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Theranostics are drugs suitable for use in both diagnostic and therapeutic applications, and have played an important role in
the advancement of modern nuclear medicine. This review explains key elements that are common to successful
theranostics and highlights significant developments in the field, including our own. Specific focus is given to peptides and
those features that make them most suitable for theranostic application, as well as some key radioisotopes owing to their

favourable properties and high clinical utility. This report provides an overview of the techniques at the researcher’s
disposal, how they have been applied to current clinically significant targets, and how they might be used and improved
upon for future targets.
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Introduction

Theranostic is a compound word of therapeutic and diagnostic,
and describes a key component of nuclear medicine, which uses
the same drug for both imaging and treatment. The field of

theranostics in oncology has evolved from developments within
molecular imaging and radionuclide therapy (RNT), and has had
an increasing role in precisionmedicine owing to its outstanding

capacity to identify the heterogeneity of cancers that exists
between, and often within, patients.[1]

Molecular imaging describes a suite of non-invasive diag-

nostic techniques capable of accurately locating and staging
various diseases with the goal of directing therapy. Positron
emission tomography (PET) imaging is among its most popular

techniques.[2] PET imaging utilises positron emitting radio-
pharmaceuticals (radiolabelled, biologically active drugs) that
bind specifically to sites on diseased cells, enabling non-
invasive whole body imaging and directing selection of patients

suitable for RNT by showing a high uptake of the agent at all
sites of disease.[2] Changing the diagnostic radionuclide to a
therapeutic radionuclide produces a radiopharmaceutical able to

effect RNT, enabling the targeted destruction of metastatic

malignancies which cannot be treated efficiently by conven-
tional therapies (Fig. 1).[3] A key benefit of theranostics is the
ability to ‘see what you treat’ using the companion imaging
agent.

Theranostic radiopharmaceuticals are administered as an
injection and selectively target tumour cells while minimising
the impact on healthy tissue.[3] Successful theranostic agents

have high specificity and binding affinity to the target of
interest, exhibit good metabolic stability, and have good tumour
targeting kinetics (i.e. high/rapid uptake and slow clearance in

target tissue, with low uptake and rapid clearance from non-
target tissue).[3] Theymust also have a safe immunogenicity and
toxicity profile.[3]

Peptides: The Optimal Targeting Moieties for Theranostic
Application

Peptides are compounds of two or more amino acids linked
through amide bonds, and are a unique class of pharmaceuticals
with distinct biochemical characteristics. They typically present

high binding affinity, specificity, and low toxicity. In addition to
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their role as hormone analogues, peptides can effectively disrupt

protein–protein interactions (PPIs), a fundamental process that
underlies most cellular activity.[4] These unique characteristics
make peptides of growing importance in medicinal chemistry,
leading to a rapidly expanding role in the pharmaceutical

industry with nearly 20 new peptide-based drugs entering clin-
ical trials every year. A global industry analysis for peptide
therapeutics estimated a compound annual growth of 9.1% from

2016 to 2024.[5]

Peptide-based radiopharmaceuticals afford rapid target accu-
mulation, fast clearance from background tissue, and exhibit

good tissue penetration, making them ideal candidates for
theranostic applications.[3,6,7] Moreover, peptide synthesis pro-
cedures such as solid-phase peptide synthesis are well estab-

lished, reproducible, amenable to scale up, and enable efficient
purification.[6,7]

While proteins such as antibodies can facilitate tight PPIs,
they suffer from significant drawbacks including high produc-

tion and purification costs, limited tissue penetration, obscure
mode of action, and low resistance to denaturation, which
often prove prohibitive impediments towards their therapeutic

applications.[5] Moreover, their long circulation half-life is
undesirable for theranostics development, as optimal target-to-
background contrast is often only achieved many days after

administration, resulting in inadvertent delivery of high doses to
non-target tissue.[5]

Although the molecular weight cut-off for small-molecule

drugs (, 900 Da) does not exclude small peptides, the recom-
mendations that govern the development of small-molecule
drugs can sometimes lead to inferior characteristics for radio-
pharmaceuticals. The Ghose filter extension on the Lipinski’s

rule of five, for example, recommends moderate to high lipo-
philicity (i.e. a partition coefficient (Log P) of –0.4 to 5.6) as an
essential parameter for small molecules to achieve a desirable

drug profile.[8,9] While it is important to maintain moderate
lipophilicity (i.e. Log P of 2 to 3.5) for radiotracers intended to
cross the blood brain barrier for imaging of the central nervous

system (CNS), this very same property contributes negatively to
the biodistribution of theranostics intended for use in the
periphery.[10,11] High lipophilicity affords extensive, undesired
hepatobiliary excretion and high non-specific uptake in healthy

tissue, which would result in a theranostic with limited imaging

and therapeutic utility. Generally, the notion is to reduce the
lipophilicity (i.e. a Log P, 0) of theranostics to enhance their
tumour-to-background and tumour-to-organ ratios, this holds

true for peptide-based radiopharmaceuticals (Table 1). As such,
peptides occupy a ‘Goldilocks zone’ between antibodies and
small molecules, making them ideal candidates for theranostic
application.

While hydrophilicity is generally desirable, excessive hydro-
philicity can reduce the overall retention of theranostics leading
to low tumour accumulation.[22] Overly hydrophilic and highly

charged peptides can also lead to high kidney uptake and
retention by reabsorption in the proximal tubular cells, resulting
in detrimental amounts of radiation being delivered to the

kidney.[23] Hence it is important to strike a balance between
hydro- and lipophilicity to maintain favourable biodistribution
and pharmacokinetic profiles of theranostics. Nevertheless, high
kidney uptake and retention of peptide-based radiopharmaceu-

ticals can often be clinically managed by pre- or co-infusion of
basic amino acids or plasma expander succinylated gelatin
(Gelfusine) that competitively inhibit the renal transport mech-

anism (glomerular ultrafiltration) leading to lower kidney
uptake and retention.[23]

Peptide-Based Theranostics Leading Clinical Work in
Nuclear Medicine

Overexpression of a range of regulatory hormone receptors is
common to many human cancers, hence investigation of
peptide-based hormone analogues has been proven a successful

method for discovering tumour targeting theranostics.[24,25]

Using peptides to deliver a cytotoxic radiation dose to tumours
via binding to overexpressed receptors is a form of RNT more
specifically known as peptide receptor radionuclide therapy

(PRRT).[26]

Interest in using peptides to deliver radionuclides to tumours
was largely driven by the success of OctreoScan in the early 90s

to visualise somatostatin receptor subtype 2 (SST-2R)-positive
tumours.[27] Subsequent to this agent, many overexpressed
receptors have been exploited to specifically target tumours

using peptides. Below we briefly discuss three developments
related to peptide-based theranostics targeting various receptors
and enzymes overexpressed on cancer tissue.

Somatostatin Receptors in Neuroendocrine Tumours

Neuroendocrine tumours (NETs) are a family of cancers which
arise from neuroendocrine cells that are dispersed all over the

body and have traits similar to both endocrine cells (hormone
producing) and nerve cells (neurons). Somatostatin receptors are
frequently overexpressed in NETs, specifically SST-2R,

enabling the development of theranostics that target SST-2R
positive NETs.[27,28] Somatostatin receptors are a type of G-
protein coupled receptor that bind the somatostatin hormone,
specifically somatostatin-14 and somatostatin-28.[29] The acti-

vation of somatostatin receptors by its native peptides induce a
variety of physiological responses, which includes inhibiting
the secretion of many other hormones throughout the body.

However, native somatostatin-14 has a low metabolic half-life
(2–3min) making it unsuitable for theranostic application,
hence research focussed on developing more metabolically

stable analogues.[29–31] Octreotide, an eight amino acid ana-
logue of somatostatin-14, was the first long acting analogue in
clinical use with high SST-2R affinity and selectivity.[27]
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Fig. 1. The fundamental principle underlying the field of theranostics

research is the development of targeted parent compounds (often short

peptides) that function as therapeutic or diagnostic compounds contingent

upon the radioactivity bound to them. Diagnostic radionuclides include

positron emitting radionuclides such as gallium-68 (Ga-68) or fluorine-18

(F-18), while therapeutic radionuclides include destructive b-emitting

radionuclides such as lutetium-177 (Lu-177).
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Octreotide was initially modified with diethylenetriamine-
pentaacetic acid chelator (DTPA) at the N-terminus, as the

C-terminus is involved in receptor recognition, and radiola-
belled with In-111.[31,32] This was then used with whole body
single photon emission computed tomography (SPECT) imag-
ing for diagnostic identification of carcinoids, pancreatic neu-

roendocrine tumours, and to localise sarcoidosis.[31,32] SPECT
imaging using In-111 labelled octreotide was later known as
OctreoScan, and the success of OctreoScan in the clinic spurred

extensive interest in developing superior analogues. Notably,
replacement of the C-terminal alcohol in octreotide with the
natural amino acid threonine led to octreotate, an analogue with

very high affinity for SST-2R and increased tumour uptake.[33]

Furthermore, replacement of Phe3 with the more electron rich
Tyr3 led to [Tyr3]octreotate, which demonstrated enhanced
reactivity for electrophilic radioiodine (I-125 or I-123) for

SPECT imaging.[34] Subsequently, [Tyr3]octreotate was modi-
fied with a 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid (DOTA) chelator at the N-terminus and radiolabelled with

Ga-68 and Lu-177 to afford optimal theranostics targeting
SST-2R (Fig. 2).[35–37]

PET imaging using the Ga-68 labelled DOTA-[Tyr3]octreo-
tate and PRRT using the Lu-177 labelled variant have since
become the standard of care diagnostic and therapeutic proce-
dures respectively for management of neuroendocrine tumours

(NETs) (Fig. 3).[38] The recent randomised phase III clinical
study NETTER-1 showed that PRRT using four cycles of
[177Lu]Lu-DOTA-[Tyr3]octreotate improved objective

response, quality of life, progression free survival, and had an
overall survival benefit over long-acting-release double-dose
octreotide alone.[39]

Prostate Specific Membrane Antigen in Advanced Prostate
Cancer

The prostate specific membrane antigen (PSMA) is a type II

transmembrane protein. PSMA acts as a glutamate carboxy-
peptidase responsible for the sequential hydrolysis of the
C-terminal glutamate residues from folate polyglutamate,

Table 1. A survey of Log P (or Log D7.4) values for some peptide-based radiopharmaceuticals used in clinical studies

Peptide Target Log P Reference

[68Ga]Ga-DOTA-TATE SST-2RA –3.69G [12]

[177Lu]Lu-DOTA-TATE SST-2RA –3.16G [12]

[68Ga]Ga-PSMA-11 PSMAB –2.91� 0.06G [13]

[18F]F-PSMA-1007 PSMAB –1.6 [14]

[18F]DCFPyL PSMAB –3.4G [14]

[177Lu]Lu-PSMA-617 PSMAB –4.4� 0.15 [15]

[68Ga]Ga-PentixaFor CXCR-4C –2.90 [16]

[177Lu]Lu-PentixaTher CXCR-4C –1.76 [17]

[18F]FP-Galacto-RGD integrin avb3
D –3.2 [18]

[18F]FP-PEG2-bGlu-RGD2 integrin avb3
D –2.67� 0.22 [19]

[68Ga]Ga-DOTA-CP04 CCK-2RE –2.68� 0.03 [20]

[68Ga]Ga-NOTA-FAPI-04 FAPF –2.41� 0.28G [21]

ASomatostatin receptors subtype 2.
BProstate-specific membrane antigen.
CChemokine receptor type 4.
DVitronectin receptor subtype avb3.
ECholecystokinin B receptor.
FFibroblast activation protein.
GReporting Log D7.4 instead of Log P (i.e. the n-octanol/buffer solution distribution coefficient at pH 7.4).
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Fig. 2. Chemical structures of (a) DTPA-octreotide, and (b) DOTA-[Tyr3]octreotate used for SST-2R receptor targeted theranostic application.

Structural differences between the two peptides are coloured blue while the radionuclide chelating components are coloured red. DTPA chelator is

only suitable for In-111 andGa-68 radiolabellingwhile DOTA chelator can be used to radiolabel with In-111, Ga-68, and Lu-177 for SPECT imaging,

PET imaging, and RNT respectively.
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as well as the hydrolysis of the abundant brain peptide
N-acetyl-L-aspartyl-L-glutamate.[40,41] While PSMA is expres-
sed throughout prostate tissue, its expression increases by

100–1000 fold in prostate cancer, making it an excellent target
for theranostic application.[42]

In 1996, Jackson et al. developed various high affinity agents
targeting PSMA for the treatment of neurological conditions.[43]

This work was followed by Kozikowski and co-workers that
developed the first potent urea-based inhibitors of PSMA.[44]

This urea based scaffold formed the basic structure of all

subsequent PSMA avid theranostics in clinical use.[45] Fig. 4
presents some of themost common PSMA targeting theranostics
currently in clinical use that employ a myriad of chemical

strategies to link the urea based scaffold to the radionuclide
binding component. These linkers may serve to improve the
pharmacokinetics,[46] biodistribution,[47] cellular internalisation

or receptor affinity of the molecule,[48] or provide optimal
spacing between the radionuclide and the binding component.[49]

Notably, the Ga-68 and F-18 labelled PSMA inhibitors [68Ga]
PSMA-11 and [18F]DCFpyL (marketed as PYLARIFY) respec-

tively have both been approved by the Food and Drug Adminis-
tration (FDA) for use in the diagnosis of prostate cancer.[50]

PSMA theranostics are rapidly evolving as a new standard of

care for prostate cancer management. Hofman and co-workers
from the Peter MacCallum Cancer Centre in Australia and
others generated an outstanding body of practice-changing

evidence demonstrating the transformative role of PSMA ther-
anostics in the clinic.[51,52] Diagnostic PSMAPET/CT proved to
be superior to conventional imaging techniques with higher

accuracy that ultimately led to improved clinicalmanagement of
patients.[51] PSMA therapy using theranostics demonstrated
striking responses (Fig. 5) in men with metastatic castrate
resistant prostate cancer who had progressed after treatment

with conventional therapies.[52,53]

Cholecystokinin-2 Receptors in Neuroendocrine Tumours

Cholecystokinin (CCK) receptors are a group of G-protein
coupled receptors with high binding affinity for the hormone
gastrin.[54] CCK receptors regulate the release of gastric acid in

the stomach and play a vital role in the development of the
gastrointestinal tract.[54] Importantly, activation of a subset
of CCK receptors known as CCK-2R, has been shown

to contribute significantly in the development of many
malignancies.[55,56] 54.5% of all NETs patients with negative
SST-2R expression were found to overexpress CCK-2R.[57] In
particular, CCK-2R are overexpressed on medullary thyroid

carcinoma, and a neuroendocrine type of lung cancer known as
lung carcinoids.[54]

[111In]In-DOTA-DGlu-MG0 is a 13-residue peptide-based

on the physiologically active form of the gastrin hormone (G17),
it exhibits high binding affinity to CCK-2R, comparable to the
parent gastrin hormone.[58,59] However, when therapeutic doses

a1

a2 b2 c2 d2

b1

progression PRRT

c1 d1

(a) (b) (c) (d)

Fig. 3. A clinical example presenting efficacy of SST-2R targeting theranostics in managing NETs at the Peter

MacCallumCancer Centre. Patient withmetastatic small bowel NET, Grade 1, treated in our clinic with PRRTwith good

responses. [68Ga]Ga-DOTA-[Tyr3]octreotate PET/CT imaging (a1: Maximum Intensity Projection images; a2 Trans-

axial fused [68Ga]Ga-DOTA-[Tyr3]octreotate PET/CT images) showed known nodal, liver andmultiple bonemetastases,

the most dominant lesion in the sacrum highlighted with red arrow. Subsequent restaging [68Ga]Ga-DOTA-[Tyr3]

octreotate PET/CT (b1, b2) showed significant disease progression with extensive high somatostatin receptor (SST-2R)

expressing bone-dominant disease, associated with pain and urinary incontinence due to pelvic bone lesions. Given high

SST-2R expression and prior favourable responses, 2 cycles of PRRT (using [177Lu]Lu-DOTA-[Tyr3]octreotate) were

given. Post-therapySPECT/CT images taken 24 h after first cycle ofPRRT (c1, c2) showedhigh [177Lu]Lu-DOTA-[Tyr3]

octreotate uptake and retention at known sites of disease. 3 Months after PRRT, a restaging [68Ga]Ga-DOTA-[Tyr3]

octreotate PET/CT (d1, d2) showed significant imaging response with marked overall reduction of uptake and extent of

disease including the prior dominant sacral lesion, associatedwith symptoms response, reduction of pain and resolution of

prior incontinence. Credit: Associate Professor Grace Kong, The Peter MacCallum Cancer Centre.
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Fig. 5. Efficacy of molecular imaging and RNT in advanced prostate cancer for a patient treated at PMCC. (a) An initial diagnostic [68Ga]Ga-

PSMA-11 PET scan presenting extensive disease. (b) Dosimetry mapping of the PRRT agent [177Lu]Lu-PSMA-617 agent via a quantitative SPECT

scan. (c) Repeat diagnostic [68Ga]Ga-PSMA-11 PET scan after RNT showing complete PSMAresponsewith only non-PSMAmediated physiological

uptake of the radiopharmaceutical. (d) Computed tomography (CT) scan demonstrating regression in tumour size as a response to the therapy. Credit:

Professor Michael Hofman, The Peter MacCallum Cancer Centre.
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of DGlu-MG0 based theranostics were administered, extensive
proteolytic degradation, as well as high kidney uptake and
retention was observed, leading to nephrotoxicity (toxicity in

the kidney).[60,61] The high, non-specific (i.e. not CCK-2R
mediated) kidney uptake was attributed to the N-terminal
polyglutamate (Glu2–6), as a result of its high anionic charge.[58]

This issue was addressed in the next generation CCK-2R

binding peptide, known as CP04 (also known as PP-F11),
wherein these Glu2–6 residues were substituted with unnatural
D-Glu amino acids (Fig. 6).[59] Subsequent pharmacokinetic

studies demonstrated superior stability, decreased kidney
uptake, and improved tumour-to-kidney (T/K) ratios, which
prompted a European conglomerate to select CP04 as the ‘gold

standard’ for targeting CCK-2R in humans.[59,62,63] However,
the methionine-11 residue of CP04 was found to be particularly
susceptible to radiolytic (catalysed by radiation induced
radicals) oxidation affording peptides of lower radiochemical

purity. Substitution of Met11 with norleucine afforded PP-F11N
(Fig. 6) with improved radiochemical stability and similar
biological properties to CP04.[62,63]

Our clinical experience with [68Ga]Ga-DOTA-CP04[57] con-
firms its excellent diagnostic properties (Fig. 7) but disputes its
potential for therapeutic application, as its Lu-177 labelled

counterpart has been observed to afford suboptimal radiation
doses to CCK-2R positive tumours. Von Guggenberg recently
reported other truncated analogues of CP04 affording MGS5

with further improvements in metabolic stability and tumour
targeting (Fig. 6).[64] [68Ga]Ga-DOTA-MGS5 is currently

undergoing clinical translation, demonstrating the concept of
CCK-2R PET imaging in patients with MTC.[65]

There are many other peptide-based diagnostics and/or

theranostics currently being investigated in clinical works
(Table 2). Detailed description of all theranostics in clinical
use is beyond the scope of this review. Our aim is only to show a
few well-established examples for peptide-based theranostics

impacting clinical management of cancer patients.

Constrained Peptides and Foldamers: Optimal Constructs
for Theranostics Development

Small peptides are flexible in nature and often do not form
highly ordered structures akin to those found in the larger pro-

teins and biomolecules from which they are isolated. The
development of effective targeting peptides requires detailed
mimicking of the PPI contact points, which often necessitates
the recapitulation of not only the primary sequence but also the

secondary structure.[71] Small peptides can be evolved through
the design of constrained peptides and foldamers to form com-
plex structures that have high binding affinities and prolonged

target engagement akin to large biologics, yet they exhibit
favourable physiochemical characteristics akin to small mole-
cules, affording ideal theranostics.[72,73]

Samuel Gellman coined the term ‘foldamer’ to describe ‘any
polymer with a strong tendency to adopt a specific compact
conformation’ without the need for additional structural con-

straints such as cyclisation or stapling.[74,75] While constrained
peptides can include any peptidewith conformational constraints
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(including foldamers) it typically refers to monocyclic, bicyclic,
or stapled peptides.

Constrained peptides and foldamers provide several advan-
tages including the ability to design secondary structures,
control over the orientation of side-chain functional groups
and resistance towards proteolytic degradation.[76] Moreover,

constrained peptides and foldamers address the thermodynamic
basis of PPIs byminimising conformational degrees of freedom,
thereby minimising the entropic penalty paid upon binding,

resulting in higher binding affinities (Fig. 8).[71]

Secondary structures emerge as a result of thef andc torsion
angles between the N-Ca and Ca-C positions within the poly-

peptide backbone respectively.[77] The range of these angles
within a peptide determines its flexibility and ability to adopt

certain folds. The two major secondary structures that influence
PPI are a-helices and b-turns. These conformations can be

stabilised within constrained peptides and foldamers by careful
restriction of the f and c torsion angles of the peptidic
backbone.[72]

Cyclisation is one useful method commonly employed to

generate constrained peptides which mimic b-turn conforma-
tions, generally affording theranostics with higher binding
affinity and metabolic stability.[78] Head-to-tail amide bond

formation is one of the most common methods utilised to
generate monocyclic peptides.[79] Furthermore, hetero-chiral
amino acids are often used within the turn regions of cyclic

peptides in order tomimic the type I’ and type II’ reverseb-turns
which are particularly abundant inb-hairpin peptides.[80] Cyclic

Table 2. Peptides currently under clinical evaluation for imaging and therapy applications in oncology

Peptide analogues Target Clinical indication/uses

Peptides based on Bombesin hormone: AMBA,

RM2, SB3, NeoBOMB1 and DOTABOM[66]

Gastrin-releasing peptide

(GRP) receptors

GRP receptors are overexpressed on many cancers including breast,

prostate, colorectum, lung cancer, gastrinoma, and glioma

Peptides constituting Arg-Gly-Asp (RGD) motif:

GalactoRGD and P(RGD)2
[67]

Integrin avb3 Targeting tumour associated angiogenesis in different clinical

indications

Peptides based on chemokine stromal cell-derived

factor 1 (SDF-1): PentixaFor and PentixaTher[68]
Chemokine receptor 4 (CXCR4) CXCR4 overexpressed on many cancers including breast, prostate

lung, and colorectal cancer

Quinoline-based dipeptides:

FAPI-02, FAPI-04, FAPI-46, FAPI-74[69]
Fibroblast activation protein

(FAP)

FAP expression associated with the activated stromal fibroblasts and

pericytes of 90% of common human epithelial tumours. Ga-68

labelled FAPI-04 was successfully used in clinic to image may

cancers including pancreatic, oesophageal, non-small cell lung

cancer, head and neck, colon, and thyroid cancer

DOTA-Exendin-4[70] Glucagon-like peptide-1 (GLP)

receptors

Insulinoma

10 S
U

V

10 S
U

V

15 S
U

V

68Ga-CP04 68Ga-DOTATATE 68F-FDG

Fig. 7. Patient with a progressive metastatic neuroendocrine tumour with a lung metastasis (highlighted with red

arrow). [18F]FDG PET/CT (right) demonstrated low grade metabolic activity at site of osseous, nodal and hepatic

metastases, consistent with an indolent phenotype. [68Ga]Ga-DOTA-TATE PET/CT (middle) demonstrated only

faint uptake in bone metastases, and no uptake above liver background in the liver metastasis. [68Ga]Ga-DOTA-

CP04 (left) demonstrated the highest tumour-to-backgound contrast (SUVmax 8 in liver and right humerus

mestastasis). However, this uptake is insufficient to indicate likely benefit from administration of the corresponding

therapeutic pair [177Lu]Lu-DOTA-CP04 and is further complicated by the significant stomach uptake. Credit:

Professor Michael Hofman, The Peter MacCallum Cancer Centre.
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RGDfK and RGDyK based radiopharmaceuticals are examples

of peptides utilising head-to-tail cyclisation through amide bond
formation, which also include a hetero-chiral D-phenylanaline/
D-tyrosine carefully incorporated in their sequence to mimic a

type II’ reverse b-turn (Fig. 9).[81,82]

The CXCR4 antagonist, PentixaFor, is another example of a
cyclic peptide with enticing potential for theranostic applica-
tion.[16,83] PentixaFor makes use of head-to-tail amide-bond

cyclisation and inclusion of the hetero-chiral D-ornithine.[16]

The backbone of PentixaFor is further constrained by N-
methylation of D-ornithine to more closely mimic a b-hairpin
conformation (Fig. 9).[16,83]

Another common cyclisation strategy is to form disulfide
bridges between two cysteine residues, octreotide/octreotate

(Fig. 2) are examples of successful theranostics cyclised via
disulfide bridges.[31] Moreover, inclusion of the hetero-chiral
D-tryptophan in the b-turn region of octreotide/octreotate is able
to closely mimic the well defined b-hairpin fold within the
Somatostin-14 hormone, leading to their excellent pharmaco-
logical properties.[84]

Bicyclic peptides have even greater conformational rigidity

and metabolic stability compared with monocyclic peptides.[85]

They are typically generated by reacting unprotected cysteine
residues with activated electrophiles of a planar aromatic

scaffold (Fig. 10).[86–88] Bicyclic peptides are expected to
realise the next generation of therapeutics, capable of binding
to some of the most challenging targets, but are currently
underexplored as moieties for radiopharmaceutical develop-

ment asmethods to rationally develop these structures for cancer
specific targets are limited and largely restricted to specific
forms of phage display libraries.[85]

Maecke and co-workers developed a Ga-68 labelled bicyclic
peptide dubbed AM3 for imaging of SST-2R receptors
(Fig. 11).[89–91] AM3 demonstrated excellent imaging proper-

ties, with high receptor affinity and agonist potency.[89] The
design of AM3 retains the octreotide ring, but also includes
head-to-tail cyclisation of the terminal residues: arginine

and 2,4-diaminobutyric acid.[89] More recently, Teufel and
co-workers developed Ga-68 labelled bicyclic peptides tar-
geting the tumour-overexpressed matrix metalloproteinase
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Linear peptides: poor
for theranotics

Poor metabolic stability Good metabolic stability
Constrained with low entropic
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Mimic’s some binding epitopes Mimic’s key binding epitopes with
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Inferior flexibility with high
entropic penality
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Foldamers: peptides constrained via
secondary structure formation through

extensive non-covalent interactions

Fig. 8. Key characteristics of linear peptides, cyclic peptides, and foldamers for theranostic application.
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(MT1-MMP) (Fig. 11) using phage display.[92] Their agents
exhibited good tumour penetration, high potency and excellent

retention in tumour tissue.[92] These few but compelling exam-
ples demonstrate that bicyclic peptides can afford high-contrast
theranostic agents. Further research and development is war-

ranted in this sphere.
However, cyclisation is not always effective in affording the

desired conformation. This is particularly true when a linear

peptide is required for functionality, as is the case for many
theranostic targets including those peptides which target
CCK-2R,[60] Bombesin (BB) receptors[93] and others. Similarly,

cyclisation impedes the formation of other important conforma-
tions necessary for receptor recognition such as helices in
peptides targeting the Glucagon-like peptide 1 (GLP-1), another
important target for PET imaging of insulinomas.[94] As such,

alternative chemical strategies are needed to accommodate the
numerous conformational possibilities and requirements.

Peptide stapling is one approach employed to stabilise

a-helical structures which are essential for many PPIs that are
otherwise deemed ‘undruggable’ with conventional small mole-
cules.[95] Crosslinking of residues opposite to the binding face in

an (i, iþ 3), (i, iþ 4), or (i, iþ 7) arrangement propagates
a-helix formation by accommodating the required spatial
configuration.[72] This crosslinking can be achieved through a
variety of techniques, some typical examples include: the

selective inclusion of reactive side-chain functional
groups,[96,97] lactamisation,[98] or positioning cysteines in an
(i, iþ 4) arrangement which can subsequently be cross-linked

using a variety of linking groups such as a perfluoroaromatic
scaffold (Fig. 12).[99–101] Stitching is able to further stabilise the

helical conformation by stapling three residues in an (i, iþ 4,
iþ 7), or (i, iþ 4, iþ 11) arrangement via ring-closing metath-
esis to the relevant side chains.[102] Unfortunately, stapling

remains very much underexplored for theranostics develop-
ment, as most peptide-based theranostics currently available
are derived from native-hormones or enzymatic substrates that

do not adopt a-helical structures.[72,103] However, a-helical
structures are one of the most abundant structural motifs
responsible for PPIs and as such it is likely many emerging

novel peptides targeting new proteins and enzymes will need to
emulate these helical conformations for effective bind-
ing.[72,103] This leads to an enormous untapped potential for
the development of next generation theranostics for oncology

relevant biological targets.
Foldamer design is another enticing approach to afford

conformational constraints and topologies beyond cyclisation

or stapling. There are many different strategies available to
achieve desired conformational outcomes when designing folda-
mers. One common strategy to generate stabilised helical con-

formations involves a/b hybrid foldamers that contain a
combination of natural a-amino acids and unnatural b-amino
acids.[74,104] The substitution pattern of b-amino acids has been
found to have a profound effect on folding.[74,104] This strategy

has been used successfully to synthesise high potency GLP-1
analogues, wherein b-residues where substituted in various
positions to enhance a-helix formation.[94] Introduction of the
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ring-constrained b-residues trans-2-aminocyclopentane-1-
carboxylic acid at positions 26 and 30 and trans-4-

aminopyrrolidine-3-carboxylic acid at position 34 of GLP-1
yielded an analogue with enhanced helical conformation (as
determined by circular dichroism spectrometry) resulting in

improved affinity (0.7� 0.1 nM) over that of the native GLP-1
peptide (1.6� 0.2 nM).[94]

b-Turns and b-hairpin motifs can also be mimicked closely

by foldamers without the need for cyclisation.[72] There are a
variety of b-turns (including reverse b-turns) formed by differ-
ent iþ 1, iþ 2 turn inducing residue combinations, distin-
guished by their torsional angles.[72] As previously mentioned,

b-hairpin structures are typically constructed of type I’ and type
II’ reverse turns which necessitate the inclusion of a heterochiral
amino acid.[80] Thus, foldamers that mimic a hairpin conforma-

tion include a heterochiral residue within their i þ1, iþ 2 turn
region. The following combinations of turn inducing amino
acids have been found to be particularly effective in inducing

b-hairpin structures: DPro-Gly, DPro-LPro, and any combination
of N-methylated Dresidue followed by an N-methylated
Lresidue.[105,106] It is also common to incorporate these turn
inducing modifications followed by head-to-tail cyclisation

to further stabilise a b-hairpin conformation leading to
cyclic foldamers with extensive non-covalent intramolecular
interactions.[107]

Another useful strategy to generate b-hairpin foldamers is to
use turnmimetics or ‘tryptophan zippers’.[108] Tryptophan substi-
tuted on opposite sides of a b-turn form cross-strand interaction

through their indole rings which stabilised the b-turn and
ultimately the b-hairpin structure.[108]Wang et al. demonstrated
improved affinity of a programmed death-ligand 1 (PD-L1)

inhibitor when two residues were substituted for tryptophan in
order to stabilise a b-hairpin central to the peptide.[109]

We have recently introduced the concept of foldamers for
theranostics development by preparing linear peptides targeting

CCK-2R with enhanced folding capacity affording possible
b-hairpin structures.[110] These foldamers were designed using
a combination of backbone constrains including N-methylation

of key amino acid residues.[110] The conformation of these
foldamers were further stabilised by enhancing their amphiphilic

structure via substitution of the C-terminus residue with the
highly non-polar 1-napthylalanine residue.[110] Our foldamer

based radiotracers afforded pico-molar affinity for CCK-2R,
presented improved metabolic stability, enhanced cell inter-
nalisation, and up to 6-fold increase in tumour uptake compared

with the clinically utilised CP04 (Fig. 13).[110] We anticipate
that the design of foldamer based theranostics can establish a
new paradigm in radiopharmaceutical sciences.

Selection of Radioisotope and Radiolabelling Strategy:
Considerations when Preparing Theranostics

Research on developing methods for radiolabelling peptides
with a variety of radionuclides has intensified in recent years,
affording an impressive arsenal of strategies to prepare ther-

anostics from new peptide scaffolds (Table 3).[111] In general,
radiolabelling strategies can be parsed into two broad chemistry
disciplines, ionic (inorganic) and covalent (organic) radio-

chemistry.[111] Ionic radiolabelling methods comprise chelation
chemistry of radiometals such as Ga-68, Lu-177, and others.[111]

Covalent radiolabelling methods include C-11 radiochemistry,
and direct radiohalogenation reactions such as those that use

F-18 and radioisotopes of iodine.[111]

Diagnostic agents utilise radionuclides with relatively short
half-lives and a high proportion of detectable or very low linear

energy transfer (LET) emissions. Ideally this comprises low
momentum positrons for PET or photons of around 140 keV for
SPECT, in order to produce the highest quality images while

minimising damaging emissions. F-18 and Tc-99m are the
prevalent radionuclides utilised in PET and SPECT respec-
tively, due to their favourable emissions, chemistry, and

availability.[112,113]

Therapeutic agents utilise radionuclides with moderate half-
lives whose decay produce almost entirely therapeutically
relevant emissions with suitable characteristics, including

a-particles, high LET b-particles, and Auger and Coster-
Kronig electrons, whose short path lengths restrict damage
within close proximity of the target site. Lu-177 is one popular

example, as its decay to Hf-177 always emits a b-particle of
therapeutically relevant energy: Eb(max)¼ 498.3 keV (79.3% of
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decays), 385.3 keV (9.1% of decays), and 177.0 keV (11.6% of

decays), these LET particles only travel a short distance (1mm),
resulting in minimal damage to surrounding healthy tissue.[114]

The excitedHf-177 nucleus resulting from the two lower-energy

transitions subsequently results in some useful decay photons.
Of particular value is the 177.0 keV b�0;3 transition that yields an
excited Hf-177 nucleus capable of a g31 transition that produces
208.4 keV photons, enabling crude SPECT imaging 24 h after

administration (Fig. 3).[114] Lu-177’s half-life is also well suited
for therapeutic purposes, providing a consistent dose to the
target tissue for an extended period.

Ideal theranostics would make use of different radioisotopes

of the same element such as I-124/I-131, Cu-64/Cu-67, and Tb-
152/Tb-161, as theywould afford agents with identical chemical
properties. However, due to numerous issues including limited

availability, challenging chemistry, dosimetry problems, or
unfavourable biodistribution such combinations are uncommon.
Cu-67, for example, suffers from a lack of consistent high
activity production,[115] similarly Tb-152/Tb-161 are currently

only produced in very few laboratories. While I-124/I-131
agents are often vulnerable to deiodination leading to unwanted
accumulation of the free radionuclide in the thyroid,[116] and

Table 3. Properties of key radionuclides typically used in theranostics development

Radionuclide Half-life Emission % Energy [keV] Production method Clinical use

C-11 20.36 min Positron 99.8 960 Cyclotron PET imaging

F-18 1.83 h Positron 96.9 634 Cyclotron PET imaging

Cu-64 12.7 h Positron 17.5 653 Cyclotron PET imaging

Beta 38.5 579 RNT

Cu-67 61.8 h Beta 100 577 Linear Accelerator RNT

Ga-68 67.83 min Positron 87.7 1899 Ge-68 Generator PET imaging

Y-90 2.668 d Beta 100 2279 Sr-90 Generator RNT

I-124 4.176 d Positron 22.5 2137 Cyclotron PET imaging

I-131 8.023 d Beta 89.9 606 Reactor RNT

Tb-152 17.5 h Positron 16.5 2968 Cyclotron PET imaging

Tb-161 6.88 d Beta 100 518 Reactor RNT

Lu-177 6.647 d Electron 100 498 Reactor RNT
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I-131 itself has some unwanted high energy g-emissions[117]

resulting in patient radiation shielding issues. Hence, most
modern theranostics utilise radionuclides of different elements
that have comparable behaviour in vivo, a key example is the use

of Ga-68 in PET and its therapeutic pair Lu-177 which
share similar chelating methods.[118] Such radionuclide pairs
are key to theranostic agents and allow for a diagnostic to
predict how suitable the equivalent therapeutic will be for

treating a given clinical indication and enable guiding
dosimetry.[118]

Furthermore, there are successful clinical examples of ther-

anostics for which the diagnostic form is profoundly different in
chemical structure and labelling strategy to that of its therapeutic
counterpart, yet retains high efficacy in predicting therapeutic

response. Both forms of these theranostics target the same
receptors, and typically utilise the same targeting scaffold. A
key example includes the use of [68Ga]Ga-PSMA-11, [18F]
DCFPyL, or [18F]PSMA-1007 as diagnostic equivalents to

direct [177Lu]Lu-PSMA-617 or [177Lu]Lu-PSMA-I&T therapy,
all of which use the same PMSA targeting moiety but utilise
various linkers, chelators, and radionuclides.[52,119–121] This

highlights that identical radionuclides and chelating strategies
are not always essential when informing clinical decisions, and
opens up opportunities for more versatile theranostic radionu-

clide pairs, such as F-18 and Lu-177.
Although not all targets are as accommodating, hence the

choice of radionuclide and radiolabelling strategy need to be

fastidiously selected and implemented as they can have as large
an influence on the binding affinity, structural conformation,
and bio-distribution as the targeting moiety itself. Bifunctional
chelating agents (BFCAs) employed for radiometalation of

molecules form a significant proportion of their final com-
plexes, e.g. the routinely employed chelator, DOTA, introduces
,400 Da to peptides that are typically smaller than 2000 Da. As

such, BCFAs can impact a variety of biological and pharmaco-
logical factors of theranostics including the binding affinity and
receptor subtype specificity.[16] Hence the use of BCFAs often

necessitates inclusion of a linker to optimally space the targeting
molecule from the chelator.[122–125]

PentixaFor is an example of a peptide that is severely
impacted by the nature of BCFAs and the radiometal used.[16,83]

PentixaFor loses its tumour targeting and presents reduced
CXCR4 binding affinity when the chelator DOTA is substituted
with other chelators such as 1,4,7-triazacyclononane-N,N,N-

triacetic acid (NOTA), diethylenetriamine-N,N,N0,N00,N00-pen-
taacetic acid (DTPA), and 2-(4,7,10-tris(carboxymethyl)-
1,4,7,10-tetraazacyclododecan-1-yl)pentanedioic acid

(DOTAGA).[16] Furthermore, PentixaFor also demonstrates a
loss in tumour targeting with a DOTA chelator when the Ga-68
radionuclide is exchanged with other radiometals including Lu-

177, Y-90, and In-111, or when the chelator is left free of
metal.[16,83] This is a rather severe circumstance that highlights
the detrimental influence of even minor modifications associ-
ated with radiolabelling strategies of theranostics. Conse-

quently, the change from one radiometal to another should not
be assumed to afford equivalent radiopharmaceuticals, even if
the chelation chemistry of the same peptide remains consistent.

Never the less, Ga-68 and F-18 labelled radiopharmaceuticals
targeting SST-2R and PSMA have been used successfully to
stage and select patients, as well as determine the required

dosimetry, to treat with their Lu-177 labelled counter-
parts.[52,118–121,126] This indicates that the use of Ga-68 and
F-18 labelled agents to predict biodistribution and therapeutic

response to Lu-177 therapy is generally a reliable method but

should be assessed carefully.[118,120,126]

There are several clear advantages associated with the use of
chelation chemistry for the radiolabelling of theranostics,

including:[127–129]

� High labelling efficiency: Effective complexation of radio-

metals leading to high radiochemical yields (. 90%)
achieved using relatively small amounts of peptide precursor
(typically below 50 mg).[127] The high radiochemical yields,
small amount of peptide precursor required, and simplicity

associated with BFCA chelation chemistry often means kit-
based production of radiopharmaceuticals can be established,
eliminating the need for troublesome semi-purification

processes.
� BFCAs increase hydrophilicity and introduce positive charge

upon chelation of a radiometal, which jointly improve biodis-

tribution with desirable renal excretion.[127,128]

� Some BFCAs are amenable to radiolabelling with a variety of
radiometals including both diagnostic and therapeutic radio-

metals, in which case the same precursor can potentially be
used for PET, SPECT, and RNT.[127–129] DOTA is one
particularly useful and widely employed chelator that has
the ability to complex several metal radionuclides (including

Ga-68, In-111, Lu-177, Y-90, Ac-225, and others) with high
stability.[128,129]

While many radionuclides are available for the preparation

of theranostics, the limited availability and half-life character-
istics of many impede their wide utility. As such, theranostics
that become high-demand radiopharmaceuticals often necessi-
tate the move to specific radionuclides. Ga-68 is a diagnostic

radiometal widely used to prepare theranostics as Ga-68 gen-
erators are readily available. Ga-68 also has a favourable
emission profile that primarily consists of a moderate maximum

energy bþ (1.90 MeV, 88%) and only one high energy g (1.08
MeV, 3.2%),[130] and has a reasonable stability constant for a
range of common chelators.[131] One key advantage of Ga-68

generators is that they can be housed in hospital environments
with little infrastructure enabling wide PET imaging capability.
However, Ga-68 generators typically afford less than 3.7 GBq
(and commonly under 2 GBq) of activity and this yield reduces

over time as the parent Ge-68 decays and the generator
degrades.[132] As such, production from one elution of a
Ga-68 generator is typically sufficient to afford only 3–4 patient

doses at peak performance. Recent developments have led to
cyclotron production of Ga-68 using either liquid targets
(comprising a [68Zn]Zn(NO3)2 solution)[133] or solid targets

(highly enriched metallic zinc-68, usually electroplated onto
discs made of pure copper or silver).[134] Irradiation of a liquid
target can afford between 2–10 GBq of activity after 1 h of

bombardment,[133,135–137] while solid targets can generate
multi-curies of activity (up to ,370 GBq) in a period of 1–
2 h.[138,139] While these methods don’t require build-up time
between runs, both necessitate purification of the resulting Ga-

68 before clinical use.[135,139]Moreover, the 68min half-life[130]

of Ga-68 inhibits transportation to distant sites, thereby limiting
the availability of Ga-68 labelled theranostics to local hospitals

or those with in-house production capacity. As such, theranos-
tics that achieve demand by a large population of patients
necessitate radiolabelling with more flexible and widely avail-

able diagnostic radionuclides, such as fluorine-18, in order to
scale up production and distribution effectively. F-18 is cur-
rently the workhorse radionuclide for PET imaging as it can be
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produced in significant quantities from low energy cyclotrons,

with up to,1000 GBq able to be produced over a 5 h bombard-
ment.[140] F-18 possesses a half-life (110min)[114] long enough
to make its radiolabelled products suitable for transportation,

but also short enough that it undergoesmore than 10 half-lives to
reach background levels within 24 h, thereby limiting a patients
radiation exposure.

We will now discuss in some detail the methods for radio-

metalation (relevant toGa-68 and Lu-177) and radiofluorination
of peptides to generate theranostics.

Ga-68 and Lu-177 Radiolabelling Methods for the
Preparation of Theranostics

There are two general classes of BFCAs for the coordination of

the radionuclides Ga-68 and Lu-177: macrocyclic and acyclic
chelators (MCC and ACC respectively).[128] While ACCs gen-
erally have faster metal-binding kinetics, MCCs produce com-

plexes that are more kinetically inert due to their pre-organised
conformations.[141] Kinetic inertness of the radiometal complex
is often more relevant than thermodynamic stability for suc-
cessful in vivo application of theranostics.[128,129] MCCs gen-

erally require heating and a higher precursor concentration to
coordinate radionuclides efficiently.[128,129] Heating a reaction
mixture in the presence of ionising radiation often catalyses

radiolysis (i.e. decomposition of molecules by ionizing
radiation).[142] However, there are well established procedures
available to combat radiolytic breakdown of peptides.[143–145]

All things consideredMCCs are the better suited choice formost
Ga-68 and Lu-177 labelling.[129]

The development of BFCAs for the coordination of Ga-68
and Lu-177 are governed by the properties of the corresponding

metal. Gallium is a metal that belongs to group-13 of the
periodic table with an ionic radius of 47–62 pm.[146,147] Gallium
exists as free hydrated Ga3þ ion in acidic aqueous solution but

can form insoluble gallium hydroxide (Ga(OH)3) within neutral

or mildly acidic solutions.[128,147] At pH. 7 gallium hydroxide
redissolves by forming (Ga(OH)4)

�.[147] Gallium is classified as
a hard Lewis acid thus favouring the formation of pseudo-

octahedral complexes with Lewis bases, such as nitrogen and
oxygen.[128,129,147] In general, carboxylic and amino groups
form strong six-coordinate complexes with gallium that are
thermodynamically stable and kinetically inert at physiological

conditions.[128,129,147] Many acyclic and cyclic polyaminopoly-
carboxylic ligands have been investigated as scaffolds for Ga-68
coordination, including those presented in Fig. 14.[148–154] Of

particular interest are the cyclic chelators NOTA and DOTA for
Ga-68 labelling (Fig. 14).[149,155] The Ga3þ ionic radius is
uniquely suited for use with NOTA, affording stable gallium

complexes rapidly at room temperature.[149,156,157] However,
DOTA remains the chelator of choice for Ga-68 as it also lends
itself efficiently for use with Lu-177 and other radiometals,

enabling PET imaging and RNT using the same chelation
chemistry.[128,148]

Lutetium on the other hand is the last member of the
lanthanide series with 71 electrons configured as 4f145d16s2.

Similar to gallium, lutetium generatesþ3metal cationic species
through the loss of the two outermost electrons in the 6s orbital
as well as its single 5d electron.[158] Extraordinarily, Lu3þ

exhibits the smallest ionic radius (86–103 pm)[146] of any
lanthanide ion (Ln3þ) due to the lanthanide contraction phe-
nomenon.[158] Like Ga, Lu exhibits hard Lewis acid properties

favouring complexation with hard donor atoms like oxygen and
nitrogen, but forms thermodynamically stable complexes with
coordination numbers 8 or 9.[158] In particular, the DOTA
chelator binds Lu3þ efficiently to form a nine-coordinated

complex (including the complexation of a water molecule)[158]

with high thermodynamic stability and kinetic inertness, making
it the BFCA of choice for Lu-177 radiometalation.[148,152,154]
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Other commonly used acyclic and cyclic BFCAs for radio-
metallation have also been investigated for Lu-177 chelation

with less success, affording lower stability constants (log KML)
and lower kinetic inertness than DOTA (Fig. 14).[148,152,154]

Finally, it is important to refer briefly to the conjugation
chemistries commonly employed to link BFCAs to peptides.

BFCAs are typically attached to peptides through the reaction of
one of their carboxylates with a free amine available on the
corresponding peptide to form a stable amide bond. Phenyl

isothiocyanate functionalised BCFAs are another common
intermediate attached to peptides via reaction with the
e-amine of a lysine residue on a peptide to form chemically

stable thioureas.[159] One major shortcoming associated with
this conjugation strategy is that thiols are commonly prone to
radiolytic oxidation, affording radiopharmaceuticals of com-
promised purity and radiolytic stability.[110,160,161] As such

when possible the use of isothiocyanate containing chelators
should be avoided.

Fluorine-18 Radiolabelling of Peptides

F-18 was first produced by Snell in 1936[162] and it found rapid
utility in health-related studies only 4 years after its discov-

ery.[163] The ideal chemical and nuclear characteristics of F-18

resulted in a surge in PET diagnosis and pharmacological
research. Moreover, it exhibits ideal physical properties for PET

imaging with a high positron decay ratio (97%) and a low
maximum positron energy (634 keV) that leads to a short diffu-
sion range (, 2.4mm), enabling the highest-resolution ima-
ges.[114] These favourable characteristics have led to increased

developments in radiofluorination methods for peptides.[164,165]

However, labelling peptides with F-18 is generally challenging
and can result in a more lipophilic product with undesirable

biodistribution.[166] This increased lipophilicity necessitates the
use of further chemical modifications that can compensate and
improve the overall performance of the resulting diag-

nostics.[123,167] Some commonly employed strategies to increase
the hydrophilicity and improve the biodistribution of overly
lipophilic theranostic peptides include PEGylation[124] and gly-
cosylation.[123,167]We have previously established a novelmeans

of increasing the hydrophilic nature of radiofluorinated small
cyclic peptides through the site specific sulfonation of tyrosine
residues.[168] Furthermore, we demonstrated the superiority of

sulfonation in comparison to glycosylation or PEGylation when
applied to cyclic RGD peptides (Fig. 15).[168]

The most common method for producing F-18 involves the

bombardment of oxygen-18 enriched water with protons,
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expelling a neutron to generate F-18. This nuclear reaction is
depicted as 18O(p,n)18F and it generates F-18 in high molar

activity (Am – the ratio between radioactivity and amount of
substance in moles).[169] A high Am is of paramount importance
to avoid toxicity and saturation of receptor binding sites by the

competing non-radioactive F-19 containing counterpart. The
18O(p,n)18F nuclear reaction affords [18F]fluoride ions tightly
hydrated (DHhydr¼ 506 kJ mol�1) in the oxygen-18 enriched
water, rendering it unreactive towards nucleophilic reac-

tions.[170] Therefore, F-18 is typically processed in many ways
after isolation from the cyclotron to afford an anhydrous form of
‘naked’ fluoride-18 ions that are highly reactive and readily

available for nucleophilic reactions.[170,171]

Another common method used to generate F-18 involves the
bombardment of neon gas containing 0.1–2% of F2 gas with

deuterium ions in order to expel an a-particle, leading to [18F]F2.
This nuclear reaction is represented as 20Ne(d, a)18F. [18F]F2 is a
highly reactive form of electrophilic F-18 that is obtained in low

molar activity due to the carrier F2 gas used to recover it from the
target.[172] This and the noxious nature of F2 gas used in the
process makes the use of electrophilic F-18 an undesirable
approach for the radiofluorination of peptides.

Therefore, nucleophilic radiofluorination is the most signifi-
cant route for obtaining F-18 labelled compounds and peptides.
The use of non-carrier added (NCA; affording high Am)

fluoride-18 ions for nucleophilic substitution reactions of ali-
phatic systems progresses through an SN2-mechanism, involv-
ing the substitution of an appropriate leaving group such as a

bromine or a tosylate, resulting in stereochemical inversion.[170]

Nucleophilic aromatic radiofluorination is another important
class of reactions that is widely employed for the preparation of

radiopharmaceuticals, resulting in excellent chemical and met-
abolic stability at the [18F]F-aromatic bond. Nucleophilic aro-
matic radiofluorination is, however, a more challenging task,
requiring the use of aromatic molecules activated by strong

electron withdrawing groups with high Hammett constants[173]

(such as CN, NO2, esters, and aldehydes) in the ortho- or para-
positions relative to the leaving group. Common leaving groups

in this reaction system include the trimethylammonium and
nitro groups.[170]

A major breakthrough was described by Pike and Aigbirhio
in 1995 while describing the use of diaryl-l3-iodanes
(diaryliodinium salts) as ‘hyper’ leaving groups to facilitate

radiofluorination of some of the most inert aromatic sys-
tems.[174] The radiofluorination yields were generally higher
when an electron withdrawing group was positioned ortho- or
para- to the iodinium salt.[175] Pike and co-workers pioneered

this approach for the preparation of F-18 labelled radiopharma-
ceuticals with wide substrate scope.[175] This led to increased
interest in the use of hypervalent iodane complexes as precur-

sors for radiofluorination. We previously explored the use of
diacetoxyiodo arenes as substrates for radiofluorination with
limited success.[176] Liang et al. introduced spirocyclic iodo-

nium ylides as precursors that effectively yield F-18 labelled
non-activated and hindered aromatics.[177] A common complex-
ity associated with these approaches is the non-trivial prepara-

tion of the l3-iodane precursor, especially when associated with
a complex chemical substrate.

Key developments in recent years relate to improvements in
copper catalysed late-stage radiofluorination of aryl boronates

and stannanes.[178–181] Aryl boronate and stannane precursors
are common intermediates in organic synthesis and can be
prepared readily using a range of chemical transformations.[182]

More importantly radiofluorination of the precursor proceeds
efficiently regardless of the presence or absence of electron
withdrawing group on the aromatic ring.[178–181] These meth-

odologies facilitate radiofluorination of a wide range of chemi-
cal substrates, enabling the preparation of highly complex and
inert F-18 labelled compounds (Fig. 16).

However, the methods described thus far relate to the direct
radiofluorination of compounds. Peptides were long considered
unamenable to direct radiofluorination due to their chemical
sensitivity and intolerance to harsh radiofluorination conditions

involving elevated temperatures and basic conditions.[183] This
necessitated the use of indirect radiofluorination methodologies
utilising a prosthetic group that is radiofluorinated directly as
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discussed above and later conjugated to a peptide under mild

conditions.[164,184] An extensive number of methods have been
developed for indirect labelling of peptides, the discussion of
which is beyond the scope of this review.[183,185] However, it
would be prudent to briefly discuss one of the most commonly

used indirect labelling methods: [18F]fluoroacylation, as it
affords stable amides upon conjugation to peptides. [18F]fluor-
oacylation involves the use of a F-18 labelled activated ester to

acylate a nucleophilic group on the peptide such as the e-amine
of a lysine side chain.[183] Common [18F]fluoroacylation pros-
thetic groups include 4-nitrophenyl 2-[18F]fluoropropio-

nate,[186] N-succinimidyl 4-[18F]fluorobenzoate[187] and
2,3,5,6-tetrafluorophenyl 6-[18F]fluoronicotinate[188] (Fig. 17).
[18F]fluoroacylation reactions are effective but they involve
multistep, laborious, and complex processes that often include

initial radiofluorination of a prosthetic group, followed by
activation of the fluorinated prosthetic group to effect conjuga-
tion, before coupling to a peptide.[183] 2,3,5,6-Tetrafluorophe-

nyl 6-[18F]fluoronicotinate was the first example describing the
simplified radiofluorination of peptides in two chemical steps,
involving only F-18 labelling of a pre-activated prosthetic

group, followed by peptide acylation.[188] This development
was facilitated by the facile nucleophilic radiofluorination of the
pyridine scaffold under mild conditions (408C) preserving the

pre-activated ester (as the 2,3,5,6-tetrafluorophenyl ester) from
hydrolysis.[188] The increased reactivity of the nicotinic scaffold
can be explained by the pyridine nitrogen’s electronegativity
that ‘swallows’ the electron density building up as a conse-

quence of a nucleophile’s attack at the ipso-carbon atom.[189]

The mild radiofluorination conditions required to retain the

integrity of the pre-activated 2,3,5,6-tetrafluorophenyl ester
limits the wide utility of this simplified methodology. Unlike
heteroarenes (such as pyridines), the radiofluorination of arenes
require elevated temperatures around,1008Cormore.We have

recently developed pre-activated 4-nitrophenyl esters as super-
ior intermediates that can facilitate radiofluorination at elevated
temperatures (1008C), while still activated enough to acylate

peptides quantitatively at room temperature.[190] This method-
ology was adopted to prepare 4-nitrophenyl 2-[18F]fluoropro-
pionate[190,191] and analogues of the most useful prosthetic

groups, N-succinimidyl 4-[18F]fluorobenzoate and 2,3,5,6-tet-
rafluorophenyl 6-[18F]fluoronicotinate, in one step[191]

(Fig. 17). These developments constitute a major breakthrough
for the indirect radiofluorination of peptides.[191,192]

More recently, the notion that peptides are unamenable to
direct radiofluorination, necessitating the use of F-18 labelled
prosthetic groups, has been challenged. Both F-18 labelled

PSMA analogues PSMA-1007 and DCFPyl (discussed above)
are now being routinely prepared by direct radiofluorination of
the fully unprotected peptide with a pyridine quaternary ammo-

nium salt precursor (Fig. 18).[193–195]

A myriad of other methods have been described to facilitate
direct radiofluorination of unprotected peptides via the use of

pyridines or highly activated aromatic systems with strong
electron withdrawing groups (such as CN or CF3) in the
ortho-position to the leaving group.[185,196] However, the gen-
eral applicability of these methods to a range of peptides with

diverse functional groups, conformations, and molecular sizes

N18F

O

O

F

F

F
F

O

O
NO2

18F
18F

O

O
N

O

O

N

OPNP

O

I

OPNP

O
–

NN+

OPNP

O

MeO

–

OTs

O

OPNP

85 � 3%

94 � 2%

PNP TFP OSuc

4-Nitrophenyl
2-[18F]fluoropropionate

2,3,5,6-Tetrafluorophenyl
6-[18F]fluoronicotinate

N-Succinimidyl
4-[18F]fluorobenzoate

Haskali et al. methods for improved one-step preparation of the common acylation prosthetic groups

OPNP

O

Br

18

Nucleophilic
[18F]Fluoride+ +

+

+

18F
18F

OPNP

O

18F

26 � 2%Br

–F

Fig. 17. Toppanel: shows the chemical structures of the common acylating prosthetic groups (labelled blue). Bottompanel: shows our improved

methods for preparing these prosthetic groups in one-step, mediated by the enhanced stability of the p-Nitrophenyl (PNP) activated ester

(labelled blue).[190,191]

Peptidic Theranostics in Oncology 49



remains unknown. As such there is a need for intensive research
to understand and optimise the factors that govern direct radio-
fluorination of peptides and to evaluate its adaptability to
diverse peptide scaffolds.

Conclusion

Peptides exhibit ideal properties for theranostics application. In
this review, we have discussed existing and evolvingmethods for
the generation of effective peptides as radiopharmaceuticals
for imaging and therapy. Furthermore, we describe common

radiolabelling methodologies to yield peptide-based radio-
pharmaceuticals useful within oncology. Peptide-based ther-
anostics is a rapidly growing field impacting clinicalmanagement

of complex diseases and leading to ever-increasing research in
radiopharmaceutical sciences. We are increasingly witnessing
the integration of more complex and advanced peptide chemis-

tries in radiopharmaceutical science leading tomore effective and
innovative theranostics. As more tumour-targeting peptides are
developed, there will be increasing demand to optimise their

biological properties and improve radiolabelling methodologies
to produce diverse theranostics effectively.
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Gaertner, B. Kreppel, K. Kopka, M. Essler, F. Roesch, Theranostics

2017, 7, 4359. doi:10.7150/THNO.20586
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[58] M. Béhé, G. Kluge, W. Becker, M. Gotthardt, T. M. Behr, J. Nucl.

Med. 2005, 46, 1012.

Peptidic Theranostics in Oncology 51

http://dx.doi.org/10.1021/ACS.MOLPHARMACEUT.7B00877
http://dx.doi.org/10.7150/THNO.19119
http://dx.doi.org/10.1016/J.NUCMEDBIO.2012.02.006
http://dx.doi.org/10.1016/J.NUCMEDBIO.2012.02.006
http://dx.doi.org/10.2967/JNUMED.107.040816
http://dx.doi.org/10.2967/JNUMED.107.040816
http://dx.doi.org/10.5603/NMR.2015.0014
http://dx.doi.org/10.2967/JNUMED.120.242958
http://dx.doi.org/10.2967/JNUMED.120.242958
http://dx.doi.org/10.2967/JNUMED.114.147413
http://dx.doi.org/10.2967/JNUMED.110.075101
http://dx.doi.org/10.1002/IJC.21431
http://dx.doi.org/10.1002/JCB.20927
http://dx.doi.org/10.1002/JCB.20927
http://dx.doi.org/10.1007/S002590050034
http://dx.doi.org/10.1007/S002590050034
http://dx.doi.org/10.1210/ER.2002-0007
http://dx.doi.org/10.1006/FRNE.1999.0183
http://dx.doi.org/10.1006/FRNE.1999.0183
http://dx.doi.org/10.1136/GUT.35.3_SUPPL.S1
http://dx.doi.org/10.1016/0024-3205(82)90087-X
http://dx.doi.org/10.1016/0024-3205(91)90052-D
http://dx.doi.org/10.1007/S002590100574
http://dx.doi.org/10.1007/S002590100574
http://dx.doi.org/10.1002/IJC.1540
http://dx.doi.org/10.1002/1097-0215(20010601)92:5%3C628::AID-IJC1244%3E3.0.CO;2-L
http://dx.doi.org/10.1002/1097-0215(20010601)92:5%3C628::AID-IJC1244%3E3.0.CO;2-L
http://dx.doi.org/10.1002/1097-0215(20010601)92:5%3C628::AID-IJC1244%3E3.0.CO;2-L
http://dx.doi.org/10.1002/1097-0215(20010601)92:5%3C628::AID-IJC1244%3E3.0.CO;2-L
http://dx.doi.org/10.1102/1470-7330.2010.9007
http://dx.doi.org/10.1102/1470-7330.2010.9007
http://dx.doi.org/10.1056/NEJMOA1607427
http://dx.doi.org/10.1002/JCB.10661
http://dx.doi.org/10.1016/J.EURURO.2016.06.021
http://dx.doi.org/10.1021/JM950801Q
http://dx.doi.org/10.1021/JM950801Q
http://dx.doi.org/10.1021/JM000406M
http://dx.doi.org/10.7150/THNO.20586
http://dx.doi.org/10.1021/ACS.BIOCONJCHEM.7B00458
http://dx.doi.org/10.1021/ACS.BIOCONJCHEM.7B00458
http://dx.doi.org/10.1021/ACS.MOLPHARMACEUT.8B00499
http://dx.doi.org/10.1021/ACS.MOLPHARMACEUT.8B00499
http://dx.doi.org/10.1021/ACS.JMEDCHEM.5B01210
http://dx.doi.org/10.1016/J.BMCL.2011.09.115
https://www.fda.gov/drugs/drug-safety-and-availability/fda-approves-second-psma-targeted-pet-imaging-drug-men-prostate-cancer
https://www.fda.gov/drugs/drug-safety-and-availability/fda-approves-second-psma-targeted-pet-imaging-drug-men-prostate-cancer
https://www.fda.gov/drugs/drug-safety-and-availability/fda-approves-second-psma-targeted-pet-imaging-drug-men-prostate-cancer
http://dx.doi.org/10.1016/S0140-6736(20)30314-7
http://dx.doi.org/10.1016/S1470-2045(18)30198-0
http://dx.doi.org/10.1016/S0140-6736(21)00237-3
http://dx.doi.org/10.1002/(SICI)1097-0215(19960904)67:5%3C644::AID-IJC9%3E3.0.CO;2-U
http://dx.doi.org/10.1002/(SICI)1097-0215(19960904)67:5%3C644::AID-IJC9%3E3.0.CO;2-U
http://dx.doi.org/10.1002/(SICI)1097-0215(19960904)67:5%3C644::AID-IJC9%3E3.0.CO;2-U
http://dx.doi.org/10.1002/(SICI)1097-0215(19960904)67:5%3C644::AID-IJC9%3E3.0.CO;2-U
http://dx.doi.org/10.1186/S41181-019-0067-2


[59] P. Laverman, L. Joosten, A. Eek, S. Roosenburg, P. K. Peitl, T.
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[72] K. Bozovičar, T. Bratkovič, Int. J. Mol. Sci. 2021, 22, 1611.

doi:10.3390/IJMS22041611
[73] H. Yin, ISRN Biochem. 2012, 2012, 692190. doi:10.5402/2012/692190

[74] D. H. Appella, L. A. Christianson, I. L. Karle, D. R. Powell, S. H.

Gellman, J. Am. Chem. Soc. 1996, 118, 13071. doi:10.1021/
JA963290L

[75] S. H. Gellman, Acc. Chem. Res. 1998, 31, 173. doi:10.1021/
AR960298R

[76] R. Gopalakrishnan, A. I. Frolov, L. Knerr, W. J. Drury, E. Valeur,

J. Med. Chem. 2016, 59, 9599. doi:10.1021/ACS.JMEDCHEM.
6B00376

[77] G. N. Ramachandran, C. Ramakrishnan, V. Sasisekharan, J. Mol.

Biol. 1963, 7, 95. doi:10.1016/S0022-2836(63)80023-6
[78] O. Khakshoor, B. Demeler, J. S. Nowick, J. Am. Chem. Soc. 2007,

129, 5558. doi:10.1021/JA068511U
[79] J. S. Davies, J. Pept. Sci. 2003, 9, 471. doi:10.1002/PSC.491
[80] V. J. Hruby, Nat. Rev. Drug Discov. 2002, 1, 847. doi:10.1038/

NRD939
[81] M.A. Dechantsreiter, E. Planker, B.Mathä, E. Lohof, G. Hölzemann,
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