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Bioelectrocatalytic System Coupled with
Enzyme-Based Biocomputing Ensembles
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Approaching “Smart” Physiologically
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ABSTRACT The modified electrode for electrocatalytic oxidation of NADH was developed using a pH-switchable redox interface.
The operation of the modified electrode was controlled by logic operations performed by enzyme systems processing biochemical
input signals. The electrocatalytic oxidation of NADH was activated upon appropriate combinations of the signals processed by the
AND/OR logic operations performed by the enzymes. The modified interface was reset in a mute nonactive state by another enzyme
reaction. The coupling between the enzyme logic systems and the bioelectrocatalytic interface was achieved by pH changes produced
in situ by the enzyme reactions, resulting in different protonation states of the polymeric matrix associated with the electrode surface.
The bioelectrocatalytic system integrated with biochemical computing systems opens the way to novel “smart” interfaces for multisignal
biosensors and signal-controlled biofuel cells. In a long perspective, this approach will allow physiological control of implantable

bioelectronic devices.
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1. INTRODUCTION

ioelectrocatalytic systems based on chemically modi-
fiedelectrodeshaveimportantapplicationsinbiosensors(1 —3)

and biofuel cells (4—6). Recent attention to the
bioelectrocatalytic systems with variable on-demand proper-
ties has resulted in the development of switchable biocata-
lytic electrodes responding to chemical (7, 8), optical (9, 10),
or magnetic (11, 12) external signals controlling the activity
of the systems. Signal-responsive biocatalytic electrodes
have been suggested as components of switchable biosen-
sors (13, 14), biofuel cells (15), or chemical memory units
(16). Various approaches based on applications of controlled
switchable interfaces activated by different stimuli could be
used to design signal-controlled biomolecular-functionalized
surfaces (17). Usually, the activity of signal-responsive bio-
electrocatalytic systems is controlled by a special kind of
external signal (e.g., light, magnetic field, or pH change),
allowing reversible transitions from active to inactive states
and back. Some of the studied systems may respond to two
kinds of physical or physical/chemical signals (e.g., the
potential applied to the electrode and illumination (16) or
the pH change and illumination (18)); however, none of the
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designed systems is capable of responding to several bio-
chemical signals applied simultaneously.

Recent research activity in unconventional chemical
computing (19) resulted in the development of various
chemical systems processing information and performing
Boolean logic operations in response to several chemical
input signals (20, 21). Novel horizons were opened in the
chemical computing research area upon the introduction of
biochemical systems and formulation of biomolecular com-
puting (biocomputing) concepts (22, 23). The biocomputing
systems benefit from highly specific biocatalytic or biomo-
lecular-recognition reactions proceeding simultaneously in
multicomponent ensembles, where the individual steps are
complementary and the reacting components are compat-
ible. Multicomponent enzyme systems aimed at preparing
substrates for the analytical steps or eliminating cross-
reacting substances interfering with the analysis were stud-
ied a long time ago (going back to 1960—1970s) (24);
however, they have never been considered as elements of
logic operations mimicking electronic computing processes.
Recently pioneered enzyme-based logic gates are able to
process biochemical input signals upon performing various
Boolean operations (AND, OR, XOR, INHIB, etc,) and gener-
ate a single output signal as a result of the biocomputing
process (25). Further development of the enzyme-based
logic gates allowed their assembly in biocomputing networks
composed of several concatenated gates performing se-
quences of logic operations upon acceptance of many
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biochemical input signals (26, 27). For example, a series of
three concatenated logic gates (OR—AND—XOR) could ac-
cept four different biochemical signals in 16 different com-
binations, processing them according to the built-in Boolean
logic and generating one final output signal dependent on
the combination of all input signals (26). Enzyme—logic
networks are able to perform complex logic operations, for
example, an IMPLICATION function when the output signal
is controlled not only by the values of the input signals but
also by their correct or incorrect order (27). Enzymes were
applied as input signals activating biocomputing systems
and resulting in various logic operations (28). The advantage
of the enzyme-input-controlled logic systems is the applica-
tion of the input signals in a low catalytic quantity and the
possibility of using enzyme inputs in the form of im-
mobilized materials. The enzyme-input-controlled logic gates
could be scaled up to at least 10 units in a logic network upon
appropriate optimization of the system (29). The coupling
of biocomputing systems, specifically enzyme-based logic
gates or their networks, with signal-responsive biocatalytic
interfaces would allow “smart” bioelectrochemical systems
controlled by many biochemical signals to come simulta-
neously and be processed logically according to the built-in
Boolean program.

The present paper addresses a new approach to the
“smart” biocatalytic interfaces controlled by Boolean logic
operations performed in situ by enzymatic systems.

2. EXPERIMENTAL SECTION

Chemicals and Materials. All chemicals were purchased
from Sigma-Aldrich and used as supplied: 4,4'-dimethoxy-2,2'-
bipyridine (dmo-bpy), (NH4)>OsCle, poly(4-vinylpyridine) (P4VP;
MW 160 kDa), (bromomethyl)dimethylchlorosilane, and 1,4-
dihydro-f-nicotinamide adenine dinucleotide (NADH), -p-(+)-
glucose, urea, sucrose, ethyl butyrate, glucose oxidase (GOx)
from Aspergillus niger, type X-S (E.C. 1.1.3.4); esterase (Est)
from porcine liver (E.C. 3.1.1.1), crude; invertase (Inv) from
Baker’s yeast, grade VII (E.C. 3.2.1.26); and urease from jack
beans (E.C. 3.5.1.5). Ultrapure water (18 MQ - cm™!) from a
NANOpure Diamond (Barnstead) source was used in all of the
experiments. Indium/tin oxide (ITO) conductive glass (20 & 5
Q/sq) was purchased from Aldrich and used as a working
modified electrode. The synthesis of Os(dmo-bpy),Cl, was
performed according to the published procedure (30). P4VP was
functionalized with Os(dmo-bpy), pendant groups in a solution,
and then the redox polymer was grafted onto the ITO electrode
surface according to the procedure published in detail elsewhere
(31). Shortly, the ITO electrode was reacted in toluene with
0.1% (vlv) (boromomethyl)dimethylchlorosilane for 20 min at
70 °C. Then the silanized ITO glass was reacted with Os-
complex-functionalized P4VP in toluene (10 mg - mL™") to yield
the redox-modified electrode.

Electrochemical Measurements. Electrochemical measure-
ments were performed with an ECO Chemie Autolab PSTAT 10
electrochemical analyzer using the software package GPES 4.9
(General Purpose Electrochemical System) for the voltampero-
metric measurements and the FRA 4.9.007 (Frequency Re-
sponse Analyzer) for the faradaic impedance measurements.
The measurements were performed with a three-electrode
system in a standard cell (ECO Chemie), using the Os—P4VP-
modified ITO working electrode (geometrical area 1.2 cm?), a
Metrohm Ag|AgCI|KCl 3 M as the reference electrode, and a
Metrohm Pt wire as the counter electrode. The measurements
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were carried out at an ambient temperature (23 £+ 2 °C). The
faradaic impedance spectra were recorded while applying a bias
potential of 0.4 V and using a 5 mV alternative voltage in the
frequency range 10 mHz to 10 kHz. The experimental imped-
ance spectra were fitted using electronic equivalent circuits
(Randles and Ershler model) in order to derive the electron-
transfer resistance, Re, values (32). For this purpose, com-
mercial software (ZView, version 2.1b, Scribner Associates, Inc.)
was employed.

Composition of Logic Gates and Input Signals. The AND
gate machinery was defined as a 10 mL aqueous solution
including 0.1 M sodium sulfate, 0.15 M sucrose, and dissolved
oxygen in equilibrium with air. Input A of the AND gate was
100 units of Inv, and input B was 60 units of GOx. The OR gate
machinery was defined as a 10 mL aqueous solution containing
0.1 M sodium sulfate, 0.01 M ethyl butyrate, 0.01 M glucose,
and dissolved oxygen in equilibrium with air. Input A was 50
units of Est, and input B was 50 units of GOx. The machinery
for the Reset function was 10 mL of a 0.1 M sodium sulfate
solution including 30 mM urea. The trigger for the Reset
function was an input signal of 50 units of urease. The Reset
function was combined with two logic gates (AND/OR) to get
the resettable logic gates by combining both machineries in the
same volume. All logic gates operated at room temperature and
in equilibrium with air. All concentrations of the substrates
mentioned above and the amounts of the enzyme inputs were
optimized to produce a significant |ApH|, yielding clearly
distinguished “0” and “1” states.

Logic Gate Action. To record the logic gates action, the
machinery solution of each system was monitored with a pH
meter (SevenEasy, Mettler-Toledo Inc.) at room temperature.
Being a nonbuffered solution, the system requires an equilibra-
tion time to achieve a constant pH value. This value was taken
as (0, 0) input. Inputs A and B were added to the system in all
different combinations (0, 1; 1, 0; 1, 1) to get the results that
correspond to the possible truth table combinations. The pH
values were recorded continuously during the whole experi-
ment. The same procedure was performed for the AND gate,
the OR gate, and the Reset trigger. Cyclic voltammograms and
faradaic impedance spectra were recorded prior to the logic gate
operations and after completion of the respective biochemical
reactions.

3. RESULTS AND DISCUSSION
Recently, we reported on a polymer brush-modified

electrode with the electrochemical activity of the polymer-
bound redox groups controlled by pH values (31). The P4VP
brush was grafted on an ITO electrode with a low density of
polymeric chains, ca. 0.075 chain - nm~2. Prior to attach-
ment to the electrode surface, the polymer was functional-
ized with redox-active Os(dmo-bpy),** (dmo-bpy = 4,4'-
dimethoxy-2,2"-bipyridine) groups bound to the polymer
through their complexation with the pyridine ligands. Low
loading of the osmium complex on the polymer brush (ca.
4 complex units per polymer chain; ca. 1 osmium complex
per 350 pyridine units) resulted in long average distances
between the redox species, preventing direct electron ex-
change between them (31). A reversible electrochemical
process for the redox polymer grafted on the electrode
surface was observed only at pH < 4.5 when the polymer is
protonated (positively charged) and swollen, and the chains
are flexible. The electron exchange between the redox
species and the electrode surface proceeded in a quasi-
diffusional mode, allowing short distances for the electron-
transfer processes when flexible polymer chains were com-
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Scheme 1.

Logic Operations AND/OR Performed by the Enzyme-Based Systems Resulting in the ON and OFF

States of the Bioelectrocatalytic Interface Followed by the Reset Function To Complete the Reversible Cycle®
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“ Schematically shown cyclic voltammograms and impedance spectra correspond to the ON and OFF states of the bioelectrocatalytic electrode.

ing to the electrode surface upon random translocations. At
pH > 5, the polymer becomes deprotonated (neutral) and
shrunken, and the movements of the polymer chains are
“frozen” because of the dense packing of the hydrophobic
chains. In this state, the electron exchange is inhibited
because of the long distances separating the redox species
from each other and from the electrode surface. Therefore,
the modified electrode demonstrated the reversible redox
process, E° =0.28 V (vs Ag/AgCl reference electrode), at pH
= 4.0, while the electrochemical process was switched off
at pH = 6 (31). The reversible switching ON and OFF was
demonstrated for the modified electrode by the stepwise
application of background solutions with pH ~ 4 and 6,
respectively.

Because the studied redox interface is pH-switchable, we
designed enzyme-based logic gates using enzymes as bio-
catalytic input signals, processing information according to
the Boolean operations AND or OR, and generating pH
changes (acidification) as the output signal from the gates
(Scheme 1). The AND gate performed a sequence of bio-
catalytic transformations: sucrose hydrolysis was biocata-
lyzed by invertase (Inv, input A), producing glucose, which
was oxidized by oxygen in the presence of glucose oxidase
(GOx, input B). The later reaction resulted in the formation
of gluconic acid and therefore lowered the solution pH value.
The absence of the enzymes was considered as the input
signals “0”, while their presence in the operational concen-
trations (10 units - mL™! for Inv and 6 units - mL~! for GOx)
was interpreted as the input signals “1”. The biocatalytic
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reaction chain was activated only in the presence of both
enzymes (Inv and GOx) (input signals “1, 17), resulting in
the lowering of the initial pH ~ 6.3 to pH ~ 4.2 (ApH > 0.5
was considered as the output signal “1”). The absence of
either of the two enzymes (input signals “0, 1”7 or “1, 0”) or
both of them (input signals “0, 0”) resulted in inhibition of
the gluconic acid formation, and thus no pH changes were
observed (ApH < 0.1 was considered as the output signal
“0”; Figure 1A). Thus, the biocatalytic chain mimics the AND
logic operation expressed by the standard truth table show-
ing the output signal dependence on the combinations of
the input signals A and B (Scheme 1). Another gate operating
as a Boolean OR function was composed of two parallel
reactions: hydrolysis of ethyl butyrate and oxidation of glu-
cose biocatalyzed by esterase (Est, input A; 5 units - mL™!) and
glucose oxidase (GOx, input B; 5 units - mL~!) and resulting
in the formation of butyric acid and gluconic acid, respec-
tively (Scheme 1). Any of the produced acids and both of
them together resulted in a lowering of initial pH ~ 5.5 to a
value of pH ~ 3.5. Thus, in the absence of both enzymes
(Est and GOx) (input signals “0, 0”), both reactions were
inhibited and the pH value was unchanged (ApH < 0.1;
output signal “0”). In the presence of any of the enzymes
(Est or GOx; input signals “0, 17 or “1, 0”) or both of them
together (input signals “1, 17), one of the reactions or both
of them proceeded and resulted in the acidification of the
solution (ApH > 0.5; output signal “1”; Figure 1B). The
features of the system correspond to the OR logic operation
and can be expressed by the standard truth table showing
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FIGURE 1. In situ pH changes induced by the enzyme logic systems
(A) AND logic gate and (B) OR logic gate, upon the application of
different combinations of input signals: (a) 0, 0; (b) 0, 1; (¢) 1, O,
and (d) 1, 1.

the output signal dependence on the combinations of the
input signals A and B (Scheme 1).

Upon completion of the enzyme reactions resulting in
the logically controlled acidic medium (pH = 3.5—4.2),
the pH value can be reset to the initial value (pH ~
5.5—6.3) by the formation of ammonia upon hydrolysis
of urea biocatalyzed by urease (Scheme 1). Thus, the Reset
function was activated by the input signal composed of
urease (5 units - mL™!).

It should be noted that the pH changes in the range of
0.5 > ApH > 0.1 were considered as digitally undefined, in
the same way as an electrical signal in electronic logic gates
is undefined while being between two threshold limits.
Variation of the enzyme concentrations between zero and
operational values (between “0” and “1” input signals)
results in a surface-response function of the logic gates,
which can be used for the optimization of the gate perfor-
mance (29); this was outside the scope of the present study.

In situ logically processed (AND/OR) enzyme signals
resulting in the acidic pH value enabled the redox process
of the polymer-modified electrode interface, while the Reset
function yielded an almost neutral pH value and switched it
off. The electrochemically reversible redox process of the
immobilized osmium complex enabled at the acidic pH
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FIGURE 2. Cyclic voltammograms obtained for the biocatalytic
electrode in the presence of 0.5 mM NADH: (a) OFF-state, (b) ON-
state, (c) after application of the Reset function. Inset: Reversible
changes of the electrocatalytic current (E = 0.45 V) upon logically
controlled Enable/Reset functions. The experiment was performed
with a potential scan rate of 10 mV - s~ 1.

value was used to activate electrocatalytic oxidation of
NADH. Modified electrodes functionalized with various re-
dox species (33), including those modified with osmium
complexes similar to the redox complex used in the present
study (34, 35), have shown to be effective electrocatalysts
for the oxidation of NADH. When the solution pH was reset
to the almost neutral value upon the urease input, the redox
activity of the modified electrode was switched off and the
secondary electrocatalytic oxidation of NADH was inhibited
(Scheme 1).

The electrocatalytic oxidation of NADH by the logically
enabled modified electrode was studied by cyclic voltam-
metry and faradaic impedance spectroscopy upon the ap-
plication of different combinations of the enzyme input
signals applied in situ. Figure 2 shows typical cyclic volta-
mmograms obtained in the presence of NADH (0.5 mM)
recorded when the pH-switchable electrode is in the ON-
state at pH ~ 4.1, curve b, and when it is in the OFF-state
at pH ~ 6.2, curves a and c. The ON-state clearly demon-
strates the electrocatalytic oxidation of NADH at potentials
larger than the redox potential of the osmium complex, E°
= 0.28 V (pH = 4). The OFF-state does not show any
electrocatalytic activity because the redox process of the
osmium complex is inhibited. It should be noted that the
capacitance of the modified electrode was also dramatically
changed upon variation of the pH value between 6.2 and
4.1, reflecting restructuring of the polymeric thin film from
the shrunken state to the swollen state and demonstrating
low and high interfacial capacitance, respectively. Figure 3
shows typical impedance spectra in the form of Nyquist plots
obtained in the presence of NADH (0.5 mM) recorded when
the pH-switchable electrode is in the ON-state at pH ~ 4.1,
curve b, and when it is in the OFF-state at pH ~ 6.2, curves
aand c. The OFF-state demonstrates a high electron-transfer
resistance, Re, of ca. 250 k2 derived from the correspond-
ing impedance spectra, thus reflecting the inhibition of the
electrocatalytic process. The ON-state shows a low Re value
of ca. 50 kQ corresponding to the proceeding electrocatalytic
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FIGURE 3. Faradaic impedance spectra obtained for the biocatalytic
electrode in the presence of 0.5 mM NADH: (a) OFF-state; (b) ON-
state; (c) after application of the Reset function. Inset: Reversible
changes of the electron-transfer resistance upon logically controlled
Enable/Reset functions. The experiment was performed upon ap-
plication of the biasing potential of 0.4 V.

oxidation of NADH. The impedance spectra correlate with
the cyclic voltammetry measurements, and they give a
quantitative interpretation of the ON/OFF states in terms of
the resistances, similarly to the circuitries of the logic gates
used in electronics. A control experiment performed in the
absence of NADH and in the presence of all other compo-
nents of the enzyme logic systems (e.g., in the presence of
GOx and glucose) does not show the changes in the cyclic
voltammogram and impedance spectra observed in the
presence of NADH and corresponding to the development
of the electrocatalytic anodic current. Only much smaller
changes (not observable on the scale currently used) corre-
sponding to the switching ON/OFF of the osmium complex
redox process (31) were observed in the control experiment.

The experiments were always started at pH = 6 + 0.5
when the redox electrode is in the OFF-state, showing no
electrocatalytic current and a high electron-transfer resis-
tance [Figure 2 (curve a) and Figure 3 (curve a), respectively].
A nonbuffered background solution, 0.1 M sodium sulfate,
included dissolved sucrose (0.15 M) and oxygen in the case
of the AND logic gate or glucose (0.01 M), ethyl butyrate
(0.01 M), and oxygen in the case of the OR logic gate. In
both cases, urea (30 mM) was included in the solution for
the Reset function. After the cyclic voltammogram and
impedance spectrum were recorded, combinations of the
enzyme input signals (0, 0; 0, 1; 1, 0; 1, 1) were applied and
changes of the pH value were registered (Figure 1). Depend-
ing on the logic gate used (AND/OR) and controlled by the
combination of applied enzyme inputs, the pH value of the
solution stayed unchanged or decreased, reaching the acidic
value pH = 3.5—4.2 when the redox process was enabled.
This resulted in the activation of the electrocatalytic oxida-
tion of NADH reflected by the appearance of the anodic
electrocatalytic current in the cyclic voltammogram and by
the low value of Re in the impedance spectra. It should be
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noted that the cyclic voltammogram [Figure 2 (curve b)] and
the impedance spectrum [Figure 3 (curve b)], corresponding
to the ON-state of the electrode, represent averaged typical
results that can be obtained upon various combinations of
the enzyme input signals enabling the redox process. Specif-
ically, the ON-state was achieved by application of 1, 1
enzyme input signals in the case of the AND logic gate and
by the application of 0, 1, 1, 0, and 1, 1 enzyme input signals
in the case of the OR logic gate. After the logic operation
was completed and if the pH value was alternated, we
applied the urease input to activate the Reset function and
to return the system to the original OFF-state. The cyclic
voltammogram and impedance spectrum were returned to
the initial form, corresponding to the OFF-state of the
system. It should be noted that frequently the impedance
spectrum obtained upon the reset process demonstrated Re
even larger than the original value, because the pH was
reaching values higher than the initial pH, thus resulting in
even stronger inhibition of the redox process. The combina-
tion of the Enable/Reset functions allowed the cyclic switch-
ing ON and OFF of the bioelectrocatalytic process controlled
by the enzyme logic operations [Figures 2 and 3 (insets)].
In order to make multiple cycles of activation/deactivation
of the bioelectrocatalytic system, the modified electrode was
washed from the used enzyme logic system and immersed
in a new solution to repeat the Enable/Reset cycle upon the
addition of new combinations of biochemical input signals.

4. CONCLUSIONS AND PERSPECTIVES
The obtained result shows for the first time that bioelec-

trocatalytic processes routinely used in electrochemical
biosensors and biofuel cells can be controlled by the bio-
computing systems performing logic operations. Keeping in
mind that the enzyme logic gates can be scaled up to
computing networks composed of several (potentially many)
concatenated logic gates, we can predict the possibility of
various bioelectronic devices logically controlled by bio-
chemical and even complex physiological processes. This
opens a new perspective for “smart” interfacing of bioelec-
tronic devices with biological systems. In a long perspective,
this approach will allow physiological control of implantable
bioelectronic devices. The future “smart” bioelectronic de-
vices will include the enzyme logic networks organized in
microfluidic systems, allowing efficient delivery of the bio-
chemical signals to the “decision-making” enzyme logic
elements and then rinsing to reset the system. The rate of
the “decision-making” processes will correlate with the
biochemical/physiological changes in the body, thus allowing
effective administration of drug delivery and implantable
device operation. The biochemical information processing
elements (e.g., enzymes operating as the signal processing
species rather than the input signals) will be immobilized at
the signal-responsive interfaces and/or in the channels of the
microfluidic systems. Some preliminary experiments dem-
onstrated that local changes (e.g., pH changes) generated in
situ by the immobilized enzyme logic systems could be used
to switch/tune signal-responsive interfaces (see the Support-
ing Information). Biocomputing/enzyme logic elements even
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of moderate complexity could allow effective interfacing
between complex physiological processes and implantable
biomedical devices, providing autonomous, individual, “upon-
demand” medical care, which is the objective of the new
nanomedicine concept (36, 37). Various logically controlled
bioelectronic systems based on a similar approach, including
multisignal responsive biosensors and biochemical actuating
systems, biochemically switchable/tunable biofuel cells, and
bioelectronic chips, are underway in our laboratory.
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