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ABSTRACT: Sodium ions and protons regulate various funda-
mental processes at the cell and tissue levels across all biological
kingdoms. It is therefore pivotal for bioelectronic devices, such as
biosensors and biotransducers, to control the transport of these
ions through biological membranes. Our study explores the
regulation of proton and sodium concentrations by integrating an
Na+-type ATP synthase, a glucose dehydrogenase (GDH), and a
urease into a multienzyme logic system. This system is designed to
operate using various chemical control input signals, while the
output current corresponds to the local change in proton or
sodium concentrations. Therein, a H+ and Na+ biotransducer was
integrated to fulfill the roles of signal transducers for the monitoring and simultaneous control of Na+ and H+ levels, respectively. To
increase the proton concentration at the output, we utilized GDH driven by the inputs of glucose and nicotinamide adenine
dinucleotide (NAD+), while recorded the signal change from the biotransducer, together acting as an AND enzyme logic gate. On
the contrary, we introduced urease enzyme which hydrolyzed urea to control the decrease in proton concentration, serving as a
NOT gate and reset. By integrating these two enzyme logic gates we formed a simple multienzyme logic system for the control of
proton concentrations. Furthermore, we also demonstrate a more complex, Na+-type ATP synthase-urease multienzyme logic
system, controlled by the two different inputs of ADP and urea. By monitoring the voltage of the peak current as the output signal,
this logic system acts as an AND enzyme logic gate. This study explores how multienzyme logic systems can modulate biologically
important ion concentrations, opening the door toward advanced biological on-demand control of a variety of bioelectronic enzyme-
based devices, such as biosensors and biotransducers.
KEYWORDS: ATP synthase, ion modulation, biotransducer, enzyme logic, multienzyme

1. INTRODUCTION
In the field of bioelectronics, electronic systems are combined
with biological processes to create innovative devices, such as
biosensors for monitoring glucose,1,2 lactate,3 and ions.4,5

Organic electronic conductors, including conducting polymers,
are extensively used in merging biological and electrical
systems, evident in innovations such as carbon nanotube-
polydimethylsiloxane piezoelectric materials for pressure
sensors,6 conductive polymers for ion-selective electrodes,7

electrochromic polymers combined with contact lenses,8

organic electrochemical transistor sensing alcohol,9 and
controlled intracellular drug delivery by the doping properties
of polymers.10 Among them, solid-state and solution-based
ion-selective electrodes have been widely used in biological
research because of the importance of ions in fundamental
biological processes, with examples of applications in calcium
detection in biofluids,11 proton transportation,12 and potas-
sium modulation13 in supported lipid bilayers (SLBs)-ion
channel systems. These works demonstrate the potential of
ion-selective electrodes for bioelectronics and emphasize the
importance of converting complex biological signals into
electronic data. On the other hand, no work has been done

in enzyme modulation by ion-selective electrodes to control
sodium ions, even though these ions regulate various
fundamental biological processes at the cellular and tissue
levels, from photosynthetic and metabolic reactions14 through
the maintenance of electrolytic and fluid balance,15 the
transport of amino acids into cells,16 to generating nerve
impulses,17 and beyond.
In biology, sodium and proton concentration gradients

control ion transport systems during enzymatic activities,
which fundamentally can be perceived as logical operations of
biological signal modulation. Therefore, to enable the
expression of ion signals in a more logical manner, enzyme
logic systems18,19 are a crucial research field in bioelectronics.
This approach can take various forms, such as enzyme logic
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network systems,20 proton enzyme logic,21−23 and multi-
enzyme logic systems integrated into membranes,24 to
effectively bridge the gap between biological phenomena and
electronic data processing. Even though several single-ion
enzyme logic systems have been demonstrated, there is a need
for integrated multi-ion control and complex multienzyme
logic systems. These systems are essential for the modulation
of complex biological processes, enabling more precise
electronic signal processing in bioelectronic devices.
In this study, we designed a complex multienzyme logic

system which we used to tune the ion concentrations of an
electrolyte solution by applying appropriate combinations of
biochemical input signals to this logic system, while we
simultaneously monitored its activity as the electronic signal
output of a biotransducer. More specifically, we integrated
glucose dehydrogenase (GDH)-urease and Na+-type ATP
synthase-urease enzyme systems with Na+ and H+ biotrans-
ducer to simultaneously control and detect Na+ and H+

concentrations, respectively. This arrangement enhances our
understanding of ion dynamics in biological contexts and
highlights the potential of bioelectronics in creating interfaces
between natural biochemical systems and electronic devices.
The convergence of biology and electronics has the potential
to revolutionize healthcare, diagnostics, and various biological
applications.

2. EXPERIMENTAL SECTION
2.1. Materials. Poly(vinyl chloride) (high molecular weight;

PVC), aniline (≥99.5% purity), magnesium chloride (MgCl2),
sodium ionophore X, 2-(N-morpholino)ethanesulfonic acid (MES),
and fluorosulfonic acid (HSO3F) were purchased from Sigma-Aldrich.
GDH and urease were purchased from Toyobo Co. 3-n-Octylth-
iophene, β-D-glucose, bis(2-ethylhexyl) sebacate (or dioctyl sebacate,
DOS), tetrabutylammonium hexafluorophosphate (NBu4PF6), so-
dium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaTFPB), and
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, >97.0% purity)
were obtained from Tokyo Chemical Industry Co. Potassium
dihydrogen phosphate (KH2PO4), lithium perchlorate (LiClO4),
potassium hydroxide (KOH), sucrose, urea, and tetrahydrofuran
(super dehydrated, stabilizer free) were purchased from Wako Co.
Acetonitrile (>99%), sodium chloride (NaCl), chloroform (CHCl3),
and potassium chloride (KCl) were purchased from Kishida Chemical
Co. 3-Morpholinopropanesulfonic acid (MOPS), tricine, and HEPES
were purchased from Dojindo Co. The substrates were 2-in. diameter
silicon wafers purchased from Shunsheng Electronics Co. pH
monitoring was done with a pH meter D-71 purchased from Horiba
Scientific Co. The buffer solutions were prepared according to the
recipe shown in Table S1, and the pH was adjusted with KOH. To
modulate cation concentrations, K+ concentrations were adjusted to
50 mM with KCl after adjustment of pH.

2.2. Fabrication of H+ Biotransducer. In this study, the same
method was used to fabricate sulfonated polyaniline (SPA) on gold
electrodes as in our previous paper.25 Briefly, H+ biotransducer were
fabricated on a silicon wafer with a SiO2 insulating layer. First, a gold
film was deposited by vacuum thermal evaporation, then aniline
monomers were polymerized to yield SPA on the Au electrodes using
cyclic voltammetry from −0.3 to 1.9 V in 100 mV/s scan rate for 15
cycles. Additionally, the H+ biotransducer was combinate by coating a
PDMS chamber on the gold electrode. The PDMS tank has
dimensions of 2 cm × 2 cm × 0.8 cm (length x width x depth),
and the selective electrode is positioned at the bottom surface of the
PDMS tank, which also measures 2 cm × 2 cm.

2.3. Fabrication of Na+ Biotransducer. The fabrication is based
on the Au−POT−PVC three-layer structure preparation.26,27 First, a
poly(3-octylthiophene) (POT) layer was electrodeposited onto an Au
electrode through the polymerization of 100 mM LiClO4 and 100
mM 3-n-octylthiophene in acetonitrile, by an HSV-110 three-

electrode potentiostat system (Hokuto Denko, Japan). Two cycles
of cyclic voltammetry were applied, ranging from 0 V to +1.5 V (vs
Ag/AgCl) at a sweep rate of 100 mV s−1 for electrodeposition. Then,
0 V was applied for 120 s to stabilize the oxidation state of POT,
followed by a 30 min immersion in pure acetonitrile to remove the
surface electrolyte and a 30 min air-drying at room temperature. In
the case of the PVC layer, a PVC−THF cocktail solution was
prepared using 6.6 mg of PVC, 12.6 mg of DOS, 1.7 mg of NaTFPB,
and 0.7 mg of sodium ionophore X in 1 mL of THF. To create the
PVC layer, 50 μL of the diluted PVC−THF solution (cocktail
solution: THF = 1:4) was drop-coated, and then spin-coated at 1500
rpm for 120 s, followed by drying at room temperature for 15 min.
The same PDMS chamber was used in Na+ biotransduer.

2.4. ATP Synthase Preparation. In this study, we utilized the
plasmid pTR-hF1Fo(−i)

28 for the expression of Na+-type ATP (Fo from
P. modestum, and F1 from Bacillus PS3) with a 10-histidine tag at the
N-terminus of each β-subunit. Na+-type ATP synthase was expressed
in an FoF1 ATP synthase-deficient E. coli strain JM103 Δ(uncB-uncD)
with plasmid pTR-hF1Fo (−i) and plasmid PST-I.

28 The culture of the
transformants, the preparation of the membrane vesicles, and the
purification of the Na+-type ATP synthase were performed as
described.25 Protein concentrations were determined by using the
BCA protein assay kit (Takada), with bovine serum albumin serving
as a standard.

2.5. Liposome Preparation, Restitution, and Acidification.
DOPC powder was dissolved in chloroform, evaporated by N2 gas,
and redissolved in vesicle buffer solution (the compositions of all
buffer solutions are listed in Table S1) to yield 40 mg mL−1 DOPC
solution. The prepared DOPC solution was ultrasonicated for 10 min,
and the vesicles were collected using a 100 nm diameter filter 10
times. The enzyme restitution solution was prepared by adding 75 μg
of Na+-type ATP synthase into 250 μL DOPC solution and 750 μL
vesicle buffer solution, and incubated at 25 °C for 2 h. For
acidification, 300 μL of incubated restitution solution was mixed with
700 μL of acidification buffer solution, and incubated at 23−27 °C for
10−20 h to obtain the incubated solution.

2.6. ATP Concentration Measurement. We used the same ATP
assay kit (Roche, ATP Bioluminescence Assay Kit CLS II) and
microplate reader (Fluoroskan FL, Thermo Scientific) as described
previously. All the preparation and detection procedures were as
described previously.25

2.7. Electrical Measurements. For the open-circuit voltage
(OCV) measurement, the H+ transducer and Ag/AgCl (3 M KCl)
electrode served as the working and reference electrodes, respectively,
as two-electrode system. For the current measurement of SPA
threshold and GDH-urease enzyme logic, the SPA working electrode,
Pt wire counter electrode, and Ag/AgCl reference electrode were
connected to a three-electrode potentiostat, applied 0.0 V for 5 s for
initialization, charged voltage for 30 s, and discharged voltage for 30 s
in 0.5 M Na2SO4 solution. In the GDH condition, proton current
which shows proton releasing and absorbing reaction on electrode
was measured in 0.5 M Na2SO4 (pH 6.7) containing 1 mg GDH in
the presence and absence of 30 mM glucose and 1 mM nicotinamide
adenine dinucleotide (NAD+). In the urease condition, proton current
was measured in 0.5 M Na2SO4 (pH 5.6) in the presence and absence
of 5 units mL−1 urease and 4 mM urea, respectively. For the cyclic
voltammetry (CV) measurements, the Na+ biotransducer, Pt wire,
and Ag/AgCl (KCl) electrodes were connected as the working,
counter, and reference electrodes, respectively. Cyclic voltammograms
ranging from 0 V to +0.8 V (vs Ag/AgCl) were applied for 10 cycles
at a sweep rate of 100 mV s−1. For sodium selectivity measurement,
the experiment was performed under different NaCl concentrations
and different pH reaction buffer solutions. For ATP synthase reaction,
the solution, mixed with 400 μL of incubated solution and 1600 μL of
reaction buffer solution, was measured in the presence and absence of
2 mM ADP. For ATP synthase enzyme logic measurement, the
solution mixed with 400 μL of incubated solution and 1600 μL of
reaction buffer solution in the presence and absence of 2 mM ADP
and 4 mM urease, respectively, was measured. All the measurements
were done by using an HSV-110 (Hokuto Denko, Japan).
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3. RESULTS AND DISCUSSION
3.1. Description of the Multienzyme Logic System.

To prepare a multi-ion controlled multienzyme logic system,
different ion biotransducers need to be integrated with
different ion-controllable enzyme logic systems. To realize
such a complex system, we first prepared an H+ biotransducer
by electrochemically depositing an SPA layer on top of a gold
film. Simultaneously, we created a Na+ biotransducer by
combining an electrochemically deposited POT layer with a
spin-coated PVC film. These two biotransducers were
incorporated into an enzyme logic system composed of
GDH-urease and Na+-type ATP synthase-urease, specifically
devised for modulating H+ and Na+ concentrations,
respectively, in a buffer solution containing a mixture of
incubated and reaction buffer solutions, placed within a PDMS
chamber, as shown in Figure 1. In the GDH-urease enzyme

logic system, NAD+ and glucose work as two inputs of an AND
gate, modulating the increase in proton concentration, while

urea works as a NOT gate input and reset, modulating the
decrease in proton concentration. On the other hand, in the
Na+-type ATP synthase-urease enzyme logic system, ADP and
urea act as two inputs of an AND gate, modulating the increase
in Na+ concentration. The integration of multi-ion bio-
transducer with multienzyme logic systems holds the promise
of an important tool for realizing advanced bioelectronic
devices capable of complex biological interactive functions.

3.2. Validation of Electrochemical Performance of H+

Biotransducer. To detect changes in proton concentrations
in the enzyme logic system, we employed SPA,29 a proton-
selective conductive polymer that functions as a biotransducer
from ionic to electrical signal.30,31 Specifically, we monitored
the OCV between the SPA electrode and a Ag/AgCl reference
electrode in buffer solutions with pH values of 5.6, 6.6, 7.7, and
8.4. To verify that the SPA electrode is not affected by changes
in sodium levels, we evaluated its selectivity for protons for
three different sodium concentrations, starting the recording
with 0.1 mM NaCl, then adjusting the NaCl concentration to
0.5 mM at 80 s and to 1 mM NaCl at 120 s (Figure 2a). The
OCV value increased with increasing proton concentration at
50 mV/decade change, which correlates to the Nernst
equation as a result of the proton selectivity of the SPA
electrode. Furthermore, the OCV value remained stable when
the sodium concentration increased, indicating that the SPA is
not affected by changes in the sodium level.
Next, to confirm that proton concentrations in the solution

are proportional to the polarization state of SPA, our study
continued with charge and discharge reactions under specific
potential conditions. This was achieved by applying a
reduction threshold voltage (Vr) to SPA, leading to its
reduction by absorbing protons from the solution and
transitioning the SPA into a reduced state. The key evidence
for this reduction process is the doping proton current
observed when the potential is subsequently set to 0 V (all
voltage values are given in reference to Ag/AgCl). This current
indicates the flow of protons released by the protonated SPA
into the solution, a process that can be influenced by the pH
level of the buffer solution. For example, when pH = 5, the Vr
is determined to be +0.24 V, as shown in Figure S1. Under

Figure 1. Principle of proton-controlled and sodium-controlled
multienzyme logic systems device. The AND and NOT logic enzyme
systems integrate a H+ biotransducer with the GDH-urease multi-
enzyme to regulate the proton signal with inputs of glucose, NAD+,
and urea. Another AND logic enzyme system integrates an Au−
POT−PVC electrode with the Na+-type ATP synthase-urease
multienzyme system to regulate the sodium signal with inputs of
urea and ADP.

Figure 2. Evaluation of electrochemical performance of SPA H+ biotransducer. (a) Temporal evolution of OCV of SPA in buffer solutions with pH
5.6, 6.7, 7.7, and 8.4, where the NaCl concentration of the solution is 0.1 mM, 0.5 mM, and 1 mM at t = 0, 80, and 120 s, respectively. (b) Map of
SPA threshold voltages Vr and Vo in buffer solutions with different pH. Green and yellow areas represent the reduction and oxidation states of SPA,
respectively. Inset images in (b) show the molecular structures of SPA at the corresponding reduced and oxidized states.
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these conditions, when the potential is at or below Vr and is
then adjusted to 0 V, the doping proton current is distinctly
observed, confirming the proton-driven reduction process in
SPA. Conversely, applying an oxidation threshold voltage (Vo)
after first applying Vr sets the proton doping current close to
zero. This negligible current indicates that there is no flow of
protons from the oxidized SPA film into the solution, a process
that again can vary with the pH level of the buffer solution. As
shown in Figure S2, when pH = 6.5, Vo is −0.15 V, confirming
the oxidation state of SPA by the absence of a doping proton
current after Vo is applied.
The voltage threshold map for the SPA electrode is

presented in Figure 2b, summarizing the measurements
taken at every 0.5 pH unit from pH 3 to pH 10. From this

map, we can clearly see that from pH 3 to pH 6, a linear
correlation exists between the threshold voltage change and the
pH change. Therefore, the variation of Vr with pH allows us to
use the SPA electrode to track proton concentration changes in
the form of electrical signal readout, suggesting a potential for
enzymatic logic systems.

3.3. Preparation and Evaluation of SPA Electrode-
Based Proton Logic System. To detect the proton
concentration variations caused by enzyme reactions, we
integrated the H+ biotransducer into the GDH logic system.
We utilized SPA as a proton sensor and demonstrated the
detection of pH decrease via an AND logic gate, where GDH
was controlled by NAD+ and glucose, two chemical inputs. In
addition, we introduced a NOT logic gate based on a urease

Figure 3. Proton concentrations in buffer solution controlled by GDH and urease enzyme logic systems via an SPA H+ biotransducer. (a)
Schematic of detection of proton signal changes by SPA electrode induced by GDH-urease multienzyme system. GDH performs AND logic with
NAD+ and glucose as inputs, decreasing the pH in solution and producing proton current as output. Urease performs NOT logic with urea as input,
increasing the pH in solution and proton current as output. (b) GDH enzyme logic regulates the proton current of the SPA electrode in different
input conditions and its corresponding AND gate truth table. (c) Urease enzyme logic regulates the proton current of the SPA electrode in different
input conditions and its corresponding NOT gate truth table. The red lines and arrows in the graphs and red letters in the truth table in (b) and (c)
represent the conditions when input and output are (1,1) and 1 (for (b)), and 1 and 0 (for (c)), respectively.
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enzyme that increases pH, controlled by the input of urea, the
latter corresponding to a reset signal (Figure 3a).
To confirm the logic working principle of GDH enzyme, we

measured the SPA proton current as output in the presence
and absence of NAD+ and glucose as two different inputs by
applying the same Vr for 30 s and 0 V for 30 s. The duration of
30 s was selected because, after approximately 15 s, the current
becomes relatively gentle, and the SPA reaction reaches
saturation. The current, pH, and output current values in the
truth table under four input conditions: (0,0), (0,1), (1,0), and
(1,1), along with the assignment of logical values to physical
parameters, are summarized in Figure 3b. The maximum
proton current was observed in the solution containing 1 mM
NAD+ and 30 mM glucose, corresponding to inputs (1,1). This
can be attributed to the increase of protons in the solution
through the reactions of NAD+ and glucose, resulting in a
change in the pH of the solution, in turn altering the threshold
voltage. The proton current exhibited low values under (0,0),
(0,1), and (1,0) input logic conditions due to the unchanging
pH of the solution. The pH value significantly decreased only
in logic condition (1,1), and the resulting high output current
condition, measured on the SPA electrode, was regarded as
logic output = 1. Thus, we managed to integrate our H+

biotransducer with an AND logic gate in which the output
signal was activated by two chemical inputs: glucose and
NAD+. These inputs are effectively regulated by the proton
doping reaction in SPA electrode, which is ultimately driven by
the GDH enzyme.
Next, to confirm the working principle of the urease enzyme

logic system, we measured the SPA proton current as output
by first applying the same Vr for 30 s and then 0 V for 30 s in
the presence and absence of urease and urea as the input and
enzyme logic, respectively. The proton current and pH values
for different cases in the truth table are summarized in Figure
3c. We found that the minimum proton current corresponds to
the solution containing both urea (4 mM) and urease (5 units/
mL). The reason behind this is the hydrolysis of NH3 from
urea by urease which then reacted with water and generated
OH− to increase the pH, in turn changing the threshold
voltage. This cascade resulted in an increased pH and
decreased current, effectively integrating a proton-controlled
NOT logic and a reset function, where reset means the pH
returns to its original level. When urea is added and the output
is returned to 0, the pH reset facilitates enzyme-based logic to

return to the original pH, allowing for effective detection of
repetitions.
Together, by integrating H+ biotransducer with GDH and

urease enzymes, we successfully developed a simple multi-
enzyme logic system that can control proton concentrations,
and is capable of executing AND and NOT logic operations
through the detection of pH variations, demonstrating a
versatile approach for biochemical sensing and signal
processing. The circuit diagram and reaction mechanism are
shown in Figure S3.

3.4. Na+ Biotransducer Fabrication and Performance.
So far, we have only discussed proton ion environment; to
detect multiple ions and convert them into electrical signals,
we chose a solid-state Na+ biotransducer for the monitoring of
Na+ concentrations in a multienzyme logic system. The Na+
biotransducer, fabricated on a gold substrate32 and mechanism
were as shown in Figure S4, consists of poly(3-octylthiophene)
(POT) as an ion-to-electron transducer layer, and a PVC film
as a sodium-selective membrane.33 By comparing CV
measurements in a 0.1 M NBu4PF6 solution at different scan
rates, we found a linear correlation between the maximum
current density values and the applied voltage, pointing to a
strong reversible oxidation reaction of POT34 (Figure S5).
According to the working mechanism of the Na+ biotrans-
ducer, when a voltage is applied to the gold-coated glass
substrate, electron transfer occurs between the ion-to-electron
transducer layer and the gold conducting layer, resulting in a
shift from the oxidized state (POT+) to the neutral state
(POT). For sodium selectivity, a PVC membrane containing
sodium ionophore X and the cation exchanger TFPB is
deposited on the POT layer. TFPB performs ion exchange
between the POT layer,35 and the ionophore can capture and
release sodium ions, resulting in the PVC layer exhibiting
sodium selectivity.
To evaluate the selectivity of the Na+ biotransducer, we used

CV to determine the current peaks in sodium solutions with
different concentrations (Figure 4a; the full CVs are shown in
Figure S6). Oxidation and reduction peak currents were
observed at approximately 0.5 V, indicating the release and
absorption of sodium, respectively. A gap of approximately 0.1
V between the oxidation and reduction peaks is caused, we
believe, by interfacial defects between the PVC and POT
layers.36 The voltage of the peak current increases linearly with
increasing sodium concentrations in buffer solutions in the

Figure 4. Evaluation of Au−POT−PVC Na+ biotransducer performance. (a) CVs recorded with the Na+ biotransducer at a 100 mV s−1 scan rate in
a pH 6.7 buffer solution, at NaCl concentrations of 0.1 mM, 0.2 mM, 0.4 mM, 0.6 mM, 0.8 mM, and 1.0 mM. (b) Calibration curves (dashed lines)
based on peak current potentials (symbols) obtained from CVs at different Na+ concentrations (pNa) in pH 5.9, 6.9, and 8.0 buffer solutions.
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order of 0.1 mM, 0.2 mM, 0.4 mM, 0.6 mM, 0.8 mM, 1 mM,
and 10 mM. The voltage change is approximately 40 mV/
decade for each 10-fold increase in concentration, indicating
relatively good sodium selectivity based on the Nernst
equation (Figure 4). Simultaneously, we observed an excellent
sodium selectivity for each 10-fold increase in concentrations
from 100 μM to 100 mM NaCl (Figure S5). These results
demonstrate that the Au−POT−PVC electrode can function
as a Na+ sensor with 0.1 mM detection accuracy and a wide
range of detection.
Next, to confirm that protons have no effect on sodium

selectivity in the Na+ biotransducer, we determined the
potential values at the peak currents from CV measurements
in buffer solutions with different proton and sodium
concentrations. The relationship between the potential and
the negative decimal logarithm of Na+ ion concentration
(pNa) is shown in Figure 4b. We observed that a 10-fold
change in Na+ ion concentration leads to a change of 47.5 mV,
47 mV, and 45.5 mV at pH 8.0, 6.9, and 5.9, respectively. This
result shows that the proton concentration does not
significantly affect the detection of sodium by the Na+
biotransducer. Finally, we note that the fabrication process of
the Na+ biotransducer could not be consistently controlled to
have negligible variations between individual electrodes due to
the difficulty in precisely controlling the POT thickness and its
surface morphology. As a result, this caused variations in the
thickness of the PVC layer, leading to device-to-device
differences in potentials at which the peak currents evolved.

3.5. Na+-Type ATP Synthase Reaction in Vesicle. The
ATP synthesis reaction of ATP synthase occurs with ions
transported through the vesicle, powered by ADP molecules
and the ionic gradient across vesicles.37 In the case of Na+-type
ATP synthase, Na+ can be transported across the vesicle driven
by the force of proton gradient, called the proton motive force
(PMF).28 To confirm that ATP synthesis is driven by ADP and
PMF, we measured the concentration of ATP synthesized by
the Na+-type ATP synthase. To generate different PMF values,
we created different pH gradients (ΔpH) across the vesicles,
then measured the ATP concentration in the presence and
absence of ADP. Because the sodium concentration is equal
between vesicles, the force of the entire ionic medium is
determined solely by the concentration of protons. Figure 5a
displays the changes in ATP concentrations measured 3 min
after adding ADP molecules at various ΔpH conditions across
the vesicles. The ΔpH can be calculated from the Nernst
equation. When ΔpH was raised to 2.4 (PMF = 140 mV) and
ADP was present, the concentration of ATP increased
significantly compared to the control experiment at the same
ΔpH but without ADP. On the other hand, ATP
concentrations measured at values of ΔpH lower than 2.4
did not differ from the control even in the presence of ADP, as
shown in Figure 4a for ΔpH = 1.6 (PMF = 95 mV) and 0.8
(PMF = 47 mV). These results confirm that when PMF was
set to 140 mV, the presence of ADP molecules can trigger ATP
synthesis in Na+-type ATP synthase.
To confirm the transport of sodium ions through ATP

synthase during ATP synthesis, we plot the potential values at
peak currents in the presence and absence of ADP and 140 mV
of PMF (ΔpH = 2.4), respectively, using our Na+
biotransducer (Figure 5b). The results clearly demonstrated
a higher peak current potential in the presence of both ADP
and 140 mV of PMF, compared to other combinations,

confirming that sodium ions were transported through the
vesicle driven by ADP and PMF.

3.6. Na+-Type ATP Synthase Combined with Urease
Enzyme Logic System. As discussed above, we observed that
urease functions as a NOT logic gate, triggering an increase in
the solution’s pH in response to the presence of urea. This
finding provides the basis for combining urease with Na+-type
ATP synthase for creating a Na+ controlled-enzyme logic
system. Through the hydrolysis of urea, urease releases protons
into the solution, creating a proton gradient across the vesicle
that acts as PMF. This complex multienzyme logic system,
using ADP and urea as inputs, regulates Na+ transport across
vesicles within the ATP synthesis reaction. The output signal,
which corresponds to the concentration change of Na+ in the
solution, is detected as a potential signal by a Na+
biotransducer.
In our model, ADP is designated as input A and urea as

input B (Figure 6a). To confirm the operation of the enzyme
logic, we observed the potential of the peak currents during CV
scans ranging from 0 to +0.8 V in both the presence and
absence of urea and ADP under four distinct input scenarios,
(0,0), (0,1), (1,0), and (1,1), shown in Figure 6a. The values
are summarized in a truth table (Figure 6b). Our observations
revealed that the potential attained its maximum value in a
solution containing 4 mM urea and 10 mM ADP. This effect is
attributed to the hydrolysis of urea by urease, which results in
the generation of OH− in the solution and PMF across the
vesicle membrane (Figure S7). The presence of ADP and the
generated PMF facilitate the ATP synthesis in ATP synthase;

Figure 5. Performance of ATP synthesis reaction of Na+-type ATP
synthase driven by ADP and proton motive force (PMF) created by
proton gradients (ΔpH). (a) ATP concentration changes were
measured in the presence and absence of ADP at varying ΔpH values.
(b) Sodium concentration changes were detected through potential of
peak current obtained from cyclic voltammetry (CV) in the presence
and absence of PMF and ADP molecules.
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meanwhile, sodium ions are transported from the vesicle into
the solution. This ion transport induces a large change of 14.6
mV in the potential of the Na+ biotransducer, which is
interpreted as output = 1 in our system (Figure 6b). Under the
(0,0), (0,1), and (1,0) conditions, only minimal variations in
the potential of the peak currents were observed, indicating
that sodium was not transported from the vesicle into the
solution, and thus, these conditions are classified as output = 0.
In conclusion, we managed to integrate our Na+ biotransducer
with an AND logic gate in which the output signal was
activated by two chemical inputs: urea and ADP. These inputs
can effectively regulate the Na+-type ATP synthase-urease
multienzyme logic system.

4. CONCLUSIONS
In this research, we have developed a complex multienzyme
logic system that regulates proton and sodium ion concen-
trations by controlling enzyme reactions through chemical
inputs. We used the combination of H+ and Na+
biotransducers to convert concentration variation inputs into
electrical signal outputs. We first demonstrated the function-

ality of the H+ biotransducer through OCV measurements and
threshold voltage mapping. This biotransducer was integrated
into the GDH enzyme logic system, acting as an AND gate to
provide output variations in H+ concentrations in response to
glucose and NAD+ inputs. Also, we introduced urease into
solution, which uses urea as an input and acts as a NOT gate
and a system reset, thereby creating a simple proton-controlled
multienzyme logic system. To explore multi-ion environments,
we demonstrated the operation of a highly selective Na+
biotransducer by CV measurements in the presence of different
pH buffer solutions with varying Na+ concentrations. We
introduced the Na+-type ATP synthase into lipid vesicle
solution and confirmed that ATP synthesis is followed by
sodium ion transport driven by ADP and PMF. Subsequently,
to establish a Na+-controlled multienzyme logic system, we
combined the Na+-type ATP synthase with urease. Therein,
urease regulates the proton concentration in the solution,
generating PMF across the vesicle. Furthermore, we created a
complex enzyme logic gate where ADP and urea were two
inputs, controlling Na+ transport in Na+-type ATP synthase,
and where variations in sodium-ion concentrations were
converted into electrical signals by the Na+ biotransducer,
serving as the output. The multienzyme logic systems hold
significant potential for diverse applications in medical
diagnostics, drug development, and biological research. It can
detect disease biomarkers for early diagnosis and personalized
treatment, perform high-throughput screening and real-time
monitoring in drug development, and control and monitor
complex biological processes. Additionally, it serves as a
foundational component for advanced bioelectronic and
iontronic microdevices, regulating and sensing ion concen-
trations in both biological and artificial systems. This has
further applications in medicine, bioengineering, and beyond.
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