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E
xperimental and theoretical studies
of optoelectronic properties of nano-
structured materials1 and, particu-

larly, ensembles of metallic nanoparticles

(NPs) in solutions and on surfaces2 have at-

tracted much recent attention. Localized

surface plasmon resonance (LSPR) in metal

NPs, which controls their optical properties,

depends on the metal nature, shape, size,

and environment of the NPs.3 Minor

changes in the distances between the NPs,

charges localized on them, or alteration of

charging/dielectric properties in their

nearby environment (particularly changes

of charges in the organic shells)4 might be

substantially amplified by the variation of

the optoelectronic properties of NPs (i.e.,

LSPR) yielding a shift of their absorbance

band. Functional coupling of metal NPs

with biomolecular systems5 and high sensi-

tivity of the optoelectronic properties of

metal NPs to the environment changes are

used in various sensors and biosensors,6,7

specifically in DNA and protein sensors,8

and enzyme-based biosensors.9 Most of the

observed optical effects and the applica-

tions based on them originate from the dis-

tance variation between metal NPs result-

ing in the change of their plasmon coupling

and consequently in the absorbance shift

in the NPs spectra.10 The distance variation

could be caused by cross-linking of the

biomolecular-functionalized NPs through

biospecific interactions (usually upon DNA

hybridization11 or protein-affinity bind-

ing12). Charging effects on the LSPR energy

and therefore on the optical properties of

metal NPs are much less studied and rarely

used in biosensors and optobioelectronic

systems. The charge directly associated with

the metallic cores of NPs or distributed on

a short distance from them (e.g., associated

with the organic shell) could be changed by

chemical,13 biochemical,14

electrochemical,15,16 or photochemical17

means. However, the charge effect on the

NPs absorbance band shift was reported

only in a few papers,15 while other studies

used surface plasmon resonance to observe

the charge effects on the optical properties

of surface-confined NPs.14,17 Functional

coupling of metal NPs with biomolecular

systems through the charge transfer pro-

cesses resulting in the optical properties

variation is a challenging aim yet.
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ABSTRACT A nanostructured system composed of enzyme-functionalized silica microparticles, ca. 74 �m,

and gold-coated magnetic nanoparticles, 18 � 3 nm, modified with pH-sensitive organic shells was used to process

biochemical signals and transduce the output signal into the changes of the optoelectronic properties of the

assembly. The enzymes (glucose oxidase, invertase, esterase) covalently bound to the silica microparticles

performed Boolean logic operations AND/OR processing biochemical information received in the form of chemical

input signals resulting in changes of the solution pH value. Dissociation state of the organic shells on the gold-

coated magnetic nanoparticles was controlled by pH changes generated in situ by the enzyme logic systems. The

charge variation on the organic shells upon the reversible protonation/dissociation process resulted in the changes

of the gold layer localized surface plasmon resonance energy (LSPR), thus producing optical changes in the system.

The proton transfer process allowed the functional coupling of the information processing enzyme systems with

the signal transducing gold-coated magnetic nanoparticles providing their cooperative performance. Magnetic

properties of the gold-coated magnetic nanoparticles allowed separation of the signal-transducing nanoparticles

from the enzyme-modified signal processing silica microparticles. The reversible system operation was achieved by

the Reset function, returning the pH value and optical properties of the system to the initial state. This process

was biocatalyzed by another immobilized enzyme (urease) activated with a biochemical signal. The studied

approach opens the way to novel optical biosensors logically processing multiple biochemical signals and “smart”

multisignal responsive materials with logically switchable optical properties.

KEYWORDS: functional nanoparticles · magnetic nanoparticles · enzyme logic · logic
gate · signal-responsive material · localized surface plasmon resonance · LSPR ·
switchable optical properties · optoelectronic properties · nanostructured materials
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Enzyme-based biocomputing systems
mimicking Boolean logic operations were
pioneered recently.18,19 They accept bio-
chemical input signals, logically process
them, and generate an output signal in the
form of chemical changes dependent on
the combination of all applied chemical in-
put signals and on the built-in biochemi-
cal “program”. The compatibility of the
biochemical logic gates allows them to as-
semble in the form of complex biocom-
puting networks composed of several con-
catenated logic units processing large
amount of various combinations of bio-
chemical signals.20,21 The possibility to
scale up logic systems is the most impor-
tant advantage of the enzyme-based en-
sembles22 over other chemical computing
systems.23,24 The enzyme-based logic gates were al-
ready coupled with electronic transducers (modified
electrodes) by means of electron transfer processes.25

The present paper describes a new approach to the
coupling between the enzyme logic systems and a
signal-responsive nanostructured material through pro-
ton transfer processes.

RESULTS AND DISCUSSION

The studied hybrid systems were composed of two
kinds of modified particles functionally coupled to-
gether: the enzyme-functionalized silica microparticles
(ca. 74 �m) logically processing biochemical signals,
and the Au-coated magnetic NPs (18 � 3 nm) transduc-
ing the enzyme-generated in situ pH changes to the al-
teration of their optoelectronic properties upon charg-
ing/discharging pH-sensitive organic shells. The
superparamagnetic properties of the signal-
transducing NPs were used to keep them suspended
in a solution upon application of an external magnetic
field (a NdFeB magnet was placed 1 cm
above the NP suspension to generate a
magnetic field of ca. 2 kG on the solution
surface), thus preventing their precipita-
tion, which could result in the uncon-
trolled changes of their optical properties.
The enzymes performing logic operations
were immobilized on the silica microparti-
cles to prevent the enzyme adsorption on
the signal-transducing Au-coated mag-
netic NPs, which might result in their un-
controlled aggregation. The enzyme-
functionalized silica microparticles were
sedimented at the bottom of the reacting
vial and thus separated from the signal-
transducing magnetic NPs suspended in
the solution. The bicomponent hybrid sys-
tem provided stable and reproducible op-

tical properties controlled by pH values of the solution

produced in situ upon the enzyme logic operations.

Four kinds of the enzyme-functionalized silica NPs

were prepared to assemble the enzyme logic gates

and to reset the system. The surface of the silica micro-

particles was silanized with �-aminopropyl-triethoxy-

silane (APTES) to introduce amino functional groups,

and then glutaric dialdehyde coupling was used to im-

mobilize covalently (via formation of Schiff base links)

four different enzymes on the microparticles: glucose

oxidase (GOx), invertase (Inv), esterase (Est), and urease

(Ur) (Scheme 1). The first three immobilized enzymes

were used to assemble logic gates, and urease was ap-

plied to reset the system to the initial conditions. The

enzyme information processing systems were then as-

sembled as mixtures of various enzyme-modified silica

microparticles taken in specific ratios. Two enzyme logic

systems processing biochemical signals were as-

sembled in this study: (i) The AND/Reset logic gate

was composed of three enzymes covalently bound to

Scheme 1. Modification of the silica microparticles with the enzymes.

Scheme 2. Hybrid systems composed of the enzyme logic units covalently bound to
the silica microparticles and the pH-sensitive Au-coated/magnetic core NPs transduc-
ing the pH changes generated by the enzymes into the optical changes.
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the silica NPs: Inv (1.2 units), GOx (0.8 units), and Ur
(2.3 units). (ii) The OR/Reset logic gate was also com-
posed of three enzymes immobilized on the silica mi-
croparticles: GOx (0.8 units), Est (0.2 units), and Ur (2.3
units), Scheme 2. The AND gate was activated by two
chemical input signals: sucrose (100 mM) and oxygen
(concentration obtained in the solution under equilib-
rium with air) (Scheme 3). The input signals were con-
sidered to be “0” in the absence of the respective
chemicals (Ar was bubbled through the solution in or-
der to remove O2 when needed), while the input signals
were “1” in the presence of the added chemicals at the
selected concentrations. The operating concentrations
of the chemical inputs were selected to produce sub-
stantial pH changes in a nonbuffered solution (1 mM
NaCl) upon the biochemical reactions. Similarly to the
digitalization of electronic signals used in electronics,
we considered the intermediate values of the concen-
trations of the chemical inputs as undefined signals.
Global mapping of the logic gate transduction func-
tion upon application of variable concentrations of the
chemical input signals22 was outside the scope of the
present study. If the variable input concentrations were
applied, this would allow the optimization of the gate
performance function.22 The biochemical chain reac-
tion proceeding in the AND logic gate in the presence
of sucrose and O2 (input signals: “1,1”) included the hy-
drolytic conversion of sucrose to glucose and fructose
biocatalyzed by Inv, followed by glucose oxidation bio-
catalyzed by GOx to yield gluconic acid. The final prod-
uct, gluconic acid, produced by the chain reaction re-
sulted in the acidification of the solution-lowering pH
from the initial value of pH 7.0 to the final pH value of
ca. pH 4. Obviously, the biochemical chain reaction was
not completed in the absence of sucrose or O2 or both
of them (input signals: “0,1”, “1,0”, “0,0”, respectively),
thus inhibiting the formation of gluconic acid and keep-
ing the pH value unchanged. The output signal gener-
ated by the system in the form of the pH changes was
considered as “1” if �pH � 2, while �pH � 0.2 was con-

sidered as “0” output signal. The pH changes between

0.2 and 2 thresholds were considered as undefined

(similarly to the approach used in electronics). To com-

plete the reversible cycle, the Reset operation was acti-

vated by the addition of urea (2 mM), resulting in the

formation of ammonia biocatalyzed by urease. This re-

sulted in the increase of the pH reaching the pH value of

ca. 6.5�7.0.

The OR gate operation was activated by two chemi-

cal input signals: glucose (10 mM) or/and ethyl butyrate

(10 mM), considered to be “1” at the selected concen-

trations and “0” in the absence of the chemicals

(Scheme 4). The OR enzyme logic gate performed two

parallel reactions: glucose oxidation biocatalyzed by

GOx to yield gluconic acid (O2 serving as a natural elec-

tron acceptor was always in the system) and hydrolysis

of ethyl butyrate biocatalyzed by Est producing butyric

acid. Any or both of the reactions (input signals: “0,1”,

“1,0”, “1,1”) resulted in the formation of acids, thus low-

ering the pH value from the initial value of pH 7.0 to

the final value of ca. pH 4. Obviously, in the absence of

both chemical inputs (input signals: “0,0”), both reac-

tions were inhibited, thus leaving the initial pH value

unchanged. The Reset operation that returned pH to

the initial value was activated by the addition of urea

similarly to the described above.

The pH changes produced upon logical processing

of the chemical input signals were transduced into op-

tical signals by the functional Au-coated magnetic NPs

added to the system (0.1 mg · mL; Scheme 2). The NPs

(18 � 3 nm diameter) were composed of cobalt ferrite

(CoFe2O4) superparamagnetic core (13 � 2 nm, satu-

rated magnetization �70 emu · g�1) coated with a gold

shell modified with a mercaptopropionic acid mono-

layer. Three parts of the NPs were used for different

functions: (i) The organic shell composed of mercapto-

propionic acid chemisorbed on the Au layer was re-

sponsible for changing the charge upon the pH

changes. This originated from the dissociation equilib-

Scheme 3. Operation of the AND�Reset enzyme logic sys-
tem.

Scheme 4. Operation of the OR�Reset enzyme logic sys-
tem.
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rium of the carboxylic groups associated with the shell

monolayer. (ii) The Au thin film generated the optical

signals upon variation of the localized surface plasmon

(LSPR) energy controlled by the charge on the organic

shell. (iii) The magnetic cores were needed to keep the

NPs suspended in the solution upon application of an

external magnetic field, thus preventing their precipita-

tion and aggregation with the enzymatic systems.

The absorbance spectra of the Au-coated magnetic

NPs were recorded at different pH values produced in

the solution upon in situ performed biocatalytic reac-

tions induced by various chemical input signals logically

processed by the enzyme systems. The pKa value of

mercaptopropionic acid in a monolayer configuration

is known to be ca. 5.2 � 0.1.26 The experiments were al-

ways started at pH 7.0 where the carboxylic groups of

the shell are dissociated (negatively charged). Upon ap-

plying chemical input signals processed by the en-

zyme logic gates, the initial pH value was decreased,

reaching the pH value of ca. 4 (if the biocatalytic reac-

tions were activated), or remained unchanged (if the re-

actions did not proceed) depending on the combina-

tion of the chemical input signals. The acidic pH

generated in situ resulted in the protonation of the

shell carboxylic groups converting them to the neutral

state. The change of the electric charge associated with

the shell induced change of the LSPR energy reflected

by the shift of the absorbance peak in the optical spec-

trum of the system. Figure 1 shows the typical spectra

changes observed upon the biocatalytic reactions in-

duced in the AND logic gate when the combination of

the chemical input signals “1,1” was applied. The absor-

bance maximum was shifted to longer wavelengths

reaching the �	 of 21 nm (Figure 1, inset). Obviously,

the combinations of the input signals “0,0”, “0,1”, and

“1,0” processed by the AND gate did not result in de-

tectable alterations of the spectrum (�	 � 2 nm). After

reaching the final shift of the pH and respective optical

change, the Reset function was applied, returning the
absorbance to almost original wavelength. The optical
responses produced by the system upon application of
different combinations of the input signals corre-
sponded to the logical behavior of AND�Reset func-
tion (Figure 2). Figure 3 shows the typical spectra
changes upon the biocatalytic reactions induced in the
OR logic gate when the combinations of the chemical
input signals “0,1”, “1,0”, or “1,1” were applied (no opti-
cal changes were observed in the case of “0,0” inputs).
The absorbance maximum was shifted to longer wave-
lengths reaching �	 of 15 nm (Figure 3, inset). After
reaching the final shift of the pH and respective opti-
cal change, the Reset function was applied, returning
the absorbance to almost original wavelength. The op-
tical responses produced by the system upon applica-
tion of different combinations of the input signals cor-
responded to the logical behavior of OR�Reset
function (Figure 2).

The mechanism responsible for the transduction of
the pH variation into the optical changes needs seri-

Figure 1. Spectra of the Au-coated/magnetic core NPs sus-
pension (450 mg, 4 mL) recorded in the presence of the en-
zyme AND logic system upon the “1,1” input signals result-
ing in the decreasing pH values: (a) 7.0, (b) 6.0, (c) 4.9, (d) 4.4,
(e) 4.0. Inset: shift of the �max upon the pH changes gener-
ated in situ by the enzyme logic system.

Figure 3. Spectra of the Au-coated/magnetic core NPs sus-
pension (450 mg, 4 mL) recorded in the presence of the en-
zyme OR logic system upon the “0,1”, “1,0”, “1,1” input sig-
nals resulting in the decreasing pH values: (a) 7.0, (b) 4.5, (c)
4.15, (d) 4.0, (e) 3.8. Inset: The shift of the �max upon the pH
changes generated in situ by the enzyme logic system.

Figure 2. Optical output signals (��max) generated in the
system upon various combinations of the chemical input sig-
nals: the enzyme OR logic gate (red) the enzyme AND logic
gate (green).
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ous discussion. An obvious and trivial explanation of

the observed optical changes could be the reversible

aggregation/dissociation of the NPs upon discharging/

charging their shells because of the protonation/disso-

ciation of the carboxylic groups at different pH values.

Indeed, lowering pH results in the protonation of the

carboxylic groups yielding neutral NPs capable of ag-

gregating. The aggregation process would induce the

“red” shift in the spectra11,12 similar to that observed in

our experiments. Increasing pH would result in the dis-

sociation of the carboxylic groups inducing their nega-

tive charging and dissociation, thus returning the initial

optical properties. To verify this option, we performed

dynamic light scattering (DLS) measurements for the NP

suspension at pH 7.0 and 4.0, where the spectra have

the biggest difference. It has been found that the NPs

have almost the same size distribution between 24 and

32 nm (Figure 4), thus disapproving the aggregation/

dissociation mechanism for the optical changes. It

should be noted that the effective size of the NPs was

bigger than their sizes observed by TEM27,28 due to the

fact that DLS detects the hydrodynamic radii instead

of the particle size itself.

A much more intriguing mechanism would be the

dependence of the LSPR energy and thus optical fea-

tures of the Au layer on the charge associated with the

organic shell. In this case, the shift in the plasmon fre-

quency and the respective shift of the 	max in the absor-

bance spectrum are promoted by the change of the

charge upon protonation�deprotonation of the mer-

captopropionic acid monolayer attached to the NPs sur-

face. This charge alters the electron density in the NPs

surface (Thomson�Fermi layer). Consequently, the di-

electric constant is altered proportionally to the elec-

tron density. To estimate the effect of the negatively

charged surface when the shell monolayer is deproto-

nated, rough calculations were performed. Upon irra-

diation of the Au-coated magnetic NPs with an electro-

magnetic wave, the free electrons are driven by the

electric field to coherently oscillate at the plasma fre-

quency, 
p. The typical expression for 
p in bulk metal

can be formulated as following (eq 1):29

ωp ) (
N · e2

ε0me
)1⁄2 (1)

where N is the density of electrons, �0 is the dielectric

constant of vacuum, and e and me are the charge and

mass of an electron, respectively. The initial electron

density, N535 � 3.13  10�7 e� · m�3, was derived us-

ing eq 1 for 	max � 535 nm at pH 7.0 when the shell

around the NPs exists in the dissociated (negatively

charged) state, while N550 � 2.96  10�7 e� · m�3 was

derived for 	max � 550 nm at pH 4.0 when the shell is

protonated (neutral). Therefore, the increase of the elec-

tron density upon protonation of the carboxylic groups

in the shell was �N � 1.7  10�8 e� · m�3. The NPs

show an average composition of a 15 nm diameter

CoFe2O4 core and a 3 nm thick Au shell. As the density

of CoFe2O4 is 5.3 g · cm�3 and gold’s density is 19.3

g · cm�3, the average density of the NPs can be calcu-

lated as follows (eq 2):

Fparticle )FCoFe2O4·
�CoFe2O4

+FAu·�Au (2)

where �i corresponds to the density of the specific ma-

terials and �i to the fraction of volume occupied by the

material in the NPs. The result gives the density, �par-

ticle � 17.71 g · cm�3, of the composite NPs. The vol-

ume of a single NP (diameter 18 nm) is ca. 3  103 nm3.

Thus, taking into account the NPs concentration (0.5

mg · mL�1, �1013 NPs · mL�1), one can estimate the

number of NPs in the reacting solution (4 mL), �4 

1013 NPs, and their total volume, �1.2  10�10 m3. The

number of electrons depleted upon the LSPR change,

ca. 140 electrons per NP, was derived by dividing �N by

the total volume of the NPs. On the other side, the den-

sity of mercaptopropionic acid in the shell monolayer

could be roughly estimated as 7.6  10�10 mol · cm�2

or 1.26  1013 molecules · cm�2.30 Taking into account

the surface area of a single NP, 4000 nm2, the number of

the carboxylic groups in the shell of a single NP is ca.

126. This rough calculation shows a good agreement

between the charge variation responsible for the LSPR

shift (ca. 140 electrons per NP) and the number of dis-

sociating groups in the shell (ca. 126), thus giving con-

firmation that the charging/discharging process in the

shell is responsible for the optical changes in the

system.

CONCLUSIONS
The enzyme logic systems were used to process

biochemical information received in the form of

chemical input signals resulting in pH changes pro-

duced in situ upon biocatalytic reactions. The Au

shell/magnetic core NPs functionalized with the dis-

Figure 4. Effective sizes of the Au shell/magnetic core NPs
measured by the dynamic light scattering (DLS) at different
pH values generated in situ by the enzyme logic systems: pH
4.0 (red) and pH 7.0 (blue).
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sociating organic monolayer were used to trans-
duce the pH changes into the variation of their op-
toelectronic properties. The LSPR shift recorded in
the optical spectra of the NPs was used to read out
the results of the enzyme logic operations. Two logic
operations (AND/OR) followed by the Reset func-
tion were performed in the present study. The flex-
ibility of enzyme logics allowing various logic opera-
tions19 and the possibility to scale up22 the enzyme
logic systems in the form of complex logic net-
works21 promises almost unlimited variability and
complexity of the biochemical
information�processing systems. Coupling of the
biochemical logics with signal-transducing elements

changing the bulk material properties in response
to the enzyme logic operations opens the way to
novel signal-processing systems. Application of the
nanostructured signal-responsive systems is of par-
ticular interest due to the possibility to scale down
the responsive elements to a single nanounit (e.g., a
single-responsive nanoparticle). Variation of the op-
toelectronic properties of nanoparticles and quan-
tum dots in response to the enzyme logic operations
is a promising direction in the general avenue of
the biochemical logics. Besides the fundamental sci-
entific interest, potential applications in optobio-
electronics, biosensors, and medical imaging are
envisaged.

EXPERIMENTAL SECTION
Chemicals: All chemicals and enzymes were purchased and

used without further purification. The enzyme logic gates were
built with the following enzymes purchased from Sigma-Aldrich:
glucose oxidase (GOx) from Aspergillus niger, type X-S (E.C.
1.1.3.4); esterase (Est) from porcine liver (E.C. 3.1.1.1), crude; in-
vertase (Inv) from bakers yeast, grade VII (E.C. 3.2.1.26); and ure-
ase from jack beans (E.C. 3.5.1.5). Other chemicals purchased from
Sigma-Aldrich (ACS quality) were �-aminopropyl-triethoxysilane
(APTES), �-mercaptopropyl-trimethoxysilane (MPTMS), HAuCl4,
�-D-(�)-glucose, urea, glutaric dialdehyde aqueous solution
(50% w/v), and sucrose. Ethyl butyrate and 3-mercaptopropionic
acid (MPA) were purchased from Fluka. Ferric chloride
(FeCl3 · 6H2O), ferric nitrate (Fe(NO3)3 · 9H2O), hydroxylamine hy-
drochloride (NH2OH · HCl), hydrochloric acid, sodium hydroxide,
and disodium phosphate monobasic were purchased from
Fisher Scientific. Cobalt chloride hexahydrate (CoCl2 · 6H2O), so-
dium phosphate dibasic monohydrate, sodium chloride crystal,
and toluene were purchased from J.T. Baiker. Ethanol was from
Pharmco-AAPER. Silica nanoparticles (200 mesh, ca. 74 �m diam-
eter) were purchased from MO-SCI Specialty Products, LLC. All
aqueous solutions were prepared with ultrapure water (18.2 M�)
from NANOpure Diamond (Barnstead) source.

Au-Coated Magnetic NP Synthesis: Gold-coated magnetic NPs
were synthesized according to the recently developed
procedure27,28 (see details in the Supporting Information):
Briefly, cobalt ferrite (CoFe2O4) NPs were prepared by co-
precipitation of CoCl2 and FeCl3 salts under alkaline
environment.31,32 The cobalt ferrite ferrofluid was functional-
ized with amino and thiol groups by condensation of silane cou-
pling reagents APTES and MPTMS. The resulting functionalized
NPs were incubated at pH 4 in the presence of Au NPs (diameter
3 nm) synthesized according to the published procedure.33 The
Au NPs covalently attached to the magnetic cores through thiol
groups acted as nucleation seeds for further iterative reduction
of gold(III) ions with hydroxylamine34 to yield the Au shell/mag-
netic core NPs. The size of the Au-coated magnetic NPs, 18 � 3
nm, was measured by TEM imaging.35

Organic Shell Formation: Au-coated magnetic NP dispersion in
water (4 mL; 0.5 mg · mL�1) was reacted with MPA, 1 mM, for
3 h at room temperature. The modified NPs were washed with
three cycles of centrifugation (6000 rpm, 20 min) at room tem-
perature. After decantation of the supernatant and re-dispersion
in an aqueous NaCl, 1 mM, solution, they were treated with ultra-
sound for 2 min to yield the stable dispersion.

Enzyme Immobilization on Silica NPs: Enzymes were covalently im-
mobilized on the silica microparticles through a three-step im-
mobilization process. First, 150 mg of silica particles was reacted
with a 5 mL of toluene solution containing 1% v/v APTES under
a gentle shaking for 20 min at 70 °C. Then the dispersion was
centrifuged (1500 rpm, 1 min, room temperature); the superna-
tant was separated, and the particles were re-dispersed. This pro-
cess was performed three times in toluene, twice in ethanol,

and three times in 1 mM phosphate buffer, pH 7, to purify the si-
lanized silica microparticles. The amino-functionalized silica par-
ticles (1 g) were reacted with an aqueous solution of glutaric di-
aldehyde (4 mL, 10% w/v) for 30 min upon shaking, then they
were washed five times with 0.1 M phosphate buffer, pH 7, by
centrifugation (1500 rpm, 1 min, room temperature). The en-
zymes were immobilized on the aldehyde-functionalized silica
microparticles by reaction of 20 units of each enzyme with 150
mg of microparticles for 30 min under gentle shaking at room
temperature. The enzyme-functionalized particles were washed
five times with NaCl solution, 1 mM, by using the centrifuge
(1500 rpm, 1 min, room temperature). The biocatalytic activities
of the enzymes immobilized on the silica microparticles were
found following the rates of pH changes produced upon the bio-
catalytic reactions: GOx, 5.3 units · �g�1, Inv, 8.0 units · �g�1,
Est, 1.3 units · �g�1, and Ur, 15.3 units · �g�1 (see details in the
Supporting Information). The experimental values of the enzy-
matic activity correlate with the theoretically estimated activities
expected for monolayer coverage of the enzymes on silica micro-
particles, assuming that the enzyme natural activities were
barely affected by the immobilization process.

Enzyme Logic Gate Composition and Operation: Two different en-
zyme logic gates were designed for the pH control. The bio-
chemical “machinery” of the logic gates was defined as an aque-
ous solution (NaCl, 4 mL, 1 mM) containing 450 mg of silica
microparticles modified with the enzymes (150 mg per specific
enzyme): GOx (0.8 units), Inv (1.2 units), and Ur (2.3 units) for the
AND�Reset system, and GOx (0.8 units), Est (0.2 units), and Ur
(2.3 units) for the OR�Reset system. The input signals were de-
fined as sucrose (100 mM; input A) and O2 (the concentration in
the equilibrium with air; input B) for the AND gate; glucose (10
mM; input A) and ethyl butyrate (10 mM; input B) for the OR
gate; urea (2 mM) for the Reset function. The enzyme-modified
microparticles were sedimented at the bottom of the vial under
a gentle magnetic stirring to enhance the diffusional enzymatic
reactions. Au-coated magnetic NPs modified with MPA mono-
layer organic shells were dispersed in the same solution at the
concentration of 0.1 mg · mL. To avoid the contact and further
adsorption of the NPs on the enzyme-modified silica microparti-
cles, a NdFeB magnet was placed 1 cm above the solution, pro-
ducing the magnetic field of ca. 2 kG at the top of the solution,
keeping the magnetic NPs suspended. The initial pH value of the
system was adjusted to pH 7.0 with HCl, 1 mM, prior to the addi-
tion of the chemical input signals. Then different combinations
of the chemical input signals were added to the system, and the
pH values and spectra were recorded at different time intervals
of the proceeding reactions. Before the absorbance spectrum
was recorded, the sample was immersed in an ultrasound bath
for 1 min. Once the limit of pH acidification was reached, the Re-
set function was activated by the injection of the urea.

Instrumentation: The absorbance spectra were recorded using
a Shimadzu UV-2450PC spectrophotometer. The pH evolutions
were monitored with a Mettler Toledo SevenEasy pH meter. DLS
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measurements were conducted using “90 Plus Particle Size Ana-
lyzer” from Brookhaven Instruments Corporation. All measure-
ments were performed at 23 � 2 °C.
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