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Biocatalytic cascades and intercommunicated biocatalytic 
cascades in microcapsule systems

Biomolecule-loaded nucleic acid-functionalized hydrogel 
microcapsule are introduced as cell-like containments 
emulating native cells. Intracapsular biocatalytic cascades 
and intercapsular biocatalytic cascades and switchable 
biocatalytic cascades are demonstrated by the systems. 
Substantially enhanced biocatalytic transformations proceed 
in the cell-like containment (protocells), as compared to a 
homogeneous phase.
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ades and intercommunicated
biocatalytic cascades in microcapsule systems†

Pu Zhang,‡ac Amit Fischer,‡a Yu Ouyang,a Jianbang Wang,a Yang Sung Sohn,b

Ola Karmi,b Rachel Nechushtaib and Itamar Willner *a

Biomolecule-loaded nucleic acid-functionalized carboxymethyl cellulose hydrogel-stabilized

microcapsules (diameter ca. 2 mm) are introduced as cell-like containments. The microcapsules are

loaded with two DNA tetrahedra, T1 and T2, functionalized with guanosine-rich G-quadruplex subunits,

and/or with native enzymes (glucose oxidase, GOx, and/or b-galactosidase, b-gal). In the presence of

K+-ions and hemin, the T1/T2 tetrahedra constituents, loaded in the microcapsules, assemble into

a hemin/G-quadruplex bridged tetrahedra dimer DNAzyme catalyzing the oxidation of Amplex Red to

Resorufin by generating H2O2. In the presence of co-loaded GOx or GOx/b-gal, the GOx//T1/T2 hemin/

G-quadruplex cascade catalyzing the glucose-mediated oxidation of Amplex Red to Resorufin, and the

three-biocatalysts cascade consisting of b-gal//GOx//hemin/G-quadruplex bridged T1/T2 catalyzing the

lactose-driven oxidation of Amplex Red to Resorufin proceed in the microcapsules. Enhanced

biocatalytic transformations in the microcapsules, as compared to the performance of the reactions in

a homogeneous phase, are observed, due to the proximity of the biocatalysts in a confined volume. As

the synthetic methodology to prepare the microcapsules yields boundaries functionalized with

complementary nucleic acid tethers, the dynamic association of different microcapsules, loaded

selectively with biomolecular catalysts, proceeds. The dynamic dimerization of GOx-loaded

microcapsules and hemin/G-quadruplex bridged T1/T2 DNAzyme-loaded microcapsules yields effective

intercommunicated microcapsules driving the GOx//hemin/G-quadruplex bridged T1/T2 DNAzyme

cascade. In addition, the dynamic dimerization of GOx-loaded microcapsules with b-gal//hemin/G-

quadruplex bridged T1/T2-loaded microcapsules enables the bi-directional intercommunicated operation

of the lactose-stimulated three catalysts b-gal//GOx//hemin/G-quadruplex bridged T1/T2 DNAzyme

cascade. The guided separation and formation of dynamic supramolecular dimer microcapsular

containments, and the dictated switchable operation of intercommunicated biocatalytic cascades are

demonstrated.
Introduction

The construction of articial cell-like assemblies emulating the
complexity of native cells, cell-like containments, is a scientic
“holy grail” attracting continuous research efforts in the area of
Systems Chemistry and Systems Biology.1 Development of
cellular containment systems addresses variety of challenging
sub-goals that need to be integrated into the articial cell-like
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machinery. These includes: (i) The development of cell-like
containments that allow the immobilization and operation of
cell-mimicking reactions and functionalities. (ii) The integra-
tion of chemically engineered ensembles into the cell-like
containments capable of inducing dictated catalytic trans-
formations (metabolism), ability to sense and response to
environmental triggers, and dynamically adapt the structure,
composition and chemical performance in response to external
stimuli. (iii) The inux of chemical agents and the efflux of
metabolites from the cell-like containments, and the guided
operation of chemical transformations in the articial
containments using chemical fuels, auxiliary energy sources,
such as light or redox potential, should be feasible. (iv) Appro-
priate chemical networks and machineries allowing motility,
differentiation, exchange constituents and information transfer
between the articial cells should be integrated into the arti-
cial containments, allowing the operation of complex catalytic
cascades. Needless to state, the availability of cell-like
Chem. Sci., 2022, 13, 7437–7448 | 7437
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containments combining all of these features (or more) char-
acterizing native cells are non-existent, yet functional assem-
blies mimicking some of those functions were realized, and
several excellent review articles summarized the advances in the
eld.2

The design of organized biocatalytic cascades on supramo-
lecular scaffolds or biocatalytic cascades operating in conned
micro- or nano-environments attracts substantial research
efforts aiming to emulate bicatalytic networks in nature.3 The
spatial proximity between the enzymes in these organized
media leads to effective channeling of the product of one
enzyme, acting as substrate for the neighboring enzyme,
thereby, overcoming diffusional limitations and producing high
local concentrations for effective intercommunication between
the biocatalysts.4 For example, the assembly of spatially orga-
nized enzymes on DNA frameworks, such as strips,5 bundles6 or
origami tiles7 or the organization of enzymes, on peptide
ligands8 or protein scaffolds9 led to structurally ordered
assemblies guiding efficient biocatalytic cascades. Similarly, the
integration of multi-enzyme systems in conned environments
such as microdroplets,10 polymersomes,11 or metal–organic-
framework nanoparticles12 generated engineered contain-
ments of spatially proximate assemblies of biocatalysts for
efficient operation of biocatalytic cascades. Such organized
assemblies of biocatalytically active cascades were suggested as
functional systems for effective sensing,13 bioreactors for
driving efficient catalytic transformations and the synthesis of
drugs.14

Different cell-like containments were developed including
liposomes,15 polymersomes,16 proteinosomes,17 colloido-
somes,18 dendrosomes,19 coacervate microdroplets,20 and were
suggested as models for cells compartments. Enzymes were
integrated in cell-like containments and the advantages of
driving biocatalytic cascades in conned nano/micro-
environments were demonstrated.21 Cell-like containments
demonstrating motility,22 chemical signaling23 proliferation,24

and passive and active transport25 were reported. Genetic
circuits26 and RNA catalytic networks were embedded in cell-like
containments27 and DNA-guided communication between cell-
like containments28 and gene expression29 were realized.
Compartmentalization of cell-like containments and control
over cascaded reactions in the compartmentalized assemblies
were achieved.30 Also, adaptive temporal pH-responsive poly-
mersome nanoreactor structures31 or transient chemical fuel-
triggered microgel systems32 were reported, and compartmen-
talization of native cells was emulated by cell-like containment
model systems and these revealed increased functional
complexity,33 and control over cascaded reactions.34

The information encoded in the base sequence of nucleic
acids provides structural and functional feature that could be
utilized to design active constituents in articial cells. For
example, the base paring guided formation of duplex DNAs
provides means to construct programmed duplex structures
that can be dynamically interchanged by strand displacement
processes controlled by the relative stabilities of the duplexes.35

In addition, sequence dictated dynamic reconguration of
nucleic acid strands provides versatile means to develop
7438 | Chem. Sci., 2022, 13, 7437–7448
switchable DNA structures, e.g. G-quadruplexes,36 triplexes37 or
i-motif assemblies,38 and pre-designed nucleic acid structures,
such as hairpin DNAs, or circular DNAs, introduced functional
motives to operate dynamic DNA machineries, such as the
hybridization chain reaction39 or the rolling circle amplica-
tion.40 Moreover, the sequence specic-nucleic acid constructs
reveal selective recognition properties (aptamers)41 or catalytic
properties (DNAzymes or nucleozymes),42 such as the hemin/G-
quadruplex, horseradish peroxidase mimicking DNAzyme43 or
the metal-ion-cofactor dependent DNAzymes.44 The nucleic acid
biopolymers could substitute proteins or native enzymes, or
alternatively be coupled to native enzymes, as functional
constituents in articial cells. Furthermore, the guided
hybridization properties of nucleic acids led to the supramo-
lecular assembly of 2D and 3D DNA structures, such as Y-sha-
ped,45 crossover-junctions46 or origami frameworks.47 Within
this context, DNA tetrahedra 3D nanostructures revealing
tunable sizes and high stabilities attract substantial recent
research efforts.48 The DNA tetrahedra nanostructures are
formed upon the assembly of four appropriately sequence-
engineered strands,49 and reveal size tunability50 and struc-
tural stability.51 By the conjugation of nucleic acid tethers to the
corners of the tetrahedra or by encoding sequence specic
domains into the edges of the tetrahedra structures, the func-
tionalization of the nanostructures with nanoparticles,52

proteins53 and functional nucleic acids (DNAzymes, aptamers)54

were demonstrated. Various applications of DNA tetrahedra for
sensing,55 imaging,56 drug carrying,57 and scaffolds for the
organization of chiroplasmonic structures58 were reported. The
dimensions of the DNA tetrahedra, 2.4–12.6 nm, are controlled
by the length of the strands comprising the structures. As the
dimensions of DNA tetrahedra are comparable to the sizes of
low-molecular-weight proteins, they were suggested as struc-
tural modules that emulate proteins.59

In the present study, we introduce DNA-based hydrogel
microcapsules as model systems for cell-like containments. The
synthesis of DNA-based microcapsules and particularly the
preparation of stimuli-responsive drug-loaded microcapsules
has been a subject of extensive research in our laboratory.60 We
have demonstrated the design of pH,61 aptamer,62 light63 and
microRNA responsive64 microcapsules and applied the systems
for programmed release of anti-cancer drugs or insulin.65 The
study will make use of the following properties of the micro-
capsules to introduce the cell mimicking functions: (i) The
method to prepare the microcapsules allows the programmed
loading of the containment with pre-designed constituents. (ii)
The methodology to synthesize the microcapsule introduces
surface functionalities that allow the dynamic intercommuni-
cation between microcapsules. (iii) The hydrogel coating
membrane reveals cell-like permeation and efflux properties.
The resulting DNA crosslinked hydrogel coating reveals in/out
permeation and efflux of low molecular weight agents, ca. < 5
kDa,65 yet higher molecular weight substance is non-permeable
acrossing the membrane boundaries and reveal conned
stabilities for at least three days. These properties enable the
control over the catalytic transformations within the micro-
capsules. (iv) The introduction of catalytic DNA tetrahedra
© 2022 The Author(s). Published by the Royal Society of Chemistry
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nanostructures and native enzyme into the microcapsule
containments will be presented. The intracapsular DNA
tetrahedra/enzyme cascades and the dynamic intercommuni-
cation of microcapsules loaded with catalytic tetrahedra/
enzyme constituents and the guided operation of catalytic
cascades will be introduced. (v) The advantages of dynamic
intercommunication of cell-like assemblies driving biocatalytic
cascades over analog biocatalytic cascades in aqueous envi-
ronments are presented.

Results and discussion

The preparation of the loaded hydrogel microcapsules followed
a synthetic path developed in our laboratory and is exemplied
with the loading of a DNA tetrahedra T1 and/or a native enzyme,
E, Fig. 1 (A). CaCO3 microparticles were impregnated with the
DNA tetrahedra T1 and/or the enzyme and acted as template for
the construction of the microcapsules. The T1/E-impregnated
microparticles were coated with polyallylamine hydrochloride
(PAH) and the polymer coating was modied with the promoter
nucleic acid strand (1). The (1)-functionalized particles were
interacted with the carboxymethyl cellulose (CMC) polymer
chains P1 and P2 modied with the hairpins H1 and the
conjugate (2)/H2. The hairpin H1 and H2 were pre-engineered to
allow the (1)-triggered opening of H1 followed by the opening of
hairpin H2 by the single strand stem domain of opened H1, and
subsequently, opened stem domain of H2 hybridizes with
hairpin H1. That is, the interaction of the (1)-modied particles
with the two polymers induces the cross-opening of the hairpins
H1/H2 and crosslinking of the polymer chains by the duplex H1/
H2 bridges while forming a hydrogel coating on the particles.
Formation of the hydrogel coating is terminated when the
deposition of the polymer chains on the core particles was
completed. Note, however, that the cross-opening of the hairpin
constituents associated with the coating leads to surface-bound
tether functionalities p and q that correspond to unused open
hairpin domains of H1 and H2, respectively. (Note that hairpin
H2 was hybridized to the strand (2) associated with P2 in order
to follow directionality constrains for cross-opening of the two
hairpins). The resulting hydrogel coated microparticles were
etched with EDTA to dissolve the CaCO3 cores, resulting in the
T1/E-loaded microcapsules, acting as the cell-model contain-
ment units in the present study. The resulting loaded hydrogel
microcapsules reveal the following features that will be used in
the present study: (i) Within the preparation procedure, the
microcapsules can be loaded with mixtures of different tetra-
hedra, mixtures of different enzymes or mixtures of DNA
tetrahedra and enzymes. (ii) As will be demonstrated, the DNA
tetrahedra structures retain their structural features aer the
etching procedure. Also, the enzyme encapsulated in the
microcapsules retain over >80% of their native activities, aer
the etching process. (iii) The tethers p and q associated with the
hydrogel coating exhibit inherent complementary and inter-
tether recognition features. As a result, the equilibrated
dimerization (or oligomerization of the microcapsules is
possible, or alternatively the equilibrated dimerization of
microcapsules containing different loads is feasible). (iv) By
© 2022 The Author(s). Published by the Royal Society of Chemistry
appreciate labeling of the loads with uorophores, the stability
and connement of the loads within the microcapsules can be
evaluated. (v) Specically, we apply two different tetrahedra
nanostructures, T1 and T2, modied with G-quadruplex
subunits (x) and (y) that self-assemble, in the presence of K+-
ions, into G-quadruplex-bridged dimer constituents. In the
presence of hemin, the association of the hemin ligand to the G-
quadruplex yields the hemin/G-quadruplex DNAzyme-
crosslinked tetrahedra T1/T2 dimer.

For the characterization of the loaded microcapsules, we
performed a series of background experiments: (i) We loaded
the microcapsules with the Cy5-labeled tetrahedra T1 and non-
labeled T2, Fig. 1(B), and probed the connement of the tetra-
hedra to microcapsule containment. Fig. 1(B), panel I, depicts
the SEM image of the Cy5-labeled tetrahedra T1-loaded micro-
particles, and the confocal uorescence microscopy images of
the resulting hydrogel-coated Cy5-modied T1 loaded micro-
particles before etching, panel II, and of the Cy5-modied T1-
loaded microcapsules aer etching, panel III. Microcapsules
revealing an average diameter corresponding to 2–3 mm are
formed. (ii) To validate the intact structure of the tetrahedra
loads in microcapsular containment aer the synthesis and
etching of the core CaCO3 microcapsules, we performed
a control experiment where the CaCO3 particle were impreg-
nated with the T1-tetrahedra and subsequently etched with
EDTA, at similar condition used for the preparation of the
microcapsules. The resulting solution containing the tetrahedra
was analyzed by electrophoresis and compared to a standard
tetrahedra solution. The result and accompanying discussion
are presented in Fig. S1.† Pure, intact tetrahedra structure were
observed suggesting that the subsequent etching of the core
CaCO3 have no perturbing effect on the tetrahedra nano-
structures. (For further characterization of the tetrahedra
structures by electrophoretic separation, see ESI, Fig. S2,† and
the characterization of the monomer tetrahedra or dimer
tetrahedra nanostructures by atomic force microscopy (AFM)
imaging, see ESI, Fig. S3†). (iii) The resulting tetrahedra-loaded
microcapsules are stable for at least three days, Fig. S4.† No
leakage of the tetrahedra from the microcapsule containments
could be detected within this time-interval. (iv) The loading of
the tetrahedra T1 and T2 in the microcapsules was evaluated to
be 0.1 mMand 0.09 mM, respectively, by separate labeling T1 with
Cy5 and T2 with Cy3 in the loaded mixture of T1/T2 and by using
appropriate calibration curves of Cy5-labeled T1 and Cy3-
labeled T2 (For details, see ESI Fig. S5†). (v) The two tetra-
hedra structures, T1/T2, were loaded in the microcapsular
containments, treated with K+-ions, in presence of hemin as
cofactor, to probe the formation of the hemin/G-quadruplex
crosslinked tetrahedra dimer structure and its catalytic
activity to stimulate the catalyzed oxidation of Amplex Red to
the uorescent Resorun product, Fig. 1(C). The results in
Fig. 1(D), panel I demonstrate the permeation of K+-ions and
hemin into the T1/T2 loaded microcapsules, and the formation
of the hemin/G-quadruplex DNAzyme in the presence of Amplex
Red and H2O2, results in the activation of the hemin/G-
quadruplex DNAzyme that catalyzes the oxidation of Amplex
Red to Resorun. Furthermore, Fig. 1(D), panel II, demonstrates
Chem. Sci., 2022, 13, 7437–7448 | 7439
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Fig. 1 (A) Schematic preparation of DNA tetrahedra and/or native enzyme-loaded carboxymethyl cellulose (CMC) DNA duplex-crosslinked
hydrogel microcapsules. (B) Schematic composition of Cy5-labeled tetrahedra T1/T2-loaded DNA duplex-crosslinked hydrogel microcapsules.
Panel I-SEM image of the hydrogel-coated CaCO3microparticles loadedwith the Cy5-T1/T2 DNA tetrahedra. Scale bar¼ 1 mm. Panel II-Confocal
fluorescence microscopy image of the hydrogel-coated CaCO3 microcapsules loaded with Cy5-labeled T1 and T2. Scale bar ¼ 6 mm. Panel III-
Confocal fluorescence microscopy image of the hydrogel-stabilized microcapsules loaded with Cy5-labeled T1 and T2 after etching of the
CaCO3 core. Scale bar: 6 mm. (C) Cyclic K+-ions stimulated dimerization of the DNA tetrahedra T1/T2 by hemin/G-quadruplex DNAzyme bridges
and their separation by means of 18-crown-6-ether (CE). Formation of the hemin/G-quadruplex is probed by the DNAzyme catalyzed oxidation
of Amplex Red to the fluorescent Resorufin. (D) Panel I-Fluorescence spectra of the bulk solution that includes Amplex Red, 0.083 mM, hemin,
0.167 mM and H2O2, 4.16 mM upon: (a) Without K+-ions. (b) and (d) Cyclic addition of K+-ions, 50 mM. (c) Intermediate addition of 200 mM CE.
Panel II-Switchable fluorescence intensities of microcapsule stimulated generation of Resorufin. (E) Schematic composition of Coumarin-
labeled GOx-loaded microcapsules and confocal fluorescence microscopy image of the Coumarin-labeled GOx-loaded microcapsules. Scale
bar ¼ 2 mm.
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that upon the subsequent permeation of 18-crown-6-ether, CE,
into the microcapsule containment, the hemin/G-quadruplex
can be separated and its catalytic activity is switched off, and
by the cyclic permeation of K+-ions/CE into the microcapsules,
the DNAzyme activity can be reversibly switched between “ON”
and “OFF” states. (For further characterization of the switchable
formation and dissociation of the G-quadruplex-bridged tetra-
hedra dimer, using a uorescent Zn(II)-protoporphyrin IX,
Zn(II)-PPIX, uorescent label, see Fig. S6–S8,† and accompa-
nying discussion). (vi) In addition, we applied the procedure
outline in Fig. 1(A) to load different enzymes into the micro-
capsule containments. (e.g., glucose oxidase, GOx, and/or b-
galactosidase, b-gal). By labeling of the enzymes with
7440 | Chem. Sci., 2022, 13, 7437–7448
appropriate uorophores, the uorophore-functionalized
enzyme-loaded microcapsules allow the uorescence imaging
of the resulting biocatalytic capsules. For example, Fig. 1(E)
depicts the resulting coumarin-modied glucose oxidase (GOx)-
loaded microparticles and the confocal uorescence micros-
copy image of the microcapsules. Using an appropriate cali-
bration curve relating the uorescence intensities to the
concentration of themodied enzyme and knowing the number
of microcapsules, the loading of the labeled enzyme in the
microcapsules is evaluated. (For the specic system, a loading
corresponding to 0.026 nM coumarin-labeled GOx per micro-
capsule was evaluated). Furthermore, by the integration of
a non-modied enzyme in the microcapsules, and assuming
© 2022 The Author(s). Published by the Royal Society of Chemistry
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a similar loading degree to that of the labeled enzymes, and the
activity of the enzyme entrapped in the microcapsules was fol-
lowed, thus allowing the evaluation of the respective enzyme
activity aer the preparation and etching of the microcapsules.
Along the study, mixtures of the catalytic DNA tetrahedra and
the respective enzymes will be integrated in the microcapsular
containments to stimulate catalytic cascade and inter-
communicated catalytic cascades. The methods described
above will be used to characterize different assemblies.

The rst system to be addressed is displayed in Fig. 2. The
two tetrahedra T1/T2 and GOx were loaded in the microcapsules.
The loading of T1/T2 and GOx in the microcapsules were eval-
uated by the alternate loading of the capsules withmixtures that
include the uorophore Cy5-labeled T1, Cy5-labeled T2, and
coumarine-labeled GOx to be 0.063 mM, 0.07 mM and 0.12 mM,
respectively. (The calibration curve of coumarin-labeled GOx is
shown in Fig. S9†). Treatment of the T1/T2 and GOx-loaded
microcapsules with K+-ions and hemin resulted in the forma-
tion of the hemin/G-quadruplex bridged T1/T2 DNAzyme in the
capsules. The subsequent treatment of the capsules with
glucose and Amplex Red resulted in the intracapsular operation
of the GOx//hemin/G-quadruplex cascade where GOx catalyzed
the aerobic oxidation of glucose to gluconic acid and H2O2, and
Fig. 2 (A) Schematic operation of a catalytic cascade consisting of
GOx and hemin/G-quadruplex bridged tetrahedra dimer T1/T2 loaded
in a microcapsule. The GOx catalyzed aerobic oxidation of glucose
yields H2O2 that drives the oxidation of Amplex Red to the fluorescent
Resorufin product. (B) Time-dependent fluorescence changes of
Resorufin generated by: (i) The microcapsules loaded with GOx and
the separated tetrahedra, T1 and T2, in the presence of glucose, 10mM,
Amplex Red, 0.083 mM, hemin, 0.167 mM, in the presence of K+-ions,
50 mM. (ii) The reaction mixture described in (i) in the absence of K+-
ions. (C) Time-dependent fluorescence intensities of Resorufin
generated by: (i) The GOx//hemin/G-quadruplex bridged tetrahedra
T1/T2 confined to the microcapsules. (ii) The GOx//hemin/G-quad-
ruplex constituents in a homogeneous phase at the same concen-
trations of the catalysts present in the microcapsules. GOx, 0.063 mM,
hemin/G-quadruplex bridged tetrahedra T1/T2 dimer 0.07 mM,
glucose, 10 mM, Amplex Red, 0.083mM, hemin, 0.167 mM and K+-ions
50 mM. Error bars derived from N ¼ 3 experiments.

© 2022 The Author(s). Published by the Royal Society of Chemistry
the resulting H2O2 mediated the hemin/G-quadruplex catalyzed
oxidation of Amplex Red to the uorescent product Resorun.
The biocatalytic cascade was probed by following the time-
dependent formation of Resorun in the microcapsules,
Fig. 2(B), curve (i). Fig. 2(B), curve (ii), shows the time-
dependent uorescence intensities of the same system upon
excluding K+-ions. No uorescence changes are observed indi-
cating that the K+-ions stabilized formation of the hemin/G-
quadruplex DNAzyme is essential for operating the DNAzyme
cascade in the microcapsules. Fig. S10† shows the uorescence
spectra of Resorun at different time-intervals upon treatment
of the cell-like microcapsules with different concentrations of
glucose. As the concentration of glucose increases, the bio-
catalytic cascade is intensied. In addition, the progress of the
biocatalytic cascade in the microcapsular heterogeneous system
was compared to the operation of the bicatalysts hemin/G-
quadruplex bridged T1/T2 and GOx in a homogeneous buffer
solution that included the catalysts at bulk concentrations
identical to the concentrations of the catalysts in the micro-
capsules. (All other constituents, e.g. K+-ions, hemin, Amplex
Red and glucose were identical to those present in the micro-
capsular system). Fig. 2(C), curve (ii), presents the time-
dependent formation of Resorun in the homogeneous buffer
solution, in comparison to the formation of Resorun in the
microcapsular system, curve (i). The biocatalytic cascade in the
microcapsular system is 6-fold enhanced as compared to the
homogeneous system. This is attributed to generation of the
bicatalyst cascade in the conned volume of the microcapsules.
That is, the GOx-biocatalyzed formation of H2O2 in spatial
proximity to the hemin/G-quadruplex DNAzyme that leads to
the effective oxidation of Amplex Red to Resorun as a result of
effective channeling of H2O2 to the hemin/G-quadruplex DNA-
zyme. Similar rate enhancement of bicatalysts cascades in
conned microenvironments were previously demonstrated,3

for example, by the spatial proximate organization of two
enzymes on DNA templates,5,6 DNA origami structures,7 micro-
droplets10 or other cell-like containments.11 The connement
effect of the microcapsules on enhancing biocatalytic cascades
was further demonstrated in a three biocatalyst-loaded micro-
capsule containment assembly. In this system, the hemin/G-
quadruplex bridged T1/T2 horseradish peroxidase mimicking
DNAzyme was coupled to GOx and b-galactosidase, b-gal, using
lactose as the parent substrate. In this system, Fig. S11† (A), b-
gal hydrolyses lactose to glucose and galactose, the resulting
glucose is aerobically oxidized gluconic acid and H2O2, and the
resulting H2O2 acts as intracapsular oxidant for the hemin/G-
quadruplex bridged T1/T2 DNAzyme-catalyzed oxidation of
Amplex Red to Resorun. The characterization of this three
biocatalysts-loaded microcapsule system and the results corre-
sponding to the operation of the three catalysts are presented
and discussed in detail in Fig. S12–S15.† As for the two-
catalysts-loaded microcapsule system, we nd that the three
biocatalysts-loaded microcapsules reveal a 5-fold rate
enhancement, as compared to the three catalysts cascade in
a homogeneous buffer phase, due to the operation of the
cascaded catalysis in the conned microenvironment of the
microcapsule.
Chem. Sci., 2022, 13, 7437–7448 | 7441
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Fig. 4 (A) Schematic intercommunication between two types of
loaded microcapsules: M1-microcapsule loaded with GOx; M2-
microcapsule loaded with the hemin/G-quadruplex bridged T1/T2
dimer. Intercommunication leads to the activation of the biocatalytic
cascade. (B) Time-dependent fluorescence changes of Resorufin
generated by: (i) The intercommunicated M1/M2 microcapsules con-
sisting of GOx and hemin/G-quadruplex bridged T1/T2 loads. Micro-
capsules, in the presence of K+-ions, 50 mM. (ii) The
intercommunicated M1/M2 microcapsules in the absence of K+-ions.
(iii) Upon addition of CE to the K+-ions containingM1/M2 microcapsule
mixture. In all experiments, hemin, 0.167 mM, glucose, 30 mM, and
Amplex Red, 0.083 mM, are added to the system. (C) Time-dependent
fluorescence changes of Resorufin generated by: (i) The inter-
communicated M1/M2 microcapsules loaded with GOx, 0.12 mM, and
the hemin/G-quadruplex bridged T1/T2 dimer, 0.1 mM, in the presence
of K+-ions, 50 mM. (ii) The homogeneous mixture of GOx and hemin/
G-quadruplex-bridged tetrahedra T1/T2 at concentration identical to
those in the M1/M2 microcapsules. All experiments included K+-ions,
50mM, hemin, 0.167 mM, glucose, 30mM, and Amplex Red, 0.083mM.
Error bars derived from N ¼ 3 experiments.
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The introduction of DNA-based hydrogel microcapsules as
cell-like containments, allows, however, the use of the micro-
capsules as functional units to establish intercommunication
between the microcapsules, while the discussion till now
addressed the loading and catalytic cascade in the microcapsule
containments, the method fabricating the microcapsules
provides structural features that eventually allow the design of
intercommunicating microcapsules. The cross-opening hair-
pins H1 and H2 associated with the polymer chains P1 and P2
leads to a duplex-bridged hydrogel boundary that stabilizes the
microcapsules. The synthesized hydrogel matrices yield,
however, microcapsules that contain non-hybridized free, self-
complementary tethers of H1 and H2 at the microcapsule
membrane boundaries. Albeit, the surface coverage of these
tethers is low, the tethers could provide important means to
intercommunicate between microcapsules that include
different loads. This is schematically outlined in Fig. 3, where
two hydrogel microcapsules M1 and M2 potentially, loaded with
different loads are interacted. The tethers p, q, exhibiting half
complementarity represent segment of the H1 and H2 opened
hairpin tethers, and thus dynamic supramolecular dimerization
(or eventually enhanced oligomerization) may proceed to yield
M1 and M2 monomers and M1 and M2 microcapsular dimers.
The spatial proximity between the microcapsules M1/M2, and
the permeability of the microcapsular boundaries to low-
molecular-weight agents might allow effective transport across
the boundaries from microcapsules M1 and M2 or from M2 to
M1 without diffusion to the bulk medium. Such mechanism
could, then, provide the basis for the intercommunication
biocatalytic processes occurring in neighboring microcapsules.

Accordingly, a mixture of two microcapsules M1, loaded with
GOx (loading content of 0.12 mM), and microcapsules M2 that
were loaded with the K+-ions-stabilized hemin/G-quadruplex-
bridged tetrahedra T1/T2 (loading content of 0.1 mM) was sub-
jected to glucose, with the attempt to drive the inter-
communicated biocatalytic cascade in the presence of Amplex
Red, Fig. 4(A). The inter-microcapsule biocatalytic cascade
proceeds effectively, Fig. 4(B), curve (i), where the aerobic
oxidation of glucose in microcapsule M1 yields H2O2 that
diffuses through the microcapsules into the spatially proximate
Fig. 3 Schematic dynamic dimerization paths of the different types of m
Cy5-labeled T1 and unlabeled T2 (M2) using surface-linked nucleic acid te
microcapsules.

7442 | Chem. Sci., 2022, 13, 7437–7448
microcapsule M2, where the hemin/G-quadruplex catalyzed
oxidation of Amplex Red to the uorescent Resorun proceeds.
The effectiveness of the inter-microcapsule cascade is
controlled by presence of K+-ions. Fig. 4(B), curve (ii), shows the
icrocapsules, M1 and M2 loaded with Coumarin-labeled GOx (M1) and
thers (p and q) residues of the HCR hairpins H1/H2 used to generate the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) Examples of confocal microscopy images corresponding to:
upper row-monomer microcapsules. Panel I-Coumarin-labeled GOx-
loaded microcapsules (blue fluorescence). Panel II-Cy5-T1/T2-loaded
microcapsules (red fluorescence). Panel III-Separated coumarin-
labeled GOx-loaded microcapsules (blue fluorescence) and Cy5-T1/
T2-loaded microcapsules (red fluorescence). Bottom row-dimer
microcapsules. Panel IV-Coumarin-labeled GOx-loaded microcap-
sules (blue fluorescence). Panel V-Cy5-T1/T2-loaded microcapsules
(red fluorescence). Panel VI-Interlinked Coumarin-labeled GOx-
loaded microcapsules and Cy5-T1/T2-loaded microcapsules (blue-red
fluorescence). (B) Statistical analysis of confocal fluorescence
microscopy fields of the population of different monomer/dimer
microcapsules assemblies, in a graphic form consisting of boxes and
whiskers as erroer bar types, (total 30 fields). (For blue fluorescence: Ex
¼ 405 nm, Em ¼ 430–470 nm. For red fluorescence: Ex ¼ 640 nm, Em
¼ 650–700 nm). Error bars derived from N ¼ 3 experiments.
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cascaded catalysis of the intercommunicated M1/M2 microcap-
sules in the absence of K+-ions. Upon addition of CE to the K+-
ions containing M1/M2 microcapsule mixture, the cascaded
catalysis was inhibited due to the separation of the hemin/G-
quadruplex-bridged tetrahedra T1/T2, Fig. 4(B), curve (iii). The
effectiveness of the inter-microcapsule cascade is, also,
controlled by the concentration of glucose, Fig. S16† shows the
uorescence spectra of Resorun at different time-intervals
upon treatment the microcapsules with different concentra-
tions of glucose. Control experiments revealed that no leakage
of the microcapsules constituents into the bulk solution
occurred, as evidenced by precipitation of the microcapsules
mixture (aer three days) and subjecting the solution to K+-ions,
glucose, hemin and Amplex Red (Fig. S17,† curve (i)). No
Resorun could be detected in the bulk solution, implying that
no leakage of the constituents from the microcapsules occurred
(Fig. S17,† curve (ii)). Therefore, the loaded microcapsules M1,
M2 mixture retained their intact compositions and activities
aer a time-interval of three days. For further experiments
demonstrating that the biocatalytic cascade originates from
intimate contact between the microcapsules M1/M2, vide infra.
Fig. 4(C) curve (ii) depicts the rate of oxidation of Amplex Red to
Resorun by a homogeneous mixture of GOx and the hemin/G-
quadruplex tetrahedra, at similar concentrations present in the
microcapsular microcapsules, upon subjecting to the bio-
catalysts glucose 30 mM, as compared to the biocatalytic
cascade in the microcapsular system, Fig. 4(C), curve (i).
Evidently, the biocatalytic cascade driven by the inter-
communicating microcapsules is 5-fold enhanced as
compared to homogeneous mixture of biocatalytic constituents.

To further support the spatial intercommunication of the
microcapsules through the dynamic interlinking of the micro-
capsules, a set of complementary experiments was performed. A
mixture of coumarin-labeled GOx loaded microcapsules, 20 mL
(ca. 4500 microcapsules per mL) and microcapsules loaded with
Cy5-labeled T1 and T2, 20 mL (ca. 4500 microcapsules per mL)
were allowed to equilibrate. The mixture was subjected to
confocal uorescence imaging to probe the presence of mono-
mer microcapsules loaded with coumarin-labeled GOx (blue
uorescence), monomer Cy5-T1/T2-loaded microcapsules (red
uorescence), and dimer microcapsules consisting of dimer
coumarin-labeled GOx microcapsules (blue–blue), dimer Cy5-
T1/T2-loaded microcapsules (red–red) and mixed coumarin-
loaded microcapsules and Cy5-T1/T2-loaded microcapsules
(blue–red). Fig. 5(A) exemplies images of the respective
microcapsules. By analyzing ten different uorescent domains
of three different mixture samples (total 30 eld frames), the
respective monomer and dimer constituent were counted, and
the average contents of the respective constituents were evalu-
ated and presented in Fig. 5(B). The mixture includes ca. 51%
monomer microcapsules and 37% dimer microcapsules and
12% of non-dened structures. The importance of this experi-
ment is the demonstration of monomer and dimer microcap-
sules and the quantitative evaluation of the different
constituents in the microcapsules mixture. Analog experiments
were performed on the respective coumarin-labeled GOx-loaded
microcapsules only, and on the Cy5-T1/T2-loaded microcapsules
© 2022 The Author(s). Published by the Royal Society of Chemistry
only, and these are presented in the ESI† (For quantitative
evaluation of the monomer/dimer mixture, see Fig. S18 and
S19† and accompanying discussion).

To further support the equilibrated monomers/dimers
composition in the mixture, uorescence-activated cell sorting
(FACS) experiments were performed, Fig. S20,† and accompa-
nying discussion. These experiments indicated ca. 35% of Cy5-
T1/T2-loaded microcapsules including monomers and dimers,
35% of coumarin-labeled GOx loaded microcapsules containing
monomer and dimer, and ca. 7% population of the dimer
structure of the coumarin-labeled GOx loaded microcapsules
Chem. Sci., 2022, 13, 7437–7448 | 7443
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and Cy5-T1/T2-loaded microcapsules in microcapsular
monomer/dimer mixture, which is in good agreement with the
confocal uorescence microscopy analysis.

The confocal microscopy uorescence images of the micro-
capsules demonstrated the feasibility of the nucleic acid-
functionalized microcapsules to form dimer structures
enabling the spatial intimate contacting of the microcapsules
for intercommunication of the microcapsules and operation of
the biocatalytic cascade, Fig. 6(A), state I. The duplex nucleic
acid bridging units generating the functional dimer microcap-
sule structure include, however, encoded information that
allows the guided inhibition of the intercommunicated micro-
capsules biocatalytic cascade, Fig. 6(A). The p/q duplex gener-
ating the intercommunicated dimer dictating the biocatalytic
cascade, can be separated by the addition of two fuel strands p0

and q0, state II. Thus, in the presence of the fuel strands p0 and
q0, the active microcapsule conguration activating the inter-
communicated biocatalytic cascade is blocked due to the
separation of dimer microcapsules. That is, the blocker-induced
inhibition of the biocatalytic cascade not only introduces
a means to inhibit the intercell communication, but provides
a proof that the intercommunication of the microcapsule orig-
inates from the intermediary formation of the dimer micro-
capsules. Furthermore, by the addition of counter-fuel strands
p00 and q00 displacing the blocker units p0 and q0, the re-assembly
of the active dimer structures is stimulated, resulting in the
switched “ON” GOx//hemin/G-quadruplex tetrahedra bio-
catalytic cascade, state I. Fig. 6(B), curve (i), shows the time-
dependent uorescence changes of Resorun formed by the
intercommunicated dimer-microcapsule biocatalytic cascade
driven by GOx and the hemin/G-quadruplex bridged DNA
tetrahedra in state I. Fig. 6(B), curve (ii), shows the time-
dependent uorescence changes of Resorun by the mixture
Fig. 6 (A) Switchable inhibition of the intercommunicated microcapsule
strands p0, q0 and “counter-fuel strands” p00, q00. (B) Time-dependent fl

intercommunicated GOx//hemin/G-quadruplex bridged T1/T2 cascade as
curve (i). (b) Upon separation of the dimers using p0 and q0 fuel strands, sta
with the counter fuel strands p00 and q00 to regenerate state I, curve (iii). E

7444 | Chem. Sci., 2022, 13, 7437–7448
consisting of the GOx-loaded microcapsules and the hemin/G-
quadruplex bridged tetrahedra dimer-loaded microcapsule,
treated with the fuel strands p0 and q0 and triggered by glucose.
Inefficient Resorun formation is observed, consistent with the
inhibited formation of the dimer microcapsules, where the
intimate spatial structure for communicating substrate transfer
is perturbed. Treatment of the inhibited microcapsule mixture
with the counter-fuels p00 and q00 reactivates the intercommu-
nication between the microcapsule, Fig. 6(B), curve (iii). That is,
the displacement of the p0/p00 and q0/q00 duplexes uncages the
microcapsules functionalized with the p and q tethers, allowing
regeneration of the intercommunicating dimer structures of the
microcapsules. It should be noted that the residual very low
cascaded biocatalytic activity of the p0, q0 separated GOx-loaded
microcapsules and hemin/G-quadruplex-bridged T1/T2-loaded
microcapsules is attributed to incomplete separation of the
dimer microcapsule structure, rather than the possible
exchange of loads within the dimer microcapsule structure.
This is supported by an experiment, Fig. S21,† allowing the
dimer-microcapsules mixture to interact for a time-interval of
ten days and subsequent treatment of the mixture aer this
time-interval with p0, q0 to induce separation. The resulting
separated microcapsule mixture demonstrated the same
residual biocatalytic performance depicted in Fig. 6(B), curve
(ii), indicating that no content exchange occurred even within
a time-interval of ten days.

It should be noted that the rate of the biocatalytic cascade in
the mixture of M1/M2 intercommunicated microcapsules is ca.
5-6-fold enhanced as comparted to the mixture of the homog-
enous biocatalysts, even though only ca. 9% of the microcap-
sules are in the “correct” conguration to allow the efficient
intercommunicated cascade. This means that the “effective”
rate enhancement of cascaded catalysis demonstrated by the
GOx//hemin/G-quadruplex biocatalyst cascade using a “fuel” inhibiting
uorescence changes corresponding to Resorufin generated by the
a result of (a)-equilibrated p/q interlinkedmicrocapsule dimers, state I,
te II, curve (ii), and (c) upon treatment of the separated capsules, state II
rror bars derived from N ¼ 3 experiments.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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intercommunicated pairs of microcapsules, as compared to the
homogenous biocatalysts is signicantly higher. Also, note that
the rate enhancement by the intercommunicated microcap-
sules as compared to the homogenous mixture of biocatalysts is
comparable to the rate enhancement demonstrated by the
GOx//hemin/G-quadruplex in a single microcapsule, despite
that only 9% of themicrocapsules exist in the appropriate dimer
conguration. This is explained by the substantially lower
loading of the GOx and hemin/G-quadruplex catalysts in single
microcapsules that can be accomplished in the course of the
microcapsules preparation (the number of microcapsules in the
different systems is approximately similar).

The successful operation of the biocatalyst cascade through
the dynamic formation of dimer microcapsules assemblies
allowed us to establish a three-catalysts cascade through the bi-
directional intercommunication of the microcapsules, Fig. 7(A).
The system consisted of the M1 microcapsules loaded with GOx,
0.12 mM, and the second type of microcapsules, M3-loaded with
b-gal, 0.058 mM, and the hemin/G-quadruplex bridged tetrahedra
T1/T2 dimer constituent, 0.07 mM. Since the microcapsular
containments are functionalized with the tethers p and q, the
dynamic assembly of M1/M3 dimer allows the bi-directional
Fig. 7 (A) Schematic intercommunication of two microcapsular
microcapsules activating the three-biocatalysts cascade consisting of
the lactose-driven b-gal//GOx//hemin/G-quadruplex bridged T1/T2
dimer catalytic cascade yielding the fluorescent Resorufin. (B) Time-
dependent fluorescence intensities of Resorufin generated by: (i) The
intercommunicated M1/M3 capsules in the presence of lactose,
40mM, hemin, 0.167 mM, K+-ions, 50mM, and Amplex Red, 0.083mM.
(ii) Lactose, 40mM, hemin, 0.167 mMand Amplex Red, 0.083mM, yet in
the absence of K+-ions. (iii) As in (i), yet in the presence of CE, 200mM.
(iv) As in (i), yet in the absence of lactose. (C) Time-dependent fluo-
rescence changes of Resorufin generated by: (i) The M1/M3 capsules,
loaded with GOx, 0.12 mM, b-gal, 0.07 mM, and the hemin/G-quad-
ruplex bridged T1/T2 dimer, 0.058 mM, in the presence of lactose,
40mM, hemin, 0.167 mM, K+-ions, 50mM, and Amplex Red, 0.083mM.
(ii) A homogeneous mixture consisting of GOx, 0.12 mM, b-gal, 0.07
mM, and the hemin/G-quadruplex bridged T1/T2 dimer, 0.058 mM, in
the presence of lactose, 40mM, hemin, 0.167 mM, K+-ions, 50mM, and
Amplex Red, 0.083 mM. Error bars derived from N ¼ 3 experiments.

© 2022 The Author(s). Published by the Royal Society of Chemistry
intercommunication of the microcapsules. In the presence of
lactose, the b-gal catalyzed hydrolysis of lactose in microcapsules
M3 yields glucose that is being transported through the dimer
boundary into microcapsules M1. The aerobic oxidation of
glucose in microcapsules M1 yields H2O2 that is back channeled
through the dimer boundary into microcapsules M3, where the
hemin/G-quadruplex bridged DNA tetrahedra T1/T2 catalyzes the
oxidation of Amplex Red to Resorun by H2O2. Fig. 7(B), curve (i),
depicts the time-dependent uorescence changes of Resorun
upon subjecting to two-capsule system in the presence of lactose,
K+-ions, hemin and Amplex Red.

The three-catalysts cascade is activated through the bi-
directional intercommunication of the two microcapsules.
Further experiments demonstrated that exclusion of K+-ions
from the system that resulted in the inhibition of the hemin/G-
quadruplex bridged T1/T2 catalyst, prohibited the formation of
Resorun, Fig. 7(B), curve (ii). Also, addition of CE to the inter-
communicating microcapsules separated the hemin/G-
quadruplex bridged T1/T2 and eliminated the formation of
Resorun, Fig. 7(B), curve (iii). Finally, elimination of lactose
from the system, blocked the entire intercommunicated bio-
catalytic cascade, Fig. 7(B), curve (iv). Fig. 7(C), compare the time-
dependent uorescence changes of Resorun by the inter-
communicated microcapsular system, curve (i), to the time-
dependent uorescence changes of Resorun generated by the
three catalysts in a homogeneous solution, where the catalysts
are present at identical concentrations present in microcapsules,
curve (ii). The biocatalytic cascade in the homogeneous mixture
is very inefficient, and the three-catalyst cascade operating in the
intercommunicating microcapsule assembly is at least 10-fold
enhanced as compared to the homogeneous mixture. These
results highlight the signicance of bi-directional communica-
tion between the catalysts-loaded microcapsules that originates
from the dynamic formation of dimer microcapsules bridged by
the duplex nucleic acid p/q tethers.

Conclusions

We introduced nucleic acid-crosslinked carboxymethyl cellu-
lose hydrogel-stabilized microcapsules as a versatile contain-
ment for the construction of microcapsules. The microcapsule
containments reveal advantages over the present art of micro-
capsule assemblies: (i) The hydrogel-stabilized microcapsules
provide stable non-leakable containments for constituents with
molecular weights, $5 kDa while low-molecular-weight agents
freely cross the microcapsule boundaries.65 This allows to
trigger chemical transformations in the microcapsule assem-
blies and to monitor the chemical transformations proceeding
in the microcapsules by analyzing the chemical composition of
the bulk solution. (ii) The method applied to construct the
nucleic acid-modied microcapsules yields microcapsules
functionalized with nucleic acid tethers revealing self-
recognition properties. This unique feature provides means to
yield dimer structures of two different microcapsules of pro-
grammed pre-engineered constitutional compositions. The
spatial proximity of the interlinked microcapsules provide
means to intercommunicate between the microcapsules and
Chem. Sci., 2022, 13, 7437–7448 | 7445
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operate inter-cell catalytic cascades. (iii) The nucleic acid-
guided formation of the dimer microcapsules can be switched
off and re-activated by applying “fuel” and “counters-fuel”
strands, thereby allowing the programmed activation and
deactivation of intercommunicating microcapsule cascades.
Specically, the present study demonstrated the integration of
enzymes and/or hemin/G-quadruplex-crosslinked DNA tetra-
hedra as biocatalysts or synthetic models for protein–protein
nanostructure exhibiting catalytic (DNAzyme) activities. Besides
the basic structural characterization of the catalysts-loaded
microcapsules, important functionalities of the microcapsules
were achieved including: (i) The integration of the hemin/G-
quadruplex-crosslinked DNA tetrahedra T1/T2 dimer structure
into the microcapsules and the application of the nanostructure
as catalytic protein–protein model system and switchable cata-
lytic systems. (ii) The integration of glucose oxidase and hemin/
G-quadruplex crosslinked DNA tetrahedra T1/T2 DNAzyme in
the microcapsules or the integration of b-galactosidase, glucose
oxidase, and the hemin/G-quadruplex crosslinked DNA tetra-
hedra T1/T2 unit as catalytic assemblies driving bicatalyst and
three-catalysts cascades. Superior catalytic cascades in the
conned environments of microcapsules, as compared to the
operation of the catalytic cascades in homogeneous aqueous
mixtures were demonstrated. (iii) The intercommunication of
microcapsules and the guided directional and bi-directional
operation of bicatalytic and three-catalytic cascades were high-
lighted. A unique property of the nucleic acid-functionalized
hydrogel microcapsules was highlighted by demonstrating the
dynamic formation of dimer microcapsule assemblies that
leads to spatial proximity of the microcapsules and to a mech-
anistic pathway to intercommunicate microcapsules.

We believe, however, that these results and the nucleic acid-
based microcapsule assemblies introduce a substantially
broader impact on the development of functional microcap-
sules; the introduction of other catalytic constituents into the
microcapsules, such as DNA machineries66 or transcription
machineries,67 the integration of dynamic catalytic networks68

into the hydrogel microcapsules, and the further functionali-
zation of the nucleic acid-modied microcapsular hydrogel
boundaries with stimuli-responsive nucleic acids that switch
the chemical transformations in the microcapsules are inter-
esting paths to follow. Furthermore, the study has emphasized
the superior functions of enzyme or multi-enzyme assemblies
loaded in microcapsules to drive biocatalytic transformations.
Other applications of such enzyme-loaded microcapsules for
therapeutic or sensing applications may be envisaged. For
example, the intracapsule integration of a biocatalytic agent69

might yield effective carriers for drug release. Also, the ampli-
cation phenomenon of biocatalytic cascades, in the conned
microcapsular environment, and the possibility to engineer
nucleic acid tethers on the boundaries of the microcapsules
provide means to anchor the microcapsules onto sensing
recognition events as amplifying transducers. For example, by
anchoring microcapsules loaded with biocatalytic cascades
generating redox active compounds, to recognition events
occurring on electrode surfaces, amplied electrochemical
sensors can be realized.70
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420; (c) M. Vázquez-González, C. Wang and I. Willner, Nat.
Catal., 2020, 3, 256–273.
© 2022 The Author(s). Published by the Royal Society of Chemistry
22 (a) B. Kumar, A. J. Patil and S. Mann, Nat. Chem., 2018, 10,
1154–1163; (b) W. S. Jang, H. J. Kim, C. Gao, D. Lee and
D. A. Hammer, Small, 2018, 14, e1801715; (c) D. A. Wilson,
R. J. Nolte and J. C. van Hest, Nat. Chem., 2012, 4, 268–274.

23 (a) L. Tian, M. Li, J. Liu, A. J. Patil, B. W. Drinkwater and
S. Mann, ACS Cent. Sci., 2018, 4, 1551–1558; (b) S. Sun,
M. Li, F. Dong, S. Wang, L. Tian and S. Mann, Small, 2016,
12, 1920–1927.

24 K. Kurihara, M. Tamura, K. Shohda, T. Toyota, K. Suzuki and
T. Sugawara, Nat. Chem., 2011, 3, 775–781.

25 Z. Xu, T. Hueckel, W. T. M. Irvine and S. Sacanna, Nature,
2021, 597, 220–224.

26 K. P. Adamala, D. A. Martin-Alarcon, K. R. Guthrie-Honea
and E. S. Boyden, Nat. Chem., 2017, 9, 431–439.

27 R. R. Poudyal, R. M. Guth-Metzler, A. J. Veenis, E. A. Frankel,
C. D. Keating and P. C. Bevilacqua, Nat. Commun., 2019, 10,
490.

28 A. Joesaar, S. Yang, B. Bogels, A. van der Linden, P. Pieters,
B. Kumar, N. Dalchau, A. Phillips, S. Mann and T. F. A. de
Greef, Nat. Nanotechnol., 2019, 14, 369–378.

29 M. Schwarz-Schilling, L. Aunger, A. Muckl and
F. C. Simmel, Integr. Biol., 2016, 8, 564–570.

30 M. S. Long, C. D. Jones, M. R. Helfrich, L. K. Mangeney-
Slavin and C. D. Keating, Proc. Natl. Acad. Sci. U. S. A.,
2005, 102, 5920–5925.

31 H. Che, S. Cao and J. C. M. van Hest, J. Am. Chem. Soc., 2018,
140, 5356–5359.

32 H. Che, B. C. Buddingh and J. C. M. van Hest, Angew. Chem.,
Int. Ed. Engl., 2017, 56, 12581–12585.

33 M. Marguet, C. Bonduelle and S. Lecommandoux, Chem. Soc.
Rev., 2013, 42, 512–529.

34 L. Rodriguez-Arco, M. Li and S. Mann, Nat. Mater., 2017, 16,
857–863.

35 F. C. Simmel, B. Yurke and H. R. Singh, Chem. Rev., 2019,
119, 6326–6369.

36 C. H. Lu, X. J. Qi, R. Orbach, H. H. Yang, I. Mironi-Harpaz,
D. Seliktar and I. Willner, Nano Lett., 2013, 13, 1298–1302.

37 Y. W. Hu, A. Cecconello, A. Idili, F. Ricci and I. Willner,
Angew. Chem., Int. Ed., 2017, 56, 15210–15233.

38 K. Gehring, J.-L. Leroy and M. Gueron, Nature, 1993, 363,
561–565.

39 R. M. Dirks and N. A. Pierce, Proc. Natl. Acad. Sci. U. S. A.,
2004, 101, 15275–15278.

40 F. Wang, C.-H. Lu, X. Liu, L. Freage and I. Willner, Anal.
Chem., 2014, 86, 1614–1621.

41 I. Willner and M. Zayats, Angew. Chem., Int. Ed. Engl., 2007,
46, 6408–6418.

42 G. F. Joyce, Angew. Chem., Int. Ed. Engl., 2007, 46, 6420–6436.
43 P. Travascio, A. J. Bennet, D. Y. Wang and D. Sen, Chem. Biol.,

1999, 6, 779–787.
44 R. R. Breaker and G. F. Joyce, Chem. Biol., 1994, 1, 223–229.
45 C. Mao, W. Sun and N. C. Seeman, J. Am. Chem. Soc., 1999,

121, 5437–5443.
46 X. Wang, A. R. Chandrasekaran, Z. Shen, Y. P. Ohayon,

T. Wang, M. E. Kizer, R. Sha, C. Mao, H. Yan, X. Zhang,
S. Liao, B. Ding, B. Chakraborty, N. Jonoska, D. Niu,
Chem. Sci., 2022, 13, 7437–7448 | 7447

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sc01542k


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
M

m
es

e 
20

22
. D

ow
nl

oa
de

d 
on

 2
02

6-
03

-1
5 

05
:5

9:
22

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
H. Gu, J. Chao, X. Gao, Y. Li, T. Ciengshin and N. C. Seeman,
Chem. Rev., 2019, 119, 6273–6289.

47 P. W. Rothemund, Nature, 2006, 440, 297–302.
48 R. P. Goodman, R. M. Berry and A. J. Turbereld, Chem.

Commun., 2004, 12, 1372–1373.
49 H. Pei, X. Zuo, D. Zhu, Q. Huang and C. Fan, Acc. Chem. Res.,

2014, 47, 550–559.
50 M. Lin, J. Wang, G. Zhou, J. Wang, N. Wu, J. Lu, J. Gao,

X. Chen, J. Shi, X. Zuo and C. Fan, Angew. Chem., Int. Ed.
Engl., 2015, 54, 2151–2155.

51 H. Pei, L. Liang, G. Yao, J. Li, Q. Huang and C. Fan, Angew.
Chem., Int. Ed., 2012, 51, 9020–9024.

52 V. E. Ferry, J. M. Smith and A. P. Alivisatos, ACS Photonics,
2014, 1, 1189–1196.

53 N. Y. Wong, C. Zhang, L. H. Tan and Y. Lu, Small, 2011, 7,
1427–1430.

54 Z. Zhou, Y. S. Sohn, R. Nechushtai and I. Willner, ACS Nano,
2020, 14, 9021–9031.

55 H. Pei, N. Lu, Y. Wen, S. Song, Y. Liu, H. Yan and C. Fan, Adv.
Mater., 2010, 22, 4754–4758.

56 Z. Qing, J. Hu, J. Xu, Z. Zou, Y. Lei, T. Qing and R. Yang,
Chem. Sci., 2019, 11, 1985–1990.

57 A. S. Walsh, H. Yin, C. M. Erben, M. J. Wood and
A. J. Turbereld, ACS Nano, 2011, 5, 5427–5432.

58 A. J. Mastroianni, S. A. Claridge and A. P. Alivisatos, J. Am.
Chem. Soc., 2009, 131, 8455–8459.
7448 | Chem. Sci., 2022, 13, 7437–7448
59 Z. Zhou, J. Wang and I. Willner, J. Am. Chem. Soc., 2021, 143,
241–251.

60 W.-C. Liao and I. Willner, Adv. Funct. Mater., 2017, 27,
1702732.

61 W.-C. Liao, M. Riutin, W. J. Parak and I. Willner, ACS Nano,
2016, 10, 8683–8689.

62 W.-C. Liao, Y. S. Sohn, M. Riutin, A. Cecconello, W. J. Parak,
R. Nechushtai and I. Willner, Adv. Funct. Mater., 2016, 26,
4262–4273.

63 F. Huang, W.-C. Liao, Y. S. Sohn, R. Nechushtai, C.-H. Lu and
I. Willner, J. Am. Chem. Soc., 2016, 138, 8936–8945.

64 W.-H. Chang, Y.-F. Lee, Y.-W. Liu, I. Willner and W.-C. Liao,
Nanoscale, 2021, 13, 16799–16808.

65 A. Fischer, S. Lilienthal, M. Vazquez-Gonzalez, M. Fadeev,
Y. S. Sohn, R. Nechushtai and I. Willner, J. Am. Chem. Soc.,
2020, 142, 4223–4234.

66 Z. Cheglakov, Y. Weizmann, A. B. Braunschweig, O. I. Wilner
and I. Willner, Angew. Chem., Int. Ed. Engl., 2008, 47, 126–
130.

67 Y. W. Yin and T. A. Steitz, Science, 2002, 298, 1387–1395.
68 L. Yue, S. Wang and I. Willner, J. Am. Chem. Soc., 2020, 142,

14437–14442.
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