
128  CHIMIA 2025, 79, No. 3� Innovation through Chemical Biology

*Correspondence: M. Dockerill, E-mail: Millicent.Dockerill@unige.ch; Prof. N. Winssinger, E-mail: nicolas.winssinger@unige.ch 
Department of Organic Chemistry, University of Geneva, CH-1211 Geneva.

Control of Therapeutic Activity through 
Programmed Assembly

Millicent Dockerill* and Nicolas Winssinger*

Abstract: This review explores the control of therapeutic activity through programmed assembly of supramolecu-
lar systems. We examine the use of nucleic acids as scaffolds to create tailored assemblies of ligands, including 
glycan and peptide-based systems, drug-like small molecules or reagents for proximity-induced reactions. We 
discuss the principles of cooperativity in multivalent interactions, emphasizing their potential to enhance binding 
affinity and therapeutic efficacy and the opportunity to control their activity through strand displacement. We 
highlight seminal studies and illustrative case examples and address the challenges faced in translating these 
designs into clinical applications. Furthermore, we explore recent advancements that demonstrate successful in 
vivo applications, particularly in the context of anticoagulation therapies. This review aims to provide insights into 
the future of responsive therapeutic systems that leverage the programmability of supramolecular assemblies to 
develop potent and adaptable therapeutics.
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1. Introduction
It is now well established that the binding affinity to a target 

of interest can be substantially enhanced through the synergistic 
interactions of ligands conjugated to oligonucleotides and paired 
via hybridization (Fig. 1.A). The inherent programmability of hy-
bridization offers precise control over key parameters, including 
inter-ligand distance, the number and composition of ligands, the 
thermodynamic stability of the assembly, and, importantly, dy-
namic regulation through strand displacement.[1–3] Developments 
in DNA-encoded libraries facilitates the discovery of ligands that 
interact synergistically with a target,[4–9] while advancements in 
hybridization-based circuits have provided robust strategies for 

controlling assembly processes via strand displacement. Together, 
these technologies present a promising framework for creating 
highly adaptable and programmable molecular interfaces. Are 
we there yet? Although numerous elegant designs have been 
described in the literature, their practical implementation faces 
significant challenges and few have been implemented in animal 
studies, let alone clinical development. A major obstacle is the 
inherent metabolic lability of DNA and its potential to induce im-
mune activation through (TLR) interaction.[10] Although chemical 
modifications to DNA or the use of analogues such as locked nu-
cleic acids (LNAs) and peptide nucleic acids (PNAs) can mitigate 
these challenges, their adoption is often hindered by the need for 
specialized expertise and resources. In contrast, commercial DNA 
enjoys widespread accessibility due to its unmatched economy 
of scale and straightforward out-of-the-box conjugation chemis-
try. In this review, we examine fundamental principles, highlight 
seminal studies in the field, present illustrative case studies, and 
explore potential future advancements.

2. Gain of Function Through Multimerization 
Numerous biological processes are regulated by cooperative 

multivalent interactions, where individually low-affinity binding 
events confer reversibility and provide an inherent error-correct-
ing mechanism. Drawing inspiration from these natural systems, 
researchers have developed synthetic platforms that leverage mul-
tivalent interactions for a range of applications, including pro-
tein inhibition and the prevention of viral adhesion. The benefits 
from the chelate effect of multivalent interactions has been ex-
tensively studied.[11] A prominent example of a designed trivalent 
ligand-receptor interaction yielded one of the most stable organic 
receptor-ligand pairs involving small molecules that is known.[12] 
Whitesides et al. reported the binding of a trivalent analogue of 
vancomycin to a trivalent D-Ala-D-Ala construct which displayed 
a K

D
 of 4 x 10–17 M (Fig. 2.A). This example shows near perfect 

cooperativity as the binding of the individual fragments display 
a K

D
 of 10–6 M giving the trivalent construct a theoretical K

D
 of  
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dendritic cells and macrophage. This tetrameric lectin also binds 
to gp120 present on HIV and facilitates viral entry. The library 
yielded a 127 nM hit which inhibited binding of gp120 to den-
dritic cells when incorporated into a dendrimer. Similarly, Seitz 
et al. used a DNA-PNA-glycan assembly technology to probe the 
spatial organisation of lectin binding sites.[23] They showed by 
experiments and modelling that the rigidity of the nucleic acid 
complexes is necessary to increase the effective molarity of the  
ligands, which was not observed with a flexible polyethylene  
glycol (PEG) linker. The Seitz lab then extended their system to tar-
get adjacent HA trimers on the viral surface. They achieved this by 
rolling-circle amplification (RCA) of a template DNA strand. This 
technique enables the preparation of long DNA strands (~750–1,825 
nucleotides) which display repeats of the same sequence (15–46 re-
peats).[24] PNA- glycan strands could therefore be displayed along 
the oligo, either linearly or branched via an adaptor strand (Fig. 
2.B3). These assemblies showed 107-fold enhancement over the 
monovalent sugar as well as selectivity between viral strains. The 
previously discussed examples cover linear or branched assem-
blies, but other architectures have been reported. Ebara and Matsui 
have developed carbohydrate-modified DNA three-way junctions 
which bind to lectins concanavalin A and RCA

120
,[25] followed by 

a second generation which was designed to interact with influenza 
virus HA.[26] Our lab also developed a PNA architecture which en-
circles Ralstonia solanacearum lectin (RSL) by binding to all six 
binding sites (Fig. 2.B4).[27] SPR measurements showed a >1,000 
fold gain in binding for the hexameric assembly versus the mono-
mer. The PNA was then shortened from 8 to 4-mer to increase the  
dynamicity of the system. The K

D
 of the fucose monomer to RSL, 

as well as the K
D
 of the 4-mer PNA interaction are in the μM range, 

however the assembly displayed 11 nM affinity for RSL. The dy-
namic assembly also showed inhibition of Burkholderia ambifaria 

10–18 M. While this work is an example of rigorous engineering, 
the design of individual covalent systems requires laborious syn-
thesis and design. Supramolecular assemblies based on nucleic 
acids provides a general platform where the individual ligands can 
be easily varied, and the inter-fragment distances are programmed 
by the nucleic acid sequences.[13–15] These assemblies can al-
so differ in the nucleic acids that are used (e.g. DNA, LNA,[16]  
PNA[17–19]) providing an array of desirable properties (Fig. 1.B). 

2.1 Glycan-Based Assemblies
One of the first examples of the use of nucleic acids to pre-

pare assemblies of biologically relevant ligands was published by 
Kobayashi and co-workers in 2001.[20] They developed a DNA-
based ‘Glyo-cluster’ that displays galactose ligands at specific dis-
tances programmed by a complementary DNA strand (Fig. 2.B1). 
The self-assembly showed cooperative binding to RCA

120
 lectin. 

The multivalent display of glycans has since seen a range of appli-
cations as protein-carbohydrate interactions, which are often mul-
tivalent, are of high therapeutic significance. Our lab previously 
prepared a pilot library of oligosaccharide-tagged PNA which can 
assemble a instructed by a DNA strand (Fig. 2.B2).[21] The library 
was designed to mimic the carbohydrates present on the glyco-
protein 120 of HIV (gp120). A range of oligosaccharide compo-
sitions and distances were easily prepared using a combinatorial 
approach and tested on SPR against 2G12, an antibody that inter-
acts with gp120. One architecture displayed a K

D
 of 4.2 μM whilst 

the monomer showed no detectable binding. This technology was 
further developed by preparing a DNA templated library through 
self-assembly; 105 glycan-PNAs, prepared by split-and-mix were 
paired with 357 other glycan-PNAs, resulting in 37,485 possi-
ble combinations, encoded by the DNA template.[22] This larger 
library was screened against the DC-SIGN, a lectin present on 

O

N

HN

O N

O

N

HN

O N

O

N

HN

O N

O

N

HN

O N

N

N

N

NH2

NH

O

O

N

O

NH2

N

NH
N

O

NH2
R

R

R

R

OO
N

N

NHN

O

NH2

P
O

O OH

OO
P

O

O OH N N

O

NH2

OO
P

O

O OH

OO
P

O
O OH

N NH

O

O

N
N

N

N

NH2

OO
N

N

NHN

O

NH2

P
O

O OH

OO
P

O

O OH N N

O

OO
PO

O OH

OO
P

O

O OH

N NH

O

O

N
N

N

N

NH2

O

O

O

O

NH2

DNA

Low potency
monovalent fragments

LNA PNA

High water solubility
Inexpensive to synthesise
Poor metabolic stability
Sensitive to environment
Moderate Tm

A

B

Metabolically stable
High water solublity
High Tm
Expensive to synthesise
Sensitive to environment

Metabolically stable
High Tm
No electrostatic repulsion
Backbone modification (R)
No commercial synthesis of 
oligomers with suitable R 
group for adequate solubility

ΔG
High potency

multivalent assembly

Chelated protein binding
Monomeric protein binding

Fig. 1. A) View of a thermody-
namic profile of the chelate effect 
on self-assembled fragment pair-
ing using short oligonucleotides 
that do not form a stable duplex. 
B) Chemical structure of different 
nucleic acids: DNA (left), LNA 
(centre), PNA (right) with their 
pros and cons. 
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using Matrix-assisted laser desorption ionization (MALDI) (Fig. 
2.B5). A 95 nM AFL binding assembly was identified where the 
glycan alone displayed a K

D
 of 41 μM. 

2.2 Peptide-Based Assemblies
Whilst glycan assemblies may seem the most obvious to mimic 

the multivalent properties found in biology, other molecule class-
es have since been exploited for programmed assembly. Peptides, 

lectin (BambL) to epithelial lung cells, with a 723-fold enhance-
ment compared to the fucose monomer. Considering the abili-
ty of dynamic assemblies to potently inhibit lectin binding, we 
proceeded to make a PNA-based dynamic combinatorial library 
(PDCL) to screen against lectins.[28] The library was designed 
with a 4-mer PNA which could display glycan based ligands 
on the same or opposite ends. The library was selected against 
Aspergillus fumigatus lectin (AFL) and RSL with mass readout 
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(2.4 µmol). DNA-peptide conjugates have also been used to craft 
a precisely controlled extracellular matrix for cell adhesion and 
dynamic control over multiple signals.[40]

Whilst DNA and/or PNA assemblies seem to be the most ex-
ploited, LNA has also been used. Wengel and coworkers stud-
ied LNA-peptide conjugates which hybridise with DNA or RNA 
templates. Interestingly, they observed that the peptide shields 
the oligonucleotides from degradation providing increased serum 
stability.[41] 

Whilst the previously mentioned work usually starts with 
known binders which are improved by multimerization, the 
combinatorial output of this technology lends itself to fragment 
pairing and preparation of large libraries. One example was 
published by Hili et al. where they developed a DNA-templated 
polymerisation of pentanucleotide-peptide conjugates in a se-
quence dependent manner (Fig. 2.C6).[42] The DNA template 
was translated into peptide-DNA polymers and selected for a 
biologically relevant target (His-tag peptide and cobalt beads 
were used as a model system). The selected members were 
then PCR amplified and regenerated to perform multiple cy-
cles of selection akin to Darwinian evolution.[8] Our lab has  
also previously developed a DNA encoded library scaffold 
that can undergo multiple selection cycles.[43] Peptide loops 
prepared by PNA:DNA templated ligation can be displayed 
on a DNA template and assembled to display two loops in a 
multivalent fashion (Fig. 2.C7). The large library was selected  
against Programmed Death Ligand 1 (PD-L1), a relevant 
oncology target, and a bivalent binder with a K

D
 of 70 nM  

was discovered (versus 904 nM and 2,057 nM for the individual 
loops).

2.3 Small Molecule-Based Assemblies
DNA Encoded Libraries (DEL) that allow the preparation of 

large combinatorial libraries which can benefit from cooperative 
binding are not restricted to peptides and were initially exploited 
for the discovery of small molecule therapeutics. In 2004, Neri 
et al. developed Encoded Self-Assembling Chemical (ESAC) li-
braries,[44,45] based on a fragment pairing approach (Fig. 2.D1).[4] 
Initially, they performed affinity maturation on a known binder for 
both human serum albumin (HSA) and bovine carbonic anhydrase. 
Neri, Scheuermann, Zhang and Li have further developed the tech-
nology to prepare large combinatorial libraries of fragments dis-
played in multiple geometries.[46–48] Our lab has also developed 
multiple PNA-based DEL technologies for the pairing of small 
molecule fragments.[6] One such method is the pairing of PNA-
fragment libraries on a DNA template which can be amplified 
post-selection for sequencing or performing multiple rounds of 
selection.[49] A 625,000-member library was screened against car-
bonic anhydrase and the best hit displayed 87 nM affinity versus 
2.2 µM for the individual sulfonamide fragment. This technology 
has also been applied to a microarray workflow where the DNA 
template is present on a microarray and the protein selection is 
done on the array rather than by affinity pull down (Fig. 2.D2). We 
have applied this technique to a range of targets including HSP70 
(chaperone protein),[50] PTP1B (phosphatase),[51] and mSin1 (pH  
domain).[52] Whilst very prominent in the DEL field, the multi-
valent display of small molecules is not limited to encoded li-
braries. Similarly to their multivalent display technology for 
integrin peptides (Fig. 2.C5), Appella and coworkers published 
DNA:PNA assemblies with small molecule ligands. They pro-
grammed assemblies of xanthine amine congeners (XAC) for 
antagonism of the GPCR A

2A
 adenosine receptor (A

2A
AR),[53] 

followed by (±)-2-(N-phenethyl-N-propyl)amino-5-hydroxy-
tetralin ((±)-PPHT) for agonism of the dopamine D

2
 receptors  

(D
2
R).[54] In both cases, activity improved with increase in valen-

cy, and theoretical models were developed, confirming the impor-
tance of binding receptor dimers of A

2A
AR.

which are seeing a renewed interest in recent years, have been used 
in multiple supramolecular scaffolds.[29] Hamilton and coworkers, 
who previously reported a DNA G-quadruplex scaffold display-
ing anionic hydrophobic fragments for cytochrome c binding,[30] 
used a similar scaffold to mimic a four helix bundle, but did not 
show any biological activity (Fig. 2.C1).[31] Other examples of al-
pha helix assemblies have been reported including one by Wengel, 
Jensen and coworkers which displayed a short coiled coil peptide 
on an oligonucleotide triplex.[32] More recently, we simplified a 
three-helix mini protein by PNA-helix supramolecular hybrids 
that showed picomolar binding to the receptor binding domain 
of the COVID-19 Spike protein.[33] Further work by Sleiman and 
coworkers also demonstrated the assembly of three peptides into 
a coiled-coil motif using branched DNA trimers.[34]

Whilst nucleic acid supramolecular assemblies of alpha hel-
ices have the added supramolecular templating of the individual 
coils, other peptide scaffolds have also been studied. The Chaput 
lab developed synbodies, DNA-tagged short peptides which can 
bivalently assemble to mimic antibodies (Fig. 2.C2).[35] Individual 
peptides were screened against the yeast regulatory protein Gal180 
via a peptide microarray and the hits were combined at different 
distances along a DNA scaffold. Individual DNA-peptides dis-
played K

D
s in the μM range, while the best synbody had a K

D
 of 

4.2 μM. 
Similarly, our lab developed bivalent peptide assemblies but 

rather than using DNA to tag the peptides, we used PNA which 
could easily be synthesised alongside the peptide via solid phase 
peptide synthesis (SPPS).[36] The PNA-peptides were then hy-
bridised on a DNA template or to each other via PNA-PNA hy-
bridisation (Fig. 2.C3). The dual PNA display of cyclic peptides 
that bind and activate the TRAIL death receptor (DR5), showed 
improved binding (23.8 nM) compared to its DNA display coun-
terpart (103.49 nM) and the monomeric ligand (129 nM). It was 
theorised that the neutral backbone of PNA was favoured, whilst 
DNA suffered from electrostatic repulsion. Subsequently, the 
Seitz lab developed a bivalent DNA-peptide assembly as a mo-
lecular ruler to study the distance and flexibility of two binding 
sites of the SH2 domains of the Syk kinase (Fig. 2.C4).[37,38] They 
showed that the binding of the double stranded DNA-peptide dis-
play and nicked double stranded DNA-peptide were highly de-
pendent on the number of nucleotides whereas the more flexible 
single stranded DNA showed strong binding at most lengths. The 
optimal length for all constructs was found to be 11 nucleotides 
(37 Å) which corroborates the distance observed in the crystal 
structure. 

Appella et al. used a PNA-DNA nanoscaffold to arrange cy-
clic RGDfK ligands, antagonists of α

v
β

3
 integrins (overexpression 

linked to metathesis). The ligand was attached to the PNA back-
bone or N-terminus with one, two or three ligands per strand (12-
mer).[39] These conjugates were assembled on a library of 13 DNA 
templates of different lengths. They were designed to hybridise 
with 1 to 15 PNA strands (each containing 1 to 4 ligands) result-
ing in 52 different assemblies displaying 1 to 45 ligands per DNA 
template (Fig. 2.C5). The IC

50
 values improved as the number of 

ligands increased: 477, 169 and 67 nM for one, two and three lig-
ands per PNA strand (1 per DNA), respectively. The activity also 
increased as the number of PNA strands per DNA increased, but 
plateaued at 5 PNA per DNA for the trivalent PNA (15 ligands), 
whilst it plateaued at 11 PNA per DNA for monovalent PNA (11 
ligands). DNA:PNA-D

5
, where 5 trivalent PNA strands are assem-

bled, was tested in a cellular competition assay and displayed a K
D
 

of 0.16 nM versus 62.9 nM for the cyclic peptide alone (393-fold 
enhancement). This nanoscaffold was also validated in vivo using 
a mouse melanoma cell line which typically metastasize and form 
lung tumours. The assembly showed 50% decrease in tumour col-
onies at 0.026 µmol of cyclic peptide loading whilst the cyclic 
peptide alone only showed 30% decrease at 92 times higher dose 
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 2.4 Assemblies of Other Modalities
Most of the nucleic acid based supramolecular assem-

blies have been developed to display glycan, peptides and 
small molecules. Nonetheless, a number of studies display-
ing other modalities also exist. The Schultz, Smider labs 
and ourselves, disclosed self-assembled antibody multimers  
(Fig. 2.E1).[55] Antibody Fab fragments were coupled to oligo- 
nucleotides via incorporation of p-acetylphenylalanine which 
can be reacted with aminooxy groups to form stable oxime ad-
ducts. Initially, the assemblies were trialled as dimers with DNA 
but showed poorer activity than the monomeric Fabs in a Her2 
phosphorylation assay. By replacing the DNA (30-mer) with 
PNA (12-mer), which has a neutral backbone and higher Tm 
at shorter lengths, an increased activity upon dimerization was 
observed. A tetramer was also developed which displayed better 
activity than the full IgG antibody (trastuzumab). Heterodimers 
that target multiple proteins were also prepared (Her2-CD3 and 
CD20-CD3), these showed impressive cytotoxicity compared to 
the monomer alone. 

Another example was reported by Fromme and cowork-
ers who used PNA-tagged proteins for self-assembly on DNA  
nanocages.[56] They conjugated PNA (8-mer) to a protein via NHS 
and cysteine chemistry (using a SMCC) linker). They showed that 
the charge on the proteins tested (azurin (–) vs cytochrome c (+)) 
affects the repulsion with the DNA nanostructure. Assembling cy-
tochrome c on the cage did not affect its catalytic activity or second-
ary structure and a mild decrease of redox potential was observed. 

Another modality class that has been investigated for thera-
peutic supramolecular assembly is aptamers. Multiple examples 
of bivalent aptamers have been developed for thrombin,[57,58] a key 
protease in the blood coagulation pathway. These examples use 
covalent linkage between aptamers that bind to different binding 
sites on thrombin. 

2.5 In Vivo Efficacy of Multimeric Assemblies  
and Outlook

The previous examples detail the large diversity of ligands 
that can be supramolecularly displayed on different scaffolds. 
However, with the exception of the c(RGDfK)-PNA-DNA scaf-
fold developed by Appella et al. which was tested against an in  
vivo metathesis model, these supramolecular assemblies were not 
progressed to in vivo studies, let alone to clinical development. 
We will discuss two case studies which have broken this trend, 
interestingly, both are in the field of anticoagulation. 

Recently, RNA-origami has been developed for the display of 
thrombin binding aptamers. The exosite I and exosite II binding 
RNA aptamers (RNA

R9D-14T
 and Toggle-25t, respectively) were 

appended to the origami with two copies of each aptamer (Fig. 
3.A). To increase the stability of the nanostructure, 2'-fluoromod-
ified RNA was used resulting in storage stability of >3 months 
and stability in human plasma for >24 hours.[59] The authors 
also state that this modification decreases the immunological  
response.[60,61] The construct was tested in a range of in vitro and 
in vivo assays and showed efficient prolongation of clotting time 
in activated partial thromboplastin time (aPTT) assays (in human, 
porcine and murine plasma) and in a murine liver laceration model  
(1 mg/kg).[61] 

Another example of a supramolecular assembly that functions 
in vivo is a bivalent PNA-peptide thrombin inhibitor.[62] Inspired 
by small flexible proteins from blood sucking insects that bridge 
multiple binding sites on thrombin, we developed a bivalent con-
struct that binds cooperatively to the active site and exosite II 
(Fig. 3.B). The peptides were synthesised linked to PNA strands  
(8-mer) via SPPS. Individually, the exosite II peptide-PNA showed 
no inhibition (at 1 µM) and the active site peptide-PNA displayed 
a moderate K

i
 of 58.7 nM. When simply mixed in the same well, 

the supramolecular assembly inhibited thrombin with a K
i
 of 74 

pM, an 800-fold improvement over the individual fragments. The 
PNA length could be decreased to 6- and 4-mer, but cooperativity 
was still observed at concentrations below the K

D
 of hybridisation. 

The best inhibitor was tested in an in vivo needle injury model and 
showed a similar decrease in fibrin intensity and thrombus size to 
Argatroban (approved drug) at 22 times lower dose. 

2.6 Drug Inactivation by Strand Displacement  
and Supramolecular Blocking 

As seen from the range of examples covered in this review, 
supramolecular assemblies tend to exhibit strong binding, whilst 
the individual components do not. Breaking the link between the 
ligands via strand displacement would result in a return to the 
monovalent system and therefore rapid reversal of activity. Whilst 
strand displacement is commonly used in nucleic acid systems, it 
has only been applied in vivo as an off-switch in the two antico-
agulant systems mentioned before. 

In the case of the RNA aptamer, the authors used a classic 
technique in aptamer chemistry where the complementary strand 
is used to block the aptamer binding interface and therefore re-
stores thrombin activity (Fig. 3.A). PNA antidotes showed in-

Fig. 3. Supramolecular anticoagulants. A) RNA Aptamers of exosite I and exosite II on thrombin, displayed on an RNA origami. The inhibition can 
be reversed by adding the aptamer complementary strand. B) Bivalent thrombin inhibitor composed of an active-site peptide-PNA and an exosite 
II peptide-PNA which cooperatively inhibit blood clotting. The inhibition can be reversed by the simple addition of a PNA antidote which breaks the 
PNA interaction of the drug via toe-hold strand displacement.
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pyridinium linker.[67] This system has been incorporated into a 
bioluminescence resonance energy transfer (BRET) sensor due 
to the spectral overlap of emission of nanoluciferase (NLuc) and 
the excitation spectrum of the ruthenium complex. The full sensor, 
termed Luciferase-based Photocatalysis Induced via Nucleic acid 
template (LUPIN), is ‘on’ in the absence of free methotrexate but 
‘off’ in the presence of methotrexate.[68] In the ‘on’ state, NLuc 
and the ruthenium are in close proximity, resulting in BRET fol-
lowed by cleavage of a PNA-pyridinium-prodrug to release the 
active molecule (Fig. 4.B2). The short PNA strand incorporated 
into the sensor and into the effector molecule allows for multi-
ple turnover cycles. Our lab has used this templated reaction in 
multiple other settings, including a DNA-templated quadratic am-
plification system, with two hairpin-ruthenium strands that open 
upon DNA template binding with a toe-hold that binds to PNA-
pyridinium-prodrug releasing the drug (anticancer drug 5-fluoro-
uracil (5-FU)) (Fig. 4.B3).[69] Another example of this chemistry 
is the development of a molecular network that releases the effec-
tor molecule upon receptor dimerization (Fig. 4.B4).[70] 

Whilst our lab has mainly focused on the release of known 
molecules, the Seitz lab ‘uncages’ their molecules by ligating two 
fragments to reconstitute the active compound or by reducing a 
functional group to recover activity. The first technique includes 
an RNA templated native chemical ligation (NCL) reaction with 
DNA/PNA-tagged drug fragments to reconstitute benzanilide 
containing drugs (e.g. ponatinib and GZD824, which are both ki-
nase inhibitors).[71] However, the employed chemistry is not trace-
less, leaving behind a thiol which is not present in the commer-
cial drugs (Fig. 4.B5). This modification did not impact Ponatinib 
or GZD824 but increased the K

D
 of nilotinib for Abl1 kinase 

by 225-fold. A second technique used by Seitz and coworkers 
is the caging of a Smac (second mitochondria-derived activator 
of caspases) peptidomimetic compound (SMC) by swapping the 
N-terminus amine for an N-terminus azide.[72] The compound was 
tagged with a PNA and a second PNA was prepared containing 
a reducing agent (either phosphine for Staudinger reaction, or a 
ruthenium complex for photoreduction). Upon RNA sensing, the 
two PNA strands bring the reactive groups into close proximity 
to reduce the azide, resulting in the active drug. Whilst the sys-
tem was effective in vitro, its implementation in a cell-based as-
say is limited by the poor cellular permeability of the constructs. 
More recently, the Inverse Electron Demand Diels Alder Reaction 
(IEDDA) has been exploited by Deiters and coworkers for a range 
of DNA logic gates.[73] They developed OR, AND, and an OR-
AND circuit which uncages a fluorophore as an output adding 
to prior work levering energy transfer between a sensitiser and 
photolabile group.[74]

3.3 Drug Release Through Strand Displacement
Whilst DNA circuits typically rely on toehold displacements 

or templated reactions to generate a functional output, the lab of 
Jayawickramarajah have developed a Host-Guest driven strand 
displacement. Firstly, they used a split ATP binding aptamer 
where one strand is linked to cucurbituril(7) (CB7), a host moi-
ety which binds an adamantane-drug and shields it from protein 
binding.[75] The other strand contains an adamantane headgroup. 
Upon ATP binding the aptamer is formed, bringing the DNA-
cucurbituril and DNA-adamantane into close proximity. This in-
teraction increases the effective molarity of the adamantane which 
therefore releases the adamantane drug (a carbonic anhydrase II 
inhibitor in this case) (Fig. 4.C1). This technique was further 
developed to respond to different cues, rather than only ATP.[76] 
Inspired by base pair toehold-mediated strand displacement (BP-
TMSD), they replaced the DNA toehold with a host-guest driven 
toehold-mediated strand displacement (HG-TMSD) system (Fig. 
4.C2).[76] They applied the technology to a more complex system 
for the detection of microRNA. Host−guest complexes, particu-

creased reversal, but the authors claim that DNA antidotes are 
preferred for clinical development as the synthesis of long DNA 
chains remains more accessible.[60,61] The DNA antidote showed 
rapid reversal in aPTT assays, as well as a murine liver laceration 
model (10 equivalents of antidote).[62]

In the case of our bivalent thrombin inhibitor, the activity is 
reliant on the hybridisation of the two fragments. A 4-mer toehold 
is included in the PNA of the active-site fragment which allows 
for strand displacement using a simple 12-mer PNA antidote (Fig. 
3.B). The antidote reversal was also tested in the needle injury 
model and showed similar thrombus size and fibrin intensity to 
the untreated control (at 5 equivalents of antidote). There is a clear 
case for rapid reversal of action for anticoagulants, but it is not 
the only indication that would require such a property. Patients 
under immuno-suppression (e.g. cancer, autoimmune disorders, 
organ transplant) are at risk of infection or CAR-T therapy pa-
tients, at risk of a cytokine storm, would require rapid reversal, but 
no antidotes exist. Multimerization of ligands and their reversal 
is a simple strategy with a wealth of scaffolds to inspire the next 
generation drugs with on-demand activity. 

3. Alternatives to Dimerization for Gain of Function
 

3.1 Activation Through Hybridisation-Induced Folding
Drug multimerization is not the only method to turn on a ther-

apeutic effect. Our lab has previously disclosed a PNA-peptide 
system where the hybridisation of the PNA folds the peptide into 
the active form (Fig. 4.A).[63] Inspired by phosphatase enzymes, 
a library of 1,000 PNA-peptides were prepared on beads and in-
cubated with a phosphate-caged-fluorophore (quinazolinone pre-
cipitating dye (QPD) – OPO32–). The fluorescent beads, which 
successfully uncaged QPD-OPO32– to QPD-OH, were picked in-
dividually and the peptide was deconvoluted by mass (MALDI). 
A selected peptide had 25-fold increased phosphate hydrolysis 
activity when folded vs non folded. Since the ‘on’ is dependent 
on nucleic acid hybridisation, the activity can easily be switched 
on and off using strand displacements. 

3.2 Drug Uncaging by Templated Reaction
DNA circuitry has been used in previous examples to display 

ligands and reverse activity. It has also been developed for systems 
responding to specific cues.[3] 

Our lab previously developed a DNA-templated re-
lease of functional molecules in response to a specific  
oligonucleotide.[64] Two PNA strands, complementary to a tem-
plate DNA, were tagged with a phosphine group (TCEP) and a 
p-azidobenzyl linker attached to a functional molecule. Upon 
PNA dimerization on the DNA template (microRNA21 (miR21) 
sequence), a templated Staudinger reaction reduced the azide, 
cleaving the linker to release a functional molecule (Fig. 4.B1). 
The system was tested with a fluorophore (rhodamine methyl 
urea) to monitor release, and two therapeutically relevant mole-
cules (estradiol, a transcription factor activator, and the cytotoxic 
molecule doxorubicin). All three molecules showed fast kinetics 
of release upon azide reduction (<21 minutes) and the release 
was conditionoal to the correct DNA sequence (compared to 
mismatched, random and no DNA). The templated Staudinger 
reaction has more recently been applied to a hairpin-chain reac-
tion system.[65] Similar to the previous example, a p-azidobenzyl 
linker attached to a functional molecule was incorporated into a 
hybridization chain reaction (HCR) hairpin, whilst a phosphine 
was incorporated on the other hairpin. Upon miR21 detection, 
an HCR circuit was initiated which in turn induced molecule 
release. Disulfide exchanges ensuring an HCR was also investi-
gated to uncage bioactive molecules.[66] 

Other templated chemistries have been developed, including 
ruthenium-mediated photocatalytic reduction of an immolative 
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larly those involving CB7, are of significant interest due to their 
high affinity for guest molecules in aqueous environments, mak-
ing them promising candidates for drug delivery and biomedicine 
applications. However, challenges remain in achieving guest re-
lease using biological triggers.

4. Limitation of DNA Assemblies In Vivo
This review has covered a wealth of supramolecular assem-

blies that dimerise, fold, and uncage ligands for a functional 
output. However, their application in vivo remains limited to a 
handful of examples. Many of the examples mentioned rely on 
DNA as a template which limits their applicability in complex 
systems. Nonetheless, the field of DNA nanotechnology has pro-
vided successful in vivo examples but also important lessons to 
be learnt. Whilst DNA origamis are sensitive to the environment 
(ionic strength) and nucleases,[77] modifications on the back-
bone,[59] encapsulation,[78] or special coatings can overcome these  
limitations.[79] Their limitations and applications in vivo have been 
extensively reviewed.[80,81] 

Ryu, Shih and coworkers used DNA origami to display CpG 
oligonucleotides in a multitude of organisms to probe the best 
display as a vaccine adjuvant.[82] Other success stories of DNA 
nanotechnologies in vivo include the use of DNA nanorobots to 
deliver payloads. Church and co-workers loaded antibody frag-
ments into their nanorobot which released the cargo upon ‘key’ 
antigen binding (based on aptamer ‘locks’).[83] Another example 
in vivo is the release of thrombin from the interior of a tubular na-

norobot upon nucleolin sensing, resulting in inhibition of tumour 
growth in mice.[84] 

Advances have been made in the world of DNA to improve the 
function of DNA or RNA-based assemblies in biological systems, 
as mentioned previously. An alternative to the modifications men-
tioned above is exchanging DNA or RNA for non-natural oligo-
nucleotides. PNA, as seen from the wealth of examples presented 
in this review, is a favoured alternative. Following the discovery 
of PNA, their metabolism and in vivo distribution were evaluat-
ed in mice using PNA radio nucleic labelling,[85] showing rap-
id clearance, (50% eliminated in about 2 hours) with more than 
99% of the PNA cleared after 24 hours; however, the PNA were 
retained on beads with a complementary sequence implanted sub-
cutaneously, demonstrating the PNAs remained functional. More 
recent studies with fluorescent probes concur these findings.[86] 
While much effort has been invested in translational application 
of PNA’s antisense activity, their inability to cross cellular mem-
branes precludes meaningful activity as illustrated in a recent study 
aiming at splice correction,[87] unless specifically modified and  
formulated.[88] This has made them an attractive choice for radio 
nuclei delivery with pre-targeting of affinity proteins,[89–91] and  
in vivo diagnostic analysis of circulating DNA,[86] where the rapid 
clearance of unhybridized PNA is an asset rather than a liability.

5. Conclusions and Outlook
Supramolecular assemblies represent a promising platform for 

the development of intelligent therapeutics that exploit the principles 

Fig. 4. Alternatives to multimerization for gain of function. A) Hybridisation induced activation. PNA peptide loops that display phosphatase 
activity upon folding. B) Drug uncaging through templated reaction. (1) DNA:PNA templated Staudinger reaction for functional molecule release. 
(2) LUPIN sensor for release of functional molecules. (3) A quadratic amplification system using HCR-Ruthenium strands for catalytic cleavage of 
functional molecules. (4) Dimerization of membrane proteins leading to functional molecule release. (5) PNA:DNA templated NCL for the formation of 
functional molecules. C) Host-guest strand displacement. (1) ATP sensor resulting in release of a functional molecule. (2) Host-guest toehold medi-
ated strand displacement.
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of cooperativity and proximity-induced reactions. These assemblies, 
enabled by the programmability of hybridization, can be dynami-
cally formed, and deactivated on-demand through strand displace-
ment, offering precise control over reaction kinetics and equilibria. 
Notably, strand displacement reactions exhibit rate constants as high 
as 106 M–1s–1, surpassing the kinetics of current bioorthogonal chem-
istries and rivalling with the rates of antibody-ligand interactions. 
The incorporation of multivalency through programmed assembly 
provides a straightforward approach to modulate therapeutic ac-
tivity. Numerous examples highlighted in this review demonstrate 
significant progress in enhancing binding affinities and creating re-
sponsive systems across various oligonucleotide platforms. Despite 
these advancements, translating sophisticated laboratory designs 
into practical in vivo applications has been achieved in only a few 
examples. A first-in-class therapeutic with on-demand control of 
activity would establish a critical milestone in the field. The de-
velopment of antibody-drug conjugates, antisense oligonucleotides, 
and synthetic peptides exceeding 30 residues underscores that the 
synthetic complexity is not an insurmountable barrier. The clinical 
success of these modalities has inspired a wave of novel candidates. 
The initial applications of self-assembled, responsive drugs are like-
ly to target extracellular pathways, circumventing the challenges 
associated with intracellular delivery of oligonucleotide conjugates. 
While this strategy narrows the repertoire of accessible targets, it 
simultaneously reduces complications related to liver or cellular me-
tabolism. Additionally, a smaller pool of accessible targets minimiz-
es the risk of off-target effects, enhancing therapeutic safety. High-
affinity and efficacious bidentate assemblies allow for the use of low 
drug concentrations, further mitigating the likelihood of off-target 
toxicity. However, the development of multi-component therapeu-
tics necessitates individual evaluation of each component, poten-
tially increasing development costs. Nevertheless, this challenge is 
comparable to the evaluation of metabolites in small-molecule drug 
development and should not be considered a prohibitive barrier. 
While there is no absorption, distribution, metabolism and excretion 
(ADME) data on such supramolecular assemblies, unmodified oli-
gonucleotides typically have short circulation times and are renally 
cleared. Including a moiety for albumin binding should enable long 
circulation times for injectable therapeutics.  

While the field of supramolecular therapeutics remains in its 
early stages, ongoing research into programmed assembly strate-
gies holds immense potential to establish a novel therapeutic mo-
dality. We hope that the precedents and concepts presented in this 
review will inspire further advancements and innovation in this 
promising area of drug development. As illustrated with antico-
agulants, an appealing application of the technology is for targets 
where adverse effects greatly benefit from an antidote. 
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