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Combinatorial chemistry allows for the rapid synthesis of large compound libraries for high throughput
screenings in biology, medicinal chemistry, or materials science. Especially compounds from a highly
modular design are interesting for the proper investigation of structure-to-activity relationships.
Permutations of building blocks result in many similar but unique compounds. The influence of certain
structural features on the entire structure can then be monitored and serve as a starting point for the
rational design of potent molecules for various applications. Peptoids, a highly diverse class of
bioinspired oligomers, suit perfectly for combinatorial chemistry. Their straightforward synthesis on a
solid support using repetitive reaction steps ensures easy handling and high throughput. Applying this
modular approach, peptoids are readily accessible, and their interchangeable side-chains allow for
various structures. Thus, peptoids can easily be tuned in their solubility, their spatial structure, and,
consequently, their applicability in various fields of research. Since their discovery, peptoids have been
applied as antimicrobial agents, artificial membranes, molecular transporters, and much more. Studying
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their three-dimensional structure, various foldamers with fascinating, unique properties were discovered.
This non-comprehensive review will state the most interesting discoveries made over the past years and
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Introduction

When it comes to highly specific materials, nature provides a
manifold of unique templates for all sorts of demands. By
combining a rather low diversity of building blocks, macro-
molecules with clearly defined tasks and functions are built.
Researchers worldwide use this natural modular approach to
build up artificial structures with biological and materials
science applicability.

One strategy deals with molecules that mimic the poly-
morphic compound class of peptides - fascinating polymers
that interfere with all areas of life.

A versatile platform for bio-instructive materials: peptoids

Peptoids are peptidomimetic oligomers that are composed of
various N-substituted glycine monomers. Since their discovery
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arouse curiosity about what may come.

in 1992, these unique molecules have found application in all
fields of research. Due to its fascinating properties, this versa-
tile compound class is comprehensively outlined in several
excellent reviews.'™®

Peptoids are structurally strongly related to peptides. They
can mimic peptides on their specific side chains. However,
compared to related peptides, the side chain is moved from the
a-carbon to the o-nitrogen atom. This formal shift is accom-
panied by the loss of the ability to form backbone hydrogen
bonds and increased conformational flexibility.” " Conforma-
tional constraints can be reintroduced by side-chain and
sequence design."” Thus, peptoids occur in a multifaceted
folding landscape exceeding the structural frame of natural
peptides.’®*® These three-dimensional structures span
helices,”°® nanosheets,?*° and macrocycles®?°3* with ver-
satile functions.

Sequence-defined peptoids can be built analogous to pep-
tides via solid-phase peptide synthesis (Scheme 1A).** The
method requires N-protected peptoid monomers that need to
be synthesized before their solid-phase assembly. When it
comes to large peptoid libraries, a major disadvantage of this
approach is that the monomer preparation’s synthetic effort
limits both the scale and diversity of every library. Zuckermann
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Scheme 1 Solid-phase peptoid synthesis according to Merrifield®® (A) or
Zuckermann®* (B) exempilarily shown for the assembly of peptoid oligomer
5 on a Rink amide resin (1a). [a]: Fmoc-protected peptoid monomer, N,N’-
diisopropylcarbodiimide (DIC), dimethylformamide (DMF); [b] piperidine,
DMF; [c]: trifluoracetic acid, methylene chloride; [d]: bromoacetic acid,
DIC, DMF; [e]: amine, DMF.

and co-workers overcame this issue when exploring the direct
assembly of peptoid monomers on the solid phase.** Nowa-
days, the so-called submonomer method’s approach is the
method of choice to synthesize peptoids.

The submonomer approach follows a two-step procedure
that includes acetylation with a haloacetic acid, most com-
monly bromoacetic acid, and a subsequent substitution step
with various amine building blocks (Scheme 1B).

For the incorporation of sensitive side-chains, chloroacetic
acid has proven to be beneficial.”*® Initially, the haloacetic acid
is immobilized on a solid support, mostly a polystyrene resin.
Different linker systems that connect the growing peptoid
chain to the solid support are applied depending on the desired
functionality after cleavage. The linkers are inert towards the
reaction steps performed during synthesis and enable both
the attachment of the first building block and the cleavage of
the entire molecule under mild conditions.*

After immobilization of the haloacetic acid, the halide is sub-
stituted by an amine with the desired side-chain giving rise to an
inconceivably large number of different structural features. The
side-chains that have been incorporated into peptoids are as mani-
fold as the resulting peptoids themselves.*>*"~*>

The submonomer method allows for a straightforward and
cost-effective assembly of peptoid oligomers. The single cou-
pling steps proceed in less than one hour at ambient condi-
tions. Microwave-assisted techniques can even accelerate the
entire process.”*™*’ Moreover, the submonomer method is
suitable for automatization. Zuckermann developed the
machine synthesis of peptoid oligomers on a common peptide
synthesizer. He reported the automated coupling of more than
50 monomeric building blocks in excellent overall yields.”

Although the submonomer method is well-established, the
stepwise assembly has appeared difficult for longer sequences.
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Scheme 2 Ring-opening  polymerization  of  N-substituted  N-
carboxyanhydrides 7 for the synthesis of polypeptoids 5.

Thus, polymerization strategies such as the nucleophilic ring-
opening polymerization (ROP) of N-substituted N-carboxy-
anhydrides (NNCAs, 7) have been explored (Scheme 2).*%*°
Nucleophiles like primary amines initiate the polymeriza-
tion by a nucleophilic attack on the NNCA, causing ring-
opening and subsequent release of CO,. The newly formed
amine then propagates the polymerization. Linear, brushed,
and cyclic polymers with high molecular weight and low poly-
dispersity have been built.”*>* However, the method’s applic-
ability is limited as bulky N-substituents hinder the reaction. In
addition, both storage and polymerization of NNCAs require
dry and inert conditions what makes the method unhandy.>*"°
Yet, the high potential of the ROP led to major developments
of the synthetic strategy. Less reactive N-substituted N-
thiocarboxyanhydrides have been applied to overcome the
moisture and water sensitivity of NNCAs.””*® Different initia-
tors such as rare earth metals,>® N-heterocyclic carbenes**° or,
most recently, LIHMDS,*" allowed not only the synthesis of
linear peptoid polymers but also of large cyclic structures.
Another approach, the Ugi four-component reaction (Ugi-
4CR), provides manifold opportunities to introduce a broad
structural diversity into peptoid polymers (Scheme 3).6*%3
The one-pot multicomponent reaction requires an amine
(8), a carbonyl (9), an isocyanide (10), and a carboxylate (8) that
react under mild conditions either to sequence-defined®"° or,
e.g., via step-growth polymerization, to sequence-undefined
polypeptoids.®® ®® Three variable positions and a high tolerance
toward various functional moieties make the Ugi method
versatile for synthesizing peptoid materials.

Combinatorial libraries as the starting point for the discovery
of specific materials

Combinatorial libraries are collections of multiple combina-
tions of chemically related molecules. The concept was first
applied to peptides,*®*® and oligonucleotides,>® whose modu-
lar structure allows synthesizing large libraries using a defined
amount of building blocks and identical synthetic steps. Since
then, various methods have been applied to diverse substance
classes.®®”* For some years, combinatorial chemistry is also
exploited to synthesize peptoids for various approaches.
Herein, we will focus on peptoid libraries that yielded

1 1
HZN’R\H/OH * O R+ RP—NC —— {N/RH{
o
: LY

HN

“R3

8 9 10 11{n+1}

Scheme 3 General scheme of the Ugi reaction to synthesize polypep-
toids 11 with diverse side-chains and variable backbone architectures.
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promising compounds with application in both materials
science and biomedical research.

One-bead one-compound (OBOC) libraries

One-bead one-compound (OBOC) libraries were firstly
described by Lam.”* He discovered that multiple copies of a
distinct peptide are present on one bead after incubation with a
certain amino acid. Using a split-and-pool synthetic approach,
numerous beads carrying one compound each are synthesized
(Fig. 1).

The approach has shown to be suitable for peptoid synth-
eses up to several million compounds.*®”>77”

We applied the split-and-pool approach on the IRORI tech-
nology to perform a large-scale synthesis of certain
peptoids.”>”® The reaction cycles were carried out in commer-
cially available nano- up to macro-reactors equipped with glass
coated radiofrequency tags allowing for the easy follow up of
each building block coupling. Eventually, the synthesis results
in higher yields of several milligrams compared to the OBOC
strategy.

While the IRORI technology targets the large-scale synthesis
of combinatorial libraries, most OBOC libraries contain an
infinitesimal amount of a certain compound. Moreover, they
span an incredibly high number of different molecules render-
ing it impossible to monitor every peptoid during the whole
synthetic approach. Usually, the assembled oligomers are
screened for their specific value while being attached to the
resin.””®® The outstanding outcomes of studies, including
OBOC libraries, will be outlined throughout this review.

To generate versatile libraries in the positional scanning
format, one peptoid monomer of a certain sequence is
exchanged simultaneously. An iso-reactive mixture of different
amines is added to the growing chain in one position of a
defined sequence. Thus, peptoids consisting of equal building
blocks riddled with one variable monomer are built. The
method allows for the rapid identification of side-chains with
decisive effects on the peptoid function (Fig. 2).5"%

SPOT arrays

Besides polystyrene beads, cellulose membranes have been
employed for the assembly of peptoid arrays.** These hydro-
philic membranes allowed for synthesizing peptoid libraries by
pipetting single droplets of non-volatile reagent solutions to
defined spots on the solid support.***? Initially, this so-called
SPOT-synthesis was discovered by Ronald Frank.***> He con-
sidered the droplets as micro-reactors that create the
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Fig. 1 Generation of an OBOC library via split-and-pool synthesis exem-
plarily shown for a trimer library consisting of two different building blocks.
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Fig. 2 Design of a library of peptoid octamers in the positional scanning
format.

environment for solid-phase synthesis. Thereby, the size of
the droplets is determined by the physical properties of both
the membrane and the solvent and the dispensed volume.

We applied the SPOT technique for the assembly of a
combinatorial peptoid library.** Using microwave irradiation
and optimized reaction conditions, 96 dipeptoids were success-
fully synthesized on a cellulose membrane. Heine et al. even
reported the assembly of an array containing 8000 different
oligomers.®® However, the SPOT synthesis proved not as effi-
cient as the immobilization of peptoids on microarrays.

Peptoid microarrays

High content combinatorial syntheses generate large com-
pound libraries that need to be screened for their functionality.
To single out promising hits, microtiter plates are commonly
applied. Eventually, high throughput screenings have been
developed by automated read-out methods in microtiter plates
and miniaturized microarrays.®®*°*® On the latter, compounds
libraries are immobilized on a chemically modified glass surface
either by post-synthetic attachment or in situ assemblies.®*

The straightforward approach for the synthesis of peptoids
renders them ideal candidates for microarray preparations.
Li et al. developed a photolithographic procedure that allowed
for the targeted incorporation of certain amines.”* Thus, they
performed the acetylation step with a light-sensitive glycolic
acid which released a hydroxyl moiety after UV irradiation.
Activated with tosyl chloride, the hydroxyl group was substi-
tuted by the desired amine (Scheme 4).

We employed a laser-assisted process to produce high-
density peptoid microarrays using laser-induced forward trans-
fer technology (LIFT).°® Applying this technology, donor slides
were coated with nanometer-thin layers of either diisopropyl-
carbodiimide (DIC) as a coupling reagent, bromoacetic acid, or
the corresponding amine. The alternate stacking of the donor
slide on top of an acceptor slide enabled the spots transfer of
the reagents by short laser pulses. Peptoid assembly occurred
after heating the educts to 90 °C (Scheme 5). An additional
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Scheme 4 Photolithographic approach for the assembly of peptoid
microarrays.
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Scheme 5 Laser-assisted stacking of nanolayers to assemble peptoid
microarrays.

spotting of a matrix-assisted laser desorption ionization
(MALDI) matrix using the same method allowed for the rapid
identification of the synthesized peptoids.

Identification of hit compounds

Many combinatorial approaches for peptoid synthesis, such as
the OBOC strategy, need elaborate analytical technologies to
identify single hit compound sequences.””*® Edman degrada-
tion has been employed for this purpose.”*%%'°° However, the
duration and costs of this method afforded the development of
different sequencing techniques.

Thakkar et al. outlined that a partial Edman degradation
followed by MALDI mass spectrometry of the resulting frag-
ments instead of single building blocks allowed for a quick and
inexpensive alternative to this method.'”" Other approaches
used tandem mass spectrometry (MS) to determine the
sequence of hit compounds.’®*'°® The incorporation of differ-
ent scaffolds enabling a ring-opening after screening even
allowed for the sequencing of cyclic peptoids using tandem
MS-1047106

Besides these direct techniques to identify single peptoids,
tags have been employed to circumvent difficult sequencing
methods. Pirrung et al. developed an aryl fluoride tag that
supported identifying distinct peptoids via '°F NMR spectro-
scopy. As the chemical shift of aryl fluorides is highly depen-
dent on the substitution pattern of the aromatic system, the
tags could be easily detected.'®” Shin et al. reported synthesiz-
ing a DNA-encoded OBOC-library composed of more than
11 million cyclic peptoids whose hit compounds were identified
via polymerase chain reaction (PCR) amplification of the
assigned nucleic acids.'® Kang et al. published an encoding
method based on dual-modal identifiers with a graphical

pattern and a Raman signal.'*’

Combinatorial libraries for the discovery of peptoid foldamers

Peptoids are characterized by a rapid amide bond cis-trans
isomerization and high conformational flexibility.”"""%"°
Thus, versatile foldamers such as helices,**>>'** loops,"""
nanosheets,?*?° ribbon-like structures,'** w-strands'*® or
nanotubes®>'* have been discovered. Foldamers are oligomers
that strongly tend to self-assemble into defined secondary
structures."'®> Combinatorial libraries have emerged as power-
ful tools that helped understand the influence of certain
structural features on this self-assembly.
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Fig. 3 Pentamer 5{5}a that showed to self-assemble in a right-handed
helix.**®

For example, Armand et al. compared the circular dichroism
(CD) and nuclear magnetic resonance (NMR) spectra of a
peptoid library partially consisting of chiral building blocks.
They picked one particular pentamer for a comprehensive
structure determination (Fig. 3).

Peptoid 5{5}a formed stable cis-amide bonds and self-
assembled them in a right-handed helix with a periodicity of
three residues per turn. As the structural data were consistent
with other library members, Armand et al. assumed that
oligopeptoids with o-chiral side-chains might adopt identical
spatial structures."'® Based on this initial study, the influence
of the amount, type, and the position of a-chiral side-chains on
the helicity of the entire molecule was examined using various
peptoid libraries.>>'"”"*?! Later studies carried out by different
working groups added further side-chains to the growing list of
cis-bond inducers (Table 1),'4619,23,42,122,123

Burkoth et al. applied this knowledge to a combinatorial
split-and-pool peptoid library of 3456 amphiphilic 15-mers that
consisted of 15 different building blocks. Each sequence var-
iant was placed in a microtiter plate where aqueous conditions
allowed for the assembly of the peptoid strands. 1-
Anilinonaphthalene-8-sulfonate, a dye that exhibits a weak
fluorescence in an aqueous solution but strong fluorescence
when bound to a hydrophobic entity, allows monitoring helical
bundles. Tandem MS sequencing, resynthesis of promising
hits, and subsequent analyses revealed peptoid sequences
capable of forming stable helical bundles (Fig. 4).>"

Solid and solution phase studies of a peptoid library
containing aniline derivatives as side-chains showed a strong
trans-amide preference for these building blocks.'? Later on,
stabilized ¢rans-amide bonds were found in N-alkoxy and
N-hydroxy peptoids as well.">>"%¢

The manifold spatial structures adopted by peptoid oligomers
are comprehensively outlined in several excellent reviews.>*%>¢
Based on various sequence-structure analyses, nowadays, both the
rational design and the computer-aided structure prediction of
peptoid foldamers is possible,">"**127131

Combinatorial peptoid libraries in materials science

Peptoids show a broad range of tunable physicochemical
properties. Due to their modular assembly and sequence spe-
cificity, they find application in new materials design and
materials science.®*3*'** The class of peptoid materials

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cc04237h

Open Access Article. Published on 21 September 2021. Downloaded on 10/25/2025 11:57:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

ChemComm

Table 1 Examples of cis-bond inducing side-chains
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Peptoids as a scaffold for potent catalysts

Since peptides often mimic the partial function of proteins or
receptor ligands, they have been of interest for pharmacological
applications for decades. In addition, many proteins are
enzymes that display a variety of catalytic functions. As enzymes
have chemo- and stereoselective catalytic activity, they are
highly attractive entities for many types of materials. Because
peptides themselves are rather unstable in common and bio-
logical environments, researchers focus on synthesizing pepti-
domimetics with better pharmacological and biophysical
properties due to proteolytical digestions. Common peptido-
mimetics are classified into different classes such as molecules
with peptide characters like modified peptides, D- and beta-
peptides, peptoids, foldamers, and small molecule mimetics
like structural and mechanistic mimetics."**

As peptoids belong to the class of peptidomimetics, they can
mimic biological entities’ catalytic properties. Therefore, bioin-
spired peptoid materials can function as organo-catalysts or
artificial enzymes with designed artificial properties. Due to
their side-chain variety, peptoids can be constructed to repre-
sent a defined spatial structure around the catalytic center. In
addition, their chemical inertness towards a high number of
catalytic reactions makes them a potent scaffold for efficient
catalysts. The Maayan working group took advantage of the
modular structure of peptoids to synthesize versatile organo-
catalysts on the solid phase. The combination of in silico and
in vitro methods led to the discovery of efficient electrocatalysts
for homogeneous water oxidation,"*>"*¢ highly enantioselective
catalysts,”*”"*® and even resin-bound, recyclable peptoid cata-
lysts for oxidation reactions of benzyl alcohol.* Izzo et al.
synthesized small libraries of peptoid macrocycles via solid-
phase submonomer synthesis and subsequent head-to-tail
cyclization. Investigation of the catalytic properties of these
macrocycles revealed enantioselective phase-transfer catalysts
for the synthesis of a-amino acids."*****

De la Torre et al. used the Ugi-4CR to build up prolyl
peptide-peptoid hybrid catalysts 12 (Scheme 6)."*>

A combinatorial library of 13 different peptoids was then
tested about their catalytic activity in an asymmetric Michael
addition of aldehydes to nitroolefins. The combinatorial
approach allowed for the identification of structural features
crucial for both excellent stereocontrol and catalytic efficiency
(Scheme 7).'**

The Wessjohann working group applied the Ugi-4CR to
synthesize various peptoid-based dimers, which had an alkyne
moiety introduced by the amine component in common. In a
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Scheme 6 Ugi four-component reaction (Ugi-4CR) for the combinatorial
synthesis of prolyl peptide—peptoid hybrid catalysts of general structure
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Scheme 7 Examples of structurally similar peptide—peptoid hybrids with
different enantioselectivities in asymmetric Michael additions.*#?

combinatorial approach, they put three alkyne peptoids in the
same reaction vessel to simultaneously perform a copper-
catalyzed homocoupling (Glaser reaction). By doing so, a small
library of 1,3-diyne-linked peptoids 16 was formed
(Scheme 8A).'** Besides this proof of principle, they applied
combinatorial Ugi-4CRs to build selenocysteine containing
peptoids 17'** as well as cryptands, cages, and cryptophanes
with potential applicability in catalysis (Scheme 8B and C)."*?

Peptoids as selective metal chelators

Peptoid-mediated metal chelation can enable catalytic trans-
formations, enhance metal-based luminescence, or isolate cer-
tain metal ions from heterogeneous mixtures. The Francis
group used combinatorial chemistry to identify selective metal
chelators that extract certain metal species like chromium(vi),
uranyl-ions, or mercury(u) from water."***®* A combinatorial
split-and-pool synthesis using five amines capable for Cr**
coordination and two amines adding nonbonding interactions

A
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Scheme 8 Examples of combinatorial peptoid libraries synthesized via
Ugi-4CRs to build 1,3-diyne-linked peptoids 16 (A)*** selenocysteine
containing peptoids 17 (B),** and cryptands such as structure 18 (C).1*°
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was performed on polyethylene glycol (PEG)-grafted polystyrene
beads (Fig. 5).

Thus, 2401 different peptoid tetramers were built on a solid
support and incubated with a solution containing CrO;. After
filtration and washing, diphenylcarbazide was added to moni-
tor Cr** binding sequences. Thereby, the imaging of the beads
carrying chelating peptoids was based on the oxidation of the
carbazide by Cr*", causing an unambiguously detectable color
change. Colored beads were separated, the tetramers were
released from the resin and sequenced using MALDI-TOF
MS/MS spectrometry (Scheme 9).

Subsequent assays to verify the hit sequences revealed Cr**
ligands with strong structural similarities: the tetramers with
the highest affinity consisted of a nonchelating residue at the
N-terminus followed by a cysteamine side-chain (Table 2).
Interestingly, no peptoid with the thiol moiety at one of the
two termini was identified as a hit sequence.™*®

The same combinatorial peptoid library was evaluated for its
binding affinity towards uranyl species. With the help of an
arsenazo III dye, three structurally related peptoid ligands that
significantly differed from the Cr'* chelating tetramers were
identified (Table 2). However, the binding affinity was rather
low, implying further research using alternative side-chains.™*’

A selective binder for mercury(u) was identified with the help
of a 7203-membered OBOC library consisting of the four
peptoid monomers shown in Fig. 5, a small spacer, and the
amino acid proline as a turn-inducing unit (Table 2). The beads
were exposed to Cr*', Pb*>", Cd**, and Hg>" to determine
particular hit sequences. The most promising peptoid was
attached to pyrene as a fluorophore with a substantial decrease
in fluorescence upon mercury binding. Thus, a potent peptoid-
based mercury sensor was developed.'*®

The Francis group applied their method to human blood as
well. To find selective cadmium chelators, the 7203-membered
peptoid library mentioned above was incubated with a cell
culture medium containing Cd**, Fe**, Mn**, and Zn*>" ions,
presenting the typical ingredients of human serum. Cadmium
chelating peptoids were identified with the help of cadion, a

LE T Y

Fig. 5 Side-chains of peptoid monomers used by the Francis working
group to find selective metal chelators.246-148
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Scheme 9 General approach of the Francis working group to identify

efficient metal chelators via combinatorial split-and-pool OBOC peptoid
synthesis 1467149
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Table 2 Examples of metal chelating peptoids identified with the help of

combinatorial libraries

Metal Peptoid ligands
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Mercury() o ¥ 148
LW\L e~
yu
O:
NH,
SH
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N OH
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HN N
HN/T NH,
OH
!
‘ SN
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Ruthenium(n) HN HWNJ’\N/\[(N\)LN/YNHQ 151
oo
Cobalt(i) 152
OH
Zinc(u) 153
Nickel(u) 154
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Table 2 (continued)

Metal Peptoid ligands
? ]?
(e} (e}
Europium(m) HNW”\ANWN\)\NHZ 155

dye that turns pink upon cadmium complexation. The most
efficient binders were thoroughly characterized and examined
in the presence of human serum. Thus, the working group
pointed out selective cadmium(u) chelators with unprecedented
performance even in a highly complex environment (Table 2)."*°

A set of peptoid trimers with two copper(u) chelating units,
as well as non-coordinating peptoid monomer, was designed by
Mayaan et al. By varying the nature and position of the non-
coordinating unit, they found selective binders for Cu®** that
were even able to remove the ions from the natural copper-
binding protein metallothionein.">® The working group also
applied their peptoid design to build potent ruthenium(u),"**
cobalt(i),** and zinc(un)"** chelators (Table 2).

The Kirshenbaum working group identified peptoid-based
nickel(n) chelators with the help of bench-top X-ray fluores-
cence (XRF, Table 2). For XRF, highly energetic X-rays eject an
electron from a 1s or 2s orbital. The resulting vacancy is filled
by electron transitions that emit photons with characteristic
emission lines. The method quantifies the elemental composi-
tion of a certain sample and thus the complexation behavior of
potent ligands. The working group established the methodol-
ogy as a fast screening method for combinatorial resin-bound
peptoid libraries.">*

Ricano et al. analyzed a split-and-pool library of peptoid tetra-
mers regarding their ability to bind lanthanide ions. They found the
peptoid scaffold to be a readily accessible, versatile platform for the
future development of efficient lanthanide ligands."

Besides chelation of single metals, OBOC libraries were
employed to identify peptoid ligands of multimetallic clusters
such as the [C0,0,] cubane cluster. Inspired by the crystal
structure of photosystem II, Nguyen et al. synthesized a split-
and-pool library out of five different building blocks creating
125 resin-bound peptoid heptamers. The [Co,0,] clusters were
added to the beads and hit sequences were directly recognized
by the dark green color of the bound [C0,0,]. High-affinity
sequences were identified after exposure to increasing concen-
trations of acetic acid. Sequencing with tandem MS techniques
revealed heptapeptoid 19, resynthesized and analyzed via NMR
spectroscopy (Fig. 6). Thus, the study substantially contributed
to the understanding of metallopeptoid dynamics.">®

Sing et al. attempted to bridge metal chelation and biologi-
cal activity with the help of OBOC libraries. As a proof of
principle, they designed a large library consisting of the potent
metal chelator 1,4,7,10-tetraazacyclododecan-1,4,7,10-tetraacetic

Chem. Commun., 2021, 57, 1131-11152 | 11137
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Fig. 6 Hexapeptoid 19 capable to bind the [Co404] cubane cluster
(blue).**®
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Fig. 7 General structure of the OBOC library designed by Sing et al.”®

DOTA (blue) is immobilized on the resin and attached to three copies of
the same peptoid separated by a variable amino-ethyloxy-acetyl spacer
(orange).

acid (DOTA) and three corresponding peptoid oligomers (Fig. 7).”°
Using the split-and-pool technique, they were able to perform the
submonomer method directly on the modified DOTA scaffold. With
the assembly of peptoid hexamers using eleven different building
blocks, a theoretical diversity of 153 600 compounds was achieved.
Their design will allow for a multivalent target binding together with
the possibility to monitor each molecule via versatile imaging
techniques such as magnetic resonance imaging (MRI) or positron
emission tomography (PET).”®

In an interplay with DOTA, peptoids can function as targeting
and imaging unit at the same time. As reported by Udugamasooriya
and colleagues, other approaches used combinatorial synthesis to
generate sensitive chemical exchange saturation transfer (CEST)
agents. Thus, DOTA was immobilized on a TentaGel resin. The
three remaining appendages were used for dipeptoid synthesis with
eight chemically diverse amines resulting in an 80-membered
library. After europium(m) complexation and transfer of the beads
into a microtiter plate, CEST imaging was performed to identify
novel structural features to increase CEST contrast. As a result, they
found non-bulky negatively charged side-chains such as carbox-
yethyl or carboxybutyl close to the europium(m) metal center to
enhance the CEST signal strongly."””**®

Peptoid-derived bioinspired materials

Peptoids and their foldamers serve as a scaffold for diverse
bioinspired materials."***>*** The applications of these

M38 | Chem. Commun., 2021, 57, 11131-11152
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peptoid-based materials span molecular recognition and
sensing,"*>"*%* membranes,>>'**'** antifouling coatings,'®>™"*

the assembly and arrangement of nanoparticles'”®*”> and

chromatography.””*"”® Some of these unique materials emerged
with the help of combinatorial approaches.

In a combinatorial Ugi-4CR step-growth polymerization,
Stiernet et al. assembled peptoid-based polymers. They intro-
duced diversity with the help of various amino acid derivatives,
isocyanides, and aldehydes to influence the thermal properties
and the pH responsiveness of the respective polymers. The
systematic permutation of one building block allowed for
investigating a structure-to-function relationship from the pep-
toid backbone or the respective side-chains. As a result, they
found different glass transition and degradation temperatures
of polymers in the same mass range (Table 3).%®

Thermoresponsive materials have gained attention in bio-
medical research, e.g., for drug delivery applications.'*"®"
Many research groups use the highly tunable peptoid scaffold
to adjust the phase transition behavior of polymers and to add
further stimuli-responsive properties to design smart
materials.'®>18

The broad structural diversity of peptoids does not restrict
their polymers to one type of application but allows for their
use as versatile, sophisticated material. As an example,
Statz et al. were the first to report the antifouling properties
of polypeptoid 21 (Fig. 8)."¢>

The group mimicked the known antifouling polymer
poly(ethylene glycol) with the methoxyethyl side-chains. Since
this initial study, many peptoid coatings that resist protein or
cell attachment have been designed.'®®*6%184189 A critical
grafting density, conformational flexibility, and high hydration
have been considered crucial for antifouling polypeptoids.

Besides functioning as diverse materials, peptoid oligomers
have proved capable of modifying the crystal growth of various
molecules.””'*!  Controlling crystallization is especially

Table 3 Thermal properties of a combinatorial Ugi-4CR step-growth
polymerization peptoid library.®® Ty = dglass transition temperature;
T4 = degradation temperature

Structure Ty [°C] Tq [°C]
ﬂ\NH
04\ o 169 259
S
P
o o 162 262
X
< "NH
‘o 98 251
g
>‘\NH
o//l\H‘ 0 99 344
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Fig. 8 Polypeptoid 21 with methoxyethyl side-chains (green) mimics the
antifouling polymer poly(ethylene glycol).*

essential for the design of inorganic materials. Peptoids’ good
thermal and chemical stability was exploited to create well-
defined inorganic crystals.

As an example, Li et al. investigated the influence of chemi-
cally diverse peptoids on zeolite L crystallization. Zeolites are
microporous aluminosilicates that are commonly used as
adsorbents or catalysts. Surprisingly low concentrations of
peptoids (<1 wt%) enabled the crystal growth. However, chain
length and the type of the N-terminal hydrophilic residue
affected the morphology of zeolite L: while a peptoid composed
of six methoxyethyl and an N-terminal hydroxyethyl side-chain
initiated the growth of purely crystalline zeolite L, the exchange
of the hydroxyethyl by an aminoethyl residue or the reduction
of the six methoxyethyl side-chains to only one led to more
amorphous products. Moreover, distinct side-chain functional-
ities selectively altered the length-to-wide aspect ratio of cylind-
rical zeolite L crystals: an incorporation of several hydrophobic
benzyl side-chains led to shorter zeolite L cylinders while an
increase of methoxyethyl residues extended their lengths
(Fig. 9)."

Chen et al. comprehensively studied peptoids’ structural
motifs crucial to promoting calcite growth and thus CO, fixa-
tion. After they fed a solution of aqueous CaCl, and the peptoid
of interest with CO, and NH, vapor, the working group found
compounds consisting of aminobutyl, carboxyethyl, and sub-
stituted phenylethyl side-chains that modified both the mor-
phology and the growth rate of calcite."?*"%*

Besides metal complexes, peptoids can modify the growth of
ice crystals. With the help of a peptoid oligomer library contain-
ing a different amount of methyl and hydroxyethyl side-chains,
Huang et al investigated structural features responsible for
antifreeze activity. The monodispersity of the OBOC library
allowed them to identify the dual-action peptoid 5{3}a that
did inhibit not only ice growth but also reduced the melting
temperature (Fig. 10)."*> Recently, Huang et al. confirmed the

o}
I

OH
(o}

[0}
NH.
N N NH, HN N 2
A S
OMe]
6 6

5{7}b

I

5{7}a

Fig. 9
(gray).

Influence of peptoid side-chains on cylindrical zeolite L crystals
192
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Fig. 10 Peptoid 5{3}a reduces the melting temperature and inhibits the
growth of ice.®

antifreeze properties of certain peptoid oligomers with methyl,
ethyl, hydroxyethyl, and aminoethyl side-chains. They found a
peptoid similar to peptoid 5{3}a, but equipped with six instead
of three hydroxyethyl residues, the most potent antifreeze
agent."®

Zuckermann et al. built selective antibody mimetics based
on functionalized peptoid nanosheets.*®'?” Several recognition
domains were incorporated into these stable foldamers using
combinatorial chemistry. The domains, more precisely confor-
mationally constrained loop regions, were designed to exhibit
certain sequences of hydrophilic and hydrophobic building
blocks. Seven diverse hydrophilic and 13 hydrophobic amines
were varied in these sequences, resulting in a combinatorial
library of 254 hexameric patterns. The hexamers were extended
on both sides with nine alternating aminoethyl and phenylethyl
side-chains at the N-terminus and nine alternating carboxyethyl
and phenylethyl side-chains at the C-terminus. The balanced
mix of hydrophobic and hydrophilic monomers allowed for the
formation of peptoid nanosheets that displayed chemically
diverse loop regions on the polar surface (Fig. 11). Using the
Foerster resonance energy transfer (FRET) technique,
sequences binding the anthrax protective antigen, a heptameric
protein subunit of anthrax toxin were identified. Thus, the
Zuckermann group developed a robust, bioinspired antibody
mimetic with a huge binding surface that enables tunable,
multivalent interactions.>®

However, the power of nanosheets is not limited to anti-
bodies. Hu et al. verified the remarkable sensing properties of
peptoid nanosheets. Displaying peptoid loops capable of bind-
ing amyloid B on the surface, the nanosheet helped identify
sera derived from patients with Alzheimer’s disease. The dense
distribution of the highly affine peptoid loops allowed for the
specific binding of amyloid B despite the multicomponent
character of human sera. As the current diagnosis of Alzhei-
mer’s disease is based on symptoms that are usually evident
years after the pathological process, the peptoid nanosheet
holds great promise toward an early-stage diagnosis."**"'*°

In addition to peptoid nanosheets, single-walled carbon
nanotubes (SWNTs) have been shown to scaffold protein recog-
nition. SWNTs fluoresce in the near-infrared region through
exciton recombination. They serve as sensitive optical

Fig. 11 Nanosheets presenting different combinatorial loop structures on
their polar surfaces.?®
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Fig. 12 Peptoid polymer 5{42} is one exemplary structure that adsorbs to
SWNTs 290

5{42}

nanosensors with polymers immobilized on their surface as
binding processes modulate the exciton recombination rate or
bandgap. Chio et al. screened a peptoid library for its ability to
adsorb to SWNTs and to stabilize the overall structure. Inter-
estingly, polymers consisting of 14 or 18 dipeptoids with
carboxypropyl and phenyl ethyl side-chains adsorbed to SWNTs
while a derivative consisting of only nine carboxyethyl-
phenylethyl repeats did not.

Moreover, a positive charge introduced by an aminoethyl
residue hindered adsorption, whereas a negatively charged
carboxyethyl side-chain seemed crucial. With the most potent
polymer 5{42}b in its hands, the group was able to selectively
detect a lectin that remained active towards its target sugars
even when bound to the peptoid-SWNT nanosensor (Fig. 12).>%

Besides artificial antibodies, the capability of peptoids to
function as transfection reagents was studied. For the sake of
understanding the structure-to-function relationship of gene
delivery properties, a library of peptoid oligomers varying in
their length, overall shape, hydrophobicity, and periodicity was
synthesized. As the automated synthesis of the single peptoids
allowed for high purities, their capability to form peptoid-DNA
complexes, withstand proteolytic degradation, and transfect
different cell lines in vitro was examined without further
time-consuming purification. The investigation of the struc-
ture—function relationship revealed that the motif cationic-
aromatic-aromatic promotes efficient gene delivery (Fig. 13).
However, while the 36-mer 5{36} consisting of a repeating motif
of an aminoethyl side-chain followed by two phenylethyl
residues showed optimal activity, derivatives in which
the phenylethyl side-chains were replaced indolylethyl or 4-
hydroxyphenylethyl failed in the transfection assay. Interest-
ingly, even the shortening of phenylethyl to benzyl side-chains
resulted in a lower transfection activity.**

The achievements of combinatorial peptoid libraries in biology
and medicine

Although peptoids are an emerging class of oligomers for
diverse applications in materials science, most research in
peptoid chemistry focuses on biological questions. Especially
in pharmaceutical applications, peptoids serve as a versatile
compound class for designing new therapeutics and diagnosis
tools. Nowadays, potent derivatives for cellular transport, pro-
tein binding, and therapeutics with anti-cancer and antimicro-
bial activity and even activity against multi-drug resistant

bacteria are discovered.?129202,203

1140 | Chem. Commun., 2021, 57, 11131-11152

View Article Online

ChemComm

OH
NH, N /NH
H o O]
N N NHz
o 12

5(36}

Fig. 13 A polypeptoid capable of serving as transfection reagent.
Substitution of the phenylethyl side-chains (green) by indolylethyl,
4-hydroxyphenylethyl or benzyl residues led to a loss of function.2%!

Many hit compounds were found from screenings of large
combinatorial libraries. Libraries made by diversity-oriented
synthesis (DOS) and biology-oriented synthesis (BIOS) provided
structures that would have never been examined by only
rational design of single compounds. DOS differs considerably
from that used in traditional combinatorial syntheses. To get
high synthetic efficiency of structurally diverse molecules, the
DOS approach starts with simple materials with a greater
variety of core scaffolds, converted into a collection of structu-
rally diverse small molecules in no more than five steps.>’* 2%
Therefore, DOS libraries reflect a greater chemical space cover-
age as they are usually smaller in size and structurally more
complex due to their richer stereochemical variation.>*® BIOS-
derived libraries in peptoid research usually reflect the varia-
tion of well-defined peptide structures, well known for activity
in biological systems to enhance, ie., binding efficiency or
pharmacological ADMET (absorption, distribution, metabo-
lism, excretion, and toxicity) parameters.

The studies are so numerous that the subsequent section
will only provide an overview of the possible application fields
of combinatorial peptoid chemistry in biological research.

Peptoid libraries for the reliable detection of human diseases

With the help of combinatorial peptoid libraries, diagnostic
tools have been developed that allow for the reliable detection
of rare or hardly diagnosed pathologies. Previously, Kodadek
and colleagues developed peptoids to detect unknown biomar-
kers that are characteristic of certain diseases.””’ > They
hypothesized that serum-derived immunoglobulin G (IgG) anti-
bodies from patients would bind to at least one synthetic
molecule when exposed to a very large combinatorial library
of peptidomimetics. As certain antibodies are more abundant
in patients than in the healthy population, the binding should
be detectable due to increased signal strengths. They synthe-
sized a split-and-pool 8-mer peptoid library containing seven
different side-chains immobilized on microarrays to prove their
idea. They exposed their library to sera of mice that developed a
syndrome resembling multiple sclerosis. Bound IgG antibodies
visualized with fluorescent secondary antibodies
(Fig. 14A), and hit sequences were analyzed using tandem mass
spectrometry. In a subsequent blinded study, all identified hit
sequences distinguished between sera of pathological and wild-
type mice.>"’”

were

This journal is © The Royal Society of Chemistry 2021
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Fig. 14 A: Identification of immunoglobulin G (IgG) binding peptoids with
the help of labeled antibodies. B: Surface plasmon resonance imaging for
the detection of biomarkers.

Eventually, these microarrays were used with sera of human
patients with Alzheimer’s disease (AD). Two peptoids were
discovered that could distinguish between sera from AD
patients and healthy individuals as well as sera from lupus
patients (Table 4).>°

Furthermore, OBOC libraries containing 100000 com-
pounds (8-mer peptoids, ten different side-chains in five vari-
able positions) were synthesized on TentaGel beads to be used

Table 4 Examples of peptoids that bind biomarkers for certain diseases

View Article Online
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directly in the following screening step and thus increasing the
total amount of peptoids tested in one screen. The immobilized
peptoids were screened to bind IgG antibodies against the
water channel protein aquaporin 4, known biomarkers for
neuromyelitis optica (NMO), a rare autoimmune disease. A
secondary screen of promising hit compounds allowed for the
exclusion of false-positive hits derived from non-specific resin
interactions and, thus, the identification of peptoids that could
distinguish between NMO, controls, and other diseases
(Table 4).>%°

The extraordinary potential of combinatorial peptoid
libraries to serve as diagnostic tools was underlined with the
identification of sequences that could selectively detect anti-
bodies characteristic of diseases such as systemic lupus
erythematosus,?' the acquired immunodeficiency syndrome
(AIDS),>'" the autism spectrum disorder*'* and Parkinson’s
disease (Table 4).>'**"*

But researchers have also developed novel methods varying
from staining with secondary antibodies to visualize promising
hit compounds. Gao et al performed surface plasmon
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Fig. 15 Peptoid 22 found with the help of surface plasmon resonance
imaging of peptoid microarrays serves as a blood-based detection tool for
the early-stage diagnosis of Parkinson’s disease.?'®

resonance imaging (SPRi, Fig. 14B) to identify o-synuclein, a
protein that causes neurotoxicity related to Parkinson’s disease
(PD). A peptoid library of peptidomimetics was synthesized that
consisted of a defined C-terminal trimer and a randomized
tetramer at the N-terminus flanking the overall sequence. A
thiol side-chain allowed for the immobilization of the peptoids
on a gold chip. The microarray was flushed with a-synuclein,
and the reflected light changes caused by binding processes
were monitored. Kinetic analysis using different concentrations
of a-synuclein allowed for the identification of the sequence
with the highest affinity. The selected peptoid 22 was able to
distinguish between healthy individuals and PD patients. Based
on these results, a blood-based detection tool for the early-stage
diagnosis of PD was discovered and established (Fig. 15).'®

Udugamasooriya et al. used combinatorial peptoid libraries
to search for whole cells as biomarkers.?**">'® They were able to
identify peptoid ligands for antigen-specific autoimmune
T cells, which are known for their role in mediating autoim-
mune diseases such as multiple sclerosis. An OBOC peptoid
library was screened against cells with and without the target
receptor. These cells were labeled with red and green quantum
dots and afterward screened against different peptoids, each
bound to hydrophilic beads. Beads bound to the cells of
interest but not to those without the specific receptor were
collected, and the peptoids’ sequence was identified by Edman
degradation. Using this method, the group was able to detect
antigen-specific autoimmune T cells even without knowing the
antigen they are directed to.*'®

The method could distinguish between non-small cell lung
cancer (NSCLC) stem cells and non-stem cancer cells of the
identical tumor line. It was reported that a surface-exposed
plectin, a protein usually located inside cells, serves as a
potential biomarker for NSCLC.>*®

Combinatorial hit compounds address distinct components of
protein complexes and ribonucleic acids

A reliable regulation of physiological pathways is a key step in
the treatment of certain diseases. Peptoids have proved to
interact with various, structurally diverse cell components.®>°>
Already in the first stages of peptoid chemistry, Zuckermann
et al. have shown their remarkable potential as high-affinity
receptor ligands. Using a combinatorial library of about 5000
peptoid dimers and trimers, they found ligands for two recep-
tors of the G protein-coupled receptor family.>'® While most
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regulators were rationally designed based on natural peptide
ligands,*®°>*® some researchers have applied combinatorial
peptoid libraries to identify receptor agonists and antagonists
capable of modulating cellular signaling pathways using
microarray-assisted high-throughput screening methods.?*¢"**°

Kodadek et al. synthesized an OBOC library to identify
regulators of the orexin receptor 1, a potential target for
treating insomnia, diabetes, and drug addiction. They exposed
their library to differentially labeled cells with or without the
receptor of interest to identify hit compounds. The cell-bound
beads were then incubated with specific antibodies and iron
oxide particles. A powerful magnet allowed for the extraction
and subsequent analysis of promising compounds.**® Later,
they used a smaller peptoid microarray library to identify
moderate up-regulators of orexin signaling. Refinement of the
peptoid structures revealed the first small molecule 23 capable
of positive allosteric potentiation of the orexin receptor
(Fig. 16).*”

Fu et al., who examined an OBOC library with a theoretical
diversity of 106 for agonists of fibroblast growth factor recep-
tors (FGFRs), also applied high-throughput screenings on
microarrays. FGFRs are involved in several physiological pro-
cesses such as the nervous system and embryonic development,
angiogenesis, or wound healing. After a fluorescence-based
screen and MS/MS sequencing of the hit compounds, potent
FGFR agonists with significant impact on the FGFR signaling
pathway in different cell lines were discovered (Fig. 17).>>°

While the detection of peptoids binding to cell surface
receptors is straightforward, peptoids with intracellular targets
must also comprise the capability to cross cellular membranes.
Wender and colleagues already detected the first peptoids with
cell-penetrating capabilities based on the oligoarginines known
from cell-penetrating peptides.”** Kodadek et al used the
peptidomimetic approach on OBOCs to identify a peptoid that
could translocate into the nucleus and interact with a mamma-
lian coactivator of gene expression.”*’ With another large

0]
MeO. N/\n/N\)LNHz

23

Fig. 16 Peptoid 23 is the first small molecule that up-regulates orexin
signalling.2?”

@ QO
N N/Y \)LN/Y \)L[ “IjN\)kNH;
AN

24
NH,

Fig. 17 Peptoid 24 is one hit sequence of a combinatorial library designed
for the search of agonists of FGFRs.22°
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OBOC library, they identified a nucleoside-capped peptoid that
inhibited the proteasome activity in living cells by interaction
with proteasomal ATPases.>*”

Vendrell-Navarro et al. applied a different library format,
namely a positional scanning library, to search for apoptosis-
inducing peptoids. Thus, they synthesized 11638 individual
peptoid trimers divided into 68 families characterized by one
common amine in a certain position. Initial screens of these
68 mixtures allowed for the isolation of the most promising
families. Screening of their sublibraries followed by chemical
and biological characterization revealed the type and position
of amines crucial for a pro-apoptotic activity. Thus, the working
group was able to isolate two peptoid trimers 5{3}b and 5{3}c
that induced apoptosis with a different mechanism of action
(Fig. 18). While 5{3}b induced apoptosis through the mitochon-
drial pathway, the group could reduce viability in HeLa cells
treated with 5{3}c through the induction of mitotic arrest.>*®

In the last decade, the interaction of peptoids with various
biological macromolecules has been investigated. Besides the
interaction with protein targets, interactions with other classes
of macromolecules such as the ribonucleic acids with a high
biological impact gain increasing interest. Hamy et al. searched
for specific binders of RNA transcripts of the human immuno-
deficiency virus (HIV). They explicitly looked for a peptoid
capable of inhibiting the viral trans-activator protein Tat’s
binding to the trans-activation-responsive (TAR) element found
in HIV transcripts. Thus, they synthesized an OBOC library
consisting of four p-amino acids (p-Lys-p-Lys-p-Arg-p-Pro-amide)
resembling the natural Tat protein and five variable residues
compromised of 20 different building blocks. The group
included five p-amino acids to investigate structural features
of the backbone towards binding affinity (p-Orn, p-Arg, p-Lys,
p-Pro, and p-Phe). NMR measurements of their hit compound
25 revealed a direct bond to the TAR element and thus the first
antiviral peptoid that selectively inhibited protein/RNA inter-
action (Fig. 19).**

Several years later, Labuda et al. used combinatorial peptoid
microarrays to isolate inhibitors of the group I intron RNA from
Candida albicans, a pathogenic yeast fungus that is fatal for
immunocompromised patients. Their goal was to inhibit the
self-splicing of the group I intron and, thus, to prevent the
assembly of active ribosomes. A microarray-based screening of
their library followed by further variation and subsequent

F F
: 0 CFy

CFs
HO. N
l T LY
N, O
5{3}b 5{3)c

Fig. 18 Peptoid trimers with two different modes of biological activity
inducing apoptosis: interference with the mitochondrial pathway (5{3}b)
and induction of mitotic arrest (5{3}c). The parts in which the peptoids
differ are highlighted in blue.?**
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Fig. 19 Peptoid-peptide hybrid 25 showed high TAR RNA affinity.23*

screening of initial hit compounds resulted in the identifi-
cation of two peptoids (5{4}a and 5{4}b) with the ability to
inhibit self-splicing and finally in the design of the peptoid
5{5}b (Fig. 20) with a biological activity that even exceeded one
of the respective, clinically used drugs.”*’

Peptoid-based molecular transporters

The benefit of molecular transporters is nowadays undisputed.
In particular, cell-penetrating peptides and their mimetics have
been a research topic for more than two decades.”**3¢
Especially the resistance against proteolytic degradation has
made peptoid-based transporters a desirable target for
research.””>**® Kwon and Kodadek developed a high-throughput
method to compare the relative cell permeability of peptides with
their mimetics and thus laid the foundation to investigate further
structure—function relationships of peptoid transporters by screen-
ing combinatorial libraries.**®

N/ﬁ HN
N \
o] [0}
N‘N/\/\N N\)kN/\n/N NH,
— H o} o
HoN 5{4)a
NH
NH
B
o] [0}
/\/\/\IrN\)kN/\ﬂ/N\)LNHZ

0
H2N
5{4}b

H

o] (o]

N\NMNWN\)LN/YN\)LN NH,

b °
HoN

5{5}b

Fig. 20 initial hit compounds 5{4}a and 5{4}b identified in a microarray-
based screening and the designed peptoid 5{5}b. The parts in which the
peptoids differ are highlighted in blue.2*°

Chem. Commun., 2021, 57, 11131-11152 | 11143


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cc04237h

Open Access Article. Published on 21 September 2021. Downloaded on 10/25/2025 11:57:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Feature Article

Compared to their cell-penetrating peptide counterparts,
peptoids with cationic amphiphilic structures showed
increased cellular uptake.?***” Small libraries of peptoids with
different chain lengths, charges, and hydrophobicity were
synthesized by applying the two-step submonomer method,
which led to identifying cell-penetrating peptoids that resemble
the same uptake mechanism as known from previously
reported polyguanidine structures (Fig. 21).>*®

Kolmel et al. established the submonomer-based solid-
phase synthesis in IRORI MiniKans by synthesizing a proof-
of-principle combinatorial library of tetrameric peptoids. This
approach allowed the automation of the synthesis. By colocaliz-
ing the peptoids with the mitochondrial marker Mitotracker-
Green™ when incubating HeLa cells, they found that the
interplay between charge and lipophilicity had a major impact
on the intracellular localization of the peptoids. Localization in
mitochondria, for example, only occurred when a minimum
threshold of lipophilicity was reached, whereas a strong posi-
tive charge of +3 caused localization in the endosomal
compartment.””

The Brése group thoroughly investigated the influence of the
cationic and amphiphilic side-chains on their transporter
properties.*®***® Based on an alkyne-containing backbone, they
introduced different side-chains into the sequence via a copper-
mediated cycloaddition, thus reducing the need for protecting
groups during synthesis.?*® Combined with introducing new
side-chains such as polyamines, aza-crown ethers, and triphe-
nylphosphonium ions, the diversity of cell-penetrating peptoids
towards their subcellular localization was increased. Especially
a highly polar structure was stated fundamental for escaping
the endosomal entrapment.*®

In recent years, the cyclization of peptoids to further
enhance their cellular uptake has gained increasing attention.
Shin et al. demonstrated that cyclic peptoids showed signifi-
cantly better uptake than their linear variants, regardless of
their size and side-chains. They synthesized a 116 000-
membered combinatorial library of fluorophore-labeled
triazine-bridged cyclic peptoids and their corresponding linear
counterparts. Evaluation of the cellular uptake was performed
by FACS analysis and confocal fluorescence microscopy. They
hypothesized that the improved uptake was partially due to the
restricted flexibility of the cyclic peptoids (Fig. 22).>*°

Fig. 21 Examples for cell-penetrating peptoids with positive charges
caused by amino (blue) or guanidinium (orange) side-chains. The intra-
cellular location was monitored with the fluorescent dye carboxyfluor-
escein (CF, green).2%®
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Fig. 22 Comparison of the structure of linear and cyclic peptoids, show-
ing the structural rigidity and conformational restriction of cyclic
peptoids.24°

Kim et al. reported the synthesis and biological evaluation of
a novel class of molecular transporters: cell-penetrating,
amphiphilic cyclic peptoids. They synthesized a library of cyclic
peptoids and identified a transporter candidate with an energy-
dependent endosomal uptake mechanism that showed mainly
mitochondrial accumulation. In a further step, they investi-
gated to what extent this amphipathic cyclic octapeptoid can
serve as a transporter for drug targeting and found that the
novel peptoid is superior to known polyarginine-based mole-
cular transporters. With the stability against proteolytic degra-
dation and the ease of synthesizing the peptoid, this strategy is
promising for further development.***

Recently, Herlan et al. synthesized a selection of tetrameric
and hexameric macrocyclic peptide-peptoid hybrids coupled to
the fluorophore rhodamine B using solid and solution phase
methods. They found their compounds localizing in mitochon-
dria without including additional cationic charges in the side-
chains (Fig. 23). With the solubility of the hybrids in an
aqueous environment in mind, this strategy provides a good
starting point for further optimization and use as organelle-
specific transporters.*”

Peptoids and peptoid-hybrids with antimicrobial activity

With increasing progress in drug development and clinical treat-
ment methods, antimicrobial resistance has become one major
focus of current research. Small molecules that circumvent the
defense strategies of multi-resistant bacteria are constantly needed.
Antimicrobiological peptides and peptidomimetics such as peptoids
thereby represent an alternative to conventional antibiotics.**
Towards the end of the 20th century, Goodson et al. were
able to identify several trimeric peptoids with antimicrobial
activity against Gram-positive and Gram-negative bacteria from
an 845-membered combinatorial library built up with 31

Fig. 23 Mitochondrial localization of an exemplary cell-penetrating pep-
toid. Left: Fluorescence of the conjugated dye rhodamine B. Middle:
Fluorescence of the mitochondrial marker Mitotracker Green™. Right:
Overlay. Scale bar: 10 pm.*°
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different amine building blocks (Table 5). By doing so, they
found dehydroabietylamine a recurring component in many
active tripeptoids. Deconvolution via positional scanning
revealed the best candidate that showed MIC values from
5 uM to 40 uM against different bacterial strains with moderate
hemolytic activity. Eventually, the group was able to demon-
strate for the first time the potential of peptoids as antimicro-
bial agents.>**?**

In a similar approach, Humet et al. tested an unbiased
positional scanning combinatorial library of 3-mer peptoids
with over 10000 members for antimicrobial activity against
Gram-positive and Gram-negative bacteria. Out of a set of 22
different primary amines, a primary hit with moderate selectiv-
ity was found. A subsequent one-point amine substitution
increased the antimicrobial activity of the most promising
candidate by one order of magnitude.®' Later, Patch et al
showed that a minimum chain length of 12 peptoid residues
was required to obtain a sufficient antimicrobial effect.**®
However, the statement was refuted several years later when

Table 5 Amines used for the synthesis of novel peptoid-based antibiotics.
The side-chains of the most potent tripeptoid are highlighted in blue**
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very short, highly potent antimicrobial
identified.>**>*®

Ryge et al. demonstrated the antimicrobial activity against
the Gram-positive Staphylococcus aureus ATCC 25923 and the
Gram-negative Escherichia coli ATCC 25922 of several peptoid-
lysine hybrids. The hemolytic activity against human erythro-
cytes correlated with the number of lysine residues present in
the hybrids.>*’ In subsequent combinatorial studies, the work-
ing group identified the most potent amine residues for each
position in the peptoid sequence. One compound in particular,
hybrid 26, showed high antibacterial activity against S. aureus
ATCC 25923 (MIC = 0.78-1.56 uM) and E. coli ATCC 25922
(MIC = 1.56-3.13 uM) with a low hemolytic activity of 7% (Fig. 24).>*°

Based on the astonishing results using peptoid-lysine
hybrid structures, Ryge et al. reported several derivatives with
antimicrobial activity against various clinically relevant bacter-
ial strains and fungi such as methicillin-resistant Staphylococ-
cus aureus ATC 33591, clinical isolated Salmonella typhimurium,
and amphotericin-B-resistant Candida albicans ATCC 200955,
among others. For each susceptible strain, they identified at
least four hybrids with antimicrobial activity, demonstrating
that peptoid-lysine hybrids are a potential solution in the fight
against drug-resistant pathogens (Fig. 25).>>"

In the following years, great efforts have been made to
understand better the relationship between the structure and
function of antimicrobial peptoids. Bolt et al. investigated the
relationship between antibacterial activity and toxicity and
thereby confirmed, among other things, that with a chain
length of 12 or more amine residues, the best antimicrobial
activities were achieved. Furthermore, the substitution of cer-
tain side-chain protons with fluorine enhanced the activity of
the resulting peptoids.>*> The beneficial effects of chain length
and fluorination pattern were also reported by Molchanova
et al. They found that an alternating hydrophobic/cationic
design was the superior distribution pattern in the biologically
active peptoid sequences.”>® Furthermore, the group was able
to establish a correlation between the biological effect of the
halogenation and the relative hydrophobicity of the com-
pounds, as well as their self-assembly properties.>>*

The lipophilicity of peptoid oligomers greatly affects anti-
microbial activity. By screening a peptoid library against several
bacterial strains using a peptoid library agar diffusion (PLAD)
assay, Turkett and Bicker established a basis for future designs
of peptoid libraries. They, for example, investigated in detail
the effect of adding alkyl residues to the peptoid chain.>*

al NH, NH,
0 o] o
HN N N N

peptoids were

H
N N\)LH NH,

0 H oo 2 )
Fig. 24 The antimicrobial peptoid—lysine hybrid 26 with high antibacterial
activity against Gram-positive and Gram-negative bacterial strains.
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Fig. 25 Amine building blocks used by Ryge et al. to synthesize anti-
microbial active peptoid—lysine hybrids with a chain length between five
and ten building blocks 2!

Recent research regarding the structure-function relation-
ship of cationic hydrophobic peptide-peptoid hybrids by
Frederiksen et al. led to the hypothesis that two thresholds of
hydrophobicity exist for peptidomimetics and their antimicro-
bial activity: a minimum level of hydrophobicity is required to
achieve the antibacterial activity, but selectivity against Gram-
negative and Gram-positive cells is lost if the number of
hydrophobic moieties is too high.>>*>

As multi-drug resistant germs pose a major threat for every
life on earth, potential drug candidates that substitute common
antibiotics are increasingly in demand. Based on previous
studies, Khara et al. identified peptoid 27 that showed selective
activity against both drug-sensitive and multi-drug resistant
Mycobacterium tuberculosis, a pathogen that causes the pulmon-
ary disease tuberculosis (Fig. 26).

Using structure-activity-relationship studies, the group was
able to modulate the selectivity of 27 towards bacterial mem-
branes. Investigating a possible activation of macrophages, the
group was able to determine the inability of the mycobacteria to
produce NO. They concluded that peptoid 27 does not mod-
ulate the immune response but instead interacts directly with
the bacterial membrane causing its disruption and subsequent
bactericidal. With the help of flow cytometry and time-lapse
fluorescence microscopy, the working group could confirm this
theory.**®

Vestergaard et al. reported peptide/B-peptoid hybrids with
activity against vancomycin-resistant Enterococcus. These
pathogens cause several diseases, such as urinary tract infec-
tions or meningitis. They screened 20 compounds and further
investigated the antibacterial activity of 11 selected candidates
against E. faecium and E. faecalis. Two promising leads showed
high killing rates on both strains while still being moderate
hemolytic (Fig. 27).2°®

At the beginning of the year 2020, humankind faced a
challenge whose extent no one could foresee at the time. The
COVID-19 pandemic required quick and efficient research in
the field of vaccines and new antiviral treatment options.
Diamond et al. investigated the antiviral activity of several

NH,
©\ 0 0 0
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Fig. 26 Peptoid 27 showed selective activity against Mycobacterium
tuberculosis 2
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Fig. 27 Peptide/R-peptoid hybrids with antimicrobial activity against E.
faecium and E. faecalis.*>®

peptoids and identified compounds with activity against the
Herpes Simplex Virus-1 (HSV-1) and the pathogen of COVID-19,
SARS-CoV-2. They observed a direct action presumably by
damage to the viral envelope and thus a membrane-
dependent mechanism in the treatment of HSV-1. In contrast
to the treatment of SARS-CoV-2, this mechanism has not yet
been fully elucidated. Looking at the mode of action of a
peptide that binds the spike protein of SARS-CoV-2, they
assumed a similar mechanism for binding their peptoid
instead of a direct interaction with the virus membrane. The
authors reported the potential use of peptoids as broad-
spectrum antivirals to target even highly pathogenic
viruses.>*°

Peptoids as therapeutic in cancer treatment and other diseases

Cancer is inextricably linked to drug discovery as one of the
diseases with the highest number of fatalities worldwide. The
number of cancer patients is continuing to rise year after year,
fueled by, among other things, increasing life expectancy and
unhealthy lifestyles in primarily industrialized nations and
emerging countries. However, the number of new cancer cases
worldwide is estimated at around 19.3 million (2020). Accord-
ing to current expectations, this trend will continue, and even a
significant increase is expected.>®® Research into alternative
medicines to the prevailing treatment methods thus offers a
broad field and will continue to offer many opportunities in the
coming years. In particular, peptoids as an approach to drug
discovery and cancer treatment are receiving more and more
attention and will continue to find many more applications in
this area.”®'

Almost 15 years ago, in 2007, Mas-Moruno et al. identified a
tripeptoid family with pro-apoptotic activity. Based on these
structures, they synthesized two combinatorial libraries of
dipeptoids using the submonomer method. After cytotoxicity
screening on several different human cancer cell lines, they
found an antiproliferative effect of the dipeptoids on human
neoplastic cells.*®>

Huang et al. described a combinatorial library of cationic
amphipathic peptoids based on the structure of host-defensive
peptides. To investigate if the chain length or the lipophilicity
influences the activity, they varied the sequence length and
composition of the model structure 30 using six different
amine monomers (Fig. 28).

In addition, they studied the relationship between hemolytic
activity and the chirality of the peptoids and determined a

This journal is © The Royal Society of Chemistry 2021
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Fig. 28 (A) Amine building blocks used to synthesize a library of cationic,
amphiphilic peptoids. (B) Structure of drug candidate 30.2%

significantly reduced hemolytic activity when using chiral side-
chains. They demonstrated that these peptoids not only exhib-
ited a toxic effect on cancer cell lines but, in some cases, also
had modest specificity against them. In addition, they found
that the mechanism of action of the peptoids was not influ-
enced by multi-drug resistant effects but occurred mainly due
to the disruption of the plasma membrane. The best drug
candidate (30) showed significant tumor growth inhibition in
mice in the clinically relevant orthotopic xenograft model.
Combined with stability against proteolytic degradation, this
class of peptoids provides a good starting point for further
development as potential cancer therapeutics.>®®

Following the same approach, Lee et al. reported a library of
peptide-peptoid hybrid prodrugs selectively activated by
prostate cancer cells (Fig. 29). They synthesized 14 different
peptoids targeting the prostate-specific antigen (PSA) and
prostate-specific membrane antigen (PSMA) and screened them
using an MTS assay on PSA/PSMA producing prostate
cancer cells.

They found that compounds targeting both antigens were
less toxic but seemed to interfere with the selective hydrolysis
by PSA. For this reason, they suggested adding a spacer or using
other targeting sequences to improve selective hydrolysis in
further research efforts.>**

Further applications of peptoids are described by Schneider
et al. in the synthesis of peptide-peptoid macrocycles as
inhibitors of 3-catenin TCF interaction in prostate cancer cells
or Refling et al. regarding the evaluation of f3-peptoid-capped

HDAC inhibitors exhibiting anti-glioblastoma activity.>**>
/ -
( . .
— ES S
- t
protease

prodrug parent peptoid nelix

Fig. 29 General procedure of the selective activation of the prodrug into
the resulting peptoid. Modified after Lee et al.2%*
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Eggiman et al. studied the anti-leishmanial effects of a
library of linear peptoids. The synthesized peptoids were
screened against Leishmania mexicana, the pathogen that
causes the skin disease leishmaniasis. The group was able to
identify compounds that showed activity against both promas-
tigotes and axenic amastigotes. As a mechanism of action, they
were able to propose that the peptoids studied target the
cellular membrane and thus develop their biological
activity.>®®

As Wolf et al. stated in their review, peptoids are emerging as
potential therapeutics for neurodegenerative diseases such as
Alzheimer’s, Huntington’s, and Parkinson’s. Their field of
application varies from intervention and modulation of cell
signaling pathways by, for example, modulating semaphoring
3A to promote axonal regeneration after a CNS injury,>®”*%® to
an application as neuroprotective agents or the suppression of
neuroinflammation by acting as a tool to amplify a weak
immune response or weaken a damaging one. Especially chiral
peptoids with restricted conformation are seen as a promising
approach.”®®

Conclusions

In this review, we highlighted the various applications of
peptoids and the use of peptoid combinatorial libraries. Parti-
cularly in materials science and biological and medical applica-
tions, peptoids represent a compound class that enables broad
targeting of new research due to their inherent properties such
as modular structure, rapid and easy synthesis, coming along
with beneficial biological properties such as resistance to
proteolytic degradation. Combining the identification via
MALDI or NMR with the application of various screening
techniques, it is easy to identify hit compounds out of large
combinatorial libraries.

Applying peptoids in materials science, three main areas of
use can be identified: peptoids as catalysts, metal chelators,
and bioinspired materials. Their usefulness spans a broad area
in this research field. Peptoids are used as enantioselective
catalysts and designed to function as specific metal chelators.
Their diversity and physical properties, such as chemical and
thermal stability, make them versatile molecules in the entire
field of materials science, ranging from sensors to exploiting
their ability to form nanosheets and thus application in med-
ical research.

Although peptoids are finding increasing application in
materials science, the origin of research on peptoids and
combinatorial libraries generated from them lies in medicine
and biological applications. To date, this field encompasses
much of the research in peptoid chemistry. Combining combi-
natorial peptoid libraries and screening methods is indispen-
sable in detecting unknown biomarkers and other disease-
specific targets. Current research has already developed tools
for medical application in the early diagnosis of Parkinson’s
disease or as potential cancer therapeutics. Peptoids with
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pro-apoptotic activity have been identified, partially unaffected
in their action by multi-drug resistant effects.

The close relationship of peptoids to peptides suggests
similar properties with similar structural conditions. For this
reason, decades of research in the field of cell-penetrating
peptides often serve as a base for developing new peptoids,
for example, in their use as molecular transporters. Recent
research, especially the cyclization of peptoids, has gained
growing attention to improve cellular uptake and obtain highly
specific molecular transporters.

Cationic amphipathic peptoids, developed based on cell-
penetrating peptides, have long stood out for their antimicro-
bial properties. They work effectively against Gram-positive and
Gram-negative bacteria and show partial activity against resis-
tant and multi-drug resistant bacteria strains. Recent research
on antiviral peptoids promises potential efficacy against SARS-
CoV-2. Further research on this topic is needed to gain a more
detailed understanding of antiviral activity and its mechanism.

Given the possibilities and the increase of peptoid research
in the last years, we expect a further continuation of this trend
and even more promising results for their use in materials
science and biomedical applications, driven by the diversity
and easy availability of these compounds.
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