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Abstract: N°-(2-Aminoethyl)-FAD is covalently linked to a thioctic acid monolayer associated with an Au-
electrode. The surface coverage of the FAD units isx2 01 mol cm2. Apo-glucose oxidase (apo-GOXx)
reconstituted onto the FAD monolayer, yields a bioelectrocatalytically active enzyme layer, GOx, at a surface
coverage of 2x 10712 mol cnt2. In the presence dfl-dimethyl-2-aminoethyl ferrocend)(as diffusional
electron mediator, the enzyme electrode stimulates the bioelectrocatalyzed oxidation of glucose. A
photoisomerizable nitrospiropyrairAD mixed monolayer is assembled on an Au-electrode. The surface
coverage of the FAD units is 2 10711 mol cn12, and the molar ratio of the nitrospiropyran and FAD units

is 3:4. Reconstitution of apo-GOx onto the FAD sites of the photoisomerizable nitrospireifyAdhmixed
monolayer yields a photoswitchable enzyme electrode for the light-stimulated oxidation of glucose in the
presence of as electron mediator. The photoswitchable properties of the enzyme electrode originate from
the electrostatic repulsion of the positively charged electron mediator from the electrode interface. The GOx-
reconstituted-monolayer electrode represents an optobioelectronic assembly for the amplified amperometric
transduction of photonic signals recorded by the photoisomerizable monolayer.

Introduction assembled on an Au-electrode has been used as a “command

interface” for controlling the electrical contact between glucose

oxidase (GOx) and the electroBleChemical modification of

redox enzymes with photoisomerizable uhéad reconstitution

of an apo-flavoenzymée.g., apo-GOx, with a photoisomeriz-

able FAD cofactor have led to the generation of photoswitchable

redox proteins that enable a cyclic light-induced activation and

deactivation of bioelectrocatalytic processes.

Another method for photostimulating redox enzymes involves

e application of photoisomerizable diffusional electron-transfer

. ) . ) mediators. In one photoisomer state of the electron relay, a

%r\?éf\;gf thoe niSrge(t)rfloghg;:)iggr%tgﬁgg;fleatmgnﬁg%rﬂgﬁ;?; d mediated electron transfer bet\/\_/een the enzyme r_edox-cer_1ter and

electrodes. The photoisomerizable monolayer acts as a Com_the electrode occurs, and the_b|ocatalyst is electrically activated.

mand interface that controls by light the protein and monolayer In the cqmplementqry photmsomer state of the electron relay,

associative/dissociative interactions; this results in photostimu- the med@ted electrical commun.|cat|on of the enzyme and the

lated control of the proteinelectrical ’communication with the electrode_ Is perturbed, & nd the bioelectrocatalytic activity of_the
enzyme is blocked. Nitrospiropyran-ferrocene and nitrospiro-

gliggr?g?n?:wmté rl;ilgggci?gtm:;? el:aigit;%s:%t;c;:jn:ﬁ(r)?lcgllgn:rof pyranN,N'-bipyridinium photoisomerizable electron relays have
y piropyran/py y been used to reversibly activate or inhibit the electrobiocatalytic

Zsrfsg;§:ﬁgt:ivclﬂt}raar;(ﬁj%t?é?\cg?gztir;\lliilg;er?alts rgzgtrzsetémgj;a:sg activities of GOx and glutathione reductase, respecti¥ely.
monolayer surface. Similarly, a nitrospiropyran monolayer . Recently, we repprteo_l the developmgnt o_f a novel met_hoql to
' ' introduce new functions into redox proteins via the reconstitution
* To whom all correspondence should be addressed. Tel: 972-2-6585272.method. We showed that reconstitution of an apo-flavoenzyme,

Photostimulated biomaterials provide the grounds for devel-
opment of optobioelectronic devicés® The photochemical
“on—off” control of the functions of biomaterials represents the
optical recording event. The physical transduction of the
recorded optical signal, in the form of a secondary electronic
output, represents the complementary function for the integrated
operation of an optobioelectronic device. Amperometric trans-
duction of recorded photonic signals has been accomplished by,

. . : . . th
photostimulation of the bioelectrocatalytic properties of redox
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ferrocene-linked FAD cofactor, yields biocatalysts that exhibit
direct electrical contact with electrode surfaé&sfkeconstitution
of apo-GOx with a semisynthetic photoisomerizable nitrospiro-

pyran-linked FAD cofactor we reported generates a photoswit-

chable bioelectrocataly8t. Specifically, the direction of the
photoswitchable bioelectrocatalytic properties of GOx can be
controlled in solution by the application of electron-transfer
mediators of differing electrical chargés.

Blonder et al.

2. Preparation of Electrochemically Active Monolayer-Modified
Electrodes. The FAD-short-spacer-monolayer electrode was prepared
by soaking a clean, bare Au-electrode in a 0.02 M solution of 3,3
dithiodipropionic acid-NHS ested, in dimethyl sulfoxide (DMSO)
for 1.5 h. The resulting electrode was then soakedLfa in 0.01 M
HEPES buffer, pH 7.4, that contain@d5 mM. The resulting modified
electrode was then rinsed thoroughly with water to remove any
physically adsorbed components. The FAD-long-spacer-monolayer
electrode was prepared by soaking a clean, bare Au-electrode in a 0.01

Our laboratory has recently also reported novel means of M solution of1in DMSO for 1.5 h. The resulting electrode was treated
generating aligned, electrically contacted, enzyme electrodes foras described for the short-spacer-monolayer electrode.

bioelectronic applications. We demonstrated that surface-
reconstitution of apo-GOx on a pyrroloquinolinguinone-
FAD (PQQ-FAD) monolayer associated with an Au-electrode

The nitrospiropyrar FAD-mixed-monolayer electrode was prepared
by treating the FAD-long-spacer-monolayer electrode with 50 mM of
3 in solution in DMSO for 1.5 h. Isomerization of the monolayers

yields an aligned, bioelectrocatalytically active enzyme electrode from the merocyanine-state (MRFstate) into the spiropyran-state (SP-

of unprecedented efficient electrical cont&ciThis concept was
further developed to yield electrically contacted NAD{(P)
enzyme-electrodes via the cross-linking of affinity complexes
generated between the NAD(PJlependent enzyme and a PQQ-
NAD™ monolayert® Also, cross-linking of the affinity complex
layer formed between Co(Hprotoporphyrin IX-reconstituted
myoglobin and microperoxidase-11 on an Au-electrode yielded

state) and back was achieved by subjecting the electrodes to irradiation
at appropriate wavelengths. The electrodes were illuminated in air
outside the electrochemical cell.

The reconstituted GOx-monolayer electrodes were prepared by
treating each of the FAD-containing-monolayer electrodes with apo-
GOx, 4 mg mL-tin 0.1 M phosphate buffer, pH 7.0,1fd h at 25°C
and 12 h at £C. The electrodes were then rinsed by shaking the
treated electrodes ffd. h in 0.1 M phosphate buffer, pH 7.0, at°’€

a semisynthetic bioelectrocatalytic electrode for hydrogenation 5 gliminate any nonspecific protein adsorbates.

of acetylene dicarboxylic acid to form maleic aéid.
Here we report on a study that integrates our ability to

Electrode Characterization and Electrochemical Setup. Gold
electrodes (Au-wire 0.5 mfndiameter, geometric area0.2 cnf,

assemble photoisomerizable monolayer-modified electrodes withroughness coefficient-1.3) were used for all the modifications and
the concept of generating aligned-enzyme electrodes via recon-experiments that did not include the enzyme reconstitution. The

stitution to yield a photoswitchable enzymelectrode. We
demonstrate the light-stimulated activation of the bioelectro-
catalytic functions of GOx that had been reconstituted on a
nitrospiropyrar-FAD-mixed monolayer assembled onto Au-
electrodes.

Experimental Section

Materials. TheN-hydroxysuccinimide (NHS) ester of thioctic acid
(1) was prepared by coupling thioctic acid and NHS. To a mixture of
dry dichloromethane (5 mL) that contained thioctic acid (1 g) and NHS
(0.7 g) was added 5 mL of a dichloromethane solution containing 1.7
g of dicyclohexyl carbodiimide, and 120 mg of 4-pyrrolidinopyridine.
The resulting mixture was stirred overnight and filtered, after which
the solution was washed three times with water, three times with 5%
acetic acid solution, and again three times with water. The organic
layer was dried with MgS@ filtered, and evaporated to yel g of1.
NE-(2-Aminoethyl)-FAD @),*> and mercaptobutyl nitrospiropyra8)®

were synthesized and characterized as previously described. Apo-GOx

was prepared according to the literatété All other materials were
from commercial sources (Aldrich or Sigma).
Chemical Modification of Electrodes. 1. Electrode Pretreat-

modifications and the measurements of the bioelectrocatalytic system
were done on rough Au-electrodes (0.5 fngeometric area, 13- 5
roughness coefficient). A cyclic voltammogram for each electrode was
recorded in 0.5 M BESQO; to determine the purity of the electrode surface
prior to the modification. The actual surface area and roughness
coefficient for each electrode were estimated from the same cyclic
voltammogram by integrating the cathodic peak corresponding to the
electrochemical reduction of the oxide layer on the electrode surface.
Electrochemical measurements were performed with a potentiostat
(EG&G Versa Stat) linked to a personal computer equipped with an
electrochemistry software (EG&G research electrochemistry software
model 270/250). All measurements were carried out in a three-
compartment electrochemical cell consisting of the chemically modified
electrode as a working electrode, a glassy carbon auxiliary electrode
isolated by a glass frit, and a saturated calomel electrode connected to
the working volume with a Luggin capillary. All potentials are reported
with respect to the reference electrode. Argon bubbling was used to
remove oxygen from the solution in the electrochemical cell.

Quartz Crystal Microbalance (QCM) Measurements. Micro-

gravimetric QCM measurements were performed with a quartz crystal
analyzer (EG&G Model QCA917) connected to a personal computer.
Quartz crystals, 9 MHz (AT-cut, EG&G), sandwiched between two

ment. To remove the previous organic layer and to regenerate a bare Au-electrodes 4 = 0.186 cnf, roughness factor-3.5) were used.

metal surface, we treated the Au-electrodes with a kit solution

of KOH for 1 h, rinsed with water, and stored them in concentrated
sulfuric acid. Immediately before modification, we rinsed the electrodes
with water, soaked them for 10 min in concentrated nitric acid, and

Light-Induced Photoisomerization of Photoactive Monolayer
Electrodes. For generation of the nitrospiropyran photoisomer mono-
layer electrode (SP-state), the Au-electrode was irradiatéd>ati75
nm at ambient atmosphere with a 150-W xenon lamp (Oriel) equipped

then rinsed them again with water. Rough Au-electrodes were preparedwith a1 > 475 nm filter. For generation of the monolayer MRH

by amalgamization of the cleaned Au-electrodes according to the
literature!’

(10) Riklin, A.; Katz, E.; Willner, |.; Stocker, A.; Bekmann, A. FNature
1995 376, 672.

(11) Willner, 1.; Katz, E.; Willner, B.Electroanalysisl997, 9, 965.

(12) Willner, 1.; Heleg-Shabtai, V.; Blonder, R.; Katz, E.; Tao, G;
Biickmann, A. F.; Heller, AJ. Am. Chem. S0d.996 118 10321.

(13) Bardea, A.; Katz, E.; Btkmann, A. F.; Willner, 1.J. Am. Chem.
Soc.1997 119 9114.

(14) Heleg-Shabtai, V.; Katz, E.; Willner, 0. Am. Chem. Sod.997,
119 8121.

(15) Bickmann, A. F.; Wray, V.; Stocker, A. Mitamins and Coenzymes
Part | (Methods Enzymoll997 280, 360).

(16) Morris, D. L.; Buckler, R. TMethods Enzymoll983 92, 413.

(17) Riklin, A.; Willner, I. Anal. Chem1995 67, 4118.

state, the surface was irradiated at 360 A <380 nm at ambient
atmosphere with an Hg pencil lamp source (Oriel, 6042, long-wave
filter) held 1 cm from the surface of the electrode.

Results and Discussion

Electrochemical Properties of FAD Monolayers. The
sequence of transformations to generate the FAD monolayers
linked to the Au-electrode by two different space chains is
outlined in Scheme 1. The primary generation of an NHS
cysteic acid active ester monolayer or the assembly of the NHS
active ester of thioctic acid on the Au-electrode is followed by
covalent coupling o® to the base layer.
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Scheme 1.Preparation of the FAD Monolayers by Using (A) a Short-Spacer Linker; (B) a Long-Spacer Linker
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Figure 2. The peak-to-peak separatiakis, of the long-spacer thioctic
acid (solid circle) and the short-spacer cysteic acid (open circles) of
FAD monolayer-modified-electrodes at different scan rates.

Figure 1. Cyclic voltammogram of an electrode modified with the
long-spacer FAD monolayer in the background electrolyte of 0.1 M
phosphate buffer, pH 7.0. Potential scan rate, 100 mV s

The Cyclic Voltammograms of the Short_spacer FAD-mono- hence should indicate a different electron-transfer rate constant.

layer electrode and the long-spacer FAD-monolayer electrode, The interfacial electron-transfer rate constants for the short- and
taken against a background solution (pH 7.0) between 0 andlong-spacer FAD-functionalized electrodes were characterized
—0.6 V show a reversible electrochemical process (Figure 1). by following the peak-to-peak separatioAH) of the FAD-

The observed redox potentidf{= —0.45 V) corresponds to ~ redox waves at different scan rates (Figure 2) and by applying
the reversible redox reaction of the FAD molecules shown in Laviron’s method® The interfacial electron-transfer rate
eq 1. Coulometric analysis of reduction (or oxidation wave) constantke; = 350 s andket = 230 s* are derived for the

indicates surface coverages corresponding tox2 811 mol short-spacer and long-spacer FAD redox-active units, respec-
cm~2and 2.2x 10" mol cnr 2 for the short- and long-spacer tively. However, because the FAD-functionalized monolayer
FAD-functionalized electrodes, respectively. electrodes are nondensely packed assemblies, the spacer chains
linking the FAD sites to the electrode are flexible, allowing the
FAD +2e +2H" = FADH, (¢D)] redox probe to reach close to the electrode surface. This

prevents quantitative correlation between the interfacial electron-

Both FAD monolayers are electrochemically stable, and no transfer rate and the lengths of the spacers linking the FAD
decrease in the electrochemical signal of the FAD was Observedsites to the electrode. The observed difference in the electron-
after 1000 cycles. The short-spacer FAD monolayer and the transfer rates of the two FAD monolayers is consistent with an
long-spacer FAD monolayer should have different distances
between the FAD redox center and the electrode surface and (18) Laviron, E.;J. Electroanal. Chem1979,101, 19.
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Scheme 2.Reconstitution of Apo-GOx onto (A) the Short-Spacer FAD Monolayer Electrode; (B) the Long-Spacer FAD
Monolayer Electrode, and the Electrocatalyzed Oxidation of Glucose by the Modified Electrode
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enhanced average spatial separation between the FAD compo-
nent and the electrode generated by the longer tether chain.

Bioelectrocatalytic Activities of Surface-Reconstituted
GOx. The FAD-monolayer-functionalized electrodes were
interacted with apo-GOx to produce surface-reconstituted
glucose oxidase, GOx. Previous studies have shown that
synthetic electron-transfer mediators can electrically contact
redox enzymes and the electrode and stimulate the bioelectro-
catalytic activation of enzymes. For example, ferrocene deriva-
tives® quinones, ferricyanid® and even G?! act as electron-
transfer relays that activate GOx. Thus, the reconstitution of
apo-GOx onto the FAD monolayer can be probed by examining
the bioelectrocatalyzed oxidation of glucose by the reconstituted
enzyme electrode in the presence of a diffusional electron
mediator, as shown in Scheme 2. The electron relay that wasFigure 3. Cyclic voltammograms for the biqelectrocatalyzed oxidation
selected to probe the active reconstituted enzyme electrode i< 9lucose, 80 mM, at different concentrationstof (a) 0.1 mM; (b)
N-dimethyl-2-aminoethy! ferrocend), This specific electron 0.2 mM; (c) 0.5 mM (saturation concentratl_on). Curve d was recorded

. g L - against the background electrolyte solution. All experiments were
mediator is positively charged at pH 7.0 and was specifically  ocorded in a phosphate buffer, 0.1 M, pH 7.0, af@7under argon.
selected to photoactivate at a later phase the surface-reconstitutedcan rate 5 mv <.

GOx (see below). The long-spacer-bridged FAD-reconstituted

GOx electrode reveals bioelectrocatalytic properties for the syfficient flexibility for incorporation and reconstitution of the
oxidation of glucose (Scheme 2B). Figure 3 shows the cyclic FAD cofactor into apo-GOx (see below and Scheme 2A).
voltammograms of the reconstituted enzyme electrodes atControl experiments reveal that no electrocatalyzed oxidation
different concentrations of the electron mediatar The of glucose occurs in the presence of the FAD-monolayer
electrocatalytic anodic currents observed at the redox-potentialelectrodes pluss prior to interaction with apo-GOx. This

of the ferrocene electron relay indicate tiaihdeed mediates  indicates that the electrocatalytic anodic currents observed by
electrical contact between the surface-reconstituted enzyme andhe thioctic acid-FAD-reconstituted GOx originate from an
the electrode. That is, oxidation of the ferrocene relay yields active enzyme monolayer.

the oxidized electron mediator that oxidizes the flavin site of Microgravimetric QCM experiments allowed us to identify
the enzyme by a diffusional route. the formation of thin films at electrode suppottsin fact, we

On the other hand, treatment of the short-spacer bridged FADused QCM measurements to follow the dynamics of the
monolayer with apo-GOXx does not produce an electrode that isassembly of thiolated monolayers on Au-electrodes associated
bioelectrocatalytically active in the oxidation of glucose, even with piezoelectric quartz suppoftand to probe the association
at high concentrations of the cosubstrates: glucose at 80 mMof antibodie$* or glycoprotein® to antigen or to substrate
and5 at 0.5 mM. We assume that the short chain that is monolayer-functionalized Au/quartz crystals. The frequency
bridging the FAD unit to the electrode does not provide change of the quartz crystalf, upon a mass alteration &fm

(19) Cass, A. E. G.; Davis, G.; Francis, G. D.; Hill, H. A. O.; Aston, W. (21) Patolsky, F.; Tao, G.; Katz, E.; Willner, J. Electroanal. Chem.
J.; Higgins, I. J.; Plotkin, E. V.; Scott, L. D. L.; Turner, A. P. Rnal. in press.
Chem.1984 56, 667. (22) Kemula, W.; Krygowski, T. M. IrEncyclopedia of Electrochemistry

(20) Bartlett, P. N.; Tebbutt, P.; Whitaker, R. Brog. React. Kinet. of the Elements. Organic Sectiddard, A. J., Lund, H., Eds.; Dekker: New
1991 16, 55. York, 1979; Vol. 13, Chapter 2, p 77.
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Scheme 3.Design of a Photoswitchable GOx Electrode
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Scheme 4. Preparation of a NitrospiropyrarFAD Mixed-Monolayer Electrode
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occurring on the crystal, is given by the electron-transfermediated activation of the reconstituted
biocatalyst is facilitated in the presence of the positively charged
2nf02 relay,5". Photoisomerization of the monolayer to state B yields
Af=— |Am= —CAm= a positively charged isomer. This repels the positively charged
('“qrq) electron mediator and perturbs the electrical contact between
—1.83x 10° (Hz cnf g HAm (2) the enzyme and the electrode. Thus, co-immobilization of the
] ] photoisomerizable unit in the reconstituted GOx monolayer array
wheref, is the fundamental frequency of the crystalis the  yjelds a command surface for the electrical activation or
overtone numbem(= 1), pq is the density of the quartz (2.65  jnnipition of the biocatalyst. Since in an aqueous environment
g cm?), andugq is the shear modulus of quartz (2.8510" at pH = 7.0, the nitrospiropyran derivatives undergo photoi-

dyn cnm?). For the quartz crystals used in thegresent study somerization between a neutral nitrospiropyran and a positively
(AT-cut, 9 MHz) G = 1.83 x 10° Hz cn? g™~ Thus,  charged protonated nitromerocyan#eye decided to assemble

could be quantitatively followed by QCM analyses. Formation o reconstitute apo-GOXx on the functionalized monolayer to yield
of the reconstituted GOx electrode would be expected to increaseyne photoswitchable electrobiocatalyst.

the mass associated with the Au/quartz crystal, a process that
would be reflected by a frequency decrease.
The reconstitution of apo-GOx onto the long-spacer-bridged

thioctic—FAD I lect Its in afi h

( Al?)cclgrres onmdoirqo ?éeégseﬁzmdg rzsu IS i': aeregua?:g){;kiﬁnge pyran (SP-;tate) and FAD, or the protonated MRétate and

) P 9 - By applying €q 9 FAD, is outlined in Scheme 4. The long-spacer FAD-monolayer
into account the molecular mass of apo-GOx (180 kDa), we electrode (Scheme 1B) was treated wathb0 mM, for 1.5 h.

i 12
eSt',Tatﬁd tfhe surface ﬁoverage of GbOx todbeft’z{O‘t n;.OI th The cyclic voltammogram of the resulting SFFAD mixed-
cm “. o lrequency change was observed atier treating the monolayer electrode, taken against a background solution at
short-spacer cysteic acidcFAD monolayer with the apo-GOx between 0 and-0.6 V, shows only the waves corresponding

solution_. '_I'hus, the QCM experiments confirm the I_ack _Of to the redox process of FAD/FADHFigure 4, curve a). If,
reconstitution of apo-GOx onto the short-spacer cysteic-acid however, a more-negative potential range is applied, a single
FAT[?] mon?layer. f the FAD tituted GOX | irreversible cathodic peak appears in the first sé&an< —0.73

€ surface coverage or the -reconstitute X layer, V). The observed peak corresponds to the irreversible electro-

2 x 10712 mol cm?, is close to the calculated value for a : : . : : .
! chemical reduction of the nitro aromatic groups associated with
randomly densely packed GOx monolayer, 291012 mol group

cm 2. This value is calculated from the reported dimensions (23) (a) Kunitake, M.; Narikiyo, Y.; Manabe, O.; Nakashima JNMater.
of GOx,26 which exhibits a footprint area of 582A Realizing Sci. 1995 30, 2338. (b) Rickert, J.; Brecht, A.; Gel, W. Biosens.
ioelectron.1997, 12, 567.

that a randomly densely packed enzyme mopolaygr showed OnlyB (24) (a) Blonder, R.; Levi, S.; Tao, G.; Ben-Dov, I.; Willner,J. Am.

60% of the coverage of an ordered two-dimensional densely cpen’ Soc1997 118 10467. (b) Ben-Dov. I.; Willner. I.: Zisman, Bnal.

packed array? we find that the experimental biocatalyst surface Chem.1997, 69, 3506.

coverage of the electrode coincides with the calculated value. 195%52110;)%%”, Y. Levi, S.; Rubin, S.; Willner, 0. Electroanal. Chem.
Photogtlmulated Activation and Deactivation qf Sprface- (26) Nakamura, S.: Hayashi, S.; Koza, Biochim. Biophys. Acta976

Reconstituted GOx. The concept of photoactivating GOX 445 294,

reconstituted onto a FAD monolayer electrode is schematically  (27) Hlecht,lH- J.; Kalisz, H. M.; Hendle, J.; Schmid, R. D.; Schomburg,

; ) i i ivad D. J. Mol. Biol. 1993 229 153.
shown in SChem.e 3 The apo-GOx is reconstltuted on a mixed (28) (a) Guglielmetti, R. InPhotochromism: Molecules and Systems
monolayer consisting of FAD and a photoisomerizable com- pyr H. Bouas-Laurent, H., Eds.; Elsevier: Amsterdam, 1990: p 314. (b)

ponent. In state A, the photoisomerizable unit is neutral; hence Katz, E.; Lion-Dagan, M.; Willner, 1J. Electroanal. Chen.995 382, 25.

Electrochemical Properties of Nitrospiropyran—FAD Mixed
Monolayer. The sequence of transformations to generate the
photoisomerizable mixed monolayer consisting of nitrospiro-
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Scheme 5. Photoregulated Electrocatalyzed Oxidation of Glucose by the Reconstituted GOx onto the Photoisomerizable
Nitrospiropyrar-FAD Monolayer Electrode

5 i
N
cHps—¢/ @D
o
(5) hv,
O ~— electrostatic
N CHs glucose hv, repulsion
3)
MRH*-GOx
the spiropyran component of the monola§®2°eq 3, where 3fF FAD/FADH,  Ar-NH-OH/Ar-NO
Ar represents the aromatic system of the SP units. » v e
/
ArNO, + 4H" + 4e — ArNHOH + H,0 3) 1k o~
/
Three redox processes were recorded during the second sca or /
(Figure 4, curve b). The more-positive redox process, which -1 F /
is quasi-reversibleE? = —0.17 V), is attributed to the reduction 5 /
idati 2| /
and the oxidation of the secondary product formed by the < i
electrochemical reduction of the nitro grot§s,2°as shown in 3. -3 / ;
eq 4. The second reversible redox procegs=t —0.45 V), = 4L / //
corresponds to the FAD/FADjlectrochemical reaction. ] ," /
= i /
Ar—NHOH + 26" = Ar—NO (4) N ;’ /
The third irreversible cathodic peak, corresponding to the T ,’ //

electroreduction of the nitro groups, decreased dramatically over 8L i /
several cycles and then disappeared completely. Thus, the i /
electroactivity of the nitro substituents of the SP monolayer 9r { /”f'
provides a means for characterizing the SP coverage on the ok ’ Ar-NO,> Ar-NHOH
electrode surface. If we assume a two-electron-transfer mech- L [ | | | [
anism for the redox process of ANHOH/Ar—NO (Figure 4, 10 08 06 oA T 0
curve b), the estimated surface coverage of the immobilized
SP will be 1.5x 10~ mol cnT2. Thus, the electroactivity of E/V

the SP monolayer provides a means for characterizing therigyre 4. Cyclic voltammograms of an electrode modified with a
monolayer coverage of the electrode surface. However, ap-nitrospiropyran-FAD mixed monolayer. (a) In the potential range from
plication of a potential more negative that0.6 V destroyed 0to—0.6 V; (b) second cycle scanned in the region 6-@85 V and

the SP component in the monolayer; hence, to retain the after the application of a first cycle between 0 an.85 V. All
photochemical properties of the photoisomerizable monolayer, voltammograms are recorded at the scan rate 100 MV s

we performed all further electrochemical experiments at po-

tentials more positive thar0.6 V. The surface coverage of electron mediator, as shown in Scheme 5, in two of the different
the FAD units by coulometric assay of the FAD/FARWaves photoisomer states of the monolayer, e.g., SP-GOx and MRH
(Figure 4, curve b), was determined to b& 20~ mol cnm 2, GOx. The SP-GOx monolayer electrode responded with
(After the FAD monolayer electrode was treated wa{honly electrocatalytic activity (Figure 5, curve b). The electrocatalytic
~10% of the FAD units were desorbed from the electrode anodic current at the oxidation potential of the electron mediator
surface.) The molar ratio of SP:FAD on the electrode surface indicates the bioelectrocatalyzed oxidation of glucose by the

was calculated to be 3:4. surface-reconstituted enzymelectrode. In fact, the resulting
Photoswitchable Bioelectrocatalytic Activities of GOXx anodic current is almost identical to the current observed with
Reconstituted onto the Photoisomerizable Nitrospiropyran- the reconstituted GOx on the pure FAD monolayer. Thus, the

FAD Mixed Monolayer. The photoisomerizable nitrospiro-  surface coverages of the enzyme in the single-component FAD
pyran—FAD monolayer was interacted with apo-GOx to yield monolayer and in the nitrospiropyrarAD mixed monolayer

the reconstituted GOx on the electrode. are almost identical. This is consistent with the observation
The electrocatalyzed oxidation of glucose by the reconstituted that the coulometric analysis of the FAD redox waves in the
GOx electrode was recorded in the presenceas a diffusional two monolayer configurations gives somewhat similar results.

(29) The electrical responses ®fre identical in the presence of either Thus, the mtrOSpl.mpyran. un_lts bind to the Au-electrode in
the SP- or MRH-monolayer electrodes, despite the positive charge Surface-defect regions or in pinholes of the nondensely packed
associated with reduce This can be attributed to the presence of surface  FAD-monolayer electrode. Upon photoisomerization to the
defects in the monolayer assembly, which enables electrical communication \RH+-GOx monolayer electrode (generated by UV irradiation
between5 and the electrode. Upon oxidation & the electrostatic . L

at 360 nm< 1 < 380 nm), the electrocatalytic activity of the

interactions are amplified as a result of the formation of a redox mediator . Y T "
bearing two positive charges. reconstituted GOx is inhibited (Figure 5, curve c) and only the
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obtained by applying a negatively charged ferrocene electron
mediator, i.e., 1/Yerrocene dicarboxylic acid, as electron
mediator instead 05 in the bioelectrocatalyzed oxidation of
glucose in the presence of the photoisomerizable SP/M&tdl
a surface-reconstituted GOx monolayer electrode. The ferrocene
electron mediator includes two negative charges in its reduced
form, turning into a single-negative-charge carrier upon oxida-
tion. With this negatively charged electron mediator, the
electrocatalytic anodic currents observed upon oxidation of
glucose with the SP or MRHstates of the surface-reconstituted
GOx-electrodes were almost identical, there being a slight (5%)
enhancement of electrocatalytic current for the monolayer
electrode in the MRH-state. This is consistent with the fact
0 o1 02 03 04 05 06 that the latter electron mediator is not repelled by any of the
E/V photoisomerizable states of the monolayer electrode, and the
Figure 5. C_yclic voltammograms for the bioelectrocatalyzed oxidation minute enhancement of the electrocatalytic current in the
of glucose in the presence 6{0.5 mM. (a) SP-GOx ar MRH-GOx presence of the MRHmonolayer electrode can be attributed
monolayer electrode in the absence of glucose; (b) SP-GOX monolayery, o alactrostatic attraction of the negatively charged electron
electrode in the presence of glucose, 80 mM; (c) MRBOx . o
monolayer electrode in the presence of glucose, 80 mM. mediator to _the eIe_ctrode. Thus reconstitution of _the enzyme
onto a photoisomerizable monolayer electrode provides a means
30 for the amplified amperometric transduction of optical signals
recorded by the monolayer. In other words, we have tailored
an “on—off’ photoswitchable enzyme-electrode for the bioelec-

1/ pA

20 trocatalyzed oxidation of glucose.
< Conclusions
:1 10 In the present study we have addressed novel methods for

generating FAD monolayers and nitrospiropyrd&AD mixed
monolayers on Au-electrodes, and have detailed the assembly
of biocatalytic GOx monolayer electrodes via the reconstitution
of apo-GOx with FAD. The reconstituted enzyme electrodes
yield bioelectrocatalytic interfaces for the electrooxidation of
glucose. Reconstitution of apo-GOx onto the photoisomerizable
nitrospiropyran-FAD mixed-monolayer electrode creates a
Isomeric State photoswitchable bioelectrocatalytic electrode. The surface-
Figure 6. Cyclic amperometric transduction of optical signals recorded reconstituted GOx on the photoisomerizable nitrospiropyran
by the. recons_tituted photoisomerizable GOXx eleCtl’O-de. Net electro- FAD mon0|ayer represents an Organized array acting as a
catalytic anodic currents & = 0.4 V are presented. Circles, MRH photocommand interface for controlling the bioelectrocatalytic
squares, SP. activities of the enzyme. In the nitrospiropyraRAD/GOx
configuration of the monolayer, the ferrocene relay mediates
electron transfer between the enzyme and the electrode and
activates the bioelectrocatalyzed oxidation of glucose. In the
protonated merocyanird=AD/GOXx configuration of the mono-
layer, the oxidized electron relay is electrostatically repelled
from the electrode surface and the bioelectrocatalyzed oxidation
of glucose is blocked. The reconstituted enzyme on the
photoisomerizable electrode generates an optobioelectronic
assembly that results in the amplified amperometric transduction
of photonic information recorded by the monolayer interface.
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background current of the electron mediator is observed. The
MRHT-GOx monolayer electrode is positively charged, so the
positively charged oxidized electron mediafdris repelled by
the functionalized monolayéP. Further isomerization of the
MRHT-GOx monolayer electrode (by irradiation at> 475
nm) to the SP-GOx monolayer restores the electrocatalytic
anodic current. We applied the photoisomerizable GOx elec-
trode to organize an optobioelectronic device: By cyclic
photoisomerization of the enzyme monolayer electrode between
the SP-GOx and the MRHGOX states, reversible activation
and deactivation of the electrobiocatalyzed oxidation of glucose
are stimulated (Figure 6).

Further support for the electrostatic function of the composite
monolayer in controlling the mediated electrical contact between
the biocatalyst and the positively charged electron mediator is JA981126N
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