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Abstract

DNA-based nanostructures and nanodevices have recently been employed for a broad range of
applications in modulating the assemblies and interaction patterns of different cell membrane receptors.
These versatile nanodevices can be rationally designed with modular structures, easily programmed and
tweaked such that they may act as smart chemical biology and cell biology tools to reveal insights into
complicated cellular signaling processes. Their outstanding in vitro and cellular features have also begun
to be further validated for some in vivo applications and demonstrated their great biomedical potential.
In this review, we will highlight some key current advances in the molecular engineering and biological
applications of DNA-based functional nanodevices, with a focus on how these tools have been used to
respond and modulate membrane receptor dimerizations and/or oligomerizations, as a way to control
cellular signaling processes. Some current challenges and future directions to further develop and apply
these DNA nanodevices will also be discussed.
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1. Introduction

The cell membrane is a complex mixture of proteins, lipids, and carbohydrates that provides an
essential barrier for cells and enables the compartmentalization of the chemistry of life. The membrane
structure isolates key intracellular biochemical reactions from the outside environment, which also
enables cells to selectively communicate with each other. Signal transduction through the cell membrane
is mediated by various membrane transport proteins and receptors. Membrane-associated proteins can
interact and work together to form key signaling protein complexes that are critical in maintaining cellular
functionality. Complications or dysregulation of these membrane protein interactions are known to lead
to various diseases including cancer, diabetes, and central nervous system diseases, etc.* The ability
to detect and modulate these specific membrane interactions, especially on the live cell surfaces, is thus
critical for studying cell signaling, identifying new targets for disease diagnostics, as well as providing a
new promising approach aid in therapeutics.

Several effective small-molecule ligands (e.g., molecular glues), bispecific antibodies, and
aptamers have been developed for modulating membrane protein assemblies.*” Among these different
types of modulators emerging in this quickly advancing area, DNA-based self-assembled nanostructures
and nanodevices have begun to show some exciting and unique features and functions.®® These
functional DNA nanodevices can be applied in situ on the cell surfaces via membrane-targeting aptamers,
antibodies, covalent linkages, and/or lipid moieties. By working as precise scaffolds and/or reversible
linkers, a broad array of DNA nano-assemblies has been recently engineered to control the spatial
distributions and/or dynamic interactions among different cell membrane receptors. Such DNA
nanodevices can actively engage membrane receptors with high controllability and programmability, used
for regulating cellular signaling processes in live systems. This new field of research has begun to allow
us to explore, in much greater detail, the dynamic structures and functions of the cell membranes.

In this review article, we will highlight some key advances in this emerging field of DNA-modulated
assemblies and interaction patterns of various cell membrane receptors. Starting by introducing different
available strategies to specifically modify DNA nanodevices onto cell membranes, we will then
summarize a large variety of design principles of these DNA nanodevices as well as the signaling
pathways and membrane receptors that have been targeted thus far, with an emphasis on the membrane
receptor dimerizations and oligomerizations. Finally, some critical challenges and potential opportunities
and directions of this exciting new research area will also be discussed. We hope this review article will
inspire more people with diverse backgrounds of chemistry, molecular engineering, nanotechnology, and
cell biology, etc., to join this emerging field of study.

2. Modulation of membrane receptor dimerizations with DNA nanodevices

DNA nanodevices have been widely used to develop non-genetically encoded tools to promote
or inhibit membrane receptor dimerizations and oligomerizations, which have been successfully used to
modulate a range of cellular signaling processes.® Among the most common membrane receptors
explored thus far are integrins, immune cell receptor complexes, and various receptor tyrosine kinases
(RTKs) such as the mesenchymal epithelial transition receptor (Met), vascular endothelial growth factor
receptor (VEGFR) and the epithelial growth factor receptor family (EGFR). RTKs are essential
modulators of cell-to-cell communications,®'" which are single-pass transmembrane proteins that
mediate signal transduction via lateral dimerizations or oligomerizations in the plasma membrane. The
formation of these membrane receptor dimers and oligomers (e.g., through ligand-induced
transmembrane domain coupling) can aid in the occurrence of trans-phosphorylation reactions in their
cytoplasmic domains. Membrane modulation of these receptor assemblies is known to play a critical role
in cancers as well as in regulating normal cellular metabolism and phenotypes such as the cell growth,
proliferation, and differentiation.'?1¢ Here, we will focus on the versatile mechanisms of highly modular
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and responsive DNA nanodevices and showcase how DNA can be an ideal material to achieve
membrane modulations with a great degree of precision and efficacy.

2.1. Bivalent aptamers

Aptamers are single-stranded DNAs or RNAs that have been widely used to recognize specific
cell membrane receptors. Since the inherent nucleic acid nature of aptamers allows them to be directly
incorporated into the DNA nanodevices, these aptamer moieties have been used as one of the most
popular ligands to design and implement DNA nanodevices to target certain cell membrane receptors.
However, it must be noted that as aptamers often evolved through an in vitro systematic evolution of
ligands by exponential enrichment (SELEX) process, and compared to antibodies (i.e., their more natural
equivalent), the cross reactivities and target specificities of these aptamer molecules should be more
carefully examined, as well as their stability and pharmacokinetics for potential in vivo applications. The
current list of membrane targets that can be specifically recognized by aptamers, especially those with
well-characterized binding sites and minimal cross reactivities, is still limited.' While still, as shown in
the following sections, these available aptamers have already demonstrated their great potential as the
target-recognition moieties for engineering functional DNA nanodevices to control membrane receptor
functions.

One of the most straightforward ideas in DNA-modulated membrane receptor dimerizations is to
directly link two aptamers together, one for each target receptor of interest (Fig. 1A). The first successful
demonstration of this strategy was shown by Ramaswamy and collages in 2015,'® where two VEGFR-
targeting DNA aptamers were tethered to each other via an 18-atom hexaethylene glycol spacer.
Polyethylene glycol (PEG) has been popularly used to develop these DNA nanodevices, which is
because PEG is quite biocompatible and flexible in structures, without imposing steric hindrance on the
aptamer-target binding events. After incubating these bivalent VEGFR aptamers with human endothelial
cells, targeted phosphorylation of VEGFR and consequently the activation of downstream Akt pathway,
as well as the formation of capillary-like tubes, all clearly demonstrated the potential function of these
DNA nanodevices as an alternative to the natural cognate ligands of VEGFR in controlling cell signaling.

Similarly, Ueki et al. developed bivalent DNA aptamers to modulate membrane dimerizations of
the Met receptors'® and fibroblast growth factor receptors (FGFRs).2° Supported self-renewal and
pluripotency of stem cells, as well as the enhanced human cell migration and proliferation, can be resulted
from these modulated membrane receptor dimerizations. It is worth mentioning that instead of PEG
spacers, different lengths of single-stranded or double-stranded DNA linkers were used to conjugate two
aptamer moieties. Interestingly, in both studies, a 0-nucleotide “single-stranded linker” was proven to be
most efficient in inducing the target receptor phosphorylation. In the case of Met aptamers, the shorter
the linkers were, the higher the Met activation levels were observed, which may be due to the proximity
or direct contact requirement for the signal activation process. It should also be noted that this is one of
the advantages to using DNA nanodevices to develop these bivalent modulators: the relative distance
and orientation between two anchoring ligands can be fine-tuned for optimized regulation efficacies.
Therefore, the degree of downstream signaling can possibly be controlled very precisely due to these
beneficial properties of DNA nanodevices.

Another key advantage of these bivalent aptamer-modulated membrane receptor assembilies is
that the binding affinities of aptamers and the corresponding receptor signaling activities can be rationally
and easily adjusted, which properties have been well-demonstrated in another study by Akiyama et el.?!
By simply altering the stem sequence of the above-developed Met-targeting bivalent DNA aptamers,'®
they were able to develop partial agonists, with designated maximal receptor phosphorylation level at the
saturated ligand concentration. Without sacrificing the half-maximal concentration of these artificial
bivalent ligands, the Met dimer stability on the cell membranes and their biological activities in regulating
cell proliferation and wound healing can still be dynamically modulated. These bivalent aptamer-based
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partial agonists thus may be potentially used as safer and effective therapeutics, owing to their ease of
design, flexibility, and high modularity. These properties are often not associated with other therapeutic
strategies such as small-molecule drugs.

Bivalent aptamers have indeed been applied in vivo as therapeutic tools. For example, the Sando
group demonstrated that without chemical modifications or delivery agents, Met-targeting bivalent DNA
aptamers can be directly used to activate Met signaling in mouse hepatocytes and alleviate the
progression of an in vivo fulminant hepatitis model.?? Interestingly, these bivalent aptamers exhibited
high stability in serum, which was owing to its self-contained stem-loop structure near the 3’-end that
could minimize the exonuclease digestion. To further increase the biostability and therapeutic potential
of these bivalent aptamers, Liang et al. introduced a circular version of Met-targeting bivalent aptamer to
induce Met dimerization and in vivo repair of analgesic-acetaminophen-induced liver injury in a mice
model.?®>  Without either 5- or 3'-free end, these circular bivalent aptamers can indeed exhibit high
exonuclease resistance and possess better potential as the therapeutic choice for targeting complicated
biological pathways in vivo while maintaining long-term stability in the body. For example, this feature
can be critical for the in vivo recognition of cancer signaling pathways with particular combinations of the
RTK expression patterns.

Another nice example indicating the therapeutic potential of bivalent aptamers was shown by Liu
et al. in attenuating the assembly and toxicity of amyloid B oligomers (ABO) by inducing membrane
dimerizations of cellular prion protein (PrP°) receptors.?* In the presence of PrPC-targeting bivalent
aptamers, the formation of PrPC receptor dimers shedded and protected these membrane receptors from
interacting with ABO. By inhibiting these ABO-PrP¢ interactions, the downstream mitochondrial
dysfunction and caspase-3-induced apoptosis processes can also be prevented, which has been shown
as a major pathway involved in Alzheimer’s disease. These bivalent DNA aptamers may thus be possibly
used for a therapeutic purpose in neurodegenerative diseases given their demonstrated minimal off-
target impacts.

2.2. Responsive DNA nanodevices

DNA nanodevices can also be conditionally activated to regulate the dimerizations of membrane
receptors. These responsive functional DNA structures have been used to reprogram cellular receptors
to respond to non-cognate ligands or user-defined external cues, which can provide a new dimension of
control over cell signaling with great flexibility. For example, Ueki et al. devised a bispecific aptamer
strategy to modulate Met signaling through external protein ligands such as thrombin and platelet-derived
growth factor (PDGF).?> Using thrombin as an example, in their strategy, Met-targeting aptamer was
fused with a thrombin aptamer. Since one thrombin can bind with two orthogonal thrombin aptamers,
after adding thrombin, two bispecific aptamers conjugate together to form “bivalent aptamers” to induce
the Met dimerization and signal activation (Fig. 1B). As a result, external ligands (e.g., thrombin and
PDGF) can now be used to replace cognate ligands (e.g., hepatocyte growth factor for the Met) in
modulating membrane receptor dimerizations, without the requirement of genetic engineering. The same
system can also be used for the detection of extracellular molecules or for the gene expression
regulation.26

In another more modular design without the requirement of two aptamer binding sites per external
cue, Li et al. introduced a toehold-mediated strand displacement strategy to induce Met membrane
dimerizations upon adding small-molecule cues like ATP, histidine, or Zn?*.2” Their DNA nanodevice
comprises two Met-targeting aptamers, one of which was first blocked by a small-molecule-cue-binding
aptamer or DNAzyme (Fig. 1C). In the presence of corresponding small molecular trigger, the blocking
aptamer or DNAzyme will be removed to expose a toehold region and initiate the hybridization of two
Met-targeting aptamers to induce Met dimerization and signal activation. More recently, using a similar
design strategy, the Nie group further engineered a smart DNA nanodevice to reprogram non-
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mechanosensitive RTK receptors for sensing mechanical forces and achieving intercellular
mechanotransduction.?82°

In addition to the chemical and mechanical cues, a range of light-response DNA nanodevices
have also been developed to modulate cell membrane receptor dimerizations. One dramatic advantage
of these optically controlled nanodevices is their extremely high spatial and temporal precision. Chen
and colleagues reported one of the first demonstrations of light-induced activation of membrane
dimerization.3® In their design, again using Met dimerization as the example, a photocaged ortho-
nitrobenzyl group-containing blocker DNA was initially hybridized with one Met-targeting aptamer. Right
after a brief UV light irradiation, the rapid cleavage of the photocage removed the blocker DNA and
triggered the assembly of two Met aptamers for the activation of Met signaling. Very similarly, the Sando
group applied another 6-nitropiperonyl-methyl photocage to achieve photo-induced membrane
dimerization of the Met receptors (Fig. 1D).3" Intriguingly, by controlling the light irradiation pattern, the
dynamics, durations, and efficiencies of Met signaling can be modulated correspondingly. These signal
activations can occur only in the area being irradiated, proving the great spatiotemporal precision of such
light-modulated cell signaling.

Such light-controlled approaches are also useful for in vivo applications as demonstrated by the
Nie group.? In their work, trigger DNA-modified gold nanorods can absorb near-infrared (NIR) light to
achieve photothermally controlled DNA release and bridge two Met-binding aptamers together on the cell
membranes. Compared to UV light, NIR light exhibits much deeper tissue penetration depth and is ideally
suitable for in vivo applications with minimal photodamage. Indeed, in mice models, such photo-
controllable DNA nanodevice can promote the migration, proliferation, and differentiation of the muscle
satellite cells for the skeletal muscle regeneration. Using different light, chemical, and/or mechanical
triggers, we expect some additionally validated and precisely modulated in vivo usage of the responsive
DNA nanodevices will be followed in future research. These stimuli-responsive tools enable precise
temporal control and are of particular interest in the development of targeted and personalized
therapeutics, as that shown in the successful clinical applications of light-activated therapeutics especially
the photodynamic therapy.3?

2.3. Reversible and dynamic modulators

An additional key feature of DNA nanodevices is their ability to undergo reversible hybridizations,
which is particularly useful for dynamic and controllable cellular regulation. One technique that has
gained attention for labelling membranes for such functionality involves the conjugation of nucleic acids
with hydrophobic moieties, especially different lipid molecules.343¢ Cholesterol is the most commonly
used lipid for this purpose. Cholesterol-modified oligonucleotides are commercially available and can
spontaneously and efficiently insert onto various cell membranes after a simple and brief incubation step.
While these lipid-DNA conjugates have been widely used for cell membrane imaging and manipulation,3®
one major limitation is that they cannot specifically label certain receptors and therefore are distributed
throughout the whole membranes or within lipid domains. For example, we have previously developed
a type of “DNA Zipper” nanodevice to tune the membrane binding durations of two lipid molecules based
on short complementary DNA strands.?”:38 By changing the number of base pairs between two lipid-
modified DNA strands (Fig. 2A), the binding strength of lipid dimers on live-cell membranes could also
be precisely modulated for studying membrane order and heterogeneity, as well as their involvement in
processes such as T-cell signaling and epithelial-to-mesenchymal transition of cancer. By using such
probes, it was revealed that lipid domain formation precedes the activation of T-cells and then gradually
disperses after the activation events. Meanwhile, the T-cell-receptor/CD3 complex colocalizes within
liquid-ordered membrane domains upon T-cell activation, indicating a close correlation between lipid
domain formation and the stimulation of T-cell signaling.
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Another excellent example was demonstrated by the Tan group, where a tweezer-like DNA
nanodevice was engineered to dynamically regulate the membrane distance between dimeric CD28
receptors.®® These “DNA nanotweezers” comprises two 14-nm-long arms interconnected by a single-
stranded DNA hairpin in between (Fig. 2B). After adding a complementary DNA, the hairpin structure
converts to a rigid DNA duplex and opens the nanotweezer. The complementary DNA can be further
removed by another competing strand, and as a result, >10 cycles of alternate open and close switching
of the DNA nanotweezer was able to achieve and used to modulate CD28 receptor signaling and T-cell
activities. Very similarly, Li et al. devised another smaller hairpin-based “DNA nanorobot” to reversibly
modulate the dimerization and de-dimerization of membrane Met receptors by controlling their
distances.®® Composed of only three DNA strands, this switchable DNA nanodevice was capable of
dynamically regulating the cell migration process mediated by the Met signaling. Such systems enable
us to study cell signaling kinetics in real-time with well-controlled starting, duration, and ending points,
which has proven to be a challenge in the past. Another key feature of these reversible modulators is
their ability to control membrane receptor dimer cycling in between the off and on states for multiple
rounds, which can be useful for validating the cellular responses to these membrane receptor patterns
and better mimicking the natural dynamic signal transduction processes.

Such receptor distance-dependent membrane modulation has been more carefully characterized
by Wang et al.#' By introducing between two EGFR-targeting aptamers with a double-stranded DNA
bridge of seven different lengths (in the range of 0-100 base pairs, i.e., ~0—34 nm distance), the
correlation between the receptor distance and its signal activation efficiency was explored in detail (Fig.
2C). Their results indicated that as the DNA duplex length increases, their effects on the EGFR activation
gradually decrease, until after reaching 50 base pairs, where an inhibition effect starts to appear. Owing
to the rigidness of DNA duplex, it can act as a rod to prevent two receptors from interacting with each
other on the cell membranes. Indeed, DNA nanodevices, with well-controllable hybridization dynamics
and spatial distances, can be used to precisely regulate the proximity of membrane receptors for either
activation or inhibition of cell signaling, which shows the extent of the sensitivity of cell signaling to the
proximity-induced dimer formations.

In another membrane dynamic DNA nanodevice, Li et al. engineered an autonomous DNA walker
that can stepwise move along the cell membranes and catalytically drive the formation of multiple Met
receptor dimers.*? In this system, a Zn?*-activated DNAzyme functions as the DNA walker, once
activated, it can induce the trans-cleavage of a foothold strand and activate one Met-binding aptamer.
The activated Met aptamer will then hybridize with another actuator Met aptamer to induce the membrane
Met receptor dimerization, while the DNA walker itself will move to the next foothold strand via a toehold-
mediated strand displacement reaction (Fig. 2D). The walker strand can continue relocating from one
foothold DNA to another, increasing the number of receptor dimers and resulting in significantly enhanced
cell migration over time.

2.4. Smart receptor dimer inhibitors

Instead of membrane homodimer-induced signal activation effect, the receptor dimer inhibition
function of DNA nanodevices has been nicely demonstrated in another work by the Yang group.*?® In this
approach, a bispecific aptamer was used to inhibit the formation of Met dimers by artificially inducing a
non-natural transferrin factor (TfR)-Met membrane dimer instead (Fig. 3A). Even in the presence of
hepatocyte growth factor (HGF), a cognate ligand for promoting membrane Met dimerization, the TfR-
Met-bispecific aptamer can still inhibit Met assembly via a steric hindrance effect and competitive receptor
binding. Selective and efficient reprogramming of cell signaling was thus possible here for potential
therapeutic functions. For example, while cancerous cells can overexpress Met receptor, these RTKs
are also expressed at a lower level during normal cell growth. Smart receptor dimer regulators that
function only on a certain Met membrane concentrations can be used for more targeted cancer therapy.
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Using the same concept of Met inhibition with the TfR-Met heterodimer, Wu et al. further
developed responsive DNA bispecific aptamers that can be specifically activated in the tumor-like acidic
and high ATP level environment.** A pH-responsive i-motif structure and an ATP-binding aptamer were
both employed in their DNA nanodevice to allow the conditional activation of TfR-Met heterodimers only
in the presence of both low pH and high ATP conditions. The potential therapeutic precision of the
nanodevice was further enhanced as TfR is a tumor cell-specific membrane receptor. Indeed, the
targeted inhibition of Met dimerization and reduced cancer cell motility was shown using this smart DNA
nanodevice.

The reliability and programmability of engineering logic-gated inhibitory DNA nanodevices was
also nicely demonstrated by the Li group,*® where multiple AND, OR, NOR, and AND/OR logic gates
were designed based on DNA- and light-regulated TfR-Met membrane heterodimers. For example, in a
two-layered AND/OR logic circuit, the presence of both a short trigger DNA and light irradiation (an AND
gate) is needed to remove two block strands, which further induces the dimerization formation between
a TfR and Met receptor. Alternatively, a long trigger DNA itself can be enough to remove both block
strands, equivalent to a logic OR gate. Using these programmable DNA nanodevices, elaborate and
sophisticated membrane assembly control and cell signaling patterns can be expected in the near future.
The potential applications of these highly programmable logic-gated devices may be seen in the field of
targeted immunotherapy and tissue engineering, where layers of stimuli control are highly valuable and
represent one major challenge that the successful incorporation DNA nanodevices can make a giant leap
forward in the field.

In another intriguing design of multi-functional DNA nanodevice, Chen et al. visualized the Met
signaling-induced VEGF secretion by using a two-armed lipid-anchored aptamer probe. Dimerization of
Met triggers the release of VEGF that can be detected by one aptamer arm of the probe to generate
fluorescence. Light-responsive photocleavable aptamer on the other arm is used to achieve controllable
inhibition of membrane Met dimerizations.#6 After the membrane detection of cellular secreted VEGF
using an aptamer probe on one arm of the DNA nanodevice, the UV light was irradiated to rapidly cleave
a photocage group and release an activated Met-targeting aptamer (Fig. 3B). This aptamer can then
bind to the Met receptor and prevent it from accessing another Met receptor, which thus effectively shuts
down Met signaling and consequently reduces VEGF secretion. As shown by these representative
examples, owing to their highly predictable hybridization and modularity, DNA-based nanodevices have
started to be used as unique tools in a broad range of logic-based smart applications on living cell
membranes.

2.5. Proximity-induced dimer stabilizers

Another type of DNA nanodevice has been developed to convert transient membrane receptor
dimers into more permanent binding pairs. It is worth noting that different from the above-discussed
bivalent aptamers, here, the conditional membrane activation of these dimer stabilizers requires some
initial proximity and binding duration between the target receptor pair of interest. These proximity-based
DNA stabilizers can be used for both membrane dimer modulation and imaging. One of the first examples
was demonstrated by Liang et al. by using a Met dimerization-triggered strand displacement system.*”
In this system, a transient HGF-induced Met homodimer induces the formation of an 8-base-pair-long
DNA duplex, which further initiates a toehold-mediated strand displacement reaction to form a stable
DNA three-way junction structure (Fig. 3C). In the absence of HGF, this DNA nanodevice will not stabilize
the membrane Met dimerization, which is quite different from that shown by directly using a bivalent Met
aptamer. By further labeling these DNA strands with a FAM and Cy5 fluorophore pair, membrane Férster
resonance energy transfer (FRET) signals can be detected for imaging the spatial distributions and
membrane dynamics of HGF-induced Met receptor dimerization events.
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To further increase the sensitivity of these proximity-induced dimer stabilizers and also test their
potential in vivo usage, Wang et al. employed a similar strand displacement-induced three-way junction
formation design to assemble Met receptor dimers, but also additionally combined with a hybridization
chain reaction (HCR) strategy.® HCR is a widely used enzyme-free isothermal signal amplification
method. In this design, after Met proximity-induced strand displacement reaction, an HCR initiator was
exposed at the site of dimerization, which triggered the sequential hybridizations among two types of
HCR hairpin probes to produce amplified in situ fluorescence signals (Fig. 3D). Such a sensitive
nanodevice was later also proven to be effective for imaging Met receptor dimers in zebrafish embryos.
With a similar goal of achieving highly sensitive dimer imaging and stabilization, even at the single-
molecule level, the Xu group developed a DNA “plasmon ruler” using Au nanoparticle-modified DNA
strands.*® Instead of using a FRET or fluorophore-quencher pair, the Met receptor proximity-induced
plasmon coupling between a 50 nm and 20 nm Au nanoparticle results in a bright scattering signal change
under dark-field microscopy. By applying these DNA plasmon rulers, real-time manipulation of Met
membrane assembly and disassembly, as well as high-resolution long-term imaging of Met dimers were
successfully achieved on living cell surfaces.

Bioorthogonal functional groups (e.g., azides, alkynes, and ketones) can also be introduced into
membrane receptors through metabolic labeling and/or genetic code expansion.®® Afterwards, DNAs will
selectively conjugate to these functional groups to achieve targeted membrane labeling. Similarly,
membrane receptors can also be genetically engineered with active peptide or protein tags (e.g., His tag,
SNAP, and HaloTag), and then immobilize DNAs at the active sites of these peptide tags. These two-
step modification strategies can often result in a very efficient and robust site-specific incorporation of
DNA nanodevices onto proteins of interest, although these tags can only used for genetically engineered
membrane receptors, rather than endogenous protein targets. Considering these advantages, a covalent
DNA-based proximity modulation method has been reported by Yang et al.5' In their method, a dibenzo
cyclooctyne-modified DNA was covalently conjugated with azide-bearing membrane glycoprotein
receptors as introduced via metabolic glycan labeling (Fig. 3E). Further guided by Met-, EGFR- or HER2-
targeting aptamers, such covalent modification can be achieved onto specific membrane receptor of
interest for imaging and modulating different receptor homo- and heterodimers.

Ogorek et al. also developed a proximity-based strategy to covalently label membrane protein
receptor dimers with the biotin moieties.’? The system works similar to the above-mentioned
dimerization-triggered  strand  displacement reaction,*” but instead by activating a
Ru(bpy).(phenanthroline) photocatalyst to induce localized protein oxidation with a biotin phenol
molecule. Using both aptamer-based Met dimer labeling and antibody-DNA conjugate-mediated HER2-
HER3 heterodimer conjugation as the examples, the authors validated a powerful DNA nanodevice for
dimer-specific covalent modulation, and also potentially for the identification of new binding partners of
membrane protein receptors. Therefore, as highlighted above, antibodies have also been used to anchor
DNA nanodevices onto cell membrane protein receptors with high specificity. These membrane
anchorings occur based on either reversible non-covalent binding or more permenant covalent
modification of target proteins. Since covalent modification can likely be more effective in allowing long-
term membrane DNA anchoring even after washing away free DNA strands to reduce non-specific
interactions, these covalent DNA-protein linkages do seem to be an attractive alternative to the common
noncovalent assemblies. Still, the covalent linkage between DNA and endogenous membrane receptors
can now be achieved via ligand-guided proximity labeling, such as by using thiol alkylation of cysteines,
primary amine modification, click chemistry or photo-crosslinkers.53-5

3. Modulation of membrane receptor oligomerizations using DNA nanodevices

Cell membrane signaling is clearly not only reliant upon receptor dimerizations. More complex
membrane signaling networks also involve the modulation of larger-scale receptor assemblies. For
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example, the formation of membrane receptor oligomers and complexes among various G-protein-
coupled receptors are known to play a critical role in regulating cellular ligand binding, receptor maturation
and internalization in neuron and cancer cells.>-%° |n addition to the above-discussed dimerization
controls, DNA-based nanodevices have also begun to show versatile usage in regulating the membrane
oligomerization and crosslinking of different receptor molecules.

3.1. Polymeric DNA scaffolds

DNA oligonucleotides can be self-assembled into larger polymerized structures. As multiple
receptor-binding sites can be potentially modified on these DNA polymers, one simple approach to
modulate receptor oligomerization is to directly use ligand-modified DNA polymers as scaffolds to guide
the assembly of membrane receptors. In one of the earliest examples, Zhang et al. demonstrated the
synthesis of a DNA polymer scaffold that contains multiple anti-CD20 antibodies, which can efficiently
induce membrane CD20 clustering to mediate the apoptosis of B-cell lymphoma.®® This DNA polymer
was prepared based on an isothermal rolling circle amplification (RCA) reaction, where a circular DNA
template is used to produce a long sequence-repeat single-stranded DNA product (Fig. 4A).

Another similar RCA-based DNA polymeric nanodevice was later reported by the Li group, who
used a multi-Arg-Gly-Asp (RGD)-modified DNA scaffold to reversibly modulate the membrane distance
and aggregation status of the integrin receptors.®' The reversibility of the DNA nanodevice was achieved
based on the repeated hairpin structures in the DNA polymer, which can be open and closed via the
addition of complementary DNA strands (Fig. 4B). Once opened, the distance between two RGD ligands
(as well as between integrins) increased significantly, which further activated the phosphoinositide 3-
kinase (PI3K) and Rac family small GTPase 1 (Rac1) signaling and impacted the cellular morphology.
Compared to the above-mentioned single-stranded RCA DNA nanodevice,? another major difference
here is the RGD ligands were introduced via a complementary DNA sequence to hybridize with the single-
stranded RCA product. This synthesis route can have better modularity and be used to produce a more
rigid DNA nanodevice (with double-stranded regions) to control the spatial distances among different
membrane receptors.

Instead of adding complementary DNA strands, Sethi et al. developed a more convenient light-
controlled DNA nanodevice, using such RCA reaction-produced hairpin-containing DNA nanodevice.®?
Photoswitchable azobenzene moieties were incorporated in the DNA strands here. Under UV or visible
light irradiation, azobenzene can switch between the cis- and trans-conformation, which consequently
inhibits or promotes DNA hybridizations and regulates the shrinking and relaxation states of the whole
nanodevice (Fig. 4C). By modifying with the RGD ligands, such photo-controlled shrunken or relaxed
spring-like DNA nanodevice was able to dynamically control the membrane aggregation status of the
integrin receptors and used to fine-tune the morphology of human mesenchymal stem cells.

Rather than using the RCA reaction to prepare single-stranded DNA scaffold, the above-
mentioned HCR system has also been applied to produce double-stranded DNA polymeric membrane
receptor scaffold. In one study by Yang et al,®® the HCR trigger and two hairpin strands were first
conjugated via aptamers to specific membrane receptors, such as the human protein tyrosine kinase 7
(PTK?) (Fig. 4D). Once adding an activator DNA, a membrane-anchored HCR interaction occurs that
can either induce a homogenous oligomerization of the same PTK7 receptor protein or trigger the
heterogenous clustering of two types of membrane receptors targeted by different DNA aptamers. These
versatile DNA polymeric nanodevices have been used to modulate cellular migration, proliferation, and
survival capabilities.

3.2. DNA origami-guided spatial receptor patterns
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In addition to the “two-dimensional” DNA polymeric scaffolds formed via HCR or RCA reactions,
more precise control over the membrane receptor distance, three-dimensional geometry, and
stoichiometry can be achieved using designed DNA origami nanostructures. Since the initial
development of DNA origami by Rothemund in 2006, these self-assembled DNA architectures of
complicated shapes and patterns have now been broadly used to study and control biological systems.?
One of the first DNA origami design used for membrane receptor organization and cell signaling
modulation was reported by Shaw et al.?> By decorating an 18-helix bundle DNA origami with ephrin-A5
ligands of varied distance from ~14 nm, to ~100 nm, the binding strength and signal activation efficiency
of the EphA2 receptors on breast cancer cell membranes can be modulated differentially (Fig. 5A).
Interestingly, when separated at a ~100 nm distance, the ephrin-A5 ligands exhibited similar efficiency
as a single ephrin-A5 in activating EphA2 clusters. While at a ~43 nm distance, a more significant effect
on modulating cell migration was observed, indicating the importance of ligand spacing in regulating
membrane receptor clusters. Further decrease in the ligand distance (such as at ~14 nm) or increase in
the number of ligands didn’t really impact the EphA2 signaling outcomes.

In another work by the Hégberg group, both a hexagon- and a square-shaped wireframe DNA
origami flat sheets were prepared as the templates to organize the spatial pattern and stoichiometry of a
17-amino-acid-long cyclic peptide to mimic apoptosis-inducing ligands for modulating oligomerization of
the death receptor 5 (DR5).66 The authors first confirmed the successful conjugation of six peptide
ligands (>75%) on each DNA origami structure using both gel electrophoresis and a single-molecule
localization microscopy technique, “DNA-PAINT”. By changing the inter-ligand spacing from ~5.7 nm to
~25.5 nm on hexagon- and from ~6.3 nm to ~11.1 nm on square-shaped flat sheets (Fig. 5B), the most
effective DR5 clustering and cell apoptosis was observed when these ligands were separated with a <10
nm spacing. Such modulations worked on all three types of human breast cancer cell lines being tested,
including the ones previously deemed to be resistant to the natural DR5 ligand treatment. Similarly, the
Zhao group applied flat rectangular DNA origami to explore how the inter-ligand spacing of tumor necrosis
factor-related apoptosis inducing ligand (TRAIL) trimers could affect the clustering of death receptors and
lead to apoptosis.6” By varying the distance of the TRAIL trimer in the range of 1560 nm, the most
effective cytotoxicity and antitumor effect in a COLO205 xenograft-bearing mouse model at a spacing of
~40 nm. A DRS5 clustering “active unit” model has been further proposed in this study, providing additional
insights regarding how improved therapeutics may be designed by using optimum spatial orientations of
the TRAIL trimers to achieve maximum cell death.

An intriguing triangular DNA origami scaffold was employed by the Zhang group to spatially
arrange three types of membrane receptors together.%® Aptamers targeting EpCAM, HER2, and EGFR
were attached at different corners of three triangles with distances of ~30, 70, and 100 nm (Fig. 5C).
These inter-ligand distances are associated with the average diameters of the corresponding receptor
clusters on natural cancer cell surfaces. Such DNA nanodevice exhibits much enhanced binding affinity
against target breast cancer cell lines, indicating the importance of matching membrane receptor patterns
for the improved ligand binding on the cell surfaces. Meanwhile, these triangular aptamer patterns can
also be used for the efficient separation and enrichment of rare circulating tumor cells from peripheral
blood samples, suggesting their potential function for clinical diagnosis.

Moving on from 2D assemblies to 3D, a type of RGD peptide-modified DNA nanotubes has been
constructed to enhance the differentiation of neural stem cells into neurons.®® In this study, the Stupp
group synthesized a ~14-nm-long and ~20-nm-in-diameter DNA nanotube unit that can end-to-end
conjugate together to form micron-long fiber structures. Containing 7—10 RGD peptides in each nanotube
unit, this large self-assembled DNA device can efficiently promote the adhesion and selective
differentiation of neural stem cells. The Wei group has also made use of tube-like DNA nanostructures
to control the distance between two EGF ligands at either ~25 or 100 nm for the differentiation of wild-
type and mutated EGFR-expressing lung cancer cells.”® The general spacing between EGFR receptors
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appears to vary significantly between these two cell types, with mutated EGFR cells (as that shown in
lung adenocarcinoma patients) exhibiting narrower receptor distances. By comparing the EGFR mutation
differentiation results using DNA nanodevices with next-generation sequencing data, good concordance
was observed within clinical samples, demonstrating a rapid diagnostic approach for detecting a common
subtype of lung cancer.

Rod-like insulin-containing DNA origami has also been reported by the Teixeria group to achieve
multivalent activation of insulin receptors.”* A 140-nm-long DNA nanorod was modified with 1, 2, 4, 7, or
15 insulins with a constant (7 nm) or different spacing (Fig. 5D). Both valency and spacing were found
to be critical in the activation of insulin receptor pathways as well as the modulation of transcriptional
responses. The optimal multivalent 7-insulin-containing DNA nanorod (NR-7) can also be used to reduce
free glucose levels in a zebrafish model. Considering the importance of insulin therapeutics in the
treatment of diabetes, these data may suggest a potential new DNA-based therapeutic approach by
controlling both the valency and spatial orientation of the insulin ligands.

In another study, the Hogberg group demonstrated a force-independent Notch activation model
using Jag1-modified DNA origami nanorod.”? Notch signaling is well-conserved in development and has
been used as targets for cancer therapy. A 4—12 pN range pulling force has been thought as necessary
for the activation of membrane Notch receptors. Interestingly here, by increasing the number of Jag1 on
the DNA nanorod, or even using only one Jag1 together with other membrane binders, significant
activation of the Notch signaling was observed without the involvement of pulling forces (Fig. 5E). Two
possible mechanisms have been proposed: due to either the increased ligand-receptor membrane
association time or that combined with the mimic of neighboring cell environment from the bulk DNA
nanostructure. While further validations are still needed, this work demonstrated the great potential of
DNA nanodevices for developing new soluble Notch agonists for cancer or regenerative medicine.

A pH-responsive DNA origami has also been recently developed by the Chen group for controlling
CD95 signaling on the surface of immune cells.”® In this device, an i-motif sequence was used to control
the reversible transition of a CD95 ligand-incorporated DNA origami between an open and closed pattern
(Fig. 5F). Under acidic condition like that within inflamed synovial tissues, the CD95 ligand clusters will
be exposed for the conditional activation of CD95 receptor-induced death signaling. While at neural pH,
the CD95 ligands can be protected inside the DNA nanodevice to minimize their off-target toxicity. Such
a smart and programmable system has also been validated in vivo in a collagen-induced arthritis mouse
model after intravenous injection. This is an excellent example demonstrating the promise of DNA
nanotechnology for the development of intelligent targeted therapeutics.

3.3. Lipid raft modulators

Lastly, instead of directly targeting a specific membrane protein receptor, DNA nanodevices have
also been developed to modulate the formation of membrane lipid domains or lipid rafts, which can
function as the reaction hubs for different membrane receptors. As a result, these DNA-based lipid raft
modulators can provide an alternative avenue for regulating the dynamic aggregations of membrane
receptors and thus for controlling cell signaling. For example, the Li group synthesized cholesterol-
modified DNA probes to stabilize transient lipid rafts and used them for activating T cells.” In their design,
a 5’-cholesterol-functionalized DNA strand can hybridize with another 5’-cholesterol DNA (Fig. 6A). After
hybridization, a large cluster of cholesterol-DNA conjugates can be aggregated on the cell membrane via
hydrophobic interactions. These cholesterol-enriched membrane regions can further recruit raft-
associated lipids and protein receptors to facilitate the formation of membrane lipid rafts. Meanwhile, by
adding a longer complementary DNA to displace and disrupt the hybridizations between two cholesterol-
modified DNA strands, these lipid rafts can be in situ redistributed and dispersed on the membranes.
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In a more advanced design, Su et al. developed an ATP-triggered HCR DNA nanodevice that
contains multiple cholera toxin B (CTxB)-targeting DNA aptamers to control the membrane assembly of
ganglioside (GM1), another key component of lipid rafts.” In the presence of ATP, HCR-produced DNA
polymer fluorescence can be clearly visualized on the cell membranes (Fig. 6B), which was gradually
transformed into clusters and associated with membrane lipid rafts. Interestingly, clustering of cell
surface CD44 adhesion receptors was also found to be colocalized in these DNA-enriched raft regions,
which lead to the inhibition of F-actin and integrin and result in an attenuated cell mobility. Such a system
was further validated in vivo using a melanoma mouse tumor model. The tumor growth was indeed
effectively inhibited after an intratumoral injection of DNA nanodevices. These results indicate that the
modulation of lipid rafts can be directly used to impact cell signaling and disease models, which appears
to be an emerging strategy for therapeutics with the ability to control a broad range of receptor targets.

DNA origami-based nanodevices have also been employed to manipulate the cell membrane
local lipid environment and phase separation. For example, Chen et al. recently developed a 90 nm x
60 nm rectangular DNA origami platform, which was decorated with aptamers either targeting CTxB or
transferrin receptor, which are located in the raft and non-raft regions of the cell membrane,
respectively.”® The authors also anchored a gold nanorod onto each origami assembly in order to
generate localized heat upon an NIR light irradiation and also to explore how these domain-specific heat
will impact membrane phase separation and dynamics. After raft- and non-raft-targeted heating
treatment, proteomics analysis was performed using MCF-7 cells, where a number of proteins were
discovered to be up- or down-regulated in both cases. Further pathway analysis demonstrated that both
raft- and non-raft-targeted treatment can result in cell signal transduction related to the migration process.
Such a remotely controlled nanodevice has also been used in an in vivo mouse wound healing model,
demonstrating their potential usage in advancing our understanding and ability to modulate lipid rafts as
potential therapeutic strategies, opposed to traditional techniques.

4. Conclusions and perspectives

As demonstrated by the multiple examples shown in this review, DNA-based nanodevices, with
highly predictable and modular structures, have enabled a range of design and applications in modulating
the dimerization and oligomerization status of cell membrane receptors. These functional nanodevices
can respond to various stimuli inputs and consequently reprogram cell signaling outputs with high spatial
and temporal precision. A dynamic, reversible, and logical modulation of the interaction patterns among
various homogenous and heterogenous membrane receptors can be rationally achieved by using these
DNA nanodevices. Having such versatile properties to directly influence and modulate cellular signaling
is a very attractive feature and a significant advance in understanding cellular systems. These systems
have begun to advance our understanding of cell membrane structures, the biophysics of receptor
dimerization, and their associated signaling pathways, all of which fields are of paramount importance in
cellular biology and drug discovery.

Meanwhile, these cell membrane DNA nanodevices have also begun to be used for some in vivo
applications, for the potential therapeutic and/or diagnostic purposes. Without the need for genetic
encoding, these highly controllable and precise DNA nano-assemblies may be potentially used for
developing much safer and more effective therapeutics. Such DNA-based nanodevices can be easily
anchored onto cell membranes with minimal immunogenicity or toxic impacts from the DNA
nanostructures themselves. While owing to their modular design and programmable features, once
recognizing some particular cellular receptor targets, DNA nanodevices can enable the rapid modulation
and perturbation of specific cell signaling events. In addition, different drug and stimuli-responsive (e.g.,
photocage) moieties can be modified within these DNA nanodevices to further enhance their therapeutic
power. Meanwhile, by incorporating with some reporter units, such as fluorescent dyes, DNA-based
systems can serve as a great platform for monitoring receptor modulated live-cell signaling events, as
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well as for developing vital drug screening assays. The recent rapid progress in this emerging field is
really exciting. But meanwhile, we would like to highlight some current challenges and potential directions
that will need some immediate or long-term efforts.

First of all, most of these current studies have been based on some similar and well-characterized
model membrane receptor system, like the Met dimers. However, the human interactome has been
estimated to involve ~130,000-650,000 different protein pairs, including many membrane protein
receptors, like ~800 transmembrane GPCRs.27778 The cellular functions of most majority of these
interactions remain elusive and barely understood. The modulation of these unknown or less-studied
membrane receptor assemblies can be potentially important for interpreting the fundamental properties
of cellular networks and for identifying new potential therapeutic targets in diseases. DNA nanodevices
may potentially play a critical role here.

Secondly, most current DNA nanodevices function by using specific ligand-receptor interactions
to bring multiple receptors into close proximity. However, proximity itself may not induce the formation
of native or desired protein conformations or interfaces for the receptor assembly. Meanwhile, we have
to consider the steric effects induced by these DNA nanodevices, especially within some rigid
nanostructure scaffolds. This challenge has been further complicated as the detailed crystal structures
of most ligand-receptor pair and/or receptor aggregates are still missing. In addition, the popular use of
aptamers as the ligand molecules in developing DNA nanodevices, though stems from their nucleic acid
nature, precautions are indeed needed to ensure minimal cellular or in vivo cross reactivities of these
mostly in vitro identified ligand molecules.

In addition, even though the in vivo functionality of these DNA nanodevices have been
demonstrated in several preliminary studies, the detailed pharmacokinetic characteristics of these nucleic
acid molecules are still largely lacking. We have limited knowledge about the biostability, distribution,
and in vivo target protein specificity and modulation efficacy of these DNA nanodevices, as well as their
impacts on the metabolism, proteome, and transcriptome, etc. Nevertheless, as a rapidly growing field
of research, all these current challenges represent great potential opportunities to really convert these
versatile membrane-modulating DNA nanodevices into real clinically effective therapeutic tools.
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Fig. 1  (A) Schematic of a bivalent DNA aptamer-induced membrane receptor dimerization that
consequently activates trans-phosphorylation and cell signaling. (B) Schematic of a bispecific aptamer
that can bind non-cognate ligands and then trigger membrane receptor dimerization. (C) Schematic of a
non-cognate ligand-triggered strand displacement reaction that induces membrane receptor
dimerization. (D) Schematic of a photocaged DNA that can hybridize with each other after UV light-
induced cleavage and then trigger membrane receptor dimerization.
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Fig. 2 (A) Schematic of a DNA Zipper nanodevice that dynamically modulates the binding strength of
membrane lipid dimers to regulate membrane lipid raft formation and cell signaling. (B) Schematic of a
tweezer-like DNA nanodevice that can reversibly modulate membrane receptor dimerization via adding
a complementary DNA (cDNA) to open the hairpin or further adding a complementary DNA to the cDNA
(ccDNA) to reverse the effect. (C) Schematic of the distance-dependent control of receptor dimerization
on live cell membranes using rigid duplex DNA strands. (D) Schematic of a Zn?*-activated DNAzyme
walker that can induce the frans-cleavage of foothold strands (S1, S2...Sn) and activate receptor-binding
aptamers. The activated aptamer (e.g., S1 here) will further hybridize with another actuator aptamer (cS)

to induce receptor dimerizations.
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Fig. 3 (A) Schematic of a bispecific aptamer that can inhibit the formation of membrane receptor dimers
by forming a non-natural dimer instead. (B) Schematic of a two-armed lipid-DNA probe that can
recognize VEGF secretion from Met activation and then inhibition of Met dimerization upon light
irradiation. (C) Schematic of a ligand-induced transient receptor dimer that further initiates a toehold-
mediated strand displacement reaction to form a stable DNA three-way junction structure. (D) Schematic
of a ligand-induced receptor proximity that triggers the sequential hybridizations among two hybridization
chain reaction hairpins, H1 and H2, to produce a stable DNA polymer for the modulation and imaging of
membrane receptor dimers. (E) Schematic of an azide-DBCO click chemistry approach after metabolic
labeling to targeted label and monitor membrane receptor dimerization in real-time.
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Fig. 4 (A) Schematic of a rolling circle amplification-produced DNA polymer that contains multiple
biotinylated sites to modify with neutravidin and biotinylated antibody, which is used to mediate receptor
oligomerization. (B) Schematic of a ligand-modified rolling circle amplification-produced DNA polymer
that can reversibly modulate membrane receptor oligomerization via adding a complementary DNA
(cDNA) to open the hairpin or further adding a complementary DNA to the cDNA (ccDNA) to reverse the
effect. (C) Schematic of a ligand-modified rolling circle amplification-produced DNA polymer that contains
photoswitchable azobenzene moieties. Azobenzene undergoes cis- and frans-conformation after UV or
visible light irradiation, which reversibly control the close and open of DNA hairpins to dynamically control
membrane receptor oligomerization status. (D) schematic of a hybridization chain reaction-based hetero-

clustering of two types of receptors on live cell membranes.
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Fig. 5 (A) Schematic of ephrin-A5 ligand-modified bundle DNA origami with varied inter-ligand distance.
(B) DNA-PAINT images of the differently sized six 17-amino-acid-long cyclic peptide patterns on
hexagon-shaped flat sheets, spacing from ~5.7 nm to ~25.5 nm. Scale bar, 50 nm. Colocalization of
hexagon-shaped flat sheets (magenta) with GFP-labeled DR5 receptor (cyan) clusters on MCF-7 cell
membranes. Scale bar, 20 ym. Reproduced with permission from Reference 66. Copyright (2021) Bjorn
Hogberg. (C) Schematic of triangular DNA origami scaffold attached with EpCAM-, HER2-, and EGFR-
targeting aptamers at different distances. Reproduced with permission from Reference 68. Copyright
(2023) American Chemical Society. (D) Schematic of rod-like DNA origami containing 0, 1, 2,4, 7, or 15
insulins at a constant (7 nm) or different spacing. Reproduced with permission from Reference 71.
Copyright (2024) Ana |. Teixeira. (E) Jag1-modified DNA origami nanorod, even using only one Jag1
together with other membrane binders like BAI1, can activate Notch signaling in the absence of forces.
Reproduced with permission from Reference 72. Copyright (2024) Bjorn Hogberg. (F) Schematic of a
pH-responsive DNA origami with reversible exposure of CD95 ligands by transiting between an open and
closed DNA pattern.
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Fig. 6 (A) The use of cholesterol-modified DNA probes to cluster the cell membrane into lipid-ordered
or raft domains. Fluorescence microscopy images were taken from cross and bottom view, scale bar, 5
pum. Reproduced with permission from Reference 74. Copyright (2020) Royal Society of Chemistry. (B)
Schematic of an HCR-induced cholera toxin B clustering strategy to induce the formation of lipid domains
on cell membranes.
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