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Abstract
The Implication and Inhibition Boolean logic gates were realized using
NADT/NADH-dependent dehydrogenases combined with hexokinase compet-
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enzyme composition and their reconfiguration was achieved simply by redefin-
ing the input signals. The output signals produced by the logic gates were
analyzed optically and electrochemically, particularly using enzyme-modified
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of a biofuel cell and activate a molecule release process.
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1 | INTRODUCTION

enzyme-based computing systems is their operation with
metabolites signaling on various biochemical/biomedical

[1-3 changes.!">! While many biocomputing systems have been

Moleculel’! and biomolecule!*! computing, particu-

larly based on DNA/RNA-molecules!>®! and enzyme-
systems!”! have recently received high attention and
have been studied extensively. While being a sub-area
of unconventional computing,[&g] the (bio)molecule
computing systems are mostly considered for low-scale
information processing expecting their applications
in wearable!'! and implantable!™!! bioelectronics,
being particularly useful for signal-switchable/tunable
(bio)sensors!'?] and (bio)actuators,!*! for example, in
biofuel cells with adaptable output controlled by logically
processed molecule signals.'*] The advantage of the

studied in a solution, following the binary (0,1) output
signals optically, assembling these systems in an immo-
bilized architecture, particularly at electrode interfaces,
results in novel applications. Indeed, electrochemically
readable outputs allow their use for triggering various
actions. Particularly, the electrochemical logic systems
can operate as binary (Yes/No or 1,0) self-powered
biosensors.|'®] The present article demonstrates the
extension of Boolean logic gates to signal-controlled actu-
ators exemplified with biofuel cells and molecule-release
systems.
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FIGURE 1 (A and D) The schemes of the biocatalytic reactions used for mimicking the IMPLY and INHIB logic gates, respectively. (B

and E) The truth tables of the IMPLY and INHIB Boolean logic gates, respectively. (C and F) The standard compositions of the IMPLY and
INHIB gates, respectively, expressed in the conventional logic elements. The following abbreviations are used in the schemes: Glc6P -
glucose-6-phosphate; GIcA - gluconic acid; a-KTG - a-ketoglutaric acid; ATP - adenosine 5’-triphosphate; ADP - adenosine 5’-diphosphate;

other abbreviations are specified in the text

2 | RESULTS AND DISCUSSION
Enzyme-based systems have been used to mimic almost
all Boolean logic operations, such as Yes, Not, OR, NOR,
XOR, AND, NAND, etc.['”l While some of the logic gates
particularly OR, AND gates, were studied in numerous
versions for different applications, some other Boolean
functions were modeled rarely. Particularly, Implication
(IMPLY) logic operation, suggested more than a hundred
years ago as an essential logic gate,l'8! was understud-
ied and its molecule realization has been reported only
recently using various chemical (not bio-) systems!'%
and in DNA-based systems,!***! particularly operating
in cellular processes.[46] Enzyme-based systems mimick-
ing the IMPLY logic gate have been reported only in very
few recent papers.!'®*”] A new realization of this gate with
NAD*/NADH-dependent enzymes allows high variability
in the gate assembling due to a very broad selection of avail-
able enzymes operating according to the general concept
applicable to all enzymes of the same family.

2.1 | Optical analysis of the logic gates
operating in a solution

Figure 1A shows schematically the biocatalytic system
for mimicking the IMPLY gate. The input signals for the
binary operation of this gate were defined as the absence
(logic value 0) or presence in the experimentally optimized

concentration (logic value 1) of the used chemicals: Input
A (ATP: logic 0 - 0 mM; logic 1 - 1 mM), Input B (glu-
tamate, Glut: logic 0 — 0 mM; logic 1 - 7.5 mM). Two
input signals were applied in 4 different logic combina-
tions: 0,0;1,0; 0,1; 1,1 (the first and second numbers corre-
spond to Inputs A and B, respectively). All other chemicals:
glucose dehydrogenase (GDH, EC 1.1.1.118, 1 U/mL), gluta-
mate dehydrogenase (GlutDH, EC 1.4.1.3, 6 U/mL), hexok-
inase (HK, EC 2.7.1.1, 10 U/mL), glucose (Glc, 2 mM), and
NAD™ (0.8 mM) applied in an aqueous solution (see the
exact composition in the Experimental Section) were used
as a non-variable (“machinery”) composition of the gate.
The biocatalytically produced NADH, analyzed optically,
corresponds to the Output 1, while its absence (means the
presence of the original non-reacted NAD™") corresponds
to the Output 0. When the input signals are applied at
0,0 combination, the system generates Output 1 due to
the reaction catalyzed by GDH (note that glucose is always
present as a part of the “machinery”). Input combination
1,0 results in the Output 0, because glucose is rapidly
consumed in the reaction catalyzed by HK (note that HK
has 10-fold higher activity than GDH), thus inhibiting the
NADH production through the reaction catalyzed by GDH.
On the other hand, input combination 0,1 produces Out-
put 1. Indeed, glucose is not consumed in the absence of
ATP, then allowing NADH production in the reaction cat-
alyzed by GDH. In addition, NADH is produced in the
reaction catalyzed by GlutDH in the presence of glutamate.
Thus, both biocatalytic reactions contribute to the NADH
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FIGURE 2 The bar-charts showing the output signals generated upon applying different input signal combinations to the system

mimicking the IMPLY (A) and INHIB (B) logic gates. The bar charts show the average of 3 experiments for each input option with the relative
standard deviations. The input signals and the background solution are specified in the Experimental Section

production yielding Output 1. Finally, input combination
1,1 also results in Output 1. While the reaction catalyzed
by GDH is inhibited (note that glucose is consumed in the
presence of ATP), another reaction catalyzed by GlutDH in
the presence of glutamate results in the NADH production.
The system performance corresponds to the truth table
of the Boolean logic operation expected for the IMPLY
gate (Figure 1B). Figure 1C shows a standard composi-
tion of the IMPLY gate expressed in the conventional logic
elements. The optical analysis of the output signal pro-
duced in response to different input combinations is
shown in Figure SI-9A (see in the Supporting Informa-
tion, SI). The bar-chart (Figure 2A) derived from the exper-
imental spectra shown in Figure SI-9A corresponds to the
expected truth table of the IMPLY logic gate (Figure 1B).
The next studied Boolean operation was the Inhibi-
tion (INHIB) logic gate shown schematically in Figure 1D.
Notably, the multi-enzyme biocatalytic system was exactly
the same as one used for the realized IMPLY gate, but the
input signals were redefined. Input A was defined as the
absence (logic 0) or presence (2 mM, logic 1) of glucose.
Then, glucose was excluded from the gate “machinery”
composition. Input B was defined as the absence (logic 0)
or presence (1 mM, logic 1) of ATP. Input combination 0,0
resulted in the Output 0 because the system lacks glucose
as a substrate for GDH. Input combination 1,0 is the only
one producing NADH (Output 1) due to the reaction cat-
alyzed by GDH in the presence of glucose and absence of
ATP. Both input combinations 0,1 and 1,1 result in the
Output 0 due to the absence of glucose (it is not added
or it is consumed in the presence of ATP). In this sys-
tem, GlutDH is not needed, but it was added for consis-
tency to keep exactly the same gate composition for both
logic operations. The system operation corresponds to the
truth table for the INHIB Boolean logic gate, Figure 1E.
Figure 1F shows a standard composition of the INHIB gate

expressed in the conventional logic elements. The optical
analysis of the output signal produced in response to dif-
ferent input combinations is shown in Figure SI-9B (see in
the SI). The bar-chart (Figure 2B) derived from the exper-
imental spectra shown in Figure SI-9B corresponds to the
expected truth table of the INHIB logic gate (Figure 1E).
It is important to note that the INHIB logic gate pro-
duces exactly the opposite responses to the input signals
comparing to the IMPLY gate, thus the INHIB gate can be
considered as the negated IMPLY (Not-IMPLY) logic oper-
ation. Both operations can be performed with the same
gate composition (at least in terms of the used enzymes),
thus the transition from one gate to another can be just
by re-definition of the input signals. Therefore, the devel-
oped approach allows the reconfigurable logic gates based
on the same multi-enzyme system.

2.2 | Electrochemical analysis of the logic
gates realized with enzymes immobilized
at an electrode surface

While the optical analysis of the outcome signals gen-
erated by the enzyme system in a soluble state can be
sufficient for demonstrating the system logic performance,
immobilization of the enzymes at an electrode surface
provides many advantages, particularly for connecting
the logic gates to downstream bioelectronic devices acti-
vated with logically processed input signals. The GDH,
GlutDH, and HK enzymes mimicking IMPLY and INHIB
logic gates were immobilized at a buckypaper electrode
(geometrical area ca. 1 cm?) using 1-pyrenebutyric acid
N-hydroxysuccinimide ester (PBSE) linker. The bucky-
paper electrode composed of compressed multi-walled
carbon nanotubes (MWCNTs) has been frequently used
for enzyme immobilization!*8] and it is known for the
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FIGURE 3 (A)Schematics of the enzyme-modified electrode logically processing input signals. (B and C) The bar-charts showing the

electrocatalytic current output signals generated by the modified electrode upon applying different input signal combinations to the system
mimicking the IMPLY (B) and INHIB (C) logic gates. The bar-charts show the average of three experiments for each input option with the

relative standard deviations. The input signals and the background solution are specified in the Experimental Section. (D) Schematics of the

oxygen-reducing BOx-modified electrode. (E) Cyclic voltammograms obtained for the BOx-modified electrode under Ar and air (in the

presence of O,). The potential scan rate, 2 mV/s

oxidation of NADH without the need of any additional
catalysts.[*’] The PBSE bifunctional linker strongly
adsorbs at the buckypaper due to -7 staking of a highly
aromatic pyrenyl group at sidewalls of MWCNTs, while
the N-hydroxysuccinimide ester reacts with amino groups
of enzyme lysine residues producing amide bonds,!*! (see
Figure SI-1 in the SI). The surface load of the enzymes
was estimated using standard assay procedures: GDH -
0.2 U/cm?; GlutDH - 0.2 U/cm?; HK - 1.5 U/cm? (see
technical details and Figures SI-2, SI-3, SI-4 in the SI).
Then, the enzyme-modified electrode was reacted with the
input signals applied in four combinations: 0,0; 1,0; 0,1;
1,1 (note that the definition of the input signals was dif-
ferent for the IMPLY and INHIB gates, as it was explained
earlier). When the system responded to the input signals
producing NADH (means Output 1), the anodic currents
corresponding to the NADH oxidation were observed
(measured by cyclic voltammetry or chronoamperome-
try). Otherwise, when NADH is not produced (Output 0),
the currents were close to the background measured in the
absence of the soluble components of the gate “machin-
ery” (in a buffer solution only). The electrocatalytic current
corresponding to the NADH oxidation was considered as
the output signal generated by the logic gates (Figure 3A).
The electrochemical responses for the IMPLY gate
(Figure 3B) and for the INHIB gate (Figure 3C) corre-
late with the optically measured outputs (Figure 2) and
correspond to the truth tables of the gates (Figures 1B,E).

2.3 | Extension of the logic gates to the
downstream bioelectronic systems: A
switchable biofuel cell and signal-triggered
molecule release

In order to assemble a switchable biofuel cell, also used
for a self-powered molecule release system, another
buckypaper electrode was modified with bilirubin oxidase
(BOx, EC 1.3.3.5, 1.1 U/cm?, see Figures SI-5 and SI-6
in the SI). The BOx enzyme is frequently used as an
0,-reducing cathode in biofuel cells (Figure 3D).l°!] The
cyclic voltammogram obtained with the BOx-modified
electrode (Figure 3E) demonstrates electrocatalytic O,
reduction starting at the potential ca. 0.5 V. The NADH-
oxidizing anode mimicking IMPLY and INHIB gates and
0O,-reducing cathode were combined to operate as a bio-
fuel cell. Figures 4A and 4B show polarization curves and
power production dependence measured in two different
states: (a) When the logic gates do not produce NADH
(Output 0) and (b) when the enzyme system generates
NADH (Output 1). Note that the active state of the biofuel
cell can be obtained for different input signal combina-
tions, depending on the logic gates realized (IMPLY or
INHIB). The power produced by the switchable biofuel
cell was considered as the output signal generated by the
logic gates (Figure 4C,D) and the obtained results perfectly
correlate with the optically measured outputs (Figure 2)
and truth tables of the logic operations (Figure 1B,E).
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FIGURE 4 (A and B) The polarization function and power

versus external load resistance, respectively, measured for the
biofuel cell in the inactive (a) and active (b) states. The shown
example functions were produced upon applying different input
signal combinations, depending on the logic gates IMPLY or
INHIB). The biofuel cell was composed of the switchable
GDH/GlutDH/HK-modified anode mimicking the logic gates and
the BOx-cathode. (C and D) The bar-charts showing the output
signals in the form of the power produced by the biofuel cell upon
applying different input signal combinations to the systems
mimicking the IMPLY and INHIB logic gates, respectively. The bar
charts show the average of three experiments for each input option
with the relative standard deviations. The input signals and the
background solution are specified in the Experimental Section

In order to use the electrochemically realized logic gates
for the signal-triggered molecule release, the BOx electrode
was additionally modified with a fluorescent dye bound to
the buckypaper support with a linker containing a chem-
ical bond hydrolyzable at basic pH values (see Figure SI-
5 in the SI). When the electrode is exposed to a solution
with a basic bulk pH value, the unstable bond in the linker
is hydrolyzed and the fluorescent dye is released to the
solution (see Figure SI-7A in the SI). When the O, reduc-
tion catalyzed by the immobilized BOx proceeds, a local
(interfacial) pH increases due to consumption of H*
cations,|*?] then the linker breaks apart and the dye is
released. The O, reduction resulting in the dye release can
be stimulated by applying potential from an external elec-
tronic instrument (potentiostat)!>*! (see Figure SI-7B in
the SI). When NADH is added to the solution, it can be
oxidized at the buckypaper electrode, thus polarizing the
electrode negatively and activating the O, reduction cat-
alyzed by BOx. This process results in the local pH increase
and the dye release (see Figure SI-8 in the SI). Finally,
the O, reduction catalyzed by BOx can be activated upon
operation of the biofuel cell composed by the switchable
NADH-oxidizing electrode and the BOx-electrode contain-

release. Since the electrochemical process is controlled by
the IMPLY or INHIB logic gates, the dye release follows
the same logic process (Figure 5). In other words, the out-
putin the form of the dye release (Figures 5B and 5D for the
IMPLY and INHIB gates, respectively) correlates with the
output signals corresponding to the biofuel cell operation
(Figures 4C and 4D), which in turn are based on the logic
performance of the enzyme system measured primarily by
optical means (Figure 2).

3 | CONCLUSIONS

In conclusion, the IMPLY and INHIB logic gates mim-
icked with the enzyme-catalyzed reactions were used to
activate downstream bioelectronic systems producing elec-
tric power and then stimulating molecule release. The
Boolean logic functions controlling the biofuel cell and
release system can be easily changed from IMPLY to
INHIB gate and back using the same enzyme composi-
tion only by re-defining the input signals. The released
fluorescent dye was only an experimentally convenient
substance, other (bio)molecule release in the signal-
controlled fashion can be tailored for various applications.
While the present study was only aimed at demonstrat-
ing how the reconfigurable logic gates can be used to con-
trol bioelectronic devices, the developed approach could
lead to practically useful systems with signal-processing
and self-powered operation. The designed systems pro-
vide conceptual promise for future biotechnological and
biomedical operations in implantable!! and wearable!”
bioelectronics.

4 | EXPERIMENTAL SECTION
4.1 | Chemicals and reagents
Enzymes : Glucose dehydrogenase (GDH, EC 1.1.1.118;

from microorganism not specified by Toyobo Inc.), glu-
tamate dehydrogenase from bovine liver (GlutDH, EC
1.4.1.3), hexokinase from Saccharomyces cerevisiae (HK,
EC 2.7.1.1), bilirubin oxidase from Myrothecium verrucaria
(BOx, EC 1.3.3.5), and glucose-6-phosphate dehydrogenase
from Baker’s yeast (S. cerevisiae) (G6PDH, EC 1.1.1.49).
Substrates/Co-substrates : Glucose (Glc), sodium
L-glutamate (Glut), pB-nicotinamide adenine dinu-
cleotide, disodium salt hydrate reduced form (NADH),
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FIGURE 5 (A and C) The kinetics of the fluorescent dye release from the BOx-modified electrode with the co-immobilized dye bound to

the electrode with a hydrolyzable linker. The curves correspond to the dye release by the systems mimicking the IMPLY (A) and INHIB (C)
gates upon application of different input signal combinations. (B and D) The bar-charts showing the fluorescence of the released dye

measured in the solution upon applying different input signal combinations to the system mimicking the IMPLY and INHIB logic gates,

respectively. The bar-charts show the average of three experiments for each input option with the relative standard deviations. The input
signals and the background solution are specified in the Experimental Section

p-nicotinamide adenine dinucleotide disodium salt
hydrate oxidized form (NAD"), adenosine 5'-triphosphate
disodium salt hydrate (ATP), and 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS).

Buffers and solvents : tris(Hydroxymethyl)amino-
methane (TRIS-buffer), 4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid (HEPES-buffer), dimethyl sulfoxide
(DMSO), isopropyl alcohol.

Other chemicals 1-pyrenebutyric acid N-
hydroxysuccinimide ester (PBSE), magnesium acetate
(Mg(CH3C0O0),), sodium sulfate (Na,SO,), and other
standard chemicals and reactants.

All chemicals and reactants were purchased from Milli-
poreSigma (formerly Sigma-Aldrich; St. Louis, MO, USA),
Alfa Aesar (Haverhill, MA, USA), AnaSpec Inc. (Fremont,
CA, USA), and Toyobo Inc. (New York, NY, USA), and used
without further purification.

Synthesis of the fluorescent dye with a hydrolyzable
linker is detailed elsewhere.[>*]

MWCNT buckypaper (high conductivity MWNT blend
buckypaper, areal weight: 20 g/m?) was purchased from
NanoTechLabs Inc. (Yadkinville, NC, USA). All experi-
ments were carried out in ultrapure water (18.2 MQ-cm;
Barnstead NANOpure Diamond).

4.2 | Instrumentation

A Shimadzu UV-2450 UV-Vis spectrophotometer with
1mL (10 mm optical path) poly(methyl methacrylate)
(PMMA) cuvettes was used for optical absorbance mea-
surements. The fluorescence measurements were per-
formed with an excitation wavelength of 490 nm and
emission wavelengths 500-600 nm using a fluorescent
spectrophotometer (Varian, Cary Eclipse). Electrochemi-
cal experiments were performed using an electrochemi-
cal workstation (ECO Chemie Autolab PASTAT 10) and
GPES 4.9 (General Purpose Electrochemical System) soft-
ware. All potentials were measured using a Metrohm
AglAgCIlIKCl, 3 M, reference electrode and a graphite slab
was used as the counter electrode. All measurements were
performed at room temperature, 20 + 2 °C.

4.3 | The IMPLY logic gate operation in
a solution with optical analysis of the
output signals

All experiments were performed in 1 mL TRIS-buffer solu-
tion (3 mM, pH 7.0) containing 100 mM Na,SO, and
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20 mM Mg(CH3COO0),. The non-variable (“machinery”)
system was always present in the solution: HK (10 U/mL),
GDH (1 U/mL), GlutDH (6 U/mL), NAD™* (0.8 mM), and
glucose (2 mM). The input signals were defined as:

Input A (ATP): logic 0 - 0 mM (complete absence);
logic1-1mM

Input B (Glut): logic 0 — 0 mM (complete absence);
logic1- 7.5 mM

The inputs were applied in 4 combinations: 0,0;
1,0; 0,1; 1,1. The input-chemicals were incubated with
the “machinery” system for 7 minutes in the dark.
The incubation time was optimized experimentally to
allow the biocatalytic process to proceed to the end.
The optical absorbance was measured recording UV-Vis
spectra between 4 = 290 nm and 4 = 410 nm (charac-
teristic range to observe the NADH reduced form). The
initial absorbance spectra (measured prior to the input
signals application) were subtracted from the final spectra
recorded after 7 min of the reaction. The resulting differ-
ential spectra are shown in Figure SI-9A. The absorbance
change measured at 4,,,, = 340 nm was defined as the out-
put signals shown in Figure 2A.

4.4 | The INHIB logic gate operationin a
solution with optical analysis of the output
signals

The INHIB logic gate was realized similarly to the opera-
tion of the IMPLY gate with the following difference: glu-
cose was not included in the “machinery” system and the
input signals were redefined as:

Input A (glucose): logic 0 - 0 mM (complete absence);
logic1-2mM

Input B (ATP): logic 0 - 0 mM (complete absence);
logic1-1mM

The resulting differential spectra are shown in Figure SI-
9B. The absorbance change measured at A,,, = 340 nm
was defined as the output signals shown in Figure 2B.

4.5 | Preparation of the switchable
enzyme-modified electrode

The buckypaper electrode (ca. 1 cm? geometrical area) was
first incubated for 15 minutes in isopropyl alcohol and
then thoroughly rinsed (3 times) with a working buffer
solution (3 mM TRIS-buffer, pH 7.0, containing 100 mM
Na,SO, and 20 mM Mg(CH;COO0),). Then, a 20 uL solu-
tion containing 10 mM PBSE in DMSO was drop cast on

the electrode surface. Then, the electrode was carefully
rinsed 2 times with DMSO and then rinsed with 3 mM
HEPES-buffer, pH 6.0. Next, the electrode was incubated
for 1 h at dark in a mixture containing 50 units of HK,
5 units of GDH, and 10 units of GlutDH (prepared in
25 mM HEPES-buffer pH 7.2). GlutDH is included also in
the INHIBIT gate for consistency of the gate “machinery”.
Finally, the enzyme-modified electrode was rinsed with
3 mM TRIS-buffer, pH 7.0, containing 100 mM Na,SO,
and 20 mM Mg(CH;COO), and used in the electrochemi-
cal and signal-stimulated release experiments. Figure SI-1
shows the enzyme immobilization process schematically.
The enzyme load on the modified electrodes was charac-
terized by the standard enzyme-assay (see Figures SI-2, SI-
3, SI-4 and SI-6 in the SI).

4.6 | Electrochemical measurements

The enzyme-modified electrode mimicking the IMPLY
logic gate was characterized by measuring electrocatalytic
current defined as the difference between the current pro-
duced in the presence of the input signals applied in 4 dif-
ferent combinations and the background current in the
presence of the buffer only. The experiments were per-
formed in 3 mM TRIS-buffer, pH 7.0, containing 100 mM
Na,SO, and 20 mM Mg(CH;COO), considered as start-
ing buffer solution. In all experiments mimicking the logic
gate operation 2 mM glucose and 0.8 mM NAD™' were
always present as a part of the gate “machinery.” Input sig-
nals were applied in 4 different combinations: 0,0;1,0; 0,1;
1,1. The input signals were defined as:

Input A (ATP): logic 0 - 0 mM (complete absence);
logic1-1mM

Input B (Glut): logic 0 - 0 mM (complete absence);
logic1 - 7.5 mM

After 7 min of incubation with the input signals, the
anodic currents were measured by cyclic voltammetry or
chronoamperometry. The resulting catalytic current was
considered as the output signal generated by the biocat-
alytic system.

The electrochemical study of the enzyme-modified elec-
trode mimicking the INHIB was performed in the same
way with the following difference: glucose was excluded
from the “machinery” composition (it became an input sig-
nal) and the input signals were defined as:

Input A (Glucose, Glc): logic 0 - 0 mM (complete
absence); logic 1 - 2 mM

Input B (ATP): logic 0 - 0 mM (complete absence);
logic1-1mM
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In the polarization experiments, either the IMPLY gate-
anode or the INHIBIT gate-anode were connected with the
BOx-modified electrode (containing also the dye-linker).
The biofuel cell was tested in the presence of different
input combinations. The voltage and current generated
by the biofuel cell were measured with a multimeter
(Meterman 37XR) with a variable resistance used as an
external load. At every resistance, the system was let to
equilibrate for 20 min in order to discard any possible
contribution from a capacitive current. All measurements
were performed at room temperature.

4.7 | Release experiments

Preparation of the electrode modified with BOx and a
co-immobilized dye with a hydrolizable linker is detailed
in the Supporting Information. The experiments were
performed in 5 mL TRIS-buffer (3 mM, pH 7.0) containing
100 mM Na,SO, and 20 mM Mg(CH;COO), considered
as a starting buffer. After 90 min of equilibration to the
solution (leakage process), the release was started by
applying stimulating signals. In the major experiments
the releasing electrode was connected to the switchable
enzyme-modified electrode mimicking either IMPLY or
INHIB logic gates processing input signals applied in 4
different combinations: 0,0; 1,0; 0,1; 1,1. In additional
(control) experiments (see Figures SI-7 and SI-8), the
release was stimulated by changing the bulk pH value,
applying potential from a potentiostat or adding NADH to
the bulk solution.
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