spectrum and the PAn spectrum. As the
concentration of NADH is higher, the spectrum resembles more
that of the PAnN film, consistent with the fact that the PAn
content in the steady-state ratio PAn/PAimcreases. The inset

in Figure 5B shows enlarged spectra of the redox polymer-
modified electrode at different concentrations of NADHEat

= —0.3V, curves b-d, and attE = 0.6 V, curves b-d'. The
SPR spectra recorded Bt= 0.6 V shift to the pattern of the
SPR spectra recorded Bt= —0.3 V as the concentration of
NADH is elevated. Figure 5C shows the calibration curves

extracted from the in situ electrochemical-SPR measurements.
The amperometric responses of the system (curve a) at different
concentrations of NADH are complemented by the changes in

the minimum of reflectance intensitieAR (curve b). TheAR
6494 J. AM. CHEM. SOC. = VOL. 124, NO. 22, 2002

values were calculated as the differences between the reflectance
minimum measured at 0.6 V and the reflectance minimum
measured at-0.3 V for each of the NADH concentrations.

Our laboratory has reported on the assembly of integrated,
electrically contacted, NAD-dependent enzyme electrod&go
The method is based on the assembly of an affinity complex
between a NAD-dependent enzyme (e.g., LDH) and a relay-
NAD™ monolayer, followed by the lateral cross-linking of the
surface-associated enzyme to yield a rigid biocatalytic layer.
Following this concept, and realizing that PArcatalyzes the
oxidation of NADH, we use the polyaniline/poly(acrylic acid)
as a matrix for the integration and electrical contact of the
NAD"-dependent enzyme LDH with the electrode support
(Scheme 3B). The poly(acrylic acid) included in the polymer
film provides anchoring sites for the covalent attachmerf. of
Formation of the affinity complex between LDH and the NAD
units#” followed by cross-linking of the LDH components with
glutaric dialdehyde, yields the integrated enzyme electrode.
Biocatalytic oxidation of lactate to pyruvate in the presence of
LDH vyields the reduced NADH cofactor that is linked to the
polymer matrix. The polymer-mediated oxidation of NADH
recycles the cofactor that is further reduced by lactate. The
bioelectrocatalytic oxidation of lactate could then be followed
by in situ electrochemical-SPR measurements. The polymer-
mediated oxidation of NADH should yield an electrocatalytic
current, and as the concentration of lactate controls the
regeneration efficiency of NADH, the amperometric response
of the system should correlate with the concentration of lactate.
Furthermore, the application of a potential corresponding to 0.6
V that oxidizes the PAn film to PAH will result in a steady-
state concentration of PAn/PAn that is controlled by the
regeneration rate of NADH or the concentration of lactate. The
steady-state ratio of PAn/Pancan then be followed by SPR
spectroscopy. The integrated polyaniline/poly(acrylic acid)/
NAD*/LDH film was constructed as outlined in Scheme 3B.
QCM measurements performed upon the buildup of the bio-
catalytic functional film on a Atquartz crystal indicate that
the surface coverages @fand LDH on the modified surfaces
are~4 x 107 and~4 x 10712 mol-cm™2, respectively.

Figure 6A shows the cyclic voltammograms of the integrated
polyaniline/poly(acrylic acid)/NAD/LDH electrode in the pres-
ence of different concentrations of lactate. As the concentration
of lactate increases, curves-f) the amperometric response of
the electrode is higher. The electrocatalytic currents are observed
at the oxidation potential of polyaniline, indicating the redox
polymer mediates the oxidation of NADH and the biocatalyzed
oxidation of lactate. Knowing the LDH content in the film, 4
x 1072 mol-cm™2, and the highest achieved current density,
= 0.27 mAcm 2, we calculate the electron-transfer turnover
rate between the enzyme redox site and the electrodet@b@
s™1. This turnover rate is much lower than that reported for the
native LDH operating with diffusional NAD and lactate
(~4700 electrons/s'¥ The overall rate constant of the bioelec-
trocatalytic process is estimatédo be ~4.7 x 108 M~1.s71,

This could originate from difficulties for the immobilized NAD
to accommodate the binding sites of the enzyme, thus, resulting

(46) Bardea, A.; Katz, E.; Btkmann, A. F.; Willner, 1.J. Am. Chem. So&997,

119 9114-9119.

(47) Kharitonov, A. B.; Alfonta, L.; Katz, E.; Willner, 1J. Electroanal. Chem.
200Q 487, 133-141.

(48) Eichner, R. DMethods Enzymoll982 89, 359-362.
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Figure 5. (A) Cyclic voltammograms of the Au electrode modified with the polyaniline/poly(acrylic acid) thin film in the presence of various concentrations
of NADH: (a) 0, (b) 10, (c) 20, (d) 50, and (e) 100 mM. Potential scan rate, 5smV(B) SPR spectra of the Au electrode modified with the polyaniline/
poly(acrylic acid) film upon interaction with NADH. The spectra shown in curves avere recorded at an applied potential-c3.3 V in the presence of
various concentrations of NADH: (a) O, (b) 5, (c) 10, and (d) 20 mM. The spettrd avere measured upon application of a potential of 0.6 V in the
presence of various concentrations of NADH!) @ (b) 5, (¢) 10, and (&) 20 mM. Inset shows the enlarged SPR spectra. Arrows show the direction of
the SPR spectrum shift upon increase of the NADH concentration at the applied potential of 0.6 V. (C) Calibration plots of the amperometric kggsponses,
measured at an applied potential of 0.6 V (a) and the respective changes in the minimum of reflectance imiéhdifjest different concentrations of
NADH. The AR values were calculated as differences between the reflectance minimum measured at 0.6 V and the reflectance minimum meha38ured at
V for each NADH concentration. The data were obtained in 0.1 M phosphate buffer; pio.
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Figure 6. (A) Cyclic voltammograms of the Au electrode modified with the polyaniline/poly(acrylic acid) film and functionalized with the" Néfactor

units and the cross-linked LDH in the presence of various concentrations of lactate: (a) 0, (b) 5, (c) 10, (d) 20, (e) 50, and (f) 100 mM. Poten#al scan ra
5 mV-s~L (B) SPR spectra of the Au electrode modified with the polyaniline/poly(acrylic acid) film and functionalized with the d#Bctor units and

the cross-linked LDH. The spectra shown in curve®avere recorded at an applied potentiat-df.3 V in the presence of various concentrations of lactate:

(@) 0, (b) 1, (c) 5, (d) 10, and (e) 20 mM. The spectra depicted in curves were recorded at an applied potential of 0.6 V in the presence of various
concentrations of lactate: '§d, (0) 1, (¢) 5, (d) 10, and (& 20 mM. Inset shows the enlarged SPR spectra. Arrows show the direction of the SPR spectrum
shift upon increase of the lactate concentration and at an applied potential of 0.6 V. (C) Calibration plots of the amperometric legporesesyred at

an applied potential of 0.6 V (a) and changes in the minimum of reflectance intertsRiés) at different concentrations of lactate. TAR values were
calculated as differences between the reflectance minimum measured at 0.6 V and the reflectance minimum me&s8iédarteach lactate concentration.

The data were obtained in 0.1 M phosphate buffer,pH.0.

in nonoptimized positions of the cofactor units in the biocatalytic index of the film originating from the biocatalyzed reduction
enzyme/cofactor assembly. of NAD™' to NADH results in the decrease in the minimum
The electrochemically induced biocatalyzed oxidation of reflectivity angle. As the low concentration of added lactate is
lactate can be nicely followed by the SPR spectroscopy (Figure sufficient to reduce all of the NAD units associated with the
6B). At a potential of —0.3 V applied on the integrated film, the SPR spectrum of the redox film-modified electrode is
biocatalytic electrode, where the polymer film exists in the PAn independent of the concentration of lactate. Biasing the potential
state, addition of lactate results in a decrease in the minimum of the polyaniline/poly(acrylic acid)/NAD/LDH electrode at
reflectivity angle (cf. Figure 6B, the shift of curve a to curve 0.6 V in the absence of lactate results in the SPR spectrum
b). The SPR spectrum angle of the polymer is almost unaffected shown in Figure 6B, curve @Addition of lactate to the electrode
by the concentration of lactate, and the SPR spectraal @3 results in the changes in the SPR spectrum shown in Figure
and 2x 1072 M lactate are almost identical. This is consistent 6B, curves b€ (see also the inset). The minimum reflectivities
with the fact that the addition of lactate to the integrated of the SPR spectra decrease in their intensities and the minimum
electrode existing in the PAn state, results in the reduction of reflectivity angles are shifted to lower values as the lactate
the immobilized NAD to NADH. The change in the refractive  concentration increases. That is, as the concentration of lactate
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increases, the SPR spectra resemble more the spectrum of th&.0). SPR measurements allowed the optical transduction of the
reduced assembly that includes the PAn state rather than theredox-switching functions of the polymer and enabled the
oxidized PART state even though the potential applied on the characterization of the dynamics of swelling of the oxidized
electrode corresponds to 0.6 V. This is consistent with the film, PAn?* state, and of the shrinking of the reduced polymer,
mechanism of the biocatalytic oxidation of lactate, where the PAn state, upon the cyclic redox processes, respectively.
polyaniline layer mediates the electron transfer from the  The redox activity of the polymer film at neutral pH values
immobilized NADH units to the electrode conductive support. allows the coupling of redox biocatalysts to the electrochemical
Thus, increase of the lactate concentration enhances the rate ofunctions of PAn. The coassembled poly(acrylic acid) units
NADH formation. As a result, the content of PAn state in the provide binding sites for covalent attachment of the enzyme
steady-state ratio of PAn/PAnh is higher as the lactate cofactors (FAD or NAD amino derivatives) to the polymer
concentration increases, leading to the observed changes in thélm and subsequently the association of the biocatalysts
SPR spectra. Figure 6C shows the respective calibration curvedGOx or LDH, respectively) on the cofactor-functionalized
corresponding to the in situ electrochemical-SPR analysis of electrodes, to yield integrated, electrically contacted bioelec-
lactic acid. The changes in the reflectivity intensitiady, at trocatalytic assemblies. In situ electrochemical-SPR measure-
variable concentrations of lactate are depicted in parallel to the ments enabled us to transduce the bioelectrocatalytic func-
amperometric responses of the system at the respective contions of the enzyme-modified film by amperometric or optical
centrations of lactate. means.

The final aspect to consider relates to the stability of the  Recently, we reported on the electrochemically induced
resulting integrated enzyme electrodes. We found that the GOx-micromechanical movement of a polyaniline-functionalized Au-
reconstituted PAn film-functionalized electrode is stable upon coated cantilever, at pH 2, using controlled surface-induced
storage at £#C for at least 1 month (residual activity95%). electrostatic stress interactiotsThe present study shifts the
The electrodes reveal an activity decrease ~d% upon polyaniline redox activity to neutral pH values and the biocata-
continuous operation at room temperature for 24 h. The NAD lysts integrated in the polymer films control the PAn/PAn
LDH/PAn integrated electrode shows 90% of its original activity ratio by means of the respective biocatalyzed transformations.
after storage at 4C for 1 month, and loses10% of its activity Thus, control of the electrostatic repulsions or surface stress
upon continuous operation for 12 h at room temperature. interactions on microobjects by bioelectrocatalytic transforma-

. tions could lead in the future to biomaterial-based microme-
Conclusions . : .
chanical sensors or micromechanical actuators.

An electrochemical method to polymerize a polyaniline/poly- .

(acrylic acid) composite film on SPR electrodes was developed. Acknowledgment. This research was supported by the
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The incorporation of poly(acrylic acid) in the polyaniline film

shifted the redox functions of the film to a neutral pH (pH JA012680R
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