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Introduction

Computing performed by chemical systems upon variations of
concentrations of reactive species is a novel direction in un-
conventional computing.[1,2] Chemical systems have been used
to perform different computing operations that mimic various
electronic elements, such as logic gates,[3, 4] switches,[5, 6] and
memory units.[7, 8] Computing operations have previously been
performed by chemical reactions that proceed in solutions[9,10]

or at chemically modified interfaces.[11] Variation of different
physical parameters, such as light,[12–14] magnetic field,[15] elec-
trical potential,[16,17] or changes in chemical compositions, for
example, pH changes,[18] have been used to switch the states
of the molecular systems and activate various computing oper-
ations. Chemical systems were assembled in “devices” that per-
formed simple arithmetic operations (half-adder and half-sub-
tractor[4,19–21]), and mimicked electronic units (digital demulti-
plexer[22] and keypad lock[23]). Further increases in complexity
of the chemical computing systems resulted in the integration
of single-functional “devices” in complex multifunctional com-
puting networks.[24–26] Chemical systems can solve computing
problems at the level of a single molecule;[27] this results in
nanoscale computing units[28] and allows parallel computation
by numerous molecules involved in various reactions.[29] De-
spite the fact that chemical computing is a very rapidly devel-
oping area of research, the field is still in a very early experi-
mental and theoretical stage; however, a great future potential
is expected.[30] Computing performed by biomolecular systems
(biocomputing)[31] is one of the most promising branches in
unconventional chemical computing because of the complexi-
ty of biological materials and their unique properties, such as
selectivity of biocatalyzed reactions and specificity of biorecog-
nition processes. The biocomputing systems could include
DNA,[32] proteins,[33] immunorecognition pairs,[34] and whole
cells.[35]

Recently developed enzyme-based logic gates[36–38] utilize
the specificity of enzymatic biocatalytic reactions to allow mul-
tiple simultaneous reactions that proceed in one solution with-
out interference and “cross-talk” between them. This has al-
lowed the assembly of computing “devices” (half-adder and
half-subtractor[37]) and computing networks composed of
many concatenated logic gates that operate simultaneously in

solutions.[39] These logic gates were composed of soluble en-
zymes that operate as the molecular “devices” and accept cor-
responding substrates (e.g. , glucose and H2O2) as chemical
input signals. In order to generate digitally encoded output
signals (the intensity of output signal “1” should be much
higher than the intensity of output signal “0”) the chemical
input signals were applied at high concentrations (0.3m). In
the present work we have applied enzymes that operate as
the input signals that activate the logic gates upon addition of
catalytic quantities in the nanomolar range.

Results and Discussion

In all logic gates the spectral changes of the solutions above a
certain threshold value were considered to be output signal
“1”, otherwise the output signal was considered to be “0”. The
spectral changes were induced by the reactions biocatalyzed
by added enzymes (soluble or immobilized), which were con-
sidered to be the input signal “1”. The absence of enzyme was
considered to be the input signal “0”, which would result in no
spectral changes (output signal “0”), when both enzymes are
absent (the input signals “0,0”).

Logic gates that operate with soluble enzymes as the
ACHTUNGTRENNUNGcatalytic input signals: the AND logic gate

The AND logic gate was composed of a solution containing
glucose, oxygen, and ABTS. The spectral changes in this solu-
tion originate from the biocatalyzed oxidation of ABTS; this re-
sults in increased absorbance in the range of l=400–
440 nm.[40] This reaction proceeds only in the presence of MP-
11 as the biocatalytic input signal and H2O2 as the oxidizer (Fig-
ure 1A). However, H2O2 does not exist in the original composi-
tion of the gate, and it is produced in situ only upon oxidation

Biochemical systems that demonstrate the Boolean logic opera-
tions AND, OR, XOR, and InhibA were developed by using soluble
compounds, which represent the chemical “devices”, and the
ACHTUNGTRENNUNGenzymes glucose oxidase (GOx), glucose dehydrogenase (GDH),
alcohol dehydrogenase (AlcDH), and microperoxidase-11 (MP-11),

which operated as the input signals that activated the logic
gates. The enzymes were used as soluble materials and as immo-
bilized biocatalysts. The studied systems are proposed to be a
step towards the construction of “smart” signal-responsive mate-
rials with built-in Boolean logic.
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of glucose by O2, which is bio-
catalyzed by GOx as the input
signal. Thus, addition of any of
two enzymes, either GOx or MP-
11, separately (input signals “0,1”
or “1,0”) does not result in the
oxidation of ABTS and does not
yield absorbance change in the
system. Only the addition of
both biocatalytic input signals,
GOx and MP-11 (input signals
“1,1”), results in the formation of
H2O2 and then in the oxidation
of ABTS (Figure 1B). The optical
output signal was the measured
absorbance at l=415 nm, and it
was considered as “0” when
DA<0.03 and “1” when DA>
0.05 (Figure 1C). The observed
output signals correspond to the
features of the AND logic gate
(Figure 1D).

The OR logic gate

The OR logic gate was com-
posed of NAD+ cofactor and
two reducing agents, glucose
and ethanol. The spectral
changes in this solution origi-
nate from the biocatalyzed re-
duction of NAD+ to NADH (Fig-
ure 2A); this results in increased
absorbance in the range of l=

300–370 nm.[41] This reaction
proceeds in the presence of
either of the two added en-
zymes—AlcDH operating with
ethanol as the reductant (input
signals “0,1”) or GDH operating
with glucose as the reductant
(input signals “1,0”)—or both of
them together (input signals
“1,1”) to result in the formation
of NADH and the associated ab-
sorbance increase (output signal
“1”; Figure 2B). The optical
output signal was measured as
the absorbance at l=340 nm,
and it was considered as “0”
when DA<0.1 and “1” when
DA>0.2 (Figure 2C). The ob-
served output signals corre-
spond to the features of the OR
logic gate (Figure 2D).

Figure 1. The AND logic gate that operated with the soluble enzymes as the input signals. A) Schematic represen-
tation of the system. B) Spectra obtained 2 min after the input signals : a) “0,0”: without additions of GOx or MP-
11; b) “0,1”: after the addition of MP-11 (5.4G10�7m) ; c) “1,0”: after the addition of GOx, (0.15 units) ; d) “1,1”: after
the addition of GOx (0.15 units) and MP-11 (5.4G10�7m). C) Bar presentation of the AND gate absorbance outputs
at l=415 nm. D) The truth table corresponding to the AND gate.

Figure 2. The OR logic gate that operated with soluble enzymes as the input signals. A) Schematic representation
of the system. B) Spectra obtained 5 min after the input signals : a) “0,0”: without additions of GDH or AlcDH;
b) “0,1”: after the addition of AlcDH (3.14 units) ; c) “1,0”: after the addition of GDH (1.5 units) ; d) “1,1”: after the
ACHTUNGTRENNUNGaddition of AlcDH (3.14 units) and GDH (1.5 units). C) Bar presentation of the OR gate absorbance outputs at l =

340 nm. D) The truth table corresponding to the OR gate.
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The XOR logic gate

The XOR logic gate was composed of NADH, NAD+ , ethanol as
the reductant, and H2O2 as the oxidant. The spectral changes
in this solution originate from the biocatalyzed reduction of
NAD+ to NADH upon addition of the reducing enzyme AlcDH,
or from the biocatalyzed oxidation of NADH upon addition of
the oxidizing enzyme MP-11 to give increased or decreased
ACHTUNGTRENNUNGabsorbance in the range of l=300–370 nm,[41] respectively
(Figure 3A). The oxidative reaction proceeds upon addition of

MP-11 as the biocatalytic input (input signals “0,1”), and the re-
ducing reaction proceeds upon addition of AlcDH as the bio-
catalytic input (input signals “1,0”) ; when the enzymes are
added separately this results in a change in the absolute value
of the absorbance. If both pathways, reductive and oxidative,
are activated in the presence of both biocatalytic inputs (input
signals “1,1”) they compensate each other; this results in small
optical changes in the system. It should be noted that the ac-
tivities of both enzymes were optimized to provide similar re-
action rates for both reactions. The optical output signal was
measured as the absorbance at l=340 nm, and it was consid-
ered as “0” when jDA j<0.15 and “1” when jDA j>0.2 (Fig-
ure 3C). The observed output signals correspond to the fea-
tures of the XOR logic gate (Figure 3D).

The InhibA logic gate

The InhibA logic gate represents a modified version of the
XOR gate, where the TRUE (1) output signal is converted to
the FALSE (0) signal in the presence of the TRUE input signal in
channel A (the InhibB logic gate can be constructed in a similar
fashion). The InhibA logic gate was composed of NADH, etha-
nol as the reductant, and H2O2 as the oxidant. The spectral
changes in this solution originate from the biocatalyzed oxida-
tion of NADH upon addition of the oxidizing enzyme MP-11;

this results in decreased absorb-
ance in the range of l=300–
370 nm[41] (Figure 4A). The addi-
tion of the reducing enzyme
AlcDH as the input signal (input
signals “0,1”) does not result in
any reaction because of the lack
of the oxidized cofactor, NAD+ ,
in the system. The addition of
the oxidizing enzyme MP-11 as
the input signal (input signals
“1,0”) results in the oxidation of
NADH and the respective de-
crease in absorbance. The addi-
tion of both enzymes, MP-11
and AlcDH (input signals “1,1”)
results in small changes in the
system because the reductive
pathway compensates the oxida-
tive reaction and the NADH con-
centration and the respective
absorbance remain unchanged
(Figure 4B). It should be noted
that the activity of the reducing
enzyme AlcDH was selected so
that it was much higher than
the activity of MP-11; this kept
the NADH cofactor reduced
upon activation with both en-
zymes. The optical output signal
was measured as the absorbance
at l=340 nm, and it was consid-

ered as “0” when jDA j<0.15 and “1” when jDA j>0.2 (Fig-
ure 4C). The observed output signals correspond to the fea-
tures of the InhibA logic gate (Figure 4D).

The AND logic gate that operated with immobilized
ACHTUNGTRENNUNGenzymes as the catalytic input signals

Application of immobilized enzymes in different biotechnologi-
cal systems is a well-known approach.[42] In the present study
the biocatalysts, GOx and MP-11, were covalently bound to
glass beads were used as the input signals to activate the AND
logic gate. We also performed a similar modification procedure
for the immobilization of the biocatalysts on silicon wafers,
and used AFM and ellipsometry to characterize the modified
surfaces. The biocatalytic film thicknesses derived from the el-

Figure 3. The XOR logic gate that operated with soluble enzymes as the input signals. A) Schematic representa-
tion of the system. B) Spectra obtained 5 min after the input signals : a) “0,0”: without additions of AlcDH and MP-
11, b) “0,1”: after the addition of MP-11 (5.4G10�7m) ; c) “1,0”: after the addition of AlcDH (3.14 units) ; d) “1,1”:
after the addition of AlcDH (3.14 units) and MP-11 (5.4G10�7m). C) Bar presentation of the XOR gate absorbance
outputs at l =340 nm. D) The truth table corresponding to the XOR gate.
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lipsometry were about 2.1 and 5.8 nm for the immobilized
GOx and MP-11, respectively. If we compare the measured
thicknesses to the molecular dimensions derived from the mo-
lecular models[43]—about 5 nm for GOx and about 1 nm for
MP-11—the results indicate that GOx was deposited in a single
monolayer that contained pinholes between the protein mole-
cules, whereas MP-11 formed a multilayer assembly on the sur-
face (about six layers of MP-11). High resolution AFM imaging
showed dense surface coverage of GOx with the individual
protein molecules visible as bright white spherical particles
(Figure 5A). The average diameter of these individual mole-
cules was about 5 nm according to the cross-section analysis.
The surface with the immobilized MP-11 layers shows high-

density coverage (Figure 5B);
the morphology, however, points
to the presence of molecular ag-
gregates. Under the immobiliza-
tion conditions used in the pres-
ence of EDC, MP-11 can form ag-
gregates or polymers due to the
cross-linking of the peptide frag-
ments. The loading of GOx
(about 0.1 pmol per bead) and
MP-11 (about 30 pmol per bead)
was calculated by using the bio-
catalyst film thicknesses derived
from the ellipsometry measure-
ments and by assuming that the
same modification procedure
ACHTUNGTRENNUNGresults in similar coverage. The
amount of GOx on the beads
was also experimentally mea-
sured by hydrolyzing the biocat-
alyst and measuring the optical
absorbance of the products; this
gave the loading of about
0.4 pmol per bead. The experi-
mentally observed GOx loading
on the glass beads was about
fourfold higher than the amount
calculated from the ellipsometry
measurements performed on a
smooth solid support. This dis-

crepancy originates from the rough surfaces of the glass
beads.
The AND logic gate activated by the immobilized enzymes

has the same composition and performance as described
above for the soluble enzymes. The experimental results are
shown in Figure 6, and they have similar explanations to the
AND gate with the soluble enzyme inputs. It should be noted,
however, that this system represents the first example of logic
gates activated by immobilized enzymes and allows their mul-
tiple use as input signals.

Conclusions

The results presented here show that enzymes added to chem-
ical systems as biocatalytic input signals can generate output
signals that follow Boolean logic behavior. As a result of the
high turnover of the biocatalytic inputs, meaningful changes in
the systems could be obtained in the presence of small quanti-
ties of the enzyme inputs. The immobilized enzymes are able
to generate the logic output signals in the chemical systems;
they remain unchanged and ready for the next use. The
enzyme-activated logic gates could be coupled with signal-re-
sponsive materials that operate as actuators controlled by the
logic gate output signals. These “smart” materials will respond
to two input signals that are converted by the logic gate into
one output signal, which controls the properties of the materi-
al (e.g. , porosity, density, absorbance, conductivity, etc.). The

Figure 4. The InhibA logic gate that operated with the soluble enzymes as the input signals. A) Schematic repre-
sentation of the system. B) Spectra obtained 5 min after the input signals : a) “0,0”: without additions of AlcDH
and MP-11, b) “0,1”: after the addition of MP-11 (5.4G10�7m) ; c) “1,0”: after the addition of AlcDH (5.14 units) ;
d) “1,1”: after the addition of AlcDH (5.14 units) and MP-11 (5.4G10�7m). C) Bar presentation of the XOR gate
ACHTUNGTRENNUNGabsorbance outputs at l=340 nm. D) The truth table corresponding to the XOR gate.

Figure 5. AFM tapping mode topography of: A) GOx and B) MP-11 immobi-
lized on silica wafers.
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way in which the initial signals are converted to the final
output signal will be controlled by the type of logic gate (e.g. ,
AND, OR, XOR, InhibA). Multiple input signals that control the
material properties will be possible upon assembling comput-
ing networks that are composed of many concatenated logic
gates.[39] The integration of logic gates with various signal-re-
sponsive materials is underway in our laboratory.

Experimental Section

Chemicals and reagents : All enzymes were purchased from
Sigma–Aldrich and were used as supplied. The enzymes that were
used are: glucose oxidase (GOx) from Aspergillus niger type X-S
(E.C. 1.1.3.4), alcohol dehydrogenase (AlcDH) from baker’s yeast
(S. cerevisiae ; E.C. 1.1.1.1), glucose dehydrogenase (GDH) from Pseu-
domonas sp. (E.C. 1.1.1.47), and microperoxidase-11 (MP-11) pre-
pared by enzymatic degradation of equine heart cytochrome c. All
other chemicals (Sigma–Aldrich) were used without further purifi-
cation: b-d-(+)-glucose, b-nicotinamide adenine dinucleotide
(NAD+), 1,4-dihydro-b-nicotinamide adenine dinucleotide (NADH),
4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid sodium salt
(HEPES), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), glu-
taric dialdehyde, (3-aminopropyl)triethoxysilane, 2,2’-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid) (ABTS). Other chemicals used
were toluene (J. T. Baker, HPLC grade), absolute ethanol (Pharmco),
and hydrogen peroxide (30%, Fluka). Ultrapure water from NANO-
pure Diamond (Barnstead) source was used in all of the experi-
ments.

Immobilization of enzymes on a
solid support : Glass beads (1 mm
diameter, Turtle RainbowN; Port-
land, OR, USA) were used as solid
support for enzyme immobiliza-
tion. The surface of the beads was
cleaned by treatment with piranha
solution (25% (v/v) of 30% H2O2,
and 75% (v/v) of 98% H2SO4) for
30 min, then washed several times
with water. (CAUTION! Piranha is a
vigorous oxidant. Piranha solution
reacts violently with organic sol-
vents and is a skin irritant. Extreme
caution should be exercised when
handling piranha solution.) Water
was removed from the beads by
incubation at 40 8C, overnight. The
surface of the glass beads was
modified by treating them with (3-
aminopropyl)triethoxysilane
(APTES; 1% (v/v) in toluene), over-
night at room temperature (23�
2 8C). The silanized surface was
washed first with toluene and then
with ethanol and water to remove
unreacted materials. In order to
attach GOx covalently, the amino-
functionalized surface of the silan-
ized glass beads was treated with
glutaric dialdehyde (5%, v/v) in
phosphate buffer (0.01m, pH 7.0)
for 20 min at room temperature,
and then washed several times

with phosphate buffer. The glutaric dialdehyde-activated beads
were treated with GOx (1 mgmL�1) in phosphate buffer (0.01m,
pH 7.0) for 20 min at room temperature, and then washed several
times with phosphate buffer. MP-11 (1 mgmL�1) was covalently
bound to the silanized beads in HEPES buffer (50 mm, pH 7.2) in
the presence of EDC (1 mm) for 3 h; the MP-11-modified beads
were washed several times with water to remove unbound
material.

Composition of logic gates and input signals : The AND gate con-
sisted of glucose (0.1m) and ABTS (0.1 mm) in phosphate buffer
(0.01m, pH 7.0; total volume 1 mL). Soluble GOx (0.15 units) and/or
MP-11 (5.4G10�7m) were used as input signals to activate the AND
gate. Alternatively, immobilized GOx (about 0.48 nmol on 1200
glass beads) and/or immobilized MP-11 (about 7.5 nmol on 250
glass beads) were used as input signals for the AND gate. The OR
gate was composed of ethanol (10 mm), glucose (10 mm), and
NAD+ (0.1 mm) in phosphate buffer (0.01m, pH 8.2; total volume
1 mL). Soluble GDH (1.5 units) and/or AlcDH (3.14 units) were used
as the input signals to activate the OR gate. The XOR gate consist-
ed of ethanol (10 mm), H2O2 (1 mm), NADH (0.1 mm), and NAD+

(0.1 mm) in phosphate buffer (0.01m, pH 8.2; total volume 1 mL).
Soluble AlcDH (5.14 units) and/or MP-11 (5.4G10�6m) were used as
the input signals for the XOR gate. The InhibA gate was composed
of ethanol (10 mm), H2O2 (1 mm), and NADH (0.1 mm) in phosphate
buffer (0.01m, pH 8.2; total volume 1 mL). Soluble AlcDH
(6.28 units) and/or MP-11 (5.4G10�6m) were used as the input sig-
nals for the InhibA gate. Note that oxygen was present in all solu-
tions (under equilibrium with air), and it was used by GOx upon
the biocatalytic oxidation of glucose.

Figure 6. The AND logic gate that operated with the enzymes immobilized on glass beads as the input signals.
A) Schematic representation of the system. B) Spectra obtained 10 min after the input signals : a) “0,0”: without
ACHTUNGTRENNUNGadditions of GOx or MP-11, b) “0,1”: after the addition of MP-11 (7.5 nmol) ; c) “1,0”: after the addition of GOx
(0.48 nmol); d) “1,1”: after the addition of GOx (0.48 nmol) and MP-11 (7.5 nmol). C) Bar presentation of the AND
gate absorbance outputs at l=415 nm. D) The truth table corresponding to the AND gate.
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Measurements : The absorbance changes of the OR, XOR, and
InhibA logic gates that operated with soluble enzymes as the
input signals were measured after a time interval of 5 min follow-
ing enzyme inputs. The AND gate spectra were measured after
2 min in the case of soluble enzymes, or after 10 min in the case of
immobilized enzymes. The concentrations of the substrates (the
gates’ composition) and the quantities of the enzyme inputs were
optimized in order to produce a significant change in jDA j ; this
resulted in a corresponding “0” or “1” state. The reference cuvette
was filled with the same composition as the test cuvette prior to
the addition of the enzyme inputs; this allowed the differential
spectra measurements that corresponded to the changes in the
gate composition originating from the enzyme-induced reactions.
For the immobilized enzyme inputs, the reactions were performed
in separate test tubes upon addition of the glass beads modified
with the enzymes. After 10 min of the reaction, the solution was
separated from the enzyme-modified glass beads and transferred
to the test cuvette for spectral measurements. The presented ex-
perimental results and threshold values used represent average
data derived from more than ten independent measurements. The
absorbance measurements were performed by using a Shimadzu
UV-2450PC spectrophotometer. All measurements were performed
at 23�2 8C.

Tapping mode AFM imaging of the enzymes immobilized on silica
wafers was performed by using a Dimension 3100 microscope
(Digital Instruments, Inc. , Santa Barbara, CA, USA) in ambient con-
ditions. Silicon tips with a radius of 20 nm and resonant frequency
of 200–300 KHz were used. For analysis of the AFM data, we used
DI Nanoscope software (Digital Instruments). Thicknesses of the
biocatalytic thin films grafted onto the APTS layer were measured
with a null-ellipsometer (Multiscope, Optrel, Berlin, Germany) by
taking into account the known refractive index of the biomateri-
al.[44] The wavelength of the laser was 632.8 nm. The film thickness
was measured at an incident angle of 708. For data interpretation
we used a multilayer model of the grafted films according to the
protocol described in the literature.[45]

The amount of GOx immobilized on the glass beads was deter-
mined by using hydrolysis of the protein followed by optical analy-
sis of the products.[46] GOx was immobilized on 2000 glass beads
by using APTES and glutaric dialdehyde as described above. After
washing, the beads were submerged in NaOH (1m) for 2 h and
then neutralized with hydrochloric acid. The solution was mea-
sured for absorbance at l=280 nm. The amount of hydrolyzed
protein was calculated by using the extinction coefficient of the
products obtained upon hydrolysis of GOx, E1%=16.7;[47] this gave
the result of in approximately 0.4 pmol protein per bead.
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