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ABSTRACT: We report the fabrication of an amperometric NADH biosensor system that employs an allosterically modu-
lated bacterial reductase in an adapted Osmium(III)-complex modified redox polymer film for analyte quantification.
Chains of complexed Os(IIl)-centers along matrix polymer strings make electrical connection between the immobilized
redox protein and a graphite electrode disc, transducing enzymatic oxidation of NADH into a biosensor current. Sustain-
able anodic signaling required (1) a redox polymer with a formal potential that matched the redox switch of the embed-
ded reductase and avoided interfering redox interactions and (2) formation of a crosslinked enzyme/polymer film for sta-
ble biocatalyst entrapment. The activity of the chosen reductase is enhanced upon binding of an effector, i.e. p-hydroxy-
phenylacetic acid (p-HPA), allowing the acceleration of the substrate conversion rate on the sensor surface by in-situ ad-
dition or pre-incubation with p-HPA. Acceleration of NADH oxidation amplified the response of the biosensor, with a 1.5-
fold increase in the sensitivity of analyte detection, compared to operation without the allosteric modulator. Repetitive
quantitative testing of solutions of known NADH concentration verified the performance in terms of reliability and ana-
lyte recovery. We herewith established the use of allosteric enzyme activation and redox polymer-based enzyme electrode
wiring for substrate biosensing, a concept that may be applicable to other allosteric enzymes.

pramolecular/organometallic systems that were subject to
molecular activity stimulation. >'*".

INTRODUCTION

In recent years, allosteric enzymes have received much
attention in various research fields such as drug design
and the development of protein switches or biosensors .
The activity of such enzymes is modulated by the binding
of an allosteric effector such as specific ligands, ions or
proteins. ">%7 Applications of allosteric proteins in bio-

sensing include the detection of drugs °, biomarkers °,

cells *°, antibodies “, DNA “, carbohydrates *, pesticides *,
hormone receptor ligands ', and the specification of met-
al ions ®. Moreover, allosteric signal modulation in sen-
sors and catalytic devices was achieved not only with nat-

ural effector/protein couples but also with synthetic su-

Allosteric enzyme biosensing is usually applied to mo-
lecular species that modulate the rate of substrate conver-
sion, which in turn is monitored by suitable physicoche-
mical transducers.”? In this configuration, the onset and
magnitude of the change in the signal amplitude indicate
the presence or absence of analyte and its concentration,
respectively. Employing this principle, Wollenberger and
Scheller, for instance, designed an electrochemical bio-
sensor for the analysis of glycogen phosphorylase b
(GPB), a heart muscle cell constituent and primary ische-
mia biomarker that is regulated both through allosteric
control by adenosine monophosphate (AMP) and through
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phosphorylation.”® The authors used a three-enzyme cas-
cade that involved functional cooperation between GPB
and an alkaline phosphatase (AP)/glucose oxidase (GOx)
supplementation to the biosensor immobilization matrix,
translating GPB action on glycogen into a quantifiable
anodic hydrogen peroxide sensor current. Although GPB
was coupled to the sensor surface indirectly through sec-
ondary (AP) and tertiary (GOx) enzymes, this early study
proved that the concept of allosteric enzyme electroanaly-
sis was feasible for both activator and enzyme substrate
detection.

In the case of biosensors employing allosteric redox en-
zymes, direct electrical connection of the protein to the
signal-generating transducer interface is preferable to
cascade detection schemes with multiple enzymes. Acti-
vatory and inhibitory allosteric modulation of redox en-
zymes have been reported for a number of systems, for
example brain cytochrome P450 46A1 activation by neu-
roactive compounds”, 3-hydroxy-3-methyl-glutaryl-coen-
zyme A reductase inhibition by corrole, an natural tetrap-
yrolle-based antioxidant™ and control of Cu-containing
bacterial nitrate reductase by exogenous organo-chemical
ligands™. However, utilization of the allosteric behavior of
redox enzymes for quantitative amperometric or voltam-
metric electroanalysis is, to the best of our knowledge, li-
mited to one proof-of-principle study that used sophisti-
cated protein engineering to convert a PQQ-glucose de-
hydrogenase into an allosteric electrochemical Ca* sensor
with simple amperometric glucometer readout.” The
strategy of redox polymer enzyme immobilization, widely
used to electrically couple redox proteins to sensitive
electrochemical platforms®?*, has also not been explored
in combination with allosteric redox enzymes for ad-
vanced biosensor construction with signal amplification.
Based on the above, the first objective of this proof-of-
principle study was to demonstrate that allosteric redox
enzymes can be coupled to signal-generating electrode
surfaces by embedding them within redox polymer films
with properly adapted mass transport properties and for-
mal potential, E’. The redox enzyme chosen for this work
was the allosteric flavin mononucleotide (FMN)-depen-
dent reductase element (C1) of a two-component p-hydro-
xy-phenylacetate (p-HPA)-3-hydroxylase (HPAH) from
the soil-based microorganism Acinetobacter (A.) bau-
mannii. The second component (C2) of HPAH is a mono-
oxygenase that hydroxylates the substrate p-HPA to 3,4
dihydroxy-phenylacetate (DHPA), the final product.”** C1
and C2 are separate proteins which operate independent-
ly in terms of their biocatalytic functions. However, for
conversion of p-HPA to DHPA their activities are coordi-
nated through the activation of NADH oxidation by C1. *”
*. In the context of this study it is important that alt-
hough C1 does not use p-HPA as a substrate, p-HPA can
bind to C1 and act as an effector to increase the rate of
NADH oxidation (for a more detailed description of the
mechanism see Supporting information, Eq. 1-3). Transi-
ent kinetic data show that allosteric modulation of C1 by

p-HPA occurs by increasing the binding affinity for
NADH and thus increasing the rate of NADH oxidation
(=20fold increase).”” Therefore, the C1 reductase serves as
a suitable allosteric model for inclusion into redox poly-
mer biosensor preparations (refer to Eq. 4 in Section 1 of
the Supporting Information).

Tangled polymer strings with electroactive side group
attachments (so-called ‘redox polymers’) are widely used
components of reagent-less biosensors **. An advantage
in analyte signaling is that the physiochemical properties
of the special polymers (such as their degree of hydro-
phobicity, general ionic charge identity and acidity, swell-
ing capability etc.) and their E* standards can be
matched to the target enzyme by use of an optimized
macromolecule backbone and electroactive mediator de-
sign, respectively **°. A useful type of covalently fused
mediator species in redox polymers are osmium (III)
complexes bearing imidazole or pyridine based ligands,
since formal potentials are adjustable over a wide range
through the introduction of electron-donating or elec-
tron-withdrawing groups in the ligand periphery of the
metal cation.***. A Covalent anchoring of the mediator to
a backbone polymer chain prevents mediator leaching,
the escape of redox units into the measuring solution dur-
ing sensor operation, which is an important issue with
respect to signaling reliability and long term stability®.
Examples of electrodes with Os-complex modified redox
polymer/enzyme modifications range from amperometric
biosensors for the quantification of glucose®?°, lactate*
and aldehydes™ to simple enzymic detectors of hydrogen
peroxide®*?,

Here, our exemplary redox enzyme, the bacterial reduc-
tase C1 from A. baumannii, was incorporated in Os-
complex modified redox polymer electrode coatings, with
E®’ adaptations for effective faradaic communication be-
tween the FMN unit of the redox enzyme and the transi-
tion metal complexes tethered to macromolecular chains.
Ci/redox polymer-based biosensors were demonstrated to
work well for the detection and quantification of NADH
in amperometric mode, with sensor signals amplifiable
through allosteric C1 stimulation by p-HPA.

EXPERIMENTAL SECTION

Materials and Methods

Chemicals, materials and solvents of reagent or higher
grade were from Alfa-Aesar, Sigma-Aldrich, Acros-
Organics, Deutero, Euriso-top SAS, Merck or VWR Inter-
national. Solvents for NMR spectroscopy were stored at
4 °C. Deuterated DMSO-d¢ was stored at room tempera-
ture. Prior to use, chemically stabilized monomers for
polymer synthesis were passed through short columns
packed with the corresponding inhibitor remover and
then stored at -20 °C or 4 °C. The monomer 4-vinylben-
zenesulfonate was used as received. The polymer poly(4-
vinylpyridine) (PVP, 160 kDa) was purchased from Sigma-
Aldrich and used without any pretreatment. Polymeriza-
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tion initiator 2,2"-azobis (2-methylpropio-nitrile) (AIBN)
was recrystallized from hot toluene or methanol and then
kept at -20 °C or 4 °C. All aqueous buffer and stock solu-
tions were prepared with ultrapure deionized water. The
Os-precursor K,OsClg was purchased from Sigma (grade:
metal content of > 50 %). Dry organic solvents were pur-
chased from Acros-Organics (AcroSeal bottles containing
molecular sieves). The substrate B-nicotinamide adenine
dinucleotide (NADH, reduced disodium salt hydrate) and
the allosteric modulator para-hydroxyphenylacetate (p-
HPA) were purchased from Acros Organics. The cross-
linker poly (ethylene glycol) diglycidyl ether (PEGDGE,
number average molecular weight, M,, 400 Da) was pur-
chased from Sigma-Aldrich, and used as an aqueous solu-
tion (11.40 mg mL™). Stock solutions of NADH (50 mM)
and p-HPA (10 mM) were made with Tris-buffer (10 mM,
pH 10) and PBS (50 mM, pH 7), respectively. The NADH
solution was stored at 4 °C.

All reactions and manipulations were carried out using
standard Schlenk techniques except where otherwise not-
ed. NMR experiments were conducted with a DPX200
spectrometer from Bruker with a 'H and ®C resonance
frequency of 200.13 MHz and 50.32 MHz, respectively.
The residual solvent peak served as internal standard. All
UV-vis absorption spectra were recorded with a Cary 60
photo-spectrometer from Agilent, using quartz or poly-
styrene cuvettes with an optical path length of 1 cm. All
electron ionization (EI) mass spectrometric experiments
were performed with a VG Autospec spectrometer (Jeol).

Electrochemical Experiments

All electrochemical experiments were conducted with a
CHI 1030 multichannel potentiostat (CH Instruments) or
a PalmSens3 potentiostat using a standard three-electrode
setup under argon atmosphere and at room temperature
in a conventional electrochemical glass cell (working vol-
ume = 4 mL). A Pt-wire was used as the counter electrode
and the Ag/AgCl/3 M KClI system served as the reference
electrode. For measurements with the free Os-complex
glassy carbon electrodes (3 mm, sealed in PEEK, BAS)
were used as working electrodes. For all other measure-
ments the working electrodes were 3 mm graphite rods
(SGL Carbon), wrapped with PTFT tape to minimize
background currents. For measurements with the free Os-
complex an 1 M KCl/water solution was used as working
electrolyte. For all other experiments PBS (50 mM, pH 7)
was used as working electrolyte. Unless otherwise noted,
dissolved oxygen was removed from electrolytes by 30
min of argon bubbling prior to measurements and deaera-
tion was maintained during test trials by maintenance of
an argon atmosphere above the electrolyte. For all chron-
oamperometric experiments a constant potential of -0.1 V
vs. Ag/AgCl/3 M KCI was applied. Cyclic voltammograms
were not corrected for background. Graphite and glassy
carbon electrodes were thoroughly polished and rinsed
with ethanol and water prior to measurements/modifi-
cation.

Analytical Chemistry

All polymer and enzyme/polymer modified electrodes
were prepared by a standard drop-cast process. The pre-
paration of the PVP-Os/C1 modified electrodes was con-
ducted as follows: 4 pL of C1in 50 mM PBS, pH 7 (36.4 mg
mL"), 4 pL of PEGDGE in water (11.40 mg mL"), 5 pL of
PVP-Os in water (46.5 mg mL”) and 7.0 pL of PBS (50
mM, pH 7.0), giving a mass ratio of 315 of
C1/PEGDGE/PVP-Os, were thoroughly mixed and 5 pL of
this solution (with overall concentrations of 12 mg mL”
polymer, 2.28 mg mL" crosslinker and 7.3 mg mL" en-
zyme) were drop-cast onto the graphite disk electrode
and allowed to dry. For electrodes prepared without the
crosslinker PEGDGE, 5.0 pL of PVP-Os (46.5 mg mL™ in
water), 4.0 pL of C1 (36.4 mg mL™ in PBS) and 11 puL of PBS
(50 mM, pH 7) were mixed and 5 pL of this solution (with
12 mg mL" polymer and 7.3 mg mL") was drop-cast onto
the graphite electrode. For the preparation of the P(SS-
GMA-BA)-Os/C1 electrodes, 7.5 pL of P(SS-GMA-BA)-Os
in water (16 mg mL"), 4.0 pL of C1 in PBS (36.4 mg mL™)
and 8.5 pL of 50 mM PBS (pH 7.0) were mixed and 5 pL of
this solution (with overall concentrations of 6 mg mL-1
polymer and 7.3 mg mL" enzyme) were drop coated onto
a graphite electrode. The modified electrodes were dried
for 2 h under ambient conditions and then stored at 4 °C
until use.

Allosteric redox enzyme preparation

Previously described protocols were used to isolate and
purify the allosteric p-hydroxy-phenylacetate reductase
from A. baumannii (C1).*>*°. The primed enzyme stock for
this study contained 36.4 mg mL™" protein in 50 mM PBS
(pH 7) and was stored frozen at -20 °C.

Redox polymer synthesis

A detailed description of all syntheses as well as charac-
terization of the compounds is provided in the Support-
ing Information. The synthesis of the hexanoic acid-mo-
dified poly(4-vinylpyridine) backbone (PVP-C6-acid) for
the covalent binding of the Os-complex based mediator
was described earlier,”® as was the preparation of 2,2'-bi-
imidazole (compound 3, Scheme S1) and ligand N-(6-ami-
nohexyl)-N'-methyl-2,2'-biimidazole =~ (compound g4,
Scheme $1).3%*° The preparation of the polymer backbone
P(SS-GMA-BA) was adapted from protocols described in
ref. ¥

RESULTS AND DISCUSSION

C1 reductase to electrode wiring through embedding
in Os(III)-complex modified redox polymers

The reductase component C1 of the p-HPA-3-hydroxylase
uses FMN as redox cofactor in the oxidation of NADH.
Hence, for the electrical wiring of this enzyme two pre-
requisites have to be fulfilled by the redox matrix: first,
the potential of the redox mediator has to be low enough
to avoid significant oxidation of NADH at the mediator
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and at the electrode (note that the electrode potential has
to be adjusted to the potential of the mediator); and se-
cond, the potential has to be considerably more positive
than that of the FMN coenzyme, to ensure fast electron
transfer between the enzyme and the mediator.
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Scheme 1: Synthesis of the redox polymers PVP-Os
and P(SS-GMA-BA)-Os. Complex 5 has a primary amino
group within its ligand periphery, which can be used to
covalently attach the complex to activated acid functions
in PVP-C6-acid to yield PVP-Os3° At elevated tempera-
tures and with a base catalyst the amino group can also
react with electrophilic epoxide functions in P(SS-GMA-
BA) to form P(SS-GMA-BA)-Os. Reaction conditions: (a)
dry dimethylformamide, PVP-C6-acid, TSTU, DIPEA,
room temperature, argon, overnight; (b) water/DMSO,
P(SS-GMA-BA), NaOH as base catalyst, 50 °C, overnight.

Since significant oxidation of NADH at graphite elec-
trodes occurs only at potentials > -100 mV vs. Ag/AgCl/3
M KClI (Figure S1) and the potential of the FMN domain is
rather negative (= -400 mV vs. Ag/AgCl/3 M KCl, depend-
ing on the protein environment), the mediator should
have a potential within these limits.

The potential of Os-complexes can easily be tuned by the
coordination of either electron-withdrawing or electron-
donating ligands to the metal center. ** Mao et al. report-
ed the synthesis of the low potential Os-complex (s,
Scheme 1, top) bearing three biimidazole-based ligands,
which results in a redox potential of around -240 mV vs.
Ag/AgCl/3 M KCl (see ref. ** and Figure S2A). This poten-

tial is within the above-mentioned limits. Consequently,
this mediator should be suitable for chronoamperometric
experiments, interacting with the Ci1 unit at applied po-
tentials that do not cause simultaneous NADH oxidation
at the electrode. For polymer preparation, this mediator
was attached to two different backbones to yield the re-
dox polymers PVP-Os and P(SS-GMA-BA)-Os (Scheme 1,
bottom). The synthesis of PVP-Os, described by Mao et
al. *, was originally used for the electrical wiring of glu-
cose oxidase. In PVP-Os, the mediator is attached to a
hexanoic acid-modified poly(4-vinlypyridine) backbone
(PVP-C6-acid) by activation of the acid moieties with
N,N,N',N'-tetramethyl-O-(N-succinimidyl) uronium tetra-
fluoroborate (TSTU) and the subsequent reaction of the
active ester with complex 5 by amide formation (Scheme 1
and Scheme S2). The novel polymer P(SS-GMA-BA)-Os
was synthesized starting from the co-polymer P(SS-GMA-
BA), which contains electrophilic epoxide functions with-
in the backbone (for synthesis see supporting information
and Scheme S3). The epoxides can be used as anchoring
sites for attachment of complex 5, by inducing a ring-
opening reaction of the -COC- moiety with the primary
amino group in 5 at elevated temperature, using a base
catalyst (Scheme 1 and Scheme S3). Polymer PVP-Os has a
positively charged backbone due to the alkylated pyridine
moieties. In contrast, P(SS-GAM-BA)-Os has a negatively
charged backbone, due to the sulfonate groups in the sty-
rene-based co-monomer (Scheme 1: note that at pH 7 the
sulfonate groups are fully ionized). Both polymers are
very hydrophilic and thus provide a solvated environment
for the reductase C1. The redox potentials of the modified
polymers were estimated from cyclic voltammograms,
measured with drop-cast films in phosphate buffered sa-
line (PBS, 50 mM) at pH 7, to be -190 mV (PVP-Os) and -
220 mV (P(SS-GMA-BA)-Os) vs. Ag/AgCl/3 M KCI (Fig-
ures S2B and C). From a thermodynamic point of view,
both polymers should be able to extract electrons from
the FMN dependent C1 and are below the oxidation po-
tential of NADH at graphite electrodes. Indeed, cyclic
voltammograms (Figure 2) of graphite electrodes modi-
fied with PVP-Os/C1 (A) and P(SS-GMA-BA)-Os/C1 (B)
films showed a well-defined catalytic response upon the
addition of the substrate NADH, according to the mecha-
nism depicted in Figure 1. To avoid artefacts caused by
interfering O, all experiments with polymer/enzyme films
were conducted in argon saturated electrolytes under
argon atmosphere, since the low potential Os-complex
catalyzes the oxygen the oxygen reduction reaction® and
Oz represents the natural electron acceptor for the isolat-
ed C1 unit®.

Compared to the anionic polymer backbone in P(SS-
GMA-BA)-Os, the positively charged polymer PVP-Os
supported much higher catalytic currents at, for instance,
a NADH concentration of 5 mM (cf. Figures 2A and B, red
traces). The charge at the polymer base chain apparently
influenced the strength of the C1/Os-complex interaction
within the matrix and the efficiency of the process was

4

ACS Paragon Plus Environment

Page 4 of 11



Page 5 of 11

oNOYTULT D WN =

higher in the presence of alkylated cationic pyridine moi-
eties, even with an identical positively charged Os-com-
plex based mediator, probably because of the net surface
charge of the enzyme molecules, which at pH = 7 is pre-
dominantly negative (pl 6.02, calculated with the ExPASy
- SIB Bioinformatics Resource Portal, GenBank ID:
OUM80372.1).

Os3*

Os?*

electrode

Figure 1: Simplified schematic of the electrical wiring of
reductase C1 under substrate turnover conditions (in pre-
sence of NADH) via an Os(IIl)-complex modified redox
polymer. For clarity, only the Os-metal centers and their
corresponding oxidation states are shown. The allosteric
effector p-HPA can bind to regulatory sites on C1, induc-
ing a conformational change in the enzyme that affects
the substrate-binding site. This increases the rate of con-
version of NADH to NAD*, which is observable as an in-
crease in Os (II) oxidation current.

Repulsive forces between entrapped enzyme and the neg-
atively charged backbone in P(SS-GMA-BA)-Os thus may
hinder the optimal spatial arrangement of the redox site
of the polymer and the biocatalyst, compared to the cati-
onic PVP-Os sensor. This emphasized the importance of
the rational design of the redox polymer in achieving ef-
fective electrical wiring of the Ci biocatalyst and con-
firmed similar fundamental findings for other pro-
teins.**3”* Nevertheless, both polymers tested were able
to exchange electrons with C1, though with significantly
different efficiencies, which proved that the bacterial re-
ductase could be functionally connected to an electrode
surface by means of a redox polymer. Repetitive cyclic
voltammograms, acquired with both polymer/enzyme
electrodes, showed a stable current response over several
cycles (Figure S3).

It is known that Os-complex modified polymers can me-
diate the oxidation of hydroquinones.***® Hence, the con-
tribution of Os-complex mediated oxidation of NADH
(electronic structure is similar to those of quinones) was
evaluated, to ensure that the detected current response
was solely or mainly based on electrical communication
between the polymer and the biocatalyst. In these tests
pure redox polymer was drop-coated onto graphite elec-
trodes and cyclic voltammograms were recorded in the
absence and presence of NADH. PVP-Os-modified sen-
sors produced a weak anodic current upon addition of
NADH (Figure S4A) while P(SS-GMA-BA)-Os was virtual-
ly unresponsive to this (Figure S4B). For both polymer
coatings, however, a slight current elevation at potentials

Analytical Chemistry

above -50 mV vs. Ag/AgCl/3 M KCl was observed, indicat-
ing some oxidation of NADH directly at the graphite elec-
trode surface.

Finally, we evaluated the contribution to the response by
direct electron transfer (DET) from the enzyme to the
electrode, with C1 immobilized by absorption on the elec-
trode surface by a drop-coating process.
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Figure 2: Cyclic voltammograms of PVP-Os/C1 (A) and
P(SS-GMA-BA)-Os/C1 (B) graphite electrode modifica-
tions in the absence (black traces) and presence of NADH
(2.5 mM: blue trace, 5 mM: red traces); working electro-
lyte: deaerated PBS (50 mM, pH 7); all I/E curves were
recorded at a scan rate of 2 mV's™.

Cyclic voltammograms showed only a weak anodic cur-
rent at potentials above -300 mV vs. Ag/AgCl/3 M KCI
(Figure Ss, blue trace), indicating that very little electron
transfer occurred between the redox-active protein and
the graphite electrode. Not surprisingly, adsorption of C1
alone formed poorly stable enzyme films on the electrode
surface. The use of a stabilizing immobilization matrix,
i.e. the hydrophilic P(SS-GMA-BA) polymer backbone
without bound Os-complexes, increased the signal stabil-
ity but did not lead to higher catalytic currents (red trace
in Figure Ss).
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Figure 3: Effect of the allosteric effector p-HPA on the
amperometric detection of NADH with PVP-Os/C1 modi-
fied electrodes. A: Chronoamperograms for different
NADH concentrations (dashed line: 0.5 mM, solid line: 1
mM, added at t = 300 s) in the presence of p-HPA (500
pM, added at t = 600 s). B: Chronoamperograms at PVP-
Os/C1 electrodes for NADH concentrations in the range
of 50 - 500 pM in the absence (black curve) and presence
of 100 pM p-HPA (red curve); with each addition of
NADH stock solution (grey arrows) the concentration of
the substrate was increased by 50 pM. C: I/c calibration
plots for NADH detection in the presence (red filled cir-
cles) and absence (black filled circles) of p-HPA (100 pM).
Red data points correspond to current values measured
prior to each subsequent NADH addition. The difference
in the slopes of the red (11 nA pM™) and black (7 nA pM™)
linear regression lines shows the increase in biosensor
sensitivity through allosteric C1 activation. Error bars are
standard deviations for triplicate repetitions of measure-
ments in PBS, 50 mM, pH 7 at a working electrode poten-
tial of -100 mV vs. Ag/AgCl/3 M KCl.

To demonstrate that indeed a mediated electron transfer
mechanism is present and to evaluate the contribution of
DET to the detected catalytic currents, a polymer double
layer, composed of an underlying Ci-free PVP-Os layer
and an active PVP-Os/C1 upper layer, was introduced to
prevent contact of the protein with the electrode surface.

For valid comparison with single layer sensor responses,
the absolute amount of immobilized PVP-Os in double
layer sensor variants was adjusted to equal that in PVP-
Os/Ci1-modified graphite electrodes. Cyclic voltammetry
was again used to analyze the behavior of these polymer
double layer electrodes. In the presence of NADH a clear
catalytic wave was observed for the double-layer system
(Figure S6A, red line), however, the catalytic current trace
in the region of reaction onset was less steep than in the
single layer system (blue line). The experiment provided
further evidence of effective mediated electron transfer
between C1 and the redox matrix since in the double layer
configuration the C1 unit is not in direct contact with the
electrode surface (DET is prevented).

At potentials above o V vs. Ag/AgCl/3 M KClI steady state
catalytic currents were reproducibly slightly smaller for
the double layer sensor system. The difference between
the current traces for PVP-Os//PVP-Os/Ci and PVP-
Os/Ci-mofications visualizes the contribution of DET to
C1 biosensor signaling at these high potentials and/or
indicates a limitation by the electron transport within the
enzyme-free underlying polymer layer. The latter effect
seems to be more likely since chronoamperometric exper-
iments with the double layer configuration show not only
a decreased steady state current but also a slower rise of
the current response that indicates diffusional limitation
(Figure S6B). Moreover, at an applied potential of -100
mV vs. Ag/AgCl/3 M KCI contribution of DET is less sig-
nificant (see Figure Ss, cf. black and blue traces at -100
mV). Hence, we conclude that the lower steady state cur-
rents are rather limited by a slow electron transport with-
in the underlying polymer layer than by DET effects.

The more mechanistic look at the elementary reaction
steps of immobilized Ci/redox polymer blends was fol-
lowed by a detailed evaluation of the analytical perfor-
mance of such biosensors for the amperometric detection
of NADH, obviously with and without allosteric C1 activa-
tion. Because of a more favorable signal with regard to
current magnitude and response time the chosen sensor
layout for all further work was the single-layered PVP-
Os/C1 configuration that has allosteric C1 enzyme entities
fixed into an Os-complex loaded and positively charged
redox polymer network.
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Figure 4: Performance characteristics of amperometric
PEGDGE/PVP-Os/Ci-based NADH biosensors. A: Chro-
noamperograms for analyte concentrations between 50 to
500 UM (grey arrows indicate incremental NADH addi-
tions of 50 pM) in the presence (red trace: 50 pM, blue
trace: 100 pM, green trace: 150 pM) and absence (black
line) of p-HPA. B: Calibration plots computed from the
recordings in A; data points are the average values of four
independent measurements (for color code see A). C: Cal-
ibration  graphs  obtained for  pre-incubated
PEGDGE/PVP-Os/Ci-based NADH sensors; violet trace:
30 min incubation; orange trace: 10 min incubation; cur-
rent values were extracted from traces shown in Figure
Sg. Values are the means of three independent measure-
ments. For B and C, the error bars represent the calculat-
ed standard deviation of the fourfold (B) and triplicate (C)
trials in 50 mM PBS, pH 7 at a working electrode potential
of -100 mV vs. Ag/AgCl/3 M KCL

Analytical Chemistry

In initial chronoamperometric measurements (Figure 3A)
PVP-Os/Ci-modified graphite electrodes responded re-
producibly at a potential of -100 mV vs. Ag/AgCl/3M KCl
to the addition of NADH with stepped increases in cur-
rent, followed by subsequent progression to a new steady
state (black trace: 0.5 mM and red trace: 1 mM). Supple-
mentation of the electrolyte with the C1 effector p-HPA
should induce another current step, through allosteric
stimulation of the catalytic activity of C1. This is shown by
the two I-t traces in Figure 3A, in which the addition of p-
HPA to the buffer with pre-adjusted C1/NADH level pro-
duced the expected signal increase.

Calibration in amperometric mode were then carried out
with the allosteric C1 biosensor assay for NADH concen-
trations between 50 and 500 pM in the 100 pM presence
(Figure 3B, red trace) and absence (Figure 3B, black trace)
of the allosteric activator p-HPA (note that within this
concentration range the sensor shows a linear response
for NADH oxidation; for higher concentrations, the cur-
rent response deviates from a linear behavior, Figure S7).
The current steps produced by incremental elevations of
substrate concentration were consistently larger in the
presence of p-HPA for all ten 50 pM additions (grey ar-
rows), p-HPA producing a 1.5-fold increase in the sensitiv-
ity of amperometric NADH sensing, confirmed by the
slopes of the corresponding calibration plots (Figure 3C,
red and black traces). It was observed that the initial max-
imum current slowly declined with time (Figure 3B, red
trace, valid from the 4th addition of substrate (200 puM)
and Figure S8 even with a NADH concentration of 50
pM), most likely due to enzyme leaching and/or desorp-
tion of the polymer/enzyme film. To enhance the re-
sponse stability of PVP-Os/Ci-based NADH biosensors,
bi-functional poly(ethylene glycol) diglycidyl ester
(PEGDGE) was added as cross-linking agent to the immo-
bilization layer. PEGDGE contains two electrophilic epox-
ide functions that readily react at room temperature with
amino groups on protein surfaces.” Covalent attachment
of C1 to PEGDGE within the immobilization layer was
expected to achieve more stable fixation of the enzyme to
the graphite electrodes. Moreover, entanglements be-
tween the PVP-backbone chains and the linear PEGDE
crosslinker chains may also enhance the film stability
(note that formation of covalent pyridine-epoxide adducts
requires elevated temperatures***® which were not ap-
plied for electrode preparation). NADH-selective C1 bio-
sensors were prepared with different PEGDGE:PVP-Os:C1
ratios and optimal amperometric detection performance
was obtained with 5 pL of PBS containing 2.3 mg mL”
PEGDGE, 12.0 mg mL" PVP-Os and 7.3 mg mL" (i,
dropped and dried on well-polished graphite precursor
electrode disks. Representative amperometric recordings
in the presence (Figure 4A, red, blue and green traces)
and absence (black trace) of p-HPA revealed stable sensor
responses to NADH, even at high concentrations. We
want to emphasize that for the crosslinked films stable
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steady state currents were observed for each NADH addi-
tion (Figure 4A) which was not the case for the non-
crosslinked films (Figure 3B). Moreover, as was seen in
the calibration plots of simple PVP-Os/C1 sensors, p-HPA
also increased the sensitivity of the PEGDGE/PVP-Os/C1
biosensor (Figure 4B). Apparently, covalent crosslinking
of C1 to PEGDGE chains improved the stability of C1 fixa-
tion without adversely affecting the mobility of the sub-
strate, NADH, or the effector, p-HPA, within the immobi-
lization layer. Comparison of the calibration plots for the
three p-HPA concentrations (Figure 4C, red trace 50 uM,
blue trace 100 pM and green trace 150 pM) showed a
moderate concentration dependence for allosteric C1 acti-
vation, with the maximum stimulation reached at an ef-
fector concentration of 100 pM, equivalent to a 4o00-fold
molecular excess of p-HPA molecules in the electrolyte
solution over C1 units on the electrode.

The effect of the allosteric effector on the enzymes activi-
ty in the polymer film is less pronounced than in solution
containing the freely diffusing species (=20fold increase of
the reaction rate”). This is most likely due to a limited
diffusion and hampered binding of the allosteric effector
and/or substrate in the hydrogel film or due to steric con-
straints in the polymer film. Nevertheless, as shown in
Figure 3, a clear enhancement is still visible. Nevertheless,
as shown in Figure 3, a clear enhancement is still visible.

For practical analytical applications, reagent-less biosen-
sors are preferred. We therefore tried replacement of p-
HPA in the electrolyte by a pre-incubation procedure that
exposed the immobilized C1 to the stimulant ex situ be-
fore NADH analysis: PEGDGE/PVP-Os/Ci-modified elec-
trodes were immersed in PBS (s0 mM, pH 7) containing
100 pM p-HPA, at room temperature for 10 or 30 min. Ori-
ginal current recordings of amperometric NADH meas-
urements with PEGDGE/PVP-Os/C1 biosensors of the two
conditions are shown in Figure Sg, and the corresponding
calibrations plots are depicted in Figure 4C. The anodic
current steps on incremental additions of NADH are ap-
proximately independent of pre-incubation time (cf. vio-
let and orange trace in Figure Sg) but are significantly
greater than those from biosensors untreated with p-HPA
(see Figure 4A, black trace as example). Obviously, cap-
ture of allosteric effector molecules by binding sites in C1
occurred during the few min of pre-incubation and, as
indicated by a lack of decay in the sensor response, the
C1/p-HPA adducts were active throughout the 35-min
chronoamperometric measurement.

Table 1 summarizes the sensitivities of the PEGDGE/PVP-
Os/Ci-based NADH biosensor in the various analytical
protocols used in this study. The value was 12.1 nA pM™
when the electrodes were continuously exposed to 100 uM
allosteric effector. Pre-incubation in a PBS buffer with
that concentration of p-HPA, however, was about 15% less
efficient in increasing the sensitivity; however, since the
response was stable on the time scale of the performance

tests it seems that a reagent-less NADH biosensor incuba-
tion assay with allosteric signal amplification is indeed
possible.

Table 1: Sensitivity of PEGDGE/PVP-Os/Ci-based NADH
biosensors: Effect of in situ exposure or pre-incubation
with the C1 effector p-HPA. Values are the means of at
least three independent measurements in 5o mM PBS, pH
7 at a working electrode potential of -100 mV vs.
Ag/AgCl/3 M KCl and for NADH concentrations in the
range 50 - 500 pM.

Type of p-HPA exposure Sensitivity / nA pM™
No p-HPA 8.25 + 0.89
50 uM p-HPA in solution 9.70 £ 1.10
100 uM p-HPA in solution 12.08 * 0.64
150 pM p-HPA in solution 12.58 £ 1.19
incubation for 10 min in 10.13 + 1.08
100 uM p-HPA
incubation for 30 min in 10.45 £ 0.97

100 uM p-HPA

The suitability of the developed PEGDGE/PVP-Os/Cx1 bio-
sensing assay with allosteric enzyme activation for quanti-
tative NADH analysis was finally evaluated by assays of
model samples with a nominal analyte concentration of
50 pM. The recovery rate was determined by five-fold
repetition of standard measurements in PBS (50 mM, pH
7) with addition of 100 pM p-HPA for allosteric activation
of C1. Figure 5A, a representative example, is one of five
original amperometric recordings, showing four stepped
current increases on addition of NADH to the measure-
ment buffer.

Figure 5B is a standard addition plot constructed from the
data in Figure sA. In this particular case, the NADH sam-
ple concentration determined was 51.7 M, equivalent to a
recovery rate of 103.4 %, for the 50 pM sample. The aver-
age recovery rate for the five NADH quantifications was,
105.1 £ 4.5 % (52.5 + 2.1 pM: see Table S1 for the individual
values), which demonstrated that allosterically activated
C1 in a PEGDGE/PVP-Os mixture worked efficiently and
reproducibly for accurate quantitation of NADH.
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Figure 5: Detection of NADH with a PVP-Os/C1/PEGDGE
electrode used in the standard addition mode. A: Repre-
sentative chronoamperogram for with an initial addition
of 50 uM NADH (“sample”) and three subsequent 50 pM
additions. The electrolyte was 50 mM PBS, pH 7 and the
working electrode potential was -100 mV vs. Ag/AgCl/
3 M KCl. B: Standard addition plot constructed with the
data of the I/t curve in A) and evaluation of the test con-
centration (51.7 pM), and the recovery (103.3 %) from the
linear regression line.

From the standard deviation of the background current (8
blank measurements) in chronoamperometric experi-
ments and with the linear regression of the I-c curves
(sensitivity, see Table 1) the limit of detection (LOD) in
the presence (100 pM) and absence the allosteric effector
p-HPA was estimated to be 14 pM and 15 uM, respectively.
Both values are only about one order of magnitude higher
than values obtained with rather classical amperometric
NADH-detectors based on redox active (0.2 - 1.0 pM)*° or
conducting polymers (0.76 pM)*, polymer modified na-
noparticles (0.1 uM)**, graphene (1.4 -1.5 uM)>>* or poly-
mer/enzyme films (0.08 uM)>*. However, this was the first
approach that describes NADH detection via the alloster-
ic activation of a polymer embedded redox enzyme.

Measurements drastically exceeding the timescale of the
standard voltammetric and chronoamperometric experi-
ments show a significant current decrease over time.

Analytical Chemistry

Moreover, reused electrodes showed a lower current re-
sponse than freshly prepared sensors. Thus, we conclude
that the developed sensor is suitable for single-use only.
Nevertheless, the electrodes show good recovery rates
and demonstrated high reproducibility.

Apparently, the redox wiring of C1 to and its stable and
biocompatible entrapment on the transducer electrode
were both accomplished through the strategy of using a
specially tailored redox polymer/crosslinker composite as
immobilization matrix.

CONCLUSION

We have described the previously unreported functional
addition of an allosteric enzyme, namely the NADH-
specific C1 reductase subunit of a bacterial p-hydroxyl-
phenylacetate hydroxylase, to a redox polymer thin film
on voltammetric electrodes. The choice of a suitable PVP-
Os-based redox polymer with matching formal potential,
with the additional integration of the polymeric cross-
linker PEGDGE, produced amperometric C1 biosensors
that, in deaerated measuring buffers to prevent oxygen
acting as an electron-acceptor partner for redox regenera-
tion, detected the C1 substrate, NADH, at a working po-
tential adjusted for Os(II) to Os(III) oxidation. The obser-
vation of NADH-dependent signals was evidence for effi-
cient electrical redox wiring from C1 along a trail of com-
plexed metal ions in the polymer film to the transducer
surface, here a graphite disk. Furthermore, supplementa-
tion of the measuring buffer with p-HPA, an allosteric
activator of Ci, increased the rate of substrate conversion
by the immobilized biocatalyst and amplified the current
response to a given NADH concentration. The Ci/p-HPA
couple showed an approximately 1.5-fold increase of sen-
sitivity in amperometric NADH analysis, compared to
sensor operation in absence of the allosteric activator, and
activation by pre-incubation suggested the feasibility of a
reagent-less version of the allosterically enhanced NADH
biosensor.

This proof-of-principle study showed, for the first time,
the feasibility of allosteric activation of a sensor surface-
attached enzyme within an immobilizing redox polymer
layer. The proposed approach should also be applicable to
other redox enzymes, and the exploitation of molecular
regulation of sensor performance and the modulation of
enzyme anodes and cathodes of biofuel cells can be anti-
cipated.
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