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Peptoids (N-substituted glycine oligomers) are a relatively new class of peptidomimetics, being highly versatile and
capable of mimicking the architectures and the activities of the peptides but with a marked resistance to proteases
and a propensity to cross the cellular membranes over the peptides themselves. For these properties, they have

gained an ever greater interest in applications in bioengineering and biomedical fields.
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| 1. Introduction

The early and accurate diagnosis of deadly and disabling diseases such as cancers and neurological syndromes is
constantly a challenge for the research community. The identification of early biomarkers and the development of
related molecular probes are crucial to classify those patients who could best benefit from a specified therapeutic
regimen, dose, or duration of the drug prolonging their survival and quality of life. Recently, different methodologies
for the identification of specific, smart, and selective probes have been proposed. The design of peptide-based
systems has been one of the most successful approaches for the discovery of new probes. Thanks to the
advantages of using short synthetic peptides over recombinant proteins and small molecules [, such as high
selectivity, specificity, non-immunogenicity, low cost of production, and high degree of chemical diversity, all
features tightly correlated to peptide architectures. Unfortunately, their acceptance in diagnostics has very often
been hindered by the low resistance to proteolytic degradation. Peptidomimetics are a worthy alternative to
peptides for circumventing such complications, and some of them have entered clinical trials as drugs &,
Peptoids (N-substituted glycine oligomers) represent one of the most promising classes of peptidomimetics, with a

backbone like a polyglycine, featured with the side-chains covalently linked to the amide nitrogen on the peptoid.

Zuckermann and coworkers in 1992 [, published the invention of the sub-monomer solid-phase synthesis method
for peptoids preparation (Figure 1). This strategy has greatly increased the chemical diversity, the synthetic

efficiency and yield, reducing time and costs.
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Figure 1. Schematic representation of the synthetic strategy used to obtain a peptoid. In particular, a primary
amine on the resin is acylated via an activated haloacetic acid, such as bromoacetic acid, with N,N-

diisopropylcarbodiimide (DIC). Then, the bromine is displaced via a primary amine during a SN2 reaction.

The shift of the side chain on the amide nitrogen improves the enzyme resistance (Figure 2) and their chemical

and thermal stability. The enhanced stability of peptoids is reasoned to prevent premature drug activity caused via
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Figure 2. Graphic representation of enzymatic proteases cleavage on peptide and peptoid sequences.

In the last decade, many research studies have demonstrated different applications of peptoids in biomedicine and

material science 2. Some of them act as molecular modulators, e.g., ligands for GPCRs 8 and protease inhibitors
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1, novel bio-inspired nanomaterials [, potent antiviral 19 and anti-cancer agents 111, and notably, antimicrobials
[12]13]14]115](16]

Nowadays, pathology diagnosis relies mainly on targeted molecular imaging techniques, such as nuclear medicine
modalities PET and SPECT, which use radioligands and provide detailed metabolic and functional information and
accurate data, thus revealing disease progression. PET and SPECT imaging are mainly employed in oncology and
neurology, and are characterized by a good sensitivity, spatial resolution, and unlimited penetration depth, leading
to their wide use for preclinical and clinical studies. The use of specific contrast agents, such as peptides and
peptoids for an array of disease-related receptors or surrogate biomarkers, has contributed to improving the
targeting efficiency of the detection by eliminating misinterpretation of false-positive outcomes. Nevertheless, PET
and SPECT imaging applications are entirely dependent on the availability of radiotracers whose development is
the result of different steps. These steps include selection of suitable biological targets, design and identification of
promising targeting molecules, optimization of the radiolabeling strategies, in vitro and in vivo preclinical

assessment of candidate radiotracers 171,

The success of an accurate and reliable diagnosis is correlated with the identification of biomarkers associated with
a given pathology. The detection of well-researched and widely accepted biomarkers using tailored probes is
fundamental for effective imaging targeted approaches, reducing the frequency of false positive diagnoses and

bringing down overall healthcare costs.

To illustrate the advances made in cancer-targeted imaging, the peptoid oligomers and peptide/peptoid hybrids
known to date are shown below (Figure 3). These oligomers are useful for the targeted imaging of different
biomarkers, such as VEGFR2 and NTS1/NTS2.
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Figure 3. Graphic representation of the application of peptoids and peptide/peptoid hybrids in cancer diagnosis by
using PET and MRI as imaging techniques. * is the contrast agent in MRI and the imaging agent in PET (created

with Biorender.Com).
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| 2. VEGFR2 Biomarker

Several angiogenesis-related biomarkers have been discovered and used as imaging targets so far. Vascular
endothelial growth factors receptor 2 (VEGFR2) plays a fundamental role in promoting tumor angiogenesis and
tumor growth. Recently, a VEGFR2 binding peptoid sequence GU40C (9 mer) was selected via a large library
screening 28 but the molecule shows a low binding affinity for the target limiting its development as receptor-
based imaging reagent. The same peptoid synthesized as dimer (GU40C4) was developed and proven to have a
high affinity against the VEGFR2 activation and an effect in inhibiting angiogenesis and tumor growth in vivo 181, In
2010, De Leodn-Rodrigues et al. 19 created targeted agents for MRl made up of GU40C4 and a poly(DOTA-lysine)
dendron (Gdg dendron) with a lysine linker (Table 1). A Cys residue was added to the C-terminus of the peptoid to
maintain the conjugation site away from the central pharmacophore and allow a site-specific coupling with DOTA
through the maleimide-thiol coupling chemistry. DOTA was chosen as Gd3* chelating agent because it forms
complexes with a high level of thermodynamic and kinetic stability, eliminating issues with the metal release,
especially for in vivo use. Two conjugates with different linkers between GU40C4 and Gdg-dendron were
investigated, and the best of them (conjugate 2 reported in De Ledn-Rodriguez et al. 12, Table 1) was selected for
the binding affinity to the receptor and the molecular rl relaxivity value. Considering the interesting MR imaging
results obtained on porcine aortic endothelial cells expressing VEGFR2, the MRI properties of the compound were
also evaluated in vivo by using MDA-MB-231 tumor xenografts known to express VEGFR2 29, Tumor uptake in
mice treated with the peptoid-Gdg dendron was maximally enhanced at ~4 h post-injection, while the image
intensity after injection of a scrambled peptoid Gdg-dendron conjugate reverted to baseline levels by 4 h. The
kidneys intensity indicated the compound does not accumulate in these organs until much later in the study, but it
is localized elsewhere during the early time points. At 48-72 h after injection, the kidney signal intensity in mice
treated with the specific and the scrambled peptoid was restored to pre-treatment levels. All the results showed that

this platform can give a promising T1 probe for MRI imaging of VEGFR2.

In 2011, Hao et al. [2 evaluated the potential of the dimeric peptoid GU40C4 labeled with positron emitter $4Cu to
be used for tumor visualization in a prostate cancer mouse model highly expressing VEGFR2, exploiting the
relatively small size of the molecule, the high in vivo stability and binding affinity to the receptor. The tumor uptake
level of %4Cu-DOTA-GU40C4 was relatively low when compared to other reported VEGFR2-targeted imaging
agents. This is likely due to different tumor models expressing dissimilar levels of VEGFR2 and non-specific tumor
uptake effects which can occur. Nevertheless, the steady tumor uptake retention and effective clearance from non-
target organs within the 20 h period of 84Cu-labeled homodimer allowed for superior tumor imaging contrast. This
can be attributed to the peptoid cell permeability, provided by its positive charge 22 and the rapid in vivo kinetics
which are correlated with its low molecular weight. Unfortunately, as the most reported PET probes for VEGFR2
imaging, GU40C4 binds to both VEGFR1 and VEGFR2 with a similar affinity 23! and thus, the discovery of novel

peptoids with higher binding selectivity is required for this purpose.

| 3. NTS1/NTS2 Biomarker
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The neurotensin receptor 1 (NTSR1) is an attractive target for the development of diagnostic and therapeutic drugs
since its role in the onset and progression of many tumors such as breast, prostate, and colorectal 24! is well
documented [23],

The neurotensin peptide (NT) shows a short half-life in blood and is not suitable for direct radiolabeling and
application (28127 Accordingly, most advancements in neurotensin receptor imaging have been addressed at

enhancing NT serum stability and NTSR1 specificity 28],

Maschauer et al. 29 reported a successful strategy to produce '8F-glycopeptoid derivatives of NT as PET imaging
agents, combining the 18F-labeling with the glycosylation required for the improvement of the biokinetic and in vivo
clearance properties. In detail, they synthesized some glycopeptide/peptoid hybrid analogs of NT 8-13, which is
the highest active C-terminal hexapeptide of the endogenous NT, by using the CuACC click chemistry for the
introduction of the glycosyl moiety at the N-terminus of the peptide. According to previous studies on the effects of
the ligand conformation and peptide backbone modifications on affinity changes for several NT 8-13 analogs B9,
metabolic stabilization was predicted to be achieved by the replacement of the N-terminal Arg-Arg by the peptoid-
like residue N-(4-aminobutyl) Gly-Lys (NLys-Lys). The stabilized derivative [8F]FGIc-NT4 (Table 1) showed
specific binding in HT29 cells expressing a high level of NTSR. Rat brain slices used for in vitro autoradiography
further evidenced the [*8F]FGIc-NT4 selective binding to NTSR-rich regions, which were fully blocked in the
presence of NT. The biokinetics behavior of [*8F]JFGIc-NT4 in HT29 xenografted nude mice was also evaluated
assessing metabolic stability in vivo and an appropriate signal-to-noise ratio for PET imaging at the earliest time
points after injection. Although the results obtained are promising, further studies will focus on improving kidney

clearance by changing the glycosyl moiety of the 18F-glycopeptoids to promote their use as tracers.

The same authors also investigated the properties of the peptide/peptoid hybrid NT4, radiolabeled with %8Ga for the
visualization of NTSR1-expressing tumors by PET 21l since one of the major obstacles to using 18F is the high-cost
production of the radionuclide by the cyclotron; the short-lived ®8Ga is provided by the %8Ge/%8Ga generator, which
allows frequent and easy access to the isotope. Because elongation of the N-terminus of NT 8-13 is usually well-
tolerated with respect to NTSR recognition, the DOTA chelator was inserted at the N-terminal ending. NT receptor
binding studies using hNTS1-expressing CHO cells indicated that the Ga-DOTA, conjugate [*®Ga]3 (Table 1)
showed a lower affinity in comparison with NT 8-13 and the mimetic [18F]FGlc-NT4. Nevertheless, the lower affinity
was balanced by the ability of the molecule to internalize into tumor cells via NTSR1, a key factor for in vivo tumor
visualization. Biodistribution studies in HT29 xenografted nude mice revealed metabolic stability in vivo, fast blood
clearance, high uptake in kidneys, and low uptake in the liver. Most importantly, the uptake of ®8Ga-3 in the HT29
tumor was comparable to the 18F-labeled glycopeptide/peptoid hybrid, and the kidney uptake and clearance was
improved respect to [18F]FGIc-NT4. The in vivo specificity and affinity of NTSR1-mediated uptake of [®8Ga]3 was

demonstrated in animals co-injected with [®3Ga]3 and NT4.

A few publications have shown a correlation between tumor progression and expression of the NTSR2 subtype 32
indicating this receptor is also an interesting biomarker for personalized (precision) medicine of cancer. In 2015,

Maschauer et al. (23 focused on the synthesis and in vivo evaluation of 18F4 (Table 1). This is a peptide/peptoid
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hybrid derived from NT 8-13 that was identified by the selection of a series of hybrids 241351361 The molecule was
significantly labeled with 18F isotope applying the strategy previously reported for [18F]JFGIc-NT4 22, |n vitro studies
revealed the proteolytic stability of the derivative, and the binding affinity studies evidenced the outstanding
subtype selectivity over NTSR1. In vitro autoradiography analyses of rat brain slices confirmed the ability of the
molecule to discriminate between NTSR1 and NTSR2, differently distributed in the brain. Biodistribution studies
using PC3 and HT29 xenografted nude mice showed successful retention of the tracer in the tumor, high
accumulation in the kidneys, and moderate to low uptake in all other organs. Nevertheless, stability studies in vivo
indicated a fast degradation of the compound in mouse blood in contrast to the high proteolytic resistance

observed in vitro and further optimization of the compound is required.

Table 1. Radiolabeled peptoid and peptide/peptoid hybrid sequences for cancer-targeted imaging.

Name Sequence Ref.
Gdg-dendron- . [19]
GU40C * -Ahx-bAla-Lys(GU40C *)-Cys[linker-(Gdg-dendron) **]-NH,
Gu40c4
64Cu-DOTA- GUA40C *-Ahx-bAla-Lys(GU40C *)-Cys(®*Cu-maleimide-monoamide-DOTA 21]
Gu40C4 derivative)-NH,
[*8F]FGIlc-NT4 Pra *** (218FGIc)-NLys-Lys-Pro-Tyr-Tle-Leu-OH [29]
[68Ga]3 68Ga-DOTA-NLys-Lys-Pro-Tyr-Tle-Leu-OH (21]
184 Pra *** (618FGlc)-NMeArg-Arg-Pro-NhomoTyr-lle-Leu-OH (23]

* GU40C = NLys-NLeu-NLys-Nmba-Npip-NLys-NLeu-NLys-NLys. ** (Gd8-dendron) = poly(GdDOTA)lysine
&ﬁgﬁﬁ@r@(%§d *** Pra: propargyl Glycine to allow 18F-fluoroglycosylation via CUAAC click chemistry.
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