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Abstract: The fundamental concept of effective molarity is

observed in a variety of biological processes, such as protein
compartmentalization within organelles, membrane localiza-

tion and signaling paths. To control molecular encountering
and promote effective interactions, nature places biomole-
cules in specific sites inside the cell in order to generate a
high, localized concentration different from the bulk concen-

tration. Inspired by this mechanism, scientists have artificially

recreated in the lab the same strategy to actuate and con-

trol artificial DNA-based functional systems. Here, it is dis-
cussed how harnessing effective molarity has led to the de-

velopment of a number of proximity-induced strategies,
with applications ranging from DNA-templated organic
chemistry and catalysis, to biosensing and protein-supported
DNA assembly.

Introduction

The predictable hybridization between complementary base

pairs that underlies the self-assembly of DNA lays the chemical

foundation for engineering highly structured materials,[1–4] dy-
namic nanodevices[5–14] and complex reaction networks for mo-

lecular computation.[15–17] Functional DNA nanotechnology has
greatly benefited from the extensive use of programmable

strand displacement reactions upholding the design of stimuli-
responsive DNA switches,[18–21] enzyme-free catalytic sys-

tems,[22–26] or molecular computers.[27–29] In addition, DNA-

based dynamic networks have been designed to process infor-
mation following cell-inspired paths that mimic more complex

molecular mechanisms.[30, 31]

Biological processes are underpinned by much more than a

mere combination of uniformly distributed molecules reacting
with one another in a diffusive regime. In cells, functionality

strongly depends on the proper spatial and temporal synchro-

nization of biochemical reactions.[32, 33] In particular, compart-
mentalization and colocalization are pervasive mechanisms

that regulate a variety of cellular processes in living sys-
tems.[34, 35] For instance, many ordinary cellular activities, includ-

ing signaling and information storage, are performed inside
heterogeneous fL-scale compartments.[36] Nature also employs

fundamental “forces”, such as electrostatic or hydrophobic in-

teractions, to promote molecular encountering through spatial
co-localization on molecular scaffolds. For example, biochemi-
cal processes such as transcription and translation generally
take advantage of the presence of scaffold proteins that can

provide a several-thousand-fold enhancement of enzymatic re-
action rates.[37] As a result, the localized concentration, namely

effective molarity, may differ from that of the bulk solution by
several orders of magnitude, which generally leads to a drastic

increase of the encounter rates and of the binding affinity be-

tween confined species. The concept of effective molarity has
been around in the field of organic synthesis for decades. The

impact of intramolecular interactions on reaction rates, equili-

bria, and mechanisms of cyclization of chain molecules was al-
ready under investigation in the early 1970s. Colocalization of

reactants influences intramolecular interactions by generating
a decrease of translational and rotational entropy that leads to

a dramatic increase of the reaction rate. In some cases, the
concentrations of the reactants needed to perform an intermo-

lecular reaction with the same rate of an analogous intramo-

lecular reaction can be terribly high (+100 m).[38, 39]

Inspired by naturally occurring mechanisms, scientists have

then demonstrated that the same strategies can be artificially
recreated and used in conjunction with programmable DNA

assembly to actuate and control artificial DNA-based functional
systems. Putting this concept into practice in DNA nanotech-

nology has led to the development of many proximity-induced

strategies with applications ranging from DNA-templated or-
ganic chemistry and catalysis to biosensing and protein-sup-

ported DNA assembly. Additionally, DNA-directed effective mo-
larity has emerged as a tool to study and probe complex bio-

logical mechanisms out of the cell environment.[40] We believe
that effective molarity-driven DNA-based systems will play an
increasingly bigger role in aiding to gain fundamental insights

into cellular processes, in supporting the rational design of
synthetic biomimicry and in expanding the molecular toolbox
in supramolecular chemistry. Here, we highlight and discuss
the utilization of biomolecular confinement and effective mo-

larity as a means to program and assemble functional systems
in DNA nanotechnology.

Assembling DNA on Protein Substrates

The natural processes of biomolecular colocalization and spa-
tial confinement underlie protein–protein interactions and

their connected biological networks.[41] Proximity-induced DNA
assembly can be engineered to mirror this mechanism by en-

gaging proteins as substrates upholding molecular encounter-

ing in a confined space. When DNA units are conjugated to
specific affinity ligands, the interaction of these latter with mul-

tiple binding sites on a target protein allow the nucleic acid
strands to be localized in a restricted volume, thus promoting

their effective hybridization by boosting their encounter
rate.[42] In this way, the interacting protein serves both as a mo-
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lecular trigger and a structural support. In a seminal work, Fre-
driksson et al. expressed the potential of this approach and de-

veloped a “proximity ligation” method for protein detection.[43]

The authors took advantage of the affinity of the platelet-de-

rived growth factor B-chain (PDGF-BB) for a cognate DNA apta-
mer and designed a pair of aptamer-modified DNA probes

that, when brought to proximity upon protein affinity binding,
could efficiently hybridize with a third connector DNA, allow-

ing for enzymatic ligation of the two probe ends and subse-

quent PCR-based amplification and detection of the ligation
product. Proximity ligation has since then become a wide-

spread tool for protein analysis.[44–46] Through a protein-tem-
plated ligation reaction a DNA reporter sequence is formed,

amplified and detected, following a “translation process” in
which a target protein is associated to a precise DNA bar

code.[47, 48]

Biomolecular confinement can also be harnessed to control
dynamic DNA-based reactions in a protein-templated manner.

Le and co-workers put their spin on DNA strand displacement
reactions and developed a binding-induced strategy in which,

differently from the classical toehold-mediated mechanism, the
release of an output DNA strand is triggered by a protein bind-

ing event accelerating the rate of DNA hybridization.[49] It can

be estimated that the effective local concentrations of the oli-
gonucleotides involved in a binding-induced strand displace-

ment undergo a &6500-fold enhancement upon their confine-
ment in the target protein volume.

Other factors, including the length of the DNA probes and
the flexibility of spacer regions, are then deemed to add on

the colocalization effect and determine the final rate of the

DNA reaction.[50] Notably, Zhang et al. used the binding-in-
duced DNA strand displacement strategy in conjunction with a

nanopore technology and performed amplification-free detec-
tion of a protein biomarker enabled by the electrical signal

generated by the output DNA strand.[51] Through a rational
design of the interacting DNA modules, it is possible to imple-
ment the binding-induced strategy for constructing more com-

plex DNA assemblies, such as three-way DNA junctions,[52, 53]

and for controlling synthetic DNA circuits with protein-respon-

sive activation (Figure 1 a).[54, 55] Colocalization-enabled DNA
networks can also be deployed in vitro and utilized as tools to

study and image receptor proteins on the cell surface. Liang
et al. designed a proximity-induced DNA assembly to detect in

real-time the dimerization of mesenchymal epithelial transition
(Met) receptors by using aptamer-conjugated DNA probes (Fig-
ure 1 b). The formation of receptor dimers on the cell surface
upon ligand stimulation causes the spatial colocalization of the
bound DNA probes and their consequent efficient hybridiza-

tion, which can initiate a signaling strand displacement reac-
tion.[56] While all the above examples demonstrate the poten-

tial of binding-induced DNA assembly in the design of pro-

grammable biomimetic systems and technologies, a current,
intrinsic limitation yet to be addressed is the relatively short

number of DNA aptamer ligands that are available to support
such strategies. For this, we believe that further advancements

in DNA and RNA aptamer discovery through SELEX will likely
expand the nucleic acid-based toolbox of usable ligands for

proximity-induced systems. More importantly, we envision that
the use of peptide ligands in conjunction with chimera probes

and higher-level modular designs will have an impact on the
field by substantially increasing the number of target proteins

that can be engaged in the process.
With regard to this, we note that sensing of cell surface pro-

teins based on proximity-induced DNA assembly can also be
achieved, for instance, by using DNA probes conjugated to
specific antibodies as affinity ligands, which involves a some-

what double degree of molecular colocalization.[57, 58] Eventual-
ly, we would like to underline that the natural colocalization
process can also be artificially recreated on man-made sub-
strates. In this regard, Merkx and co-workers showed that the
rate of DNA-based circuit operations can be greatly accelerated
by using supramolecular polymers that provide anchoring han-

dles for DNA spatial confinement.[59]
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Antibody-Templated DNA Systems

In antibody-templated DNA systems, the confinement of DNA-

based modules can be achieved by taking advantage of the
characteristic y-shaped structure shared by all IgG and IgE anti-

bodies, in which two identical antigen binding sites are distant

approximately 10–12 nm.[60–62] This spatial geometry allows the
co-localization of two DNA-strands properly modified with a

specific recognition element (i.e. , antigen) in a confined
volume, leading to an increase in their effective molarity.[42]

The enhanced local concentrations can in turn trigger molecu-
lar interactions that would not occur in the absence of the an-

tibody.

Merkx et al. demonstrated that antibodies are able to
engage in multivalent interactions and form cyclic complexes

with peptide-dsDNA conjugates that display one or two pep-
tide ligands.[63] The interaction between a bivalent peptide-

dsDNA conjugate and an antibody is 500-fold stronger than
that of a monovalent peptide, which allows for effective block-

ing the antigen binding sites in a non-covalent manner.
One of the first applications based on this concept was re-

ported by Heyduk et al. for the development of sensors to-
wards antibodies and protein antigens.[64] These sensors hinge
on the use of two complementary DNA strands, each one la-

belled with a fluorophore to form a FRET couple and terminally
conjugated with a specific antigen. The length of the two com-

plementary portions is designed to be short enough to pre-

vent hybridization in the absence of the target antibody. In the
presence of this latter, instead, the local concentration of each

of the two strands greatly increases due to the binding on the
same antibody and leads to their annealing and thereby to the

generation of a FRET signal. A systematic study of the impact
of stem sequences in such molecular systems has been report-

ed by Yan et al.[65] However, systems based on the hybridiza-

tion of two signalling antigen-tethered short complementary
oligonucleotides present some restrictions, such as limited

signal gains and nontrivial design of the sensing elements. In
an attempt to overcome these potential drawbacks, Porchetta
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Figure 1. (a) Protein-responsive catalytic hairpin assembly (CHA). The catalytic process begins only when the input strand is formed as a protein-templated
three-way junction. Adapted with permission from Ref. [54] . Copyright 2015, American Chemical Society. (b) Protein dimerization on the cell membrane by
aptamer recognition and proximity-induced DNA Assembly. This strategy allows to detect in real-time the dimerization of mesenchymal epithelial transition
(Met) receptors by using 40-mer Met-binding DNA aptamers as interacting ligands. Adapted with permission from Ref. [56] . Copyright 2018, American Chemi-
cal Society. (c) Effective-molarity driven nucleic acid nanoswitch activation induced by clinically relevant target antibodies. The co-localization of the two mod-
ules on the same target antibody generates an increase in the local concentration that results in the opening of the nanoswitch and fluorescence emission.
Adapted with permission from Ref. [66] . Copyright 2018, American Chemical Society. (d) DNA-based molecular circuits controlled by antibodies. Both base
and invading strands are conjugated to 3’-end with the antibody-specific peptide epitope. In the presence of the antibody, base and invading strands bind to
the target antibody and their confinement induces the toehold exchange reaction. Adapted with permission from Ref. [71] . Copyright 2017, Springer Nature.
(e) DNA self-assembly triggered by antibodies. The binding between the target antibody and the two antigen-conjugated split DNA input-strands induce the
reconstitution of the full input strand that in turn activate toehold strand displacement reaction. The consequent release of the strand (i.e. , deprotector) trig-
gers self-assembling of DNA nanotube. Adapted with permission from Ref. [72] . Copyright 2019, Springer Nature.
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et al. reported a novel strategy based on the use of a reporter
and an input module that in the presence of a target antibody

are brought in close proximity and result in the generation of
a fluorescence signal through the controlled opening of a mo-

lecular beacon (Figure 1 c).[66]

The proposed strategy shows several advantages, including
an easy modular design that makes it potentially possible to
detect any IgG and IgE antibody, a rapid time of analysis (<
10 min), high signal gains with nanomolar limits of detection

and the possibility of performing multiplex analysis by using
different fluorophore/quencher pairs in an orthogonal way.

The same sensing approach has been translated in an electro-
chemical format and the potential for applications in the field
of therapeutic antibody monitoring has been demonstrated.[67]

In a follow-up work, a similar strategy was used to develop a

competitive assay for the detection of small molecules.[68]

Sensing of antibodies has also been achieved by reconstitu-
tion of a split fluorescent RNA aptamer. Bertucci et al. demon-

strated that two fragments of a Spinach aptamer, each one
conjugated to the same specific antigen, can be reassembled

into the functional signaling structure utilizing a target anti-
body as a biomolecular template.[69] We note that the above

methods did not employ any amplification steps, which can be

of relevance in terms of simplicity and costs. Nevertheless, am-
plification strategies may be instead useful to significantly im-

prove sensitivity and detection limits. Effort in this direction
has been made by Li et al. , who reported an antibody-respon-

sive hybridization chain assembly in which the initiator DNA
strand is generated only in the presence of a specific anti-

body.[70]

Besides analytical purposes, antibody-induced effective mo-
larity can generate many other applications ranging from the

construction of molecular circuits to the activation of DNA-
based nanostructures. A general strategy to use antibodies as

biomolecular inputs for DNA-based molecular circuitry was de-
veloped by Merkx and co-workers (Figure 1 d),[71] who reported

antibody-templated toehold-mediated strand exchange (ATSE)

reactions. In their work, the authors investigated several ther-
modynamic and kinetic parameters influencing the strand ex-
change process and proposed a comprehensive theoretical
model in which the efficiency of ATSE reactions is a function of

toehold length, antibody-epitope affinity and antibody/DNA
concentration. Recently, the use of antibodies as inputs to con-

trol the assembly and disassembly of more complex DNA
nanostructures has been reported by Ricci and co-workers.[72]

Here, the input strand of a toehold-mediated displacement re-

action was split into two portions and each of these was
equipped with a DNA tail containing a mutual complementary

domain and a poly-thymine linker conjugated with a specific
antigen. The binding between the target antibody and the

two antigen-conjugated DNA strands leads to the formation of

the active input strand that can initiate the toehold-mediated
strand displacement reaction. Furthermore, the displaced

strand can be utilized as either a “deprotector” or an “invader
strand” to regulate the self-assembly or disassembly of DNA

nanotubes, respectively (Figure 1 e).

Chemical Synthesis on DNA-Based Supports

Right at the core of the cellular machinery lies one of the
oldest examples of DNA-templated reactions, the process of

DNA replication, in which an unwound DNA double helix
serves as a template for the synthesis of the complementary

product.[73] This DNA-driven templating effect allows cells to
selectively direct chemical reactions towards the formation of
the desired product. Similarly, control over reactivity is a cen-

tral concern for chemists when multiple species are present in
the same solution. Taking inspiration from how nature directs

and harmonizes chemical processes, researchers covalently
linked reactants to complementary oligonucleotides, so as they
substantially increase their effective concentration upon hy-
bridization, which can trigger a reaction that would otherwise

not occur at the initial concentration in solution.[74] The earliest

examples of non-enzymatic ligations templated by DNA were
reported by the groups of Naylor[75] and Orgel[76] and focused

on the formation of phosphodiesters, although low yields were
obtained and only limited chemical strategies were employed.

The range of reactions supported by this strategy was then ex-
panded, which gave rise to the field of DNA-templated organic

synthesis,[77] with applications in sensing,[78] drug delivery,[79]

programmed multistep synthesis,[80] and generation of chemi-
cal libraries.[81, 82]

DNA-templated synthesis (DTS) persists as a powerful tool
for nucleic acid sensing. The first auto-ligation reactions ena-

bled the detection of single mismatches, although analytical
instrumentations such as HPLC were needed downstream for

product determination.[83] To overcome this drawback, reac-

tions that yield a measurable signal were employed, including
FRET transfer[84] and fluorogenic reactions[85, 86] such as the for-

mation of cyanine dyes (Figure 2 a).[87] More recently, sensing
enabled by DNA-templated strategies was achieved in much

more complex matrices, as shown by the detection of micro-
RNA targets in a live vertebrate by generating fluorogenic

rhodamine[88] or the detection of a single nucleotide deletion

associated with resistance in a H. pylori lysate by means of a
fluorogenic cascade reaction.[89] Additionally, when a secondary

product is released from the templated reaction, the capability
of the approach to be applied for drug delivery applications
becomes evident.

Wissinger and co-workers put into practice this strategy and

unleashed the function of a variety of molecules via templated
Staudinger reactions.[90] Recently, they also coupled DTS with
DNA circuits for the release of molecules in response to femto-

molar concentrations of nucleic acids, achieving a remarkable
sensitivity through multiple rounds of amplification. By tuning

the nature of the released functional molecule, so as it acts
either as a reporter or as an active therapeutic agent, this strat-

egy can be of interest for both sensing and drug release pur-

poses, respectively (Figure 2 b).[91] Furthermore, DTS has been
exploited to program the synthesis of complex molecules,

such as macrocycles,[92, 93] oligomers[94] and nonnatural small
molecules,[95, 96] via multistep reactions in a single pot. Autono-

mous systems were also developed, such as a mechanical ar-
rangement in which a DNA walker triggers reactions as it
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moves along a nucleic acid track, conceptually mimicking a ri-

bosome. This precise and controllable motion is powered by

photon radiation owing to the introduction of photosensitive
moieties into the DNA backbone that mediate the cleavage of

disulfide bonds upon light exposure, thus triggering the move-
ment.[97] Turberfield, O’Reilly and co-workers reported a self-

running assembler of oligomers directed by a cascade of DNA-
based reactions; their strategy is easily adaptable to different
oligomer sequences just by tuning the DNA-based molecular

program (Figure 2 c).[98] This ability to perform higher-order
synthesis has spurred research efforts towards the construction
of chemical libraries.[99] The wide variety of chemistries avail-
able for DTS together with the high encoding capacity of DNA

makes this approach a powerful screening technology for mo-
lecular discovery; a chemical library containing millions of

DNA-tagged molecules can be generated for the subsequent
affinity-based selection of compounds of interest. Liu and co-
workers recently reported a DNA-templated library of macrocy-

cles containing 256 000 drug-like molecules for the discovery
of new enzyme inhibitors.[93] Hansen et al. developed a “Yoc-

toReactor”, namely a DNA-based device in which controlled re-
actions occur in a confined space at the center of DNA junc-

tions, leading to the synthesis of a library of small mole-

cules.[100] For a comprehensive review of DTS as a tool for the
generation of programmable molecular libraries, we recom-

mend consulting some dedicated reviews.[81, 101]

DNA-Scaffolded Systems to Control Enzymatic
Catalysis

Enzyme reactions are ubiquitous in nature, where multi-

enzyme cascades play a crucial role in many biological process-
es, including cell signaling and metabolism. Within the cellular

environment, the confinement of enzymatic reactions into spe-
cific nanoscale compartments allows to overcome low kinetic

rates, regulate cascade reactions and avoid the release of un-

desirable intermediates that could lead to toxic or cross-reac-
tion effects.[102] Taking inspiration from nature, one-dimension-
al, two-dimensional and three-dimensional DNA constructs
have been used to enhance enzyme catalysis.[103–105] One of the

pioneering works was carried out by Willner’s group, who used
programmable hexagonal DNA scaffolds with protruding teth-

ers that allowed to position enzyme and cofactors with con-
trolled separation among them. Effective glucose oxidase and
horse radish peroxidase bi-enzyme cascade was observed,
being it enhanced by 15-fold when compared to diffusion-de-
pendent communication.[106] In a simpler yet effective ap-

proach, Fu. and co-workers pioneered the use of 2D DNA ori-
gami planar scaffolds to control inter-enzyme separation be-

tween glucose oxidase and horse radish peroxidase, where

they measured that the optimal distance for the maximum ac-
tivity of the enzyme pair was 10 nm (Figure 3 a).[107] Similar ap-

proaches have been used to enhance catalytic reactions of
multi-enzyme cascades by improving the effective molar con-

centration of the NAD + , either by integrating a swinging arm
between enzymes[108] or by increasing enzyme proximity in

Figure 2. (a) Fluorogenic templated reaction of cyanine dyes for sensing the formation of DNA G-quadruplex. Two non-fluorescent precursors attached to
peptide nucleic acid (PNA) sequences are colocalized by the hybridization of PNA to the flanking arms of a G-quadruplex motif, leading to the formation of a
cyanine dye. Adapted with permission from Ref. [87] . Copyright 2010, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Coupling of DNA circuit with tem-
plated reactions for signal amplification applied to the formation of functional molecules. Exponential amplification is obtained by the combination of a DNA
circuit that responds to minimum amounts of an oligonucleotide input that triggers a templated reaction that leads to product formation, that is, output,
with the capability of turnover. Adapted with permission from Ref. [91] . Copyright 2019, American Chemical Society. (c) Autonomous assembler of oligomers
directed by DNA instruction strands. A series of DNA hybridization events are coupled to templated group transfer reactions that allow the ligation of specific
building blocks to a growing oligomer in a programmed manner encoded in DNA. Adapted with permission from Ref. [101] . Copyright 2017, American Chem-
ical Society.
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structurally confined holes in origami tiles, where the NAD +

could be re-used in a NAD + /NADH-cofactor-coupled mediat-
ed bi-enzyme cascades.[109] The active formation of nanoholes

in origami scaffolds and the subsequent programmed and
switchable catalysis in the resulting cavities can also be ach-

ieved employing DNAzymes or light as triggers.[110] A different
approach to control enzyme activation has been recently re-

ported by de Greef’s group, where the activation of a synthetic

caspase-9 based apoptosome was triggered by the proximity
of different monomers, precisely positioned using 2D DNA

scaffolds (Figure 3 b).[111, 112]

On a scaling level of complexity, 3D assembled structures

have been employed for enzyme confinement. For instance,
Linko and co-workers developed an extendable DNA origami
tubular nanoreactor, where the encapsulation of GOx and HRP

attached to the inner walls of the tube resulted in a 12-fold in-
crease of activity.[113] In following studies, different strategies

for the confinement of enzymes have been reported. For in-
stance, Sacc/ and co-workers used a supramolecular approach

to symmetrically decorate the inner walls of a tubular DNA ori-
gami nanostructure with specific protein binding ligands that

mimic naturally occurring host–guest complex interactions, by-
passing the use of typical DNA–protein conjugation chemistry
(Figure 3 c). However, this strategy is limited by the type of

protein that can be conjugated, which might hamper a wide-
range applicability of this strategy.[114] Alternatively, Yan et al.

reported the use of lysine-binding chemical strategy to fully
encapsulate active enzymes within a multi-layered DNA nano-

cage (Figure 3 d). In this study, the authors described an in-

creased turnover rate for individual enzymes as well as bi-
enzyme cascades.[115] Interestingly, an inversed correlation be-

tween enzyme activity and protein size was observed, which
was attributed to the stabilizing effect generated by negatively

charged DNA surfaces. Later studies suggested that the affinity
of the substrates for the DNA template, as well as intermolecu-

lar interactions, could be the underlying source of this

effect.[116, 117] These observations sparked debate on the actual
mechanism underlying DNA-based enhancement of enzyme

activity. In this regard, the catalytic enhancement provided by
DNA scaffolds was initially attributed to proximity effects, in-

cluding a facilitated transport or substrate channeling.[118, 119]

However, recent studies pointed at other effects rather than

proximity to be the underlying mechanism of DNA-enhanced

enzyme activity, including lowering of the local pH caused by
highly negatively charged DNA,[120, 121] increased enzyme stabili-

ty, localized DNA surface affinity or hydration layer effects.[122]

Taken together, these results indicate that depending on the

application and scope of the study, different DNA scaffolds can
be designed. While 2D scaffolds allow for a more precise locali-
zation and easier identification of enzyme positioning, 3D scaf-

folds might constitute a better option when protection of en-
zymes, for instance from external proteases, is required. Re-
gardless of the mechanism of actuation, DNA scaffolds have so
far been shown to increase enzyme catalysis in all the reported

studies, holding a great potential as spatial regulation and con-
finement tools to enhance catalytic activity and control cas-

cade reactions.

Conclusions

The spatial colocalization and the nanoscale confinement of

functional biomolecules in natural systems are widespread
mechanisms that regulate a number of cell activities. This,

alongside recent progresses in DNA nanotechnology, repre-

sents a source of inspiration for the design of artificial, nucleic
acid-based systems with programmable properties. In this Min-

ireview, we highlighted how effective molarity-driven process-
es induced by biomolecular confinement can be engineered

and applied to synthetic DNA-based systems. In particular, we
aimed to report recent trends in the fields of templated organ-

Figure 3. (a) GOx and HRP cascade reaction enhancement by controlling their proximity in a 2D DNA origami sheet. Adapted with permission from Ref. [108].
Copyright 2012, American Chemical Society. (b) Generation of a synthetic apoptosome by controlling the proximity between different caspase-9 subunits on
a 2D DNA origami. Adapted with permission of the authors from Ref. [111] . (c) Enzyme encapsulation into a 3D DNA origami tubular structure using supra-
molecular interactions based on host-guest protein based interactions. Adapted with permission from Ref. [114]. Copyright 2017, Springer Nature. (d) Enzymes
encapsulated in multi-layered DNA nanocages for improved turnover of both individual enzymes and bi-enzyme cascades. The nanocages provide also pro-
tection from the degradation by external proteases. Adapted with permission from Ref. [115]. Copyright 2016, Springer Nature.
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ic chemistry, catalysis, biosensing and supramolecular assem-
bly. The many examples we have reported herein set forth

how mimicking naturally occurring mechanisms to control pro-
grammable DNA-based systems is likely to lay the foundation

of a multitude of novel biomimetic synthetic processes with
broad applications in chemistry and biology.
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