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Integration of Layered Redox Proteins and Conductive Supports for

Bioelectronic Applications

Itamar Willner* and Eugenii Katz

Integration of redox enzymes with an
electrode support and formation of an
electrical contact between the biocata-
lysts and the electrode is the funda-
mental subject of bioelectronics and
optobioelectronics. This review ad-
dresses the recent advances and the
scientific progress in electrically con-
tacted, layered enzyme electrodes, and
discusses the future applications of the
systems in various bioelectronic devi-
ces, for example, amperometric bio-
sensors, sensoric arrays, logic gates,
and optical memories. This review
presents the methods for the immobi-
lization of redox enzymes on electro-
des and discusses the covalent linkage
of proteins, the use of supramolecular
affinity complexes, and the reconstitu-
tion of apo-redox enzymes for the
nanoengineering of electrodes with
protein monolayers of electrodes with
protein monolayers and multilayers.
Electrical contact in the layered en-
zyme electrode is achieved by the
application of diffusional electron me-
diators, such as ferrocene derivatives,
ferricyanide, quinones, and bipyridini-
um salts. Covalent tethering of elec-

tron relay units to layered enzyme
electrodes, the cross-linking of affinity
complexes formed between redox pro-
teins and electrodes functionalized
with relay-cofactor units, or surface
reconstitution of apo-enzymes on re-
lay-cofactor-functionalized electrodes
yield bioelectrocatalytic electrodes.
The application of the functionalized
electrodes as biosensor devices is ad-
dressed and further application of
electrically “wired” enzymes as cata-
Iytic interfaces in biofuel cells is dis-
cussed. The organization of sensor
arrays, self-calibrated biosensors, or
gated bioelectronic devices requires
the microstructuring of biomaterials
on solid supports in the form of or-
dered micro-patterns. For example,
light-sensitive layers composed of
azides, benzophenone, or diazine de-
rivatives associated with solid supports
can be irradiated through masks to
enable the patterned covalent linkage
of biomaterials to surfaces. Alterna-
tively, patterning of biomaterials can
be accomplished by noncovalent inter-
actions (such as in affinity complexes
between avidin and a photolabeled

biotin, or between an antibody and a
photoisomerizable antigen layer) to
provide a means of organizing protein
microstructures on surfaces. The or-
ganization of patterned hydrophilic/
hydrophobic domains on surfaces, by
using photolithography, stamping, or
micromachining methods, allows the
selective patterning of surfaces by
hydrophobic, noncovalent interactions.
Photoactivated layered enzyme elec-
trodes act as light-switchable optobioe-
lectronic systems for the amperometric
transduction of recorded photonic in-
formation. These systems can act as
optical memories, biomolecular ampli-
fiers, or logic gates. The photoswitch-
able enzyme electrodes are generated
by the tethering of photoisomerizable
groups to the protein, the reconstitu-
tion of apo-enzymes with semisynthet-
ic photoisomerizable cofactor units, or
the coupling of photoisomerizable
electron relay units.

Keywords: bioelectronics - biosensors
- electron transfer - enzyme electro-
des - monolayers
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1. Introduction

Bioelectronics is a rapidly progressing field at the junction
of chemistry, biochemistry, and physics.l!! The basic feature of
a bioelectronic device is the immobilization of a biomaterial
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onto a conductive or semi-conductive support, and the
electronic transduction of the biological functions associated
with the biological matrices. Biomaterials that can be thus
assembled include proteins, that is, enzymes,?! receptors,?* 3l
antibodies or antigens, oligonucleotides or DNA frag-
ments,’! or low molecular weight molecules exhibiting affinity
interactions with other biomaterials such as cofactors, namely,
NAD(P)*,1% biotin,["! or, for example, saccharides exhibiting
affinity interactions with lectins.l®! Different electronic signals
were employed to transduce the biological functions occur-
ring at the support element.’?l These include electrical
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transduction, namely, current,”) potential changes,* % capaci-
tance,'!! and impedance,'?! piezoelectric transduction,” 3 and
field effect transistor (FET) transduction* and others.>» 19!

Systems that employ enzymes as bioactive interfaces
represent the most extensively studied assemblies in bioelec-
tronics. Electronic transduction of the enzyme-substrate
interactions provides a general analytical means to detect the
respective substrate. The high specificity of enzyme —sub-
strate interactions, and the usually high turnover rates of
biocatalysts, open the way to tailor sensitive and specific
enzyme-based biosensor devices.l') Activation of enzymes at
conductive surfaces allows the application of biocatalysts in
electrically driven biotransformations (electrobiosynthe-
sis).’l Recently, photosensitive enzymes!'®! and proteins"]
assembled on electrode surfaces were activated by light, and
the recorded optical signals were electronically transduced by
the support. The high turnover rates of the enzymes allowed
the amplified electronic transduction of weak optical sig-
nals.'®*! The potential application of such systems in optical
memories, optical bioswitches, electronic gates, and biological
actinometers has been addressed.?"!

Bioelectronic systems based on other biointerfaces, for
example, DNA sensors or immunosensors, often make use of
enzymes as biological probes of the recognition elements for
biological affinity.”!! The high turnover rates of enzymes
provide a sensitive means for the amplified transduction of
biointeractions between the affinity recognition pairs that
control the enzyme functions and their electrical contact with
electrode supports.

The organization of an enzyme-based bioelectronic system
requires the integration of the biocatalyst with the conductive
supports to the extent that the biocatalytic transformation is
electronically transduced (Figure 1 A). Any electrical changes
at the support element as a result of the biocatalytic process,
that is, depletion of the reactant or formation of the product,

A) i
Py e
transduced
current
z ‘ substrate
product
B) [
e
Rl 0, +2Ht
transduced H,0,
current -
—— X
’ substrate

product

Figure 1. Integrated enzyme electrodes for bioelectronic applications:
A) bioelectrocatalyzed oxidation of a substrate, B) electrochemical reduc-
tion of H,0O,, which is formed upon the O,-biocatalyzed oxidation of the
substrate.

provide routes for the electronic transduction of the biological
processes occurring at the electrode surface. For example, the
changes in potential at conductive supports as a result of
biocatalyzed O, depletion,??! NH; formation, or CO, evolu-
tion, > represent electronic signals responding to the respec-
tive biocatalyzed transformations. Amperometric detection of
enzyme-generated products, such as H,O,, was often used in
the development of biosensor devices (Figure 1B).24

Direct electrical activation of enzymes, and particularly
redox enzymes, represents a general approach to stimulate the
bioelectrocatalyzed oxidation (or reduction) of the enzyme
substrates.” Provided electron transfer between the elec-
trode and the redox enzyme is fast, the resulting current

and thin-film assemblies.
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corresponds to the turnover rate of the electron exchange
between the substrate and the biocatalyst. Hence, the
transduced current reflects the substrate concentration in
the system. Direct electrical communication between redox
proteins, and specifically redox enzymes, and electrodes is,
however, usually prohibited.”) Electron-transfer theory*
defines the rate of electron transfer between a donor-ac-
ceptor pair by Equation (1), where AG® is the change in free

—(AG® +2)
ko ocePld—do)lg  4RTA 1)

energy associated with electron transfer and the generation of
the redox products; A is the reorganization energy; d, is the
van-der-Waals distance and d the actual distance separating
the donor and acceptor; and f is the electronic coupling
coefficient. This relation emphasizes that the donor —acceptor
separation distance is a major factor that controls the electron
transfer rates. In fact, for most redox proteins (diameter 80—
150 A) the redox centers are deeply embedded in the protein
and therefore electrically insulated. That is, redox enzymes
(or proteins) that form a donor-acceptor pair with an
electrode support lack electrical contact with this support.

The topic of bioelectronics relies on this basic feature of
electrical contact between biomaterials and electrode surfa-
ces. Various bioelectronic devices are based on the design of
an artificial electrical contact between redox proteins and the
electrode interfaces. In these systems the biofunctions of the
proteins are electrochemically driven and stimulated by
electron transfer.”” In other bioelectronic systems the per-
turbation of the electrical contact between redox proteins and
the conductive support is used as a transduction signal of
biochemical events.[> 1!

The tailoring of bioelectronic systems requires the assembly
of biomaterials on solid conductive supports and the design of
the appropriate electronic communication between the bio-
logical matrices and the support element. The chemical means
to support the biomaterials include the immobilization of
proteins and redox enzymes on electrodes by means of
polymers,””) membranes,?! carbon paste,? and sol-gel
materials.’” The electrical contact with conductive supports
was accomplished by the application of redox polymerst! or
conductive polymers.”? Functionalization of solid surfaces
with monolayers of organic compounds and biomaterials has
been a subject of extensive research for more than two
decades.® Tt is the aim of this review article to address the
chemical methods for integrating biomaterials and electronic
transducing elements. We discuss in particular the assembly of
redox enzymes, redox proteins, and semisynthetic redox
biocatalysts of natural origin as monolayers or multilayers
on solid supports. We address recent advances involved in the
integration and electronic coupling of redox proteins with
conductive surfaces. Special emphasis is given to summarize
the state-of-the-art methods of spatially patterning surfaces
with biomaterials, and of generating ordered nanostructures
of proteins on solid supports. Finally, we discuss the organ-
ization of optobioelectronic systems, and present the activa-
tion of redox proteins associated as layers on electrode
supports by external light stimuli. We have tried to emphasize
the present and future applications of such integrated

Angew. Chem. Int. Ed. 2000, 39, 1180-1218

assemblies consisting of proteins and electronic transducer
elements within the broad context of bioelectronics and
optobioelectronics. It is anticipated that the rapid progress in
the area will lead to novel biosensor devices, biofuel cell
elements, and biomaterial-based computing systems and logic
gates.

2. Surface Functionalization of Electrodes for
Covalent Linkage of Enzymes

Covalent linkage of proteins to conductive or semiconduc-
tive supports often utilizes the availability of functional
groups on the surface of the solid support. For example,
metal-oxide materials such as TiO,, SnO,, contain surface
hydroxyl groups that are synthetically useful for the coupling
of organic materials.?*! Noble metals (Au, Pt) were chemi-
cally®®! or electrochemically?® pre-treated to generate such
surface hydroxyl functions.’”l Carbon electrodes, after appro-
priate chemical treatment, contain different surface-associ-
ated functional groups (carboxylic, carbonyl, lactone, hydrox-
yl, etc.) capable of attachment to proteins.”® To control the
surface density of functional groups on a graphite surface and
their chemical activity, O,-plasma,! strong oxidants,*! or
electrochemical oxidation*! were applied. Amino functions
were introduced onto graphite electrodes by their treatment
with NH;j-plasma.?l Some other electrode materials, for
example, p-InP, were functionalized by applying special
chemical treatment.l The following section will summarize
different routes used for the activation of solid surfaces for the
covalent attachment of proteins.

Cyanuryl chloride (2,4,6-trichlorotriazine, 1), is a versatile
reagent for the activation of surfaces and subsequent immo-
bilization of enzyme layers.[*! Electrode surfaces functional-
ized by hydroxyl groups, such as glassy carbon, pyrographite,
or metal oxides, such as SnO,, In,0;, TiO,, react with 1 to
form oxy-substituted mono- and dichlorotriazine layers (Fig-
ure 2). These residues react with amino or hydroxyl groups on
the lysine and tyrosine residues of the protein. The resulting
protein monolayer is linked to the electrode by a single
anchoring site or by multiple sites involving several amino
acid residues and triazine units. Table 1 summarizes several
enzymes and proteins that were anchored as monolayers to
different electrode supports using the triazine as a linking unit.

cl
= : cl
OH C1—<\N P —OH N—C
oxidized N_< \
carbon or OH 1 — O\ /
metal |]—OH 1 —OH N
OH | |-on cl
FoN-Lys 1 HN-Lysw,
—OH N=(
—0~<\N /N
—OH N—<
> —oH a

Figure 2. Assembly of enzyme-layered electrodes by the functionalization
of the conductive support with cyanuryl chloride (1).
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Table 1. Enzymes linked to electrode surfaces through cyanuryl chloride (1).

Enzyme Electrode Enzyme load- Electrochemical Substrate Analyzed concen- Response Optimal Electrode Ref.
material ing [molcm™2] response tration range [M] time[s] pH stability
pyrographite - amperometric glucose 2x107°-5x102 25 7.0 20d [45a]

glucose oxidase pyrographite - differential pulse glucose - - - - [45b]

(EC1.1.34) from voltammetry

Aspergillus niger pyrographite - amperometric glucose - - - - [45c]

L-amino acid pyrographite - amperometric L-phenylalanine 1x 10™#-5x 1072 25 7.5 30d [45a]

oxidase (EC 1.4.3.2) . . . L-phenylalanine,

from Crotalus atrox pyrographite - potentiometric L-methionine, 1x105-1x102 2-25 7.0-75 75d [46]

venom L-leucine

alkaline phosphatase glassy (1.4-9.7) x 102 amperometric, RDE catechol 1x1073-1x10"2 30 - - [47]

(EC3.1.3.1) from E.Coli carbon phosphate

a-chymotrypsin IrO, - potentiometric, N-benzoyl-L- - 12 7.8 - [48]

(EC3.4.21.1) flow-injection tyrosine

ethyl ester

ferritin (type 1) from pyrographite (7.7-20) x 10! - - - - - - [49]

horse spleen

urease (EC 3.5.1.5) IrO, - potentiometric urea 5x107°-1x107 100 7.0 12d [50]

treatment

Carboxylic acid groups or amine functions, directly attach-
ed to the conducting support can be used for the covalent
coupling of complementary amino groups on the lysine residues
or carboxylic acid groups of aspartic/glutaric acid residues,
respectively. Oxidation of carbon surfaces yields surface-asso-
ciated carboxylic acid functions.”®l The carboxylic acid resi-
dues are functionalized to an active ester using carbodiimide
reagents,®!l to acyl halides using thionyl chloride,? or to a
mixed anhydride by the reaction with an anhydridel! prior to
the coupling of the functionalized monolayer associated with
the electrode to the protein (Figure 3 A). The surface density
of carboxylic acid residues on the electrode is an important
parameter in controlling the effectiveness of covalent attach-
ment of the protein. It was suggested that the electrode area
equivalent to the footprint of the protein molecule should

1) activation of surface
le) carboxylic groups
I -
FC—OH 2) surface reaction
with enzyme

1 HyN-Lys
. ®
oxidative Enzyme
treatment A)

carbon
material

NH;-pl.
3-p asma‘ B)

1) activation of enzyme
carboxylic groups
—NH2 -
2) surface reaction
with enzyme

[0}

H II—Gl ®
0-C=Glu Enzyme

Figure 3. Covalent linkage of enzyme layers to carbon electrodes by
coupling of amino and carboxylic functions.
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include at least ten carboxylic acid residues to achieve an
efficient coupling of the protein.?*! The average distance,
about 5 A, between surface carboxylic groups was deter-
mined®¥ by labeling experiments and X-ray analysis. The
deposition of albumin on the electrode surface as a sub-
monolayer resulted in an increase in the amount of the
peroxidase linked to it as a secondary monolayer.” This
effect was attributed to the increase in the number of
functional groups available for the peroxidase coupling. It
was reported that enzymes also link to carbon surfaces
functionalized with carboxylic acid groups in the absence of
appropriate activation reagents.P> 3> This was attributed to
the possible availability of anhydride groups on the carbon
surface, which were formed during the oxidation of the
support.% Amino-functionalized graphite electrodes®! were
used for covalent coupling with carboxylic groups of enzymes
(Figure 3B).PU Table 2 summarizes some of the enzymes
immobilized onto carbon electrodes through amide bonds.

The attachment of functionalized olefins or acetylenes to Pt
surfaces® or carbon electrodes!®? allows the activation of the
support for the secondary coupling of organic molecules,
particularly enzymes.P! Pretreatment of the electrodes yields
radical sites that react with m bonds and result in their
attachment to the electrode surface. Different redox groups
were immobilized at Pt and graphite electrode surfaces by this
method, and the technique was also applied for the immobi-
lization of enzymes (for example, glucose oxidaselY). Fig-
ure 4 shows such an immobilization by the primary activation
of the surface with (w — 1)-vinylcarboxylic acids or amines
and the subsequent coupling of the enzyme to the base
layer.!l

The strong -7 interactions between the hydrophobic basal
surface of graphite electrodes (highly oriented pyrographite
monocrystals) and polycyclic aromatic systems allow the
stable immobilization of functionalized aromatic systems on
the conductive support.®] The functionalized surfaces were
used for the covalent immobilization of many organic and
bioorganic materials (Figure 5).%

Angew. Chem. Int. Ed. 2000, 39, 1180-1218
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Table 2. Enzymes linked to carbon electrodes through amide bonds.

Enzyme Enzyme loading  Electrochemical ~ Substrate Analyzed concen-  Optimal Electrode Ref.
[molem~2] response tration range [M] pH stability
glucose oxidase (EC 1.1.3.4) from (0.4-3.5)x10"2  amperometric glucose - 45-6.0 12-15d [24a-c,4la,
Aspergillus niger 51, 57-59]
xanthine oxidase (EC 1.2.3.2) from - amperometric, xanthine 7x1076-6x10° - 7d [10, 38b]
buttermilk potentiometric
horseradish peroxidase - amperometric H,0, - 3.8 10d [38b]
(EC1.11.1.7)
lactoperoxidase (EC 1.11.1.7) from - amperometric lactate - 4.5 10d [38b]
bovine milk
a-Chymotrypsin (EC 3.4.21.1) from - - acetyl-L-tyrosine — - - [41a]
bovine pancreas ethyl ester
lactate dehydrogenase (EC 1.1.1.27) 14 x 10 amperometric lactate 6.0-75 21d [60]
from rabbit skeletal muscle
R—X or multilayers on the conductive or semiconductive surfaces.
CHy—=CH—R—X Metallo-oxide el d h SnO, .65 Tj [66] R [67]
carbon . (|:H etallo-oxide electrodes, such as SnO,, 10,, uO,,
material o [68] :
oL Pt X = COOH or NH, CH, a{ld .InXS.nyOZ, represent suitable hydroxylate.d supports.
R is a spacer Silanization of metal electrodes, such as Pt, requires electro-
chemical oxidation of the surface to an oxide monolayer that
if X = COOH if X=NH, provides hydroxyl functions.*”’ Non-metal oxidized electrode
carbodiimide o (|)| X surfaces (for example, glassy carbon electrodes) were also
HNLys coupling of Ho-C-Clg successfully silanized.® Different functional groups (usually
carboxylic and Enzyme . . .
amino groups amino, but also thiol, ester, etc.) can be introduced onto

(o}

/R—E?I)—HN-Lys /R—NH—(IEI—GIu
(|JH (le

CH, CH,

Figure 4. Modification of electrodes with functionalized m adsorbates for
the covalent linkage of enzymes. R =(CH,),, n=0-38.

ﬂ Q
_(CHp)3—C—0 —N>;|
(6]
basal plane
graphite surface
Il
H,N-Lys ~(CHy)3—C—HN-Lys
Protein Protein

Y

Figure 5. Functionalization of graphite electrodes with polyaromatic -
electron modifiers for protein immobilization.

Alkoxy- or halosilanes are reactive substances for the
derivatization of hydroxy-functionalized supports, and their
hydrolysis by the hydroxyl groups yields siloxane monolayers

Angew. Chem. Int. Ed. 2000, 39, 1180-1218

hydroxylated electrode surfaces by the application of func-
tionalized silane reagents. These modified electrode surfaces
were used for immobilization of numerous organic and
bioorganic compounds with electrochemical, photochemical,
catalytic, and biocatalytic properties.’” Several of the en-
zymes (proteins) assembled by this method (Figure 6) are
summarized in Table 3.

OH O.

2351 X Ni~x
OH = o \0
Z= Cl,0CH;, OC,Hs \
OH OH

X= NH,, SH, N=C=S

—_———

O,
Y8 \Si’\/“X—Y
Enzyme 0/ \(i
OH

Figure 6. Assembly of functionalized, layered siloxane assemblies on
electrodes for the immobilization of enzymes. Y is a complementary
functional group for X.

The self-assembly of thiol™ or disulfide™ (and less
commonly sulfide,[ thione,™ S-heterocycle,”! and isothio-
cyanatel™) monolayers on various conductive supports,
mainly Aul 8! but also Pt Agl® Culfe-el (and less
frequently Ir,® Fe3 Hg!®! amalgamated Pt[% etc.) or
semiconductive materials such as GaAs®®”l and InP® have
been the subject of extensive recent research efforts.[ 3 7% 81
Thiolated monolayers on Au surfaces were extensively
characterized in respect to their structural features™ and
dynamics of formation®! by using various physical methods
such as XPS (X-ray photoelectron spectroscopy),® FTIR
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Table 3. Enzymes (proteins) covalently linked to electrode surfaces through functionalized silanes.

Enzyme/protein Elec- Protein Electro- Substrate Analyzed Response Optimal  Electrode Ref.
trode loading chemical concentra-  time pH stability
material [molcm™2] response tion range

glucose oxidase (EC 1.1.3.4) from Pt - amperometric  glucose 1-4mm 40s - 9 months  [24d]

Aspergillus niger

horseradish peroxidase SnO, - amperometric  H,O, - - - - [71]

(EC1.11.1.7)

acetylcholinesterase (EC 3.1.1.7), Pt - - acetylcholine - - 72-78 - [72]

electric eel, type VI-S

Photosynthetic reaction centers Pt 1.5x10"2 amperometric light and re- - 3 min 8.0 7d [19a-¢]

from bacteria Rhodobacter or duced cyto-

sphaeroides R-26 potentiometric chrome c

spectroscopy, contact-angle determination,® ellipsome-
try,® surface plasmon resonance,” quartz-crystal micro-
balance,®! electrochemical methods,””! STM (scanning tun-
neling microscopy),” AFM (atomic force microscopy),!
and others.'") Formation of Au-thiolate monolayers from
thiols was attributed to oxidation of the Au surface by the
thiol [Eq. (2)].* 7 The reduction of an oxide layer associ-

Au,+RSH — Au, ;Au—SR + 2H, ?2)

ated with the Au surface by the thiol was suggested as an
alternative route [Eq.(3)].'") Formation of the thiolate
monolayer on Au surfaces from the disulfide precursor was
attributed to the reduction of the disulfide bond by the Au
surface [Eq. (4)].74 7

Au, ,Au,0 +2R-SH —
Au, ,(Au-SR), + H,0

@ M

Au, +RSSR — Au, ,(Au-SR), @)

HS—~——X

or

§—~—X

Amino- or carboxylic acid-functionalized thiolate mono-
layers associated with Au electrodes were covalently coupled
to complementary carboxylic or amino groups of glutaric/
aspartic or lysine residues of enzymes and redox proteins,
respectively (Figure 7A).[" To prevent the enzyme deacti-
vating upon linkage to short thiolate spacers, through
interaction of the protein with bare Au domains, stepwise
construction of thiolate layers with long spacers on electrode
supports was performed.l''”] For example, coupling of glutaric
dialdehyde to a cystamine monolayer associated with an Au
electrode, followed by the coupling of lysine residues of the
protein through formation of a Schiff base, yields a long-spaced
protein monolayer.l'! Similarly, linkage of diisothiocyana-
tostilbene disulfonate to a cystamine monolayer, followed by

®

Enzyme

S—~——X

A variety of redox species, for example, A"

ferrocenes,'”?l  N,N'-dialkyl-4,4'-bipyridin-
ium,[* 193] quinones,®'® 8194 porphyrins
and phthalocyanines,® 191 heterocyclic
dyes,['% metal complexes,'” molecular re-
ceptors such as cyclodextrins,'®! calixa-
renes, > 1% supramolecular complexes,!1%
and bulky organic molecules,''! such as
fullerene (Cq)l'''*<l and dendrimers,!''d
were anchored to Au supports by thiolate
bridging groups. Thiolate monolayers asso-
ciated with metal surfaces or semiconductor
surfaces (GaAs, CdS) were used to generate
nanostructures of colloids and clusters."?]
The self-assembly of thiolate monolayers on
Au supports was used to generate micro-
scopic patterns[''*l and to tailor interfaces of
controllable hydrophobic/hydrophilic do-
mains."'¥] The assembly of photoisomeriz-
able monolayers on Au surfaces through
thiolate bonds was used to organize surfaces
for the amperometric transduction of opti-
cal signals recorded by the monolayer
interface.l''”] Different aspects of the as-
sembly of thiolate monolayers have been
reviewed.> 37 8

B)

@

Enzyme
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_— Au

1
X = NH,,SH,OH,C-0H,

Lys-NH, 2 S )

N

—_—

S~—X ————— = Au f S ~—X—y

Enzyme

Q

i
C-O-N

O
~ o+ + -
CI H2N:© NH, CI

Il
Lys—NH-C —CH2—CH2—CH2—SH
Enzyme

+ -
NH, CI
I
S—CHy—CHy~CHy-C—NH—Lys
o

Enzyme

Figure 7. A) Self-assembly of functionalized, thiolated monolayers on Au electrodes for the
covalent linkage of enzymes. X is a functional group for coupling with a protein. Y is a
complementary functional group to X. B) Modification of proteins with thiol functionalities for
self-assembly on Au supports.
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the coupling of the protein glutathione reductase to the
thiocyanate function by a thiourea bond, generates an enzyme
monolayer separated by a stilbene unit.l'"¥! Table 4 summa-
rizes different proteins that were assembled onto Au electro-
des as monolayers through thiolate bridging spacers. The
surface coverage of the protein on the electrode is controlled
by the footprint of the protein, and in the case of the
nondensely packed protein monolayers, by the density of the
sublayer associated with the conductive solid support.

Direct modification of solid supports by proteins is often
associated with the denaturation of the protein in the primary
adsorbate layer associated with the surface. Chemical mod-
ification of the abundant lysine residues associated with
proteins with thiol tethers allows the selective association of
the thiol groups to gold surfaces without denaturation of the
biomaterial. Reaction of the lysine residues with Traut’s salt
(2) yields the thiol-tethered protein that binds spontaneously
to Au supports.l'®l Catalase was functionalized and linked to
a gold electrode by using this method (Figure 7B).

An enzyme base layer associated with a conductive support
was used as an active interface for the stepwise construction of
three-dimensional, multilayer protein arrays. Figure 8 shows a
method to organize a multilayer network of glucose oxidase
(GOx) on a gold electrode through a primary thiolate
bridging unit.'"®! The primary enzyme layer is treated by a
two-step synthesis with 4,4’-diisothiocyanatostilbene-2,2'-di-
sulfonic acid (3) and the enzyme GOx. The number of
repeated steps controls the number of layers associated with

the electrode. It was shown that the surface density of the
enzyme in each layer is almost identical, approximately 5 x
10" molem~2 per layer up to a network of 12 layers. A
similar approach was used to assemble layered protein
electrodes composed of two enzymes in an ordered man-
ner."! Choline oxidase was assembled in the form of two
consecutive protein layers and acetylcholine esterase was
covalently linked to the base enzyme array in a further two-
layered structure (Figure 9). Other multilayer enzyme net-
works on a base-thiolated bridging monolayer were also
reported.l''% 1201 A nonorganized enzyme multilayer asembly
of glucose oxidase (GOx) was produced by cross-linking the
enzyme in the presence of an amino-functionalized electron-
transfer mediator on top of a primary thiolated monolayer
associated with the electrode, using glutaric dialdehyde as the
cross-linker.['%dl

3. Chemical Modification of Surfaces and Proteins
to Yield Layered Enzyme Electrodes

The previous section emphasized the nature of chemical
bonds between the monolayer spacer units and the electrode
that led to the linkage of proteins to the solid support. The
surface functions associated with different supports, or with
the monolayer(s) assembled on the electrodes, can be further
modified by a variety of chemical functions that allow
subsequent covalent coupling of proteins. Also, chemical

Table 4. Enzymes (proteins) covalently linked to Au electrodes by functionalized thiolated monolayers.

Enzyme/protein Enzyme/protein  Electrochemical  Substrate Analyzed concentra- Re- Optimal Electrode  Ref.
loading response tion range sponse pH stability
[molem ] time
- amperometric glucose - - 7.0 - [18¢]
glucose oxidase 7.5 %1071 amperometric glucose 1-20 mm - 73 14d [118]
(EC1.1.34) from (1-4)x 1071 amperometric glucose 1-25mMm - 7.0 20d [119a,b]
Aspergillus niger - amperometric glucose 1x107°-6x10"3Mm 10s - - [119¢]
amperometric glucose - - - - [119¢]
glucose dehydrogenase - amperometric glucose - 10s 6.0-9.5 60d [120]
(EC 1.1.99.17) from Acineto-
bacter calcoaceticus
bilirubin oxidase (EC 1.3.3.5) 6 x 10712 amperometric bilirubin 10-120 pm 20s 8.0 75d [121]
from Myrothecium verrucaria
malic enzyme (EC 1.1.1.40) 4 x 1072 amperometric malate 1x107-1x1073m - 72 - [122]
from chicken liver
diaphorase (EC 1.6.99) from 6 x 10712 amperometric NADH 1x10°-5x10"*m - 7.5 - [123]
Bacillus stearothermophilus
glutathione reductase 2x 10" —lal glutathione - 30min 7.2 - [116]
(EC1.64.2) oxidized
(0.8-2.4) x 10 amperometric H,0, - - 7.0 30d [125a]
microperoxidase 11 organ%c X 107=3 107w non-
peroxides aqueous [125b]
hemoproteins 5 x107°-1x 107%™ 7.0 [125¢]
catalase (EC 1.11.1.6) from - bl - - - - - [126]
bovine liver
acetylcholinesterase - amperometric acetyl choline 8§-80mm - 7.8 - [119b]
(EC3.1.1.8)
choline oxidase (EC 1.1.3.17) - amperometric choline 10-60mm - 7.8 - [119b]
[a] Spectral detection of the product. [b] Scanning tunneling microscopy (STM) study.
Angew. Chem. Int. Ed. 2000, 39, 11801218 1187
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modification of the protein allows the generation of chemical
functions that can be linked to the activated monolayer.[2%]
Figure 10 lists a series of functional units used for the
modification of conductive supports and applied to the
secondary coupling of proteins. The amino functions of lysine
residues on the proteins can be linked to surface carboxylic
groups generating amide bonds (Figure 10a) or to surface
aldehyde functions to yield imine bondsP#* 124l (Fig-
ure 10b). 1271 Alternative means for attaching proteins to
conductive surfaces include nucleophilic substitution of
surfaces functionalized with cyanuric chloride (Fig-
ure 10¢),*% incorporation of the isothiocyanate function-
alities (Figure 10d),["'% 181 and Michael additions to quinone
functions linked to electrodes (Figure 10e). The latter qui-
none —enzyme monolayer assembly represents an enzyme
layer that is bridged to the electrode by a redox-active
component.['”] Aromatic amines linked to surfaces enable the
generation of the surface-bound diazonium salt, which reacts
with tyrosine or histidine residues to form proteins linked to

Angew. Chem. Int. Ed. 2000, 39, 1180-1218
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Figure 10. a)-k) Different monolayer-functionalized electrodes for the
covalent linkage of enzymes.

the solid support through azo groups (Figure 10 f).[27
Arylazides are frequently used as photoactivated labels
of proteins. Accordingly, the photochemical activation of a
phenylazide monolayer yields the respective nitrene,
which reacts with the amino group of lysine residues (Fig-
ure 10g).['»)

The linkage of proteins to solid supports through lysine (or
glutamic/aspartic residues) is limited by the fact that proteins
usually include many of these hydrophilic residues on the
protein periphery. As a result, a heterogeneity in the modes of

Angew. Chem. Int. Ed. 2000, 39, 1180-1218

protein linkage and orientation in respect to the surface is
obtained. The structural alignment of the redox protein
relative to the conductive support is essential for many
bioelectronic applications, and hence the development of
methods for specific binding and alignment of proteins on
surfaces is important. Cysteine is usually an uncommon amino
acid residue in proteins. A single cysteine residue on the
protein periphery, or a genetically engineered cysteine
component in the protein, allows the linkage of proteins to
surfaces at a single point. Solid supports functionalized by p-
mercurybenzoate,l'*! iodoacetamide layers®! or malei-
mide, were applied for the covalent linkage of cysteine
residues as monolayers on surfaces (Figure 10h—j). As
examples, the cysteine site of the photosynthetic reaction
center (from Rhodobacter sphaeroides R-26) was covalently
linked to an iodoacetamide monolayer immobilized onto a
pyrolytic graphite electrode.'™ Genetically engineered cyto-
chrome bs (in which threonine 8 or threonine 65 were re-
placed with cystein units) was immobilized onto glass by a
siloxane bridging layer.’> ¥ The bifunctional reagent, N-
succinimidyl-3-maleimidopropionate, was covalently linked
to an aminosiloxane layer associated with a glass surface, and
the cysteine-modified proteins were bound to the maleimide
sites by a nucleophilic Michael addition. Similarly, genetically
engineered myoglobin was bound to a haloalkylsilylated glass
support.'3% A similar approach was used to immobilize a
synthetic de novo protein consisting of 128 amino acids
(14728 Da) in a four-helix-bundle configuration, in which
their flexible Gly-Gly-Cys units were attached to the sur-
face maleimido groups.'*'! An oriented genetically engi-
neered cytochrome bs was generated on an electrodel'* by
treating the the thiol groups of the cysteine residue with
terminal thiol groups of the monolayer to produce disulfide
bonds. Glycoproteins (for example, GOx[*3) exhibiting
protein-associated sugar sites allow the binding of cis-diol
sugar sites to a surface functionalized with phenyl boronic
acid groups (Figure 10k).

Potential-induced covalent attachment of proteins was
suggested as a means to align and orient redox proteins on
conductive supports.'>*l A glassy carbon electrode was
activated with a water-soluble carbodiimide, and cyto-
chrome ¢ was coupled to the functionalized electrode with
an applied potential. Cytochrome c includes positively charg-
ed sites at the position where the edge of the heme is
associated with the protein and where electron tunneling
proceeds at a maximum rate.['?*"! Coupling of cytochrome c to
the electrode at potentials more negative in respect to the
zero charge potential (0.31 V versus the standard hydrogen
elecrode) was found to yield a cytochrome c-modified elec-
trode that exhibits an effective electrical contact. Covalent
attachment of the hemoprotein at potentials more positive
than the potential of zero charge, generates a hemoprotein
electrode that lacks direct electrical communication with the
conductive support. The enhanced electrical contact of
cytochrome ¢ with the electrodes, upon the application of a
negative potential in respect to the zero-charge value, was
attributed to the alignment of the monolayer and the
orientation of the hemoprotein by facing the heme site
relative to the electrode
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4. Noncovalent Coupling of Proteins to Solid
Supports by Electrostatic, Hydrophobic, and
Hydrophilic Interactions

Hydrophobic and hydrophilic interactions of enzymes with
membranelike layered assemblies, or electrostatic interac-
tions between charged interfaces and proteins, can lead to
organized, supramolecular layered protein interfaces. A
mixed, self-assembled monolayer consisting of octadecylthiol
and dodecyl thiol was assembled on Au electrodes. The short-
chain, charged thiols provide defect sites (or “pockets”) for
the association of the enzyme fumarate reductase.'* The
resulting enzyme electrode exhibits direct electrical contact
between the redox site and the electrode surface, and the
bioelectrocatalyzed reduction of fumarate enables the appli-
cation of the modified electrode as an amperometric fumaric
acid sensor.

Hydrophobic membrane proteins incorporate into a lipid
layer supported on surfaces only if an aqueous layer separates
the lipid layer from the substrate. This separation was
achieved by transferring lipids to hydrophilic surfaces either
by the Langmuir—Blodgett techniquel'*! or by the fusion of
liposomes.[*]  Incorporation of the membrane protein
ATPase into a lipid layer associated with an Au surface was
accomplished by the fusion of ATPase-containing liposomes
with a functionalized lipid layer (Figure 11).3717 A thiol-
functionalized, helix-forming polypeptide was assembled onto

N
N

N

N

N
\%

SQQQQC.: SQQQQC0=:o
00l N e
sl osone sl

{ liposome
SQQOQCOZ N sQQQQco::o
SQQO_OC RS S "O—==-0
e e

Figure 11. Hydrophobic association of liposome-bound ATPase onto
thiolated, amphiphilic, helical oligopeptides.

an Au surface and the lipid DMPE (dimyristoylphosphatidyl
ethanolamine) was covalently coupled to the carboxylic acid
terminus of the peptide. The resulting lipid layer was mixed
with liposomes that contain ATPase and spontaneous fusion
of the liposomes with the lipid layer resulted in the
incorporation of ATPase into the bilayer. The ATPase bilayer
assembly was used as a semisynthetic proton-pump system.

Hydrophobic proteins such as fibrinogen, lysozyme, pyru-
vate kinase, or RNAase were adsorbed onto alkylthiolates
associated with Au surfaces.'* Mixed monolayers consisting
of the oligo(ethylene oxide) and alkane thiols were found to
resist nonspecific hydrophobic adsorption of the proteins
when a sufficiently high mole fraction of the ethylene oxide
was included in the monolayer.

Electrostatic interactions combined with hydrophilic adhe-
sion may lead to irreversible adsorption and alignment of
proteins on monolayers terminated with carboxylic acids.!'*")
Cytochrome ¢ was adsorbed onto a 16-sulfanylhexadecanoic
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electrode

acid (HS(CH,),sCO,H) monolayer associated with an Au
surface. The resulting protein-functionalized electrode exhib-
its electrical contact with the electrode support, and from the
rate constant for the electron transfer at the interface, kg, =
0.1s7, a distance between the heme center of cytochrome ¢
and the electrode of 31 A was estimated.

5. Noncovalent Coupling of Proteins to Surfaces
through Affinity Interactions

Affinity interactions between an enzyme and its substrate, a
receptor protein and its recognition pair, or antigen — antibody
pairs are often characterized by high association constants of
the resulting complexes, which has enabled the use of specific
recognition interactions to construct protein layers on solid
supports. Furthermore, as the native receptor proteins often
include more than one binding site for the substrates, and
antibodies can be coupled to anti-antibodies, complex arrays
of proteins can be tailored, and, specifically, multilayers of
enzymes can be organized in a controllable order and
structure.

Antigen —antibody interactions were used to organize
layers and multilayers of glucose oxidase on glassy carbon
electrodes (Figure 12).4 A glassy carbon electrode was coated
with gelatin, and rabbit IgG antibodies were adsorbed onto
the gelatin. A conjugate consisting of glucose oxidase linked
to the anti-rabbit IgG antibody derived from goats was linked
to the antibody associated with the gelatin to yield an enzyme-
layered electrode (Figure 12 A). This concept was further
developed to construct multilayers of the enzyme on electrodes

A) . anti-rabbit IgG - GOx conjugate
rabbit IgG /
antibody /
g;laun (antigen) /

) y

B) X
GC

gluconic acid

>_

1gG

Figure 12. Assembly of enzyme layers on electrodes by noncovalent
antigen —antibody interactions: A) Association of an antibody—enzyme
conjugate to an antigen-monolayer electrode. B) Generation of an enzyme
multilayer electrode (GOx multilayer glassy carbon electrode) by the
application of an anti-IgG-GOx conjugate (X) and an IgG and anti-GOx
antibody (Y) as linking components (>). The enzyme electrode is electri-
cally contacted by the diffusional electron mediator ferrocenylmethanol (4).
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(Figure 12B): Mouse IgG antibodies were adsorbed onto a
gelatin layer associated with a glassy carbon electrode. The
conjugate X consisting of glucose oxidase and an anti-mouse
IgG antibody derived from goats was linked to the primary
mouse antibody that acts as the antigen. A monoclonal mouse
anti-GOx IgG antibody (Y), was then linked to the primary
GOx layer. By the repeated interaction of the electrode with
X and Y, a controllable number of layers could be deposited
on the electrode. The resulting enzyme multilayer electrode
was electrically contacted with the electrode, using ferrocen-
ylmethanol (4) as a diffusional electron mediator. The
effectiveness of the bioelectrocatalyzed oxidation of glucose
is controlled by the number of layers deposited onto the
electrode support. The transduced currents are enhanced as
the number of enzyme layers associated with the electrode are
increased, which implies that the sensitivity of the sensing
electrode can be tuned by the number of enzyme layers
assembled onto the electrode.

Biotin—avidin affinity interactions were used to assemble
monolayer and multilayer enzyme electrodes (Figure 13).17]
From the covalent immobilization of avidin on a glassy carbon
electrode was studied and the importance of a long spacer to
preserve the affinity properties was demonstrated.14) A
monolayer of horseradish peroxidase (HRP) was deposited
onto a carbon electrode using biotin-avidin affinity
ineractions (Figure 13 A). Poly(oxyalkylene)diamine (Jeff-

Biotin

3¢ - pes™

~

~

o 0
S e NH-Lys-Avidin
19
—C—NHO NH@NH\H/\/\
S
) +NH2 ©

biotin-capped
phospholipid bilayer

streptavidin

Figure 13. Organization of enzyme electrodes based on avidin-biotin interactions:
A) Using a biotinylated enzyme and an avidin-monolayer electrode, B)using a
biotinylated enzyme, a biotinylated monolayer electrode, and avidin as a cross-linker,
C) aligned deposition of a biotin site-specific functionalized cytochrome ¢ onto a biotin-

capped phospholipid bilayer through a streptavidin linker.
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amine ED-600) was coupled to carboxylic acid residues
associated with the carbon surface as a hydrophilic spacer, and
the resulting surface amino functionalities were biotinylated.
Biotinylated HRP was linked to the modified surface using
avidin as a polydentate linker for the biotin units (Fig-
ure 13B). The resulting HRP monolayer electrode stimulated
the bioelectrocatalyzed reduction of H,0O, and the oxidation
of ortho-hydrobenzoquinone. Biotin—avidin interactions
were also used to assemble monolayer and multilayer enzyme
arrays on other conductive supports.’> Avidin was adsorbed
onto a Pt electrode and biotinylated alcohol oxidase (AOx)
linked to the avidin layer. By the sequential reaction of the
enzyme layer with avidin and biotinylated AOx, a control-
lable number of enzyme layers was deposited onto the
electrode. The enzyme electrode biocatalyzes the oxidation
of ethanol to acetaldehyde [Eq.(5)]. The amperometric

CH,CH,OH + 0, —2%* , CH,CHO + H,0, 5)

response of the electrode as a result of the oxidation of H,O,
was used to quantitatively sense ethanol in blood and liquor
samples in the concentration range 10~4-10"! mg mL-% The
sensitivity of the enzyme electrode was controlled by the
number of enzyme layers associated with the electrode.

A thin layer of poly(L-lysine) (PL) assembled on gold
surfaces was found to control the specific adsorption of
proteins: "1 PL functionalized with biotin units was electro-
statically associated with a base thiolate monolayer
of 11-sulfanylundecanoic acid. Avidin was found to
bind selectively to the biotin sites. By using surface
plasmon resonance measurements and fluorescence-
probe labeling the surface coverage of lysine resi-
dues was found to be 4 x 10 lysine residues per cm?,
and that of avidin molecules 3 x 10'? molecules per
cm? The thickness of an avidin monolayer was
estimated to be 41 A. Affinity interactions in biotin/
avidin/enzyme systems were studied using nano-
techniques (STM and AFM) and used to prepare
nanostructures with maskless photolithography.['*2
Affinity interactions of glycoproteins and the re-
spective lectins were similarly used to organize
protein layers on solid supports.'*3] The glycoprotein
glucose oxidase forms an affinity complex with
concanavalin A. Accordingly, a cross-linked glucose
oxidase/peroxidase monolayer was assembled on
the lectin layer (concanavalin A) associated with a
fluoride-sensitive field-effect-transistor (FET; Si/
Si0,/Si;N,/LaF; layers) to sense glucose.l'3 The
oxygen-mediated biocatalyzed oxidation of glucose
generates H,O,, which is transformed in the pres-
ence of peroxidase and p-fluoroaniline to fluoride
ions [Eq. (6)] that are sensed by the FET device.

peroxidase

H,0, + 4-fluoroaniline F~ + polyaniline + H,O (6)

Upon the deactivation of the enzyme, the sensing
interface associated with the FET device can be
replaced and reloaded by interaction of the sensing
matrix with a-pD-mannopyranose. This sugar exhibits
a high affinity for concanavalin A, and thus the
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original glycoprotein is removed from the sensing A)
interface.

Biotin—avidin (or streptavidin) interactions were
used to align and orient redox proteins (Fig-
ure 13C).[%1 A bilayer consisting of 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine-N-[biotinyl] and
1,2-di[cis-9-octadecenoyl] - sn - glycero-3 - phospho-
choline was deposited onto a glass substrate. Avidin Au
or streptavidin were used as cross-linkers for the
alignment of the cytochrome c after the site-specific
biotinylization at the cysteine residue 102 with N-
[6-(biotinamido)hexyl]-3"-(2'-pyridyldithio)propion-
amide. Linear dichroism and fluorescence anisotro-
py measurements enabled one to conclude that the
cytochrome c is oriented, and its tilt-angle is (41 +
11)° relative to the bilayer matrix.

Choline-functionalized monolayers assembled on
a gold electrode demonstrated affinity for a chimera
protein made by the fusion of the f-galactosidase
and the choline-binding domain.'"*¥l The enzyme
immobilized through affinity interactions was bio-
catalytically active for the hydrolysis of (p-amino-
phenyl)-3-p-galactopyranoside, a synthetic substrate
of -galactosidase, and the released p-aminophenol
was detected electrochemically.

Cofactor—protein interactions can be used to
assemble enzymes on solid supports. Redox cofac-
tors such as flavin adenine dinucleotide phosphate
(FAD) or pyrroloquinoline quinone (PQQ, 5) are
tightly associated with the protein by noncovalent
interactions. Other redox cofactors, such as nicotin-
amide adenine dinucleotide (NAD, 6), and nic-
otinamide adenine dinucleotide phosphate (NADP-,
7), operate by a diffusional route and form tempo-
rary affinity complexes with the respective
NAD(P)*-dependent enzymes that enable cofac-
tor-mediated electron transfer. The affinity interac-
tions between cofactors and proteins enable the
assembly of redox-enzyme electrodes (Figure 14 A).
A monolayer of §, covalently linked to the amino-derivatized
flavin adenine dinucleotide 8, was assembled on an Au
surface. Apo-glucose oxidase (apo-GOx), which lacks its
native FAD cofactor, was reconstituted onto the semi-
synthetic FAD cofactor associated with the electrode.'*]
The PQQ component was found to mediate the electron
transfer from the FAD unit to the electrode surface, and the
reconstituted enzyme revealed an unprecendentally high
bioelectrocatalytic activity for the oxidation of glucose (see
Section 8). A PQQ monolayer assembled onto an Au
electrode was similarly employed to reconstitute the PQQ-
dependent apo-glucose dehydrogenase.’s %l The electro-
chemical oxidation of glucose was stimulated by the recon-
stituted biocatalyst in the presence of a diffusional electron-
transfer mediator.

Redox proteins such as myoglobin were also reconstituted
on conductive supports.'*l For example, a Fe''-protoporphyr-
in IX complex was assembled as a monolayer on an Au
electrode and apo-myoglobin was reconstituted with this
heme-cofactor monolayer. Although native myoglobin usu-
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Figure 14. A) Reconstitution of apo-glucose oxidase on a PQQ-FAD monolayer
assembled on a Au electrode. B) Cyclic voltammograms of the reconstituted glucose
oxidase on a Au-electrode a) in the absence of glucose and b) with glucose (80 mm);
potential scan rate: 5mVs~.. Inset: Calibration curve corresponding to the
amperometric responses (measured by chronoamperometry) of the enzyme electrode
at different concentrations of glucose.

ally lacks direct electrical communication with electrode
supports because of insulation of the heme center, electrical
contact between the surface-reconstituted myoglobin and the
electrode was evident. This property was attributed to the
alignment of the heme center on the electrode surface in a
structural orientation that facilitates electron transfer to and
from the electrode.

Artificial compounds capable of substituting for natural
materials and exhibiting affinity interactions to proteins were
immobilized as monolayers on electrodes and used as
“instruction matrices” for assembling further protein layers.
Artificial dyes exhibiting affinity interactions to NAD(P)*-
dependent enzymes (for example, cibacron blue F3G-A) were
assembled as monolayers on Au electrodes, and used for the
anchoring of NAD*-dependent enzymes.'*s] The affinity
complexes consisting of the layered dye-enzyme matrices
exist in a bioactive configuration, but lack electrical contact
with the electrode. Addition of the diffusional NAD*-cofactor
was found to trigger the biocatalytic activities of the enzyme
electrode.
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6. Cross-Linking of Protein (Enzyme) Layers
Stabilized by Affinity Interactions on Electrodes

Electrically contacted biocatalytic electrodes of NAD*-
dependent enzymes were organized by generating affinity
complexes between a catalyst/NAD* monolayer and the
respective enzymes.[) A PQQ monolayer covalently linked to
an amino-functionalized nicotinamide adenine dinucleotide
(9) was assembled onto an Au electrode. The resulting
monolayer-functionalized electrode binds NAD*-dependent
enzymes such as lactate dehydrogenase (LDH) or alcohol
dehydrogenase (AlcDH) by affinity interactions between the
cofactor and biocatalyst (Figure 15A). These enzyme elec-
trodes electrocatalyze the oxidation of the respective substrates,

H
9 R!'=H,R?= CHy~CHy-NH,

0 10 20
Clactate! MM —

-03  -02 -0l 0
E /[ V vs.SCE —»
Figure 15. A) Assembly of an integrated LDH-monolayer electrode by
cross-linking an affinity complex formed between the enzyme and a PQQ-
NAD* monolayer Au electrode. B) Cyclic voltammograms of this elec-
trode: a) in the absence of lactate and b) with lactate (20 mm); potential
scan rate: 2 mVs~!. Inset: amperometric responses of the integrated LDH
layered electrode at different concentrations of lactate.

0.1

lactic acid or ethanol. The bioelectrocatalytic transformations
proceed via the biocatalyzed substrate-induced formation of
NADH and its oxidation by the PQQ catalytic site. The
resulting enzyme electrode revealed only temporary stability
and approximately 25% of the biocatalyst dissociated from
the monolayer to the electrolyte solution within 30 min.
Cross-linking the enzyme layer associated with the PQQ/
NAD*-cofactor monolayer with glutaric dialdehyde gener-
ated a stable, integrated, electrically contacted, cofactor—
enzyme electrode (Figure 15A).
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Protein—protein affinity interactions play a major role in
biological electron transfer. For example, cytochrome ¢ me-
diates electron transfer to different redox enzymes, such as
cytochrome oxidase, lactate dehydrogenase, or copper en-
zymes.['¥] These mediated electron transfer reactions proceed
within the protein—protein affinity complexes.'*"! Microper-
oxidase-11 (MP-11, 10, see Figure 16) is a heme-containing
oligopeptide consisting of 11 amino acid residues that com-
pose the microenvironment of the active site of cyto-
chrome c."!! It is obtained by digestion of the native
cytochrome c¢ with trypsin. Despite the structural similarities
between MP-11 and cytochrome c, the heme sites of the
oligopeptide and the native protein differ substantially in
their redox potentials, E° = —0.40 V for MP-111'>% and E° =
+0.012 V (versus SCE) for cytochrome c.'*) Microperoxi-
dase-11 was assembled as a monolayer on an Au electrode, [%2
and this functionalized electrode stimulated electron transfer
to hemoproteins such as myoglobin, hemoglobin, and cyto-
chrome c.'” The mediated electron transfer was attributed
to the formation of affinity complexes between the proteins
and MP-11 at the electrode interface. The affinity interactions
between MP-11 and hemoproteins or cytochrome-dependent
enzymes were used to assemble a nitrate reductase enzyme
electrode (Figure 16).2 The cytochrome-dependent nitrate
reductase (NR, E.C. 1.9.6.1 from Escherichia coli) forms an
affinity complex with the MP-11 monolayer associated with
the electrode. Cross-linking of the enzyme-MP-11 affinity
complex layer with glutaric dialdehyde generated a stable,
enzyme-layered electrode that effected the bioelectrocata-
lyzed reduction of nitrate to nitrite. The bioelectrocatalyzed
transformation proceeds with a current effificiency of ap-
proximately 85%, and the electrode was applied as an
amperometric nitrate sensor.

Cobalt(i1) — protoporphyrin IX reconstituted myoglobin
was also found to form an affinity complex with the MP-11
monolayer electrode (association constant K, =1.6 x 10°M~},
electron-transfer rate constant in the resulting supramolecular
complex k., =0.3s7").531 The MP-11 mediates the electro-
catalyzed reduction of Co'-myoglobin and the resulting
cobalt hydride hydrogenates alkynes, for example, acetylene
dicarboxylic acid to maleic acid. The cross-linking of the Co'-
reconstituted myoglobin affinity complex at the MP-11
monolayer with glutaric dialdehyde generated an integrated,
stable, layered electrode for the electrocatalytic hydrogena-
tion of acetylene dicarboxylic acid with a current yield of
approximately 80 %.

Recently, de novo synthesized four-helix polypeptides were
applied to mimic functions of cytochromeb and to tailor
layered cross-linked electrocatalytic electrodes. One such
protein (14728 Da) that includes four histidine units in the
respective “A”-helices was assembled onto Au electrodes
(Figure 17). Two units of Fe-protoporphyrin IX were recon-
stituted into the assembly to yield a vectorial electron-transfer
cascade.['* The affinity complexes formed between the de
novo synthesized protein and the cytochrome-dependent
nitrate reductase (NR) or with Co'-protoporphyrin IX-re-
constituted myoglobin* were cross-linked with glutaric
dialdehyde to yield electrically contacted electrocatalytic
electrodes. The Fe-de novo protein/NR-electrode assembly
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Figure 16. Assembly of an integrated nitrate sensor electrode by cross-linking of an affinity complex formed between MP-11 and

nitrate reductase on a Au electrode.
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Figure 17. Assembly of a nitrate-sensing electrode by the cross-linking of
an affinity complex formed between nitrate reductase and a de novo four
helix-bundle protein reconstituted with Fe'''-protoporphyrin.

was applied to the electrocatalyzed reduction of NO;~ to
NO,™ and acted as an amperometric NO;~ sensor. The Fe''-de
novo protein/Co' reconstituted myoglobin integrated elec-
trode stimulated the electrocatalyzed hydrogenation of acet-
ylene dicarboxylic acid to maleic acid.
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7. Electron Transfer in Layered Enzyme Electrode
Assemblies

The electrical contacting of redox proteins and the elec-
trode supports is the essence of any biosensor or bioelectronic
device. The direct electron transfer between redox-active sites
of proteins and the electrode is usually prohibited since the
redox center is sterically insulated by the protein matrices (see
Introduction). Early studies have demonstrated that certain
enzymes or redox proteins exhibit electrical communication
with electrode supports, and biocatalyzed electrically stimu-
lated transformations are driven by these enzymes.'>] The
direct electroreduction of H,O, by horseradish peroxidase
(HRP [Eq.(7)]) was demonstrated,'* and related heme-

H,0,+2H*+2¢- - ™ , 2H,0 )

containing oxidases, for example, cytochromec peroxi-
dase,l™"l lactoperoxidase,'*®! chloroperoxidase,'™! showed
similar direct electron transfer with electrode surfaces. Lac-
case (a copper-containing polyphenol oxidase) was found to
electrocatalyze the reduction of molecular oxygen
[Eq. (8)].1'! The direct electron transfer in these enzymes is

0,+4H" +4e =, 2H,0 ®)

attributed to the location of the redox-active center at the
protein periphery. For example, a detailed kinetic study!'*!! of
the peroxidase-catalyzed reduction of H,O, revealed that
42% of the total enzyme molecules are aligned on the
electrode surface in a configuration where the redox heme site
is accessible for electron transfer. Some of the enzymes
include two redox sites within the protein, and electron
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transfer proceeds vectorially from a peripheral redox site to
an inner redox-active component. For example, p-cresolmeth-
yl hydroxylase (PCMH), an FAD- and heme-containing redox
enzyme, effects the direct oxidation of p-cresol to p-hydroxy-
benzaldehyde [Eq.(9)].l? Similarly, flavocytochrome css,

p-cresol + H,0 P, hydroxybenzaldehyde + 4 H* +4¢- 9)

(sulfide cytochrome c oxidoreductase), which contains a FAD
and two covalently linked heme groups, is bioelectrocatalyti-
cally active in the oxidation of sulfide to sulfur [Eq. (10)].0163]

HS- flavocytochrome ¢ S” + H+ + e~ (10)

The direct electron transfer of this series of redox enzymes
allows their application as bioactive sensing interfaces in
amperometric biosensor devices. Detection of p-cresol,[l'®]
methylamine,!'*4 and fructosel'®] was reported in the presence
of p-cresolmethyl hydroxylase, methylamine dehydrogenase,
and fructose dehydrogenase, respectively.

The direct electrical contact of certain enzymes with
electrodes can be used to tailor bioelectrocatalytic assemblies
for sensor applications. A variety of oxidases utilize molecular
oxygen as the electron acceptor for the oxidation of their
substrates (Sub). Enzymes such as catechol oxidase, amino
acid oxidase, glucose oxidase, lactate oxidase, pyruvate
oxidase, alcohol oxidase, xanthine oxidase, and cholesterol
oxidase catalyze the O,-oxidation of the respective substrates
with the concomitant formation of H,O, [Eq.(11)]. The

Sub,oq+ O, +2H* 2 Sub,. + H,0, 11)

direct electron transfer between HRP and electrodes enables
the electroreduction of H,O, in the range —0.2 to 0 V (versus
SCE) and allows for the coupling of HRP to these oxidases to
yield amperometric biosensors. The amount of generated
H,0, is controlled by the substrate concentration and, hence
the resulting current provides a quantitative measurement of
the analyzed substrate. Accordingly, amperometric biosensors
based on HRP coupled with glucose oxidase for glucose
analysis,['! with alcohol oxidase for alcohol detection,['®”]
with choline oxidase for choline analysis,['°®l and with amino
acid oxidase for amino acids determination!'®®! were con-
structed. Various conducting materials such as carbon
black,[">% pyrolytic graphite,['®] platinized carbon particles,['”"!
and colloidal gold!'""! were used to support the enzymes, and
carbon paste!'”? or polypyrolel's% 1722 were used to entrap the
biocatalysts.

Electrical contact of redox enzymes that lack direct
electrical communication with electrodes can be established
by mediated electron transfer using synthetic or biologically
active charge carriers. Mediated electron transfer (MET) can
be effected by a diffusional mechanism (Figure 18 A). The
electron relay is oxidized at the electrode surface (in an
oxidative biotransformation) or reduced at the electrode (in a
reductive biotransformation). Diffusional penetration of the
reduced or oxidized relays into the protein yields sufficiently
short electron-transfer distances in respect to the active redox
center for MET and the electrical activation of the biocatalyst.
Ferrocene derivatives, ferricyanide, quinones, N,N'-dialkyl-
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Figure 18. Electrical contacting of redox enzymes and electrode supports
(R is an electron relay): A) Using a diffusional electron relay, B) by
chemical modification of the protein with electron relay units, C) by
reconstitution of an apo-flavoenzyme with a synthetic electron-relay-FAD
dyad, D) by immobilization of the biocatalyst into a redox polymer.

4.4'-bipyridinium, and other electroactive molecular sub-
strates were employed for MET and electrical activation of
redox enzymes.”® Table 5 gives a representative summary of
bioelectrocatalytic transformations stimulated by diffusional
MET.

Chiroselective mediated electron transfer has been ad-
dressed in a series of studies using diffusional chiral electron
mediators.'®] The chiral electron relays (S)- or (R)-N,N-
dimethyl-1-ferrocenyl-ethylamine [(S)- or (R)-(Fc)] were
reported to stimulate chiroselective bioelectrocatalyzed oxi-
dation of glucose in the presence of glucose oxidase,[!'s%
whereby the oxidation in the presence of (S)-(Fc) was double
that in the presence of (R)-(Fc). Kinetic analysis of the
bioelectrocatalyzed oxidation of glucose by the two enantio-
meric electron relays suggests that the protein induces chiral
discrimination through diastereoisomeric interaction with the
penetration —dissociation routes of the electron mediator, to
and from the biocatalyst. Chiral discrimination in the MET,
and the subsequent bioelectrocatalyzed transformations, were
observed using different diffusional electron relays and
various enzymes.!!85¢ 183d]

The concept of enantioselective electrical contacting of
redox enzymes and electrode surfaces was further developed
by the organization of a chiral electron mediator monolayer
on an electrode.l'® (S)- or (R)-2-Methylferrocene carboxylic
acid was assembled as a monolayer on an Au electrode
(Figure 19). The monolayer-mediated chiroselective oxida-
tion of glucose in the presence of glucose oxidase and an
approximate 1.9-fold enhanced biocatalytic oxidation of
glucose was observed in the presence of the monolayer
electrode functionalized with the (S)-relay enantiomer.

Chemical modification of redox enzymes with electron-
relay groups enables the mediated electron transfer and the
electrical wiring of the proteins (Figure 18 B).*”1 Covalent
attachment of electron-transfer units at the protein periphery,
as well as inner sites, yields short inter-relay electron-transfer
distances. Electron “hopping” or tunneling from the periph-
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Table 5. Diffusional electron-transfer mediators applied to the immobilized enzymes.

Enzyme Mediator Mediator redox potential Ref.
[mV versus SCE]

1,4-benzoquinone 39 [173]

1,1-dimethylferrocene 100 [174]

. . . ferrocenecarboxylic acid 275 [175]

glucose oxidase (EC 1.1.3.4) from Aspergillus niger phenazine methosulphate 161 [176]

tetrathiofulvalene 300 [177]

tetracyanoquinodimethane 127 [178]

xanthine oxidase (EC 1.2.3.3) from buttermilk [Fe(CN)¢]* 180 [10a]

cholesterol oxidase (EC 1.1.3.6) from Pseudomonas sp. ferrocenecarboxylic acid 275 [179]

hydrogenase (Fe/S type) dimethylviologen —681 [180]

horseradish peroxidase (EC 1.11.1.7) [Fe(CN)]*~ 180 [181]
lactate dehydrogenase (EC 1.1.2.3) from yeast [Fe(CN)]*= 180 [173a]

. 1,1'-dimethylferrocene 100 [182]

glucose dehydrogenase (EC 1.1.99.17) from A. Calcoacetlcus} phenazine ethosulfate 1 [183]

NADH dehydrogenase (EC 1.6.99) from Bacillus ferrocenylmethanol 185 [184]

stearothermophilus ferrocenecarboxylic acid 275 [184]

ery to the active site, or vice versa, enables electron transfer
between the redox enzyme and its environment. Glucose
oxidase was covalently modified with ferrocene electron-relay
groups by carbodiimide coupling of ferrocenecarboxylic acid
to the amino groups of the lysine functions of the protein
backbone.l'¥2"] Some other chemical procedures were also
used to produce relay groups peripherally bound to proteins.
For example, carbonyl groups, generated in glycoproteins (for
example, glucose oxidase) by oxidative treatment with
periodate were coupled to the amino-functionalized ferrocene
through the formation of Schiff bases.'¥? A ruthenium complex
was assembled on the glucose oxidase backbone that was pre-
modified with pyridine units.'®”° The relay groups randomly
distributed on the protein provided electrical contact between
the diffusional enzyme and the unmodified electrode surface.
It has been demonstrated that longer spacer groups bridging
the electron-relay groups and the enzyme provide higher
mobility, shorten the electron-transfer distance, and enhance
the enzyme bioelectrocatalytic activity.'¥’e] Partial and rever-
sible unfolding of the enzyme by urea during the covalent

—5—(CHpt—0N o

Au o 2 Au S—(Cﬂz)z—@—O—N

-

O

o
HO-E—Fc-CH3

EDC in 0.05 m HEPES buffer, pH=7.3

Figure 19. Organization of a chiral ferrocene monolayer on an electrode.
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modification of the protein with the relay is also important
since it allows the attachment of the electron mediator to
inter-protein positions close to the enzyme active site.!'8] The
electron-relay-tethered enzymes were also cross-linked on an
electrode surface, producing a nonorganized multi-layer,!!*d
or incorporated into a conductive polymer on electrode
supports.'®) The immobilized enzymes were electrically
contacted through the electron-relay groups to provide
electron propagation through the layer.

Chemical modification of redox proteins with synthetic
electron mediators is always accompanied by the partial
degradation of the native biocatalyst. The effectiveness of
electrical contacting is enhanced upon increasing the loading
of the electron mediator on the protein, since electron-
transfer distances are shortened. The increase of the loading,
however, partially deactivates of the enzyme. With glucose
oxidase, the optimal MET was found at a loading correspond-
ing to 12-13 ferrocene units per molecule.'®! The rate
constant of the electron transfer between the enzyme FAD
site and the nearest electron-relay group was found to be

0
Au S—(CHZ)Z—E—HN-(CHZ)S-NHZ

gluconic acid

Angew. Chem. Int. Ed. 2000, 39, 1180-1218
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about 0.9 s~ that is, substantially low-

er than the electron transfer to the HiC Ny
native dioxygen electron acceptor of
the enzyme, which proceeds with a  HiC If SN

rate constant of about 5 x 103 s~1.[188]
Improvement of the electrical contact H—C-OH

0
i
HO—C—«}hB—HN—CHf’<::::>

NH-CH~CH;NH, +

between the active center of the Fe
enzyme and the electrode can be H—C—OH NZ N @
envisaged by two complementary H_(I;_H , H

modes: 1)‘modification_ of the refdox (I) (I? FAD——NH, o COOH

protein with relay units at optimal O=pP-0—P—0—CH,

positions for mediated electron trans- o (I)— 8 11

fer, and 2) alignment of the relay-

functionalized bioelectrocatalyst in re-

spect to the electrode surface. EDC

A novel means for the electrical
wiring of redox enzymes and, specifi-
cally, flavo-redox-proteins was report-
ed by the site-specific modification of HiC
the redox enzyme with the electron-

H4C

|
! d by usi " g
relay group, and by using a reconsti-
. . H—C-OH I
tution method (Figure 18 C).l'1 The H_CI OH NH—CHZ—CHZ—NH—C—(CH2)5—HN—CHZ/F©
— [
native cofactor, for example, flavin
. . . P H~C-OH NZ N% <<z
adenine  dinucleotide  phosphate H—é i -l | H
(FAD) is substituted with a semisyn- - Y

thetic FAD cofactor tethered to an
electron relay group to yield an elec-
trically contacted biocatalyst. The
semisynthetic cofactor composed of
N-(ferrocenylmethyl)aminohexanoic
acid (11) covalently linked to N°®-(2-
aminoethyl)-FAD (8; Figure 20) was
used to reconstitute apo-glucose oxi-
dase or apo-D-amino acid oxidase. The resulting reconstituted
enzymes revealed direct electrical contact with electrode
surfaces and acted as “electroenzymes” for the electroinduced
biocatalyzed oxidation of glucose or D-alanine.!"]

A further approach for bringing redox enzymes in contact
with electrode supports is the entrapment of the protein in
redox-tethered polymers or conductive polymers (Fig-
ure 18 D).?%31< V1 The redox relay groups tethered to the
polymer penetrate into the redox protein and reach appro-
priate distances to mediate electron transfer. It has been
shown that the chain lengths tethering the redox mediator to
the polymer control the efficiency of mediated electron
transfer.l'”?l Polylysine was functionalized with N-carboxyal-
kyl-N'-methyl-4,4'-bipyridinium (12) redox-active groups.
Mediated electron transfer to glutathione reductase and the
bioelectrocatalyzed reduction of oxidized glutathione
(GSSG) were examined with different chain lengths that
tether the bipyridinium group to the polymer (Figure 21).
Mediated electron transfer was found to be enhanced when the
tethering chain is longer. The bioelectrocatalyzed reduction of
GSSG in the presence of the enzyme and the functionalized
polymer was attributed to the formation of a complex
between the positively charged polylysine and the negatively
charged glutathione reductase (GR), where long tethering
bridges attain short distances of the redox relay in respect to
the protein active center, thereby enhancing the MET.

Angew. Chem. Int. Ed. 2000, 39, 1180-1218
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Figure 20. Synthesis of the FAD-ferrocene dyad.
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Figure 21. Schematic model for the spatial orientation of a redox center in
a protein relative to a positively charged redox-tethered polymer.
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Many examples of thin-film bioelectrocatalytic electrodes
with the enzyme embedded in the polymer exist.’'l The
amphiphilic polymers for the complementary immobilization
and electrical wiring of enzymes are usually based on
polypyrroles,'”3l polythiophenes,?!dl siloxanes,?¢ 3¢l poly-
amines,P'" and copolymers of 4-vinylpyridine and 4-amino-
styrene.’”) The polymeric backbone was modified with
ferrocene groups,le 193194 Og(bpy), complexes,! or qui-
nones!'! to establish electrical contact with oxidative en-
zymes, for example, glucose oxidase, glutamate oxidase, or
polyphenol oxidase. Viologens (N,N’-dialkyl-4,4"-bipyridini-
um salts) tethered to the polymer matrices were applied to
electrically contact reductive enzymes, such as nitrate reduc-
taseB!'4 1951 and pyridine nucleotide oxidoreductase.['"]

8. Electrical Contact of Redox Proteins at
Monolayer-Functionalized Electrodes

Functionalization of electrodes with low molecular weight,
electrochemically inactive compounds was found to affect the
electrical communication between redox proteins or redox
enzymes and electrodes. Reversible electrochemistry of cyto-
chrome c, which includes a partially exposed heme site,[”]
was observed at Au electrodes (in some investigations at Pt or
Ag electrodes) modified with monolayers of different pro-
moters.['¥% 18] These promoters usually include a sulfur group
as an anchor on the surface (thiol or disulfide) and an organic
functional unit that interacts with the cytochrome c protein
backbone. The promoter—monolayer prohibits the direct
contact between the protein and the metal electrode surface,
thus preventing irreversible unfolding and denaturation of the
protein. The interactions between the promoter and the
protein molecules are based on hydrogen bonds and/or
attractive electrostatic association, which result in the
specific alignment of the protein at the electrode surface. In
the aligned configuration the proteins exhibit short electron-
transfer distances that allow efficient electrical contact and
electrochemical processes. The most common promoter for
the activation of the interfacial electrochemistry of cyto-
chrome c is bis(4-pyridyl)disulfide.l'””! Several other thiol- or
disulfide-derivatized molecules also act as efficient promot-
ers.?% Amino acid and oligopeptide monolayers were used as
promoters for interfacial electrochemistry with cyto-
chrome ¢ as well as for reversible electrochemical activa-
tion of other cytochromes.? Other promoters, such as
imidazole,?*! thiophene,?™ and iodide?™! deposited as mono-
layers onto Au or Ag electrodes were also applied to facilitate
the electrochemistry of cytochromec. A monolayer of
colloidal Au particles with diameters of 12 nm on a SnO,
electrode was demonstrated to be an efficient promoter for
cytochrome c electrochemistry.?l The nanometer-scale mor-
phology of the metal particles plays a key role in the electrical
contacting of the protein. A similar methodology was applied
to activate the interfacial electrochemistry of other redox
proteins and enzymes such as ferritin, blue copper proteins,
azurin, pseudoazurin, umecyanin, stellacyanin, plantacyanin,
plastocyanin, and cucumber ascorbate oxidase”] on Au
electrodes modified with 4-pyridinethiol (or some other thiol
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and disulfide derivatives) monolayers. Protonated amino-
siloxane-modified indium oxide electrodes were reported to
be efficient interfaces for stimulating electron transfer to the
negatively charged ferredoxin.?%! These promoters apparent-
ly align the protein molecules on the electrode surface to an
orientation that facilitates electron transfer.

Low molecular weight, redox-active oligopeptides contain-
ing redox groups derived from native biomaterials may
establish direct electron-transfer communication with electro-
des. Microperoxidase-11 (10; see Figure 16) is a heme-
undecapeptide, which constitutes the active-site microenvir-
onment of cytochrome c.I'"!l Since the active site of MP-11 is
not sufficiently isolated by the oligopeptide chain the direct
electrochemistry of MP-11 was observed in aqueous?”¥ and
nonaqueous?*®! solutions at unmodified electrodes. Micro-
peroxidase-11 was covalently linked to amino-I'>% and
carboxyl-functionalized!'>d Au electrodes through carboxylic
or amino groups of MP-11, respectively. The MP-11 mono-
layer revealed electrocatalytic activities for H,O, reduc-
tion(' and organic peroxide reduction in nonaqueous
solutions.[2"]

The MP-11 monolayer forms affinity complexes with
hemoproteins such as cytochrome c, myoglobin, and hemo-
globin.['>l Microgravimetric analysis enabled the association
constant of myoglobin to the MP-11 monolayer to be
determined as K, =3.9 x 10°m~". The MP-11 and hemoprotein
affinity complexes enable the mediated reduction of the heme
sites in the different proteins (Figure 22A). The MP-11
monolayer was found to yield an affinity complex with the
native cytochrome bs-dependent nitrate reductase (NR,
E.C.1.9.6.1 from Escherichia coli).'>¥ The association con-
stant of the MP-11/NR complex was determined by quartz-
crystal-microbalance measurements to be K,=3.7 x 10°M~},
and the surface coverage of the enzyme on the surface was
estimated to be 3.8 x 1072 molcm=2. The layered affinity
complex was cross-linked to yield an integrated, stable,
electrically contacted layered electrode (see Figure 16). Fig-
ure 22 B shows the electrocatalytic currents transduced by the
MP-11/NR layered-electrode in the presence of nitrate. The
transduced currents are controlled by the nitrate concentra-
tion in the electrolyte sample, (Figure 22 B, inset), and thus
the functionalized electrode acts as an amperometric bio-
sensor for nitrate.

Low molecular weight native cofactors such as PQQ (5)
were reported to form an electrical contact between
NAD(P)*-dependent enzymes and electrode supports. The
PQQ cofactor was linked to a cystamine monolayer(!% 1221
and was found to act as an electrocatalyst for the electro-
oxidation of NAD(P)H, especially in the presence of Ca?*
ions.1%l Accordingly, a PQQ monolayer covalently linked to
malate dehydrogenase (MalDH; Figure 23) was used to
electrically activate the enzyme.['”?l The biocatalyzed oxida-
tion of malic acid by MalDH generates diffusional NADPH
that is oxidized by the PQQ electrocatalyst. The transduced
current relates to the concentration of NADPH (or malic acid)
and thus the layered enzyme electrode exhibits elements of an
amperometric biosensor. The use of NAD(P)*-dependent
enzymes as bioactive materials for amperometric biosensor
devices requires, however, the integration of the cofactor and
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Figure 22. A) Cyclic voltammograms of a MP-11-monolayer electrode:
a) in the absence and b) with hemoglobin (6 x 107> m); ¢) with myoglobin
(2 x 10~*m); d) with cytochrome ¢ (2 x 10~#Mm); scan-rate: 5 mVs~.. B) Cy-
clic voltammograms of the electrode with a cross-linked MP-11/nitrate
reductase monolayer: a) in the absence of nitrate, b) with nitrate (20 mm);
potential scan rate: 5mVs ! Inset: amperometric responses of the
integrated electrode at different concentrations of nitrate.
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Figure 23. Assembly of a PQQ-MalDH monolayer electrode, and the
amperometric sensing of malic acid using NADP™ as a diffusional cofactor.

the enzyme in a rigid configuration, as a result of the high cost
of the NAD(P)'-cofactors, which prevents their use as
diffusional components. The NAD(P)*-dependent enzymes
operate in nature by a diffusional route in which the oxidized
cofactor penetrates into the protein, accepts the electrons (as
a hydride equivalent), and diffuses from the protein matrices.
Further oxidation of the NAD(P)H by the electrode requires

Angew. Chem. Int. Ed. 2000, 39, 1180-1218

a catalyst.?'%] The affinity interactions between the NAD™-
cofactor and the respective cofactor-dependent enzymes were
used to assemble integrated electrodes with layers of cofactors
and enzymes exhibiting electrical communication.l’! The
semisynthetic NAD"-cofactor 9 was covalently linked to a
PQQ monolayer (see Figure 15A). The NAD"-dependent
enzymes lactate hydrogenase (LDH) or alcohol dehydrogen-
ase (AlcDH) bind to the PQQ-NAD* monolayer by affinity
interactions. Microgravimetric, quartz-crystal-microbalance
studies revealed the coverage of LDH to be 3.5x
102 molecm~—2. The cross-linking of the enzyme layer with
glutaric dialdehyde yields a stable, layered cofactor —enzyme
electrode that stimulates the electrooxidation of lactic acid
(see Figure 15B). The biocatalyzed oxidation of lactate
proceeds by the integrated cofactor—enzyme assembly where
the enzyme-generated NADH is oxidized by PQQ in the
presence of Ca’" jons. The amount of reduced NADH
cofactor is controlled by the concentration of lactate, and
thus the transduced currents correlate with the concentration
of lactate. The electrode thus provides a general configuration
for biosensor electrodes employing NAD*-dependent en-
zymes.[]

The covalent attachment of electron relays to layered
enzyme electrodes provides a means to facilitate electrical
communication between the enzyme layer(s) and the elec-
trode, and to electrically activate the biocatalyst.l'! A
glutathione reductase monolayer was assembled onto Au
electrodes through a thiolate bridging unit (Figure 24 A).[1162.0]
The enzyme layer was functionalized with 12-H, where the
chain length tethering the electron relay was systematically
lengthened. Electroreduction of the bipyridinium unit was
found to activate the enzyme for the reduction of oxidized
glutathione (GSSG). The effectiveness of GSSG reduction
was controlled by the length of the chain tethering the
electron relay to the protein, with longer bridging chains
enhancing the bioelectrocatalyzed reduction of glutathione
(Figure 24 B). This result was rationalized in terms of shorter
electron-transfer distances between the electron-relay sites
and the enzyme redox center for the systems with bipyridin-
ium units tethered by long chains. It was found that it is
important to modify the protein with the bipyridinium
components in the presence of urea to attain electron transfer
between the enzyme redox center and the electrode. Added
urea partially unfolds the protein and enables the substitution
of inner-protein lysine residues with the bipyridinium electro-
active sites (see Section 7).[11620]

A multilayer of glucose oxidase (GOx, see Figure 8) was
similarly modified with a carboxyferrocene derivative (11).[1]
The electroactive ferrocene relay units are oxidized by the
electrode, and these then oxidize the redox sites of the
enzyme. The amperometric response of the layered electrodes
was found to be controlled by the number of protein
layers,[''®] implying that all of the enzyme layers are electri-
cally contacted with the electrode by the ferrocene units. The
rate-limiting process in the oxidation of glucose is the electron
transfer between the substrate and the active center. This
results in different amperometric responses of the electrode at
variable glucose concentrations, and allows the application of
the layered enzyme electrode as an amperometric glucose
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Figure 24. A) Assembly of an electrically contacted glutathione reductase
electrode. B) Rate of bioelectrocatalyzed reduction of oxidized glutathione
(GSSG) by this electrode using different tethering chain lengths of the
contacting relay units: a)n=2,b)n=5,c)n=11.

biosensor. A related thin layer of glucose oxidase, electrically
contacted by ferrocene units, was assembled on an Au
electrode by the cross-linking of GOx, 2-aminoferrocene,
and a monolayer of p-mercaptoaniline with glutaric dialde-
hyde.[17"]
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The reconstitution of apo-GOx on the PPQ-FAD mono-
layer (see Figure 14 A) yields a stable, electrically contacted,
bioelectrocatalytically active layer.'*") The current densities
transduced by the electrode appear to be unprecendentally
high in the area of bioelectronic devices: A current density of
300 pAcm™2 at a glucose concentration corresponding to
80 mm and at 35°C was found. The theoretical turnover rate
of GOx at 35°C in the presence of molecular oxygen as an
electron acceptor is approximately 900 s~1L1%! while the
calculated value of the current to be transduced by a densely
packed GOx monolayer (2.9 x 10~ molem—2) operating at
this maximal electron transfer turnover rate is approximately
300 pAcm—2, which is in excellent agreement with the
experimental value. It was concluded that the reconstituted
biocatalyst reveals the theoretical value for MET as a result of
the alignment of the enzyme onto the electrode surface. The
aligned enzyme allows the effective oxidation of the reduced
FAD cofactor by the PQQ electron-relay unit and the
oxidation of glucose by MET. The high current densities
transduced by the GOx reconstituted onto the PQQ-FAD
monolayer, and the insensitivity of the enzyme electrode to
oxygen and other biological interferrants, led to the sugges-
tion that these functionalized enzyme electrodes could be
miniaturized into implanted invasive microelectrodes for in
vivo continuous monitoring of glucose levels in blood.

9. Biomaterial-Based Electrodes for Biofuel Cells

One of the attractive applications of bioelectrocatalytic
electrodes is the development of biofuel cell elements. The
biofuel cell utilizes biocatalysts for the conversion of chemical
energy into electrical energy.?"!! Since many organic sub-
strates undergo combustion in oxygen or are oxidized with the
release of energy, the biocatalyzed oxidation of the organic
material at two compartmentalized electrode interfaces could
lead to the conversion of chemical energy into electrical
energy. Abundant raw materials, such as methanol or glucose,
can be used as fuel substrates for the oxidation, and molecular
oxygen or H,0O, can act as the oxidizer. The extractable power
(P) of a fuel cell is the product of the cell voltage (V) and
the cell current (I;). Although the ideal cell voltage is
affected by the difference in the formal potential of the fuel
and oxidizer substrates, irreversible losses in the cell voltage
originate from kinetic limitations associated with the electron
transfer, ohmic resistances, and concentration gradients.
Similarly, the cell current is controlled by the size of the
electrodes, the ion permeability, and transport across the
membrane separating the cathodic and anodic compartments,
and specifically, the rates of electron transfer at the anode and
cathode interfaces. All of these parameters collectively
influence the resulting cell power, and the V., and I, values
should be optimized to obtain improved efficiencies.

The fact that layered biomaterial-functionalized electrodes
catalyze the oxidation of substrates such as glucose, methanol,
and lactic acid, or catalyze the reduction of substrates such as
H,0,, enables these electrodes to be used as key elements of
biofuel cells. Accordingly, a biofuel cell element based on the
bioelectrocatalytic oxidation of glucose by H,O, was con-
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Figure 25. A) Schematic configuration of a biofuel cell employing glucose
and H,O, as a fuel and an oxidizer, respectively, and PQQ-FAD/
reconstituted GOx MP-11-functionalized electrodes as biocatalytic anode
and cathode, respectively. B) Current —voltage behavior of the biofuel cell
at different external loads. Inset: electrical power P extracted from the
biofuel cell at different external loads.

structed (Figure 25 A).2'2 An electrically contacted glucose
oxidase monolayer assembled on an electrode by the recon-
stitution of apo-glucose oxidase on a PQQ-FAD layer (see
Figure 14 A) was used as the anode, whereas a MP-11-
functionalized electrode acted as the cathode in the system.
The bioelectrocatalyzed oxidation of glucose proceeds at the
anode, while the MP-11-catalyzed reduction of H,O, occurs in
the cathodic compartment. The current —voltage behavior of
the biofuel cell and the power extracted from the cell at
different external loads and at optimized concentrations of
the oxidizer and fuel substrates are shown in Figure 25B. The
maximum extracted power corresponds to 32 uW at an
external load of 3 kQ (inset in Figure 25B). The configuration
of this biofuel cell represents a very general method for
developing biofuel cell elements, and it can be extended to
other oxidative enzymes and fuel substrates such as methanol
oxidase or lactate oxidase and the respective alcohol or lactic
acid fuel substances.

A different general approach to tailor biofuel cells is based
on the bioelectrocatalyzed oxidation of 1,4-dihydronicotine-
amide cofactors. Various substrates, for example, alcohols,

Angew. Chem. Int. Ed. 2000, 39, 1180-1218

hydroxy acids, or sugars, undergo biocatalyzed oxidation by
enzymes dependent on the NAD(P)* cofactor. The bioelec-
trocatalytic oxidation of the resulting dihydronicotinamide
cofactors (NAD(P)H) at the anode, with the concomitant
reduction of the oxidizer (H,0,) at the cathode, could provide
a general configuration for a biofuel cell (Figure 26 A).[2120]
The bioelectrocatalyzed oxidation of NADH by the PQQ-
functionalized electrode represents the electrochemical trans-
formation in the anodic compartment, while the MP-11-
catalyzed reduction of H,0O, is the complementary process at
the cathode interface. Figure 26 B shows the current—voltage
behavior and the electrical power extracted from the cell at
different external loads. The maximum extractable power
from the cell was estimated to be 8 uW at an external load of
3 kQ (inset of Figure 26 B). Although the system represents a
general methodology that utilizes NAD(P)H cofactors as the
fuel of a biofuel cell, it is essential to further develop this
system for future practical use. The cost of NAD(P)*
cofactors prohibits their use as the primary fuels of the
biofuel cell. It is essential to immobilize the cofactor on the
anode interface and to couple it to a primary abundant fuel,
for example, an alcohol, and the respective enzyme, namely
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Figure 26. A) Schematic configuration of a biofuel cell employing NADH
and H,0, as a fuel and an oxidizer, respectively, and a PQQ-functionalized
anode and a MP-11-functionalized cathode. B) Current —voltage behavior
and electrical power P (inset) of the biofuel cell at different external loads.
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alcohol dehydrogenase, for the in situ generation of the
NAD(P)H cofactor. The progress in the organization of
integrated, electrically contacted, bioelectrocatalytic
NAD(P)" electrodes (see Figure 15) paves the way toward
engineering new layered enzyme electrodes for biofuel cells.

10. Microscale Patterning and Structuring of
Biomaterials on Surfaces

The potential applications of biosensors and bioelectronic
devices could be expanded to novel horizons if biomolecules,
and specifically, enzymes, antigens, antibodies, and receptors,
could be organized in ordered microstructured arrays on
surfaces.?"’! The tailoring of multisensing surfaces (sensor
batteries) for the simultaneous addressable detection of
several analytes or the analysis of spatial distributions and
gradients of analytes in samples could be envisaged by
microstructured arrays of bioactive sensing materials. Also,
patterned sensor arrays of spatially resolved biomaterials
could act as self-calibrated sensor arrays, where one sensor
domain is used to calibrate a secondary sensing interface. A
further application of structurally ordered domains of bio-
materials could include the organization of interacting arrays
that respond to external physical or chemical stimuli. A series
of enzymes in the appropriate ordering could lead to the
transformation of the analyte substrate to a redox-active
species that is electronically transduced by the conductive
support. Similarly, a chemical reaction of two species gen-
erated by spatially separated biocatalysts could generate a
product that activates a third spatially organized electroactive
enzyme (gated bioelectronics).

The generation of microstructures consisting of conductive
materials is a mature research field that has led to tremendous
developments in microelectronics and information storage.
Microscale lithography using UV irradiation, electron beams,
and X-rays are common technologies for surface pattern-
ing.?¥l The addressing of biomaterials to target surface
domains and their specific chemical or physical deposition
in biologically active forms on these defined areas on the
support represent scientific challenges of interdisciplinary
interests. Substantial research efforts have recently been
directed to the microscale-patterning of monolayers?>*" and
functionalized thin films on solid supports.2!>edl

Photolithography?# and micromachining of monolay-
ers,?'l microstamping of solid supports,?'%* 27l and micro-
writing on surfaces?'®! were often applied to generate
patterned monolayers of controlled wettability,[2'0>-4-211 or
chemical and electrical properties.’”! The controlled etching
of metalsP'¥! or the selective deposition of metals??!l enabled
the microscopic structuring of surfaces by a variety of
polymeric, organic, conductive, and inorganic materials.

Several of the concepts of patterning surfaces with micro-
scale chemical functions were used to generate arrays of
biomaterials. Some of these methods were used to pattern
oligonucleotide arrays?'> 22l or antigen-antibody struc-
tures.??! Other studies have used redox-inactive or model
proteins to demonstrate the strategies of assembling protein
structures on solid supports.??l Although the present review
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emphasizes the use of redox proteins for bioelectronic
applications, we take the liberty of surveying recent advances
in the patterning of proteins on surfaces. We believe that these
approaches may find central roles in tailoring future bioelec-
tronic systems of different functions.

10.1. Patterning of Surfaces with Biomaterials by
Covalent Bonding

Modification of the surface of solid supports with photo-
activable groups allows the light-induced generation of
reactive intermediates, for example, radicals, carbenes, ni-
trenes, that react with proteins to yield covalent bonds.['”]
Photoirradiation of the photosensitive monolayer on the solid
support through a mask yields patterned domains of the
reactive intermediates, which allow the covalent attachment
of biomaterials to the activated surfaces. Figure 27 summa-
rizes several photochemical routes to generate reactive

hy
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Figure 27. Photochemical generation of: A) benzhydrol radicals. B) car-
benes, C) nitrenes, for covalent linkage to proteins.

intermediates. Benzophenone undergoes photochemical acti-
vation in the presence of a proton source to form the ketyl
radical, and the recombination of the two radicals permits the
formation of a new bond. Photolysis of aryldiazine generates
the carbene and its insertion into a C—H bond allows proteins
to be linked to the reactive intermediate. Irradiation of azides
produces the aryl nitrene that reacts with C—H bonds to form
the stable amine. Accordingly, Si chips were silylated by
aminopropyltriethoxysilane to yield the amino-functionalized
Si surface, which was then treated with benzophenone-4-
isothiocyanate (13) or with 3-(m-isothiocyanatophenyl)-3-
trifluoromethyldiazirine (14) to yield the thiourea-linked,
photosensitive benzophenone or diazirine layers, respectively
(Figure 28).2%1 Photolysis of the respective monolayers
through masks produces the ketyl or carbene species that
link biomaterials (proteins) to the Si surface. Aryl azides were
used for the photochemical patterning of polymer-function-
alized surfaces with proteins.?l By one approach, an aryl
azide functionalized bovine serum albumin (BSA) was
prepared by the reaction of BSA with N-(4-azidobenzoyloxy)-
succinimide (15; Figure 29 A) and deposited onto a polyvinyl
alcohol film. Irradiation of the resulting assembly
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O

through a mask results in the
covalent linkage of the protein
to the polymer via the inter-
mediate generation of phenyl-
nitrene species. Using a similar
approach, an aryl azide func-
tionalized layer that includes an
active ester moiety was photo-
lithographically deposited onto
a polystyrene (PS) film (Fig-
ure 30). N-(4-azido-2,3,5,6-tetra-
fluorobenzoyloxy)succinimide

(18) was deposited on the poly-
mer. The film irradiated
through a mask yielded a pat-
tern of the reactive N-hydroxy-
succinimide groups that was
subsequently linked to horse
radish peroxidase (HRP) or avi-
din.?1  Alternatively, N-(5-
aminopentyl) biotinamide was
treated with the patterned ac-
tive ester and fluorescein-la-
beled avidin was associated to
the biotin domains. Figure 31 A
shows the micrograph of the
fluorescein—avidin pattern on
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Figure 30. Photochemical patterning of a polystyrene film by the irradi-
ation of an azido-photolabeled active ester through a mask. The protein is

16 linked to the domains functionalized with the active ester.

Figure 29. A) Preparation of a photolabile azido-functionalized protein.
B) Photoinduced covalent linkage of a protein to an azido-functionalized
polymer film.

a glass support. Note that the avidin pattern enables the
secondary attachment of any enzyme by using biotinylated
proteins (see Section 10.2). Photochemical deprotection of
functional groups that can be linked to proteins allows the
micropatterning of surfaces with enzymes or proteins. The
ortho-nitrobenzyl ester unit is one of the most studied
photosensitive protective groups for functional groups, par-
ticularly carboxylic acids.?®! A copolymer consisting of
protected acrylic acid, co-poly-ortho-nitrobenzyl acrylate
poly-N,N-dimethylacrylamide (19) was used as an active
matrix for microdeposition of protein structures.??! Irradi-
ation of the polymer layer through a mask results in the

through a mask results in the covalent attachment of the
protein to the base polymer layer, and the BSA from the areas
that were not exposed to light was washed off. A related
approach used aryl azide functionalized polymers as photo-
active matrices for the covalent attachment of the protein at
irradiated surface domains (Figure 29B). Two polymers, for
example, the copolymer poly(N,N-dimethylacrylamide-co-4-
azidostyrene) (16) and poly(3-azidostyrene) (17) were depos-
ited as thin films on solid supports, and the protein was spread
on the respective polymer films. Irradiation of the assemblies
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Figure 31. A) Micrograph of a fluorescein-labeled avidin attached to a
patterned active ester monolayer generated by the irradiation of polystyr-
ene through a mask in the presence of an azido-labeled active ester (see
Figure 30, from ref. [227]. B) Photolithographic activation of a polymer
film and site-specific covalent attachment of BSA to the patterned polymer
(19). a) The structure of the mask, b) Patterned BSA/polymer surface
obtained upon irradiation of a thin film of 19 on glass in the presence of
BSA. The image (from ref. [226]) was recorded by the staining of the
resulting pattern with the respective enzyme-labeled antibody using
Vectastain ABC-AP (Vector Laboratories, Burlingame).

photodeprotection of acrylic acid residues. Covalent attach-
ment of bovine serum albumin to the carboxylic acid residues
using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide as the
coupling reagent yields the protein pattern shown in Fig-
ure 31 B. This method can be extended to immobilize any
redox protein in a patterned, well-defined, configuration.

A different approach involves “negative photolithogra-
phy”, namely, the photochemical deactivation of functional
groups associated with a monolayer for the secondary
covalent immobilization of proteins.??*! A silylated, sulfuran-
ylpropyl-functionalized surface was irradiated under oxygen
through a mask, and the areas exposed to light were oxidized
to the sulfonated functionalized monolayer. The resulting
patterned monolayer was then treated with the bifunctional
reagent N-4-maleimidobutyryloxysuccinimide ester (GMBS,
20), which allows the covalent linkage of proteins to the
patterned interface (Figure 32). Different antibodies, for
example, anti-goat IgG from rabbits or phycoerythrin, were
linked to the patterned interfaces, and protein microstructures
exhibiting a resolution of approximately 25 um were tailored.
Note that the patterning of antibodies on surfaces enables the
organization of any protein (enzyme) pattern by the secon-
dary noncovalent association of antigen-labeled proteins to
the base antibody pattern.

10.2. Patterning of Surfaces by Layered Biomaterials
through Noncovalent Interactions

The patterning of surfaces with molecular components that
allow the formation of host—guest complexes with biomate-
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rial receptors provides a general means of generating
bioactive microstructures. Of specific interest is the patterning
of addressable multidentate bio-receptors such as avidin,
concanavalin A, and antibodies, that allows the secondary
association of any appropriately labeled biomaterial to the
patterned layered assembly. Biotin/avidin affinity interactions
were used to generate micropatterns of proteins and, specif-
ically, enzyme patterns.??’!

A layer of deglycosylated avidin (avidin D) was covalently
linked?* to Au or SiO, surfaces, and the photoactive azide-
functionalized biotin (photobiotin, 21) was bound to the
avidin layer by noncovalent interactions (Figure 33). Irradi-
ation of the monolayer through a mask in the presence of a
protein yields the nitrene biotin that reacts with the protein
through nitrene insertion. By the two-step irradiation of two
addressable domains in the presence of two different proteins,
for example, rabbit [gG and rat IgG, the antibodies were
assembled on the respective spatially addressed surfaces. By
the further irradiation of the resulting protein-functionalized
layer, the nonmodified photobiotin sites were activated
towards the reaction with casein, which resulted in the
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Figure 32. Photolithographic patterning of a thiol-functionalized surface
with a protein by the light-stimulated deactivation of surface functionalities
by irradiation through a mask.
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Figure 33. Sequential photochemical patterning of a surface with different
proteins by site-specific irradiation of surface domains functionalized with
an avidin/photolabeled biotin layer.

assembly of an ordered three-protein composite. The result-
ing antibody-patterned surface was imaged by the reaction
with rhodamine-labeled anti-rabbit IgG derived from goats
and fluorescein-labeled anti-rat IgG derived from rabbits,
respectively. By using this method lines of biomaterials with a
resolution corresponding to 1.5 um could be written. A
related method of patterning polymers with biomaterials
using photobiotin (as the acetate salt) as the active component
was reported.??®l Photobiotin was physically adsorbed onto a
nitrocellulose membrane or a polystyrene film. The polymer
was irradiated through a mask, and the photoactivation of
biotin generated a polymer-linked biotin pattern. The binding
of the multidentate avidin to the biotin binding sites linked to
the polymer matrices enabled the secondary association of
biotinylated alkaline phosphatase or biotinylated HRP.

A similar approach was used to generate patterns of
enzymes on glassy carbon surfaces (Figure 34).1%1 Photo-
sensitive biotin (21) was cast onto the glassy carbon surface.
The pattern of biotin on the surface was generated by an
interference pattern on the substrate rather than the irradi-
ation through the mask. Subsequent interaction of the biotin-
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Figure 34. Photochemical patterning of a glassy carbon electrode with
biotin and a secondary avidin/biotinylated enzyme layer by the irradiation
of the surface through a mask in the presence of photolabeled biotin.
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layer pattern with avidin yields the protein pattern. The
microstructured avidin layer was imaged by fluorescence
microscopy by the application of fluorescein-labeled avidin or
avidin labeled with Texas Red. The tetramer ligation ability of
avidin allows the secondary binding of biotinylated enzymes
(for example, alkaline phosphatase) to the base avidin
pattern.

Photoisomerizable antigens were used to tailor reversible
immunosensors by controlling the antigen-—antibody inter-
actions with light.?*! In one photoisomer state the molecular
substrate exhibits antigen features for the antibody, while in
the secondary photoisomer configuration a molecular species
lacking antigen properties is generated (Figure35A). A
cyclic, light-induced association and dissociation of the

I [:> "on
\\> amperometric sensing
hvy signal

release of antibody
nia
0 ) ar

| DNP-Ab

DNP-Ab

Figure 35. A) Photocontrolled association and dissociation of an antibody
to and from an electrode with an photoisomerizable antigen monolayer.
This is a model for a reversible immunosensor electrode, and the light-
induced regeneration of an immunosensor. B) Photoinduced binding and
dissociation of DNP-ADb to and from an electrode with a photoisomerizable
dinitrospiropyran/protonated dinitromerocyanine monolayer.

antigen —antibody complex was stimulated by the reversible
photoisomerization of the photoactive molecular substrate
between the two states. It was shown that a dinitrospiropyran
monolayer associated with an Au electrode or a conductive
ITO electrode reveals photochemically controlled binding
and dissociation of the dinitrophenyl antibody (DNP-Ab,
Figure 35B).2% The dinitrospiropyran monolayer acts as an
antigen for the DNP-ADb, whereas the protonated dinitromero-
cyanine lacks antigen features. This difference enabled the
photolithographic patterning of surfaces with DNP-
Ab.[300e. 2311 A glags surface was silylated with aminopropyl-
triethoxysilane, and dinitrospiropyran (SP) 22a was covalent-
ly coupled to the surface (Figure 36 A). The resulting antigen
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Figure 36. A) Assembly of a photoisomerizable dinitrospiropyran (SP) antigen monolayer on a glass support, the photolithographic patterning of the
monolayer by irradiation through a mask, and the selective binding of DNP-Ab-functionalized agarose beads to the patterned surface. B) The pattern of
DNP-AD covalently linked to agarose beads formed upon the selective deposition of the particles to a photolithographic patterned dinitrospyropyran
monolayer. Particles are deposited onto the dinitrospyropyran sites, whereas the vacant domains are in the dinitromerocyanine (MR) state (from

ref. [231]).

monolayer was irradiated through a mask and all of the
illuminated domains were transformed to protonated dini-
tromerocyanine (22b) areas lacking antigen features. The
resulting patterned antigen layer was then interacted with
DNP-Ab-functionalized agarose particles. The domains
that include the dinitrospiropyran antigen units associate
with the antibody-—agarose particles. Figure 36 B shows the
pattern of the antibody-agarose particles formed upon
irradiation of the base dinitrospiropyran layer through a grid.
This system enables, in principle, the secondary microstruc-
turing of surfaces with any enzyme, and the organization of a
three-dimensional array of different biomaterials. For exam-
ple, any dinitrophenyl-functionalized enzyme will link by
noncovalent interactions to the base DNP-Ab-patterned
microstructure since the agarose beads include vacant DNP-
Ab sites.
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Proteins may be spatially patterned by the organization of
patterned monolayers on solid supports that have the
appropriate hydrophilic/hydrophobic balance for the specific
adsorption of the biomaterial. Monolayers consisting of
oligo(ethylene glycol) terminated thiols (HS(CH,),;(OCH,.
CH,)sOH) resist the adsorption of proteins, whereas hydro-
phobic monolayers (for example, HS(CH,);sCH;) adsorb
proteins such as avidin, hexokinase, pyruvate kinase, ribonu-
clease A, lysozyme, and fibrinogen effectively.®? Several
techniques, including microwriting,?2%  micromachin-
ing 2104 stamping,?** and UV photolithography'® were
used to generate the respective patterns of oligo(ethylene
glycol) and hexadecylthiol.’?!! Adsorption of the proteins to
the patterned hydrophobic domains was imaged by scanning
electron microscopy (SEM). The relative brightness of a
micrograph area relates to the secondary electron emission

Angew. Chem. Int. Ed. 2000, 39, 1180-1218
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from that domain. The association of the protein to the
hydrophobic monolayer is reflected by a decrease in the
brightness of the domain in the micrograph.?'*®! A pattern of
lines was written on an Au film using HS(CH,),sCHj as the ink
solution, and the background surface was treated with the
oligo(ethylene glycol).3]

Irradiation of the hexadecylthiol monolayer through a
mask (UV light, under oxygen) results in the oxidation of the
thiolate to the sulfonate. Desorption of the latter product and
specific association of HS(CH,);;(OCH,CH,);OH with the
bare Au domains (Figure 37) enabled the specific adsorption
of pyruvate kinase to the patterned hydrophobic domains.[?24
The stamping of an Au surface with a stamp molded from
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Figure 37. Photolithographic oxidative desorption of a thiol monolayer
followed by the filling of empty domains with a hydrophilic oligo(ethylene
glycol) terminated thiol for the noncovalent patterning of proteins on the
surface. The alkyl chains are only representative.

poly(dimethylsiloxane) and functionalized with the hydro-
phobic thiol was used to generate a pattern of hexadecylthiol,
and the remainder of the base surface was derivatized with the
sulfanyl oligo(ethylene glycol). Selective association of pyru-
vate kinase to the hydrophobic domains resulted in the
protein pattern.?24
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A micromachining approachl?!5 216.218] wag similarly ap-
plied to generate patterns of pyruvate kinase. An Au surface
was functionalized with the hydrophilic sulfanyl oligo(eth-
ylene glycol). The resulting monolayer was scratched with a
scalpel blade and the scratched domain was then treated with
the hydrophobic thiol to which pyruvate kinase was specifi-
cally associated. Different proteins such as fibronectin,
streptavidin, and antibodies were selectively associated on
the patterned hydrophobic layer. It was possible to distinguish
between proteins associated with stamped hydrophobic
domains by the relative intensities of the SEM images. The
larger the protein, the darker is the SEM image.

11. Photoactivated Layered Enzyme Electrodes for
Optobioelectronics: Amperometric Transduction of
Recorded Optical Signals

Photoactivated layered redox enzymes on conductive
supports enable the amperometric transduction of optical
signals recorded by the bioactive interfaces.? 234 Figure 38 A
shows the application of a layered, photoswitchable redox
enzyme on an electrode as an optobioelectronic assembly for
the amplified amperometric transduction of recorded optical
signals. The enzyme is functionalized by a photoisomerizable
unit (A) that distorts the protein structure and prohibits the
bioelectrocatalyzed oxidation (or reduction) of the respective
substrate. Photoisomerization of the light-active groups to
state B restores the bioactive tertiary structure of the enzyme.
This process activates the bioelectrocatalytic transformation
and the photonic information recorded is transduced as an
amperometric output. As the optical signal activates an
electrocatalytic process the resulting current represents an
amplified response to the recorded photonic signal. Such
systems can be used as optical memories (write-read-erase),
where the optical signal represents the writing process, the
electrocatalytic reaction the reading mechanism, and the
reversible photoisomerization the erasure step. Similarly, the
use of photoactivated redox enzymes on electrodes as actino-
metric devices, biomolecular amplifiers of weak light signals,
and logic gates,[''! were recently addressed.

The enzyme glucose oxidase (GOx) was modified chemi-
cally with nitrospiropyran photoisomerizable units (23a) and
assembled as a monolayer onto an Au electrode (Fig-
ure 38B).I'%] In the presence of the diffusional electron
mediator, ferrocenecarboxylic acid (24) the nitrospiropyran-
functionalized GOx is activated for the oxidation of glucose,
as evidenced by the resulting high electrocatalytic current
(Figure 39). Photoisomerization of the monolayer to the
protonated merocyanine (23b) results in the distortion of the
protein that perturbs the electrical contact by the electron
mediator. This process results in a substantially lower
amperometric response. Reversible “high” and “low” am-
perometric responses of the functionalized electrode are
transduced upon cyclic photoisomerization of the enzyme
monolayer between the two states. The photoisomerizable
enzyme electrode revealed photoswitchable transduction of
recorded optical signals (Figure 39). However, the “switched-
off” state does not reveal complete blocking of the
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bioelectrocatalytic functions of the en-
zyme. This was attributed to the insuffi-
cient structural distortion of the protein
by the covalent attachment of the photo-
isomerizable units. That is, attachment of
photoisomerizable components to amino
acid residues far from the enzyme redox
center, or the channel pathway of the
electron mediator, is not sufficient to
effectively perturb the electrical contact
between the enzyme and the electrode.
D One approach of improving the photo-
switchable functions of a redox enzyme
to complete “ON” and “OFF” states
involved the introduction of the photo-
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Figure 38. A) Assembly of an optobioelectronic system by the organization of a layer of photo-
isomerizable redox enzyme on an electrode support. B) Assembly of a nitrospiropyran-tethered
glucose oxidase layer on a Au electrode for the photoswitchable, bioelectrocatalyzed oxidation of
glucose. Ferrocenecarboxylic acid is used as a diffusional electron mediator to provide an electrical

contact between the redox enzyme and the electrode support.
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Figure 39. Cyclic voltammograms of the photoswitchable bioelectrocata-
lyzed oxidation of glucose (2.5 x 10-2m) as described in Figure 38 B using a
photoisomerizable GOx monolayer electrode (in the presence of 24,
5x1073m): a)in the SP form, b)in the MR form; potential scan rate:
5mVs. Inset: Cyclic amperometric responses of the electrode with a
photoisomerizable enzyme monolayer upon reversible light-induced iso-
merization of the protein layer between the SP (@) and MR form (m).
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isomerizable unit close to the biocatalytic
redox active site by a reconstitution
process (Figure 40). The native FAD-
cofactor associated with GOx was ex-
cluded from the enzyme and substituted
with the semisynthetic nitrospiropyran-
FAD cofactor (25a).[184-235 The reconsti-
tuted photoisomerizable enzyme was
then assembled as a monolayer on an
Au electrode. In the presence of the
electron mediator 24 the bioelectrocata-
lyzed oxidation of glucose was fully
switched to “ON” or “OFF” positions
(Figure 41). In the nitrospiropyran state
of the enzyme (25a-GOx) the mediated
electron transfer by 24 is blocked. Upon
photoisomerization of the enzyme mono-
layer, 25b-GOx state, the diffusion path
of the electron mediator is opened, and
the bioelectrocatalytic oxidation of glu-
cose is activated (Figure 42).

The partially photostimulated properties of glucose oxidase
that had been substituted randomly by photoisomerizable
groups were used to design a three-state switch by the
coupling of the photoisomerizable enzyme with an antibody
(Figure 43).0%< Glucose oxidase was modified with dinitro-
spiropyran units, and the resulting photoisomerizable enzyme
was assembled as a monolayer on an Au electrode. The
resulting monolayer enzyme electrode was activated for the
bioelectrocatalyzed oxidation of glucose in the dinitrospiro-
pyran photoisomer state (SP-GOx) and using ferrocenecar-
boxylic acid (24) as an electron transfer mediator (switch
“ON”). Photoisomerization of the monolayer to the proton-
ated dinitromerocyanine state (MR-GOx) results in the
partial deactivation of the bioelectrocatalytic features of the
enzyme electrode (partial switch “OFF”). The photoisomer-
izable units of dinitrospiropyran and protonated dinitromero-
cyanine, however, exhibit light-stimulated binding affinities to
the dinitrophenyl-antibody (DNP-Ab, see Section 10.2). The
SP state acts as an antigen for DNP-Ab, while the MR state
lacks antigen features for DNP-Ab. The binding of the DNP-
Ab to the SP-GOx insulates the diffusion path of the electron-
transfer mediator, and the electrical contact of the enzyme
and the electrode is blocked. This process yields the

Angew. Chem. Int. Ed. 2000, 39, 1180-1218
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Figure 41. A) Assembly of the photoisomerizable enzyme layer in accord-
ance with Figure 40B on an Au electrode. B) Photoswitchable bioelectro-
catalyzed oxidation of glucose by this electrode in the presence of
ferrocenecarboxylic acid as a diffusional electron mediator.

Angew. Chem. Int. Ed. 2000, 39, 1180-1218

MR-FAD 25b

25b - reconstituted GOx
Figure 40. A) Synthesis of a semisynthetic nitrospiropyran-FAD cofactor. B) Reconstitution of apo-GOx

complete switching-off of the elec-
trobiocatalytic properties of the
enzyme electrode. The MR-GOx
photoisomer state of the monolayer
is not affected by DNP-ADb, since
the photoisomer sites lack antigen
features for the antibody. By rever-
sible photoisomerization of the en-
zyme monolayer between the SP-
GOx and MR-GOx states in the
presence or absence of DNP-Ab,
the system is cycled through the
switch-ON, switch-OFF, and switch
partial-ON states (Figure 44). The
layered enzyme-antibody and
electrode assembly mimics func-
tions of an electronic logic gate of
“AND” characteristics. The am-
perometric response of the photo-
isomerizable monolayer-electrode
is turned to the switched-off posi-
tion when two conditions are met:
The monolayer is photochemically
transformed to the SP-GOx state
and the monolayer interacts with
the DNP-Ab to yield the complex
layer on the electrode.

The electrical contact of the lay-
ered enzyme assembly and the
conductive support is driven by a
diffusional  electron  mediator,
which enables the photostimulation
of the bioelectrocatalytic functions
of the enzyme layer by the appli-
cation of a photoisomerizable
electron  mediator  (Figure 45;
p. 1211).12" In one photoisomer
state (SP) of the electron mediator
the relay establishes the electrical
contact between the enzyme layer
and the electrode support and acti-
vates the bioelectrocatalyzed transformation. In the comple-
mentary photoisomerizable state (MR) the electron transfer
between the biocatalyst layer and the conductive support is
blocked, as a result of steric or electrostatic barriers for
diffusion of the relay into the protein. Two photoisomerizable
relays, the covalently linked SP-ferrocene derivative 26 and
the SP-bipyridinium salt 27, were reported to photostimulate
the activities of glucose oxidase (GOx) and glutathione
reductase (GR), respectively.'””®! The enzyme GOx was
assembled as a five-layer array on an Au electrode. The SP-
ferrocene 26a forms an electrical contact to the enzyme
multilayer and the electrode surface, and results in the
bioelectrocatalyzed oxidation of glucose. The protonated
MR-ferrocene 26b does not mediate the electron transfer,
and its diffusion to the protein is sterically (or electrostati-
cally) hindered. By the reversible photoisomerization of the
electron relay between 26a and 26b, the cyclic activation and
deactivation of the enzyme was induced by light. Similarly, the

H OH
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Figure 42. Cyclic voltammograms corresponding to the bioelectrocata-
lyzed oxidation of glucose described in Figure 41 B by the photoisomeriz-
able GOx-monolayer electrode a) and c) in the SP state, b) and d) in the
MR state. Inset: Cyclic amperometric responses of the electrode upon
reversible photoisomerization of the monolayer between the protonated
MR (o) and SP state (0).
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photoisomerizable SP-bipyridinium relay 27 allows the pho-
tochemical activation and deactivation of glutathione reduc-
tase assembled in a layer on an Au electrode.

12. Conclusion and Perspectives

This review has addressed recent advances in the organ-
ization of redox proteins as monolayer or multilayer assem-
blies on solid conductive supports for bioelectronic applica-
tions. Specifically, the electrical contacting of the protein
layers with the electrode supports and the spatially controlled
deposition of proteins as integrated micropatterned arrays
were discussed. The potential use of electrically contacted
redox proteins as future biosensor devices was addressed. In
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320 nm < A < 360 nm A > 495 nm 320nm <A< 360%

partial "on"

_D

Figure 43. Schematic operation of a biphasic photobiological switch based on a SP-GOx-

monolayer electrode and DNP-Ab.
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Figure 44. A) Cyclic voltammograms of the two-phase switch described in
Figure 43 in the presence of ferrocenecarboxylic acid (4 x 10~*M) a) in the
SP state and in the presence of glucose (5 x 1072m), b) in the MR state, in
the presence of glucose (5 x 1072m), and with (20 mgmL~') or absence of
DNP-AD, c) in the presence of the SP state and DNP-Ab (20 mgmL!),
d)in the SP or MR state and in the absence of glucose. B) Cyclic
amperometric transduction of the biphasic switch composed as a result of
the reversible light-induced isomerization of the protein layer between the
SP and MR states in the absence and presence of DNP-Ab: (m) SP-GOx
monolayer without DNP-Ab, (¢) MR-GOx monolayer with or without
DNP-Ab, (a) SP-GOx monolayer in the presence of DNP-AD.

contrast to the previous methods that used random, non-
organized, deposition of proteins onto surfaces, for example,
encapsulation or immobilization in polymer
matrices, we have emphasized the basic scientific
interests and the practical implications of tailor-
ing organized protein architectures in ordered
and defined nanostructures. The key elements in
the integration of redox proteins with electronic
transducers include the physical or chemical
deposition of the proteins on the solid supports,
the electrical communication between the bio-
materials and the transducers, and the electronic
transduction of the biocatalyzed transformation
that occurs at the biomaterial/transducer inter-
faces. Monolayer and multilayer arrays of pro-
teins can be organized on transducers using
covalent bonds, affinity interactions, or hydro-
phobic/hydrophilic interactions. Theoretical un-
derstanding of electron-transfer processes in
proteins and the availability of chemical and
biological means to modify biomaterials have
enabled us to improve the electronic coupling
between the redox proteins and the transducer

sp 43 =MR
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Figure 45. Photostimulation of redox-enzyme electrodes by photoisomer-
izable electron relays.

element. Site-specific modification of redox proteins, genetic
engineering of protein structures, and surface-reconstitution
of proteins, represent novel and attractive means to align and
orient redox proteins on surfaces. The effective electrical
contact of aligned proteins with electrodes suggests that
future efforts should be directed at engineering further
structural mutations in proteins in order to further develop
ordered nanostructures of proteins on surfaces. Although our
report has emphasized the electronic coupling of redox
proteins and transducer elements, the concept can be further
adopted to organize monolayer and multilayer systems using
other biomaterials, such as antigens, antibodies,’”" oligonu-
cleotides (or DNA),P> 237l or bioreceptors.[® 28 Indeed, recent
reports have demonstrated the electronic coupling of anti-
body —antigen complexes with electrode supports?-2* or
with piezoelectric quartz crystals.'*> 241 Also, the electronic
transduction of photoswitchable formation and dissociation of
antigen —antibody complexes using photoisomerizable anti-
gen monolayers was reported.*) The formation of oligonu-
cleotide—-DNA double-stranded assemblies in monolayer
assemblies was electronically?'® 2!l and microgravimetrical-
ly?#! transduced. These systems were suggested as future
bioelectronic devices for the detection of genetic disorders
(for example, Tay —Sachs).?*! The continuous interest in the
development of antigen/antibody-based sensors (immunosen-
sors) and the growing demand for sensitive electronic DNA
sensors suggest that integration of these biomaterials as
monolayer/multilayer assemblies on transducer elements will
expand and will be utilized as a general immobilization
strategy.

Another aspect that will require future development
involves the integration of the biomaterial -monolayer as-
semblies with other transducers capable of signaling the
biological events at the biointerface by other electronic,
photoelectric, or optical means. In this context the organiza-
tion of the bioactive materials on field-effect-transistor

Angew. Chem. Int. Ed. 2000, 39, 1180-1218

devices (FET),!'*l the use of impedance spectroscopy,!' 24l
or surface plasmon resonance,?! to probe biointeractions at
the monolayer interface seems to be attractive.

The electrical contacting of protein layers associated with
electrodes for sensing applications and for the tailoring of
optoelectronic assemblies are already mature research areas
of solid scientific frames. The concept of integrating bioma-
terial monolayers with solid supports leads, however, to new
bioelectronic applications. The effective electrical contact of
surface-reconstituted flavoenzyme monolayers on electrodes,
and the ability to assemble electrocatalytic monolayer elec-
trodes, led to the use of the functionalized electrodes as active
components in biofuel cells.??!

The concepts of monolayer assembly on solid supports were
extended to the functionalization of surfaces with metal and
semiconductor nanoparticles.''2*£24] By the appropriate
design of complementary affinity interactions between bio-
material-capped metal particles (for example, Au particles)
three-dimensional superlattices were assembled.?**] The
organization of similar superlattices on transducer ele-
ments is anticipated to yield novel sensing matrices.’*”! The
unique photonic and electronic features of nanoparticles*!
suggest that the organization of biomaterial/nanoparticle
composites would yield novel optobioelectronic systems,
such as new photo-cells for the effective light-to-elec-
trical energy conversion or optoelectronic sensors. Double-
stranded oligonucleotide assemblies with sub-monolayer
coverage were used as a mold for the deposition of
metal nanowires.?*] This opens up novel routes for the
generation of nanoscale metal networks with nanometric
spatial resolution.

Finally, the spatial patterning of surfaces with chemical
functionalities, and the ability to modify surfaces with
biomaterials with micro- or nanoscale structures, has made
tremendous progress in recent years. This opens the way to
construct parallel multisensor systems, biosensing libraries,
and bioelectronic arrays for parallel or consecutive operation.
It is, however, mandatory to develop further chemical
methods to specifically address the target domains on the
patterned transducer element. The photochemical activation
of nano-domains,?'*! or electrochemically driven synthesis at
microelectrodes, ¢ 97 14426, 2501 ¢ould provide future challeng-
ing goals. The development of the various scanning micros-
copy techniques, such as atomic force microscopy (AFM) or
scanning tunneling microscopy (STM) has enabled the micro-
scopic imaging of biomaterial patterns.>!! The ability to
follow complementary affinity force interactions of biomate-
rials by AFM permits not only the basic understanding of
the molecular forces characterizing the macroscopic bioelec-
tronic systems,? but also allows the patterning of micro-
structures using these forces.[”8¢ 11322531 The possibility of
illuminating nano-domains using a near-field-scanning optical
microscope (NSOM) opens the way to activate layered
photoswitchable biomaterials associated with electrodes for
dense optical recording and electronic transduction.?*
Clearly, the architecture of biomaterial layers on transducer
elements is envisaged to offer exciting perspectives at the
frontiers of chemistry, biology, physics, medicine, and material
science.
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