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Introduction

The recently developed concept of enzymatic logic gates,[1–3]

which are a part of general research areas of biochemical[4–6]

and chemical computing,[7–9] is aimed at controlling various
processes and systems through logically processed biochemi-
cal signals. Information processing by biochemical reactions
that perform Boolean logic operations has resulted in the
design of various enzymatic logic gates (for example, AND, OR,
XOR, INHIB, NOR).[1–3] Their networks are composed of several
concatenated logic gates that perform a sequence of logicACHTUNGTRENNUNGoperations and can process many biochemical input signals
applied in different combinations.[10, 11] The logic operations
performed by the enzymatic systems have already been used
to trigger changes in different bioelectronic systems[12, 13] and
nanostructured signal-responsive materials.[14–16] Enzymatic sys-
tems that process biochemical input signals and perform Boo-
lean logic operations could be coupled with external signal-
responsive materials through an exchange of electrons or pro-
tons.[16] In our recently designed enzymatic logic gates we
used pH changes generated in situ by the enzymatic systems
to switch different pH-responding materials and bioelectronic
systems between inactive and active states.[12–15] In the present
paper we use enzymatic logic systems that transform chemical
input signals into pH changes, which trigger the catalytic gen-
eration of ROS and thus result in oxidative damage in biomole-
cules.

Formation of ROS such as oxygen anions, peroxides, and
free radicals is an unavoidable part of aerobic metabolism, and
ROS play a dual role, as they are both deleterious and benefi-
cial. Overproduction of ROS results in depletion of cellular glu-
tathione and subsequent oxidative damage to cellular organ-
elles. Oxidative damage by ROS has been found to be an im-
portant primary or secondary process in aging[17, 18] as well as

in development of a number of pathologies.[19–23] The toxicity
of ROS is potentiated by labile iron cations which catalyze the
formation of hydroxyl radicals capable of directly attacking cel-
lular components; this results in DNA damage,[24–27] lipid perox-
idation,[28] and protein oxidation.[29]

At the same time ROS are essential for living organisms as
they participate in vitally important processes of catabolism
and neutralization of pathogens. Destruction of phagocyted
pathogens by ROS and proteases is the final step of phagocy-
tosis after recognition of the pathogen and engulfing it into ly-
sosomes, or “suicide bags.” ROS are generated in lysosomes by
NADPH oxidase, which is expressed in all macrophages.[30–32]

Subsequent mobilization of labile iron cations by destabiliza-
tion of iron-sulfur-containing enzymes[33] results in production
hydroxyl radicals which inactivate phagocyted pathogens. The
indiscriminate destruction of pathogens through oxidative
damage is less prone to bacterial or viral resistance and may
be the essential advantage over more specific immune mecha-
nisms.[34] Integration of enzymatic logic systems with destruc-

Systems that perform oxidative damage to biomolecules
through catalytic cascades in the presence of iron-redox labile
species were activated by enzymatic logic gates that process
chemical input signals according to built-in logic operations.
AND/OR enzymatic logic gates were composed of glucose ox-
idase (GOx) and GOx/esterase, respectively. The AND/OR logic
functions of the enzyme gates were activated by application of
glucose–oxygen and glucose–ethyl acetate input signals, re-
spectively. The enzymatic logic gates, upon activation by spe-
cific patterns of the chemical input signals, produced acidic

solutions and triggered release of redox labile iron species
from a complex that is unstable under acidic conditions. This
resulted in the activation of a catalytic cascade, which pro-
duced reactive oxygen species (ROS) and subsequently yielded
oxidative damage in biomolecules. Functional integration of
the enzyme-based logic systems with the catalytic redox cas-
cade that performs damage in biomolecules on demand is a
first step towards “smart” systems capable of programmed de-
tection, identification, and neutralization of potential biohaz-
ards.
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tive ROS-based mechanisms might pave the road towards
“smart” logic protective systems.

In this article we report on the systematic modeling of
chemical defence through ROS generation triggered by enzy-
matic logic gates; these logic gates can process multiple bio-
chemical signals mediated by pH change. Change of pH isACHTUNGTRENNUNGcapable of actuating important transformations such as con-
version of iron cations from redox-inactive complexes into a
redox-labile state. The redox-labile iron is capable of generat-
ing highly reactive hydroxyl radicals through the Fenton reac-
tion with hydrogen peroxide or organic peroxides. The result-
ing FeIII cations are reduced by superoxide anions; this produ-
ces hydrogen peroxide and regenerates FeII species, and thus
results in a catalytic cycle responsible for biomolecular oxida-
tive damage.[35, 36] Usually this process is modelled by ascor-
bate–iron–air system[37] in which FeII species are oxidized by
oxygen to yield FeIII and H2O2. The FeIII species are regenerated
by ascorbate followed by Fenton reaction, thus producingACHTUNGTRENNUNGhydroxyl radicals in the catalytic cycle. The catalytic cycle can
be inhibited by chelation of iron cations,[38, 39] as for example in
iron-sulfur proteins, although many known iron ligands such
as phenanthroline, nitrilotriacetic acid (NTA), or EDTA are not
capable of preventing the formation of ROS and were reported
to substantially potentiate oxidative damage.[40, 41] The release
of iron cations from a complex could be employed to activate
its participation in the catalytic production of ROS. Deactiva-
tion of iron species can be achieved with deferoxamine[42] and
other hexadentate hydroxamate ligands.[43, 44] However, the re-
sulting iron complexes are stable in a wide pH range and
cannot be used to release active iron species on demand by
varying pH mildly by the enzymatic logic systems. Recently re-
ported new 2,6-bis-[hydroxy ACHTUNGTRENNUNG(methyl)amino]-1,3,5-triazine (BHT)
iron ligands[45] have been shown to possess a special set of
properties. FeIII complexes of BHT ligands have both very low
FeII/FeIII redox potential at neutral pH and strong pH depend-
ency of the dissociation constant.[46] In this article we report on
the functional coupling of pH-labile 2:1 BHT–FeIII complexes
with enzymatic logic gates in situ. Catalytic production of ROS
is triggered and oxidative damage is produced for biomole-
cules by altering pH values and releasing the active FeIII cat-
ions. The present “smart” system is capable of generating oxi-
dative damage on demand after activation by specific combi-
nations of biochemical signals logically processed by enzymes.

Results and Discussion

The enzymatic logic gates were reported to shift pH values
from neutral to acidic in the pH range of 4–7.[12–15] To adjust
the pH-dependent decomposition of the FeIII–(BHT)2 complex
to this pH range we applied NTA as a competing iron ligand to
yield the redox labile FeIII–(NTA) complex, Scheme 1. The pH-
dependent stability of the 2:1 2,6-bis-[hydroxy ACHTUNGTRENNUNG(methyl)amino]-
4-(N-methyl,N-ethoxycarbonyl)amino-1,3,5-triazine iron com-
plex, FeIII–(BHT)2,[46] was studied by titration of the complex so-
lution to different pH values in the presence of NTA. The ex-
periment was started at pH 7.2, at which the complex is stable
and shows a characteristic broad metal-to-ligand charge-trans-

fer (MLCT) absorbance band with lmax at 535 nm. Acidification
of the complex solution to pH <7 resulted in the decomposi-
tion of the complex; this was monitored by disappearance of
its absorbance at 535 nm, Figure 1. When the pH value

reached 5.1, the complex was fully decomposed and yielded
the redox-labile FeIII–(NTA) complex. These results ensured that
the pH-controlled release of the redox-labile iron species from
the complex can be induced by pH changes produced byACHTUNGTRENNUNGenzymatic reactions. The catalytic cascade resulting in the for-
mation of ROS in the presence of the released FeIII–(NTA) is
outlined in Scheme 1.

In the present study we used glucose oxidase (GOx,
10 units mL�1) to mimic Boolean AND logic operation upon ad-
ditions of glucose, 20 mm, and oxygen (in equilibrium with air)
as the input signals, Scheme 2 A. The input signals were con-
sidered to be “0” in the absence of the respective chemicals
(when necessary, the solution was deoxygenated with argon),
while the input signals were “1” in the presence of the added
chemicals at the selected concentrations. Glucose oxidation by
oxygen was biocatalyzed by GOx and the formation of glucon-
ic acid resulted in the lowering pH value of the solution. The

Scheme 1. Structure and decomposition of FeIII–(BHT)2 complex and catalytic
generation of ROS by the iron–air–ascorbate system.

Figure 1. Decomposition of FeIII–(BHT)2 as monitored by its pH titration car-
ried through the disappearance of its characteristic band with maximum at
l= 535 nm. The pH value of the solution was adjusted by addition of 0.01 m

HCl.
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operating concentrations of the chemical inputs (glucose and
oxygen) were selected to produce substantial pH changes in a
non-buffered solution (0.01 m Na2SO4) upon the biochemical
reaction. The reaction proceeded only in the presence of both
reacting components (input signals 1,1) and reached a final pH
of 4, while in the absence of any of the reactants or both of
them (input signals 0,1, 1,0, 0,0, respectively) the reaction was
not activated and the initial pH value was unchanged at 6.1–
6.2 (Figure 2 A). The system responses corresponded to the
Boolean AND logic operation (Scheme 2A truth table), in
which the pH change was considered as the output signal, Fig-
ure 2 A, inset. It should be noted that apart from gluconic acid,
GOx produces hydrogen peroxide, which in the presence of
the redox labile iron species generates hydroxyl radicals in ad-
dition to those radicals formed by the iron-air catalytic system
outlined in Scheme 1. To avoid the second catalytic path and
to be sure about the mechanism of the catalytic cascade and
results elucidation, hydrogen peroxide produced in the reac-
tion was rapidly decomposed by catalase present in a large
excess (Cat, 250 units mL�1).

Another system composed of two enzymes operating to-
gether, esterase (Est) and GOx, was activated by the additions
of ethylacetate (20 mm) and glucose (20 mm) (while O2 was
always present in the system) and mimicked Boolean OR logic
operation, Scheme 2 B. Two parallel reactions, oxidation of glu-
cose biocatalyzed by GOx and hydrolysis of ethylacetate by
Est, resulted in the formation of gluconic acid or acetic acid, re-
spectively; this resulted in a decrease in pH to acidic values of
4.2–4.3. Acid formation was achieved in both reactions, thus
yielding the acidic medium in the presence of any of two sub-
strates or both of them together (input signals 0,1, 1,0, 1,1).
Only in the absence of both inputs was the initial pH value
preserved at 6.1 (input signals 0,0), Figure 2 B. Thus, the system
responses corresponded to the Boolean OR logic operation

(Scheme 2 B truth table) when the pH change was considered
as the output signal, Figure 2 B, inset. Hydrogen peroxide pro-
duced upon biocatalytic oxidation of glucose was rapidly de-
composed by the added catalase (Cat, 250 units mL�1) for the
same reason discussed above.

It should be noted that only two concentrations of the
chemical input signals (corresponding to the digital values of 0
and 1) were applied, while their intermediate concentrations
were considered 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 signal
concentrations between zero and operational values (between
“0” and “1” input signals) would result in a surface-response
function of the logic gates, which can be used for the optimi-
zation of the gate performance;[47] this was outside the scope
of the present study.

The pH changes generated in situ by the enzymatic logic
systems mimicking the AND/OR logic gates were used to trig-
ger catalytic redox reactions, Scheme 1, resulting in the biomo-

Scheme 2. Schematic representations of the enzymatic logic gates. A) AND
gate formed with GOx where the combination of two inputs, glucose and
oxygen, produces gluconic acid. Truth table for the AND logic operation is
shown. B) OR gate formed with GOx and Est where the appearance of any
input, glucose or ethyl acetate, produces gluconic acid or acetic acid, respec-
tively. Truth table for the OR logic operation is shown. Cat was added to the
both gates to decompose H2O2.

Figure 2. Generated in situ pH changes upon application of different combi-
nations of chemical input signals : A) AND gate activated by glucose and O2 :
a) 0,0 ; b) 0,1; c) 1,0 ; d) 1,1. B) OR gate activated by glucose and ethyl ace-
tate: a) 0,0 ; b) 0,1; c) 1,0 ; d) 1,1. Insets represent the absolute value of the
pH changes reaching the saturated values. The dashed lines show the
threshold values for the logic 0 and 1 outputs. The solutions compositions
and the input signal concentrations are specified in the experimental sec-
tion.
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lecular oxidative damage. The process started from the pH-in-
duced decomposition of FeIII–(BHT)2 complex monitored by the
absorbance decrease at lmax = 535 nm, Figure 3. The enzymatic
logic gate AND (composed of GOx, 10 units mL�1) does not
change the initial, almost neutral pH value upon application of
the input signals 0,0, 0,1 and 1,0, thus preserving the FeIII–
(BHT)2 complex in its original state with an optical density of
0.145 (Figure 3 A, curves a–c). Simultaneous addition of glucose
and oxygen (input signals 1,1) to the system results in the for-
mation of gluconic acid, thus lowering the pH value (reaching
pH about 4.3) and resulting in the decomposition of FeIII–
(BHT)2. This is reflected by the decrease of its absorbance at
lmax = 535 nm to 0.023 optical density (Figure 3 A, curve d). The
features of the system responding to the chemical input sig-
nals resemble the logic operation AND, Figure 3 A, inset.

The enzymatic logic gate OR (composed of GOx,
10 units mL�1 and Est, 10 units mL�1) did not change the initial

pH value in the absence of the both chemical signals : glucose
and ethylacetate (input signals 0,0), thus preserving the initial
optical density of FeIII–(BHT)2 at 0.13 (Figure 3 B, curve a). The
presence of any of the chemical inputs or both of them (input
signals 0,1, 1,0, 1,1) resulted in the formation of acids. Lower-
ing the pH from its initial almost neutral value and reaching
the acidic pH of about 4.3 resulted in the decomposition of
FeIII–(BHT)2, as observed by the optical density reduction to
0.03 at lmax = 535 nm (Figure 3 B, curves b–d). The features of
the system responding to the chemical input signals mimic the
logic operation OR, Figure 3 B, inset.

The FeIII cations released from FeIII–(BHT)2 upon pH changes
produced in situ by the enzymatic logic systems were re-che-
lated by NTA; this yielded the redox mobile FeIII–(NTA) com-
plex, which participated in the catalytic generation of ROS
(Scheme 1). The produced FeIII–(NTA) complex was immediately
reduced by ascorbate and capable of participating in the
Fenton reaction, which yielded OH radicals that were detected
by in situ hydroxylation of benzoate.[48, 49] The reaction produ-
ces a mixture of 4- and 3-hydroxybenzoates. Due to the strong
fluorescence of both reaction products, the hydroxylation is a
very sensitive method for the quantitative analysis of OH radi-
cals. Figure 4 A (curves a–c) shows no formation of the fluores-
cent products when the input signals 0,0, 0,1, and 1,0 were
applied to the enzymatic logic AND gate. Simultaneous addi-
tion of glucose and oxygen (input signals 1,1) resulted in the
formation of gluconic acid and acidification of the solution,
thus yielding FeIII–(NTA) and inducing catalytic formation of OH
radicals. This was reflected by the formation of the fluorescent
products in the hydroxylation of benzoate that emits at lmax =

435 nm (Figure 4 A, curve d). The system response to the
chemical signals mimics the logic operation AND (Figure 4 A,
inset). When the enzymatic logic OR gate was used, the
system did not show the fluorescent products upon applica-
tion of a 0,0 combination of the input signals (Figure 4 B,
curve a), while the input signals 0,1, 1,0, and 1,1 resulted in
the production of the strongly fluorescent products (Figure 4 B,
curves b–d). The system response to the chemical input signals
mimics the logic operation OR (Figure 4 B, inset). The fluores-
cent products were generated through a sequence of events
starting from the enzyme induced acidification of the solution,
followed by the decomposition of FeIII–(BHT)2, release of FeIII–
(NTA) and its participating in the catalytic formation of OHACHTUNGTRENNUNGradicals. The formation of the fluorescent product reflects the
production of OH radicals proceeded in parallel with the pH
changes induced in situ by the enzyme reactions (Figures S1–
S3 in the Supporting Information). These findings support the
formation of the ROS triggered by the logic operations per-
formed by the enzymatic systems processing chemical input
signals.

In the next step of our research we further demonstrated
that biomolecular oxidative damage can be controlled by the
enzymatic logic gates. A number of methods have been re-
ported for detection of hydroxyl radicals in cellular[50] and cell-
free systems.[51, 52] In cell-free systems, hydroxylation of deoxyri-
bose[53–55] can be considered to be the most relevant method,
as it models the process of DNA strain breaks. Degradation of

Figure 3. Absorption spectra of the FeIII–(BHT)2 (0.6 mm), obtained after ap-
plication of different combinations of chemical input signals triggering the
enzymatic logic gates: A) AND gate activated by glucose and O2 : a) 0,0 ;
b) 0,1; c) 1,0 ; d) 1,1. B) OR gate activated by glucose and ethyl acetate:
a) 0,0 ; b) 0,1; c) 1,0 ; d) 1,1. The insets show the absolute values of the opti-
cal absorbance changes at l = 535 nm induced by different combinations of
the input signals. The dashed lines show the threshold values for the logic 0
and 1 outputs. The solutions compositions and the input signal concentra-
tions are specified in the experimental section.
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deoxyribose caused by in situ-generated ROS[53–55] was deter-
mined by the standard assay using condensation of the resul-
tant malonic dialdehyde with thiobarbituric acid (Figure 5 A),
which produced UV-Vis absorption with lmax = 532 nm.[56] The
enzymatic logic AND gate generated the ROS only upon appli-
cation of the 1,1 combination of the chemical input signals,
thus resulting in the oxidative damage on deoxyribose (Fig-
ure 5 A, curve d). All other combinations of the chemical input
signals (0,0, 0,1, 1,0) did not yield ROS and did not produce
the damaged biomolecules (Figure 5 A, curves a–c). Figure 5 A,
inset, shows the system response pattern characteristic of the
AND Boolean logic gate. The enzymatic logic OR gate resulted
in the ROS and damaged biomolecules at 0,1, 1,0, and 1,1
combinations of the input signals (Figure 5 B, curves b–d),
while only 0,0 input signals preserved the undamaged biomol-
ecules (Figure 5 B, curve a). Figure 5 B, inset, shows the system
response pattern characteristic of the OR Boolean logic gate.

Conclusions

This study illustrates the possibility to trigger biochemical pro-
cesses, specifically oxidative damage, by processing chemical
input signals using enzymatic systems with built in Boolean
logic. The AND/OR enzymatic logic gates used in the present
study can be scaled up to higher complexity by assembling
enzymatic logic networks composed of several concatenated
logic gates. The logic networks can accept many different
chemical input signals and process chemical information ac-
cording to the “program” embedded in the enzyme system.
These systems represent a new generation of “smart” chemical
devices that perform certain functions on demand, when the
system operation is triggered by corresponding patterns of
chemical signals. The reported system that performs oxidative
damage upon activation by a combination of chemical signals
will serve as a basis for development of smart systems capable
of programmed detection, identification, and neutralization of
potential biohazards.

Figure 4. Normalized fluorescent intensity (NFI) generated upon reacting
benzoic acid (1 mm) with FeIII–(BHT)2 and the enzymatic logic gates activated
by different combinations of input signals : A) AND gate activated by glu-
cose and O2 : a) 0,0 ; b) 0,1; c) 1,0 ; d) 1,1. B) OR gate activated by glucose
and ethyl acetate: a) 0,0 ; b) 0,1; c) 1,0 ; d) 1,1. The insets show the changes
in the NFI induced by different combinations of the input signals. The
dashed lines show the threshold values for the logic 0 and 1 outputs. The
solutions compositions and the input signal concentrations are specified in
the experimental section.

Figure 5. Normalized absorbance (NAbs) generated upon reacting deoxyri-
bose (10 mm) with the FeIII–(BHT)2 and the enzymatic logic gates activated
by different combinations of input signals : A) AND gate activated by glu-
cose and O2 : a) 0,0 ; b) 0,1; c) 1,0 ; d) 1,1. B) OR gate activated by glucose
and ethyl acetate: a) 0,0 ; b) 0,1; c) 1,0 ; d) 1,1. The insets show the changes
in the NABs induced by different combinations of the input signals. The
dashed lines show the threshold values for the logic 0 and 1 variants. The
solutions compositions and the input signal concentrations are specified in
the Experimental Section.
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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), esterase (Est) from porcine liver (E.C. 3.1.1.1), and
crude catalase (Cat) from bovine liver (E.C. 1.11.1.6). Chemicals pur-
chased from Sigma–Aldrich or Fluka were analytical quality and
used as supplied: b-d-(+)-glucose, ethyl acetate, NTA, sodium as-
corbate, benzoic acid, deoxyribose, thiobarbiturate. Chemicals pur-
chased from J. T. Baker with ACS reagent grade were: ferrous sul-
fate (FeSO4), sodium sulfate (Na2SO4). From Fisher was purchased
certified ACS trichloroacetic acid. BHT ligand, 2,6-bis-[hydroxy-ACHTUNGTRENNUNG(methyl)amino]-4-(N-methyl, N-ethoxycarbonyl)amino-1,3,5-triazine,
and its 2:1 iron complex, FeIII–(BHT)2, were prepared according to
the known synthetic procedures.[46]

Apparatus : All measurements were performed at 37�0.1 8C. The
optical absorbance measurements were performed with a Shimad-
zu UV-2450PC spectrophotometer. The fluorescence spectra were
recorded with a fluorescent spectrometer (Varian Inc.) using excita-
tion at l= 305 nm and measuring light emission spectra. The fluo-
rescence intensity was normalized to the digital “1” value of the
output signals. The pH evolutions were monitored with a Mettler
Toledo� SevenEasy pH-meter.

Enzymatic logic gates composition and operation : Two different
enzymatic logic gates were designed for the pH control. The bio-
chemical “machinery” of the logic gates was defined as an aqueous
solution (4 mL) containing Na2SO4 (10 mm) ; FeIII–(BHT)2 (0.15 mm) ;
FeSO4 (50 mm) ; NTA (50 mm) ; sodium ascorbate (5 mm) and the spe-
cific enzymes for each gate. The operation of the logic gates was
performed at room temperature, 23�2 8C. To perform the AND
gate operation, GOx (40 units) was added to the machinery to get
a final concentration of 10 units mL�1. Catalase (1000 units) was
also added. The two inputs triggering the AND gate operation
were glucose—0 m and 20 mm for “0” input and “1” input, respec-
tively, and oxygen—after bubbling Ar for 10 min as input “0” and
in equilibrium with air as “1”. To perform the OR gate operation,
GOx (40 units) and Est (40 units) were added to the machinery to
get a final concentration of 10 units mL�1 for each enzyme. Cata-
lase (1000 units) was also added. The two inputs triggering the OR
gate operation were glucose—0 m and 20 mm for “0” input and
“1” input, respectively, and ethyl acetate—0 m and 20 mm for “0”
input and “1” input, respectively. In the case of OR gate oxygen
was always present in the system.
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