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Abstract: Oligonucleotides, both RNA and DNA, are fundamental to life despite being composed of a limited 
set of simple molecular building blocks. Chemists have long strived to add additional components, especially 
orthogonal, unnatural base pairs (UBPs). These increase the informational content of nucleic acids and provide 
site-specific anchors for labelling, enabling applications in aptamer enhancement, RNA structure elucidation, 
pathway tracing, sequencing, and the construction of semi-synthetic organisms. For this, suitable enzymes and 
techniques are required to incorporate and later analyse expanded alphabet genetic material. In this review we 
aim to outline some challenges, achievements, and possibilities that this field encompasses.
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1. Introduction
Nucleic acids, namely DNA and RNA, are fundamental to 

life and have long been a central focus of modern biotechnology, 
from the elucidation of the DNA double helix,[1] to sequencing the 
human genome,[2] and routine genome editing via CRISPR (clus-
tered regularly interspaced short palindromic repeats).[3] Despite 
these transformative advances, fundamental questions persist, 
particularly regarding the function and regulatory pathways of 
many RNAs,[4,5] and the molecular ancestry in the context of the 
origin of life.[6]

The pursuit of answers to these fundamental questions is 
closely linked to translational applications, including the treat-
ment of cancers,[7] and hereditary diseases,[8] the improvement or 
fortification of crops,[9] and the development of vaccines against 
viral infections.[10]

In nature, oligonucleotides are composed of only four canon-
ical bases arranged in two complementary pairs, C-G and T-A in 
DNA or U-A in RNA. This representation is, however, an over-
simplification, as numerous naturally occurring base modifica-
tions are known to modulate nucleic acid processing and function 
as epigenetic markers.[11] Motivated by this inherent chemical 
plasticity, scientists have long hypothesized that the deliberate 
introduction of unnatural bases and base pairs into nucleic acids 
could expand the genetic alphabet, a goal that has been successful-
ly realized in multiple systems over the past decades. Through this 
alphabet expansion, unnatural nucleotides are placed site-specifi-
cally within nucleic acids, that can be designed to convey any kind 
of desired function that natural nucleotides might lack. Thereby 
detection of nucleic acids can be simplified or interactions with 
other molecules tuned for diagnostic and therapeutic purposes. 
In this review, we highlight key contributions to this field and 
discuss emerging applications that build upon expanded genetic 
alphabets.

Several research programs have had a particularly strong im-
pact on the development of UBPs. Steven Benner and his team pi-
oneered base analogues that pair through alternative arrangements 
of hydrogen bond donors and acceptors, thereby extending the 
canonical rules of base pairing. In contrast, Ichiro Hirao demon-
strated that selective pairing can also be achieved using predomi-
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vestigated reverse transcription of rTPT3-rNaM using a selection 
of transcriptases.[25] 

It is challenging to give a full overview, since many possible 
combinations of UBPs and polymerases were either not tested or 
negative results remain unpublished. Furthermore, the observed 
fidelity of a UBP can be dependent on the specific experimental 
modalities and definitive conclusions between different studies 
are therefore hard to draw.

Departing from natural polymerase versions, several polymer-
ases have been specifically engineered to achieve high fidelity 
with unnatural nucleotides. A widely used strategy is compart-
mentalised self-replication, in which libraries encoding poly-
merase variants are expressed and isolated in emulsion droplets 
together with primers for self-amplification, thereby enriching 
functional variants over successive selection cycles while poor-
ly performing enzymes are eliminated.[26] The Benner group 
used this approach for the dP-dZ pair, which is a UBP structur-
ally similar to G-C with an altered hydrogen bonding pattern  
(Scheme 1), and applied primers containing dP such that only pol-
ymerase variants capable of incorporating dZ opposite dP could 
amplify their own genes. This selection strategy led to the identi-
fication of Taq DNA polymerase mutants that exhibited reduced 
pausing when challenged with dZ containing templates.[27]

Beyond canonical templated reactions, unnatural base pairs 
can also be introduced into DNA by non-templated enzymat-
ic processes, thereby avoiding the need to synthesise modified 
templates by solid-phase synthesis. The Chen group showed that 
terminal deoxynucleotidyl transferase can extend single stranded 
DNA at the 3′ end with dNaM or dTPT3, including derivatives 
bearing reactive handles, although control over the number of 
incorporated unnatural nucleotides remained limited.[28] In sub-
sequent work, the authors demonstrated the generation of DNA 
containing a single unnatural base pair by exploiting polymer-
ase promiscuity through the formation of unnatural base mis-
pairs. This was accomplished either by a gap filling strategy us-
ing bacteriophage T4 DNA polymerase (D219A mutant) and T7  
ligase,[29] or by a one pot approach based on controlled pausing 
and restarting of primer extension with the Klenow fragment  
(exo-) DNA polymerase.[30] These strategies enabled the prepara-
tion of UBP containing DNA oligonucleotides without the need 
for solid-phase synthesis, albeit with the limitation that only a sin-
gle UBP could be introduced at the position immediately down-
stream of the primer 3′ end.

Access to a broader range of enzymes capable of processing 
UBP containing nucleic acids would enable more efficient and 
versatile manipulation strategies. Accordingly, expansion of the 
enzymatic toolbox represents a key prerequisite for the wide-
spread application of unnatural base pairs.

3. Emerging Applications of Expanded Genetic 
Alphabets

Expansion of the genetic alphabet inherently broadens the 
scope of nucleic-acid-based applications. The most prominent 
examples include site-specific labelling of nucleic acids, particu-

nantly hydrophobic base analogues with complementary shapes. 
This concept was further advanced by Floyd E. Romesberg who 
developed hydrophobic UBPs through iterative screening of large 
libraries and rational optimisation guided by structure-activity-re-
lationships. Beyond these three seminal efforts, important contri-
butions were also made by Eric T. Kool, who established non-hy-
drogen-bonding base analogues and clarified the role of shape and 
stacking in replication fidelity.[12,13]

The successful implementation of a new unnatural base pair is 
a multifaceted endeavour that requires coordinated optimisation 
across chemical design, enzymatic compatibility, and biological 
function, key aspects of which are outlined below.

2. Enzymatic Recognition and Processing of UBPs
The development of novel UBPs must be guided by their com-

patibility with enzymatic processing, most notably by polymeras-
es that are required to recognise and incorporate the corresponding 
nucleoside triphosphates. Polymerases have evolved to be highly 
precise in processing natural nucleotides, which innately limits 
their ability to accommodate unnatural nucleobase analogues. To 
successfully incorporate a pairing base triphosphate, the result-
ing base pair geometry has to fit into the polymerase active site. 
In A-T and C-G, coplanar geometry is conveyed via hydrogen 
bonding, but overall size and sugar-to-sugar interstrand angles 
are very similar. Unnatural base pairs that mimic this behaviour 
by their molecular shape and interaction forces can be processed 
analogously.[14]

Polymerase performance is not solely determined by base 
structure but can be strongly influenced by reaction conditions, 
including buffer composition and the identity and concentration 
of divalent metal ions such as magnesium, manganese, or calci-
um.[15,16]

When incorporation is achievable, the primary parameter 
requiring optimisation is fidelity, defined by the frequency of 
misincorporation events, while catalytic efficiency and exten-
sion speed represent secondary but important considerations. A 
recurring challenge is the trade-off between fidelity and substrate 
promiscuity, such that a polymerase optimised for efficient in-
corporation of one unnatural base pair may be poorly suited for 
others. Conversely, the identification or engineering of alternative 
polymerases may in some cases convert a previously low perform-
ing unnatural base pair into an enzymatically compatible system.

Unnatural base pairs are often developed via iterative im-
provements starting from a hit in screening combinations of 
nucleoside candidates / polymerases. Therefore, the three most 
established efficient UBPs are commonly only used with a small 
set of matching enzymes. Namely dDs-dPx is well incorporated 
by DeepVent DNA polymerase,[17] or AccuPrime Pfx,[18] dZ-dP by 
Taq and Phusion polymerase,[19] and the series of dTPT3, d5SICS, 
and dMMO2, all pairing to dNaM efficiently by DeepVent,[20] 

OneTaq[21] and T7 RNA polymerase.[22]

As additional examples, T7 RNAP can also process ds-dy,[23] 

HIV-1 reverse transcriptase variants have been tested for early 
variants of Benner’s bases[24] and the Kath-Schorr group has in-

Scheme 1. Collection of nucleobase analogues. R′ denotes positions that can accommodate additional modifications.
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ing bases, providing an additional means to monitor structural 
changes in RNA. A base exhibiting even stronger fluorescence, 
Dss is incorporated opposite Pa during replication and transcrip-
tion with high specificity, yet can pair with any natural base within 
a duplex, a property that in principle allows fluorescent labelling 
of duplex nucleic acids of arbitrary sequence by replacement of 
a natural base with Dss.[50] The fluorescence of Dss is efficiently 
quenched upon pairing with the 2-nitropyrrole analogues Pn or 
Px (Scheme 1) in a DNA duplex. This property was exploited in 
molecular beacon designs by placing the Dss-Pn pair within the 
stem region and was further applied in real-time quantitative PCR 
using the Dss-Px pairing system.[51] Px also partially quenches 
the fluorescence of fluorophores such as Cy3 and Cy5 when con-
jugated via its alkynyl side chain. Upon pairing of the modified 
Px opposite Ds (Scheme 1) in a DNA duplex during replication, 
fluorescence increases as a result of diminished quenching, ena-
bling this base pair system to be applied in real-time quantitative 
PCR as well.[52] While the Ds-Px pair offers efficient replication 
during PCR in DNA, the Ds-Pa pair performs better in IVT and 
was therefore used to introduce a biotin-Pa conjugate to a 260 
nucleotide (nt) long RNA with selectivity ranging from 72 to 92% 
depending on the sequence context.[53] The incorporation efficien-
cy of modified Pa in IVT was diminished for larger groups such 
as TAMRA, FAM and digoxigenin.[54]

As an alternative strategy, post transcriptional labelling of 
alkynyl modified Pa bearing either an ethynyl group or a C4 
linker was achieved via copper-catalysed azide-alkyne cycload-
dition (CuAAC) chemistry. Using this approach, a 75 nt tRNA 
was site-specifically labelled with AF488-, AF594-, biotin- and 
3-(7-hydroxycoumarinyl)- azides.[55] Furthermore, an azide-mod-
ified Pa was incorporated into 17-, 76- and 260-mer RNA by 
IVT and copper-free post-transcriptional labelling achieved with 
dibenzocyclooctyne (DIBO) conjugates of AF488, AF594 and 
biotin.[56] The efficiency of incorporation of more bulky labels 
(TAMRA, Cy3) during IVT was increased by using the T7 mu-
tant VRS-M5 which also enabled simultaneous incorporation of 
2′-fluoro pyrimidine nucleotides.[57]

The Romesberg group achieved site-specific modification of 
DNA and RNA using the 5SICS-MMO2 UBP system (Scheme 1) 
by incorporating functionalised 5SICS and MMO2 (d)NTPs dur-
ing PCR and IVT.[20] Functionalisation relied on a propargylamine 
linker, in which the amine was protected as a dichloroacetate, con-
jugated to biotin through a polyethylene glycol (PEG) linker or 
left unprotected. PCR proceeded more efficiently with the pro-
tected amine, and subsequent deprotection enabled post synthetic 
labelling using biotin N-hydroxysuccinimidyl (NHS) ester conju-
gates. It was further observed that the MMO2 scaffold tolerates 
chemical modification more readily. In vitro transcription with 
T7 RNA polymerase using modified unnatural ribonucleotides 
bearing either protected or unprotected propargylamine linkers 
was also successful, although a modest reduction in transcription 
fidelity for pairing of dNaM with 5SICS (Scheme 1) was ob-
served when the free amine linker was used.[20] Further studies by 
the Romesberg group showed that alkyne-modified 5SICS was 
efficiently incorporated into RNA opposite dNaM during IVT 
and could be fluorescently labelled post-synthetically via cop-
per(I)-catalyzed azide-alkyne cycoladdition (CuAAC).[58] On the 
other hand, neither propargylamine- or alkyne-modified NaM 
analogues were efficiently transcribed. By combining amine 
modified MMO2 with alkyne modified 5SICS, doubly site-spe-
cifically modified RNA was generated enzymatically for the first 
time. Cy3 and Cy5 fluorophores were conjugated to the resulting 
RNA via NHS amide coupling and CuAAC, respectively, and the 
labelled constructs were applied in fluorescence resonance energy 
transfer (FRET) studies of a 243 nt fragment of the central domain 
of Thermus thermophilus 16S rRNA. These experiments revealed 
conformational changes induced by binding of multiple riboso-

larly RNA, the development of aptamers, and the construction of 
semi-synthetic organisms, which constitute the primary focus of 
this review. Additional applications span DNA encryption,[31] bi-
osensing,[32] enhancing DNA nanostructures,[33] detection of epi-
genetic modifications,[34] identification of DNA lesions,[35] and in 
diagnostics for detection of viral RNA.[36–38]

3.1 Site-specific Labelling of Nucleic Acids
Labelling of nucleic acids (NA) is widely employed in basic 

research to probe structure and function through structural map-
ping,[39] analysis of binding interactions with proteins or other 
NA,[40,41] cellular localisation and quantification,[42] as well as in 
development of new technologies, for example in next generation 
sequencing[43] and in real-time polymerase chain reaction (re-
al-time PCR)[44] such as TaqMan and Scorpion probes or molecu-
lar beacons. Enzymatic synthesis of modified nucleic acids rely-
ing exclusively on canonical nucleobases is generally restricted to 
random label incorporation or modification at multiple sites with-
in a sequence. In contrast, site-specific labelling can be achieved 
by solid-phase oligonucleotide synthesis, which is largely limited 
to short oligonucleotides,[45,46] or by post-synthetic modification 
using methyltransferases, a strategy with inherently narrow 
scope.[47] Expansion of the genetic alphabet enables the enzymat-
ic incorporation of UBP analogues at predefined positions within 
NAs, thereby allowing precise label placement and facilitating 
studies of a broader range of substrates, including functional 
RNAs (Fig.1).

The Hirao group demonstrated the utility of their unnatural 
base pairs for site-specific labelling of both DNA and RNA. In 
this system, the unnatural base y was functionalised with vari-
ous fluorophores, enabling site-specific RNA labelling by in 
vitro transcription (IVT) from DNA templates containing s or v  
(Scheme 1).[48] Using this approach, the anti-(Raf-1) RNA aptamer 
was fluorescently labelled and its dissociation constant for bind-
ing to the Ras binding domain of Raf 1 was determined, illustrat-
ing the value of precise fluorescent labelling for detecting aptamer 
protein interactions. In the same study, site-specific labelling of a 
theophylline-binding RNA aptamer allowed correlation of fluo-
rescence intensity changes with ligand concentration, reflecting 
conformational rearrangements upon theophylline binding.

Building on the principle of shape complementarity and fol-
lowing expansion of their UBP system, the Hirao group achieved 
incorporation of the fluorescent base s into RNA by in vitro tran-
scription using DNA templates containing Pa (Scheme 1).[49] Its 
fluorescence is sensitive to stacking interactions with neighbour-

Fig. 1. Site-specific labelling of RNA can be achieved through modifica-
tion of unnatural base pairs. Key applications include fluorescent and 
spin labelling for functional and structural studies. Click chemistry pro-
vides a versatile strategy for the introduction of larger labels.
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Beyond nucleobase modification, UBPs also enable site-specif-
ic labelling at the oligonucleotide backbone through incorporation 
of thiophosphate nucleotides. Using this strategy, the Romesberg 
group attached a biotin tag to DNA by using an iodoacetyl-bio-
tin label,[20] while thiol-reactive maleimide probes were used to 
conjugate gold nanoparticles, spin-labels, and fluorophores for 
applications including X-ray scattering interferometry, EPR, and 
single-molecule FRET.[72]

Though labelling of nucleic acids has been developed using a 
variety of modification strategies, the site-specific labelling was 
explored only to a limited extent due to the restricted polymerase 
compatibility and increased synthetic effort to access the modi-
fied monomers. Nevertheless, introducing further click reactions 
or widening the range of modified UBPs may be used to extend 
the scope of site-specific labelling strategies by genetic alphabet 
expansion, which provides a unique opportunity for structural 
studies of NAs of any length, particularly of long RNAs with im-
portant cellular functions.

3.2 In vitro Selection Using Modified Nucleic Acids
The term aptamer was introduced by Andrew Ellington and 

Jack Szostak, who demonstrated that specific RNA binders could 
be isolated from a highly diverse random library of approximately 
1010 sequences using an iterative in vitro selection process.[73]

This methodology is now commonly referred to as systematic 
evolution of ligands by exponential enrichment (SELEX), a con-
cept independently described in the same year by Tuerk and 
Gold.[74] In a typical SELEX experiment, a randomised oligonu-
cleotide library is incubated with an immobilised target such as a 
protein or small molecule. Weakly binding sequences are removed 
during washing steps, whereas high affinity binders are retained, 
recovered, and amplified by PCR to regenerate an enriched pool 
for subsequent rounds of selection (Fig. 2).

In its simplest form, DNA libraries can be used for aptamer 
selection, but RNA and chemically modified nucleic acids (XNA) 
are also accessible substrates. Selection with RNA or modified 
nucleic acids requires intermediate transcription and reverse tran-
scription steps between amplification and binding cycles. RNA is 
often preferred because its greater conformational diversity sup-
ports more intricate three-dimensional folds, which can enhance 

Fig. 2. Typical steps in aptamer selection via systematic evolution of 
ligands by exponential enrichment including an expanded genetic alpha-
bet (ExSELEX).

mal proteins, underscoring the power of UBP-enabled site-specif-
ic labelling for probing RNA structure and dynamics.[58] 

Although CuAAC is widely used for post synthetic labelling 
of nucleic acids due to its robustness and functional group tol-
erance,[59] its applicability in vivo is limited by the cytotoxicity 
associated with Cu(I).[60] Consequently, the development of truly 
biorthogonal labelling strategies is essential for broader biological 
use of UBP containing constructs. In this context we established a 
site-specific RNA labelling strategy by employing a cyclopropene 
or norbonene modified TPT3 (Scheme 1) and catalyst-free in-
verse electron demand Diels Alder (IEDDA) ligation to a tetrazine 
derivative bearing a fluorophore.[61,62] Several RNAs of varying 
length, notably a 77 nt tRNA, the 89 nt CPEB3 ribozyme, the 
185 nt glmS ribozyme, the 401 nt A-region of the long-noncoding 
RNA Xist, and an mRNA encoding the mCherry protein, were 
modified with a cyclopropene reactive handle without detectable 
loss of RNA activity and were subsequently fluorescently labelled 
via IEDDA chemistry.[63,64] For example, the CPEB3 ribozyme 
retained its self-cleavage activity, and mRNA labelled in the 3′-
UTR was translated into the mCherry protein in cells. In this case, 
cyclopropene modified mCherry mRNA was produced by in vitro 
transcription, transfected into HeLa cells, and labelled intracel-
lularly in live cells by addition of AF488 tetrazine to the culture 
medium, enabling confocal microscopy visualization of both the 
mRNA and the expressed protein.[64] In addition to fluorophores, 
nitroxide spin labels were introduced into RNA, allowing distance 
measurements between modification sites by electron paramag-
netic resonance spectroscopy (EPR).[65,66] Transcription using an 
expanded genetic alphabet enabled site-specific spin labelling of 
RNA through incorporation of cyclopropene modified nucleo-
tides followed by tetrazine spin labelling, as well as direct spin 
labelling using a nitroxide modified TPT3 analogue, TPT3NO. 
Owing to its increased structural rigidity, TPT3NO yielded sharper 
distance distributions in pulsed EPR experiments compared to the 
posttranscriptional labelling approach. Using TPT3NO, complexly 
folded RNAs including the 185 nt glmS ribozyme and the 377 nt 
A-region of the Xist lnc RNA were modified at predetermined 
positions, and the experimentally determined distances by pulsed 
EPR were consistent with molecular dynamics simulations.

Fang and coworkers later used a propargylamine-modi-
fied TPT3 and NHS chemistry to label 97 nt 3′SL RNA and a  
719 nt mini genomic RNA (DENV-mini) with gold nanoparti-
cles.[67] Interparticle distances measured by X-ray scattering 
interferometry provided experimental evidence for RNA con-
formational rearrangements in the 3′ SL element associated 
with genome circularization mediated by long range 5′-3′ RNA 
interactions. The authors also employed an acetylene-modified 
TPT3 (TPT3CO) for spin labelling of the 419 nt ribonuclease 
P via CuAAC with an azide-modified nitroxide spin-label and 
measured pulsed EPR to obtain distance distributions which were 
consistent with the crystal structure[68] and enabled long-range 
measurements up to approximately 14 nm using perdeuterated 
RNA.[69] The same nucleotide was used for site-specific fluores-
cent labelling of several exonuclease-resistant RNAs (xrRNAs) to 
study their folding dynamics by single-molecule FRET. This was 
achieved by incorporating the TPT3CO at the desired position by 
IVT, introducing the Cy5 dye by CuAAC and annealing the ex-
tended 3′-end of the RNA to a DNA oligonucleotide with a 3′-end 
Cy3 modification and 5′-end biotin.[70] These studies revealed that 
resistance to exonuclease Xrn1 depends on RNA conformational 
dynamics modulated by magnesium concentration and the length 
of pseudoknot 2. In addition, the single-molecule FRET strategy 
was improved with dual orthogonal labelling by combining prop-
argylamine modified TPT3 with ethynyl modified NaM, which 
were incorporated into the T99 aptamer domain of a translational 
T box riboswitch, enabling detailed analysis of its folding energy 
landscape.[71]
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binding affinity and adaptability in cellular contexts. This reflects 
a broader consensus that structural plasticity of RNA contributes 
to the identification of high affinity aptamers in SELEX experi-
ments. 

At a fundamental level, target binding arises from optimal bal-
ances of electrostatic, steric, and other noncovalent interactions 
between the folded aptamer and its target.[75] 

This restricted chemical space limits the range of functional 
groups available for target recognition, reducing the likelihood 
of isolating high affinity binders for structurally complex targets. 
Incorporation of chemical modifications expands the available in-
teraction chemistries and has been shown to yield aptamers with 
enhanced binding affinities, increased nuclease resistance, and 
broader functional capabilities.[76]

One effective strategy to expand aptamer functionality is the 
chemical modification of individual nucleobases. For example, 
in a large collaborative effort, aptamers were generated against 
the majority of human blood protein targets, including many for 
which selections using natural nucleobases had previously failed, 
by employing hydrophobically modified uridines to produce slow 
off rate modified aptamers, known as SOMAmers.[77]

In vitro selection can likewise be directed toward catalytic 
function, enabling the isolation of DNAzymes and RNAzymes. To 
further enhance the chemical diversity of DNA libraries for such 
applications, Perrin and coworkers synthesized four nucleoside 
analogues that pair analogously to canonical C-G and T-A base 
pairs but carry protein-like side chains. These modifications were 
designed to reduce the dependence of RNA cleaving DNAzymes 
on divalent metal ions, thereby broadening their catalytic poten-
tial.[78]

For in vitro selection to be effective, chemical modifications 
must be faithfully retained during enzymatic amplification and, 
where required, transcription. At the same time, the limited infor-
mational density of nucleic acids, arising from only four canon-
ical nucleobases arranged in two base pairs, results in relatively 
small energetic differences between alternative folded states. As 
a consequence, nucleic acid libraries often populate ensembles 
of rapidly interconverting conformations, of which only a minor 
fraction adopts the structure required for the desired binding or 
catalytic function. Expanding the chemical diversity through sta-
ble modifications can increase both the structural and energetic 
differentiation of functional conformers, thereby improving se-
lection efficiency.[79]

The theoretical diversity of a nucleic acid library is given by 
bn, where b denotes the number of distinct nucleotides and n is the 
sequence length, for example 420=1012 for a library composed of  
20 nt long nucleic acids of only the canonical bases. Expanding the 
genetic alphabet from two to three base pairs increases b from four 
to six, resulting in a dramatic rise in sequence space (620=1015). 
This substantial increase in sequence diversity, combined with 
the added chemical functionality and site-selectivity provided by 
unnatural base pairs, renders UBPs particularly attractive for the 
generation of high affinity and functionally enhanced aptamers. 

One notable body of work was reported by Hirao’s group, 
who developed the so called XenoAptamers incorporating the hy-
drophobic base Ds, originally introduced as a component of the 
dDs-dPx UBP system.[18,80] Using this approach, aptamers were 
selected against the vascular endothelial cell growth factor 165 
and interferon-γ with affinities of 0.65 pM and 0.038 nM. A key 
challenge in this work was that many UBPs are incompatible with 
standard sequencing methodologies, complicating identification 
of selected nucleic acid sequences after in vitro selection. This 
limitation was initially addressed by restricting incorporation of 
modified nucleosides to predefined positions that could be decod-
ed using sequence encoded tags. Remarkably, even aptamers con-
taining no more than three Ds residues exhibited affinity enhance-
ments exceeding two orders of magnitude. Subsequent advances 

in sequencing technologies enabled the use of fully randomized 
libraries containing UBPs, which allowed further improvements 
in aptamer affinity.[81] More recently, Hirao and coworkers select-
ed additional XenoAptamers against the A1-domain of the von 
Willebrand factor as well as against the NS1 proteins of four 
dengue virus serotypes, obtaining dissociation constants in the 
picomolar range. In parallel, they analysed the theoretical suc-
cess probabilities for identifying high affinity binders from these 
informationally expanded sequence pools, providing quantitative 
insight into the advantages conferred by genetic alphabet expan-
sion.[82] By further derivatising the Ds base within the selected se-
quences, the binding affinities of the resulting aptamers could be 
tuned and optimised.[83] Their latest report discusses the effects of 
the unnatural bases on DNA folding and interaction with the target 
via obtained cryo-electron microscopy (cryo-EM) structures.[84] 

Therein the authors could pinpoint a site in which the hydrophobic 
Px/Pa’ residues directly interact with a hydrophobic pocket in the 
target. Additionally, the Ds bases help to stabilize the structural 
core of the aptamer to interact efficiently with the target’s sur-
face.[84] This is a specific example on how the addition of foreign 
moieties increases the binding strength and specificity of UBP-
containing aptamers in contrast to natural nucleotide limited ones.

In a biotechnological context, aptamers are often regarded 
as alternatives to antibodies, since they can fold into defined 
three-dimensional structures that recognize target molecules 
with affinities and specificities comparable to protein antibodies. 
Oligonucleotide aptamers can be readily synthesised and chem-
ically modified, and their binding domains can be conjugated to 
other functional modalities, enabling applications in targeted de-
livery, sensing, and other engineered functions.

Another major contribution to this area comes from the Benner 
group, which introduced the dZ-dP UBP (Scheme 1) as part of 
a systematic effort to explore alternative hydrogen bonding pat-
terns beyond the canonical C-G / T-A.[85] They demonstrated that 
their six letter artificially expanded genetic information system 
(AEGIS) can be efficiently amplified by PCR and applied it to 
the selection of an aptamer binding to a breast cancer cell line 
with an affinity of approximately 30 nM.[19] A key advance in 
this work was the development of polymerases capable of faith-
fully amplifying GACTZP libraries, combined with conversion 
PCR and deep sequencing for sequence identification.[86] Using 
this platform, the group subsequently selected aptamers targeting 
an anthrax antigen,[87] and the cancer associated surface protein 
Glypican 3, which is upregulated in several liver cancers.[88] These 
aptamers were further assembled into so called nanotrains that 
can be loaded with the cytotoxic drug doxorubicin and deliver it 
selectively to cancer cells. In this context, expansion of the genetic 
alphabet confers additional conformational rigidity, as all-natu-
ral nucleic acids cannot hybridise to the expanded sequences, by 
which unwanted strand invasion and premature drug release is 
mitigated.[89]

A complementary strategy to increase chemical diversity in 
aptamer libraries involves the incorporation of clickable handles 
into nucleic acids, followed by modular attachment of diverse 
functional groups by click-chemistry during selection (click-SE-
LEX). A key advantage of this approach is the convenient diver-
sification of chemical functionality by varying the click-partners. 
Mayer et al. showed this technique by replacing thymines with 
ethynyl-uracil (EdU) in the evolution of a DNA aptamer targeting 
a mutant of green fluorescent protein (Cycle3 GFP) and system-
atically comparing binding affinities after attachment of six differ-
ent side chains via click-functionalisation.[90] Using a split-click-
combine strategy, multiple functional groups could be evaluated 
in parallel,[91] although all click-sites within a given strand carried 
the same modification.

It is conceivable to combine click-based diversification with an 
expanded genetic alphabet by employing click-handle modified, 
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dow, PCR amplification was found to be inefficient, highlighting 
intrinsic context dependent limitations of this conversion-based 
sequencing approach.[100] 

3.3.1 Nanopore Sequencing of UBPs
One of the most promising approaches for future sequencing 

of xenonucleic acids is nanopore sequencing.[101] In this technique, 
two electrolyte filled chambers are separated by a lipid membrane 
containing a single transmembrane pore formed by a transporter 
protein whose diameter accommodates only single stranded nu-
cleic acids. Upon application of an electric potential, buffer ions 
and nucleic acid strands are driven through the pore, resulting in 
characteristic modulations of the ionic current (Fig. 3).[102] These 
current changes depend on the geometry and electronic prop-
erties of the nucleobases occupying the pore and are therefore 
sensitive to sequence composition. Because the measured signal 
reflects not an individual nucleotide but a local sequence con-
text, base identification relies on computational models trained 
on reference sequences. This intrinsic sensitivity to chemical and 
structural features makes nanopore sequencing particularly attrac-
tive for reading expanded genetic alphabets. For accurate signal 
acquisition, it is advantageous to reduce the translocation speed 
of nucleic acids through the pore, which can be achieved by cou-
pling auxiliary enzymes such as helicases or polymerases to the 
nanopore to control strand movement.

Nanopore sequencing remains a rapidly evolving field with 
several conceptual variants under active development. One re-
lated approach employs a nuclease positioned upstream of the 
pore to sequentially cleave individual nucleotides, whose passage 
through the pore generates characteristic current signals, enabling 
base identification on a single nucleotide level.[103]

The promise of these approaches is twofold. First, because 
they do not inherently rely on polymerase mediated processing, 
unnatural nucleotides can in principle be directly detected (pro-
vided appropriate calibration, signal interpretation, and model-
ling of the recorded data are available). Second, nanopore based 
methods are intrinsically deep sequencing techniques, enabling 
quantitative assessment of UBP fidelity and detailed analysis of 
replacement and misincorporation behaviour by natural nucleo-
tides.

In 2020, Romesberg demonstrated nanopore sequencing of the 
dTPT3-dNaM pair using a MspA protein nanopore and Hel308 
helicase. In this system, Hel308 drives single stranded DNA 
through the pore in discrete, stepwise motions, enabling high res-
olution current measurements.

The authors analysed 65-mer DNA sequences containing a 
centrally positioned unnatural base pair in two distinct sequence 
contexts and assessed replication fidelity by PCR.[104] A specifi-
cally designed double stranded DNA construct with an overhang 
region was used to recruit and orient the helicase, such that the 

or directly functionalised, unnatural base pairs such as TPT3.[92] 

This would simultaneously increase informational sequence di-
versity and chemical diversity within aptamer libraries.

Expanded genetic alphabets can likewise be applied to the evo-
lution of RNA aptamers, which requires a reverse-transcription 
step prior to cDNA amplification. To address this requirement, our 
group developed a series of quantitative assays using the TPT3-
NaM unnatural base pair as a model system, enabling systematic 
evaluation of reverse-transcription efficiency and sequence fideli-
ty across a range of different reverse-transcriptases.[25] 

3.3 Sequencing of Expanded Genetic Alphabets
Since its introduction, Sanger sequencing[93] has served as the 

benchmark for accurate DNA sequencing. The method relies on 
primer extension in the presence of a low fraction of dye-labelled 
dideoxynucleoside analogues of the canonical bases, which lack 
a 3′-hydroxyl group and therefore terminate chain elongation. 
Separation of the resulting fragments by size by automated cap-
illary electrophoresis with optical detection allows base calling 
by colour at single nucleotide resolution and yields the full se-
quence.[94] Over the past decades more advanced sequencing tech-
niques like Illumina-[95], ion-torrent-[96], and nanopore sequenc-
ing[97,98] gained widespread adoption owing to reduced cost, high 
throughput, and seamless integration into automated platforms.[99] 

These approaches enable deep-sequencing, in which large ensem-
bles of oligonucleotides are read in parallel, providing multiple 
reads per sequence variant and allowing detection of rare muta-
tions within complex populations. However, the foreign chemical 
nature of unnatural nucleobases often precludes their direct com-
patibility with these established sequencing technologies, posing 
a major challenge for sequence determination of oligonucleotides 
containing expanded genetic alphabets.

One indirect strategy for sequencing nucleic acids containing 
UBPs is replacement or conversion PCR, which has been em-
ployed by Hirao for their dDs-dPx[100] and by Benner for their 
dZ-dP pair.[19] In this approach, UBP-containing templates are 
amplified by PCR in the absence of the corresponding unnatural 
triphosphates, resulting in characteristic misincorporation of nat-
ural nucleotides at positions originally occupied by the UBP. Such 
misincorporation occurs with reproducible base-specific biases, 
for example replacement of dDs predominantly by A, occasional-
ly by T, and rarely by G. Upon deep sequencing of the amplified 
material, positions that originally contained an unnatural base can 
be identified by these diagnostic substitution patterns, whereas 
positions containing only natural bases retain high fidelity rep-
lication.

Replacement of the unnatural nucleobases depends on the lo-
cal sequence context, specifically the identities of the two preced-
ing and two succeeding nucleotides. In sequence contexts con-
taining more than two dDs-dPx pairs within a six-nucleotide win-

Table 1. Comparison of conversion PCR and nanopore technique to sequence UBPs in DNA.

Conversion PCR Nanopore sequencing

Sample preparation PCR with dye-labelled triphosphates No additional preparation step

Read length Typically 100–500 bp Common long-reads of 10–30 kbp

Detection of UBPs Indirect via probabilistic replacement PCR, 
requires additional deep-sequencing

Direct recording and recognition via training-data

Hardware requirements PCR combined with deep-sequencing Nanopore sequencer

Required knowledge Context-specific UBP replacement  
probabilities

Context-specific variation of ion-current by UBP through 
nanopore

UBP density Low (due to deconvolution limitations) Unlimited (provided appropriate training library exists)
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motor enzyme pulled the single stranded DNA against the direc-
tion of ionic current through the nanopore. Strand translocation 
was powered by ATP hydrolysis, allowing controlled and repro-
ducible sequencing of the UBP containing region. Very recently 
Benner reported an application of the same nanopore sequenc-
ing architecture to the ALternative Isoinformational ENgineered 
(ALIEN) DNA system, which comprises the orthogonal dZ-dP 
and dS-dB pairs.[105] Sequencing reliability was systematically 
evaluated by accounting for the fact that multiple nucleotides 
simultaneously occupy the sensing region of the pore and collec-
tively modulate the ionic current. Consequently, reference sig-
nals had to be acquired for all relevant local sequence contexts 
spanning four to six nucleotides. Using a training set comprising 
256 distinct four nucleotide contexts, correct base calling rates of 
63% (B), 87% (P), 78% (S) and 89% (Z) were achieved, demon-
strating the feasibility and promise of nanopore sequencing for 
expanded genetic alphabets despite the limited size of the train-
ing data.[106]

Another recent study by the Hirao lab employed the commer-
cially available Oxford Nanopore Technologies sequencing plat-
form.[101] A library of 1024 oligonucleotides containing all possi-
ble 6-mer sequences with a single UB and a read-splicing based 
data augmentation technique were used to train the basecaller 
algorithm, which was able to identify UBs with high accuracy 
( > 80%) and specificity (99%).

A major challenge of the nanopore technology is sequencing 
of oligonucleotides with multiple UBs in close proximity since 
the signal data depends on sequence context, therefore an oligo-
nucleotide library with diverse and complex sequences in differ-
ent contexts is required for basecalling training. While insertion 
of one UB could be performed enzymatically, sequences with 
multiple UBs within a short section need to be synthesised chem-
ically due to lower enzyme processivity, which at a higher level 
of complexity becomes prohibitively expensive. Hirao’s work 
shows that data augmentation achieved by splicing authentic and 
artificial read data effectively trains basecalling algorithms to 
recognize expanded genetic alphabets. Continued refinement of 
these deep learning architectures could facilitate high-accuracy 
sequencing even when constrained by limited empirical training 
datasets.

Another challenge arises from the interaction between motor 
enzyme and UB-containing DNA. For example, premature nanop-
ore or helicase dissociation in regions with high UB density led to 
many incomplete reads,[107] which in the future may be addressed 
by enzyme engineering and nanopore design.

Since sequencing via replacement PCR always involves a sec-
ondary deep-sequencing step, nanopore technology is already a 
cost-competitive technology today. The biggest hurdle to over-
come is the chemical synthesis of UBP-modified nucleic acid li-
braries and the training of models on these, although software for 
this has been made publicly available.[101] Once trained, scalability 
and practicality are the same as for natural oligonucleotides and 
it seems that nanopore sequencing will only get more affordable 
and prevalent as time moves on.

3.4 Development of a Semi-synthetic Organism
Soon after introducing their respective unnatural base pair 

systems in the 1990s and early 2000s, Benner and Hirao inde-
pendently demonstrated that information encoded in an expanded 
genetic alphabet can be retrieved and translated in vitro. In these 
systems, ribosomal synthesis of proteins containing non-canon-
ical amino acids was achieved with mRNA coding the unnatural 
information together with chemically synthesized tRNAs bearing 
UBP-containing anticodons and charged with the desired amino 
acids.[108,109] However, the construction of a semi-synthetic or-
ganism capable of stably maintaining, replicating, and expressing 
an expanded genetic alphabet across generations required over-
coming additional challenges related to nucleotide uptake, rep-
lication fidelity, transcription, translation, and long term genetic 
stability.

First, the information encoded by unnatural base pairs must 
be replicated by endogenous polymerases with sufficient fidelity, 
and UBP containing DNA must evade removal by the host DNA 
repair machinery to ensure stable inheritance of the expanded 
genetic information. A central challenge in this context is the in-
tracellular availability of the corresponding unnatural nucleoside 
triphosphates. One strategy to address this limitation is supple-
mentation of the growth medium with the unnatural nucleosides 
and reliance on the cellular nucleotide salvage pathways to phos-
phorylate them to the active triphosphate forms. Although the 
deoxynucleoside kinases are known to have high specificity,[110] 

Benner[111] and Romesberg[112] showed that unnatural nucleosides 
could be monophosphorylated by Drosophila melanogaster deox-
yribonucleoside kinase or engineered variants thereof. However, 
subsequent phosphorylation steps are inefficient for most unnat-
ural substrates, and efforts to compensate by overexpression of 
endogenous nucleoside diphosphate kinase in E. coli were found 
to impair cellular growth.[113] Consequently, direct delivery of the 
corresponding unnatural nucleoside triphosphates to the cell be-
comes necessary. Because these triphosphates are not membrane 
permeable, they must be introduced either in a masked form or 
via a dedicated membrane transporter. In addition, the unnatural 
nucleotides must be well tolerated by the host organism and must 
not compromise cellular viability or proliferation. 

In 2014, the Romesberg group reported the first semi-synthet-
ic organism capable of propagating expanded genetic information 
encoded in a plasmid.[113] This was achieved in E. coli heterolo-
gous expression of the algal nucleotide triphosphate transporter 
PtNTT2, which enabled cellular import of the d5SICS and dNaM 
triphosphates. Although high retention of the unnatural base pair 
was observed during both exponential and stationary growth 
phases, overall cell growth was impaired and prolonged culturing 
led to loss of the unnatural information due to mispairing events 
during replication.

Subsequent improvements addressed these limitations by re-
placing the original pair with the in vitro optimised dTPT3-dNaM 
system, truncating the PtNTT2 transporter at the N-terminus to 

Fig. 3. Overview of a typical nanopore sequencing setup. Nucleic acids 
are driven through a protein nanopore by an applied voltage across a li-
pid membrane separating two chambers. The resulting ionic current car-
ried by negatively charged buffer ions is measured. As the nucleic acid 
translocates, nucleotides of different size and structure partially block 
the pore in a characteristic manner, generating a sequencing signal. An 
adenosine triphosphate (ATP) dependent motor protein can control the 
direction and rate of translocation, slowing movement to enable higher 
sensitivity and resolution.
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improve performance, and introducing a CRISPR Cas9 based se-
lection mechanism. In this strategy, Cas9 guided by an appropriate 
single guide RNA selectively eliminated plasmids carrying the 
most common substitution or deletion mutations at UBP sites, 
thereby conferring effective immunity against loss of the expand-
ed genetic alphabet.[114] In vivo transcription and translation were 
successfully demonstrated in E. coli cells expressing T7 RNA pol-
ymerase that carried a plasmid encoding a superfolder GFP gene 
in which one natural codon was replaced by an unnatural codon, 
together with a tRNA gene bearing the corresponding anticodon 
(Fig. 4). 

Using established orthogonal aminoacyl-tRNA synthetase 
systems to charge the modified tRNA, either serine or the non-ca-
nonical amino acid N-ε-propargyl-L-lysine was incorporated at 
the predetermined position with high fidelity, and decoding of 
unnatural codons was shown to be more efficient than convention-
al amber suppression.[115] This work underscores that expanded 
genetic alphabets can be translated in vivo to produce proteins 
with new building blocks, completing the information retrieval 
cycle in a semi-synthetic organism. 

Subsequent optimisation of the semi-synthetic organism 
(SSO) revealed that recombinational repair of stalled replication 
forks, mediated by RecA, constitutes the primary pathway leading 
to loss of unnatural base pairs during DNA replication. In contrast, 
DNA polymerase II was identified as the major contributor to ef-
ficient replication of UBPs. Accordingly, deletion of RecA com-
bined with overexpression of polymerase II significantly reduced 
UBP loss, enabling high level retention of the expanded genetic 
information not only on plasmids but also within chromosomal 
DNA across diverse sequence contexts.[116] In vivo structure-ac-
tivity relationship studies brought forward several nucleobases 
which are more efficiently retained than NaM: the monocylic 
MMO2, ClMO, CNMO and 5FM, and the benzothiophene de-
rivatives MTMO and PTMO.[117,118]

These improvements are attributed to subtle differences in hy-
drophobic surface and packing interactions leading to a reduced 
tendency towards cross-strand intercalation and enhanced poly
merase recognition under cellular replication conditions, even 
though the pairs still rely on hydrophobic interactions rather than 
Watson–Crick complementarity. 

Further optimisation revealed that the dCNMO–dTPT3 pair 
exhibits especially high retention in vivo and overall performance 
for storage and retrieval of expanded genetic information, mak-
ing it one of the best performing pairs identified to date.[119] In 
parallel, systematic evaluation of transcription identified NaM 
paired with the TAT1 variant, a TPT3 analogue with reduced 
toxicity, as particularly effective for incorporation into RNA, 
reflecting sequence-dependent biases in polymerase processing 
of UBPs.[119] These findings underscore that variations in nucle-
obase substituents can modulate hydrophobic interactions, steric 
complementarity, and local packing within the developing duplex, 
thereby influencing both replication fidelity and retention of ex-
panded alphabets in vivo. Moreover, the unnatural nucleotides 
can be used as substrates by endogenous E. coli RNA polymer-
ase, which could provide better control of RNA production.[120] 

Progress toward an eukaryotic semi-synthetic organism was also 
reported by demonstrating protein expression in cells transfected 
with UBP-containing mRNA and tRNA together with a plasmid 
encoding an orthogonal aminoacyl tRNA synthetase.[121] Finally, 
systematic interrogation of codons containing NaM paired with 
TPT3 anticodons identified nine codon anticodon combinations 
that support efficient protein synthesis, three of which functioned 
orthogonally. This expansion effectively increased the number of 
usable codons for protein synthesis from 64 to 67.[122]

Production of site-specifically modified proteins in semi-syn-
thetic organisms enables precise interrogation of biological func-
tion and has attracted significant interest in drug discovery, par-
ticularly in immunology and oncology. A promising candidate is 
THOR-707,[123] a recombinant human cytokine interleukin 
(rhIL-2) in which Pro65 is replaced by N-ε-azido-L-lysine and 
site-specifically pegylated using biorthogonal strain promoted 
azide-alkyne cycloaddition (SPAAC) reaction. In murine models, 
this modification resulted in an extended circulating half-life rel-
ative to unmodified rhIL 2 and a dose dependent reduction in tu-
mour growth. However, phase II clinical trials evaluating 
THOR-707 in combination with other anticancer agents were 
discontinued. Following the acquisition of Synthorx by Sanofi, 
the current clinical pipeline derived from this platform comprises 
a single SynthorinTM therapeutic, SAR444336, an autoimmune 
drug candidate presently in phase I clinical trials.[124,125]

Expansion of the genetic code offers precise control over 
the modification of ribosomally synthesised polypeptides with 
far reaching impact for production of therapeutics such as anti-
body-drug conjugates, antimicrobial peptides and covalent war-
heads, enabling optimisation of efficacy, pharmacokinetics and 
safety.[126,127] It could also lead to development of enzymology 
and biocatalysis through the targeted probing and engineering 
of enzymatic activity, leading to higher activity, selectivity, and 
stability.[128] Using the expanded genetic alphabet to expand the 
genetic code would not only increase the number of available co-

Table 2. Challenges and the required advancements to overcome 
them in the development of the semi-synthetic organism.

challenges advancements

UBP import transporter engineering

UBP retention RecA deletion and pol II 
overexpression

toxicity of UBPs improved UBP structure 
design

retrieval of unnatural 
information

orthogonal aminoacyl tRNA 
synthetases

Fig. 4. Components of a semi-synthetic organism. Unnatural base (de-
oxy)nucleotide triphosphates ((d)NTPs) are introduced into the E. coli cell 
through a transporter and take part in plasmid amplification by endoge-
nous DNA polymerases (DNAP). The unnatural information is transcribed 
into mRNA and tRNA bearing the UBP-containing codon and anticodon, 
respectively, by heterologous T7 RNA polymerase (RNAP). The orthog-
onal aminoacyl-tRNA synthetase (AaRS) charges the tRNA with the 
non-canonical amino acid (ncAA), which is added onto the growing 
polypeptide chain to produce the specifically modified protein.
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dons to introduce non-canonical amino acids, but also address 
the issue of lower efficiency of protein production in convention-
al genetic code expansion strategies due to the competition of 
engineered components and host machinery. On the other hand, 
there are several other challenges for scalable semi-synthetic or-
ganism production. Industrial applications of the semi-synthetic 
organism could suffer from higher operational costs due to more 
complex cell growing conditions, and the observed toxicity of 
dNTPs which may hinder optimal cell growth and protein pro-
duction yields. Further development of the semi-synthetic organ-
ism could entail engineering endogenous biocatalytic machinery 
which could synthesise unnatural dNTPs and the non-canonical 
amino acids from simple starting materials. This would signifi-
cantly reduce the cost but does surely raise ethical questions as 
the semi-synthetic organism becomes self-sufficient.

4. Future Directions for UBP Applications
As outlined above, by using semi-synthetic organisms the ex-

pansion of chemical space in nucleic acids can be translated into 
an expanded chemical space in protein in a predictable program-
mable way. Most commercial pharmaceuticals target protein[129] 
and a gradually increasing number of them are proteins them-
selves.[130] Driven by recent advances in delivery mechanisms and 
the exquisite specificity of protein-target interactions, one can 
readily envision the immense potential for drug discovery through 
a pipeline that surveys the vast chemical space accessible to pro-
teins incorporating unnatural amino acids synthesized via SSOs. 
Bacterial synthesis of drugs is commonplace and can be cost-ef-
fective,[131] but to include SSOs in such processes, their robustness 
must certainly be improved upon.

Another application in which UBPs may emerge as an important 
factor is gene editing with CRISPR/Cas systems. Since CRISPR/
Cas cuts dsDNA programmed by guide RNA, target-guide com-
binations containing UBPs might be able to markedly decrease 
off-target cutting. Alternatively, the technology might be used to 
introduce UBP-modified genes. These could then, for example, be 
efficiently targeted by modified siRNA. Paradoxically, the com-
paratively limited fidelity of current UBPs might be interesting for 
gene-therapy, in which the permanent manipulation of a patient’s 
genome is cause for safety concerns. If an introduced UBP can 
stop genetic variants from expressing their pathologic phenotype, 
but are removed by natural repair mechanisms over time, this 
could result in a ‘softer’ version of gene therapy.

Although guide RNAs are often modified on the backbone, 
primarily to increase stability, introducing unnatural bases may 
also be advantageous. As aptamer design has already shown, UBs 
enhance the binding of oligonucleotides to proteins, and therefore 
inclusion of UBs in the guide RNA could prove to be beneficial 
for its binding to the Cas protein. Moreover, guide RNAs can in-
clude aptamer insertions which can bind other proteins or fluoro-
phores (e.g. Broccoli aptamer),[132,133] which could be expanded 
by use of UBs. Similarly, the scope of fluorescent labelling of 
guide RNA,[134] which is used for mechanistic studies of chromo-
somal dynamics and genomic mapping, and of optical or chemical 
control of gene editing,[135–138] which facilitates dynamic regula-
tion of gene expression, could be expanded by use of unnatural 
base pairs.

5. Conclusions
Over the past three decades, the development of unnatural 

base pairs has transformed nucleic acids from information carri-
ers with fixed chemical composition into programmable polymers 
with tuneable information and chemical diversity. What began as 
a conceptual exploration of alternative base pairing principles has 
matured into a robust toolkit that supports enzymatic replication, 
transcription, translation, sequencing, and functional deployment 
in increasingly complex biological contexts.

Expanded genetic alphabets have enabled precise site-specific 
labelling of DNA and RNA, overcoming long standing limita-
tions of random modification and solid phase synthesis, and have 
opened new avenues for structural biology, single molecule spec-
troscopy, and in cell imaging. In parallel, their integration into 
in vitro selection strategies has yielded aptamers with markedly 
enhanced affinities and functional performance, illustrating how 
increased sequence space and chemical diversity directly translate 
into improved molecular recognition. Advances in sequencing, 
particularly nanopore-based approaches, are beginning to close 
the remaining technological gap by enabling direct readout of 
expanded alphabets, thereby completing the experimental cycle 
from design and selection to analysis.

Most notably, the construction of semi-synthetic organisms 
capable of maintaining, expressing, and translating expanded 
genetic information demonstrates the feasibility of operating 
expanded alphabets in living cells, leading to establishment of 
frameworks with substantial commercialisation potential, and 
considerable space for further development.

Taken together, these advances establish unnatural base pairs 
as a mature and versatile platform for chemical biology and syn-
thetic biology. Continued progress in enzyme engineering, cellu-
lar compatibility, and sequencing accuracy is expected to further 
extend the molecular language of life beyond its natural limits and 
enable increasingly sophisticated control over biological informa-
tion and function.

Key challenges remain: At the molecular level, polymerases 
and other enzymes must be further optimised to support long-
term, high-fidelity processing of UBPs across diverse sequence 
contexts. In parallel, sequencing technologies need to mature 
toward routine, direct, and high-accuracy readout of expanded 
alphabets. At the cellular level, improved nucleotide uptake, me-
tabolism, and broader host compatibility will be essential, par-
ticularly for extending semi-synthetic organisms beyond bacterial 
systems.

Looking forward, the major opportunity lies in moving be-
yond incremental extension toward purposeful design of genetic 
systems with new functions, including applications that extend 
e.g. into regenerative medicine. Expanded genetic systems may 
enable regenerative strategies that surpass current biomaterials 
and gene therapy approaches by supporting programmable con-
trol of cell fate, dynamic tissue patterning, and orthogonal signal-
ling networks insulated from endogenous regulation. More broad-
ly, expanded alphabets offer the potential to encode new chemical 
functionality, orthogonal regulatory layers, and programmable 
behaviours inaccessible to natural nucleic acids. As these capa-
bilities mature, unnatural base pairs may redefine how biological 
information is stored, processed, and exploited, paving the way 
for molecular systems and applications beyond those permitted 
by the natural genetic code.
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