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Oligonucleotide-based agents are versatile biomolecules that modulate gene expression. The last decade has seen the
emergence of oligonucleotide-based tools for biochemical investigations. Importantly, several oligonucleotide-based
drugs and vaccines are currently used for various therapeutic applications ranging from anti-inflammatory and anti-viral

agents to those used in cardiovascular, ophthalmic, and neuro-muscular disorders. Despite a broad range of applications,
achieving efficient oligonucleotide delivery remains a major limitation. A possible solution is to conjugate cell-
penetrating peptides with oligonucleotides. This review provides an overview of chemical strategies used to synthesise

peptide–oligonucleotide conjugates. The merits and liabilities of these strategies are discussed in the context of synthetic
efficiency, and bio-reversible and -irreversible linkages.

Keywords: conjugation, oligonucleotide, peptide, peptide nucleic acids, drug delivery, thiol–maleimide conjugation,
click chemistry, 2-cyanoisoicotinamide (CINA) linkage.

Received 31 May 2021, accepted 12 August 2021, published online 7 September 2021

Introduction

Oligonucleotides are typically short oligomers (12–24

monomers) of natural or chemically modified nucleotide ana-
logues that bind and modulate the function of their cognate
mRNA or DNA sequence to produce a desired pharmacological
effect.[1] Over the last decade, several oligonucleotide-based

tools for therapeutics, diagnostics, and biochemical investiga-
tions have emerged.[2] The increasing impact of oligonucleo-
tides on overall healthcare is demonstrated by the fact that over

last two decades, 10 oligonucleotides have received approval
from the United States Food and Drug Administration
(USFDA). Additionally, over 80 oligonucleotide candidates are

currently in clinical trials for various diagnostic and therapeutic
applications, including those with anti-inflammatory and anti-
viral activities and for cardiovascular, ophthalmic, and neuro-

muscular disorders.[2–4]

The phosphodiester linkages in the native oligonucleotides,
namely DNA (Fig. 1a) and RNA (Fig. 1b), are susceptible to
enzymatic degradation in the cellular environment. Therefore,

to enhance biological stability and effectiveness, a large number
of chemically modified oligonucleotides have been developed
including locked nucleic acid (LNA, Fig. 1c),[5] 20-
O-(methoxyethyl) oligonucleotides (20-O-MOE, Fig. 1d),[6]

phosphorodiamidate morpholino oligonucleotides (PMO,
Fig. 1e),[7,8] N-(2-aminoethyl)glycyl peptide nucleic acids

(aegPNA, Fig. 1f),[9,10] cyclopentyl PNA (cpPNA, Fig. 1g),
and pyrrolidinyl peptide nucleic acids (pyrrolidinylPNA,
Fig. 1h).[11]More recently, a new generation of oligonucleotides

that exhibit improved selectivity towards RNA over DNA have
been developed including Nusinersen (belonging to the 20-O-
MOE class)[7] and Eteplirsen[6] (belonging to the PMO class).

The current overriding challenge for oligonucleotide thera-

peutics is to efficiently deliver active oligonucleotides to their
target. An enormous amount of work in this area has been
undertaken over recent years that has resulted in the develop-

ment of delivery systems based on lipid nanoparticles,[12–14]

polymeric nanoparticles,[15–18] small molecules,[19–21] and pep-
tides.[22–24] Particularly, peptide-based delivery systems have

been widely used due to their safety, cell specificity, and
efficient membrane permeability.[25–27] Current reviews of the
utility of the various peptides developed have focussed primar-
ily on their cell-penetrating ability and target selectivity.[18,28]

However, an important aspect of an ideal conjugate is the ability
to form bio-reversible and -irreversible linkages between a drug
molecule and delivery vehicle to achieve optimum stability and

biological activity. Given chemical strategies can be effectively

Review

Dr Nitin Patil is an Australian National Health and Medical Research Council’s Peter Doherty Fellow at Monash University.

He leads the chemistry team in the laboratory of Antimicrobial SystemPharmacology. The overarching aim of his research is to

address challenges of drug-resistant pathogenic bacteria by developing peptide and oligonucleotide-based therapeutics.

CSIRO PUBLISHING

Aust. J. Chem. 2022, 75, 24–33

https://doi.org/10.1071/CH21131

Journal compilation � CSIRO 2022 Open Access CC BY www.publish.csiro.au/journals/ajc

SPECIAL ISSUE

https://orcid.org/0000-0003-0422-9411
https://orcid.org/0000-0003-0422-9411
https://orcid.org/0000-0003-0422-9411
http://creativecommons.org/licenses/by/4.0/


used to obtain conjugates that are either bio-reversible (i.e.
release free oligonucleotides within the target cell) or irrevers-

ible (i.e. remain bound within the target cell) (Fig. 2),[14,25,29,30]

conjugation chemistry has a major role to play in the develop-
ment of efficient peptide–oligonucleotide conjugates. This
review focuses specifically on the various chemical approaches

used to form oligonucleotide and peptide conjugates.

Amide Linkage

The most explored strategy for conjugation of a peptide with an
oligonucleotide is through an amide linkage. Importantly, this
was the first conjugation strategy investigated to deliver PNA-

based oligonucleotides.[31–33] As for peptides, PNAs utilise
standard solid-phase peptide synthesis (SPPS) protocols that
allow a facile amide linkage to be formed between the peptide
and PNA. Therefore, a small delivery peptide sequence (#15

amino acids) can be synthesised on the same solid support after
completion of the PNA sequence (Fig. 3a).[34,35] Winkler and
co-workers developed an on-resin phase transfer reaction to

form an amide link between peptides and non-PNA

oligonucleotides (Fig. 3b).[36] This advanced SPPS strategy
employs a benzyl-protected 2-amino-20-deoxyuridinenucleo-
tide to provide a site for peptide attachment. The orthogonal
removal of the benzyl group is achieved by phase-transfer
hydrogenation using poly-vinylpyrrolidone (PVP)-stabilised
palladium nanoparticles, thereby enabling on-resin conjugation

of the peptide through an amide bond.[37,38] Adventitiously, this
strategy allows conjugation of a peptide at any position of an
oligonucleotide sequence and has been successfully employed

to obtain peptide conjugates of many non-PNA oligonucleo-
tides, including PMO.[36–38] On-resin strategies are suitable only
for small peptides (,15 amino acids). If larger or more struc-

turally complex peptides are to be used, amide conjugation can
be performed in solution using standard coupling conditions
(Fig. 3c).[39,40]

While peptide–oligonucleotide conjugation via an amide

linkage is beneficial in developing bio-irreversible peptide-based
delivery of oligonucleotides, formation of the amide bond by in
situ activation through succinyl ester or 1-hydroxybenzotriazole

(HOBt) esters requires the use of short (#15 amino acids) and
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protected peptides. Moreover, protected peptides often form
aggregates and are insoluble in aqueous solution. Therefore,

formation of an amide bond when using a protected peptide
presents several challenges.[41] An alternative approach involves
the conjugation of unprotected peptides to oligonucleotides

using native chemical ligation (NCL).[42–49] NCL utilises a
chemoselective S–N acyl transfer to form an amide linkage.[50]

Initially, an unprotected peptide with an activated C-terminal

thioester forms a trans-thioester with the N-terminal thiol of the
ligating oligonucleotide.[41] The free N-terminal amine then
attacks the carbonyl group of the trans-thioester intermediate

to form an amide bond. Given this elegant strategy is selective
for the N-terminal thiol and employs an unprotected peptide
in aqueous buffers, it provides significant advantages over
protected peptide conjugation.

Joyce and co-workers employed a template-directed NCL to
accelerate conjugation between the delivery peptide and an
oligonucleotide (Fig. 4a).[42] In this approach, the activated

delivery peptide thioester forms an intermediate trans-thioester
with the thiol of PNA 1. The intermediate trans-thioester then
binds to the complementary DNA (cDNA) template, allowing

access to the free amine of PNA 2 with subsequent rapid amide
bond formation. Further enhancement of the NCL strategy to
form peptide–oligonucleotides conjugates without cDNA was
successfully achieved using cysteine-functionalised oligonucleo-

tides (Fig. 4b).[46,48] With this approach, the 50-ends of DNA
oligonucleotides were modified with a cysteine residue, which
allows efficient S–N acyl transfer owing to the close proximity of

both a thiol and an amino residue. Additionally, an S-benzyl
succinyl moiety at the site of ligation was used to generate
N-terminal peptide thioesters. At pH7, the N-terminal peptide

thioesters and 50-cysteinyl oligonucleotides are then ligated in the
presence of tris(2-carboxyethyl)phosphine (TCEP) and thiophe-

nol to form the peptide–oligonucleotide conjugate.[48] A similar
approach led to the introduction of a new generation g-modified
PNA with a 50-end 1,2-aminothiol handle to facilitate NCL of

peptide-PNA (Fig. 4c).[45,51] Recently, Sayers et al. described an
‘Se-mediated ligation’ (selenocysteine–seleonoester) approach
for the synthesis of peptide-PNA hybrids that is faster than NCL

(cysteine–thioester) and allows the rapid detection of microRNA
(miRNA).[47]

Disulfide Linkage

Disulfide bonds are unique covalent bonds that are stable for

mass spectroscopic (MS) characterisation, storage, and han-
dling, but are cleaved in the reductive intracellular environments
of the cytoplasm or endosomes. Therefore, disulfide conjugates

have been employed to form sufficiently stable but reversible
linkages that are cleaved after successful cellular uptake.[52]

Disulfide-linked conjugation can be performed through the
introduction of thiol-linkers or cysteine residues into the peptide

or oligonucleotide sequence during the chemical synthesis
process.[53–56] The introduction of a free thiol group in non-PNA
oligonucleotides can be performed using O-2-cyanoethyl-N,N-

diisopropyl phosphoramidite-mediated coupling of 6-
mercaptohexanol at the 50-end of the oligonucleotides.[57–59]

Another advantage of disulfide conjugates is that disulfide bond

formation can be achieved by reacting two free thiol groups in
aqueous conditions at physiological pH (Fig. 5a). In order to
accelerate disulfide formation, in situ activation using 2,20-
dipyridyldithiol (DPDS) can be employed.[60] However, the
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major drawback of this strategy is the formation of homodimeric
by-products. To minimise homodimer formation, one of the
participating thiol groups must be pre-protected by a S-pyr-

idylthiol N-terminal group (Fig. 5b).[56]

Thioether, Thiol–Maleimide, and Thiol–Aryl Linkages

Reactivity of the thiol group is not limited to the formation of
disulfide bridges. Given the susceptibility of the disulfide to

reducing conditions may be undesirable, especially when the
oligonucleotide target is located intracellularly, the thioether
linkage is a widely used strategy where non-reducible or non-
reversible conjugates are required for oligonucleotide deliv-

ery.[61,62] This strategy employs thiol-mediated nucleophilic
substitution of haloacetamides to link the peptides and oligo-
nucleotides (Fig. 6).[63] One of the conjugating partners contains

either a free thiol or S-pyridylthiol-protected thiol, while the
counterpart possess a haloacetyl handle. Thioether formation
can be performed in either an organic solvent or aqueous buffer.

The reaction kinetics of thioether formation are slow, and
undesired disulfide formation may result in homodimeric pro-
ducts.[64] The formation of a disulfide homodimer can be
avoided by employing S-pyridylthiol-protected thiol peptides or

oligonucleotides. However, the S-pyridylthiol-protected peptide
approach requires additional steps to obtain the conjugating
precursors. The haloacetyl peptides or oligonucleotides are

susceptible to hydrolysis and require careful handling during the
conjugate synthesis.[64]

The thiol–maleimide linkage is an advanced strategy that

results in the relatively rapid formation of a thioether linkage.[65]

A maleimide moiety can be easily introduced into the oligonu-
cleotide or peptide sequences using succinyl spacers.[49,66] The

maleimide moiety acts as a Michael acceptor and rapidly reacts
with a free thiol group to form the thiol–maleimide link-
age.[57,67] Given this linkage can be formed in an aqueous buffer
without a catalyst, the thiol–maleimide linkage has become the

most commonly used linkage with which to synthesise peptide–
oligonucleotide conjugates (Fig. 7).[63,68–70]

Nucleophilicity of the thiol group also plays an important role

in the formation of thiol–maleimide conjugates. Highly reactive
thiols can often form disulfide bonds that limit the availability of
the free thiol to form thiol–maleimide linkages. Moreover,

competing nucleophiles may also undergo a Michael addition
reaction with the maleimide moiety to form an undesired cova-
lently linked conjugate. Importantly, the formation of a thiol–
maleimide linkage introduces an additional stereocentre that
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results in diastereoisomeric products.[71] Despite faster reaction
kinetics, compatibility with aqueous conditions, and improved

stability compared with disulfide linkages, the thiol–maleimide
linkage is still susceptible to in vivo reduction that results in the
premature release of oligonucleotides from delivery pep-
tides.[64,69] This can be overcome through the use of a retro-

Michael ring-opening of the thiol–maleimide linkage.[72,73]

Recently, Jbara et al. employed a thioaryl ether linkage to
conjugate a DNA oligonucleotide with a cysteine-containing

peptide.[74] This strategy utilises an elegant bifunctional conju-
gation handle with N-hydroxysuccinimide (NHS) and
palladium(II)-oxidative addition complex (OAC) moieties for

site-selective conjugation (Fig. 8), allowing faster kinetics
compared with thiol–maleimide linkages while producing con-
jugates that are significantly more stable.

Cyclohexene Linkage

Seelig et al. reported a peptide oligonucleotide conjugation that
uses a Diels–Alder reaction between a diene and a dieno-

phile.[75] This reaction employs modified peptides with a die-

nophile handle to form a cyclohexene linkage with 50-modified

oligonucleotides.[76] However, the use of 1,3-diene only allows

modification at the 50-end of oligonucleotides, limiting its

applicability. Subsequently, diene-modified nucleotides were

employed to enable the formation of a Diels–Alder cyclohexene

linkage at positions other than the non-terminal position within

oligonucleotides (Fig. 9).[77,78] While the Diels–Alder cyclo-

addition reaction can be performed in aqueous conditions and

allows the straightforward synthesis of large peptide–oligonu-

cleotide conjugates, it nevertheless exhibits slow reaction
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kinetics and utilises a maleimide moiety as the dienophile,
which may lead to undesired products.

Oxime Linkage

Oxime linkages utilise highly reactive functional groups,
namely aldehydes, ketones, and hydroxylamines. Dumy and co-
workers were the first to explore the oxime conjugation strategy
for chemoselectively linking peptides with oligonucleo-

tides.[79–81] An oxime linkage can be formed by treating an
aldehyde-containing oligonucleotide with an aminooxy func-
tionalised peptide. Specially, an aldehyde function can be gen-

erated at both the 30- and 50-ends of oligonucleotides, which
allows the bifunctionalisation of oligonucleotides.[80,81] How-
ever, the initial strategy developed by Dumy and co-workers

involved the generation of aldehyde oligonucleotides through
the glyoxylic moiety (Fig. 10a) and is not compatible with basic
pH conditions. Subsequently, further development of oxime
linkage employed a relatively stable keto-oxime linkage to

obtain peptide–oligonucleotide conjugates under basic pH
conditions (Fig. 10b).[82,83] However, the highly reactive amino-

oxy functional group requires careful handling of oligonucleo-
tides or peptides, thereby limiting the broad applicability of
oxime linkage to form peptide–oligonucleotide conjugates.

Hydrazone Linkage

Ollivier et al. employed reactive aldehyde oligonucleotides

withN-terminal hydrazide peptides to form hydrazone linkages
(Fig. 11).[84] The N-terminal glyoxylyl handle was introduced
using (þ)-diacetyl-L-tartaric anhydride-mediated acetylation

of a DNA oligonucleotide. The non-thiol-based hydrazone
ligation chemistry is complementary to the use of cysteine-
containing peptides.[84] However, glyoxylyl and hydrazide

groups are unstable during the synthesis and purification
processes. Therefore, despite orthogonality, the hydrazone
linkage has limited applications in peptide–oligonucleotide
conjugations.
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Urea and Carbonyl Linkage

Fujii and co-workers developed a peptide–oligonucleotide
conjugation process involving sequential fragment condensa-
tion on a solid support to establish urea or a carbonyl lin-
kages.[85,86] In this approach, an a,v-diisocyanatoalkane or a

carbonyl diimidazole (CDI) is initially allowed to react with a
resin-bound oligonucleotide containing a free amino group.
Subsequently, the protected peptide fragment containing a free

amino group reacts with the carbonyl imidazole or iso-
cyanatoalkane moiety present on resin-bound oligonucleotide
(Fig. 12).[87] Urea and carbonyl linkages require organic sol-

vents and are only compatible with protected peptides and oli-
gonucleotides. However, the resulting oligonucleotide–peptide
conjugate is non-reversible and stable to intracellular enzymatic

degradation.[87]

Triazole Linkage

The elegant biorthogonal alkyne and azide cycloaddition reac-
tion (click reaction) has been a key strategy for conjugating

peptides to oligonucleotides (Fig. 13).[88] The selective nature of
‘click conjugation’ results in a stable, non-bioreversible 1,2,3-

triazole link with high yields. Importantly, alkyne and azide
residues are commercially available and can be easily intro-
duced during solid-phase synthesis of peptides and oligonu-
cleotides. Notably, the copper-free click conjugation reaction

utilises aqueous buffers at room temperature.[89–92] Addition-
ally, the mild reaction conditions and orthogonality of the
copper(I)-catalysed azide–alkyne cycloaddition (CuAAC)

reaction are extremely useful in the synthesis of peptide–oli-
gonucleotide conjugates (Fig. 13).[88] Triazole linkage has been
widely used in non-bioreversible peptide–oligonucleotide

conjugates.

Thiazolidine and Cyanobenzothiazole Linkage

Thiazolidine and cyanobenzothiazole linkages are highly
selective for 1,2-aminothiol moieties such as N-terminal cyste-

ine residues (Fig. 14). Thiazolidine conjugation utilises an
aldehyde and cysteine residue to form peptide–oligonucleotide
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conjugates (Fig. 14a).[79,93] However, the utility of the thiazo-

lidine linkage to synthesise versatile peptide–oligonucleotide
conjugates is limited by the cross-reactivity of aldehydes with
other nucleophiles, and instability at basic pH. We recently

developed a cysteine–cyanobenzothiazole (Cys-CBT) conju-
gation strategy that is highly selective for N-terminal cysteine
residues.[64] The cysteine–cyanobenzothiazole linkage employs
a luciferin-derived 2-cyanobenzothiazole residue that reacts

explicitly with an N-terminal cysteine residue (Fig. 14b). This
elegant reaction involves fast reaction kinetics, is compatible
with both organic and aqueous buffers, and has high selectivity

towards N-terminal cysteine residues.

Conclusion and Outlook

While chemical efficiency is an important aspect of peptide–
oligonucleotide conjugation, the site of release and stability to

enzymatic degradationmust be consideredwhen determining an
appropriate linkage strategy. The above-mentioned peptide–
oligonucleotide linkages each have their own advantages and

disadvantages that must be considered depending on the par-
ticular circumstances. Whereas the amide linkage approach
provides significant enzymatic stability, it often results in low
yields and is limited to small peptides (,15 amino acids).

Stepwise peptide–oligonucleotide conjugation through SPPS
provides high yields and often requires one purification step,
although it is limited to short peptide–oligonucleotide con-

jugates and requires the use of organic solvents. Disulfide,
triazole, thiol–maleimide, and Cys-CBT conjugation can be
performed in aqueous conditions that are often advantageous for

conjugate unprotected or complex peptides with oligonucleo-
tides. Importantly, these conjugation strategies can also be
employed and optimised to form bioreversible (e.g. disulfide
and ester) and non-bioreversible (e.g. thioether, alkyne-azide,

and Cys-CBT) linkages. The intracellular redox-cleavable
disulfide linkages are advantageous for the release of the oli-
gonucleotides and therefore achieving the desired biological

effect.[64,94] Recently, other linkages such as cysteine–cyanoi-
sonicotinic acid (CINA) conjugation have been successfully
employed for peptide–protein or peptide–small molecule con-

jugation.[95] While the use of CINA conjugation to obtain pep-
tide–oligonucleotide conjugates is yet to be explored, the
increasing demand for and versatile applications of oligonu-

cleotides will no doubt ensure further exploration of CINA
conjugation in the near future.
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