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DNA mediated self-assembly of multicellular microtissues
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Abstract: Microphysiological systems (MPS) as a promising alternative can recapitulate the structure and
function of native tissues iz vitro, accelerating drug development and toxicity screening. DNA mediated self-
assembly may encourages cell to communicate with one another and differentiates cells self-assemble into
the desired microphysiological structure. Extensive studies have been conducted to construct DNA-mediated
self-assembled DNA-lipid hybrid systems by integrating DNA with lipid for achieving multicellular MPS.
Realization of multicellular MPS also is allowed to study physicochemical and physiological features of
membrane assemblies. In addition, these artificial DNA-lipid hybrid systems show wide applications in drug
delivery, synthetic biology, and chemical process control. Herein, we present a critical review on lipid-DNA
hybrid systems. After briefly introducing biophysical and biochemical characteristics of membranes, we
highlight representative approaches to interact DNA with membranes, including electrostatic interactions,
membrane anchors, and membrane-bound proteins. Then, we discuss the properties of DNA-functionalized
membrane and factors for membrane-anchored DNA, followed by overview on applications of lipid-DNA
hybrid systems in recent years. Finally, considering the great potential presented by this system, we provide

insight into the outlook and challenges for future developments.
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Introduction organization and compartmentalization within cells and

supply a basic platform for tightly regulating various

Microphysiological systems (MPS) recently have emerged cellular events, such as energy conversion, intracellular

as a promising alternative for recapitulating the structure transport, signal transduction, and cell communication (3,4).
Consequently, DNA mediated self-assembly encouraging

cell to communicate with one another may achieve

and function of native tissues iz vitro (1). The emergence
of MPS has sparked a rapidly growing interest within the

tissue engineering and pharmaceutical industries due to its
accelerating drug development and toxicity screening (2).
However, engineering a tissue at the microscale level is
challenged by differentiating stem cells self-assemble into
the desired microphysiological structure. Lipid membranes
define functional interfacial barriers for structural
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a microphysiological system. In addition, mimicry of
biology’s compartmentalization also holds great potential
for technology development in nanoreactors, nanomedicine,
and synthetic biology (5).

The past decades have witnessed the enormous
development of DNA nanotechnology since the pioneering
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work of Nadrian Seeman on DNA nanostructures (6,7).
By taking advantage of the unique, sequence-specific self-
assembly properties of DNA, researchers can construct
almost arbitrarily shaped nanoscale molecular structures
(8-11). DNA nanostructures as rigid molecular scaffolds
have also been exploited to precisely position molecules
or other nanoscale objects after chemical functionalization
(12,13). Moreover, DNA nanostructures can be employed
to imitate protein structures, including cytoskeletal
filaments (14), molecular cages (15) and enzyme scaffolds
(16,17). However, some important features, especially
large scale spatial organization and compartmentalization,
will be missing when substituting proteins by DNA
assembles.

Lipids, an essential class of biomolecules involving
in biological compartmentalization, possess several
intrinsic advantages. Such as, superstructures formed
via self-assembly are intrinsically different from that
formed by proteins or DNA; the lipid-lipid interactions
are capable to form larger and extended molecular
assemblies due to hydrophobic interactions (18).
Notably, as aforementioned, membranes separate
functionally distinct regions, while membrane-embedded
molecules act as intermediary for intercompartmental
communication and transport. Therefore, organization of
functional molecules within membranes with a reduction
in dimensionality would favor more effective interactions
than in three dimensions.

On the basis of the significant progress in DNA
nanotechnology, integrating DNA with lipid to construct
DNA-lipid hybrid system becomes accessible in spite
of their different chemical nature. As a result, various
DNA-lipid conjugates have been developed and applied for
realization of DNA-mediated self-assembly of multicellular
MPS to study physicochemical and physiological features
of membrane assemblies (19). Moreover, there artificial
DNA-lipid hybrid systems with biocompatibility hold great
promise as a powerful tool for versatile applications in drug
delivery, synthetic biology, and chemical process control.
Therefore, we give an overview of recent research progress
and future developments of DNA-lipid hybrid systems in this
review. In the following, we briefly introduce biophysical and
biochemical characteristics of membranes. We then discuss
membrane interactions with DNA, and assess properties of
DNA-functionalized membrane and factors for membrane-
anchored DNA. Finally, we summarize the applications
of DNA-lipid hybrid systems, and give the outlook and
challenges for future developments.
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Physicochemical properties of cellular
membranes

Lipids and their assemblies

As small organic molecules, lipids are soluble in nonpolar
solvents but usually insoluble in water. Generally, there
are three main categories of membrane lipids in nature—
phospholipids, sphingolipids, and sterols (20). Phospholipids
are composed of two hydrophobic acyl chains and one
hydrophilic phosphate headgroup, which constitute the bulk
of the membranes’ lipid matrix. Note that the structure of
the phospholipid headgroup may be zwitterionic or anionic.
In addition, composition of both acyl chain and headgroup
can influence the physical properties of the membrane (21).
Different from phospholipids, sphingolipids consist of
trans-unsaturated or saturated acyl chains linked to a
serine backbone, whose acyl-chain composition triggers
the formation of a tall and narrow cylinder to increase
its packing density in the membrane. As a result, a
sphingomyelin bilayer exists in a solid gel phase with tightly
packed, immobile acyl chains at physiological temperatures
(22,23). They are also fluidized by sterols, which are major
apolar membrane lipids with cholesterol predominating in
mammals (24). Sterols interfere with acyl-chain packing
and thus inhibit the transition of the membrane to the solid
gel state. This reduces the flexibility of unsaturated acyl
chains to rigidify fluid membranes, as a result increasing
membrane thickness and impermeability to solutes (25-27).
Hence, sterols assure that cells can minimize unregulated
solute movement across membranes, while simultaneously
keep them fluid.

Due to their amphipathic property, lipids can self-associate
to form micelles or bilayer structures depending on their size
and shape. The lipid structure organization in water derives
from a compromise among steric hindrance, ionic repulsive
forces, and hydrophobic association. Small and large
unilamellar vesicles (SUVs and LUVs) with typical sized of
25-100 nm and ~1 pm form after hydration of dried lipid
films, and applying electrical fields induces the formation of
cell-sized giant unilamellar vesicles (GUVs). The curvature
of lipid membranes is essential for the organization and
compartmentalization of cells and cell organelles (28), and
the changes in membrane curvature and topology reflect
biological processes including budding and fusion of vesicles,
or cell division (29). While a spontaneous curvature can
be induced by an asymmetry in lipid distribution and the
presence of membrane proteins, substantial forces supplied
by specialized membrane-sculpting proteins could lead to
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large membrane deformations (30).

Lipid phases in membrane

Since membrane phase behaviors are correlated with the
lipid-lipid interactions, the lipids of biological membranes
display multiple possible phase states (31). It has been
found that membranes are in a solid-ordered gel (L;) phase
at low temperatures; whereas in a liquid-disordered phase
(L,) at high temperatures. The adopted phase relies on
lipid structure: long, saturated hydrocarbon chains tend
to adopt solid-like phases; while unsaturated hydrocarbon
chains tend to adopt liquid phases. Several phases may
also co-exist in a mixture of lipids. For instance, a liquid-
ordered (L,) phase distinct from L may form when mixing
cholesterol with phospholipids but cannot form without
cholesterol (32). Consequently, the complex phase behavior
is often used to mimic the external leaflet of the plasma
membrane, and three-lipid mixtures containing cholesterol,
sphingomyelin, and phosphatidylcholine lipids have been
extensively studied (33-35). Taken together, the phase
properties of membranes certainly play important roles in
biological membrane function. And it should be pointed out
that most membrane-associated proteins prefer liquid over
solid phases. In addition, a majority of membrane proteins
partition into the disordered phase because of coexistent L,
and L, states.

Methods for DNA immobilized cellular
membranes

Interactions between DNA and membranes

Electrostatic interactions

When liposomes are composed of cationic lipids [e.g.,
1,2-dioleoyl-3-trimethylammonium-propane (DOTAP)
or 1,2-di-O-octadecenyl-3-trimethylammonium propane
(DOTMA) Figure 1A4], a spontaneous electrostatic
interaction between the positively charged lipids and
the negatively charged DNA occurs (36). Their strong
interaction causes an efficient condensation of DNA,
thus forming spherical “lipoplexes” (37). Compared with
electrostatic screening effects, the interaction between
DNA and lipids is the strongest when the salt concentration
is low (38). In order to surmount fragility of the artificial
systems, Kurokawa et a/. created a DNA shell underneath
the membrane via exploiting cationic lipids to attract
negatively charged DNA. They proved that the constructed
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DNA gel shell can stabilize the lipid membrane skin to the
cytoskeleton in live cells (14).

Zwitterionic lipids, including phosphatidylcholine and
phosphatidylethanolamine, are incapable of condensing
DNA into stable aggregates, while zwitterionic lipids are
capable of binding strongly to DNA upon the addition of
divalent metal cations such as Ca™, Mg™, or Mn** (39-41).
The zwitterionic lipids possess a large headgroup dipole
that is derived from the spatial separation of the negatively
charged phosphate group from a positive charged moiety.
A possible mechanism for the interaction with DNA is that
binding of the divalent cations to the phosphate groups
endows zwitterionic lipids with a net positive charge
(Figure 1B) (39,40). Mengistu et al. proposed a continuum
Poisson-Boltzmann formalism to explain the interaction of a
zwitterionic lipid-DNA complex in the presence of divalent
cations (42). However, the mechanism of the interaction
has not been fully understood. Moreover, some studies have
also revealed that DNA weakly binding to neutral lipids
in the absence of the divalent cation (Figure 1C) may be
mediated by ion-dipole interactions (43-45).

Electrostatic binding often depends on lipid composition
and its phase behavior. Previous studies have verified that
dsDNA preferred to bind to the L, phase (46), which is
attributed to the closer packing and thus higher surface
charge density of the lipids.

Membrane anchors

Membrane anchors have been studied as the main
approaches to binding DNA to membrane, which include
lipid anchors, cholesterol anchors, porphyrin anchors,
tocopherol anchors, and alkyl chains (7able I).

(I) Lipid anchors

The highly negatively charged DNA-based nanostructures
such as DNA nanopores, which are formed either by scaffold
and staple strands (50) or short oligonucleotides (53,59), can
also insert into hydrophobic bilayer membranes using DNA
conjugates with lipids or other hydrophobic molecules
(Figure 1D). Thus, lipid anchoring has been reported for
bilayer-floating DNA nanostructure (51) and membrane-
puncturing DNA nanopore (52). Given that DNA-lipid
conjugates with relatively lower toxicity can induce vesicle
fusion (47) or specially cross-link vesicles or cells (48),
they have also been exploited for gen transfection (49).
There are two approaches to synthesize lipid-DNA
conjugates: a lipid tail group-like glycerol derivative is
attached to any DNA sequence via phosphoramidite
coupling during DNA synthesis; lipids are conjugated to
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Figure 1 DNA-lipid interactions. Electrostatic binding to (A) cationic lipids, (B) zwitterionic lipids in the presence and (C) in the absence

divalent cations. (D) Amphiphilic DNA conjugates with membrane anchors, including lipid anchor (blue), cholesterol anchor (green),

porphyrin anchor (red), tocopherol anchor (orange), and acyl chain anchor (purple). Black represents DNA.

amino- or thiol-modified DNA oligonucleotides after DNA
synthesis. Note that the conjugation step can be directly
carried out on a lipid membrane with reactive lipids (60).
(IT) Cholesterol anchors

Despite their comparatively weak association with
membranes, cholesterol may be one of the most
studied lipids for DNA conjugation (50,51,61). Some
studies reported that single cholesterol anchors could
be sufficient to modify liposomes with 38-base DNA-
aptamers for cell-specific targeting (62) and membrane-
assisted assembly of DNA structures (63). On the other
hand, cholesterol anchors might cause nearly irreversible
binding to membranes (64-66), despite that multiple

cholesterol modifications result in enhanced hydrophobic
association with membranes (64). Walter group reported
that cholesterol-labeled DNA origami barges are capable
of reversible association with and lateral diffusion on lipid
bilayers and the assembled DNA barges embedding in lipid
bilayers present Brownian diffusion in a manner relying on
cholesterol labeling and bilayer composition (67).

The binding properties of cholesterol depend on the
nature of the linker. Individual cholesteryl-anchored ssDNA
inserts into lipid vesicles or supported lipid bilayers, and
their conformation becomes more rigid with increasing
concentration, which influenced hybridization kinetics with
complementary oligonucleotides (68). Note that cholesterol
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Table 1 Membrane anchors for binding DNA to membrane
Membrane anchors Approaches to synthesize conjugates Ref.
Lipid anchors (a) Attach to DNA sequence via phosphoramidite coupling; (47-49)
(b) Conjugation to amino- or thiol-modified DNA oligonucleotides.
Cholesterol anchors (a) Covalent attach to DNA oligonucleotides. (50-52)
Porphyrin anchors (a) Standard solid phase phosphoramidite oligonucleotide synthesis techniques. (53,54)
Tocopherol anchors (a) Solid-phase methods with a phosphoramidite strategy. (55)
Alkyl chains (a) Covalent attach to DNA oligonucleotides. (56-58)

linked to tetraethylene glycol (chol-TEG), compared
with cholesterol alone, neither alters the bilayer structure
and dynamics of membranes nor induces condensation of
the membrane lipids (68). Beales ez /. (69) investigated
the partitioning of different cholesterol-modified ssDNA
molecules (chol-DNAs) between the domains of phase-
separated lipid vesicles. They found that chol-DNAs with
single cholesterol anchor partitioned roughly equally
between coexisting domains; while chol-DNAs with two
cholesterol anchors preferred the L, over the L, phase. On
the other hand, chol-TEG-DNA conjugates partitioned
into the La phase only.

(III) Porphyrin anchors

Owing to its similar size, shape and hydrophobicity to
cholesterol, the porphyrin and its derivative with strong
anchoring force show potential physical interaction in the
lipid membrane (53). Moreover, porphyrin also has a high
van der Waals surface area, which can be further increased
with additional aromatic substituents. In recent years,
several groups have synthesized porphyrin-DNA conjugates
and thus constructed supramolecular system anchored to
liposomes or membranes for further study (54). On the
basis of these, Borjesson et al. (54) found that the porphyrin,
in contrast to the inert cholesterol anchor commonly used,
is well suited as a photophysical and redox-active lipid
anchor. Meanwhile, porphyrins are often incorporated into
DNA strands using standard solid phase phosphoramidite
oligonucleotide synthesis techniques to synthesize
porphyrin-DNA conjugates (70-72). It is worth to point out
that porphyrins acting as powerful visualization tags provide
a handle to verify membrane anchoring when inserting
porphyrins into lipid bilayers results in characteristic shifts
in their fluorescence spectrum (54,73).

(IV) Tocopherol anchors

Recently, a-tocopherol also has been reported to be
attached to DNA (55). For instance, o-tocopherol-modified
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oligonucleotides can spontaneously inset into pre-formed
lipid vesicles within seconds and prefer to incorporate
into L, phase. This process does not cause significant
perturbation of the lipid bilayers, suggesting such DNA-a-
tocopherol conjugates are suitable for functionalization of
biological membranes (55). Furthermore, Takeshi Tokunaga
et al. demonstrated that DNA conjugated to a-tocopherol
at the terminal phosphate moiety could spontaneously
incorporate into cell membranes (74). In addition, Andreas
Herrmann group found that a-tocopherol units as lipophilic
anchors could stabilize the double-helix formation in
distinct membrane domains (75).

(V) Alkyl chains

Apart from above anchors, alkyl chains have been
considered as an effective anchor tool to bind DNA to
membranes (76). Therefore, conjugates of oligonucleotides
with poly (propylene oxide) (77) or fatty acids (56) have
been reported to incorporate into lipid membranes, wherein
DNA backbone become hydrophobic (57). Sleiman group
synthesized dendritic alkyl-DNA conjugates hybridized to
the edges of a DNA cube allowed for encapsulation and
release of hydrophobic small molecule cargo (58).

Membrane-bound proteins

DNA may also interact with membranes through
membrane-associated proteins, which are often
overexpressed on the surface of a certain cell type or some
diseased cell. For example, human protein tyrosine kinase 7
is overexpressed on CEM (human T-cell acute lymphocytic
leukemia) cell membrane (78). Consequently, this
characteristic can be exploited to target specific biological
membranes.

In summary, there are several approaches which can
achieve binding to membrane proteins: DNA-antibody
conjugates (79), aptamer-target interactions (80) and
covalent coupling (81). Nevertheless, these approaches

Microphysiol Syst 2018;2:1
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distinct from other interactions mentioned above, does not
need to involve a direct interaction with the lipid membrane
itself (18).

Functional membrane-anchored DNA

Properties of membrane-anchored DNA
Similar to free DNA oligonucleotides, membrane-
anchored DNA oligonucleotides are capable to bind
to complementary DNA from aqueous environment.
Differently, its rate constant of oligonucleotide
hybridization, compared to that in solution, is faster at low
membrane grafting, but is slower at higher density (82).
This principle can thus be used to control the processes
of higher complexity when complementary interactions
of two populations of liposomes with various sizes are
mediated by cholesteryl-oligonucleotide (19). Besides,
DNA hybridization is an effective approach to reveal
essential physical mechanisms underlying vesicle-
vesicle interactions as well. In general, adhesion plaques
between pairs of liposomes saturate at about 20 DNA
molecules per vesicle, above which excess DNA molecules
bind preferentially to rest liposome, resulting in the
formation of liposomal precipitates. Furthermore, more
complementary membrane-anchored DNA could
achieve multicompartment cluster composed of different
liposomes (83). Accordingly, multilayer aggregates with
each layer consisting of a unique population of membrane-
embedded compartments can organize and regulate
biochemical reactions at the nanoscale (84), wherein the
reversible crosslinking may be attributed to hydrophobic
anchors-modified DNA strands at both ends (85). On the
other hand, when ssDNA inserts both lipophilic anchors
into the same vesicles, the rigidity of the double helix
increases and membrane anchor is released into solution. In
summary, such reversible assembly of liposomes provides a
precise switch between assembled and disassembled states
of multi-compartmentalized membranous systems (86).
Membrane-anchored DNA oligonucleotide hybridization
can also be employed to investigate the phenomena
associated with ligand-receptor docking and membrane-
surface tethering. Previous study revealed that modeling
lateral domain organization of membrane surface receptors
and cell-to-cell junctions is implicated by lipophilic DNA-
anchored membranes on top of lipid bilayers; while the
lateral mobile lipid-DNA conjugates tend to segregate
by their height (8-24 nm) and the upper lipid bilayer can
accommodate the height difference via deformation (87,88).
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On the basis of these findings, Chan ez al. exploited DNA-
tethered vesicles attached to supported lipid bilayers for
displaying membrane components (89). Importantly, this
novel strategy provides a unique possibility to conduct
many studies, for instance, single particle tracking analysis
of diffusion before and after docking. Note that DNA-
anchored membranes lower the dimensionality of a studied
system, which facilitates monitoring membrane-associated
events using sensitive surface techniques [e.g., total internal
reflection fluorescence microscopy (90), quartz crystal
microbalance (91), surface plasmon resonance (92), and
fluorescence recovery after photobleaching (93)]. Hence,
supported lipid bilayer-mediated assembly of liposomes
serves as a useful tool to create and mimic complex
multicompartment assemblies.

Factors for membrane-anchored DNA

There are several factors to consider regarding DNA
binding to lipid membranes. One key factor is the lipid
composition. Beales er a/. investigated the thermal
stability of DNA duplex formation using membrane-
anchored DNA as model adhesion receptors between
lipid vesicles. They found that the melting temperature
of DNA sequence with short bases is strongly dependent
on the lipid charge of the vesicles membranes (94). Apart
from lipid charge, the phase properties are also important
factors that affect membranes binding to DNA because
of their contribution to physiological function (95,96).
As mentioned above, membranes present multiple
possible phase states, including L,, L;, and L, phase.
Here, membrane-anchored DNA preferentially partitions
between coexisting phases, giving rise to the appearance
of domains with distinct functionalities. A similar behavior
was also reported in previous work (55,75), in which
GUVs were localized in the L, domains. Moreover, the
DNA sequences are another important factor. To study the
effect of membrane-membrane spacing on fusion, Boxer
group constructed a series of conjugates with 2-24 non-
complementary bases at the membrane-proximal ends of
two complementary sequence. They found that effects of
linker sequence on vesicle fusion could be mediated by
lipid-anchored DNA oligonucleotides (97,98). The rates
and extents of lipid and content mixing are progressively
reduced with increasing linker lengths. In addition,
Gartner demonstrated that the kinetic parameters of the
assembly of 3-dimensional microtissues with defined
cellular connectivity depend on DNA sequence complexity,
density, and cell concentration (99).

Microphysiol Syst 2018;2:1
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Figure 2 DNA membrane channels. (A,B) Schematic illustration of the channel formed by 54 double-helical DNA domains packed on a

honeycomb lattice and its corresponding TEM images. Reprinted with permission from ref (50). Copyright 2012 American Association for

the Advancement of Science. (C) Schematic representation of a DNA nanopore and map of the DNA nanostructure. (D) Single channel

current trace of a DNA-nanopore at different potential. (C) and (D) are reprinted with permission from ref (59). Copyright 2013 American

Chemical Society.

DNA-mediated self-assembly of artificial
multicellular systems

Biomimetic trans-membrane channels

With the development of DNA nanotechnology, more
sophisticated DNA origami-based synthetic systems, such
as artificial lipid bilayer-embedded channels, have been
constructed by insertion of DNA nanostructures into a lipid
bilayer, which mimics the behavior of membrane proteins
to control the transport of molecules and ions. Through
the interactions between DNA and membranes described
above, the DNA nanostructures can overcome the large
free energy penalty and are inserted into lipid, thus forming
a hole in the membranes. In addition, such synthetic
membrane channels, compared to the connexins within
gap junctions between cells (100), bacterial drug efflux
transporters (101), and nuclear pore complex (102), offer
a better route to engineer the diameter of channels using
DNA nanotechnology (5). Furthermore, the innovative
studies have also demonstrated that DNA origami-
based transmembrane channels have electrophysiological
properties similar to membrane proteins (50,59,103).
Langecker et al. designed channel-like engineered
nanostructures composed of 54 parallel DNA helices, of
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which six rounding up the center penetrates through the
membrane (Figure 24) (50). As shown in Figure 2B, TEM
image verifies that these mimetic structures are inserted
into membranes with the desired orientation. This bacterial
toxin o-hemolysin-inspired channel is anchored to the
lipid bilayer by 26 cholesteryl anchors. Consequently,
the channels are endowed with a strong hydrophobic
association with the membrane, which compels the inner
channel to penetrate through the membrane. However,
the penetrating column does not contain any hydrophobic
modifications causing lipid bilayer rearranged, as a result a
hydrophilic pore around the DNA channel forms. These
features make the mimetic channels yield gating properties
similar to natural ion channels. This innovated work has
taken the first step toward harnessing ion flux for driving
sophisticated nanodevices.

Another example of mimetic channel was based on
hydrophobic modified structures on the outer surface of the
transmembrane part matching the hydrophobic thickness of
the membrane. Burns and co-workers developed a DNA-
based nanopore with six interconnected DNA duplexes of
about 15 nm long, which was designed to form a central
pore of around 2 nm (Figure 2C) (59). In this case, ethyl
modified phosphorothioate group instead of phosphate

Microphysiol Syst 2018;2:1
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Figure 3 DNA structures for synthetic biology. (A) Scheme for generating size-controlled vesicles by nano-templating. (B) TEM images of

monodispersed liposomes with different sizes. Scale bars: 50 nm. (A) and (B) are reprinted with permission from ref (108). Copyright 2016

Nature Publishing Group. (C) Organizing liposomes with DNA nanocages. Scale bars: 100 nm. Reprinted with permission from ref (109).

Copyright 2017 Nature Publishing Group.

group was used for targeted chemical modification of DNA
backbones, which exactly matches the thickness of the lipid
bilayer. This artful design enabled a stable DNA channel
insertion into the membrane and a tight seal with surrounding
lipid environment (53). When a potential of +100 mV (0
or —100 mV) was applied to DNA-nanopore, a constant flow
of ionic current was generated (Figure 2D), validating that the
DNA-nanopore can work as trans-membrane channels. Such
membrane-spanning DNA channels hold great promising
to aid the design of new molecular devices for controlled
transmembrane transport (104).

DNA structures for synthetic biology

It is well acknowledged that lipid bilayers function as a
dynamic boundary around cells and subcellular organelle
units, which inspires scientists to prepare artificial vesicles
or liposomes as model systems to investigate cell biology
and drug carriers interfering with cell behavior (105,106).
However, compared to proteins or DNA, membranes lack a
defined structure, thus resulting in fragile lipid membranes.
In biology, cytoskeleton which is made up of interconnected
protein rods linked to the membrane is utilized to shape

© Microphysiological Systems. All rights reserved.

mps.amegroups.com

and stabilize membranes. Nevertheless, the cytoskeleton is
difficult to engineer due to its complex architecture, and to
design predictable changes in structure. It is envisioned that
DNA nanotechnology provides an ideal tool for synthetic
biology. As a result of sequence-specific and directional
hybridization of DNA duplexes, it is easy to fold and
assemble DNA strands into structures with well-defined
size and shape. Moreover, in contrast with proteins, the
complexity of DNA sequence is greatly reduced with easy
design procedures. Taking these features into consideration,
it is possible to construct nanoscale objects with a designed
shape using DNA nanotechnology.

Inspired by the protein machineries sculpting and
scaffolding membrane structures in cells (107), Yang
and co-workers designed four different DNA-origami
rings and used them as templates to define the liposome
size (Figure 34) (108). First, they exploited structural
DNA nanotechnology (110) to produce self-assembled
nanostructures with addressable surface, programmable
geometry, and outstanding structural stability as
nanotemplates for vesicles, via the rational design of DNA-
strand hybridization. Following, the interior surface of the
prepared DNA origami nanostructures was decorated with

Microphysiol Syst 2018;2:1
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lipid molecules, which was used to guide the formation
of liposomes. Finally, a series of highly monodispersed
liposomes with sizes of 29, 46, 60 and 94 nm were yielded
(Figure 3B). In comparison with other artificial templates
surrounded by membranes (i.e., an endoskeleton) (111),
the DNA nanostructure developed by Lin functions as
the exoskeleton and generates vesicles with more versatile
functions. Meanwhile, this system provides a good example
for nucleated lipid assembly into a liposome within a DNA
nanostructure template.

Recently, Lin group have applied various advanced
fabrication techniques, including caDNAno (112), curved
multi-helix bundle (113), shape complementarity (114),
and flexible connection between stiff components (115), for
designing DNA origami nanocages as templates to guide
liposome formation (Figure 3C) (109). Each cylinder-like
nanocage consists of two DNA rings separated by four
pillars with connector sites to assemble multiple cages.
After heating and cooling a mixture of DNA strands with
specific sequences, the nanocages were assembled into
linear nanoscaffolds. Thereafter, phospholipid anchors were
tethered to the cages’ DNA rings to position liposomes
inside the cages, followed by adding excess free lipids
to induce the formation of liposomes via self-assembly.
Notably, this modular design with tunable parameters,
including the ring size, the pillar length and rigidity, the
number and position of the handles and teeth, allows to
construct different frames. This modularly designed DNA
nanocages thus produced high-order nanostructures that
can serve as templates for different bilayer shapes (116).

Drug delivery/nanomedicine

Another promising application of DNA nanostructures
in the field of lipid membranes is to develop hybrid
delivery systems for biomedical purposes. Extensive
studies on cellular uptake and intracellular stability of
DNA-based nanostructures have been carried out (117).
A phenomenological work by Church group developed a
logic-gated nanorobot for targeted transport of molecular
payloads (Figure 44) (79). The system is composed of a
barrel with two domains, which are attached by single-
strand scaffold hinges on the one side and fastened by
molecular locks on the other side. Inspired by aptamer
beacons and structure-switching aptamers, they designed
DNA aptamer-based locks responsive to antigen keys.
Consequently, the aptamers bind preferentially to their
targets in the presence of antigen keys, and thus unlock

© Microphysiological Systems. All rights reserved.
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the barrel, resulting in the release of molecular payload.
Moreover, they took advantage of TME imaging to
demonstrate DNA nanodevice in closed and open states,
with and without molecular payload (Figure 4B). The work
provides a prototype for new designs with selective delivery
of biologically active payloads for cell-targeting tasks.

It has been demonstrated that the cytosine-phosphate-
guanine (CpG) oligonucleotides can be recognized by
Toll-like receptor 9 and thus induce immune response
(119). Therefore, CpG oligonucleotides are widely used
as a potent activator in the immunotherapy. However, the
delivery of CpG oligonucleotides remains challenging
because of its easy degradation in physiological conditions
and difficulty to enter cells and reach the target sites (120).
To address these obstacles, Li and co-workers constructed
a DNA tetrahedron nanostructure as a multivalent
nanocarrier for CpG. This DNA tetrahedron nanostructure
is compact, mechanically stable, noncytotoxic, and resistant
to nuclease degradation (Figure 4C) (118). Moreover,
these CpG-tetrahedron nanostructures, compared with
ssDNA, showed higher efficiency to enter macrophage-like
RAW?264.7 cells (Figure 4D) and stimulated higher secretion
levels of certain cytokines (Figure 4E). The work provides
unprecedented opportunities to design drug delivery
nanocarriers capable to tune the drug dosage.

Membrane fusion

Membrane fusion, one of the most fundamental processes,
is essential for eukaryotic cell function. It is coordinated
by membrane-anchored fusion proteins, for instance like
N-ethyl-maleimide-sensitive-factor attachment protein
(SNARE) (121), wherein a specific complex formed by the
cytosolic domains of these proteins pulls the membranes
into close. However, there is a great controversy in the
mechanism underlying fusion (122-124). To mimic SNARE
fusion protein function (125), Gudrun Stengel and co-
worker built a fusion machinery composed of cholesterol-
modified DNA zippers in a reductionist approach to initiate
vesicle fusion (Figure 5A) (47). Here, the cholesterol-
anchored DNA structure aims to minimizing the distance
between two DNA-bridged bilayers. On the other hand,
DNA hybridization in a zippering action stars at the
membranes distal ends and proceeds to the membrane
proximal ends, pulling the membranes into close apposition.
In addition, they explored the effect of anchoring strategy,
DNA length and DNA surface coverage on DNA-mediated
fusion. This work mimics SNARE protein function and

Microphysiol Syst 2018;2:1
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broadens the application of recognition guided membrane
fusion.

Fluorescence assays are generally employed to study the
membrane fusion, such as lipid mixing, inner monolayer
lipid mixing, and content mixing (97,127,128). Previous
study revealed that lipid mixing initiated by the DNA-
zippering mechanism can be up to ~80% (129) and
its efficiency are affected by both lipid compositions
and DNA properties. For example, Gudrun Stengel
et al. found that the rate and extend of lipid mixing
between liposomes can be amplified by inverted-cone
shaped lipids (127). As a result, these lipids induced the
increasing of the stored curvature elastic stress within
membranes and lowered the free energy barrier to the
topological changes (130).

© Microphysiological Systems. All rights reserved.
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Mimicking membrane-related biological events

The membrane mediates various fundamental biological
processes, such as molecular transport, energy conversion,
signal transduction, and intercellular communication (131).
Note that disease progression is induced upon disruption
of such membrane-bound interactions or encounters (132).
It is therefore of great importance to investigate insight of
interaction patterns on live cell membranes. However, it
remains a technical challenge to monitor the interactions
at the cell surface, because of the short lifetimes (ps—ms)
(133) of transient signaling encounter events. Recently,
You group developed a novel DNA probe to address this
challenge by transducing transient membrane encounter
events into readable cumulative fluorescence signals

Microphysiol Syst 2018;2:1
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(Figure 5B) (126).

You and co-workers constructed a well-regulated
dynamic DNA system by employing the live cell
membranes and membrane compounds as the track (T)
and anchor sites (S), respectively. Inspired by tiny motor
proteins powering locomotion (134), the prepared DNA
probes steps onto S and moves along a T (135). Here,
toehold-mediated DNA strand displacement (136) was
employed to make DNA probe (W) translocation from
one anchor (52) to another (S1), in which W hybridizes
to SI resulting in the displacement of S2 from the S2/W
conjugate with the formation of S1/W conjugates. It is
worth to mention that the strand exchange rate exhibited
a linear correlation with the rate of anchor sit encounter
on the membrane. Therefore, the encounter dynamics of
two anchor sited can be calculated through monitoring the
time-dependent variation of DNA probe translocation. As
shown in Figure 5B, the changes in fluorescence intensity
was monitored by fluorescence microscopy, thus confirming
the membrane encounter dynamics. This strategy combined
with compositional profiling of the membrane provides a
powerful tool to aid understanding biological membranes
and their role in health and disease (137).

Outlook and challenges

The remarkable self-assembly property of DNA broadens
its biological applications. DNA nanotechnology as a
rapidly evolving tool shows unique advantages to engineer
biomolecules and biologically relevant processes at
the nanoscale. Accordingly, interacting DNA or DNA
nanostructures with lipids to construct DNA-lipid hybrid
systems opens up a new approach to study and analyze
many biologically important issues, including molecular
transport and cell communications. Many biological
events thus have been successfully reproduced with the
aid of DNA-lipid hybrid systems owing to their spatial
organization of ligands and receptors, membrane curvature,
and phase segregation in a controllable manner, whereas it
is impossible to achieve this using conventional methods.
In order to gain deeper insight into interaction of DNA
with lipids and broad the applications of DNA-lipid hybrid
systems, nevertheless, several major challenges must be
addressed. First, developing a general framework allows
to program the interconnections and superstructures
composed of arbitrary numbers of liposome populations,
which goes beyond conventional binary systems. To achieve
this goal, theoretical developments to assemble complex

© Microphysiological Systems. All rights reserved.
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and multicomponent structures from colloidal particles may
be a promising starting point (138). Another challenge is
how to efficiently control chemicals transport via responsive
gating mechanisms, including compartments with chemical
specificity and the possibility of controlling transport. It
would be a significant step to control trans-membrane
transport by virtue of current techniques, because non-
specific nanopores and complete content mixing or release
are commonly studied in synthetic systems. With regards
to their potential drug delivery application, more attention
should be focused on understanding the interactions of
lipid-DN A hybrid systems with cells and even whole
organisms in order to assess their viability. Considering the
versatility of DNA-lipid hybrid systems, it is envisioned
that future studies may not be restricted to lipid-based
confining layers and will exploit DNA-mediated assembly
for constructing more robust polymersomes (139), hybrid
vesicles (140) and lipo-polymersomes (141).
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