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Abstract: Many synthetic peptides have been developed for diagnosis and therapy of human cancers
based on their ability to target specific receptors on cancer cell surface or to penetrate the cell
membrane. Chemical modifications of amino acid chains have significantly improved the biological
activity, the stability and efficacy of peptide analogues currently employed as anticancer drugs or as
molecular imaging tracers. The stability of somatostatin, integrins and bombesin analogues in the
human body have been significantly increased by cyclization and/or insertion of non-natural amino
acids in the peptide sequences. Moreover, the overall pharmacokinetic properties of such analogues
and others (including cholecystokinin, vasoactive intestinal peptide and neurotensin analogues)
have been improved by PEGylation and glycosylation. Furthermore, conjugation of those peptide
analogues to new linkers and bifunctional chelators (such as AAZTA, TETA, TRAP, NOPO etc.),
produced radiolabeled moieties with increased half life and higher binding affinity to the cognate
receptors. This review describes the most important and recent chemical modifications introduced in
the amino acid sequences as well as linkers and new bifunctional chelators which have significantly
improved the specificity and sensitivity of peptides used in oncologic diagnosis and therapy.

Keywords: peptide; chemical modification; peptide cyclization; D-amino acids; glycosylation;
PEGylation; chelators; TETA; AAZTA; DOTA; TRAP; NOPO

1. Introduction

Natural or synthetic peptides are short chains of amino acids useful to analyze functions of the full
length proteins and in particular the specific binding to cognate cell-membrane associated receptors
and their subsequent internalization. The increased expression of peptide receptors in many human
tumors allowed to develop a wide range of moieties useful for diagnostic imaging, cancer radiotherapy
and immunotherapy [1–3].

Since natural peptides have a short half life, due to their rapid degradation caused by about 600
different proteases in the human body [4], several strategies have been used to produce metabolically
stabilized analogues while preserving the biological activities of the original molecules (Figure 1).
Main chemical modifications include the synthesis of pseudo-peptides containing D-amino acids
or more stable non-natural amino acids, modifications at the C- or N-terminus, multimerization,
cyclization, PEGylation, glycosylation, etc. [5,6]. In Table 1 are listed the most relevant peptides used
in medicine and their modified analogues.

Additionally, different chelators have been designed, synthesized and conjugated to synthetic
peptides to improve the stability of radiolabeled molecules and their biodistribution in the human
body [7].
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In this review, we summarize recent advances in chemical modifications of amino acid
sequences, linkers and chelators to produce optimal moieties for diagnosis and therapy of human
neoplastic diseases.

Molecules 2017, 22, 1282  2 of 20 

 

In this review, we summarize recent advances in chemical modifications of amino acid 
sequences, linkers and chelators to produce optimal moieties for diagnosis and therapy of human 
neoplastic diseases. 

 

Figure 1. Schematic view of main chemical modifications (D-amino acids, Glycosylation, PEGylation, 
etc.) introduced in peptide-based radiopharmaceuticals designed for imaging or radiotherapy. The 
modified peptide moiety, covalently bounded to the chelator through a linker inserted as spacer, acts 
as carrier to specific receptor. (A) Linear targeting peptide; (B) Multimeric targeting peptide; (C) 
Cyclic peptide. 

Table 1. Chemical composition of peptide-based radiopharmaceuticals. 

Receptor Cancer Peptide

Somatostatin 
(sst1/sst2/sst3/ 

sst4/sst5) 

Neuroendocrine 
tumors 

Agonists 
Somatostatin AGCKNFFWKTFTSC (Cys-Cys cyclization) 

Octreotide (D-F)CF(D-W)KTCT-ol (Cys-Cys cyclization) 
Y3-OC (D-F)CY(D-W)KTCT-ol (Cys-Cys cyclization) 
TATE (D-F)CF(D-W)KTCT-OH (Cys-Cys cyclization) 

Y3-TATE (D-F)CY(D-W)KTCT-OH (Cys-Cys cyclization) 
Lanreotide (D-2-Nal)CY(D-W)KVCT-NH2 (Cys-Cys cyclization) 
Depreotide cyclo-[(N-Me)Phe-Y-D-Trp-KV-Hcy]CH2-CO.β-Dap-KCK-NH2 

Pep2 AGCKNF(L-Dfp)(D-W)KTFTSC [L-Dfp7, D-Trp8,]-SRIF 
Pep3 AGCKNFF(D-Trp)KT(L-Dfp)TSC [D-Trp8, L-Dfp11]-SRIF 

Antagonists 
BASS p-NO2-F((D-C)Y(D-W)KTC)(D-Y)-NH2 (Cys-Cys Cyclization) 
LM3 p-Cl-F((D-C)Y(D-Aph(Cbm)KTC)(D-Y)-NH2 (Cys-Cys Cyclization) 
JR10 p-NO2-F(D-C)Y(D-Aph(Cbm))KTC)(D-Y)-NH2 (Cys-Cys Cyclization) 
JR11 p-Cl-F((D-C)-Aph(Hor)-(D-Aph(Cbm))KTC)(D-Y)-NH2 (Cys-Cys Cyclization) 

VPAC1/ 
VPAC2 

Primary and 
metastatic breast, 
ovary, prostate, 
colon, bladder 

carcinomas, 
meningiomas 

VIP 

HSDAVFTDNYTRLRKQMAVKKYLNSILN 
HSDAVFTRNYTRLRRQLAVKRYLNSILN-NH2 

VIP, [R8,15,21, L17]-VIP 

Re
ce
pt
or

Daa

Re
ce
pt
or

Linker Chelator Nuclide

Re
ce
pt
or

Linker Chelator Nuclide

Linker Chelator Nuclide

PEG
A)

B)

C)

PEG

PEG PEG

PEGPEG

PEG

Glycosil

Glycosil

aa sequence

Daa

aa sequenceDaa Daa

aa sequenceDaa Daa

aa sequenceDaa Daa

aa sequenceDaa Daa

Figure 1. Schematic view of main chemical modifications (D-amino acids, Glycosylation, PEGylation,
etc.) introduced in peptide-based radiopharmaceuticals designed for imaging or radiotherapy.
The modified peptide moiety, covalently bounded to the chelator through a linker inserted as spacer,
acts as carrier to specific receptor. (A) Linear targeting peptide; (B) Multimeric targeting peptide;
(C) Cyclic peptide.

Table 1. Chemical composition of peptide-based radiopharmaceuticals.

Receptor Cancer Peptide

Somatostatin
(sst1/sst2/sst3/

sst4/sst5)

Neuroendocrine
tumors

Agonists

Somatostatin AGCKNFFWKTFTSC (Cys-Cys cyclization)
Octreotide (D-F)CF(D-W)KTCT-ol (Cys-Cys cyclization)

Y3-OC (D-F)CY(D-W)KTCT-ol (Cys-Cys cyclization)
TATE (D-F)CF(D-W)KTCT-OH (Cys-Cys cyclization)

Y3-TATE (D-F)CY(D-W)KTCT-OH (Cys-Cys cyclization)
Lanreotide (D-2-Nal)CY(D-W)KVCT-NH2 (Cys-Cys cyclization)
Depreotide cyclo-[(N-Me)Phe-Y-D-Trp-KV-Hcy]CH2-CO.β-Dap-KCK-NH2

Pep2 AGCKNF(L-Dfp)(D-W)KTFTSC [L-Dfp7, D-Trp8,]-SRIF
Pep3 AGCKNFF(D-Trp)KT(L-Dfp)TSC [D-Trp8, L-Dfp11]-SRIF

Antagonists

BASS p-NO2-F((D-C)Y(D-W)KTC)(D-Y)-NH2 (Cys-Cys Cyclization)
LM3 p-Cl-F((D-C)Y(D-Aph(Cbm)KTC)(D-Y)-NH2 (Cys-Cys Cyclization)
JR10 p-NO2-F(D-C)Y(D-Aph(Cbm))KTC)(D-Y)-NH2 (Cys-Cys Cyclization)
JR11 p-Cl-F((D-C)-Aph(Hor)-(D-Aph(Cbm))KTC)(D-Y)-NH2 (Cys-Cys Cyclization)
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Table 1. Cont.

VPAC1/
VPAC2

Primary and
metastatic breast,

ovary, prostate, colon,
bladder carcinomas,

meningiomas

VIP

HSDAVFTDNYTRLRKQMAVKKYLNSILN
HSDAVFTRNYTRLRRQLAVKRYLNSILN-NH2

VIP, [R8,15,21, L17]-VIP

CCK1/CCK2

Gastrointestinal
stromal tumor,

stromal ovarian
cancer, astrocytomas,

medullary thyroid
carcinomas

CCK
analogs

DYMGWMDF-NH2
DOTA-K(glucose)-GW-Nle-DF

DOTA-Nle-cyclo(EW-Nle-DFK)-NH2

Minigastrin
(D-E)AYGWMDF-NH2

L-(E)5-AYGWMDF-NH2
(D-E)E(5)AYGWMDF-NH2

BB1, BB2, BB3,
BB4

Prostate and breast
cancer, glioma Bombesin

pGlu-QRLNQWAVGHLM-NH2
pGlu-QRLNQWAVGH-Cha-NLeu-NH2

pGlu-QRLNQWAVG-Cha-Sta-Nleu-NH2
pGlu-QRLNQWAV-Sta-NMeGly-Nleu-NH2

pGlu-QRLNQWAVGH(D-Phe)M-NH2

hMC-1R,
hMC-3R,
hMC-5R

Melanogenesis α-MSH

Ac-SYSMEHFRWGKPV
Ac-GGNle-CCEH(D-F)RWC-NH2

Ac-GGNle-CCEH(D-F)RWCRP-NH2
Ac-CCEH(D-F)RWC-NleGG-NH2

Ac-CCEH(D-F)RWCRP-NleGG-NH2

NTR1, NTR2,
NTR3

Tumor progression
(lung cancer,
breast cancer,

prostate cancer)

Neurotensin

ELYENKPRRPYIL
H-KKPYI-TMS-A-OH

RRPYIL
PEG4-RRPYIL
PEG4-RRPYIL

PEG4-RKPY-Tle-L
PEG4-KRPY-Tle-L
PEG4-KKPY-Tle-L

Integrins angiogenesis RGD
analogs

RGD
RGDS

GRGDS
GRGDPS

GRGDSPK
c(RGDxX) x = D-Phe, D-Tyr, D-Trp; X = K, C, V

c(FRGDLAFp(NMe)K)
FR366 *

c(RGDfK) trimer

GRP78
Cervix, esophagous,
pancreas, lung and

glioma tumors
GRP78

GIRLRG
PEG-GIRLRG

* 2,2′-(7-(1-carboxy-4-((6-((3-(4-(((S)-1-carboxy-2-(2-(3-guanidinobenzamido)acetamido)ethyl)carbamoyl)-3,5-
dimethylphenoxy)propyl)amino)-6-oxohexyl)amino)-4-oxobutyl)-1,4,7-triazonane-1,4-diyl)diacetic acid.

2. Chemical Modifications of Synthetic Peptides

Optimization of peptide based drugs relies on their ability to bind specific receptors with high
affinity, to permeate across biological barriers such as the intestinal lumen and mucosa as well
as the blood-brain barrier, and to resist in vivo degradation [8]. The pharmacokinetics of natural
amino acid sequences can be optimized through the introduction of (1) conformational constraints
(i.e., induced by cyclization, or insertion of non-natural amino acids in the peptide sequences) providing
unfavorable changes in the binding entropy; and (2) conjugation with glycosylated moieties or
polyether compounds at the N-terminus end of synthetic peptides. Further strategies employed
to increase the stability of peptides include the formation of dimers, tetramers or heterodimers which
improve the stability and the affinity of synthetic peptide chains to their receptors [9,10].

2.1. Peptide Cyclization and Insertion of Non-Natural Amino Acids

Cyclic peptide structures are mainly due to the formation of disulfide bonds between the thiol
groups of two unprotected cysteines within the linear peptide. Several cyclized peptides are currently
used in nuclear medicine, such as somatostatin, RGD tripeptide, cholecystokinin and minigastrin,
as well as bombesin and vasoactive intestinal peptide (VIP).
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The somatostatin is a 14-amino acid peptide which binds to the five somatostatin receptor subtypes
(sst 1–5) and regulates the release of several hormones [11]. A stable cyclic somatostatin analogue was
obtained by introducing a disulfide bridge between Cys3 and Cys14 [AGCKNFFWKTFTSC (Cys-Cys
cyclization)] while preserving the residues 7–11 essential for binding to receptors [12,13].

Moreover, an enhanced biological activity and reduced metabolic degradation was achieved by the
synthesis of the octapeptide octreotide in which the insertion of the D-amino acid D-Phe at N-terminus
and the amino-alcohol Thr-ol at C-terminus conferred a half-life of about 2 h in the human body [14].
The TATE and Y3-TATE somatostatin analogues, containing a free carboxylic group at C-terminus and
Tyr amino acid in place of Phe in position 3, are characterized by a significant higher affinity to sst2
receptor (Table 1). Moreover, the incorporation of stable amino acids, such as β-DAP (β-(L-1,2-diamino
propionic acid) and homocysteine (Hcy) in depreotide and (2-naphthyl)-D-alanine in lanreotide as
well as the amidation of their C-terminus improved the tumor uptake in comparison to octreotide [15].
In a recent study, Martín-Gago et al. showed that the introduction of L-3-(3′,5′-difluorophenyl)-alanine
(Dfp) in substitution of Phe in six new somatostatin analogues produced an electron-poor aromatic
ring in the network of aromatic interactions which conferred new chemical features to the synthetic
peptides [16]. Specifically, replacement of each Phe residue at position 6, 7 or 11 with Dfp and
introduction of D-Trp at position 8 increased the peptide yield. The Dfp at position 7 resulted in
a remarkable increased binding affinity to sst2 and sst3 receptors, while the synthetic peptides with Dfp
at positions 6 or 11, particularly [D-Trp8,L-Dfp11]-SRIF (Pep 3 in Table 1), showed a selective binding
to sst2 receptor, equivalent to the native somatostatin activity, and higher affinity than octreotide.
On the other hand, the presence of the Dfp residue at position 7 (Pep2) conferred a higher affinity and
selectivity for sst3 receptor. Such results demonstrated that Dfp amino acids are efficient building
blocks in the synthesis of peptide analogues and open new possibilities for designing molecules with
tuned selectivity and specificity towards sst2 and sst3 receptors [16].

The somatostatin analogs currently employed in nuclear medicine act as agonists of the native
peptide and cause internalization of the receptor-ligand complex, which has been considered
of high importance for optimal tumor uptake of radiometals. Recent studies have shown,
however, that receptor antagonists, which are not internalized in the cells, are even better than
agonists for tumor imaging [17,18]. The design of peptide antagonists requires several chemical
modifications such as deletions or the introduction of non-natural amino acids with different chirality.
In the octreotide scaffold the inversion of chirality at positions 2 and 3 was shown to cause relevant
structural modifications converting a somatostatin agonist into an antagonist [19]. Ginj et al. firstly
compared the radiolabeled sst2 BASS antagonist with the radiolabeled Y3-TATE agonist in vivo
(Table 1) [20]. The antagonist showed a lower receptor affinity than the agonist but its in vivo tumor
retention was nearly twice that of the agonist. Thereafter, several new somatostatin antagonists
have been developed by the introduction of D-4-aminocarbamoyl-Phenylalanine (D-Aph(Cbm)) in
place of D-Trp in position 8, and 4-amino-L-hydroorotyl-phenylalanine (Aph(Hor)) in position 7 in
place of Tyr to improve the receptor affinity [18,21]. Fani et al. demonstrated that complexation of
peptide antagonists with specific radiometals or replacing the chelator may dramatically change the
receptor affinity and the in vivo distribution of radiotracers. The Ga-DOTA analogs have a binding
affinity on sst2 receptor which is up to 60 times lower than the Y-DOTA, Lu-DOTA, or In-DOTA
compounds. However, substitution of DOTA with NODAGA chelator caused a massive increase in the
binding affinity [22]. The sst2 antagonist 125I-JR11, compared to the agonist 125I-Tyr3-octreotide,
has shown to label many more sst2 binding sites than the agonist in tumor cells as well as in
adjacent sst2-expressing tissues [23]. Indeed, Reubi et al. evaluated quantitatively the binding
activity in vitroof sst2 antagonist 125I-JR11 and sst2 agonist 125I-Tyr3-octreotide in a large series of
non-neuroendocrine and neuroendocrine tumors, including those with high density of sst2 receptor,
such as gastroenteropancreatic neuroendocrine tumor and pheochromocytomas, and those with little
or no expression of sst2 receptor, such as renal cancer, breast cancer, prostate cancer, non-Hodgkin
lymphoma (NHL), medullary thyroid cancer and colon cancer [23]. Importantly, this study showed
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that the antagonist 125I-JR11 is attractive for targeting many tumor types besides neuroendocrine
cancers. Nicolas et al. compared in preclinical studies the sst2-antagonist 177Lu-DOTA-JR11 with the
sst2-agonist 177Lu-DOTA-TATE and observed that 177Lu-DOTA-JR11 exhibited higher tumor uptake,
longer tumor retention and improved tumor-to-kidney ratio. Moreover, the mass-escalation study
indicated that this antagonist may further improve the safety window of peptide receptor radionuclide
therapy by reducing normal tissue (i.e., liver and bone marrow) dose. Clinical studies are warranted to
confirm the higher efficacy and lower toxicity of 177Lu-DOTA-JR11 [24].

The integrins family comprises numerous transmembrane receptors regulating cell adhesion
and interaction with the extracellular matrix. The integrins αvβ3 and αvβ5, highly expressed on
many solid tumors but rare on normal cells, are recognized by several proteins containing the
tripeptideL-arginine-glycine-L-aspartic acid (RGD) [25–29]. Both linear and cyclic RGD peptides
have been evaluated as radiotracers for tumor imaging by SPECT or PET [30]. However, linear RGD
peptides showed in general low binding affinity (IC50 > 100 nmol/L), lack of specificity to αvβ3,
and instability in the bloodstream due to the high degradation rate caused by the high susceptibility
to proteases of the aspartic acid residue. Kapp et al. performed a comparative study on a large
number of integrin-targeting molecules including linear and cyclic peptides, peptide-mimetics as well
as commonly used reference compounds by using a standardized competitive ELISA-based test [31,32].
The ELISA-like solid phase binding panel comprised several integrin subtypes such as αvβ3 and
αvβ5 (both bind vitronectin), αvβ6 and αvβ8 (bind LAP), α5β1 (binds fibronectin) and αIIbβ3 (binds
fibrinogen) and has been useful to measure the inhibition of integrins binding to immobilized natural
extracellular matrix ligands [32]. They observed that all tested linear peptides (including RGD, RGDS,
GRGD, GRGDS, GRGDSP, GRGDSPK GRGDNP and GRGDTP) were active on integrins αvβ3, αvβ5,
and α5β1, and selective against αvβ6, αvβ8 and αIIbβ3, although they were subjected to enzymatic
degradation. Cyclization and incorporation of D-amino acid residues increased the stability and affinity
of all tested RGD peptides to the receptors by reducing structural flexibility [33,34]. Several cyclic
RGD peptides have been developed such as the c(RGDfV) with a high affinity for αvβ3 and total
selectivity against αIIbβ3, the c(RGDxX) containing a D-Phe or D-Tyr or D-Trp at the position 4
which is essential for preservation of the αvβ3-binding affinity, and the most active methylated cyclic
peptides (RGDf(NMe)V), named cilengitide, characterized by a half-life of about four hours [35].
Kapp et al. showed that cilengitide has a remarkably low IC50-value for α5β1. Interestingly, in their
study the affinity for αvβ3 (0.61 nM) and αvβ5 (8.4 nM) integrins was the highest obtained among
all synthetic peptides developed and studied to date [32]. The uptake and internalization of RGD
peptides has shown to be improved by a multimeric structure especially in cancer cells with low
receptor density [36]. Particularly, homodimers, homo-multidimers and heterodimers of different
peptides are conjugated with suitable linkers to form moieties targeting multi-receptors expressed on
tumor cells. Multimerization of RGD analogs is achieved by the substitution of Val residues with Lys
useful for conjugation of different moieties (chelators, drugs or probes) to its side chain [37].

More recently, the integrin αvβ6 c(FRGDLAFp(NMe)K) has been found highly upregulated in
tumors such as pancreatic, basal cell, cervical, gastric, colorectal, and non-small cell lung cancers as
well as oral squamous cell carcinomas (Table 1), [38]. Notni et al. synthesized mono-, di-, and trimeric
conjugated of αvβ6 integrin via click chemistry by using the new chelator TRAP, with asymmetrical
azide substitution pattern, and an additional polyethyleneglycol (PEG) linker [39]. They observed that
multimers improved αvβ6 integrin affinity but did not exhibit superior tumor accumulation in PET
scans and showed inferior pharmacokinetics compared to the respective monomers [39].

The integrin α5β1 has been recently shown to be involved in the spreading of metastatic
cells, resistance to chemotherapy and ionizing radiation as well as tumor aggressiveness [40].
A highly active antagonist of α5β1, namely (2,2′-(7-(1-carboxy-4-((6-((3-(4-(((S)-1-carboxy-2-(2-
(3-guanidinobenzamido)acetamido)ethyl) carbamoyl)-3,5-dimethylphenoxy)propyl)amino)-6-oxohexyl)
amino)-4-oxobutyl)-1,4,7-triazonane-1,4-diyl)diacetic acid, FR366) has been developed, coupled to the
chelator NODAGA, labeled with 68Ga and tested in vitro and in vivo models [41]. The results showed
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high affinity for integrin α5β1, specific uptake in tumor cells and good imaging in small animals by
PET/CT [41].

Cholecystokinin (CCK) and gastrin constitute a family of homologous peptide hormones
(DYMGWMDF-NH2) with binding affinity to the gastrin/CCK-B receptor, whereas the CCK-A
receptor is bound only by sulfated CCK-peptides [42]. The CCK receptor is over expressed in various
cancer cells, particularly in lung and pancreatic cancers [43]. The cyclic CCK analogues bound to
the universal macrocyclic chelator 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA),
such as DOTA-K(glucose)-GWNleDF (DOTA-glucose-CCK) and DOTA-Nle-cyclo(EWNleDFK-NH2)
(DOTA-[Nle]-cCCK), have been synthesized, radiolabeled with 177Lu and evaluated for their affinity to
the receptor by a competitive binding [44]. The 177Lu-DOTA-[Nle]-cCCK DOTA-[Nle]-cCCK showed a
higher affinity than 177Lu-DOTA-glucose-CCK to the CCK receptor expressed in cell lines [29].

In addition, bifunctional CCK molecules have been obtained as mixed aggregates of two amphiphilic
linear monomers (CCK1 and CCK2) containing each the same lipophilic C18 chains but different moieties
on the hydrophilic heads. Particularly, CCK1 contained the peptidic fragment recognizing the cell
receptors, while CCK2 was bound to the chelating agent diethylenetriaminepentaacetic acid (DTPA)-Glu
able to coordinate 111In [45]. However, these radiolabeled aggregates injected in nude mice showed
high retention in both A431 epidermoid carcinoma xenografted cells as well as in the liver and kidneys
probably due to the presence of lypophilic chains [30].

The minigastrin based radioligands (MG, L-(E)5-AYGWMDF-NH2), such as [111In-DOTA]MG0
([111In-DOTA-DGlu1]-MG), showed higher affinity for the CCK2 receptor and good stability [46].
However, their clinical use has been hampered by the unfavorable high retention in the kidneys [47].
Several chemical modifications have been introduced in the MG peptide chain, such as deletion
of Glu residues at position 2–6 or substitutions of L-Glu with D-Glu, in order to decrease kidney
uptake [48]. Kaluodi et al. analyzed twelve different MG chemical modified peptides and showed that
the [111In]CP04 ([111In-DOTA-DGlu1−6]minigastrin), coinjected with phosphoramidon (PA), was the
better radiopeptide candidate for clinical validation in medullary thyroid carcinoma patients due to
the optimal tumor-to-kidney ratios in animal models [49].

Bombesin is a neuropeptide hormone composed of 14 amino acids (EQRLGNQWAVGHLM-NH2),
which has high binding affinity to the G protein-coupled gastrin-releasing peptide receptor
(GRPR/BB2) [50]. The GRPR/BB2 regulates the release of gastrointestinal hormones, smooth muscle
contraction and epithelial cell proliferation [51]. The bombesin is up regulated in several tumors such
as prostate carcinoma, small-cell lung cancer, breast and pancreatic cancers [52]. Several chemical
modifications have been introduced in the synthetic bombesin to stabilize the structure, to increase
the binding affinity and to potentiate agonist or antagonist properties. Particularly, the methionine
at the C-terminus (Met-14), sensitive to oxidation, and Leu-13 have been substituted with norleucine
(Nle) and cyclohexylalanine (Cha), respectively, in order to improve the overall stability and binding
affinity [53]. Other amino acids sensitive to endopeptidases, such as His-12/Leu-13 and Gly-11/His-12,
have been substituted with non-natural Cha or statin (Sta) and N-methylglycine, respectively, to
increase the in vivo stability [38]. Finally, the introduction of D-Phe at the N-terminus and Sta-13 in
place of Leu-13 conferred antagonistic properties superior to the agonistic features in terms of higher
tumor targeting, retention, and tumor-to-tissue ratios [54].

Vasoactive intestinal peptide (VIP), consisting of 28 amino acids (HSDAVFTDNYTRLRKQM
AVKKYLNSILN), acts as a neuroendocrine mediator with an important role in water and electrolyte
secretion in the gut [55,56]. C-terminal region of the VIP-28 peptide binds to the VIPAC1 and VIPAC2
receptor subtypes [57–59]. VIP is quickly metabolized in liver and excreted from kidneys thus
chemical modifications extending the biological half-life have been very important in order to meet
the imaging requirement of the radiolabeled peptides. Cheng et al. synthesized a VIP analogue,
the [R8,15,21, L17]-VIP, exhibiting high stability, receptor specificity and fast elimination of 18F-labeled
[R8,15,21, L17]-VIP in preliminary studies conducted in mice [60]. Such properties were conferred by
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the introduction of Arg in place of Asp-8, Lys-15, Lys-21 and of Leu in place of Met-17 in VIP sequence
which rendered the analogue suitable for 18F-labeling and resistant to the proteolytic degradation [61].

α-Melanocyte-stimulating hormone (α-MSH) is a peptide hormone (Ac-SYSMEHFRWGKPV)
affecting morphology, tyrosinase activity and melanogenesis in human melanoma cells. It binds
to the melanocortin 1 receptor (MC1R) which is over expressed in mice and human melanoma
metastases [62]. Four synthetic peptides containing non-natural amino acid Nle and D-Phe at different
positions (Ac-GGNle-CCEH(D-F)RWC-NH2, Ac-GGNle-CCEH(D-F)RWCRP-NH2, Ac-CCEH(D-F)
RWC-NleGG-NH2, and Ac-CCEH(D-F)RWCRP-NleGG-NH2) have been designed and their binding
affinity to melanocortin-1 (MC1) receptor has been evaluated in B16/F1 melanoma cells [63].
The C-terminal moiety Arg-Pro was very important for the efficient binding to MC1 receptor while
the N-terminus-Gly-Gly-Nle-moiety was essential in lowering liver and kidney uptake. The study of
biodistribution showed that 99mTc-Ac-GGNle-CCEH(D-F)RWCRP-NH2 peptide has the best imaging
performance for the high tumor uptake and fastest urinary clearance [48].

Neurotensin (NT) is a 13 amino acids peptide (pEYENKPRRPYIL) targeting three different
receptors (NTR1, NTR2, NTR3) over expressed in different human cancers including Ewing Sarcomas,
meningiomas, astrocytomas, medulloblastomas and pancreatic carcinomas [64]. Natural neurotensin
is rapidly degraded in the blood by endogenous peptidases, thus several modified analogues
have been developed for diagnostic imaging in cancer. Fanelli et al. synthesized a neurotensin
analogue containing the TMS Ala (silylated amino acid (L)-(trimethylsilyl)alanine) residue at the
position 13 which increased hydrophobicity of the region comprised between amino acids 8–13 [65].
Such modifications rendered the NT(8–13) peptide a potent receptor agonist with improved binding
affinity to the receptor and optimal in vivo biological functions [65]. Recently, Mascarin et al. obtained
a substantial increase (70-fold) in the stability of the peptide in human blood by replacing the Ile-12
with Tle-12 [Tle=C(Me)3] in the binding sequence of neurotensin NT(8–13) [66]. The overall results of
these studies suggested that modifications in the peptide’s backbone, more than amino acid exchanges,
are the preferred strategy to achieve enhanced metabolic stability and retained receptor affinity of
NT-based radiotracers for tumor-targeting strategies.

2.2. PEGylation and Glycosylation of Synthetic Peptides

The conjugation of carbohydrate molecules such polyethylene glycol (PEG) or O- and N-glycosyl
units to peptides can significantly improve their pharmacokinetic properties by increasing the
hydrophilicity while reducing the sensitivity to proteolysis and by decreasing renal clearance and their
hepatic accumulation [67].

Dapp et al. synthesized and radiolabeled a series of PEGylated Bombesin (7–14) analogues
with 99mTc(CO)(3) and observed that derivatization of (N(α)His)Ac-Bombesin (7–14)[Cha(13),Nle(14)]
analogue with linear PEG molecules of various sizes, such as 5 kDa [PEG(5)], 10 kDa [PEG(10)] and
20 kDa [PEG(20)] did not affect the binding affinity of Bombesin analogues for BN(2)/GRP receptors
(K(d) < 0.9 nM) [68]. Moreover, PEGylation improved the stability of Bombesin conjugates in vitro
and in vivo while the in vitro binding kinetic was slower compared to non-PEGylated analogues.
The best pharmacokinetics in vivo was obtained with Bombesin analogues conjugated with PEG(5)
molecule which showed a faster blood clearance, the preferential renal excretion and higher tumor
uptake compared to non-PEGylated analogue [68].

More recently, Kapoor et al. designed the GIRLRG peptide, that specifically targets the glucose
regulated protein 78 (GRP78) expressed in several cancers, and conjugated it with PEG to increase
the stability. NanoSPECT/CT imaging of nude mice bearing heterotopic cervical (HT3), esophageal
(OE33), pancreatic (BXPC3), lung (A549) and glioma (D54) tumors revealed that 111In-PEG-GIRLRG
specifically binds cervical, esophageal, pancreatic, lung and brain tumors opening new opportunities
to use PEG-GIRLRG peptide for human diagnostic imaging [69].

Hausner et al. studied the effect of dual (N- and C-terminal) PEGylation of the integrin
αvβ6-targeting 18F peptide and observed that the size and location of the PEG units significantly
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affected αvβ6 targeting and pharmacokinetic [70]. Particularly, the bi-terminally PEGylated displayed
the more favorable combination of high αvβ6 affinity, selectivity, and pharmacokinetic profile
compared to C-terminal PEGylated and the un-PEGylated 18F-FBA-A20FMDV2 [70]. The two PEG
units seemed to act synergistically to confer optimal αvβ6 tumor uptake and retention [70].

Glycosilation and pegylation of modified cyclic RGD c(RGDfK) has also shown to improve the
pharmacokinetics. In particular, the F-Galacto-c(RGDfK) and c(RGDfK)-Peg-MPA) (MPA, mercapto
propionic acid) showed IC50 of 100nM and 8–15 nM, respectively [71].

Glycosylation of CCK analogue, obtained by glucose binding to the Lys side chain at N-terminal
region of the synthetic peptide, contributesto decrease its lipophilicity and to improve sensitivity,
specificity, and pharmacokinetics in CCKR-expressing tumors [44].

3. Spacers, Chelators and Radionuclides

The most sensitive and non-invasive molecular imaging techniques are the radionuclide-based
positron emission tomography (PET) and single photon emission computed tomography (SPECT).
The radiotracers are metal complexes composed of a targeting molecule, such as a peptide,
a linker able to modify the pharmacokinetic, a bifunctional chelator and a metallic radionuclide.
The coordination chemistry of the radiometal influences the geometry and stability of the radiometal
chelate. The radiolabeled moieties employed in diagnosis must have an half-life sufficient to carry out
the chemical synthesis and to concentrate in the target tissues or organs while must be easily cleared
from non target organs. They are generally injected at very low concentrations (10−6 to 10−8 M) and
do not cause significant pharmacological effects [5,72].

3.1. Spacers

The spacers are inert molecules used to increase the distance of peptides from chelators in order
to prevent steric influence and loss of activity on the cell receptors upon functionalization. In fact,
the molecular size, lipophilicity, and the flexibility of the functional moiety can influence the binding
of the bioactive peptide to its target [73,74].

The length and composition of the spacer groups as well as the chemical properties of the
radiolabeled moiety influences the binding affinity of the radiopharmaceutical to the receptor,
the accumulation of radionuclides in tumor cells and the pharmacokinetic. Hoffman et al. analyzed
a series of DOTA-X-Bombesin[7–14]NH2 conjugates containing X = 0, beta-Ala, 5-Ava, 8-Aoc, or 11-Aun
and labeled with In(III)/111In by competitive binding assays on human prostate cancer cells with IC50

values less than 2.5 nmol/L for analogs with beta-Ala, 5-Ava, and 8-Aoc spacers. The biodistribution
studies of 111In-DOTA-X-Bombesin[7–14]-NH2 conjugates performed in mice showed that the
uptake of radioactivity in the pancreas increased with increasing length of hydrocarbon spacer
while the radioactivity was efficiently cleared by renal/urinary excretion [75]. Thus, radiolabeled
DOTA-X-Bombesin[7–14]-NH2 moieties containing hydrocarbon spacers with 5–8 carbons represent
good candidates for diagnostic and therapeutic radiopharmaceuticals [76].

Antunes et al. analyzed different spacers, based on 8-amino-3,6-dioxaoctanoic acid (PEG2),
15-amino-4,7,10,13-tetraoxapentadecanoic acid (PEG4), N-acetyl glucosamine (GlcNAc), triglycine,
beta-alanine, aspartic acid, and lysine, between the chelator DOTA and the somatostatin analogue
NOC [77]. They observed that in general the spacers marginally influenced the binding affinities to the
hsst2 and hsst5 receptor subtypes but they observed an almost complete loss of hsst3 affinity of the
[111In-DOTA]-X-NOC peptides.

Mascarin et al. performed a comparative analysis, based on cell internalization experiments, receptor
affinity, biodistribution and blood serum stability, of several radiolabeled Neurotensin analogues to
identify the optimal derivatives of NT(8–13) to be used as radiotracer. Among the [177Lu]-(DOTA)-labeled
NT(8–13) peptide analogues those containing a short hydrophilic tetraethylene glycol (PEG4) spacer
between the amino acid chain and the radiometal complex exhibited the most in vitro promising
properties [66]. Moreover, Jia et al. analyzed four different 177Lu-Neurotensin analogues with spacer
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lengths from 1 to 9 atoms (β-Ala-OH (N1), 5-Ava-OH (N2), and 8-Aoc-OH (N3)) between the DOTA
and the peptide. All of them showed lower IC50 values than the Neurotensin analogue without a spacer
(N0). Particularly N1 revealed higher retention and rapid internalization in HT-29 cells and excellent
accumulation in the NTR1-positive tumors xenograft in mice by SPECT/CT imaging studies [78].

The results of these studies demonstrate that high flexibility caused by spacers confers higher
specificity to radiolabeled moieties for the cognate receptor both in vitro and in vivo.

3.2. Radionuclides

Radionuclides for therapy are α-particle emitters or β-particle emitters, such as 90Y, 177Lu, 188Re,
186Re, 67Cu and 64Cu, 212Bi,213Bi, 211At, 225Ac and 131I [79].

Radiopharmaceutical peptides for clinical diagnosis by SPECT radioimaging are mainly labeled with
γ emitters such as 99mTc, 67Ga, 111In, while useful positron emitters for PET radioimaging includes 68Ga,
64Cu and 18F.

All metallic radionuclides require a chelator for peptide conjugation, while non-metallic
radionuclide could be conjugated by direct labeling or via prosthetic groups. The optimal bifunctional
chelators should have high thermodynamic stability, kinetic inertness and should produce a minimum
number of isomers while reacting with a metal chelate. Moreover, they should have high hydrophylicity
to improve blood clearance and renal excretion as well as resistance to radiolysis caused by large doses
of β-radiation. A variety of bifunctional chelators have been developed, conjugated to peptides and
radiolabeled in order to achieve this goal.

3.2.1. Technetium Chelators

Labeling of peptides with 99mTc is usually based on ligands containing N2S2 diamidedithiols, N3S
triamidethiols, N4 tetraamines [80,81], hydrazine nicotinic acid (HYNIC) [82–84] or phosphines [85–88]
(Figure 2). Labeling reactions require high temperatures (80–100 ◦C), except for N4 which reacts at
room temperature. 99mTc forms penta- or hexa-coordinated complexes containing TcO3+(N2S2 and
N3S) or TcO2+(N4) core. One or more co-ligands containing amines, generally ethylenediaminediacetic
acid (EDDA) or N-(2-hydroxy-1,1-bis(hydroxymethyl)ethyl)glycine (tricine) and nicotinic acid, are
used to label Tc(V)-HYNIC complex. The introduction of HYNIC can be considered as an additional
breakthrough in Tc-coordination chemistry since it establishes new parameters causing the formation
of stable complexes with the radiometal superior to polydentate ligands. Tridentate chelators such as
picolylaminediacetic acid (PADA) or (NαHis)Ac have shown to be superior to bidentate such as the
His in the His-peptide conjugate, where one water molecule remains in the coordination sphere [89].

The [Tc≡N]2+ core is isoelectronic with [Tc=O]3+, stabilizes oxidation state of Tc(V), forms
Tc(V)-nitrito complexes with various chelators and has been used to label small peptides [69]. The PXP
bisphosphine have been used as coligands to stabilize the core while bifunctional chelators containing
thiolate-S, amine-N or carboxylate-O donors are attached to the peptides [90]. It has been demonstrated
that the [99mTcN(PXP)]2+ fragment reacts with the cysteine residue to form asymmetrical 99mTc-nitrido
complexes with very high specific activity [88,91,92].

Mercaptoacetyltriglycine (MAG3) (Figure 2) labeled with 99mTc is used for imaging of kidney
function, while radiorhenium (186/188Re) MAG3 complex has been employed for tumor radiation
therapy [78]. Moreover, Wang et al. reported that the bifunctional N-hydroxysuccinimidyl ester of MAG3
with S-acetyl protection (N-hydroxysuccinimidyl S-acetylmercaptoacetyltriglycinate (NHS-MAG3)) can
covalently conjugate a MAG3 chelator to primary amine functionalized biomolecules without the use of
coligands [93].

Tetraazamacrocycle derivatives are widely studied as bifunctional chelating agents for
conjugating different biomolecules with radionuclides in target-specific radiotherapy. The novel
tetraazamacrobicyclic chelator 3,6,9,15-tetraazabicyclo[9.3.1]pentadeca-1(15),11,13-triene-2,10-dione
(TBPD) and pentaazamacrotricyclic chelator 9-oxa-3,6,12,15,21-pentaazatricyclo[15,3,2,1] trieicos-1(21),
17,19-triene-2,7,11,16-tetradione (OPTT) (Figure 2) were synthesized and radiolabeled with 99mTc
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to produce 99mTc-TBPD and 99mTc-OPTT [94]. These radiolabeled complexes showed high yield,
purity, labeling efficiency and in vitro stability. The study of biodistribution showed that the excretory
pathway of 99mTc-TBPD was hepatobiliary and of 99mTc-OPTT was renal as well as hepatobiliary.
The analysis of TBPD and OPTT cytotoxicity showed no anti-proliferative activity on human cervical
SW756, HeLa, and glioblastoma U-87 and U373 cell lines [94]. Overall, these radiolabeled compounds
are promising candidates for further development of target-specific imaging agents.

Zhao et al. utilized HYNIC-NHS as chelator for conjugation of isoDGR peptide with 99mTc by
using TPPTS as reducing agent together with the coligand tricine to prepare 99mTc-HisoDGR imaging
probe for glioma diagnosis [95]. The SPECT/CT imaging experiments on small animals showed a clear
visualization of the tumors in subcutaneous and orthotopicglioma tumor models with clear background.
The accumulation of 99mTc-HisoDGR in the tumor was significantly reduced by the coinjection of excess
cold isoDGR peptide suggesting that the tumor uptake was specific. The 99mTc-HisoDGR could be
a promising radiotracer for tumor diagnosis and prognostic evaluation as well as for selecting groups of
patients to be enrolled in clinical trials to assess their sensitivity to integrin α5β1-targeted drugs [95].
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3.2.2. Yttrium, Indium, Gallium, Lutetium, and Copper Chelators

The most commonly used chelating agents are polyaminopolycarboxylic ligands with a branched
(DTPA like) (Figure 3) or a cyclic (DOTA like) structure (Figure 4). Both DTPA and DOTA are usually
coupled to peptides using one carboxylic acid group forming an amine bond. Since DTPA forms stable
complexes and has fast labeling kinetic it is still one of the most important bifunctional chelators for
111In labeling of peptides. Numerous DTPA derivatives have been developed as chelators for 68Ga, 80Y,
and 111In 177Lu, 213Bi and 90Y. For example, DTPAGlu or CHX-A-DTPA (Figure 3), compared to DTPA,
have the additional advantage that all five carboxylate groups are preserved for metal binding [96].

The chelator 1,1,1-tris(aminomethyl)ethane (TAME) (Figure 3) has been used as building block
that offers nine donor atoms for the complexion of radiometals. The synthesis of bifunctional chelating
agent TAME-Hex (Figure 3) has been described and it has shown to have high stability for gallium
complexes. In fact, the new gallium chelates are stable against trans-chelation by a 1000-fold excess of
DTPA and thus are potentially highly effective candidates for use in radioimaging [97].

To improve therapeutic efficacy of water-soluble drugs DTPA has been incorporated in liposome
(DTPA-DSPE) (Figure 3) and radiolabeled with 111In-oxine for in vivo tracking. Accardo et al.
developed a drug-delivery system, DSPC/MonY-Bombesin, based on liposomes functionalized with
the bioactive sequence of the bombesin analog conjugated with a chelating agent [98]. This drug
delivery system could be useful for treatment of patients with tumors expressing gastrin-releasing
peptide receptors (GRPRs) at high density, such as ovarian, breast, and prostate cancer [98,99].

Bifunctional chelators containing a macrocyclic core, such as 1,4,7,10-tetraazacyclododecane-1,
4,7,10-tetraacetic acid (DOTA) (Figure 4), form metal complexes with high thermodynamic stability and
kinetic inertness. However, the radiolabeling kinetics of DOTA-based bifunctional chelators is usually slow,
and much more dependent on the radiolabeling conditions, including DOTA-conjugate concentration, pH,
reaction temperature and heating time, buffer agent and buffer concentration, and presence of other metal
ions, such as Fe3+ and Zn2+. Several DOTA-peptide and NOTA-peptide conjugates have been labeled
with gallium and indium and used in diagnostic imaging like the somatostatin conjugates DOTA-TOC
and DOTA-TATE, bombesin analogs, RGD analogs, minigastrin analogs etc.
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NOTA and derivatives are well-known to form a very stable complexes with 68Ga and with
64Cu [100,101]. Coordination of 68Ga with DOTA derivatives is less efficient, often requiring heating
(80–100◦C). Formation of DOTA ligands with 68Ga is more sensitive to experimental conditions than
that of NOTA analogues (NOTA = 1,4,7-triazacyclononane-1,4,7-triacetic acid) [101]. Derivatives of
NOTA, especially NODAGA proved to be more suitable for chelating the 68Ga ion than those of
DOTA [102].

More recently, a new chelator, the 6-[Bis(carboxymethyl)amino]-1,4-bis(carboxymethyl)-6-methyl-
1,4-diazepane (AAZTA) (Figure 4), showed better properties than 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid (DOTA) for radiopharmaceutical applications. The radiolabeling is carried out
under mild conditions for short time with trivalent metals including 68Ga for PET and 177Lu or 111In for
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SPECT and radionuclide therapy [103]. Pfister at al. conjugated the minigastrin sequence peptide with
an AAZTA derivative through an aliphatic linker (AAZTA-MG), labeled with 68Ga, 177Lu and 111In
and obtained high radiochemical yields at room temperature. The mild reaction conditions preserved
the structure of peptides and the biological activity. The radiolabeled AAZTA-MG has shown good
tumor targeting although was observed some degradation in human plasma and a considerable uptake
by intestine and liver in healthy mice. Additional modifications of chelator structure or linker could
improve the tumor targeting and pharmacokinetic properties [103].

Wu et al. obtained an AAZTA derivative, containing a phenol carboxylic acid (PhenA, 2), which
is an effective chelator for the radiometal68Ga [90]. The 68Ga-PhenA bisphosphonates, PhenA-BPAMD,
3, and PhenA-HBP, 4, bind to hydroxyapatite on active bone surfaces while the AAZTA-chelating
group forms a stable complex with 68Ga. Thus, they may be useful as bone imaging agents for detecting
tumor metastases [104].

Seemann et al. synthesized the bifunctional chelator, DATA ligand (2,2′-(6-((carboxymethyl)
amino)-1,4-diazepane-1,4-diyl)diacetic acid)) (Figure 4), conjugated to [DPhe1][Tyr3]-octreotide (TOC)
and radiolabeled with purified 68Ga [105]. The radiotracer showed high stability in the human
serum [106]. The DATA chelator rapidly forms stable complexes with 68Ga under exceptionally mild
conditions befitting kit-type labeling [107].

Triethylenetetramine (TETA) and TETA derivatives have been used for 64/67Cu labeling of
different peptides. To avoid the in vivo instability of these class of chelators two carboxymethyl
pendant arms have been added to cross-bridged (CB)-cyclam obtaining CB-TE2A (Figure 4). CB-TE2A
coupled to peptides and labeled with 64Cu showed superiority compared to more conventional
chelators such as DOTA and TETA [108]. Chelators with cross-bridged cyclam backbones present
different advantages, such as high stability of the radiotracer, high efficiency of radiolabeling, and good
biological inertness of the radiolabeled complex, along with rapid body clearance. A new generation of
propylene-cross-bridged chelators with hybrid acetate/phosphonate pendant groups (PCB-TE1A1P)
(Figure 4) has been developed to improve the in vivo stability and fast clearance. PET analysis
in mice confirmed that PCB-TE1A1P has good potential as a bifunctional chelator for 64Cu-based
radiopharmaceuticals, especially those based on peptides [109].

A set of bifunctional chelating agents (BFCAs) based on ionic carbosilane dendrons useful for
several biomedical applications was synthesized by Moreno et al. [110]. The presence of the dendritic
wedge as a substituent of the DOTA ligand originating DO3A ligands affords the strengthening
of the chelate N4 system with respect to the DOTA ligand, while the opposite is observed for the
cyclen ligand.

Therefore, the dendron branched (Figure 4) may modify the complexation capacity of the
macrocyclic ring compared to that of the DOTA ligand. The presence of such coordinating groups at
the branches and periphery of the dendrons may be detrimental for some biomedical purposes such as
diagnostic medicine. For istance, loading the dendrons with radioactive metal centers might result in
some metal ions being weakly bound to the dendrons.

The weak coordination mode of the peripheral sulfonate or protonable amine groups at
the respective dendrons, radioactive metal centers, can be easily located at the macrocycle
fragment, leaving the dendritic surface for extra advantage, i.e., increasing solubility, interaction
with nucleic acids in the case of amine-terminated dendrons or antiviral properties for anionic
sulfonate-terminated dendrons.

To simplify the 68Ga labeling procedures novel bifunctional chelators have been designed
such as TRAP and NOPO derived from 1,4,7-triazacyclononane macrocycles substituted with
phosphinic acid groups at the amine group (Figure 4). Notni et al. showed that TRAP ligands are
optimal for the production of 68Ga tracers as they allow highly efficient 68Ga3+complexation in
a wide pH range (0.5–5) and require 10–30-fold lower concentrations than NOTA and DOTA for
imaging by PET [111]. The TRAP-based cyclo(RGDfK) trimer, 68Ga-TRAP-(RGD)3, was shown to
have 7-fold higher affinity to αvβ3 integrin expressed on M21 human melanoma cells compared
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to the monomers 18F-Galacto-RGD and 68Ga-NODAGA-c(RGDyK) [112]. Moreover, the cyclic
pentapeptidecyclo(RGDfK) conjugated to NOPO, 1,4,7-triazacyclononane-1,4-bis[methylene
(hydroxymethyl)phosphinic acid]-7-[methylene(2-carboxyethyl)phosphinic acid], a bifunctional
chelator with optimal 68Ga labeling properties , showed high affinity to αvβ3 integrin in vitro and
specific uptake in M21 tumor xenografts in vivo [71].

Ma et al. synthesized two bifunctionaltris(hydroxypyridinone) (THP) chelators, each with pendant
isothiocyanate groups and three 1,6-dimethyl-3-hydroxypyridin-4-one groups, characterized by rapid
labeling with 68Ga under mild conditions without the need of subsequent purification (Figure 4) [113].
The effective labeling of THP chelators at very low concentration under mild conditions opens the
possibility to label many sensitive proteins with 68Ga to produce PET tracers by avoiding complex
multistep radiochemistry reactions.

3.2.3. Fluorine and Iodine Prosthetic Groups

Fluorination and Iodination are usually performed by nucleophilic substitution into aromatic
molecules and electrophilic aromatic substitution on tyrosine or histidine side chains, respectively.
However, the fluorination by direct incorporation of [18F]fluoride in synthetic peptides is hampered
by unfavorable conditions that could affect the stability of peptide structures such as the high
temperature, organic solvents or basic conditions. When direct labeling is not possible, the use
of prosthetic groups functionalized with reactive molecules such as amine, thiol or aminoxy group
is essential to bind [18F]fluoride or Iodine to peptides under mild conditions [114]. The aldehydes,
such as 4-[Iodo/Fluoro]benzaldeyde, have been successfully used to radioiodinate the multimeric RGD
peptides (Figure 5a) [115]. Moreover, the maleimide group, allowing a chemoselective conjugation to
thiol peptides, has been used for the radioiododestannylation followed by conjugation to a Cys-peptide
under very mild conditions (Figure 5b) [116]. Several other 18F-labeling methods have been developed
for fast peptide labeling such as chemoselective conjugation methods with aldehydes, alkyne or azide
derivatives (Figure 5c). However, the high lipophilicity of the resulting fluorinated radiopeptides
generally causes high unspecific liver accumulation and low tumor uptake. Radiolabeled peptides
with favorable pharmacokinetics and lower lipophilicity are generally obtained by glycosylation or
polyethylene glycol (PEG) conjugation (Figure 5d) [114].
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Figure 5. Chemical structures of prosthetic groups for radioiodination and fluorination of peptides:
(a) 4-[I]iodobenzaldehyde; (b) N-[2-(2,5-Dioxo-2,5-dihydro-pyrrol-1-yl)-ethyl]-3-[I]iodo-benzamide;
(c) 4-[F]fluorobenzaldehyde; (d) [F]fluoroethylazide.

4. Conclusions

The discovery of small peptides able to bind specific receptors preferentially expressed on diseased
tissues led to the development of synthetic analogues with high affinity to their targets. The recent
advances in radiochemistry, the synthesis of new bifunctional chelators and linkers as well as advances
in the production of radionuclides resulted in the production of many radiopeptide candidates for
tumor targeting.

The peptide cyclization and use of non natural amino acids has been very important to stabilize
the peptides in the body fluids and to increase the receptor affinity. The addition of biologically
components such as PEG and glycolic molecules has been useful to modify the biodistribution and
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the bioavailability of the targeting moiety. Indeed since the receptor binding domains are all different
there are many possibility to target them with many new synthetic molecules.

Acknowledgments: A.L.T. is the recipient of a postdoctoral fellowship from Regione Campania (PO FSE
2007/2013 DR N. 134 of 18/05/2015.

Author Contributions: A.L.T., M.L.T., L.B. and F.M.B. conceived and wrote the review article.

Conflicts of Interest: The authors have declared no conflicts of interest.

References

1. Tornesello, A.L.; Tornesello, M.L.; Buonaguro, F.M. An overview of Bioactive Peptides for in vivo Imaging
and Therapy in Human Diseases. Mini Rev. Med. Chem. 2017, 17, 758–770. [CrossRef] [PubMed]

2. Sultan, H.; Fesenkova, V.I.; Addis, D.; Fan, A.E.; Kumai, T.; Wu, J.; Salazar, A.M.; Celis, E. Designing therapeutic
cancer vaccines by mimicking viral infections. Cancer Immunol. Immunother. 2017, 66, 203–213. [CrossRef]
[PubMed]

3. Fischman, A.J.; Babich, J.W.; Strauss, H.W. A ticket to ride: Peptide radiopharmaceuticals. J. Nucl. Med. 1993,
34, 2253–2263. [PubMed]

4. Lopez-Otin, C.; Matrisian, L.M. Emerging roles of proteases in tumour suppression. Nat. Rev. Cancer 2007, 7,
800–808. [CrossRef] [PubMed]

5. Fani, M.; Maecke, H.R.; Okarvi, S.M. Radiolabeled peptides: Valuable tools for the detection and treatment
of cancer. Theranostics 2012, 2, 481–501. [CrossRef] [PubMed]

6. Tornesello, A.L.; Sanseverino, M.; Buonaguro, F.M. Solid Phase Formylation of N-Terminus Peptides.
Molecules 2016, 21, E736. [CrossRef] [PubMed]

7. Sarko, D.; Eisenhut, M.; Haberkorn, U.; Mier, W. Bifunctional chelators in the design and application of
radiopharmaceuticals for oncological diseases. Curr. Med. Chem. 2012, 19, 2667–2688. [CrossRef] [PubMed]

8. Hamman, J.H.; Enslin, G.M.; Kotze, A.F. Oral delivery of peptide drugs: Barriers and developments. BioDrugs
2005, 19, 165–177. [CrossRef] [PubMed]

9. Gentilucci, L.; De, M.R.; Cerisoli, L. Chemical modifications designed to improve peptide stability:
Incorporation of non-natural amino acids, pseudo-peptide bonds, and cyclization. Curr. Pharm. Des.
2010, 16, 3185–3203. [CrossRef] [PubMed]

10. Roxin, A.; Zheng, G. Flexible or fixed: A comparative review of linear and cyclic cancer-targeting peptides.
Future Med. Chem. 2012, 4, 1601–1618. [CrossRef] [PubMed]

11. Sabet, A.; Biersack, H.J.; Ezziddin, S. Advances in Peptide Receptor Radionuclide Therapy. Semin. Nucl. Med.
2016, 46, 40–46. [CrossRef] [PubMed]

12. Shen, L.P.; Pictet, R.L.; Rutter, W.J. Human somatostatin I: Sequence of the cDNA. Proc. Natl. Acad. Sci. USA
1982, 79, 4575–4579. [CrossRef] [PubMed]

13. de Herder, W.W.; van der Lely, A.J.; Lamberts, S.W. Somatostatin analogue treatment of neuroendocrine
tumours. Postgrad. Med. J. 1996, 72, 403–408. [CrossRef] [PubMed]

14. Pless, J.; Bauer, W.; Briner, U.; Doepfner, W.; Marbach, P.; Maurer, R.; Petcher, T.J.; Reubi, J.C.; Vonderscher, J.
Chemistry and pharmacology of SMS 201-995, a long-acting octapeptide analogue of somatostatin. Scand. J.
Gastroenterol. Suppl. 1986, 119, 54–64. [CrossRef] [PubMed]

15. Virgolini, I.; Szilvasi, I.; Kurtaran, A.; Angelberger, P.; Raderer, M.; Havlik, E.; Vorbeck, F.; Bischof, C.;
Leimer, M.; Dorner, G.; et al. Indium-111-DOTA-lanreotide: Biodistribution, safety and radiation absorbed
dose in tumor patients. J. Nucl. Med. 1998, 39, 1928–1936. [PubMed]

16. Martin-Gago, P.; Rol, A.; Todorovski, T.; Aragon, E.; Martin-Malpartida, P.; Verdaguer, X.; Valles, M.M.;
Fernandez-Carneado, J.; Ponsati, B.; Macias, M.J.; et al. Peptide aromatic interactions modulated by
fluorinated residues: Synthesis, structure and biological activity of Somatostatin analogs containing
3-(3′,5′difluorophenyl)-alanine. Sci. Rep. 2016, 6, 27285. [CrossRef] [PubMed]

17. Mikolajczak, R.; Maecke, H.R. Radiopharmaceuticals for somatostatin receptor imaging. Nucl. Med. Rev.
Cent. East Eur. 2016, 19, 126–132. [CrossRef] [PubMed]

18. Fani, M.; Peitl, P.K.; Velikyan, I. Current status of Radiopharmaceuticals for the Theranostics of
Neuroendocrine Neoplasms. Pharmaceuticals 2017, 10, 30. [CrossRef] [PubMed]

http://dx.doi.org/10.2174/1389557517666170120151739
http://www.ncbi.nlm.nih.gov/pubmed/28117023
http://dx.doi.org/10.1007/s00262-016-1834-5
http://www.ncbi.nlm.nih.gov/pubmed/27052572
http://www.ncbi.nlm.nih.gov/pubmed/8254420
http://dx.doi.org/10.1038/nrc2228
http://www.ncbi.nlm.nih.gov/pubmed/17851543
http://dx.doi.org/10.7150/thno.4024
http://www.ncbi.nlm.nih.gov/pubmed/22737187
http://dx.doi.org/10.3390/molecules21060736
http://www.ncbi.nlm.nih.gov/pubmed/27271589
http://dx.doi.org/10.2174/092986712800609751
http://www.ncbi.nlm.nih.gov/pubmed/22455579
http://dx.doi.org/10.2165/00063030-200519030-00003
http://www.ncbi.nlm.nih.gov/pubmed/15984901
http://dx.doi.org/10.2174/138161210793292555
http://www.ncbi.nlm.nih.gov/pubmed/20687878
http://dx.doi.org/10.4155/fmc.12.75
http://www.ncbi.nlm.nih.gov/pubmed/22917248
http://dx.doi.org/10.1053/j.semnuclmed.2015.09.005
http://www.ncbi.nlm.nih.gov/pubmed/26687856
http://dx.doi.org/10.1073/pnas.79.15.4575
http://www.ncbi.nlm.nih.gov/pubmed/6126875
http://dx.doi.org/10.1136/pgmj.72.849.403
http://www.ncbi.nlm.nih.gov/pubmed/8935599
http://dx.doi.org/10.3109/00365528609087432
http://www.ncbi.nlm.nih.gov/pubmed/2876507
http://www.ncbi.nlm.nih.gov/pubmed/9829585
http://dx.doi.org/10.1038/srep27285
http://www.ncbi.nlm.nih.gov/pubmed/27271737
http://dx.doi.org/10.5603/NMR.2016.0024
http://www.ncbi.nlm.nih.gov/pubmed/27479790
http://dx.doi.org/10.3390/ph10010030
http://www.ncbi.nlm.nih.gov/pubmed/28295000


Molecules 2017, 22, 1282 16 of 21

19. Bass, R.T.; Buckwalter, B.L.; Patel, B.P.; Pausch, M.H.; Price, L.A.; Strnad, J.; Hadcock, J.R. Identification and
characterization of novel somatostatin antagonists. Mol. Pharmacol. 1996, 50, 709–715. [PubMed]

20. Ginj, M.; Zhang, H.; Waser, B.; Cescato, R.; Wild, D.; Wang, X.; Erchegyi, J.; Rivier, J.; Macke, H.R.; Reubi, J.C.
Radiolabeled somatostatin receptor antagonists are preferable to agonists for in vivo peptide receptor
targeting of tumors. Proc. Natl. Acad. Sci. USA 2006, 103, 16436–16441. [CrossRef] [PubMed]

21. Cescato, R.; Erchegyi, J.; Waser, B.; Piccand, V.; Maecke, H.R.; Rivier, J.E.; Reubi, J.C. Design and in vitro
characterization of highly sst2-selective somatostatin antagonists suitable for radiotargeting. J. Med. Chem.
2008, 51, 4030–4037. [CrossRef] [PubMed]

22. Fani, M.; Braun, F.; Waser, B.; Beetschen, K.; Cescato, R.; Erchegyi, J.; Rivier, J.E.; Weber, W.A.; Maecke, H.R.;
Reubi, J.C. Unexpected sensitivity of sst2 antagonists to N-terminal radiometal modifications. J. Nucl. Med.
2012, 53, 1481–1489. [CrossRef] [PubMed]

23. Reubi, J.C.; Waser, B.; Macke, H.; Rivier, J. Highly increased 125I-JR11 antagonist binding In Vitro reveals
novel indications for sst2 targeting in human cancers. J. Nucl. Med. 2017, 58, 300–306. [CrossRef] [PubMed]

24. Nicolas, G.P.; Mansi, R.; McDougall, L.; Kaufmann, J.; Bouterfa, H.; Wild, D.; Fani, M.
Biodistribution, pharmacokinetics and dosimetry of 177Lu-, 90Y- and 111In-labeled somatostatin receptor
antagonist OPS201 in comparison to the agonist 177Lu-DOTA-TATE: The mass effect. J. Nucl. Med. 2017.
[CrossRef] [PubMed]

25. Wickham, T.J.; Mathias, P.; Cheresh, D.A.; Nemerow, G.R. Integrins alpha v beta 3 and alpha v beta 5 promote
adenovirus internalization but not virus attachment. Cell 1993, 73, 309–319. [CrossRef]

26. Chen, X.; Sievers, E.; Hou, Y.; Park, R.; Tohme, M.; Bart, R.; Bremner, R.; Bading, J.R.; Conti, P.S. Integrin alpha
v beta 3-targeted imaging of lung cancer. Neoplasia 2005, 7, 271–279. [CrossRef] [PubMed]

27. Seftor, R.E.; Seftor, E.A.; Gehlsen, K.R.; Stetler-Stevenson, W.G.; Brown, P.D.; Ruoslahti, E.; Hendrix, M.J.
Role of the alpha v beta 3 integrin in human melanoma cell invasion. Proc. Natl. Acad. Sci. USA 1992, 89,
1557–1561. [CrossRef] [PubMed]

28. Gladson, C.L.; Cheresh, D.A. Glioblastoma expression of vitronectin and the alpha v beta 3 integrin.
Adhesion mechanism for transformed glial cells. J. Clin. Investig. 1991, 88, 1924–1932. [CrossRef] [PubMed]

29. Carreiras, F.; Denoux, Y.; Staedel, C.; Lehmann, M.; Sichel, F.; Gauduchon, P. Expression and localization
of alpha v integrins and their ligand vitronectin in normal ovarian epithelium and in ovarian carcinoma.
Gynecol. Oncol. 1996, 62, 260–267. [CrossRef] [PubMed]

30. Shi, J.; Wang, F.; Liu, S. Radiolabeled cyclic RGD peptides as radiotracers for tumor imaging. Biophys. Rep.
2016, 2, 1–20. [CrossRef] [PubMed]

31. Frank, A.O.; Otto, E.; Mas-Moruno, C.; Schiller, H.B.; Marinelli, L.; Cosconati, S.; Bochen, A.; Vossmeyer, D.;
Zahn, G.; Stragies, R.; et al. Conformational control of integrin-subtype selectivity in isoDGR peptide motifs:
A biological switch. Angew. Chem. Int. Ed. Engl. 2010, 49, 9278–9281. [CrossRef] [PubMed]

32. Kapp, T.G.; Rechenmacher, F.; Neubauer, S.; Maltsev, O.V.; Cavalcanti-Adam, E.A.; Zarka, R.; Reuning, U.;
Notni, J.; Wester, H.J.; Mas-Moruno, C.; et al. A comprehensive evaluation of the activity and selectivity
profile of ligands for RGD-binding integrins. Sci. Rep. 2017, 7, 39805. [CrossRef] [PubMed]

33. Chatterjee, J.; Ovadia, O.; Zahn, G.; Marinelli, L.; Hoffman, A.; Gilon, C.; Kessler, H. Multiple N-methylation
by a designed approach enhances receptor selectivity. J. Med. Chem. 2007, 50, 5878–5881. [CrossRef]
[PubMed]

34. Pfaff, M.; Tangemann, K.; Muller, B.; Gurrath, M.; Muller, G.; Kessler, H.; Timpl, R.; Engel, J.
Selective recognition of cyclic RGD peptides of NMR defined conformation by alpha IIb beta 3, alpha
V beta 3, and alpha 5 beta 1 integrins. J. Biol. Chem. 1994, 269, 20233–20238. [PubMed]

35. Becker, A.; von, R.O.; Kovar, A.; Scheible, H.; van Lier, J.J.; Johne, A. Metabolism and disposition of the
alphav-integrin ss3/ss5 receptor antagonist cilengitide, a cyclic polypeptide, in humans. J. Clin. Pharmacol.
2015, 55, 815–824. [CrossRef] [PubMed]

36. Dijkgraaf, I.; Kruijtzer, J.A.; Liu, S.; Soede, A.C.; Oyen, W.J.; Corstens, F.H.; Liskamp, R.M.; Boerman, O.C.
Improved targeting of the alpha(v)beta (3) integrin by multimerisation of RGD peptides. Eur. J. Nucl. Med.
Mol. Imaging 2007, 34, 267–273. [CrossRef] [PubMed]

37. Ruzza, P.; Marchiani, A.; Antolini, N.; Calderan, A. Peptide-receptor ligands and multivalent approach.
Anticancer Agents Med. Chem. 2012, 12, 416–427. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/8863814
http://dx.doi.org/10.1073/pnas.0607761103
http://www.ncbi.nlm.nih.gov/pubmed/17056720
http://dx.doi.org/10.1021/jm701618q
http://www.ncbi.nlm.nih.gov/pubmed/18543899
http://dx.doi.org/10.2967/jnumed.112.102764
http://www.ncbi.nlm.nih.gov/pubmed/22851637
http://dx.doi.org/10.2967/jnumed.116.177733
http://www.ncbi.nlm.nih.gov/pubmed/27561878
http://dx.doi.org/10.2967/jnumed.117.191684
http://www.ncbi.nlm.nih.gov/pubmed/28450554
http://dx.doi.org/10.1016/0092-8674(93)90231-E
http://dx.doi.org/10.1593/neo.04538
http://www.ncbi.nlm.nih.gov/pubmed/15799827
http://dx.doi.org/10.1073/pnas.89.5.1557
http://www.ncbi.nlm.nih.gov/pubmed/1371877
http://dx.doi.org/10.1172/JCI115516
http://www.ncbi.nlm.nih.gov/pubmed/1721625
http://dx.doi.org/10.1006/gyno.1996.0225
http://www.ncbi.nlm.nih.gov/pubmed/8751559
http://dx.doi.org/10.1007/s41048-016-0021-8
http://www.ncbi.nlm.nih.gov/pubmed/27819026
http://dx.doi.org/10.1002/anie.201004363
http://www.ncbi.nlm.nih.gov/pubmed/20957712
http://dx.doi.org/10.1038/srep39805
http://www.ncbi.nlm.nih.gov/pubmed/28074920
http://dx.doi.org/10.1021/jm701044r
http://www.ncbi.nlm.nih.gov/pubmed/17973471
http://www.ncbi.nlm.nih.gov/pubmed/8051114
http://dx.doi.org/10.1002/jcph.482
http://www.ncbi.nlm.nih.gov/pubmed/25683324
http://dx.doi.org/10.1007/s00259-006-0180-9
http://www.ncbi.nlm.nih.gov/pubmed/16909226
http://dx.doi.org/10.2174/187152012800617849
http://www.ncbi.nlm.nih.gov/pubmed/22292761


Molecules 2017, 22, 1282 17 of 21

38. Vogetseder, A.; Thies, S.; Ingold, B.; Roth, P.; Weller, M.; Schraml, P.; Goodman, S.L.; Moch, H. Alphav-integrin
isoform expression in primary human tumors and brain metastases. Int. J. Cancer 2013, 133, 2362–2371.
[CrossRef] [PubMed]

39. Notni, J.; Reich, D.; Maltsev, O.V.; Kapp, T.G.; Steiger, K.; Hoffmann, F.; Esposito, I.; Weichert, W.; Kessler, H.;
Wester, H.J. In Vivo PET imaging of the cancer integrin alphavbeta6 using 68Ga-labeled cyclic RGD
nonapeptides. J. Nucl. Med. 2017, 58, 671–677. [CrossRef] [PubMed]

40. Kato, H.; Liao, Z.; Mitsios, J.V.; Wang, H.Y.; Deryugina, E.I.; Varner, J.A.; Quigley, J.P.; Shattil, S.J. The primacy
of beta1 integrin activation in the metastatic cascade. PLoS ONE 2012, 7, e46576. [CrossRef] [PubMed]

41. D’Alessandria, C.; Pohle, K.; Rechenmacher, F.; Neubauer, S.; Notni, J.; Wester, H.J.; Schwaiger, M.; Kessler, H.;
Beer, A.J. In vivo biokinetic and metabolic characterization of the 68Ga-labelled alpha5beta1-selective
peptidomimetic FR366. Eur. J. Nucl. Med. Mol. Imaging 2016, 43, 953–963. [CrossRef] [PubMed]

42. Rehfeld, J.F.; Friis-Hansen, L.; Goetze, J.P.; Hansen, T.V. The biology of cholecystokinin and gastrin peptides.
Curr. Top. Med. Chem. 2007, 7, 1154–1165. [CrossRef] [PubMed]

43. Smith, J.P.; Fonkoua, L.K.; Moody, T.W. The role of gastrin and CCK receptors in Pancreatic Cancer and other
malignancies. Int. J. Biol. Sci. 2016, 12, 283–291. [CrossRef] [PubMed]

44. Cho, E.H.; Lim, J.C.; Lee, S.Y.; Jung, S.H. An assessment tumor targeting ability of (177)Lu labeled cyclic CCK
analogue peptide by binding with cholecystokinin receptor. J. Pharmacol. Sci. 2016, 131, 209–214. [CrossRef]
[PubMed]

45. Accardo, A.; Tesauro, D.; Morelli, G.; Del, P.L.; Pedone, C.; Tornesello, A.L.; Benedetti, E. Supramolecular aggregates
derivatized by CCK8 peptide as selective nanocarriers for drug delivery. Adv. Exp. Med. Biol. 2009, 611,
603–604. [PubMed]

46. Feng, J.; Petersen, C.D.; Coy, D.H.; Jiang, J.K.; Thomas, C.J.; Pollak, M.R.; Wank, S.A. Calcium-sensing
receptor is a physiologic multimodal chemosensor regulating gastric G-cell growth and gastrin secretion.
Proc. Natl. Acad. Sci. USA 2010, 107, 17791–17796. [CrossRef] [PubMed]

47. Tornesello, A.L.; Aurilio, M.; Accardo, A.; Tarallo, L.; Barbieri, A.; Arra, C.; Tesauro, D.; Morelli, G.; Aloj, L.
Gastrin and cholecystokinin peptide-based radiopharmaceuticals: An in vivo and in vitro comparison.
J. Pept. Sci. 2011, 17, 405–412. [CrossRef] [PubMed]

48. Kolenc, P.P.; Tamma, M.; Kroselj, M.; Braun, F.; Waser, B.; Reubi, J.C.; Sollner, D.M.; Maecke, H.R.; Mansi, R.
Stereochemistry of amino acid spacers determines the pharmacokinetics of (111)In-DOTA-minigastrin
analogues for targeting the CCK2/gastrin receptor. Bioconjug. Chem. 2015, 26, 1113–1119. [CrossRef]
[PubMed]

49. Kaloudi, A.; Nock, B.A.; Lymperis, E.; Krenning, E.P.; de, J.M.; Maina, T. Improving the In Vivo
profile of minigastrin radiotracers: A comparative study involving the neutral endopeptidase inhibitor
phosphoramidon. Cancer Biother. Radiopharm. 2016, 31, 20–28. [CrossRef] [PubMed]

50. Ramos-Alvarez, I.; Moreno, P.; Mantey, S.A.; Nakamura, T.; Nuche-Berenguer, B.; Moody, T.W.; Coy, D.H.;
Jensen, R.T. Insights into bombesin receptors and ligands: Highlighting recent advances. Peptides 2015, 72,
128–144. [CrossRef] [PubMed]

51. Jaeger, N.; Czepielewski, R.S.; Bagatini, M.; Porto, B.N.; Bonorino, C. Neuropeptide gastrin-releasing peptide
induces PI3K/reactive oxygen species-dependent migration in lung adenocarcinoma cells. Tumour Biol. 2017,
39. [CrossRef] [PubMed]

52. Weber, H.C. Regulation and signaling of human bombesin receptors and their biological effects. Curr. Opin.
Endocrinol. Diabetes Obes. 2009, 16, 66–71. [CrossRef] [PubMed]

53. Brans, L.; Garcia-Garayoa, E.; Schweinsberg, C.; Maes, V.; Struthers, H.; Schibli, R.; Tourwe, D. Synthesis and
evaluation of bombesin analogues conjugated to two different triazolyl-derived chelators for (99m)Tc labeling.
ChemMedChem 2010, 5, 1717–1725. [CrossRef] [PubMed]

54. Accardo, A.; Galli, F.; Mansi, R.; Del, P.L.; Aurilio, M.; Morisco, A.; Ringhieri, P.; Signore, A.; Morelli, G.;
Aloj, L. Pre-clinical evaluation of eight DOTA coupled gastrin-releasing peptide receptor (GRP-R) ligands
for in vivo targeting of receptor-expressing tumors. EJNMMI Res. 2016, 6, 17. [CrossRef] [PubMed]

55. Bryant, M.G. Vasoactive intestinal peptide (VIP). J. Clin. Pathol. Suppl. (Assoc. Clin. Pathol.) 1978, 8, 63–67.
[CrossRef]

56. Schwartz, C.J.; Kimberg, D.V.; Sheerin, H.E.; Field, M.; Said, S.I. Vasoactive intestinal peptide stimulation of
adenylate cyclase and active electrolyte secretion in intestinal mucosa. J. Clin. Investig. 1974, 54, 536–544.
[CrossRef] [PubMed]

http://dx.doi.org/10.1002/ijc.28267
http://www.ncbi.nlm.nih.gov/pubmed/23661241
http://dx.doi.org/10.2967/jnumed.116.182824
http://www.ncbi.nlm.nih.gov/pubmed/27980050
http://dx.doi.org/10.1371/journal.pone.0046576
http://www.ncbi.nlm.nih.gov/pubmed/23056350
http://dx.doi.org/10.1007/s00259-015-3218-z
http://www.ncbi.nlm.nih.gov/pubmed/26497698
http://dx.doi.org/10.2174/156802607780960483
http://www.ncbi.nlm.nih.gov/pubmed/17584137
http://dx.doi.org/10.7150/ijbs.14952
http://www.ncbi.nlm.nih.gov/pubmed/26929735
http://dx.doi.org/10.1016/j.jphs.2016.06.006
http://www.ncbi.nlm.nih.gov/pubmed/27430985
http://www.ncbi.nlm.nih.gov/pubmed/19400328
http://dx.doi.org/10.1073/pnas.1009078107
http://www.ncbi.nlm.nih.gov/pubmed/20876097
http://dx.doi.org/10.1002/psc.1327
http://www.ncbi.nlm.nih.gov/pubmed/21351319
http://dx.doi.org/10.1021/acs.bioconjchem.5b00187
http://www.ncbi.nlm.nih.gov/pubmed/25971921
http://dx.doi.org/10.1089/cbr.2015.1935
http://www.ncbi.nlm.nih.gov/pubmed/26844849
http://dx.doi.org/10.1016/j.peptides.2015.04.026
http://www.ncbi.nlm.nih.gov/pubmed/25976083
http://dx.doi.org/10.1177/1010428317694321
http://www.ncbi.nlm.nih.gov/pubmed/28351312
http://dx.doi.org/10.1097/MED.0b013e32831cf5aa
http://www.ncbi.nlm.nih.gov/pubmed/19115523
http://dx.doi.org/10.1002/cmdc.201000191
http://www.ncbi.nlm.nih.gov/pubmed/20806312
http://dx.doi.org/10.1186/s13550-016-0175-x
http://www.ncbi.nlm.nih.gov/pubmed/26897133
http://dx.doi.org/10.1136/jcp.s1-8.1.63
http://dx.doi.org/10.1172/JCI107790
http://www.ncbi.nlm.nih.gov/pubmed/4369434


Molecules 2017, 22, 1282 18 of 21

57. Pallela, V.R.; Thakur, M.L.; Chakder, S.; Rattan, S. 99mTc-labeled vasoactive intestinal peptide receptor
agonist: Functional studies. J. Nucl. Med. 1999, 40, 352–360. [PubMed]

58. Li, J.; Wang, X.; Liu, H.; Li, H. In silico classification and prediction of VIP derivatives as VPAC1/ VPAC2
receptor agonists/antagonists. Comb. Chem. High Throughput Screen. 2015, 18, 33–41. [CrossRef] [PubMed]

59. Gozes, I.; Bodner, M.; Shani, Y.; Fridkin, M. Structure and expression of the vasoactive intestinal peptide
(VIP) gene in a human tumor. Peptides 1986, 7, 1–6. [CrossRef]

60. Cheng, D.; Liu, Y.; Shen, H.; Pang, L.; Yin, D.; Wang, Y.; Li, S.; Shi, H. F-18 labeled vasoactive intestinal
peptide analogue in the PET imaging of colon carcinoma in nude mice. Biomed. Res. Int. 2013, 2013, 420480.
[CrossRef] [PubMed]

61. Cheng, D.; Yin, D.; Li, G.; Wang, M.; Li, S.; Zheng, M.; Cai, H.; Wang, Y. Radiolabeling and in vitro and
in vivo characterization of [18F]FB-[R(8,15,21), L17]-VIP as a PET imaging agent for tumor overexpressed
VIP receptors. Chem. Biol. Drug Des. 2006, 68, 319–325. [CrossRef] [PubMed]

62. Gao, F.; Sihver, W.; Jurischka, C.; Bergmann, R.; Haase-Kohn, C.; Mosch, B.; Steinbach, J.; Carta, D.; Bolzati, C.;
Calderan, A.; et al. Radiopharmacological characterization of (6)(4)Cu-labeled alpha-MSH analogs for
potential use in imaging of malignant melanoma. Amino Acids 2016, 48, 833–847. [CrossRef] [PubMed]

63. Yang, J.; Liu, L.; Miao, Y. Effects of the Arg-Pro and Gly-Gly-Nle moieties on Melanocortin-1 receptor binding
affinities of alpha-MSH Peptides. ACS Med. Chem. Lett. 2013, 4, 1000–1004. [CrossRef] [PubMed]

64. Reubi, J.C. Peptide receptors as molecular targets for cancer diagnosis and therapy. Endocr. Rev. 2003, 24,
389–427. [CrossRef] [PubMed]

65. Fanelli, R.; Besserer-Offroy, E.; Rene, A.; Cote, J.; Tetreault, P.; Collerette-Tremblay, J.; Longpre, J.M.; Leduc, R.;
Martinez, J.; Sarret, P.; et al. Synthesis and characterization in Vitro and in Vivo of (l)-(Trimethylsilyl)alanine
containing Neurotensin Analogues. J. Med. Chem. 2015, 58, 7785–7795. [CrossRef] [PubMed]

66. Mascarin, A.; Valverde, I.E.; Mindt, T.L. Structure-activity relationship studies of Amino Acid Substitutions
in Radiolabeled Neurotensin Conjugates. ChemMedChem 2016, 11, 102–107. [CrossRef] [PubMed]

67. van Witteloostuijn, S.B.; Pedersen, S.L.; Jensen, K.J. Half-life extension of biopharmaceuticals using chemical
methods: Alternatives to PEGylation. ChemMedChem 2016, 11, 2474–2495. [CrossRef] [PubMed]

68. Dapp, S.; Garcia, G.E.; Maes, V.; Brans, L.; Tourwe, D.A.; Muller, C.; Schibli, R. PEGylation of (99m)Tc-labeled
bombesin analogues improves their pharmacokinetic properties. Nucl. Med. Biol. 2011, 38, 997–1009.
[CrossRef] [PubMed]

69. Kapoor, V.; Dadey, D.Y.; Nguyen, K.; Wildman, S.A.; Hoye, K.; Khudanyan, A.; Bandara, N.; Rogers, B.E.;
Thotala, D.; Hallahan, D.E. Tumor-specific binding of Radiolabeled PEGylated GIRLRG Peptide: A novel
agent for targeting cancers. J. Nucl. Med. 2016, 57, 1991–1997. [CrossRef] [PubMed]

70. Hausner, S.H.; Bauer, N.; Hu, L.Y.; Knight, L.M.; Sutcliffe, J.L. The effect of Bi-Terminal PEGylation of
an integrin alphavbeta(6)-targeted (1)(8)F Peptide on pharmacokinetics and tumor uptake. J. Nucl. Med.
2015, 56, 784–790. [CrossRef] [PubMed]

71. Simecek, J.; Notni, J.; Kapp, T.G.; Kessler, H.; Wester, H.J. Benefits of NOPO as chelator in gallium-68 peptides,
exemplified by preclinical characterization of (68)Ga-NOPO-c(RGDfK). Mol. Pharm. 2014, 11, 1687–1695.
[CrossRef] [PubMed]

72. Laverman, P.; Sosabowski, J.K.; Boerman, O.C.; Oyen, W.J. Radiolabelled peptides for oncological diagnosis.
Eur. J. Nucl. Med. Mol. Imaging 2012, 39, S78–S92. [CrossRef] [PubMed]

73. Liese, S.; Netz, R.R. Influence of length and flexibility of spacers on the binding affinity of divalent ligands.
Beilstein J. Org. Chem. 2015, 11, 804–816. [CrossRef] [PubMed]

74. Pallarola, D.; Bochen, A.; Boehm, H.; Rechenmacher, F.; Sobahi, T.R.; Spatz, J.P.; Kessler, H. Interface immobilization
chemistry of cRGD-based peptides regulates integrin mediated cell adhesion. Adv. Funct. Mater. 2014, 24, 943–956.
[CrossRef] [PubMed]

75. Hoffman, T.J.; Gali, H.; Smith, C.J.; Sieckman, G.L.; Hayes, D.L.; Owen, N.K.; Volkert, W.A. Novel series of
111In-labeled bombesin analogs as potential radiopharmaceuticals for specific targeting of gastrin-releasing
peptide receptors expressed on human prostate cancer cells. J. Nucl. Med. 2003, 44, 823–831. [PubMed]

76. Garrison, J.C.; Rold, T.L.; Sieckman, G.L.; Naz, F.; Sublett, S.V.; Figueroa, S.D.; Volkert, W.A.; Hoffman, T.J.
Evaluation of the pharmacokinetic effects of various linking group using the 111In-DOTA-X-BBN(7–14)NH2
structural paradigm in a prostate cancer model. Bioconjug. Chem. 2008, 19, 1803–1812. [CrossRef] [PubMed]

77. Antunes, P.; Ginj, M.; Walter, M.A.; Chen, J.; Reubi, J.C.; Maecke, H.R. Influence of different spacers on the
biological profile of a DOTA-somatostatin analogue. Bioconjug. Chem. 2007, 18, 84–92. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/10025846
http://dx.doi.org/10.2174/1386207317666141128104031
http://www.ncbi.nlm.nih.gov/pubmed/25438751
http://dx.doi.org/10.1016/0196-9781(86)90156-7
http://dx.doi.org/10.1155/2013/420480
http://www.ncbi.nlm.nih.gov/pubmed/24459669
http://dx.doi.org/10.1111/j.1747-0285.2006.00453.x
http://www.ncbi.nlm.nih.gov/pubmed/17177894
http://dx.doi.org/10.1007/s00726-015-2131-x
http://www.ncbi.nlm.nih.gov/pubmed/26643502
http://dx.doi.org/10.1021/ml400309u
http://www.ncbi.nlm.nih.gov/pubmed/24349641
http://dx.doi.org/10.1210/er.2002-0007
http://www.ncbi.nlm.nih.gov/pubmed/12920149
http://dx.doi.org/10.1021/acs.jmedchem.5b00841
http://www.ncbi.nlm.nih.gov/pubmed/26348111
http://dx.doi.org/10.1002/cmdc.201500468
http://www.ncbi.nlm.nih.gov/pubmed/26593062
http://dx.doi.org/10.1002/cmdc.201600374
http://www.ncbi.nlm.nih.gov/pubmed/27775236
http://dx.doi.org/10.1016/j.nucmedbio.2011.02.014
http://www.ncbi.nlm.nih.gov/pubmed/21982571
http://dx.doi.org/10.2967/jnumed.115.165118
http://www.ncbi.nlm.nih.gov/pubmed/27445290
http://dx.doi.org/10.2967/jnumed.114.150680
http://www.ncbi.nlm.nih.gov/pubmed/25814519
http://dx.doi.org/10.1021/mp5000746
http://www.ncbi.nlm.nih.gov/pubmed/24669840
http://dx.doi.org/10.1007/s00259-011-2014-7
http://www.ncbi.nlm.nih.gov/pubmed/22388627
http://dx.doi.org/10.3762/bjoc.11.90
http://www.ncbi.nlm.nih.gov/pubmed/26124882
http://dx.doi.org/10.1002/adfm.201302411
http://www.ncbi.nlm.nih.gov/pubmed/25810710
http://www.ncbi.nlm.nih.gov/pubmed/12732685
http://dx.doi.org/10.1021/bc8001375
http://www.ncbi.nlm.nih.gov/pubmed/18712899
http://dx.doi.org/10.1021/bc0601673
http://www.ncbi.nlm.nih.gov/pubmed/17226960


Molecules 2017, 22, 1282 19 of 21

78. Jia, Y.; Shi, W.; Zhou, Z.; Wagh, N.K.; Fan, W.; Brusnahan, S.K.; Garrison, J.C. Evaluation of DOTA-chelated
neurotensin analogs with spacer-enhanced biological performance for neurotensin-receptor-1-positive tumor
targeting. Nucl. Med. Biol. 2015, 42, 816–823. [CrossRef] [PubMed]

79. Altenbrunn, H.J. Radionuclide therapy of malignant tumors. Z. Gesamte Inn. Med. 1978, 33, 475–484.
[PubMed]

80. Abiraj, K.; Mansi, R.; Tamma, M.L.; Forrer, F.; Cescato, R.; Reubi, J.C.; Akyel, K.G.; Maecke, H.R.
Tetraamine-derived bifunctional chelators for technetium-99m labelling: Synthesis, bioconjugation and
evaluation as targeted SPECT imaging probes for GRP-receptor-positive tumours. Chemistry 2010, 16,
2115–2124. [CrossRef] [PubMed]

81. Nock, B.A.; Nikolopoulou, A.; Reubi, J.C.; Maes, V.; Conrath, P.; Tourwe, D.; Maina, T. Toward stable
N4-modified neurotensins for NTS1-receptor-targeted tumor imaging with 99mTc. J. Med. Chem. 2006, 49,
4767–4776. [CrossRef] [PubMed]

82. Garcia, M.F.; Zhang, X.; Shah, M.; Newton-Northup, J.; Cabral, P.; Cerecetto, H.; Quinn, T.
(99m)Tc-bioorthogonal click chemistry reagent for in vivo pretargeted imaging. Bioorgan. Med. Chem.
2016, 24, 1209–1215. [CrossRef] [PubMed]

83. Marostica, L.L.; de Barros, A.L.; Silva, J.O.; Lopes, S.C.; Salgado, B.S.; Chondrogiannis, S.;
Rubello, D.; Cassali, G.D.; Schenkel, E.P.; Cardoso, V.N.; et al. Feasibility study with 99mTc-HYNIC-
betaAla-Bombesin(7–14) as an agent to early visualization of lung tumour cells in nude mice.
Nucl. Med. Commun. 2016, 37, 372–376. [CrossRef] [PubMed]

84. Fani, M.; Maecke, H.R. Radiopharmaceutical development of radiolabelled peptides. Eur. J. Nucl. Med. Mol.
Imaging 2012, 39, S11–S30. [CrossRef] [PubMed]

85. Agostini, S.; Bolzati, C.; Didone, E.; Cavazza-Ceccato, M.; Refosco, F.; Aloj, L.; Arra, C.; Aurilio, M.;
Tornesello, A.L.; Tesauro, D.; et al. The [Tc(N)(PNP)]2+ metal fragment labeled cholecystokinin-8 (CCK8)
peptide for CCK-2 receptors imaging: In vitro and in vivo studies. J. Pept. Sci. 2007, 13, 211–219. [CrossRef]
[PubMed]

86. Salvarese, N.; Dolmella, A.; Refosco, F.; Bolzati, C. Reactivity of the [M(PS)2](+) building block (M = Re(III)
and (99m)Tc(III); PS = phosphinothiolate) toward isopropylxanthate and pyridine-2-thiolate. Inorg. Chem.
2015, 54, 1634–1644. [CrossRef] [PubMed]

87. Salvarese, N.; Morellato, N.; Rosato, A.; Melendez-Alafort, L.; Refosco, F.; Bolzati, C. Novel [99mTcIII(PS)2(Ln)]
mixed-ligand compounds (PS = phosphino-thiolate; L = dithiocarbamate) useful in design and development
of TcIII-based agents: Synthesis, in vitro, and ex vivo biodistribution studies. J. Med. Chem. 2014, 57,
8960–8970. [CrossRef] [PubMed]

88. Boschi, A.; Bolzati, C.; Benini, E.; Malago, E.; Uccelli, L.; Duatti, A.; Piffanelli, A.; Refosco, F.; Tisato, F.
A novel approach to the high-specific-activity labeling of small peptides with the technetium-99m fragment
[99mTc(N)(PXP)]2+ (PXP = diphosphine ligand). Bioconjug. Chem. 2001, 12, 1035–1042. [CrossRef] [PubMed]

89. Nick, H.; Acklin, P.; Lattmann, R.; Buehlmayer, P.; Hauffe, S.; Schupp, J.; Alberti, D. Development of tridentate
iron chelators: From desferrithiocin to ICL670. Curr. Med. Chem. 2003, 10, 1065–1076. [CrossRef] [PubMed]

90. Boschi, A.; Cazzola, E.; Uccelli, L.; Pasquali, M.; Ferretti, V.; Bertolasi, V.; Duatti, A. Rhenium(V) and
technetium(V) nitrido complexes with mixed tridentate pi-donor and monodentate pi-acceptor ligands.
Inorg. Chem. 2012, 51, 3130–3137. [CrossRef] [PubMed]

91. Boschi, A.; Uccelli, L.; Pasquali, M.; Pasqualini, R.; Guerrini, R.; Duatti, A. Mixed tridentate pi -donor
and monodentate pi -acceptor ligands as chelating systems for rhenium-188 and technetium-99m nitrido
radiopharmaceuticals. Curr. Radiopharm. 2013, 6, 137–145. [CrossRef] [PubMed]

92. Cazzola, E.; Benini, E.; Pasquali, M.; Mirtschink, P.; Walther, M.; Pietzsch, H.J.; Uccelli, L.; Boschi, A.;
Bolzati, C.; Duatti, A. Labeling of fatty acid ligands with the strong electrophilic metal fragment
[99mTc(N)(PXP)]2+ (PNP = diphosphane ligand). Bioconjug. Chem. 2008, 19, 450–460. [CrossRef] [PubMed]

93. Wang, Y.; Liu, X.; Hnatowich, D.J. An improved synthesis of NHS-MAG3 for conjugation and radiolabeling
of biomolecules with (99m)Tc at room temperature. Nat. Protoc. 2007, 2, 972–978. [CrossRef] [PubMed]

94. Yadav, N.; Chuttani, K.; Mishra, A.K.; Singh, B. Synthesis, characterization, and preclinical evaluation of
(99m)Tc-Labeled macrobicyclic and tricyclic chelators as single photon emission computed tomography
tracer. Chem. Biol. Drug Des. 2016, 87, 730–736. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.nucmedbio.2015.07.010
http://www.ncbi.nlm.nih.gov/pubmed/26302836
http://www.ncbi.nlm.nih.gov/pubmed/581247
http://dx.doi.org/10.1002/chem.200902011
http://www.ncbi.nlm.nih.gov/pubmed/20066690
http://dx.doi.org/10.1021/jm060415g
http://www.ncbi.nlm.nih.gov/pubmed/16854083
http://dx.doi.org/10.1016/j.bmc.2016.01.046
http://www.ncbi.nlm.nih.gov/pubmed/26875936
http://dx.doi.org/10.1097/MNM.0000000000000449
http://www.ncbi.nlm.nih.gov/pubmed/26629771
http://dx.doi.org/10.1007/s00259-011-2001-z
http://www.ncbi.nlm.nih.gov/pubmed/22388624
http://dx.doi.org/10.1002/psc.834
http://www.ncbi.nlm.nih.gov/pubmed/17269133
http://dx.doi.org/10.1021/ic502632h
http://www.ncbi.nlm.nih.gov/pubmed/25588027
http://dx.doi.org/10.1021/jm501088w
http://www.ncbi.nlm.nih.gov/pubmed/25333249
http://dx.doi.org/10.1021/bc0155162
http://www.ncbi.nlm.nih.gov/pubmed/11716697
http://dx.doi.org/10.2174/0929867033457610
http://www.ncbi.nlm.nih.gov/pubmed/12678677
http://dx.doi.org/10.1021/ic202605z
http://www.ncbi.nlm.nih.gov/pubmed/22324784
http://dx.doi.org/10.2174/18744710113069990022
http://www.ncbi.nlm.nih.gov/pubmed/24106999
http://dx.doi.org/10.1021/bc7002378
http://www.ncbi.nlm.nih.gov/pubmed/18205326
http://dx.doi.org/10.1038/nprot.2007.144
http://www.ncbi.nlm.nih.gov/pubmed/17446896
http://dx.doi.org/10.1111/cbdd.12707
http://www.ncbi.nlm.nih.gov/pubmed/26684343


Molecules 2017, 22, 1282 20 of 21

95. Zhao, H.; Gao, H.; Zhai, L.; Liu, X.; Jia, B.; Shi, J.; Wang, F. (99m)Tc-HisoDGR as a potential SPECT probe
for orthotopic glioma detection via targeting of integrin alpha5beta1. Bioconjug. Chem. 2016, 27, 1259–1266.
[CrossRef] [PubMed]

96. Milenic, D.E.; Garmestani, K.; Chappell, L.L.; Dadachova, E.; Yordanov, A.; Ma, D.; Schlom, J.; Brechbiel, M.W.
In vivo comparison of macrocyclic and acyclic ligands for radiolabeling of monoclonal antibodies with 177Lu
for radioimmunotherapeutic applications. Nucl. Med. Biol. 2002, 29, 431–442. [CrossRef]

97. Arslantas, E.; Smith-Jones, P.M.; Ritter, G.; Schmidt, R.R. TAME-Hex A—A novel bifunctional chelating
agent for radioimmunoimaging. Eur. J. Org. Chem. 2004, 19, 3979–3984. [CrossRef]

98. Accardo, A.; Salsano, G.; Morisco, A.; Aurilio, M.; Parisi, A.; Maione, F.; Cicala, C.; Tesauro, D.; Aloj, L.;
De, R.G.; et al. Peptide-modified liposomes for selective targeting of bombesin receptors overexpressed by
cancer cells: A potential theranostic agent. Int. J. Nanomed. 2012, 7, 2007–2017.

99. Van der Geest, T.; Laverman, P.; Gerrits, D.; Franssen, G.M.; Metselaar, J.M.; Storm, G.; Boerman, O.C.
Comparison of three remote radiolabelling methods for long-circulating liposomes. J. Controlled Release 2015,
220, 239–244. [CrossRef] [PubMed]

100. Wu, N.; Kang, C.S.; Sin, I.; Ren, S.; Liu, D.; Ruthengael, V.C.; Lewis, M.R.; Chong, H.S. Promising bifunctional
chelators for copper 64-PET imaging: Practical (64)Cu radiolabeling and high in vitro and in vivo complex
stability. J. Biol. Inorg. Chem. 2016, 21, 177–184. [CrossRef] [PubMed]

101. Meckel, M.; Fellner, M.; Thieme, N.; Bergmann, R.; Kubicek, V.; Rosch, F. In vivo comparison of DOTA based
68Ga-labelled bisphosphonates for bone imaging in non-tumour models. Nucl. Med. Biol. 2013, 40, 823–830.
[CrossRef] [PubMed]

102. Eisenwiener, K.P.; Prata, M.I.; Buschmann, I.; Zhang, H.W.; Santos, A.C.; Wenger, S.; Reubi, J.C.; Macke, H.R.
NODAGATOC, a new chelator-coupled somatostatin analogue labeled with [67/68Ga] and [111In] for
SPECT, PET, and targeted therapeutic applications of somatostatin receptor (hsst2) expressing tumors.
Bioconjug. Chem. 2002, 13, 530–541. [CrossRef] [PubMed]

103. Pfister, J.; Summer, D.; Rangger, C.; Petrik, M.; von, G.E.; Minazzi, P.; Giovenzana, G.B.; Aloj, L.;
Decristoforo, C. Influence of a novel, versatile bifunctional chelator on theranostic properties of a minigastrin
analogue. EJNMMI Res. 2015, 5, 74. [CrossRef] [PubMed]

104. Wu, Z.; Zha, Z.; Choi, S.R.; Plossl, K.; Zhu, L.; Kung, H.F. New (68)Ga-PhenA bisphosphonates as potential
bone imaging agents. Nucl. Med. Biol. 2016, 43, 360–371. [CrossRef] [PubMed]

105. Seemann, J.; Waldron, B.P.; Roesch, F.; Parker, D. Approaching ‘Kit-Type’ labelling with (68)Ga: The DATA
chelators. ChemMedChem 2015, 10, 1019–1026. [CrossRef] [PubMed]

106. Seemann, J.; Waldron, B.; Parker, D.; Roesch, F. DATATOC: A novel conjugate for kit-type 68Ga labelling of
TOC at ambient temperature. EJNMMI Radiopharm. Chem. 2016, 1, 1–12. [CrossRef]

107. Parker, D.; Waldron, B.P. Conformational analysis and synthetic approaches to polydentate
perhydro-diazepine ligands for the complexation of gallium(III). Org. Biomol. Chem. 2013, 11, 2827–2838.
[CrossRef] [PubMed]

108. Kumar, S.R.; Gallazzi, F.A.; Ferdani, R.; Anderson, C.J.; Quinn, T.P.; Deutscher, S.L. In vitro and in vivo
evaluation of (6)(4)Cu-radiolabeled KCCYSL peptides for targeting epidermal growth factor receptor-2 in
breast carcinomas. Cancer Biother. Radiopharm. 2010, 25, 693–703. [CrossRef] [PubMed]

109. Dale, A.V.; An, G.I.; Pandya, D.N.; Ha, Y.S.; Bhatt, N.; Soni, N.; Lee, H.; Ahn, H.; Sarkar, S.; Lee, W.; et al.
Synthesis and evaluation of new generation cross-bridged bifunctional chelator for (64)Cu radiotracers.
Inorg. Chem. 2015, 54, 8177–8186. [CrossRef] [PubMed]

110. Moreno, S.; Ortega, P.; de la Mata, F.J.; Ottaviani, M.F.; Cangiotti, M.; Fattori, A.; Munoz-Fernandez, M.A.;
Gomez, R. Bifunctional chelating agents based on ionic carbosilane dendrons with DO3A at the focal point
and their complexation behavior with copper(II). Inorg. Chem. 2015, 54, 8943–8956. [CrossRef] [PubMed]

111. Notni, J.; Simecek, J.; Hermann, P.; Wester, H.J. TRAP, a powerful and versatile framework for gallium-68
radiopharmaceuticals. Chemistry 2011, 17, 14718–14722. [CrossRef] [PubMed]

112. Notni, J.; Pohle, K.; Wester, H.J. Be spoilt for choice with radiolabelled RGD peptides: Preclinical evaluation
of (6)(8)Ga-TRAP(RGD)(3). Nucl. Med. Biol. 2013, 40, 33–41. [CrossRef] [PubMed]

113. Ma, M.T.; Cullinane, C.; Imberti, C.; Baguna, T.J.; Terry, S.Y.; Roselt, P.; Hicks, R.J.; Blower, P.J.
New Tris(hydroxypyridinone) bifunctional chelators containing isothiocyanate groups provide a versatile
platform for rapid One-Step Labeling and PET Imaging with (68)Ga(3.). Bioconjug. Chem. 2016, 27, 309–318.
[CrossRef] [PubMed]

http://dx.doi.org/10.1021/acs.bioconjchem.6b00098
http://www.ncbi.nlm.nih.gov/pubmed/27098436
http://dx.doi.org/10.1016/S0969-8051(02)00294-9
http://dx.doi.org/10.1002/ejoc.200400224
http://dx.doi.org/10.1016/j.jconrel.2015.10.043
http://www.ncbi.nlm.nih.gov/pubmed/26514291
http://dx.doi.org/10.1007/s00775-015-1318-7
http://www.ncbi.nlm.nih.gov/pubmed/26666778
http://dx.doi.org/10.1016/j.nucmedbio.2013.04.012
http://www.ncbi.nlm.nih.gov/pubmed/23915801
http://dx.doi.org/10.1021/bc010074f
http://www.ncbi.nlm.nih.gov/pubmed/12009943
http://dx.doi.org/10.1186/s13550-015-0154-7
http://www.ncbi.nlm.nih.gov/pubmed/26669693
http://dx.doi.org/10.1016/j.nucmedbio.2016.03.002
http://www.ncbi.nlm.nih.gov/pubmed/27260777
http://dx.doi.org/10.1002/cmdc.201500092
http://www.ncbi.nlm.nih.gov/pubmed/25899500
http://dx.doi.org/10.1186/s41181-016-0007-3
http://dx.doi.org/10.1039/c3ob40287h
http://www.ncbi.nlm.nih.gov/pubmed/23493986
http://dx.doi.org/10.1089/cbr.2010.0820
http://www.ncbi.nlm.nih.gov/pubmed/21204764
http://dx.doi.org/10.1021/acs.inorgchem.5b01386
http://www.ncbi.nlm.nih.gov/pubmed/26286436
http://dx.doi.org/10.1021/acs.inorgchem.5b01047
http://www.ncbi.nlm.nih.gov/pubmed/26360407
http://dx.doi.org/10.1002/chem.201103503
http://www.ncbi.nlm.nih.gov/pubmed/22147338
http://dx.doi.org/10.1016/j.nucmedbio.2012.08.006
http://www.ncbi.nlm.nih.gov/pubmed/22995902
http://dx.doi.org/10.1021/acs.bioconjchem.5b00335
http://www.ncbi.nlm.nih.gov/pubmed/26286399


Molecules 2017, 22, 1282 21 of 21

114. Richter, S.; Wuest, F. 18F-Labeled peptides: The future is bright. Molecules 2014, 19, 20536–20556. [CrossRef]
[PubMed]

115. Thumshirn, G.; Hersel, U.; Goodman, S.L.; Kessler, H. Multimeric cyclic RGD peptides as potential tools
for tumor targeting: Solid-phase peptide synthesis and chemoselective oxime ligation. Chemistry 2003, 9,
2717–2725. [CrossRef] [PubMed]

116. Bhojani, M.S.; Ranga, R.; Luker, G.D.; Rehemtulla, A.; Ross, B.D.; Van Dort, M.E. Synthesis and investigation
of a radioiodinated F3 peptide analog as a SPECT tumor imaging radioligand. PLoS ONE 2011, 6, e22418.
[CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/molecules191220536
http://www.ncbi.nlm.nih.gov/pubmed/25493636
http://dx.doi.org/10.1002/chem.200204304
http://www.ncbi.nlm.nih.gov/pubmed/12772286
http://dx.doi.org/10.1371/journal.pone.0022418
http://www.ncbi.nlm.nih.gov/pubmed/21811604
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Chemical Modifications of Synthetic Peptides 
	Peptide Cyclization and Insertion of Non-Natural Amino Acids 
	PEGylation and Glycosylation of Synthetic Peptides 

	Spacers, Chelators and Radionuclides 
	Spacers 
	Radionuclides 
	Technetium Chelators 
	Yttrium, Indium, Gallium, Lutetium, and Copper Chelators 
	Fluorine and Iodine Prosthetic Groups 


	Conclusions 

