
Volume 2, Issue 2MARCH 2025

CONTENT PILLARS
Oligonucleotides
Innovation in engineering and design
DNA
Diagnostic/sensor applications 



NUCLEIC ACID INSIGHTS

CONTENTS VOLUME 2 · ISSUE 2

DNA
DNA diagnostic/sensor applications

EXPERT INSIGHT
DNA origami nanostructures in biomedicine 
and the issue of stability
Adrian Keller

 OLIGONUCLEOTIDES
 Innovation in engineering and design

REVIEW
Chemical modifications for therapeutic 
aptamers
Henry Rose, Aasif Ansari, Essraa A Hassan, Jie Tang, 
Rihe Liu, and Christopher J Serpell

INTERVIEW
For the many and the few: bringing ASO 
therapies to both mainstream and nano-rare 
indications
Stanley Crooke



NUCLEIC ACID INSIGHTS

www.insights.bio   43

REVIEW

Chemical modifications  
for therapeutic aptamers
Henry W Rose, Aasif Ansari, Essraa A Hassan, Jie Tang, Rihe Liu,  
and Christopher J Serpell

Oligonucleotide aptamers, with their ability to bind diverse biological targets, may be promis-
ing successors to therapeutic antibodies in clinical applications due to their reduced produc-
tion times, ease of synthesis and in vitro discovery protocol which does not require animal 
use or target immunogenicity. However, progress has stalled due to challenges of nuclease 
degradation, renal filtration, and binding thermodynamics. Some aptamers have overcome 
these hurdles, reaching FDA approval, and chemical modifications have played a pivotal 
role in their success. Chemical modifications give improvements to the binding affinity and 
selectivity, stability, and pharmacokinetics of aptamers, over natural nucleotides. However, 
changes made to monomers can also alter the overall 3D structure, having significant impact 
on an aptamer’s effect. Identifying the best set of modifications for each therapeutic need 
will play a key role in the future of therapeutic aptamers. 

OLIGONUCLEOTIDES  
INNOVATION IN ENGINEERING AND DESIGN

Graphical abstract. Structure of natural versus modified nucleotides, the resulting 
aptamers and their binding to a target protein.
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INTRODUCTION

Aptamers are single stranded oligonucle-
otides which fold to create a 3D structure 
capable of strong and selective binding of 
biological targets (proteins, small mole-
cules, or cells). They have had more than 
30 years of development since their initial 
discovery by Ellington and Szostak [1], and 
Tuerk and Gold [2] in 1990. The Systematic 
Evolution of Ligands by Exponential 
Enrichment (SELEX) process [2], which 
works through rounds of affinity selection 
followed by enzymatic amplification, has 
allowed many different variations of sin-
gle-stranded DNA (ssDNA) [3] and RNA [4] 
aptamers to be discovered. 

These single-stranded nucleic acids 
have been investigated as novel diagnostic 
tools [5] and as alternatives to therapeutic 
antibodies. Therapeutic targets of aptam-
ers include peptides [6], proteins [7] and 
whole-cells [8], with applications in indica-
tions such as cancer [9,10] and neurodegen-
erative disease [11], among others [12]. To 
date, two aptamers have been approved by 
the US FDA for clinical use, both for ocular 
administration: Pegaptanib, targeting wet 
age-related macular degeneration (AMD) 
[13], and avacincaptad pegol, treating geo-
graphic atrophy, a complication of AMD [14]. 

Many companies are capitalizing on 
aptamers through different commer-
cial offerings. Creative Biolabs are offer-
ing aptamer drug delivery systems [15], 
PentaBind is an AI based aptamer discov-
ery company [16], Aptamer Group are pro-
viding optimized aptamers for a range of 
different uses [17] and SomaLogic provide 
aptamers to enable proteomics studies [18].

Why aptamers?

As evidenced by these companies’ inter-
est in aptamers, there is great potential 

for therapeutic applications. The ability 
to discover aptamers without the need for 
an animal’s immune response—in contra-
distinction to antibodies, the current stan-
dard—means that a much wider range of 
targets are available while also lowering 
cost, time, and ethical burden. The stan-
dardized phosphoramidite synthesis is both 
reliable and versatile, giving the ability to 
chemically modify aptamers in a much 
more comprehensive way than is possible 
with antibodies [19–21]. Aptamer ther-
apeutics could also address major global 
issues. Their simple storage and transport 
requirements mean that their use as ther-
apeutics could be implemented in less eco-
nomically developed countries, in remote 
locations or where cold chain is a problem 
[22]. Sustainability is another point in 
aptamers’ favor over antibody therapies, 
due not just to reduced storage/transport 
requirements, but also the roughly 50% 
reduction of input mass per kilogram pro-
duced [23,24]. 

However, although aptamers demon-
strate many advantages over antibody 
therapies, there still remains issues of bio-
logical lifetime and target engagement, 
where aptamers fall short [25,26]. The bind-
ing affinity shortfall is related to the lack of 
chemical diversity in natural nucleic acids 
compared to antibodies (four quite similar 
nucleotides versus twenty diverse amino 
acids). Unlike antibodies, these issues can 
be addressed in aptamers through chemical 
modifications. 

Need for modifications

Aptamers which use the natural DNA or 
RNA chemistry are susceptible to rapid 
degradation by nucleases in serum [27]. 
Resistance to both exonucleases and 
endonucleases is paramount to an aptam-
er’s therapeutic success [28]. The main 
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strategy for increasing nuclease resistance 
is the use of non-natural components in an 
aptamer, either in-SELEX or post-SELEX. 
One study showed an in  vivo half-life of 
only 10 minutes for an unmodified aptamer, 
but this could be increased ten-fold when 
the aptamer had been modified [29]. 

The second reason for modifying aptam-
ers is to improve their binding thermody-
namics. To produce a therapeutic effect, the 
aptamer must be able to successfully bind 
to its target and cause a response from the 
protein/peptide etc. Modifying an aptamer 
by appending functional groups mimicking 
those of amino acid side-chains has shown 
an increase in selection success (in terms of 
binding strength and selectivity) from ~30 
to 80% [30]. 

Renal filtration is a third obstacle to use 
of aptamers in therapeutics. Due to their 
high hydrophilicity and small size (com-
pared to antibodies), the 6–30  kDa aptam-
ers [31] are easily excreted and circulation 
time is minimal [32]. To overcome this, 
methods have emerged to functionalize 
aptamers with polyethylene glycol (PEG) 
and other bulky groups [33]. As a result of 
these modifications, the PEGylated aptam-
ers have avoided renal filtration and dis-
played longer circulation times [34–36].

Synthesis and selection strategies

The use of modification strategies must 
be considered within the context of the 
requirements laid down by synthesis and 
selection processes.

Solid-phase phosphoramidite synthesis 
was invented in 1981 [19] and has enabled 
aptamer synthesis to evolve rapidly. Using 
protected nucleoside phosphoramidites 
(Figure 1), an oligonucleotide can be con-
structed a single nucleotide at a time to a 
specifically designed sequence. To produce 
libraries for SELEX screens, a portion of the 
oligonucleotide sequence is randomised by 
administering a mix of nucleoside phos-
phoramidite monomers at each step.

Using solid-phase synthesis allows 
modifications to be made pre-SELEX (i.e., 
starting with a modified library; this will 
also require modified NTP monomers in 
the enzymatic amplification steps) and 
post-SELEX (i.e., making modifications to 
a previously selected sequence), giving 
more freedom in investigation. It has been 
found that performing SELEX with modi-
fied monomers is a generally more reliable 
strategy since post-SELEX modifications 
could negatively impact the structure of 
an aptamer, and hence, its activity [37]. 
Conversely, it has also been demonstrated 
that a modification to the sugar post-SELEX 
can positively impact the structure and 
enhance activity [38]. 

However, using modified libraries and 
monomers in SELEX proves provides lim-
ited benefits as it changes the chemistry of 
the four monomers available, rather than 
increasing diversity (c.f. the 20 amino acids 
used in antibodies). Even if multiple mod-
ifications are available to the base in the 
selection step, these will be overwritten in 
the amplification step [39].

Non-enzymatic methods of aptamer 
selection have also been investigated, 

FIGURE 1
DMT-protected guanosine (iBu protected) 
phosphoramidite for solid-phase nucleic acid 
synthesis.
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including magnetic-assisted rapid aptamer 
selection (MARAS) [40] and selection of 
optimized ligands by fluorescence-acti-
vated bead sorting (SOLFABS) [41]. Both 
MARAS and SOLFABS, among other 
methods [42,43], have improved access to 
non-natural modifications to nucleotides 
because they are independent of PCR. 

Regardless of the order of modifications 
(pre/post SELEX), it is evident that modi-
fications are essential to generate clinical 
candidates (Table 1) [13,14,44–48].

TYPES OF NON-NATURAL 
MODIFICATIONS

Non-natural modifications can be made to 
each of the three parts of a nucleotide: the 
base, the sugar, and the phosphate, each of 
which affect an aptamer’s properties differ-
ently. As well as modifications to the nucle-
otides, conjugation to heterospecies and 
changes in connectivity are also possible 
and have proven advantageous in aptamer 
development from a biodistribution and 
circulation standpoint.

Nucleobase

The primary gain which can be achieved by 
modifying nucleobases is enhancement of 

the binding (affinity and selectivity) of the 
aptamer. The C8 position of the purines and 
the C5 position of the pyrimidines are the 
most commonly chemically modified due 
to synthetic accessibility (Figure 2) [49,50]. 
This has been shown best, specifically, by 
5-methylcytidine) due to their use in FDA-
approved antisense oligonucleotide (ASOs) 
drugs [51,52].

Modifications to a nucleobase can alter 
the aptamer's selectivity and binding 
affinity by introducing new intermolecu-
lar interactions, similar to those available 
to proteins [53]. A plethora of base modi-
fications beyond 5-methylation have been 
made as nucleoside triphosphates (NTPs), 
but these have yet to be effectively applied 
in oligonucleotide aptamer therapies [44]. 
For example, a large number of hydrophobic 
modifications have been made to uridine 
bases, with some of the resultant aptamers 
being termed slow off-rate modified aptam-
ers (SOMAmers) [44,54]. Examples of these 
include amino acid side-chain related 
groups [55,56] such as phenols which 
mimic tyrosine [57]. 

As well as affinity, aptamers with 
modified nucleobases have been found 
to increase nuclease resistance, demon-
strating for example a nine-fold half-life 
increase in serum [58]. 

Clinically investigated modified therapeutic aptamers.

Aptamer therapeutic Modification(s) Phase Reference

Pegaptanib 2΄-fluoropyrimidines; 2΄-O-methylpurines; 3΄-inverted dT; 40 kDa PEG Approved [13]

Avacincaptad 2΄-fluoropyrimidines; 2΄-O-methylpurines; 3΄-inverted dT; 43 kDa PEG Approved [14]

E-10030 2΄-O-methylpurines; 3΄-inverted dT; 40 kDa PEG 3 [44]

ARC1779 3΄-inverted dT; 2΄-O-methyl with a single phosphorothioate linkage; 
20 kDa PEG

2 [45]

ARC1905 2΄-fluoropyrimidines; 2΄-O-methylpurines; 3΄-inverted dT; 40 kDa PEG 2 [46]

REG1 RB006 (drug) 2΄-ribopurine or 2΄-fluoropyrimidine 2 [47]

RB007 (antidote) 2΄-O-methyl; 40 kDa PEG 2 [47]

ARC19499 2΄-O-methylpurine; 3΄-inverted dT; 40 kDa PEG 1 [48]

TABLE 1
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Nucleobase modification in aptamers 
remains an area to be exploited within 
medicinal chemistry. Further work allow-
ing more diverse functional group mod-
ifications could show improvements 
in target-binding properties and hence 
become beneficial for therapeutic aptamers. 

Sugar

Substitutions can be made to the (deoxy)
ribose sugar ring, altering the structure of 
the subsequent aptamer synthesised. An 
aptamer can be synthesised using DNA or 
RNA backbones, each with their differing 
sugar functional groups. As well as these 
natural options, chemical modifications 
allow a much greater diversity for aptamer 
selection. The main outcome of ribose 
sugar modifications is circumvention of 
aptamer degradation by nucleases in serum 
and in vivo [25,59,60]. 

The most common modifications to the 
ribose sugar are at the 2΄ position (Figure 3) 
[61], with the first 2΄-amino-ribonucleic 
acid produced in 1994 [62]. 2΄-fluoro-ribo-
nucleic acids [63,64] and 2΄-methoxy-ri-
bonucleic acids [65] have been used in 
aptamers and proved valuable for stabil-
ity. Use of fluorine substitutions in nucleic 
acids can also allow F—H hydrogen bond-
ing with the target and improve stability 
by replacing hydrogen or hydroxy groups 
(in deoxyribose and ribose respectively) 
due to their smaller steric size but higher 
electronegativity. There are multiple exam-
ples of (non-aptamer) 2΄-fluoro-ribonucelic 
acids that are FDA-approved drugs them-
selves, used to treat various diseases [66]. 
In an enzymatically selected aptamer, even 
using a few 2΄-fluoro modifications opti-
mized specific interactions with the target 
protein as well as nuclease resistance [67].

Locked nucleic acids (LNAs), a class 
of ribose sugar rings that have a covalent 
linkage between the 2΄-C and 4΄-C, have 
also been synthesized and shown efficacy 
in increasing in vivo stability [68–70]. 

Another alternate sugar is threose, used 
in threose nucleic acid (TNA) which uti-
lizes 3΄-2΄ phosphate binding, altering the 
structure of the aptamer’s backbone [71]. 
A TNA-backbone aptamer provides a very 
distinct structure in comparison to other 
ribose-sugar aptamers and demonstrates 

FIGURE 2
Modification of C8 of purines and C5 of 
pyrimidines [49-52].
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outstanding stability in serum, remaining 
entirely undigested even after 7  days of 
simulated physiological conditions [72,73]. 
The change in sugar structure prevents rec-
ognition by natural enzymes. In addition 
to stability, aptamers utilizing TNA back-
bones have demonstrated high binding 
affinity in a study on HIV and therefore 
show promise for further application in a 
therapeutic context against infectious dis-
eases [74]. 

Phosphate

The third kind of synthetic chemistry mod-
ification of aptamers is the modification of 
the phosphate backbone which links the 
nucleoside monomers. As with sugars, this 
modification is usually made to improve 
stability. The use of these phosphate sub-
stitutions allows subversion of nuclease 
hydrolysis while still maintaining many of 
the same properties as the P-O bond they 
have replaced [75]. The opportunities for 
phosphate modifications have been more 
limited than those of the nucleobase or 
sugar. Phosphorothioate and methylphos-
phonate analogues of the native phosphate 
have been investigated most commonly 
in aptamers and found to be more stable 
than non-modified DNA and RNA oligonu-
cleotides with the same sequence [76]. In 
addition, phosphorodithioate substitutions 
have been synthesized and demonstrated 
a greatly increased target binding affinity 
in comparison with the natural aptamer 
[77]. The phosphorothioate substitution 
has been used in some FDA-approved 
oligonucleotide drugs due to the demon-
strated improvement of nuclease resis-
tance and cell permeability [78]. Although 
the stability and nuclease resistance are 
increased in oligonucleotides with phos-
phorothioate, there is evidence that modi-
fying the phosphate linkage can negatively 
impact the affinity to the target, and other 
modifications may be required to retain 
satisfactory binding [76,79]. As well as 

methylphosphonate and sulphur-based 
modifications, boranophosphates and 
phosphoramidates have been produced and 
have proven compatible with enzymatic 
selection methods (Figure 4) [80,81]. 

Alternative connectivity, cyclization, 
and multivalency

Endonuclease enzymes recognize natural 
patterns of nucleotide connectivity, and 
exonucleases work only at the termini of 
the oligonucleotide. Changing the con-
nectivity of nucleotides in an aptamer can 
therefore bolster biostability (Figure 5).

The use of 3΄-inverted-deoxythymidine 
(dT) [82] has proven the most common 
among aptamers in clinical trials (Table 1), 
giving the oligonucleotide two 5΄ ends from 
the perspective of a nuclease. Inverted base 
capping has been shown to have modest 
effects on serum stability and has proven 
more stable than a 2΄-fluoro modified coun-
terpart [27]. Other studies have investi-
gated using inverted bases at both ends 
of an aptamer which was found to have 
noteworthy improvements to the original 
aptamer’s properties, including thermal 
denaturation [83,84]. 

Functionalizing the termini of an 
aptamer should mean that the original 
binding properties are not significantly 
impaired, and this is indeed usually the 
case [85]. However, the thrombin binding 
aptamer (TBA) has been modified with 
inversion of polarity in this way, and it 
resulted in a switch from anticoagulative 
to antiproliferative properties [83]. 

Cyclization is also a promising strategy 
to enhance aptamer stability. Engineering 
aptamers into circular forms can prevent 
degradation caused by plasma exonucle-
ases, which cleave phosphodiester bonds 
at either 3΄ or 5΄ terminals. As an example, a 
circular DNA aptamer targeting glutamate 
dehydrogenase from Clostridium  difficile 
exhibited a much higher affinity and stabil-
ity (half-life of >3 h) compared to its linear 
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counterpart (functional half-life 0.35  h), 
providing valuable insights into circular 
aptamer stability against nucleases [86]. 
The use of different linker molecules to bind 
the 5΄ and 3΄ ends of an aptamer to make a 
cyclic oligonucleotide has been studied 
with regard to improving stability, where in 
serum half-life was found to increase up to 
eight times [87]. 

Multivalency, i.e., combining two or 
more identical aptamer motifs can enhance 
overall target-binding affinity [88,89]. So 
far, this has been demonstrated for detec-
tion, but the principle could readily be 
translated to therapeutic uses: Luo et  al. 
demonstrated that a multivalent aptamer 
probe, named DNA nanocreeper (Zy1-
DNC), designed for tumor cell detection 
in liquid biopsy, showed high stability 
in the presence of nuclease or in human 
serum; and a reduced dissociation constant 
0.75 ± 0.14 nM (1/10th) compared with Zy1 
monomers [90].

Conjugation

In order to bypass rapid renal clearance, 
aptamers can be conjugated to larger 
molecular units such as polymers, peptides, 
or nanostructures [44,91]. This has the pri-
mary aim of improving pharmacokinetic 
parameters.

The use of polyethylene glycol (PEG) 
has been common in clinically investigated 
therapeutic aptamers (Table 1) and has 
proved effective in increasing their in vitro 
and in  vivo half-life [45–47]. Currently, it 
seems PEG is the front-runner when conju-
gating an aptamer to a polymer, but other 
structures have also proven beneficial 
[90,92,93]. Polyphosphoesters provide an 
alternative while remaining biocompatible 
conjugation structures [94]. Phos4nova is 
a company that produces polyphosphoe-
sters with the aim of replacing PEG [95]. 
Although PEGlyation has been effective in 
aptamer therapeutics, it has also resulted in 
a Phase 3 trial failing: Pegnivacogin (RB006 

from Table 1) was part of the REG1 drug 
system and had been investigated for use 
as an anticoagulant [48]. It had been effec-
tive in its treatment and so was advanced 
to a Phase 3 trial [96]. However, during this 
stage, it became clear that anti-PEG anti-
bodies caused severe allergic reactions in 
some participants and the study failed to 
proceed [97,98]. As well as the potential 
to trigger an immune response, PEGylation 
also restricts subcutaneous dosing. 

Zhang et  al. conjugated aptamers 
with low molecular weight coupling 
agents (LMWCAs), which bind to human 
serum albumin (HSA) and extend the cir-
culation half-life of the aptamer. They 
demonstrated that sclerostin aptamers 
conjugated with two LMWCAs showed 
a significantly longer half-life (12  days) 

FIGURE 4
Methylphosphonate, phosphorothioate and 
phosphorodithioate, boranophosphate and 
phosphoramidate modifications to the phosphate 
backbone of an aptamer.
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compared to PEGylation (2.7 days), thereby 
enhancing the therapeutic efficacy of the 
aptamer [99]. Cholesterol exhibits a strong 
affinity for low-density lipoprotein (LDL). 
Chemically attaching cholesterol to the 
5΄-end of an aptamer enables the forma-
tion of cholesterol-aptamer LDL complexes, 
which exhibit significant resistance to 
serum nucleases, therefore extending the 
aptamer’s half-life by tenfold compared 
to the unmodified version [100]. Lee et  al. 
reported that a 2΄-F-modified aptamer con-
jugated with cholesterol, when adminis-
tered intravenously, exhibited an extended 
half-life (cholesterol-conjugated versus 
non-cholesterol-conjugated, 11 ± 12 ver-
sus 5.8 ± 2.1 h) and reduced clearance 
(0.26 ± 0.025 l·hour−1  kg−¹ for the cholester-
ol-conjugated aptamer com pared to 2.4 ± 0.86 
l·hour−1  kg−¹ for the non-conjugated 
form). Additionally, the cholesterol-conju-
gated aptamer demon str ated significantly 
higher AUClast (382 ± 40  μg·hour·ml−¹) 
compared to the non-conjugated version 
(46 ± 17  μg·hour·ml−¹), indicating better 
pharmacokinetics for the cholesterol conju-
gated aptamer [101].

Nanomaterial and nanoparticle (NP) 
conjugation enhances aptamer stability by 
protecting them from nuclease degradation 
and clearance without altering their tar-
get-binding properties. For example, DNA 
strands have been attached to single-walled 
carbon nanotubes (SWNTs), however, tar-
get binding had been seen to interrupt the 
interaction between the aptamer and car-
bon nanotube [102]. Another example is 
conjugation to gold nanoparticles, which 
has resulted in increased resistance to enzy-
matic degradation [103].  This is attributed 
to the high local ion concentrations on the 
NP surface and conformational changes 
that make aptamers less recognizable by 
nucleases [104]. Xia et al. reported the devel-
opment of gold nanocluster (GNC)-aptamer 
self-assemblies (GNCs@aptamer), which 
showed resistance to nuclease degradation 
for up to 48 hours, compared to just 3 hours 
for unmodified aptamers. Additionally, 
GNCs@aptamer showed nine-fold higher 
tumor retention compared to the aptamers 
alone [105].

Aptamers (ca. 12  kDa) can even be con-
jugated with an antibody (150  kDa). The 

FIGURE 5
(A) 3΄-inverted deoxythymidine (dT) modification to the 3΄-terminus of an aptamer. 
(B) Graphical depictions of a linker molecule binding the 5΄ and 3΄ termini to form a 
cyclic aptamer.
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antibody component increases the aptam-
er’s molecular size, reducing rapid renal 
clearance and extending its circulation half-
life. Heo et  al. investigated a cotinine-con-
jugated aptamer combined with an 
anti-cotinine antibody. The antibody part of 
‘oligobody’ resulted in extended in vivo phar-
macokinetics of the aptamer with t½ = 15 h 
for the cotinine conjugated aptamer in con-
trast to the aptamer in the absence of the 
antibody (t½  =  0.56  h) without influencing 
its binding affinity [106]. 

Aptamer-drug conjugates can also be 
created, analogous to antibody-drug conju-
gates, in which the aptamer acts as the tar-
geted delivery vessel itself [107,108]. This 
allows the benefits of target-specific bind-
ing without the need to modify the aptamer 
to induce a therapeutic effect. 

OUTLOOK

The 3D structure of an aptamer is dictated 
by the arrangement of potential supramo-
lecular interactions in its sequence. Like 
other biomolecules, this 3D structure deter-
mines its function [109,110]. Modifying the 
structure of any part of a nucleic acid mono-
mer has the potential to alter the overall 3D 
structure and can cause a once promising 
aptamer to fail. However, modification can 
also greatly improve aptamers as therapeu-
tics and these substitutions have proven 
integral clinical successes [111,112]. Post-
selection modifications also allow screen-
ing of a much larger number of aptamers 
against the same target and so can provide 
data indicating beneficial alterations to the 
structure and activity of the therapeutic. 
An increase in the number of modification 
types as well as modifiable positions leads 
to an exponentially larger number of post-
SELEX modified aptamers.

However, as mentioned, modifications 
can be beneficial in one respect but detri-
mental in another, so it can be a challenge 
to quantify how much a specific substi-
tution improves an aptamer overall, out 

of the huge variety of possibilities, and 
requires consideration on a per-target basis. 
Modifications post-SELEX can prove more 
difficult and could have negative effects on 
the aptamer, while in-SELEX modifications 
are built into the resultant base sequence 
and cannot be readily compared with the 
unmodified aptamer. In the development 
of pegaptanib, addition of the PEG chain 
decreased affinity for the target by factor of 
four in vitro, but improved inhibition of its 
target in vivo by 83% [13]. 

There is still much potential to expand 
current pre-SELEX modification capac-
ity through functionalization of different 
groups or potentially even modifying a 
nucleotide in an entirely new location or 
process. In addition, combining different 
types of modification to a single nucleo-
tide (e.g., sugar and base modification [41]) 
would allow greater variety and possibly 
improvement due to the synergistic effects 
of their substitutions. The combination of 
a modified base and modified sugar could 
give eight different varieties of a selected 
base and so, using the example of a non-en-
zymatically selected, 40-base aptamer 
with 10 uridine bases, this would allow over 
1 billion (810) aptamers to be screened. 

The next steps are to move beyond the 
uniform modifications which can be gen-
erated using SELEX (Figure 6A and B), to 
select multiple beneficial modifications to a 
single aptamer simultaneously (Figure 6C) 
[113]. A number of alternative methods 
to SELEX have been demonstrated but 
each has its drawbacks. One such method 
enhanced SELEX with negative selection 
through the use of a competitor [53]. This 
resulted in high binding affinity, slow dis-
associating SOMAmers being selected, 
however, the manual screening of modi-
fication positions to replace incompatible 
2΄-O-Me modifications proved very labori-
ous. Another alternate method modified 
the C5 position of the pyrimidines and 
through the modifications, the selected 
nucleic acid polymers’ binding affinity was 
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improved [114]. But the method used a 
codon system meaning that only one type 
of modification was present for the three-
base sequences. As such this limited the 
ability of modifications due to sequence 
dependence. A key emerging method that 
has allowed selection of multiple modifica-
tions is SOLFABS [41]. SOLFABS gives the 
ability to chemically modify a nucleobase 
with different functional groups, synthe-
size aptamers with a mixed combination 
of these non-natural nucleotides, and then 
select the top fraction of binders, repeating 
at increased stringency until there are just 
a small number of aptamers displaying the 
strongest binding affinity. While conduct-
ing SOLFABS, different chemical modifica-
tions made to the same type of nucleobase 
are retained, contrary to enzymatic meth-
ods (Figure 6) and it was shown that the 
mix of modifications was superior to uni-
form modification. This provides much 
greater diversity to the aptamer chemistry 
available and so provides a huge advantage 
during selection, since it moves closer to 
the range of functionalities displayed by 
antibodies.

Renal clearance is still an issue for 
aptamers, and a new approach could be 
to overcome it through modification-me-
diated binding to albumin [115]. Albumin 

is the most common protein in serum and 
so any increase in albumin binding could 
prove positive in a longer half-life and 
reduced renal clearance [116]. However, 
currently even a modified, nuclease resis-
tant aptamer can have as little as <10 min 
in vivo half-life when intravenously admin-
istered [29]. 

Modification chemistry may also need 
to be combined with delivery methods 
related to the target (i.e., lung-targeted 
therapy using an inhaler) for improved 
pre-clinical and clinical stages. Lei et  al. 
[117] studied the effect of HBA7 aptam-
ers with 2΄fluoro-pyrimidine modifications 
when administered via oropharyngeal 
aspiration for the treatment of acute lung 
injury. The lung distribution study showed 
that the aptamer retention at 24  h was 
less than 15% of that at 4  h highlighting 
the need for an effective delivery system 
to increase the aptamer’s residence time 
and to deliver it with a clinically trans-
latable device (via nebulizers or dry pow-
der inhalers rather than oropharyngeal 
or intratracheal administration). Nucleic 
acid therapeutics have the potential to 
revolutionize many areas of medicine 
through ASOs, siRNA, mRNA, and aptam-
ers. Aptamers are distinct in this grouping, 
in that they interact with non-nucleic acid 

FIGURE 6
(A) An example unmodified aptamer. (B) Chemically modified example aptamer, 
losing modification information through the SELEX PCR replication stage. (C) The 
same chemically modified aptamer, retaining all modifications through SOLFABS.

A Natural aptamer

G G G G GC C C C C CCU U U U U U UG G A A A A

B Chemically-modified aptamer: output from SELEX PCR

G G G G GC C C C C CCU U U U U U UG G A A A A

C Chemically-modified aptamer: output from SOLFABS

G G G G GC C C C C CCU U U U U U UG G A A A A
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species, rather than interfacing with the 
genetic code at the DNA or RNA level. This 
orthogonal behavior means that a new 
role for aptamers could be solving some of 
the targeting problems which ASOs and 
siRNAs have, if they are combined into 
a single unit either covalently, through 
hybridization, or in a delivery vehicle [118]. 

As well as the clinical and investi-
gational advantages of aptamers over 
antibodies, the environmental impact of 
aptamers and less demanding storage and 
transport requirements (mentioned earlier) 
must also be considered as an area in which 
aptamers can make serious strides forward.

TRANSLATION INSIGHT

Aptamer therapeutics provide many dif-
ferent commercial routes and benefits for 
industry, partly due to the wide availability 
of solid-phase synthesizers that can pro-
duce at a larger scale [119]. These enable 
R&D teams to develop synthetically mod-
ified nucleotides while identifying and 
selecting the key improvements from the 
natural aptamer. Large batches of aptamers 
can then be synthesized, enabling clinical 
studies either through CRO or an in-house 
investigation. The reliable chemical syn-
thesis is both faster and more readily fine-
tuned than production of antibodies in cells. 
Naturally, any synthetic process still has 
an environment impact, and it is true that 
aptamers are more demanding than small 
molecules, but intense efforts are afoot to 
increase sustainability and reduce cost [23]. 
Aptamers provide many benefits over anti-
bodies due to cost reductions in improved 
stability and hence less pressure on storage 
conditions and shelf-life. Aptamer thera-
peutics still have some way to go to reach 

their development potential, but it is pos-
sible that they could provide a valuable 
alternative or even replace antibodies in 
terms of effectiveness as well as commer-
cial opportunity. 

Even though there appear to be few 
fundamental issues with manufactur-
ing aptamers, challenges are still pres-
ent in commercially viable therapeutics. 
PEGlyation is a common solution to 
renal clearance but this has previously 
resulted in a failed clinical study. On the 
other hand, PEG has been a component of 
many formulations which have resulted 
in successful clinical trials and so should 
not be ruled out for aptamer conjugation. 
Nonetheless, development for other poly-
mers or aptamer delivery vessels could 
make a big difference in therapeutic appli-
cations. As a new approach, aptamer-drug 
conjugates could pose an alternative solu-
tion to aptamer therapies due to their tar-
geting capabilities. This could encourage 
a direction change from aptamers as ther-
apeutics themselves to delivery vessels of 
drugs. In addition, due to the difficulties of 
renal clearance and nuclease degradation, 
alternate delivery systems may need to be 
considered rather than the current intrave-
nous route. This could include, for example, 
an inhaler form targeting lung-related con-
ditions and so provides another obstacle in 
terms of formulation for inhalation. 

In summary, there are significant hurdles 
to development of aptamer therapeutics, 
particularly in comparison to antibodies, 
but chemical modification provides a route 
through which these challenges can be 
addressed. Once these barriers have been 
overcome, aptamer therapeutics could 
prove a huge success from healthcare, com-
mercial, and sustainability perspectives.



54 Nucleic Acid Insights 2025; 2(2), 43–59 · DOI: 10.18609/nuc.2025.010

NUCLEIC ACID INSIGHTS

REFERENCES

1. Ellington AD, Szostak JW. In vitro 
selection of RNA molecules that bind 
specific ligands. Nature 1990; 346, 
818–822.

2. Tuerk C, Gold L. Systematic evolution 
of ligands by exponential enrichment: 
RNA ligands to bacteriophage T4 DNA 
polymerase. Science 1990; 249(4968), 
505–510. 

3. Sefah K, Shangguan D, Xiong X, 
O’Donoghue MB, Tan W. Development of 
DNA aptamers using Cell-SELEX.  
Nat. Protoc. 2010; 5, 1169–1185.

4. Litke JL, Jaffrey SR. Highly efficient 
expression of circular RNA aptamers in 
cells using autocatalytic transcripts.  
Nat. Biotechnol. 2019; 37, 667–675.

5. Aljohani MM, Ciala-May D, Popp J, et al. 
Aptamers: potential diagnostic and 
therapeutic agents for blood diseases. 
Molecules 2022; 27, 383–404.

6. Takahashi T, Tada K, Mihara H.  
RNA aptamers selected against amyloid 
beta-peptide (Abeta) inhibit the 
aggregation of Abeta. Mol. Biosyst. 2009; 
5, 986–991.

7. Cox JC, Hayhurst A, Hesselberth J, et al. 
Automated selection of aptamers against 
protein targets translated in vitro: from 
gene to aptamer. Nucleic Acids Res. 2002; 
30(20), 108–122. 

8. Catuogno S, Esposito CL. Aptamer cell-
based selection: overview and advances. 
Biomedicines 2017; 5(3), 49. 

9. Li N, Nguyen HH, Byrom M, Ellington AD. 
Inhibition of cell proliferation by and 
anti-EGFR aptamer. PLOS ONE 2011; 6(6), 
20299–20309.

10. Santulli-Marotto S, Nair SK,  
Rusconi C, Sullenger B, Gilboa E. 
Multivalent RNA aptamers that inhibit 
CTLA-4 and enhance tumor immunity. 
Cancer Res. 2003; 63(21), 7483–7489.

11. Murakami K, Izuo N, Bitan G.  
Aptamers targeting amyloidogenic 
proteins and their emerging role in 
neurodegenerative diseases.  
J. Biol. Chem. Rev. 2022; 298(1), 101478.

12. Kulabhusan PK, Hussain B, Yuce M. 
Current perspectives on aptamers as 
diagnostic tools and therapeutic agents. 
Pharmaceutics 2020; 12(7), 646–668.

13. Ng EWM, Shima DT, Calias P, et al. 
Pegaptanib, a targeted anti-VEGF aptamer 
for ocular vascular disease.  
Nat. Rev. Drug Discov. 2006; 5, 123–132.

14. Belgrad J, Fakih HH, Khvorova A.  
Nucleic acid therapeutics: successes, 
milestones, and upcoming innovation. 
Nucleic Acid Ther. 2024; 34(2), 52–72.

15. Creative Biolabs. https://www.creative-
biolabs.com/lipid-based-delivery/aptamer-
modified-liposome-development.htm 
(accessed Nov 2024). 

16. PentaBind. https://www.pentabind.com 
(accessed Nov 2024).

17. Aptamer Group. https://aptamergroup.
com (accessed Nov 2024).

18. SomaLogic. https://somalogic.com 
(accessed Nov 2024). 

19. Caruthers MH. Chemical synthesis of DNA 
and DNA analogs. Acc. Chem. Res. 1991; 
24(9), 278–284. 

20. Beaucage SL, Caruthers MH. 
Deoxynucleoside phosphoramidites— 
a new class of key intermediates 
for deoxypolynucleotide synthesis. 
Tetrahedron Lett. 1981; 22(20), 1859–1862. 

21. Chaput JC, Herdwijn P. What is XNA?. 
Angew. Chem. Int. Ed. 2019; 58(34),  
11570–11572.

22. Yang LF, Liing M, Kacherovsky N,  
Pun SH. Aptamers 101: aptamer discovery 
and in vitro applications in biosensors and 
separations. Chem. Sci. 2023; 14, 4961–4978.

23. Andrews BI, Antia FD,  
Brueggemeier SB, et al. Sustainability 
challenges and opportunities in 
oligonucleotide manufacturing.  
J. Org. Chem. 2021; 86(1), 49–61. 

24. Budzinski K, Blewis M, Dahlin P, et al. 
Introduction of a process mass intensity 
metric for biologics. N. Biotechnol. 2019; 
49, 37–42.

25. Schmidt KS, Borowski S, Kurreck J, et al. 
Application of locked nucleic acids to 
improve aptamer in vivo stability and 
targeting function. Nucleic Acids Res. 
2004; 32(19), 5757–5765.

26. Qian S, Chang D, He S, Li Y. Aptamers from 
random sequence space: accomplishments, 
gaps and future considerations. Anal. Chim. 
Acta 2022; 1196, 339511–339534. 

https://www.creative-biolabs.com/lipid-based-delivery/aptamer-modified-liposome-development.htm
https://www.creative-biolabs.com/lipid-based-delivery/aptamer-modified-liposome-development.htm
https://www.creative-biolabs.com/lipid-based-delivery/aptamer-modified-liposome-development.htm
https://www.pentabind.com
https://aptamergroup.com
https://aptamergroup.com
https://somalogic.com


REVIEW

ISSN 2752-5422 · Published by BioInsights Publishing Ltd, London, UK 55

27. Kratschmer C, Levy M. Effect of chemical 
modifications on aptamer stability in 
serum. Nucleic Acid Ther. 2017; 27(6), 
335–344.

28. Chandola C, Neerathilingam M.  
Aptamers for Targeted Delivery:  
Current Challenges and Future 
Opportunities. In: Role of Novel Drug 
Delivery Vehicles in Nanobiomedicine 
(Editors: Tyagi RK, Garg N, Shukla R, 
Singh Bisen P). 2020; IntechOpen, 1–22. 

29. Healy JM, Lewis SD, Kurz M, et al. 
Pharmacokinetics and biodistribution of 
novel aptamer compositions. Pharm. Res. 
2004; 21(12), 2234–2246. 

30. Gold L, Ayers D, Bertino J, et al.  
Aptamer-based multiplexed proteomic 
technology for biomarker discovery.  
Nat. Preced. 2010; 5(12), e15004. 

31. Zhou J, Rossi J. Aptamers as targeted 
therapeutics: current potential and 
challenges. Nat. Rev. Drug Discov. 2017; 16, 
181–202.

32. Kulabhusan PK, Hussain B, Yuce M. 
Current perspectives on aptamers as 
diagnostic tools and therapeutic agents. 
Pharmaceutics 2020; 12(646),1–23.

33. Pieve CD, Blackshaw E, Missailidis S, 
Perkins AC. PEGylation and bio-
distribution of an anti-MUC1 aptamer in 
MCF-7 tumor-bearing Mice.  
Bioconjug. Chem. 2012; 23, 1377–1381.

34. Lu Y, Gu Z. A size bandpass filter.  
Nat. Nanotechnol. 2017; 12, 1023–1025.

35. Wang B, He X, Zhang Z, Zhao Y, Feng W. 
Metabolism of nanomaterials in vivo: blood 
circulation and organ clearance. Acc. Chem. 
Res. 2013; 46(3), 761–769.

36. Du B, Jiang X, Das A, et al. Glomerular 
barrier behaves as an atomically precise 
bandpass filter in a sub-nanometre 
regime. Nat. Nanotechnol. 2017; 12, 
1096–1102.

37. Cheung Y-W, Rothlisberger P,  
Mechaly AE, et al. Evolution of abiotic 
cubane chemistries in a nucleic acid 
aptamer allows selective recognition  
of a malaria biomarker.  
Proc. Natl. Acad. Sci. USA 2020; 117(29), 
16790–16798.

38. Adler A, Forster N, Homann M,  
Goringer HU. Post-SELEX chemical 
optimization of a trypanosome-specific 
RNA aptamer. Comb. Chem. High 
Throughput Screen 2008; 11, 16–23.

39. Minopoli A, Acunzo A, Ventura BD,  
Velotta R. Nanostructured surfaces as 
plasmonic biosensors: a review.  
Adv. Mater. Interfaces 2022; 9(2), 2101133.

40. Tsao S-M, Lai J-C, Horng H-E, Liu T-C, 
Hong C-Y. Generation of aptamers from 
a primer-free randomized ssDNA library 
using magnetic-assisted rapid aptamer 
selection. Nat. Sci. Rep. 2017; 7(45478).

41. Paul AR, Falsaperna M, Lavender H, 
Garrett MD, Serpell CJ. Selection of 
optimised ligands by fluorescence-
activated bead sorting. Chem. Sci. 2023; 14, 
9517–9525.

42. Singh NK, Wang Y, Wen C, et al.  
High-affinity one-step aptamer  
selection using a non-fouling porous 
hydrogel. Nat. Biotechnol. 2024; 42, 
1224–1231.

43. Majdinasab M, Daneshi M, Marty JL. 
Recent developments in non-enzymatic 
(bio)sensors for detection of pesticide 
residues: Focusing on antibody, aptamer 
and molecularly imprinted polymer. 
Talanta 2021; 232, 122397.

44. Jaffe GJ, Eliott D, Wells JA, et al.  
A Phase 1 study of intravitreous E10030 
in combination with ranibizumab 
in neovascular age-related macular 
degeneration. Ophthalmology 2016; 123(1), 
78–85.

45. Cosmi B. ARC-1779, a PEGylated aptamer 
antagonist of von Willebrand factor for 
potential use as an anticoagulant or 
antithrombotic agent. Curr. Opin. Mol. Ther. 
2009; 11(3), 322–328.

46. Biesecker G, Dihel L, Enney K,  
Bendele R. Derivation of RNA aptamer 
inhibitors of human complement C5. 
Immunopharmacology 1999; 42, 219–230. 

47. Vavalle JP, Cohen MG. The REG1 
Anticoagulation system: a novel actively 
controlled factor IX inhibitor using RNA 
aptamer technology for treatment of 
acute coronary syndrome. Future Cardiol. 
2012; 8, 371–382.

48. Waters EK, Genga RM, Schwartz MC, 
et al. Aptamer ARC19499 mediates 
a procoagulant hemostatic effect by 
inhibiting tissue factor pathway inhibitor. 
Blood 2011; 117, 5514–5522.

49. Chan KY, Kinghorn AB, Hollenstein M, 
Tanner JA. Chemical modifications for a 
next generation of nucleic acid aptamers. 
ChemBioChem 2022; 23(15), e202200006.



56 Nucleic Acid Insights 2025; 2(2), 43–59 · DOI: 10.18609/nuc.2025.010

NUCLEIC ACID INSIGHTS

50. Gupta S, Hirota M, Waugh SM, et al. 
Chemically modified DNA aptamers 
bind interleukin-6 with high affinity 
and inhibit signaling by blocking its 
interaction with interleukin-6 receptor.  
J. Biol. Chem. 2014; 289(12), 8706–8719. 

51. McKenzie LK, El-Khoury R, Thorpe JD. 
Damha M, Hollenstein M. Recent 
progress in non-native nucleic acid 
modifications. Chem. Soc. Rev. 2021; 50, 
5126–5164.

52. Crooke ST, Baker BF, Crookes RM,  
Liang X-H. Antisense technology:  
an overview and prospectus.  
Nat. Rev. Drug Discov. 2021; 20, 427–453.

53. Strauss S, Nickels PC, Strauss MT, et al. 
Modified aptamers enable quantitative 
sub-10-nm cellular DNA-PAINT imaging. 
Nat. Methods 2018; 15, 685–688.

54. Vaught JD, Bock C, Carter J, et al. 
Expanding the chemistry of DNA for  
in vitro selection. J. Am. Chem. Soc. 2010; 
132(12), 4141–4151.

55. Gawande BN, Rohloff JC, Carter JD, et al. 
Selection of DNA aptamers with two 
modified bases. Proc. Natl. Acad. Sci. USA 
2017; 114(11), 2898–2903.

56. Battersby TR, Ang DN, Burgstaller P, et al. 
Quantitative analysis of receptors for 
adenosine nucleotides obtained via in 
vitro selection from a library incorporating 
a cationic nucleotide analog.  
J. Am. Chem. Soc. 1999; 121(42),  
9781–9789. 

57. Renders M, Miller E, Lam CH, Perrin DM. 
Whole cell-SELEX of aptamers with 
a tyrosine-like side chain against live 
bacteria. Org. Biomol. Chem. 2017; 15, 
1980–1989. 

58. Li Q, Maola A, Chim N, et al. Synthesis and 
polymerase recognition of therose nucleic 
acid triphosphates equipped with diverse 
chemical functionalities. J. Am. Chem. Soc. 
2021; 143, 17761–17768.

59. Ruckman J, Green LS, Beeson J, et al. 
2΄-Fluoropyrimidine RNA-based aptamers 
to the 165-amino acid form of vascular 
endothelial growth factor (VEGF165). 
inhibition of receptor binding and VEGF-
induced vascular permeability through 
interactions requiring the exon 7-encoded 
domain. J. Biol. Chem. 1998; 273(32), 
20556–20567.

60. Padilla R, Sousa R. Efficient synthesis of 
nucleic acids heavily modified with non-
canonical ribose 2΄-groups using a mutant 
T7 RNA polymerase (RNAP).  
Nucleic Acids Res. 1999; 27(6), 1561–1563.

61. Deleavey GF, Damha MJ. Designing 
chemically modified oligonucleotides for 
targeted gene silencing. Cell Chem. Biol. 
2012; 19, 937–954.

62. Aurup H, Tuschl T, Benseler F, 
Ludwig J, Eckstein F. Oligonucleotide 
duplexes containing 2΄-amino-
2΄deoxycytidines: thermal stability and 
chemical reactivity. Nucleic Acids Res. 
1994; 22(1), 20–24.

63. Padilla R, Sousa R. A Y639F/H784A T7 
RNA polymerase double mutant displays 
superior properties for synthesizing RNAs 
with non-canonical NTPs.  
Nucleic Acids Res. 2002; 30(24), 138–141.

64. Pal S, Chandra G, Patel S, Singh S. 
Fluorinated nucleosides: synthesis, 
modulation in conformation and 
therapeutic application. Chem. Rec. 2022; 
22(5), 1–20. 

65. Brumeister PE, Lewis SD, Silva RF, et al. 
Direct in vitro selection of a 2΄-O-methyl 
aptamer to VEGF. Chem. Biol. 2005; 12, 
25–33.

66. Baszczynski O, Janeba Z. Medicinal 
chemistry of fluorinated cyclic and acyclic 
nucleoside phosphonates. Med. Res. Rev. 
2013; 33, 1304–1344.

67. Thirunavukarasu D, Chen T, Liu Z, 
Hongdilokkul N, Romesburg FE. Selection 
of 2΄-fluoro-modified aptamers with 
optimized properties. J. Am. Chem. Soc. 
2017; 139, 2892–2895.

68. Singh SK, Nielsen P, Koshkin AA,  
Wengel J. LNA (locked nucleic acids): 
synthesis and high-affinity nucleic acid 
recognition. Chem. Comm. 1998; 455–456.

69. Kuwahara M, Obika S. In vitro selection of 
BNA (LNA) aptamers. Artif. DNA PNA XNA 
2013; 4(2), 39–48.

70. Veedu RN, Wengel J. Locked nucleic 
acids: promising nucleic acid analogs for 
therapeutic applications. Chem. Biodivers. 
2010; 7, 536–542.

71. Chaput JC, Szostak JW. TNA synthesis by 
DNA polymerases. J. Am. Chem. Soc. 2003; 
125(31), 9274–9275.



REVIEW

ISSN 2752-5422 · Published by BioInsights Publishing Ltd, London, UK 57

72. Culbertson MC, Temburnikar KW,  
Sau SP, et al. Evaulating TNA stability 
under simulated physiological conditions. 
Bioorganic Med. Chem. Lett. 2016; 26(10), 
2418–2421.

73. Chim N, Shi C, Sau SP, Nikoomanzar A, 
Chaput JC. Structural basis for TNA 
synthesis by an engineered TNA 
polymerase. Nat. Commun. 2017; 8(1810). 

74. Dunn MR, McClockey CM, Buckley P,  
Rhea K, Chaput JC. Generating biologically 
stable TNA aptamers that function with 
high affinity and thermal stability.  
J. Am. Chem. Soc. 2020; 142, 7721–7724. 

75. Kibler-Herzog L, Zon G, Uznanski B, 
Whittier G, Wilson WD. Duplex stabilities 
of phosphorothioate, methylphosphonate, 
and RNA analogs of two DNA 14-mers. 
Nucleic Acids Res. 1991; 19(11), 2979–2986.

76. Wang C, Sun Y, Zhao Q. A sensitive 
thrombin-linked sandwich immunoassay 
for protein targets using high affinity 
phosphorodithioate modified aptamer 
for thrombin labelling. Talanta 2020; 207, 
120280–120285.

77. Roberts TC, Langer R, Wood MJA. 
Advances in oligonucleotide drug delivery. 
Nat. Rev. Drug Discov. 2020; 19, 673–694.

78. Agrawal S, Kandimalla ER. Antisense 
therapeutics: is it as simple as 
complementary base recognition?.  
Mol. Med. Today 2000; 6, 72–81.

79. Jung K-H, Marx A. Nucelotide analogues 
as probes for DNA polymerases.  
Cell. Mol. Life Sci. 2005; 62, 2080–2091.

80. Darfeuille F, Arzumanov A, Gryaznov S, 
et al. Loop–loop interaction of HIV-
1 TAR RNA with N3΄–>P5΄ deoxy-
phosphoramidate aptamers inhibits 
in vitro Tat-mediated transcription.  
Proc. Natl. Acad. Sci. USA 2002; 99(15), 
9709–9714.

81. Eckstein F. Phosphorothioates, 
essential components of therapeutic 
oligonucleotides. Nucleic Acid Ther. 2014; 
24(6), 374–387.

82. Chai Z, Guo L, Jin H, et al. TBA loop 
mapping with 3΄-inverted-deoxythymine 
for fine-tuning of the binding affinity for 
α-thrombin. Org. Biomol. Chem. 2019; 17, 
2403–2412.

83. Eesposito V, Russo A, Vellecco V, et al. 
Thrombin binding aptamer analogues 
containing inversion of polarity sites 
endowed with antiproliferative and anti-
motility properties against Calu-6 cells. 
Biochim. Biophys. Acta Gen. Subj. 2018; 
1862(12), 2645–2650.

84. Virgilio A, Amata T, Petraccone L, et al. 
Improved thrombin binding aptamer 
analogues containing inversion of polarity 
sites: structural effects of extra-residues 
at the ends. Org. Biomol. Chem. 2016; 14, 
7707–7714.

85. Troisi R, Riccardi C, de Carvasal KP, et al. 
A terminal functionalization strategy 
reveals unusual binding abilities of anti-
thrombin anticoagulant aptamers.  
Mol. Ther. Nucleic Acids 2022; 30, 585–594.

86. Liu M, Yin Q, Chang Y, Zhang Q,  
Brennan JD, Li Y. In vitro selection of 
circular DNA aptamers for biosensing 
applications. Angew Chem. Int. Ed. Engl. 
2019; 58(24), 8013–8017.

87. Riccardi C, Meyer A, Vasseur J-J, et al. 
Fine-tuning the properties of the thrombin 
binding aptamer through cyclization: 
effect of the 5΄-3΄ connecting linker on 
the aptamer stability and anticoagulant 
activity. Bioorg. Chem. 2020; 94,  
103379–103392.

88. Di Giusto DA, King GC. Construction, 
stability, and activity of multivalent 
circular anticoagulant aptamers. J. Biol. 
Chem. 2004; 279(45), 46483–46489.

89. Wang Z, Yang X, Lee NZ, Cao X. 
Multivalent aptamer approach: 
designs, strategies, and applications. 
Micromachines (Basel) 2022; 13(3), 436.

90. Luo L, Li W, Xiang D, et al. Sensitive and 
specific detection of tumour cells based 
on a multivalent DNA nanocreeper and a 
multiplexed fluorescence supersandwich. 
Chem. Commun. (Camb). 2020; 56(25), 
3693–3696.

91. Tan Y, Li Y, Qu YX, et al. Aptamer-peptide 
conjugates as targeted chemosensitizers 
for breast cancer treatment. ACS Appl. 
Mater. Interfaces 2021; 13(8), 9436–9444.

92. Nerantzaki M, Loth C, Lutz J-F.  
Chemical conjugation of nucleic acid 
aptamers and synthetic polymers.  
Polym. Chem. 2021; 12, 3498–3509.



58 Nucleic Acid Insights 2025; 2(2), 43–59 · DOI: 10.18609/nuc.2025.010

NUCLEIC ACID INSIGHTS

93. Salimian R, Nardin C. Conjugated 
polymers for aptasensing applications. 
Biomacromolecules 2023; 24(8), 3411–3437.

94. Loth C, Charles L, Lutz J-F, Nerantzaki M. 
Precisely defined aptamer-b-poly 
(phosphodiester) conjugates prepared 
by phosphoramidite polymer chemistry. 
ACS Macro Lett. 2021; 10(4), 481–485.

95. Phos4nova. https://phos4nova.eu/?page_
id=493 (accessed Nov 2024). 

96. Povsic TJ, Wargin WA, Alexander JH, et al. 
Pegnivacogin results in near complete FIX 
inhibition in acute coronary syndrome 
patients: RADAR pharmacokinetic and 
pharmacodynamic substudy. Eur. Heart J. 
2011; 32, 2412–2419.

97. Povsic TJ, Lawrence MG, Lincoff AM, et al. 
Pre-existing anti-PEG antibodies are 
associated with severe immediate allergic 
reactions to pegnivacogin, a PEGylated 
aptamer. J. Allergy Clin. Immunol. 2016; 
138(6), 1712–1715.

98. Ganson NJ, Povsic TJ, Sullenger BA, et al. 
Pre-existing anti–polyethylene glycol 
antibody linked to first-exposure allergic 
reactions to pegnivacogin, a PEGylated 
RNA aptamer. J. Allergy Clin. Immunol. 
2016; 137(5), 1610–1613.

99. Zhang H, Yu S, Ni S, et al. A bimolecular 
modification strategy for developing long-
lasting bone anabolic aptamer.  
Mol. Ther. Nucleic Acids. 2023; 34, 102073.

100. de Smidt PC, Le Doan T, de Falco S,  
van Berkel TJ. Association of antisense 
oligonucleotides with lipoproteins 
prolongs the plasma half-life and modifies 
the tissue distribution. Nucleic Acids Res. 
1991; 19(17), 4695–4700.

101. Lee CH, Lee SH, Kim JH, Noh YH,  
Noh GJ, Lee SW. Pharmacokinetics of a 
cholesterol-conjugated aptamer against 
the hepatitis C virus (HCV) NS5B protein. 
Mol. Ther. Nucleic Acids. 2015; 4(10), e254.

102. Chen T, Shukoor MI, Chen Y, et al. 
Aptamer-conjugated nanomaterials 
for bioanalysis and biotechnology 
applications. Nanoscale 2011; 3, 546–556. 

103. Yang L, Zhang X, Ye M, et al.  
Aptamer-conjugated nanomaterials and 
their applications. Adv. Drug Deliv. Rev. 
2011; 63, 1361–1370. 

104. Xiao Z, Farokhzad OC. Aptamer-
functionalized nanoparticles for medical 
applications: challenges and opportunities. 
ACS Nano. 2012; 6(5), 3670–3676.

105. Xia F, He A, Zhao H, et al.  
Molecular engineering of aptamer self-
assemblies increases in vivo stability and 
targeted recognition. ACS Nano. 2022; 
16(1), 169–179.

106. Heo K, Min SW, Sung HJ, et al. An aptamer-
antibody complex (oligobody) as a novel 
delivery platform for targeted cancer 
therapies. J. Control Release 2016; 229, 1–9.

107. Zhu G, Niu G, Chen X. Aptamer-drug 
conjugates. Bioconjug. Chem. 2015; 26(11), 
2186–2197.

108. Chen K, Liu B, Yu B, et al. Advances in the 
development of aptamer drug conjugates 
for targeted drug delivery. Nanomed. 
Nanobiol. 2017; 9, 1438–1452. 

109. Zhao W, Chiuman W, Lam JCF, et al.  
DNA aptamer folding on gold 
nanoparticles: from colloid chemistry to 
biosensors. J. Am. Chem. Soc. 2008; 130, 
3610–3618.

110. Hoinka J, Zotenko E, Friedman A,  
Sauna ZE, Pryztycka TM. Identification 
of sequence-structure RNA binding 
motifs for SELEX-derived aptamers. 
Bioinformatics 2012; 28(12), 215–223. 

111. Wan WB, Seth PP. The medicinal 
chemistry of therapeutic oligonucleotides. 
J. Med. Chem. 2016; 59, 9645–9667.

112. Ni S, Zhuo Z, Pan Y, et al. Recent progress 
in aptamer discoveries and modifications 
for therapeutic applications. ACS Appl. 
Mater. Interfaces 2021; 13, 9500–9519.

113. Roberts TC, Langer R, Wood MA. 
Advances in oligonucleotide drug delivery. 
Nat. Rev. Drug Discov. 2020; 19, 673–694.

114. Chen Z, Lichtor PA, Berliner AP, Chen JC, 
Liu DR. Evolution of sequence-defined 
highly functionalized nucleic acid 
polymers. Nat. Chem. 2018; 10, 420–427.

115. Rosch JC, Hoogenboezem EN, Sortes AG, 
Duvall CL, Lippmann ES. Albumin-binding 
aptamer chimeras for improved siRNA 
bioavailability. Cell Mol. Bioeng. 2022; 
15(2), 161–173.

116. Rothschild MA, Oratz M, Schreiber SS. 
Serum albumin. Hepatology 1998; 8(2), 
385–401.

117. Lei B, Wang C, Snow K, et al.  
Inhalation of an RNA aptamer that 
selectively binds extracellular histones 
protects from cute lung injury.  
Mol. Ther. Nucleic Acids. 2023; 31, 662–673. 

https://phos4nova.eu/?page_id=493
https://phos4nova.eu/?page_id=493


REVIEW

ISSN 2752-5422 · Published by BioInsights Publishing Ltd, London, UK 59

118. Sun X, Seterrahmane S, Li C, Hu J, Xu H. 
Nucleic acid drugs: recent progress  
and future perspectives. Signal Transduct. 
Target Ther. 2024; 9(1), 316.

119. Cytiva. https://info.cytivalifesciences.
com/akta-oligosynt-rfd.html (accessed 
Nov 2024). 

AFFILIATIONS

Henry W Rose, Department of Pharmaceutical and Biological Chemistry, School of Pharmacy, 
University College London, London, UK 

Aasif Ansari, Division of Chemical Biology and Medicinal Chemistry, Eshelman School of Pharmacy, 
University of North Carolina at Chapel Hill, Chapel Hill, NC, USA

Essraa A Hassan, Drug Delivery, Disposition and Dynamics, Monash Institute of Pharmaceutical 
Sciences, Monash University, Parkville, Victoria, Australia

Jie Tang, Drug Delivery, Disposition and Dynamics, Monash Institute of Pharmaceutical Sciences, 
Monash University, Parkville, Victoria, Australia

Rihe Liu, Division of Chemical Biology and Medicinal Chemistry, Eshelman School of Pharmacy, 
University of North Carolina at Chapel Hill, Chapel Hill, NC, USA 

Christopher J Serpell, Department of Pharmaceutical and Biological Chemistry, School of Pharmacy, 
University College London, London, UK (chris.serpell@ucl.ac.uk)

AUTHORSHIP & CONFLICT OF INTEREST
Contributions: The named authors take responsibility for the integrity of the work as a whole, and have 
given their approval for this version to be published.

Acknowledgements: None.

Disclosure and potential conflicts of interest: The authors have no conflicts of interest. 

Funding declaration: Essraa A Hassan and Jie Tang have received funding from the PARCDT funding 
scheme 2023 and ParmAlliance Research Clusters. Christopher J Serpell has received funding from 
PharmAlliance. Henry W Rose has received funding from PharmAlliance Research Cluster for Doctoral 
Training (PARCDT). Rihe Liu has received funding from the University Cancer Research Fund and the 
PharmAlliance Research Clusters Fund ESOP.

ARTICLE & COPYRIGHT INFORMATION
Copyright: Published by Nucleic Acid Insights under Creative Commons License Deed CC BY NC ND 4.0 
which allows anyone to copy, distribute, and transmit the article provided it is properly attributed in the 
manner specified below. No commercial use without permission.

Attribution: Copyright © 2025 Rose HW, Ansari A, Hassan EA, Tang J, Liu R, and Serpell CJ. Published by 
Nucleic Acid Insights under Creative Commons License Deed CC BY NC ND 4.0.

Article source: Invited; externally peer reviewed. 

Submitted for peer review: Jan 14, 2025.

Revised manuscript received: Feb 19, 2025.

Publication date: Apr 7, 2025.

https://info.cytivalifesciences.com/akta-oligosynt-rfd.html
https://info.cytivalifesciences.com/akta-oligosynt-rfd.html
mailto:chris.serpell%40ucl.ac.uk?subject=


NUCLEIC ACID INSIGHTS

www.insights.bio   25

For the many and the few: bringing 
ASO therapies to both mainstream 
and nano-rare indications

Roisin McGuigan, Commissioning Editor, Nucleic Acid Insights, speaks to Stanley Crooke, 
Chairman, Founder and CEO, n-Lorem, about his long career and pioneering role in the 
antisense oligonucleotide (ASO) space, how RNA-targeting therapies are set to enter the 
mainstream, and his latest focus: making personalized, free-for-life ASO therapies available 
to nano-rare patient populations.

Nucleic Acid Insights 2025; 2(2), 25–31 · DOI: 10.18609/nuc.2024.006

“...we have a 100% success rate to date in the patients that 
have been treated long enough to evaluate for benefit.”

INTERVIEW

 Q Could you tell me a bit about your career, from entering the oligo-
nucleotide space to founding the n-Lorem Foundation?

SC I have been involved in basic research and drug discovery and develop-
ment for many decades now. I did my MD–PhD and house staff training at 

Baylor College of Medicine and was on the faculty for over 25 years. In the first 5 years 
of my career, I led the building of the first broadly successful line of cancer programs at 

OLIGONUCLEOTIDES: INNOVATION IN 
ENGINEERING AND DESIGN
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Bristol Myers, and then was president of R&D at what is now GSK. In 1989, I founded Ionis 
Pharmaceuticals in order to create a new, more efficient drug discovery technology: anti-
sense oligonucleotide (ASO) technology. Having succeeded at doing this, in 2020 I retired.

Then, in response to the desperate need of patients with extremely rare mutations—
what I have dubbed nano-rare—I established n-Lorem as a non-profit to provide experi-
mental ASO treatments to patients with nano-rare diseases.

 Q How has the antisense field evolved over the time you’ve been 
active in this space, and what would you pick out as the biggest 
milestones to date?

SC We spent 30 years creating the technology and advancing it. The fact that it 
exists is an extraordinary achievement, particularly since it was to a large extent 

done in a single company. At Ionis, we advanced the chemistry and the understanding of 
the molecular mechanisms by which these drugs produced their pharmacological, toxico-
logical, and immunological effects, and we learned how to manage that. To date, there are 
now 17 RNA-targeted drugs that have been approved. That includes the first blockbuster, 
which is our antisense drug for spinal muscular atrophy, Spinraza®.

I fully expect additional drugs to be approved this year. At Ionis they have ASOs to treat 
very large cardiometabolic indications that are completing: including an 8,000-patient car-
diovascular outcome trial, a 5,000-patient Phase 3 trial, and still other large clinical trials. 
In the next couple of years, I anticipate that the technology will take its place in the main-
stream of therapeutic options for patients. 

However, after scaling up for 30 years at Ionis, in the last 5 years at an-Lorem we have 
been scaling down. This is because antisense technology is today the only technology that 
can address the needs of a meaningful number of these patients with nano-rare mutations.

 Q Turning to the present, could you tell me a bit more about the cur-
rent key activities and goals of the foundation?

SC The history of the foundation begins around 2017, when I was CEO and 
lead scientist at Ionis. I was visited by two sets of parents of two boys with 

mutations in SCN2A, that encodes the voltage-gated sodium channel alpha-subunit 
Na(V)1.2. Both of these boys were severely affected, as one might expect, with severe sei-
zures, movement disorders, autonomic dysfunction, and a wide range of autistic symp-
tomatology. In short, they were desperately ill, and progressing. 

In that meeting, I had to tell these parents that the indication was simply too small for 
Ionis to pursue. However, I realized that the technology is efficient enough that I could 
probably make an ASO for them and give it to them for free. As I learned more about nano-
rare mutations and the syndromes they cause, I began to recognize that with genomic 
sequencing we were identifying many of these patients. While it wasn’t what I originally 
planned for my retirement, it seemed like something that I had to do. 

I founded n-Lorem with the mission to industrialize a process via which we can respond 
to the needs of these patients by discovering, developing, manufacturing, and providing 
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ASOs. Our aim is to do this one patient at a time, with a personalized ASO for each patient, 
and to do that for free, for life.

That is our mission and we have been fortunate enough to raise sufficient funds to 
grow dramatically to respond to the need that we have—and I certainly didn’t expect the 
demand that we have experienced. Further, we know that that demand is going to con-
tinue to grow exponentially every year. 

Today we are privileged to be able to say we have a 100% success rate to date in the 
patients that have been treated long enough to evaluate for benefit. We have also observed 
pristine safety and tolerability, and that sets the stage for doing more tomorrow. And more 
is required, as every day more and more patients are identified and come to us for help.

 Q You have published some very positive clinical data recently. Can 
you discuss some of those key clinical milestones to date, and 
what’s next?

SC When I founded n-Lorem I thought by this stage we would have maybe a 
handful of applications, and might be treating a patient. In fact, we’ve now 

processed more than 330 applications for treatment and accepted more than 160 patients, 
with a wide range of different diseases and mutations. We are capable of filing about 
20 INDs per year, and we have filed in four divisions of the US FDA: two neural divisions, 
the eye division, and cardiorenal. Although the clinical studies we conduct are not reg-
istrational studies, in our view, we now have significant evidence of benefit in patients 
with eye disease and kidney disease. In the CNS we’ve seen truly profound benefit in a 
wide range of patients, with dramatic reductions in seizures, significant improvement in 
movement disorders, substantial recovery of functions lost, and even the acquisition of 
new skills that the patient never had before. This causes us to rethink entirely how plastic 
the CNS is and how much we can recover from developmental delays. We’ve also seen sig-
nificant benefit in autism symptoms, in patients with evidence of autonomic dysfunction, 
and improvement in pain syndromes. 

Notably, we have done all this while having no ASO-related serious adverse events to 
date—we think that record can be continued, given the qualities of this technology and 
our experience in using it. It is very important to us to avoid imposing additional hardship 
on these patients in the form of drug-related side effects.

Another critical component of our efforts is the work that we did with the FDA, mostly 
in 2019, before I founded n-Lorem. This led to the unique guidance that the FDA has issued 
for ASOs for nano-rare patients, which supports us treating these extremely sick patients 
directly with only in vitro data and a single 3-month rodent toxicity study. That makes it 
cost-effective, and we can get to patients in 15–20 months. Most of these patients need 
that, because they are progressing rapidly to death or to loss of organ.

We are also investing in the future of antisense technology. I personally led most of the 
work that resulted in many of the advances in understanding the mechanisms by which 

“We now have significant evidence of benefit in patients  
with eye disease and kidney disease.”
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these work and then used that to make better ASOs. The technology is still continuing to 
advance at a rapid pace. We are working in a number of areas to make better ASOs for our 
patients, both for nano-rare patients and for more prevalent diseases.

We think that our mission is galvanic, and have been gratified by the response to it. I’m 
very pleased with the amount of funds that we have been able to raise, and excited by the 
progress that we’ve made in moving toward establishing more sustainable financing mod-
els. We are poised to do a lot more and do it a lot better in the coming years.

 Q Where are the key opportunities as you see them to improve tar-
geted delivery of ASO therapies?

SC There are still many opportunities to broaden the reach of the technology 
and of course, a large fraction of current research efforts are focused on 

targeted delivery to different organs. From my perspective the GalNAc conjugation was 
a major step forward, but it was fairly obvious. The liver’s job is to scavenge molecules 
from blood, so we just asked the liver to do what it does.

What gives me more optimism about targeted delivery is that we showed that with a 
GLP-1 conjugated ASO, we could get ASOs in pharmacologic concentrations in pancreatic 
β cells. We get no ASO in the absence of the GLP-1 conjugate, and that receptor is not a 
scavenger receptor, but actually a G protein-coupled receptor. 

Many of the programs are also focusing on transferrin to improve delivery to skeletal 
muscle and elsewhere, and there are many broader opportunities for targeted delivery 
involving different targets. 

The work we have done to understand the mechanisms of cytotoxicity has yielded 
what we think of as the probable third-generation chemistry, in which we point-modify at 
specific sites with specific modifications to reduce the potential for cytotoxicity.

We are also learning a great deal about why some phosphorothioate-modified ASOs 
activate innate immunity, and that’s an area of active research in my group. We are making 
real progress in learning to control that. There are multiple new chemistries coming along, 
some of which look potentially interesting. Of course, we’ve looked at many thousands 
of different chemical modifications through the years. You have to accept that for every 
1,000 modifications you look at, maybe one of them will have some value in the long term.

The entry of ASOs into the major cardiometabolic and CNS diseases in the next two to 
three years is going to be very important, because that will take RNA-targeted drug discov-
ery and put it in the center of therapeutics, which is where it belongs.

These are a few areas of opportunity for the space, and there are many others. For exam-
ple, we are learning that 60% of our patients require allele selective ASOs, and develop-
ing means to do that in a much better way. There are multiple mechanisms to upregulate 
translation that we have already shown, and perfecting those so that we can do a better 
job for loss of function mutations is another major effort that is ongoing at n-Lorem. 

“We are also learning a great deal about why some  
phosphorothioate-modified ASOs activate innate immunity, 

and that’s an area of active research...”
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 Q A challenge often cited in the oligonucleotide space is moving 
towards more environmentally sustainable manufacturing. What 
are your thoughts on how the space can improve in this area?

SC It’s important to emphasize that this is still an extremely young technology. 
Small molecule drug discoveries have been around for 125  years. Monoclonal 

antibodies are now in their 50th year. The industry has spent 40-plus years on gene ther-
apy, and well over $60 billion, and fundamental advances are still needed and there are 
plenty of things to work on. 

For ASOs the next steps are fully integrating manufacturing to include both manufac-
ture at all kinds of scales, and formulation, and having more in-process quality control 
systems. I think there are a variety of firms that are working on that now. 

There are also no exotherms, no high-pressure reactions, and no difficult chemical reac-
tions. The main environmental issue we face is that we have still not found a substitute for 
acetonitrile. Handling acetonitrile and the waste from it is an expensive and environmen-
tally sensitive challenge. However, in the grand scheme of manufacturing drugs, it’s fairly 
modest compared to many other things I’ve dealt with in my career. Simplifying the man-
ufacturing process and weaning it from acetonitrile to the extend that is feasible would be 
an important step forward. It’s certainly not that we and others haven’t tried, but it has 
proven tough. I am optimistic that it will get resolved.

 Q How do you predict the ASO space will develop over the next 
5 years, and what will be your own key priorities in that timeframe?

SC The technology’s next step will happen in the next couple of years as 
ASOs take their place in mainstream medicine in cardiometabolic indica-

tions, and CNS diseases like Parkinson’s and Alzheimer’s disease. We will continue to 
advance new mechanisms that will broaden the reach of the technology and importantly, 
learn how to make these more agonist-like drugs by altering translation of specific target 
proteins. We know how to do that, so now we need to do it better.

Advances in allele selectivity that depend on understanding RNase H1 are important, 
particularly for our patients. For any situation in which you have a heterozygous mutation 
and you’d like to alter only the mutant form of the RNA and protein, targeted delivery is an 
important effort. I am particularly anxious to see us do a better job in the heart and in some 
immune cells. We still have challenges with treating solid cancers, for a variety of reasons. 
Better control of innate immune activation is something that we are actively working on.

At the same time as this is happening, at n-Lorem we are downscaling the technology 
to treat a single patient. To my mind, the breadth of the appetite that we have for antisense 
is truly extraordinary to think about: treating millions, and treating one. There’s never 
been a technology that could lend itself to even thinking about that.

We have demonstrated we can do this, and do it repeatedly and safely. We’ve demon-
strated that a non-profit model can work. Our next task is to take this to the next level 
and provide our services to the many patients who still need our help. I don’t make light of 
those challenges, which are very real, but they are mostly about money. From a technical 
perspective we have crossed all the hurdles and shown that none of this is impossible. It 
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just boils down to raising as much money as we can for n-Lorem over the next few years, 
and expanding our reach.
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DNA origami nanostructures  
in biomedicine and the issue  
of stability
Adrian Keller

During the last decade, DNA origami nanostructures (DONs) have evolved into molecular 
precision tools widely applied in the biomedical field and especially in targeted drug delivery. 
Numerous successful in vivo studies have demonstrated potential therapeutic applications 
in the treatment of cancer, autoimmune diseases, and bacterial infections, among others. 
Tremendous progress has been made toward the clinical application of DONs and several 
important hurdles have been overcome. As one of the last major challenges, efficient means 
for controlling the in vivo stability of DONs need to be developed that do not interfere with 
their anticipated functions. Although we are not quite there yet, numerous recent stud-
ies have approached this issue from different angles, uncovered the intrinsic and extrinsic 
molecular mechanisms that govern DNA origami stability in physiological environments, and 
developed strategies to stabilize DONs in the absence of cations and against digestion by 
nucleases. This contribution provides an overview of the recent advances in the field and 
tries to paint a coherent picture of the various processes and interdependencies that affect 
the structural integrity of DONs in vivo. The most promising strategies for the stabilization 
of DONs under those conditions and their current limitations are discussed in order to guide 
future research efforts. 

Nucleic Acid Insights 2025; 2(2), 61–75 · DOI: 10.18609/nuc.2025.011

DNA  
DIAGNOSTIC/SENSOR APPLICATIONS
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INTRODUCTION

In 2006, Rothemund presented a new 
method for the self-assembly of DNA nano-
structures with almost arbitrary shapes 
called DNA origami [1]. It relies on the con-
trolled folding of a long single-stranded 
scaffold by hybridization with a set of short 
oligonucleotides, so-called staple strands 
(Figure 1A). The total number of staples 
used for DNA origami assembly depends 
on the design and the employed scaffold 
and may range from few ten [2] to more 
than 200 staples [1]. Each staple consists 
of multiple domains that hybridize with 
different separated segments of the scaf-
fold, thereby forcing the scaffold to adopt a 

predefined shape. This is usually achieved 
by first heating the scaffold and staple mix-
ture to about 80 °C, followed by slow cool-
ing to room temperature in the presence of 
cations that screen electrostatic repulsion 
between neighboring helices. Rothemund 
already demonstrated the assembly of a 
variety of 2D DNA origami shapes about 
100 nm in diameter using the same scaffold 
(the M13mp18 phage genome) in combina-
tion with different sets of staple strands [1]. 
In 2009, four studies extended the DNA ori-
gami approach to the fabrication of bulky as 
well as hollow 3D shapes [3–6], including a 
box-shaped container with a controllable 
lid that could be opened by addition of two 
oligonucleotide keys (Figure 1B) [5]. This 
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not only demonstrated the possibility of 
generating stimuli -responsive DNA origami 
nanostructures (DONs) with the capability 
to undergo defined shape transformations 
upon interacting with a preselected molec-
ular trigger, but already hinted at possible 
applications as drug delivery vehicles for 
the controlled release of therapeutic cargos 
[5]. In the following 15 years, DONs have 
become widely applied molecular tools 

routinely employed in various research 
fields including synthetic [7] and chemical 
biology [8], super-resolution microscopy 
[9,10], biophysics [11,12], nanoelectronics 
[13,14], biosensing [15,16], optics [17,18], 
and especially biomedicine [19–22].

Compared to other nanomaterials, 
DONs have several key advantages that 
make them ideal candidates for biomedical 
applications:

FIGURE 1

(A) In DNA origami assembly, a long single-stranded DNA scaffold is folded into a predesigned 2D or 3D nanoscale shape upon hybridization 
with a set of oligonucleotides called staple strands. (B) A hollow 3D DNA origami box with two locks (yellow) that can be opened by two 
molecular keys (blue). DON: DNA origami nanostructure.
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 f DONs can be assembled at high yields 
that may reach values of 90% and 
more [1];

 f Complex, almost arbitrary shapes can be 
fabricated, ranging from quasi-1D fibers 
and 2D sheets to compact nanoparticles 
and wireframe-like cages [23];

 f Being fully composed of DNA, DONs are 
biodegradable and nontoxic and illicit 
only a moderate immune response [24];

 f The diverse chemistry of DNA enables 
the straightforward loading of DONs 
with drug molecules through various 
interactions, including intercalation [25], 
groove-binding [26], and electrostatic 
binding [27];

 f Additionally, each staple strand has a 
unique location within the DNA origami 
shape, which enables the controlled 
arrangement of small molecules, DNA 
and RNA strands, enzymes, and proteins 
into complex patterns with nanometer 
and sub-nanometer precision [8];

 f In a similar way, stimuli-responsive 
elements for the triggered release or 
display of therapeutic cargo can be 
incorporated in the form of switchable 
DNA motifs such as aptamers [28] and 
triple helices [29].

Because of these advantages, numerous 
potential applications of DONs in the bio-
medical field have been investigated, pri-
marily in drug delivery [30] but also in drug 
discovery [31] and biomaterials science 
[32]. Tremendous advances toward the 
clinical application of DNA origami-based 
drug carries have been made in the past 
10 years, including not only numerous suc-
cessful in  vivo treatments, but also their 
in  vivo tracking at single-cell resolution 
[33], their biotechnological large-scale 
production [34] and the introduction of 

custom scaffolds that lack any potentially 
active genes [35] and thus face fewer reg-
ulatory challenges [19,20]. However, while 
many challenges have been faced and 
overcome, some challenges remain. Chief 
among them still is the limited stability of 
DONs in physiological environments, even 
though considerable progress has been 
made in the last few years toward elucidat-
ing and understanding the complex molec-
ular mechanisms that govern DNA origami 
stability under relevant conditions. We are 
now beginning to understand how DNA 
origami stability can be controlled by ratio-
nal design choices. Additionally, several 
strategies for the application of stabilizing 
molecular coatings and the introduction 
of covalent links have been developed. 
Nevertheless, there still are some open 
questions and unsolved issues that need to 
be addressed before therapeutic DONs can 
enter the clinic. Therefore, this contribu-
tion summarizes the recent advances in the 
field and tries to paint a coherent picture 
of the various processes and interdepen-
dencies that affect the structural integrity 
of DONs in the physiological environment. 
Promising strategies for the stabilization 
of DONs under those conditions and their 
current limitations are discussed to guide 
future research efforts.

APPLICATIONS OF DNA  
ORIGAMI NANOSTRUCTURES  
IN BIOMEDICINE

Many of the early studies exploring bio-
medical applications of DONs focused on 
cancer chemotherapy. To some extent, this 
was due to the fact that several cancer che-
motherapeutic drugs in clinical use such as 
doxorubicin spontaneously bind to DNA, 
thereby enabling their rather straight-
forward loading into DONs [30,36,37]. 
Doxorubicin intercalates between the base 
pairs of the DNA duplexes and is released 
spontaneously upon transfer into doxo-
rubicin-free media and/or DNA origami 



EXPERT INSIGHT

ISSN 2752-5422 · Published by BioInsights Publishing Ltd, London, UK 65

degradation. This approach therefore relies 
on the accumulation of the drug-loaded 
DONs in the tumor tissue, either due to the 
enhanced permeability and retention (EPR) 
effect [30] or the incorporation of target-
ing entities such as aptamers [38]. Readers 
are advised, however, that the interaction 
between doxorubicin and DNA is much 
more complex than some of these studies 
assumed, so that the employed loading pro-
tocols may have led to severe doxorubicin 
aggregation and thus unreliable results [25]. 

As of today, DNA origami nanocarriers 
have been employed successfully in  vivo 
in various cancer treatment strategies, 
including enzyme delivery [39], RNA 
interference [40], photothermal therapy 
[41], immunotherapy [42], and various 
combinations thereof [40,43,44]. In many 
of these studies, the DONs featured target-
ing entities on their surfaces that enabled 
their specific binding to cancer cells 
[39,40,42,44], as well as stimuli-respon-
sive elements that triggered the release or 
display of the cargo [39,40,42,44].

More recently, the direct therapeutic 
potential of DONs beyond drug delivery has 
been explored as well. DONs are efficient 
scavengers of reactive oxygen species (ROS) 
and especially singlet oxygen [45], which 
opens up potential applications in the treat-
ment of ROS-related diseases such as acute 
kidney injury [46–48], rheumatoid arthri-
tis [49], sepsis under diabetic conditions 
[50], and atherosclerosis [51]. Also in these 
cases, the DONs are often equipped with 
additional functional entities to improve 
targeting or add another mechanisms of 
action [47–51]. These general strategies 
have also been applied in delivery concepts 
for the treatment of ocular diseases [52,53] 
and bacterial infections [54,55]. 

DNA ORIGAMI STABILITY UNDER 
PHYSIOLOGICAL CONDITIONS

All approaches discussed above rely on 
controlling the structural integrity of the 

DONs as unwanted degradation or dena-
turation will result in the loss of targeting 
capabilities and/or the premature release 
of the loaded cargo. Maintaining structural 
integrity in physiological environments, 
however, turned out rather challenging 
because DONs are more sensitive toward 
certain environmental factors than linear 
double-stranded DNA. Whereas nucleases 
represent the greatest threat to the in vivo 
stability of double-stranded DNA, DNA 
origami stability in physiological media is 
strongly affected also by the ionic composi-
tion. For a more detailed discussion of these 
phenomena and their underlying molecular 
mechanisms, the reader is referred to some 
recent reviews [56,57].

During DNA origami assembly, a large 
number of base pairs (~7500) are com-
pacted into a small volume (~12000  nm³), 
resulting in a large charge density of about 

-1.25  nm⁻³. To facilitate efficient assem-
bly, the resulting electrostatic repulsion 
between neighboring helices needs to be 
compensated. This is typically achieved 
by adding relatively high concentrations 
of Mg²+ ions (~10–20 mM) to the assembly 
reaction mixture. These Mg²+ ions then form 
salt bridges between the backbone phos-
phates of neighboring helices and thereby 
stabilize the overall assembly. Transferring 
the DONs into physiological media that 
have much lower Mg²+ concentrations may 
therefore lead to their disintegration due 
to electrostatic interhelix repulsion. For 
some time, this was considered a major fac-
tor restricting the application of DONs in 
biomedicine [58]. However, it is generally 
accepted now that DONs can be transferred 
into media with Mg²+ concentrations in the 
low µM range without any negative effects 
on their structural integrity [59–61]. Under 
such low-Mg²+ conditions, DNA origami sta-
bility depends critically on the presence of 
residual Mg²+ salt bridges [59], the removal 
of which will result in DNA origami dena-
turation. This can be caused for instance by 
the presence of ethylenediaminetetraacetic 
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acid (EDTA), which efficiently chelates Mg²+ 
ions. HPO₄²- ions may elicit a similar effect 
by interfering with the phosphate-bound 
Mg²+ ions, thereby reducing their ability 
to compensate the electrostatic interhelix 
repulsion. In such cases, DNA origami sta-
bility can be maintained by monovalent 
Na+ ions at physiological concentrations of 
100–200  mM. However, design-specific fac-
tors play an important and sometimes even 
dominant role as well, as will be discussed 
in the next chapter.

In addition to the ionic environment, 
the fact that many biological fluids contain 
nucleases presents another threat to the 
in vivo stability of DONs [58]. Consequently, 
several studies have investigated DNA ori-
gami degradation by various nucleases 
[25,61–66]. The most relevant nuclease in 
the context of drug delivery is DNase  I, a 
non-specific nuclease abundant in serum 
and various tissues. While DNase  I rap-
idly digests linear double-stranded DNA, 
the situation is more complex for DONs. 
Here, their susceptibility toward DNase  I 
digestion depends on several intrinsic 
(i.e., design-specific) and extrinsic (i.e., envi-
ronmental) factors. The former encompasses 
the local and global mechanical properties of 
the DONs that will be discussed in the next 
chapter. The latter includes again the pres-
ence of Mg²+ ions, which are used as cofac-
tors by DNase  I to facilitate the catalytic 
cleavage of the DNA backbone. Low Mg²+ 
concentrations will thus result in dimin-
ished digestion efficiency. However, low 
Mg²+ concentrations may in turn destabilize 
DONs (see above), which can lead to a stron-
ger impact of the strand breaks generated by 
limited DNase I activity on the overall integ-
rity of the DON by promoting the dissocia-
tion of the generated fragments. 

An important fact to consider is that 
the majority of the mentioned studies 
investigated the effects of ionic composi-
tion and nucleases on non-modified DONs. 
Loading them with chemotherapeutic car-
gos via intercalation or other methods may 

lead to altered sensitivities toward ionic 
effects and nuclease attack. Intercalation 
of doxorubicin, for instance, was found 
to slow down DNA origami digestion by 
DNase  I dramatically [25]. This can be 
attributed to the unwinding of the DNA 
duplex upon intercalation, which results 
in less efficient binding of DNase I to the 
minor groove. DNA origami digestion could 
also be slowed down by blocking the minor 
groove with a minor groove binder [67]. 
While such effects may on the one hand 
be beneficial for stabilizing DONs in  vivo, 
they will on the other hand also delay the 
release of the cargo.

In certain applications, ROS may play 
an important role as well. As discussed in 
the previous chapter, DONs are employed 
as ROS scavengers to treat ROS-associated 
diseases. However, ROS may also be cre-
ated during the treatment of other con-
ditions. For instance, DONs have been 
investigated as potential nanocarriers for 
the targeted delivery of photosensitiz-
ers in photodynamic therapy [26,68–70]. 
Additionally, DONs can also be decorated 
with ROS-producing DNAzymes [54]. These 
ROS will interact with and thereby damage 
the DONs, eventually leading to complete 
disintegration after prolonged exposure 
times. This may have adverse effects on 
the therapeutic outcome. When the DONs 
are loaded with ROS-producing entities, 
generated ROS are scavenged before they 
can damage any cellular components. This 
will reduce their therapeutic efficiency and 
may even completely suppress any thera-
peutic effect as recently demonstrated for 
antimicrobial photodynamic inactivation 
[45]. In the treatment of ROS-associated 
diseases, the DONs are sometime utilized 
not only as ROS scavengers but also as 
delivery vehicles for therapeutic proteins 
[48,71]. The limited structural stability 
of the DONs under high-ROS conditions 
thus may negatively affect their effective-
ness as delivery vehicles. Also in such set-
tings, ROS-induced structural damage will 
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generally be more severe in the absence of 
stabilizing Mg²+ ions, as electrostatic inter-
helix repulsion promotes the dissociation of 
those staple strands whose hybridization to 
the scaffold is weakened by oxidative base 
damage [70].

STABILIZING DNA ORIGAMI 
NANOSTRUCTURES IN 
PHYSIOLOGICAL ENVIRONMENTS

The stability issues discussed in the previ-
ous chapter have led to a large research effort 
aiming at stabilizing DONs under relevant 
physiological conditions. These efforts can 
be divided into three conceptually differ-
ent approaches. The first approach tries to 
enhance the resistance of the DONs against 
adverse influences via rational design 
choices. Instead, the second approach tries 
to shield the DONs from adverse influences 
via the application of molecular coatings. 
The third approach tries to reinforce the 
DONs via the introduction of additional 
covalent links to make them more tolerant 
against adverse influences.

Design factors

It has been observed early on that the sta-
bility of DONs depends on their shape and 

internal structure, with some designs being 
more stable under physiological conditions 
than others [58]. DONs are largely composed 
of parallel double helices connected by back-
bone crossovers (Figure 2A). The double 
helices can be arranged using two different 
lattice types, the square lattice or the hon-
eycomb lattice (Figure 2B). These lattices 
differ not just in the geometric arrange-
ment of helices but also in the structure of 
the duplexes. While the honeycomb lattice 
maintains the 10.5  bp per helical turn of 
regular B  DNA, the square lattice requires 
10.67 bp per helical turn [62]. This is because 
in this lattice, the backbone crossovers have 
to be placed in the plane of the duplexes in 
order to create a flat sheet, which is hindered 
by the different dimensions of the major 
and minor grooves. The resulting artificial 
distortion of the base stack may lead to 
considerable strain. Therefore, the lattice 
type on which a certain DON is based may 
have an effect on its mechanical properties 
[72,73]. However, the mechanical properties 
of DONs are also influenced by other design 
factors and especially the density of staple 
crossovers. A higher crossover density in 
general leads to mechanically more rigid 
structures [61]. 

A considerable number of studies have 
been published in the last few years that 

FIGURE 2

(A) Routing of staple strands (purple) in the 2D DNA origami triangle designed by Rothemund on the 
square lattice [1] shown in Figure 1A. Scaffold is shown in grey. (B) Cross section of 16 parallel DNA 
duplexes arranged in the square (left) and the honeycomb lattice (right). DON: DNA origami nanostructure.

Internal structure of DONs.

A B
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investigated the effects of different design 
factors on DNA origami stability under var-
ious destabilizing conditions, including at 
elevated temperatures [74], in the presence 
of chaotropic denaturants [75] and organic 
solvents [76], in electrolytes with different 
ionic compositions [59,61,66,74,77], and 
in the presence of ROS [70] and different 
nucleases [25,61,63–65]. From this bulk 
of studies, one general conclusion can be 
drawn. Mechanically flexible DONs are 
more stable than rigid ones under condi-
tions that destabilize the base stack via 
unstacking or dehybridization. This par-
ticularly includes low-salt and oxidizing 
(ROS) conditions and can be explained by 
strain-induced melting. In a rigid DON, the 
staples experience more mechanical strain 
as a result of electrostatic interhelix repul-
sion. This promotes the melting of the 
strained staples under destabilizing con-
ditions. In contrast, more flexible DONs 
can accommodate electrostatic interhelix 
repulsion by shape alterations, which low-
ers the strain experienced by their staples 
and makes them more tolerant toward 
destabilizing conditions.

When it comes to the effects of design 
factors on nuclease digestion, the situ-
ation is a bit more complex. Mechanical 
properties play an important role also in 
this context, with rigid DONs being more 
resistant toward digestion by DNase I [61]. 
This is because the binding of DNase  I 
to duplex DNA results in groove widen-
ing and especially duplex bending. Rigid 
DONs resist this bending, which leads to 
reduced DNase I binding and thus lowers 
the digestion rate. However, such a clear 
correlation is usually observed only for 
rather simple shapes with homogeneous 
mechanical properties such as helix bun-
dles [61]. Other shapes often feature a 
selection of structurally different design 
elements with different mechanical prop-
erties and thus different digestion rates. 
In those designs, it is often observed that 
more flexible elements are digested rapidly, 

while more rigid elements may survive 
for rather long times [63]. This may then 
lead to the structural collapse of the DNA 
origami shape, even though the major-
ity of duplexes are still intact. In addi-
tion, DNase  I has a diameter much larger 
than that of a DNA duplex. In the dense 
duplex arrangements found in many DONs, 
DNase  I binding will be reduced substan-
tially because of steric hindrance. In this 
case, the more densely packed square lat-
tice should result in lower digestion rates 
[63]. This, however, is not always observed 
because other design factors may influ-
ence the mechanical properties of the 
DONs to such an extent that their effect 
on DNase  I digestion is larger than that 
of the lattice type [25,63]. Because of its 
large size, DNase I cannot penetrate bulky 
3D  DONs, so that the helices buried in 
their interior are efficiently shielded. This 
in general leads to bulky 3D DONs having 
lower digestion rates than 2D shapes [25].

All this suggests that the design fac-
tor approach suffers from an intrinsic lim-
itation. DONs with high stability under 
low-salt conditions are more susceptible 
to nuclease digestion, while those with 
high nuclease resistance denature eas-
ily in the absence of stabilizing Mg²+ ions. 
Unfortunately, most biological fluids fea-
ture low Mg²+ concentrations and nucleases. 
In such environments, additional stabiliza-
tion strategies may be required. 

Molecular coatings

The in  vivo stability of DONs can be 
enhanced by the application of molecular 
coatings. This was first demonstrated by 
encapsulation of DNA origami cages in 
lipid membranes with the aid of lipid-DNA 
conjugates attached to the outer DNA ori-
gami surface [78]. Subsequently, the sta-
bilizing potential of several other coating 
strategies has been evaluated, including 
polymer [79–82] and peptide [83,84] coat-
ings as well as protein coatings based on 
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modified albumin [85,86] or virus capsid 
proteins [87,88]. In all these examples, 
coating was achieved via electrostatic 
interactions and resulted in enhanced 
nuclease resistance and/or enhanced sta-
bility under low-Mg²+ conditions. In some 
cases, the coatings also improved cellular 
uptake [79,85].

From a translational point of view, 
the most interesting coatings are 
oligolysine-PEG copolymer coatings [79] as 
these commercially available copolymers 
are fully synthetic and thus cheaper to pro-
duce under CMC and GMP regulatory compli-
ance than proteins, which often face issues 
of sterilization, purity, and batch-to-batch 
consistency [89]. Furthermore, they offer 
some fine-tuning of their biological inter-
actions. It has been demonstrated that the 
nuclease resistance of these coatings can 
be further enhanced by crosslinking of the 
lysines using the well-established amine-
amine crosslinker glutaraldehyde to reduce 
the mobility and dissociation of the electro-
statically adsorbed polymers [90]. In addi-
tion, such coatings are able to protect also 
DNA handles attached to the DNA origami 
surface [91] without interfering with their 
functionality [79] and can be used to con-
trol protein corona formation and cellular 
uptake [92,93].

While representing a powerful approach 
for the stabilization of DONs in physio-
logical environments, applying a molecu-
lar coating to a DNA origami nanocarrier 
comes at a price. Most importantly, most if 
not all the discussed coatings will prevent 
the DONs from undergoing any shape trans-
formations. This means that the triggered 
release of encapsulated cargo will not be 
possible. However, also passive release will 
be severely hindered due to the restricted 
transport across the coating, which is quite 
significant already for small molecules [82]. 
Even though some biomedical applications 
may be able to tolerate or even benefit from 
these tradeoffs, others may not.

Covalent links

A few alternative approaches to enhanc-
ing DNA origami stability have recently 
been developed, which introduce covalent 
links to reinforce the internal structure 
of the DONs. Early on, enzymatic liga-
tion was adopted to seal the staple nicks 
within the DON, so that the several rather 
short staples are joined to form longer oli-
gonucleotides with higher melting tem-
peratures [94]. Unfortunately, ligation 
resulted only in moderate increases in DNA 
origami stability, presumably due to lim-
ited accessibility of the nicks within the 
dense arrangement of duplexes resulting in 
incomplete ligation [95]. Recently, however, 
it was demonstrated that this problem can 
be solved by either the addition of cosol-
vents that enhance enzyme activity or by 
using enzyme-free chemical ligation [96]. 
Both approaches enabled the near-quan-
titative ligation of 2D and 3D  DONs with 
increased stability against low Mg²+ con-
centrations and DNase I digestion [96]. 

DNA origami stability in low-Mg²+ and 
nuclease-containing environments has 
been improved also by the UV-induced 
crosslinking of staple strands [97]. This 
approach utilizes the formation of cyclobu-
tane pyrimidine dimers between thymine 
overhangs of neighboring staples under 
UV irradiation. By employing custom scaf-
folds, UV crosslinking can be achieved 
even without the introduction of staple 
overhangs [35]. 

All these covalent linking approaches 
can be combined with both the design fac-
tor and the coating approach, thus offering 
an additional means of fine-tuning DNA 
origami stability. However, they also come 
with some potential drawbacks. Reinforcing 
their internal structure increases DNA 
origami rigidity, which may affect drug 
loading and release. Also, they may hinder 
shape transformations in DONs by lock-
ing them in a fixed conformation. Avoiding 
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these issues will require extensive design 
optimization and may impose restrictions 
on other design factors.

TRANSLATIONAL INSIGHT

Many important advances have been made 
in the last years toward the clinical appli-
cation of biomedical DONs. Important hur-
dles such as the initially high costs [34] or 
the reliance on genomic scaffolds [35] have 
already been overcome with the help of new 
biotechnological methods. Toxicity studies 
are showing very promising results [24,98] 
and the large bulk of successful in vivo stud-
ies is encouraging, highlighting numerous 
possible treatment targets ranging from 
cancer [30] to autoimmune diseases [49] 
to bacterial infections [54]. What remains 
as a last major challenge at the preclinical 
stage appears to be the reliable control of 
pharmacokinetics, biodistribution, and cel-
lular uptake, which in turn requires efficient 
means of controlling the in vivo stability of 
DONs that do not interfere with their antic-
ipated functions. Tremendous progress has 
been made in the past few years toward 
this goal by uncovering the fundamental 
mechanisms that govern DNA origami sta-
bility, elucidating the complex interplay 
between design and environmental factors, 
and developing a variety of stabilization 
methods. However, we now recognize the 
limitations of these different stabilization 
strategies. It appears rather unlikely that 
either of these approaches alone will be able 
to meet all requirements of the large num-
ber of different applications. Applications 
relying on shape transformations for the 
triggered release of the cargo may for 

instance utilize highly specific designs tai-
lored toward high stability, whereas passive 
release strategies may rather employ pro-
tective coatings that not only increase DNA 
origami stability but also modify their drug 
release profile. 

To aid in the selection of appropriate 
stabilization strategies for a given applica-
tion, further insights are required regard-
ing the effects of the different stabilization 
strategies on drug loading, drug release, 
and stimuli-responsive shape transforma-
tions. Design factors are known to affect 
drug loading and release [26,36], whereas 
drug loading can alter the nuclease resis-
tance of DONs, which in turn modifies 
drug release profiles [25]. However, little is 
known regarding the impact of protective 
coatings on drug release, except that they 
may restrict transport in and out of the 
DON [82]. Additionally, many DNA-binding 
drugs are positively charged, so that their 
loading into DONs may affect the applica-
tion of molecular coatings via electrostatic 
interactions. Furthermore, while it was 
demonstrated that oligolysine-PEG copo-
lymer coatings do not impair the func-
tionality of single-stranded DNA handles 
on the DNA origami surface [79], it is not 
clear at all whether this is also the case for 
more complex entities such as aptamers, 
triple helices, or DNAzymes. Especially 
aptamers are known to be highly sensi-
tive toward changes in their immediate 
vicinity [99]. Future studies thus need to 
systematically investigate the interdepen-
dencies between the different stabilization 
strategies and the biomedical performance 
of DONs to enable their successful transla-
tion to the clinic.
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