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ABSTRACT: Acrylamide/acrylamide-modified nucleic acid
copolymer chains provide building units for the construction
of acrylamide—DNA hydrogels. Three different hydrogels are
prepared by the cross-linking of the acrylamide—DNA chains
with metal ion-dependent DNAzyme sequences and their
substrates. The metal ion-dependent DNAzyme sequences used
in the study include the Cu®-, Mg®'-, and Zn**-dependent
DNAzymes. In the presence of the respective metal ions, the
substrates of the respective DNAzymes are cleaved, leading to
the separation of the cross-linking units and to the dissolution
of the hydrogel. The different hydrogels were loaded with a
fluorophore-modified dextran or with a fluorophore-function-
alized glucose oxidase. Treatment of the different hydrogels
with the respective ions led to the release of the loaded dextran
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or the enzyme, and the rates of releasing of the loaded macromolecules followed the order of Cu®* > Mg** > Zn?*. Also, the
different hydrogels were loaded with the enzymes f-galactosidase (f-Gal), glucose oxidase (GOx), or horseradish peroxidase
(HRP). In the presence of the appropriate metal ions, the respective hydrogels were dissolved, resulting in the activation of the -
Gal/GOx or GOx/HRP bienzyme cascades and of the -Gal/GOx/HRP trienzyme cascade.
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1. INTRODUCTION

Cascaded multienzyme transformations play a central role in
cellular metabolism."* Ordered directional enzymatic cascades
enable the efficient channeling of substrates, the stimuli-
controlled branching of intracellular pathways, and the effective
transport and consumption of potentially cell-toxic ingredients
by localized, spatially ordered, biocatalytic sites. Two general
paths, operating individually or cooperatively, lead to multi-
enzyme cascades. One mechanism involves the organization of
the enzymes on biomaterial scaffolds that allow the channeling
of substrates/products along a dictated direction without
diffusing into the bulk intracellular environment.>* This
mechanism leads to increased local concentrations of
substrates/products, thus enhancing reaction rates, and may
eliminate cross-talks of the reaction products with other cellular
pathways.® Another means to control enzyme cascades involves
the spatial colocalization of the biocatalysts in compartmental-
ized microstructures that enable the sequential operation of
enzymes and their separation from other cellular compo-
nents.*” For example, the encapsulation of enzymes in protein
cages, e.g, carboxysomes, was reported to spatially separate
enzymes and allow their biocatalytic cascading.®” Extensive
research efforts are directed toward the development of
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organized nanostructures that facilitate enzyme cascades, thus
mimicking the native biocatalytic pathways. Proteins, nucleic
acids, and synthetic polymers were implemented as macro-
molecular scaffolds for cascading biocatalytic transforma-
tions.'”"" For example, the colocalization of a two-enzyme
system by protein/RNA scaffolds led to a 50-fold increase in
hydrogen production in E. coli* and a protein scaffold was
applied to organize three enzymes that enhance the biosyn-
thesis of mevalonate."> Also, enzymes were organized on DNA
scaffolds, and the spatially ordered biocatalysts led to enhanced
biocatalytic reaction rates due to the localized concentration of
the reaction intermediates and their effective channeling along
the biocatalytic path.'*~"® Similarly, enzymes were encapsulated
within the bacteriophage P22 virus-like particles, and the
kinetics of the enzyme cascade was significantly enhanced in the
microcompartment.'” Also, a three-enzyme cascade was
demonstrated in an enzyme-filled synthetic polymer compart-
mentalized nanoreactor (polymerosome).”®">* Besides the
basic interest of programmed biocatalytic cascades in
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Figure 1. (A) Schematic formation of acrylamide—DNA hydrogels with entrapped dye-labeled dextran or with enzymes by the cross-linking of
acrydite—nucleic acid/acrylamide copolymer chains with metal ion-dependent DNAzyme/substrate sequences and the separation of the hydrogels by
the metal ion-dependent cleavage of the respective substrates. The separation of the hydrogel leads to the release of the dye-labeled dextran or the

entrapped enzyme. (B) Photograph imaging the dissolution of the (1)/(2c)/(3c) cross-linked hydrogel upon addition of Cu**

ions, 20 mM.

mimicking cellular pathways, important practical applications of
enzymatic cascades may be envisaged. These include the design
of biotransformations of improved efficiencies,' the organ-
ization of stimuli-responsive switchable blocatalytlc machi-
neries,* the assembly of enzyme-based logic gates, * and the
construction of biofuel cell elements.”*>°

Hydrogels attract substantial interest as functional matrices
for the encapsulation of molecular, macromolecular, and
biomolecular substrates, and the progress in the area, by
addressing the different applications of loaded hydrogels, was
extensively reviewed.”’ > Among the hydrogels, nucleic acid
hydrogels (DNA-based hydrogels) represent a special subclass,
since the base sequences encoded in the nucleic acid units may
control and dictate the hydrogel functions.’**" All-DNA-based
hydrogels were synthesized by the cross-linking of DNA
subunits using complementary base—pair duplex interactions.>*
Also, switchable all-DNA-based stimuli-responsive hydrogels
were reported. For example, the cooperative ion-assisted
bridging of DNA subunits led to the formation of hydrogels,
and the separation of the hydrogels was stimulated by the
ligand-induced elimination of the ions from the cross-linking
units.>> Copolymers of synthetic polymers, e.g, acrylamide
polymers that include tethered nucleic acids, represent another
broad subclass of DNA-based hydrogels. The cross-linking of
the polymer chains through bridging the nucleic acid chains by
duplex units or aptamer—substrate complexes was reported.**
Stimuli-responsive switchable DNA hydrogels, undergomg
reversible solution-to- hydrogel transitions, were reported 5,36
Metal ion/ligand,*®* pH,*””* G-quadruplexes,® and photo-
chemical stimuli** were applied to switch reversible hydrogel-
to-solution phase transitions. Different applications of DNA-
based hydrogels, and specifically stimuli-responsive hydrogels,
were suggested, including controlled drug release, amplified
sensing, switchable catalysis, information storage, and
more. "' ™*

Catalytic nucleic acids, DNAzymes, represent synthetic
sequence-specific nucleic acids mimicking the function of
native enzymes.**** Different catalytic nucleic acids, such as the
hemin/G-quadruplex horseradish peroxidase (HRP)-mimicking
DNAzy'me,46 ~* metal ion-dependent hydrolytic or ligation
DNAzymes,*~>* and many other catalytic nucleic acids, were
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reported.>>~” Different applications of DNAzymes were
reported including their use as amplifying labels for
sensing,** " their use as functional units for logic gates and
computing circuits,”' " their use as functlonal stimuli for the
construction of various DNA machines,"””’ " and so on. The
Cu** ion-dependent DNAzyme was used to cross-link
acrylamide —DNA copolymer chains, and in the presence of
Cu** ions, cleavage of the bridging units occurred, and the
release of a hydrogel-loaded dye was reported.”

In the present study, we describe the assembly of DNA cross-
linked acrylamide hydrogels, where the bridging units are
composed of the nucleic acid sequences corresponding to metal
ion-dependent DNAzymes (M*" = Mg**, Zn*", Cu*").>' ™ In
the presence of the respective metal ions, the selective and
programmed dissolution of the respective hydrogels occurs, and
the loads incorporated in the hydrogels are released. The
controlled release of fluorophore-modified polymers or
proteins from the hydrogels is demonstrated, and the
programmed release of enzymes from the hydrogels results in
the activation of enzyme cascades.

2. RESULTS AND DISCUSSION

The preparation of the functional hydrogels is depicted in
Figure 1A. Copolymers consisting of acrylamide units and the
acrydite—nucleic acid (1) units were synthesized. The nucleic
acids (3a), (3b), and (3c) include the loop regions
corresponding to the Mg**-, Zn*"-, and Cu’**-dependent
DNAzyme sequences, respectively. These loops are extended
by two arms, composed of I, and I, which bind the respective
domains I’ and I, of the substrates of the respective
DNAzymes, (2a), (2b), or (2c). The substrates were extended
at their 3'- and 5’-ends with nucleic acid sequence I/, that is
complementary to the sequence I associated with (1). The
loading of (1) on the copolymers was determined to be a 1:100
mole ratio (Figure S1, Supporting Information). Treatment of
the hybrids (2a)/(3a), (2b)/(3b), or (2¢)/(3c) with the (1)-
copolymer chains resulted in the cross-linking of the copolymer
chains to form the respective hydrogels (1)/(2a)/3a); (1)/
(2b)/(3b); (1)/(2c)/(3c). For the detailed secondary
sequence structure of the DNAzyme bridging units, see Figure
S2, Supporting Information. The addition of the ions to the
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hydrogel matrices dictated the activation of the respective
DNAzymes, and these cleaved the substrates (2a), (2b), or
(2¢) in the presence of Mg*", Zn**, or Cu®" ions, respectively.
The cleavage of the substrate units fragmented the cross-linking
bridges, leading to the separation and dissolution of the
hydrogels, Figure 1B.

Figure 2 depicts the rheological characterization of the
different hydrogels. While the (2a)/(3a)- and the (2b)/(3b)-
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Figure 2. Rheological analysis of the different metal-dependent
DNAzyme cross-linked hydrogels: Storage modules (G’) of (a) the
Zn**-dependent DNAzyme, (b) the Mg**-dependent DNAzyme, and
(c) the Cu**-dependent DNAzyme. (a’), (b’), and (c’) correspond to
the loss modules (G”) of the respective hydrogels.

cross-linked hydrogels reveal relatively high stiffness (G’ = 110
and 200 Pa, respectively, and G” = 3 and 4 Pa, respectively), the
(2¢)/(3¢)-cross-linked hydrogel reveals lower stiffness, G’ = 30
Paand G” = 1 Pa. The difference in the G" and G” values for all
systems implies that all matrices exist in a hydrogel state.
Fluorophore-modified proteins or polymers, e.g, tetrame-
thylrhodamine (TMR)-functionalized dextran or Atto-590-
modified glucose oxidase (GOx), were incorporated in the
respective ion-sensitive DNAzyme/substrate-cross-linked acryl-
amide hydrogels. The resulting fluorophore-loaded hydrogels
were subjected to the respective metal ions. The resulting metal
ion-dependent DNAzymes stimulated the hydrolytic cleavage
of the cross-linking substrate, resulting in the separation of the
copolymer chains. This led to the dissolution of the hydrogels
and to the release of the fluorophore-labeled macromolecules
(polymers or proteins) incorporated in the hydrogels (cf.
Figure 1). The time-dependent release of the TMR-function-
alized dextran from the Mg’ ion-dependent DNAzyme/
substrate (2a)/(3a)-cross-linked hydrogel is depicted in Figure
3A, upon reacting the hydrogel with different concentrations of
Mg*" ions. Evidently, without Mg** ions, the release of TMR-
labeled dextran is blocked, and as the concentrations of the
Mg2+ ion increase, the release of TMR-labeled dextran is
enhanced, consistent with the higher content of DNAzyme
cleaving units upon increasing the concentration of Mg*" ions.
Also, the results indicate that the hydrogel is a stable container
for the loaded TMR-labeled dextran. Similarly, the time-
dependent release of TMR-labeled dextran from the Zn** ion-
dependent DNAzyme/substrate (2b)/(3b)-cross-linked hydro-
gel, in the presence of variable concentrations of Zn** ions, is
displayed in Figure 3B. As the concentration of Zn>* ions is
elevated, the release of TMR-labeled dextran from the hydrogel
is enhanced, consistent with the higher degree of Zn>* ion-
dependent DNAzyme cleaving units. Similar results were
observed upon incorporation of the Atto-590-modified glucose
oxidase (GOx) in the (1)/(2a)/(3a) cross-linked hydrogel. For
example, Figure 3C depicts the time-dependent fluorescence
changes observed upon the Mg*" ion-stimulated release of the
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Figure 3. (A) Time-dependent release of tetramethylrhodamine
(TMR)-functionalized dextran from the (3a)/(2a)-cross-linked hydro-
gel in the presence of different concentrations of Mg** ions: (a) 0, (b)
S, (c) 10, and (d) 20 mM. (B) Time-dependent release of TMR-
functionalized dextran from the (2b)/(3b)-cross-linked hydrogel in
the presence of different concentrations of Zn** ions: (a) 0, (b) 10,
and (c) 20 mM. (C) Time-dependent release of GOx-Atto-590 from
the (3a)/(2a)-cross-linked hydrogel in the presence of different
concentrations of Mg** ions: (a) 0 and (b) 20 mM.

Atto-590-modified-GOx load from the (1)/(2a)/(3a) hydrogel.
Similar results were obtained upon the incorporation of the
Atto-590-modified GOx into the hydrogels cross-linked by the
other metal ion-dependent DNAzyme/substrate bridges (see,
for example, Figure S3, Supporting Information, showing the
Zn** ion-stimulated release of Atto-590 functionalized GOx
from the (1)/(2b)/(3b) hydrogel).

The release of the fluorophore-modified macromolecules
from the hydrogels is selective, and treatment of the (2a)/(3a)-
cross-linked hydrogel with Zn*" ions or of the (2b)/(3b)-cross-
linked hydrogel with Mg** ions did not lead to the release of
the loaded substrates. The selective metal ion-stimulated release
of fluorophore-labeled macromolecules from the different
hydrogels allows then the parallel controlled release of different
macromolecules from the hydrogels using the respective metal
ions, Figure 4. In this experiment, the (2b)/(3b)-cross-linked,
Atto-590-modified glucose oxidase (GOx)-loaded hydrogel and
the (2a)/(3a)-cross-linked, TMR-dextran-loaded hydrogel
were prepared. The hydrogels were loaded in a cuvette, and
the controlled release of either TMR-modified dextran in the
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Figure 4. Parallel controlled release of different fluorophore-modified
macromolecules from the hydrogels using the respective metal ions for
a fixed time interval of 1 min. (a) In the presence of only Zn** ions, 20
mM. (b) In the presence of only Mg®* ions, 20 mM. (c) In the
presence of Mg** and Zn*" ions, each 20 mM. (d) In the absence of
the two metal ions. The fluorescence bands at 580 and 620 nm
correspond to the TMR-dextran and Atto-590-modified GOx,
respectively.

presence of Zn?* ions or the release of Atto-590-functionalized
GOx in the presence of Mg®" ions were observed, curves (a)
and (b), respectively. In the presence of Mg** and Zn** ions,
both hydrogels were dissociated, resulting in the release of
Atto-590-GOx and TMR-dextran from the hydrogels, curve (c).
A further control experiment revealed that no TMR-dextran or
Atto-590-GOx were released from the hydrogels in the absence
of Mg** and Zn*" ions, curve (d).

The metal ion-controlled release of macromolecules was then
implemented to selectively release enzymes from the hydrogels.
For example, horseradish peroxidase (HRP), 0.1 units, was
loaded in the (2b)/(3b) cross-linked hydrogel, and the
hydrogel was separated to release HRP upon the addition of
Zn*" ions, 20 mM. Figure SA depicts the activities of the
released HRP using different concentrations of Zn*" ions. The
activity of the released HRP using different concentrations of
Zn** ions was followed by the colorimetric assay that included
the catalyzed oxidation of ABTS*™ by H,0, to the colored
product, ABTS®™ (1 = 414 nm). As the concentration of Zn**
increases, the content of the released HRP is higher, and this is
reflected by the enhanced catalyzed oxidation of ABTS>™ by
H,0,. By applying the appropriate calibration curve relating the
absorbance of ABTS®™, generated in the presence of different
concentrations of HRP, we were able to estimate the number of
units of HRP that were released from the hydrogel after a fixed
time-interval of 15 min, in the presence of Zn>" ions 20 mM.
The release of the HRP was selective, and the enzyme was not
released in the presence of Mg®" or Cu’*. The selectivity of the
release of HRP from the (1)/(2a)/(3a) hydrogel was observed
in the presence of different metal ions, such as Fe?*, Pb**, Ca®*
and Hg*, Figure SB. Figure S4, Supporting Information,
depicts the rates of ABTS®” formation upon releasing HRP
from the different DNAzyme cross-linked hydrogels. In these
experiments, all hydrogels were loaded with 0.1 U of HRP, and
the release was triggered by a constant concentration of the
metal ions Cu**, Mg?*, and Zn**, corresponding to 20 mM.
That is, the biocatalysts are most effectively released from the
Cu’*-dependent DNAzyme cross-linked hydrogel and most
slowly released from the Zn?*-dependent DNAzyme cross-
linked hydrogel. The rate of the release of the enzyme from the
different hydrogels is consistent with the rheology studies,
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Figure 5. (A) Absorbance changes of a solution containing ABTS*”
(50 uM) and H,0, (2.2 mM) upon treatment of the 0.1 unit HRP-
loaded (2b)/(3c)-cross-linked hydrogel with different Zn** concen-
trations. (B) Absorbance changes of a solution containing ABTS*™ (50
#M) and H,0, (2 mM) upon subjecting the HRP-loaded (2a)/(3a)
hydrogel with different metal ions. The results demonstrate the
selective release of HRP in the presence of Mg** ions. The
concentration of metal ions in all systems is 10 mM.

Figure 2, that showed that the stiffness of the hydrogels follows
the order of Zn** > Mg** > Cu®" ion-dependent cross-linking
DNAzyme sequences. That is, as the stiffness of the hydrogel is
lower, the release of the enzyme is faster. In view of the metal
ion-triggered release of enzymes from the cross-linked
hydrogels, we loaded any of the hydrogels (2a)/(3a), (2b)/
(3b), or (2c)/(3c) with any of the enzymes glucose oxidase
(GOx), pf-galactosidase (f-Gal), or horseradish peroxidase
(HRP), each 0.1 units. Upon the treatment of the cross-linked
hydrogels with the respective metal ions, the hydrogels were
dissolved, and the enzymes were selectively released in the
solution.

The availability of three different enzymes in different
DNAzyme-cross-linked hydrogels and the possibility to trigger
the selective release of the enzymes from the hydrogels, by the
activation of the respective metal ion-dependent DNAzymes
that induce the dissolution of the respective hydrogels, allowed
us to design bienzyme cascades, and subsequently, trienzyme
cascades. Furthermore, knowing the activities of the different
biocatalysts released from the hydrogels allowed us to program
the ordered sequential release of the biocatalysts, so that the
most efficient cascades are designed. Figure 6 exemplifies the
metal ion-activated bienzyme cascade consisting of glucose
oxidase (GOx) and horseradish peroxidase (HRP). In this
system, GOx is released from the (2c)/(3c)-cross-linked
hydrogel using Cu®*" ions, and HRP is released from the
(2a)/(3a)-cross-linked hydrogel using Mg** ions, Figure 6A.
The GOx-mediated aerobic oxidation of glucose yields the
H,O, product that acts as substrate for the released HRP, that
stimulates the biocatalyzed oxidation of ABTS>™ to the colored
product ABTS®”. Figure 6B shows the rate of ABTS®”
generated by the metal ion-triggered GOx/HRP biocatalytic
cascade. Only in the presence of the two metal ions, Mg** and
Cu®, the biocatalytic cascade is activated. Similarly, the metal
ion-triggered activation of the -Gal/GOx cascade is displayed
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Figure 6. (A) Schematic activation of the GOx/HRP bienzyme
cascade. GOx is being released from the (1)/(2c)/(3¢c) hydrogel in
the presence of Cu®* ions, and HRP is released from the (1)/(2a)/
(3a) hydrogel in the presence of Mg** ions. (B) Time-dependent
absorbance changes corresponding to the formation of ABTS®™ by the
bienzyme cascade shown in (A). (C) Schematic activation of the -
Gal/GOx bienzyme cascade by the Cu®*- and Mg*'-triggered
dissolution of the respective hydrogels and the release of f-Gal and
GOgx, respectively. The bienzyme cascade is followed by the use of
HRP, as an auxiliary catalytic label in the solution. The HRP catalyzes
the oxidation of ABTS®” by the H,0, formed by the bienzyme
cascade, and the resulting ABTS®” formation probes the bienzyme
cascade. (D) Time-dependent absorbance changes (a) corresponding
to the formation of ABTS®” by the bienzyme cascade shown in (C)
and (b and c) upon treatment of the two hydrogels with only Cu** or
Mg** ions, respectively.

in Figure 6C. In this system, f-Gal is incorporated in the (2c)/
(3c)-cross-linked hydrogel compartment, GOx is confined to
the (2a)/(3a)-hydrogel matrix, and the solution includes
lactose as a substrate. The Cu®* ion-induced release of f-Gal
from the (2¢)/(3c) matrix leads to the hydrolysis of lactose to
glucose and galactose. The resulting glucose acts as substrate
for the GOx being released from the (2a)/(3a)-cross-linked
hydrogel, in the presence of Mg** ions. The aerobic oxidation
of glucose by GOx yields H,O, as the product of the bienzyme
cascade. The addition of HRP and ABTS*™ to the solution
provides an auxiliary biocatalytic probe to assay the f-Gal/GOx
cascade through the H,O,-catalyzed oxidation of ABTS*™ to
ABTS®™. Control experiments revealed that no ABTS®*™ was
formed upon the treatment of the system with Cu’* ions or
Mg** ions only. These results imply that the dissociation of
both hydrogels is crucial to activate the f$-Gal/GOx cascade
that yields the product H,0, being analyzed by the auxiliary
HRP probe. The related activation of the GOx/HRP cascade
and of the f-Gal/GOx cascade were explored using other metal
ion-dependent DNAzymes matrices. For example, Figure SS,
Supporting Information, depicts the activation of the GOx/
HRP cascade by Mg** and Zn*" ions in the system consisting of
the GOx-loaded (1)/(2a)/(3a) and the HRP-loaded (1)/
(2b)/(3b) hydrogels. Similarly, Figure S6, Supporting In-

formation, exemplifies the selective activation of the f-Gal/
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GOx cascade using the combination of two metal ion-
dependent DNAzyme hydrogels, where the f$-Gal was loaded
in the (1)/(2a)/(3a) hydrogel, GOx was entrapped in the (1)/
(2b)/(3b) hydrogel, the two enzymes were released by the
addition of Mg*" and Zn*" ions, respectively. From Figure 6B,D
(and also Figures SS and S6, Supporting Information), one
might realize that the activation of the bienzyme cascades
involves and initial inefficient formation of the biocatalyzed
reaction product (or, eventually, the formation of a steady-state
low concentration of the product, e.g., Figure 6D), followed by
a rapid effective formation of the product of the biocatalytic
cascade. The initial inefficient formation of the product is
attributed to the primary partial decomposition of the
hydrogels by the DNAzymes and the association of the
enzymes to the hydrogel interface. The digestion of the
hydrogel with time dissociates the associated enzyme, resulting
in the rapid formation of the product of the bienzyme cascades.

In the next step, we examined the activation of the three-
enzyme cascade stimulated by the dissolution of three different
hydrogels by the respective metal ions. Specifically, we wanted
to examine the effect of the rate of dissolution of the different
metal-dependent hydrogels on the observed rate of the three-
enzyme cascade, Figure 7A. Toward this end, we incorporated
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Figure 7. (A) Schematic operation of the three-enzyme cascade f3-
Gal/GOx/HRP by the ion-stimulated release of the enzymes from the
respective hydrogels. In the specific example, the $-Gal is released
from the Zn**-dependent DNAzyme-bridged hydrogel, GOx is
released from the Mg**-dependent DNAzyme-bridged hydrogel, and
HRP is released from the Cu®*-dependent DNAzyme-bridged
hydrogel. (B) Time-dependent absorbance changes resulting upon
the activation of the trienzyme cascade: (a) Upon releasing the f-Gal
from the Cu®*-dependent DNAzyme-bridged hydrogel, (1)/(2c)/
(3c), GOx from the Mg**-dependent DNAzyme-bridged hydrogel
(1)/(2a)/(3a), and HRP from the Zn>'-dependent DNAzyme-
bridged hydrogel (1)/(2b)/(3b); (b) upon releasing f-Gal from the
(1)/(2b)/(3b) hydrogel, GOx from (1)/(2a)/(3a) hydrogel, and
HRP from the (1)/(2¢)/(3c) hydrogel, as schematically presented in
(A); (c—e) showing the absorbance changes of the three hydrogel
systems shown in (A) in the presence of Cu®*/ Zn**, Mg**/ Zn*', or
Cu®*/ Mg*, respectively.
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into each of the hydrogels 0.1 units of any of the biocatalysts.
This low content of enzyme was used in order to observe
experimentally the relationships between the rates of
dissociation of the hydrogels and the overall reaction of the
three-enzyme cascade. In the first system in this comparison,
the 8-Gal was incorporated in the Cu®*-dependent DNAzyme
cross-linked hydrogel (2¢)/(3¢) (fastest hydrogel dissolution),
GOx was loaded in the Mg**-dependent DNAzyme cross-
linked hydrogel (2a)/(3a) (medium rate dissolution of
hydrogel), and HRP was immobilized in the Zn>*-dependent
DNAzyme-cross-linked hydrogel, (2b)/(3b) (the slowest rate
of dissolution of the hydrogel). Figure 7B, curve (a), depicts the
rate of ABTS®™ formation as a result of the activation of the
three-enzyme cascade, upon dissolving the respective hydrogel
by the simultaneous addition of Cu**, Mg**, and Zn*" to the
hydrogel mixture. For comparison, Figure 7B, curve (b), shows
the activation of the three-enzyme cascade from a system that
includes f-Gal loaded in the (2b)/(3b) hydrogel (lowest
release rate) and HRP was immobilized in the (2c)/(3c)
hydrogel (highest release rate). One may realize that the rate of
ABTS®” formation is ca. 1.5-fold lower than in the previous
system. These results suggest that the rate of the enzyme
cascade is controlled by the relative rates of release of the
biocatalysts from the respective hydrogels and the availability of
the respective substrates to activate the enzyme cascade. That
is, in the first system, the B-Gal-catalyzed hydrolysis of lactose
to yield glucose and the subsequent aerobic oxidation of
glucose, in the presence of GOx, yield a pool of the H,0,
substrate that can be utilized by the slowly released HRP. In
turn, in the second system, the inefficient release of #-Gal by
the (2b)/(3b) hydrogel leads to an inefficient oxidation of
glucose by GOx and to a poor reservoir of the resulting H,O,.
Thus, despite the effective release of HRP from the (2c)/(3c)-
cross-linked hydrogel in the presence of Cu®* ions, the rate of
oxidation of ABTS*~ by H,0, is lower.

Previous studies have demonstrated that the spatial
organization of two communicating enzymes by means of a
DNA scaffold enhances the bienzyme cascade by the localized
concentration of the substrates/products at the biocatalytic
sites.” The local concentration of the product generated by one
enzyme in the vicinity of the second enzyme, where the product
of the first enzyme acts as substrate for the second enzyme,
overcomes diffusion barriers of the reaction substrate and then
enhances the biocatalytic cascade. Accordingly, the enzymes
GOx and HRP were modified with the complementary nucleic
acids (4) and (5), respectively. The (4)-modified GOx (0.04
units) and the (5)-modified HRP (0.04 units) were loaded in
the Mg**-dependent DNAzyme cross-linked hydrogel (2a)/
(3a) and in the Zn?'-dependent DNAzyme cross-linked
hydrogel, (2b)/(3b), respectively. Note that the loading of
the nucleic acid-functionalized biocatalysts is 2.5-fold lower
than the loading of the enzymes in the previous experiments.
The two hydrogels were subjected to Zn®>" and Mg** ions,
resulting in the dissociation of the respective hydrogels and the
release of the (4)-GOx and (5)-HRP into the aqueous phase,
Figure 8A. Note that the dissolution of the hydrogels occurred
on a time-scale of 10—30 min. The release of the nucleic acid-
modified GOx and HRP then allowed the activation of the
bienzyme cascade. Figure 8B, curve (a), shows the time-
dependent absorbance changes upon activation of the bienzyme
cascade by the (4)-GOx/(5)-HRP conjugate. For comparison,
Figure 8B, curve (b), depicts the time-dependent absorbance
changes stimulated by the bienzyme cascade, upon releasing
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Figure 8. (A) Schematic activation of a bienzyme catalytic cascade by
the assembly of GOx and HRP on a duplex DNA scaffold of
complementary nucleic acids functionalizing the two enzymes. (B)
Time-dependent absorbance changes of ABTS®™ upon: (a) Activation
of the bienzyme cascade shown in (A). (b) The enzyme cascade
activated by GOx and HRP released from the hydrogels. In both
systems, the (1)/(2a)/(3a) and the (1)/(2b)/(3b) hydrogels are
loaded with 0.04 U of the nucleic acid, (4)-functionalized GOx, and
the nucleic acid, (5)-modified HRP, respectively, or with 0.04 U of the
nonmodified GOx and HRP, respectively. The release of the enzyme
from the hydrogels is triggered by Mg** and Zn**, respectively. In all
systems, the solution includes ABTS*~ (50 uM) and H,O, (2.2 mM).

from the respective hydrogels the same amounts of the
enzymes that are not modified by the nucleic acids (4) and (5).
Evidently, minute absorbance changes are observed, implying
that the bienzyme cascade is inefficient. The inefficient
biocatalytic cascade stimulated by the nonmodified enzymes
GOx and HRP is attributed to the low concentrations of the
biocatalysts introduced into the solution upon dissociation of
the two hydrogels. The random distributions of the enzymes
lead to low bulk concentrations of H,0, and to the diffusion-
controlled, inefficient, communication between the enzymes. In
turn, the duplex formation between the (4)-GOx and (5)-HRP
leads to the spatial organization of the two biocatalysts in close
proximity. In this supramolecular structure, the H,O, formed
by GOx yields a high local concentration at the HRP interface,
leading to the effective rapid oxidation of ABTS*".

3. CONCLUSION

The present study has introduced a versatile method to
assemble DNA-based acrylamide hydrogels by cross-linking the
acrylamide chains with metal-dependent DNAzyme sequences
that were hybridized with their substrates. In the presence of
the respective ions (M** = Zn®*, Mg*', or Cu®"), the bridging
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Table 1. DNA Sequences That Were Used in This Study

no. sequence

1 TTTTCTTCATTGTTT

2a AAACAATGAAGATCCCAAACT TrAG GAAAGCCCAAAACAATGAAGA

2b AAACAATGAAGAAAACCGACTAGACGTTGAAGGATACCAGGGAAACAATGAAGAAAA

2c AAACAATGAAGAAAAGCTTCTTTCTAATACGGCTTACCTAAACAATGAAGAAAA

3a TTGGGCTTTCAGCGATTAAGGACCTTACACCCATGTAGTTTGGGAT

3b CCCTGGTATCTAGTTGAGCTGTCTAGTCGG

3c GGTAAGCCTGGGCCTCTTTCTTTTTAAGAAAGAAC
SH-CGAAGAAGAGAAGCTAGTCAACCTGTCCTATCTATGATGG

N CCATCATAGATAGGACAGGTTGACTAGCTTCTCTTCTCGA-SH

units were cleaved by the respective metal-dependent
DNAzymes leading to the selective dissociation of the different
hydrogels. Three different enzymes (f-Gal, GOx, HRP) were
immobilized in the sequence-specific DNAzyme-bridged hydro-
gels, and the metal ion-triggered dissociation and release of the
enzymes was demonstrated. By using mixtures of DNAzyme-
bridged hydrogels that incorporated two different enzymes,
bienzyme cascades were activated by the ion-triggered
dissociation of the hydrogels and the release of the two
enzymes. Similarly, by incorporating three enzymes (f-Gal,
GOx, HRP) in three different DNAzyme-cross-linked hydrogel
matrices, the programmed three enzyme cascade f-Gal/GOx/
HRP was activated by the metal ion-triggered dissociation of
the hydrogels. We find that the effectiveness of the enzyme
cascade is controlled by the rate of the ion-triggered
dissociation of the hydrogels. The availability of many different
ion-dependent DNAzymes and even other cofactor-dependent
hydrolytic cleavage DNAzymes (e.g, the histidine-dependent
DNAzyme)>® suggests that a rich library of stimuli-triggered
hydrogels may be assembled. Such systems could lead to
complex multibiocatalytic cascades or branched biocatalytic
pathways.

A further interesting result of the study includes the use of
nucleic acid-modified enzymes as a hybrid system for the
promotion of a biocatalytic cascade, under conditions where the
unmodified enzymes poorly communicate. In this system, the
hybridization between the nucleic acid tethers modifying the
biocatalysts leads to spatial proximity between the communicat-
ing enzymes, allowing the funneling of the locally concentrated
product generated by one enzyme to act as substrate for the
second biocatalyst, thus eliminating diffusion barriers. The
possibilities to self-assemble nucleic acid nanostructures suggest
that multienzyme cascades of enhanced complexities could be
organized on such structures. Furthermore, the triggered
dissolution of the hydrogels by means of DNAzyme-stimulated
cleavage of the nucleic acid bridges yields fragmented nucleic
acids. At this stage, these oligonucleotides act as “waste”
products. Nonetheless, one might envisage the use of these
nucleic acids as activators of catalytic cascades (e.g, the
hybridization chain reaction),* thus allowing the evolution of
complex nucleic acid catalytic circuitries.>**

4. EXPERIMENTAL SECTION

Materials. Horseradish peroxidase (HRP), glucose oxidase (GOx),
p-galactosidase (f-Gal), sodium nitrate, zinc chloride, magnesium
chloride, copper nitrate, HEPES sodium salt, HEPES, lactose, glucose,
2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium
salt (ABTS), hydrogen peroxide solution (3%), ammonium persulfate
(APS), N,N,N',N’-tetramethylethylenediamine (TEMED), Atto 590
NHS ester, tetramethylrhodamine (TMR)-functionalized dextran, and
acrylamide solution (40%) were purchased from Sigma—Aldrich. All
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oligonucleotides including (1)-acridite were purchased from Inte-
grated DNA Technologies Inc. (Coralville, IA). Table 1 shows the
sequences of the oligonucleotides used in the study. The
oligonucleotides were dissolved in distilled water (pH = 7) to yield
stock solutions of 100 pM.

Synthesis of the Acrylamide/Acrylamide Nucleic Acid
Copolymer, Preparation of the Loaded Hydrogels, the Metal
lon-Stimulated Dissolution of the Hydrogels and the Release
of the Loads. Preparation of the (1)-Modified Copolymer. An
aqueous mixture of 10 uL of 40% acrylamide with 200 uL of the (1)-
acrydite (100 M) was prepared, and nitrogen was bubbled through
the solution. Subsequently, 8 uL of a 0.1 mL aqueous solution that
contained 1 mg of APS and S L of TEMED in 95 uL of water were
added to the mixture of the monomers to induce polymerization. The
resulting mixture was allowed to react at room temperature for 5 min
and subsequently at 4 °C for an additional time interval of 10 h. The
concentration of the resulting copolymer and the acrylamide—DNA
molar ratio in the copolymer were determined spectroscopically.

Preparation of the Loaded Acrylamide/Acrylamide—DNA Cross-
Linked Hydrogels. To the (1)-functionalized copolymer, 0.3 M, in
water, 40 uL, 10 uL of a HEPES buffer solution (0.2 M), that included
S M sodium nitrate, was added. The respective enzyme, 0.1 units, in 5
uL of HEPES buffer were added to the mixture. To this mixture, 20 yL
of the DNA strands (2a), (2b), or (2c) (100 uM) were added, and 20
uL of a 100 uM solution of (3a), (3b), or (3c) were added. The
mixture was allowed to interact at room temperature for a time interval
of 30 min to yield the respective hydrogel.

Dissolution of the Hydrogels and the Release of the Enzyme
Loads. The resulting enzyme-loaded hydrogel, 95 yL, was introduced
into a quartz cuvette rinsed with 400 yL of HEPES buffer solution, and
2 mL of the HEPES buffer solution was introduced into the cuvette.
The respective metal ions, at the appropriate concentration, were
added to the solution. The time-dependent dissolution of the
hydrogels and the amounts of the released enzymes were probed by
assaying the activity of the released enzymes.

Determination of the Ratio of Acrylamide/Acrydite-Nucleic Acid
Units in Copolymer Chains. To a solution containing acrylamide
polymer, variable concentrations of the respective acrydite nucleic
acids, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 0.8 uM, were added, and the
absorption spectra of the different solutions were recorded. The
increase in the absorbance at 4 = 200 nm corresponded to the
nonsubstituted polyacrylamide chains, while the absorbance at 4 = 260
nm corresponded to the acrydite—nucleic acid units. An appropriate
calibration curve corresponding to the molar ratio of the nucleic acids
in the copolymer and the acrylamide monomer units was derived. On
the basis of this calibration curve, the ratio of acrydite-nucleic acid/
acrylamide in the different copolymers was evaluated spectroscopically
(see Figure S1, Supporting Information).
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the release of enzymes from the hydrogels. This material is
available free of charge via the Internet at http://pubs.acs.org.
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