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Peptoids: Bio-Inspired Polymers as Potential Pharmaceuticals
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Abstract: Peptoids are a developing class of peptide-like oligomers originally invented for drug discovery in the early 1990s. While pep-
tides hold great promise for therapeutic applications, current development of peptide-based pharmaceuticals is hindered by their potential
for misfolding and aggregation, and particularly, for rapid in vivo degradation post-administration. Researchers have investigated alterna-
tive peptide-like constructs that may be able to circumvent such complications. Peptoids comprise a peptide-based backbone and N-
substituted glycines for side chain residues, resulting in complete protease-resistance. Synthesis of peptoid sequences up to 50 units in
length allows for controlled sequence composition and incorporation of diverse side chain chemistries. Though the landscape of peptoid
structure is not clearly defined, secondary, tertiary, loop, turn, and random structures have been identified. As protease-resistant isomers
of peptides, peptoids are being developed as versatile molecular tools in biochemistry and biophysics, and are becoming attractive candi-
dates for therapeutic and diagnostic applications. Peptoids have thus far demonstrated bioactivity as protein mimics and as replacements
for small molecule drugs. In this review, we discuss the most recent advances in peptoid research on the therapeutic front in the last few
years, including in vitro and in vivo studies in the fields of lung surfactant therapy, antimicrobial agents, diagnostics, and cancer. We par-
ticularly focus on the biophysical activity of lipid-associated peptoids and their potential therapeutic applications.
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INTRODUCTION

Since oligomers of N-substituted glycines, or peptoids, were
first reported by Bartlett, Zuckermann, and co-workers in 1992 [1-
2], researchers have explored the synthetic, conformational, and
application-oriented aspects of the “peptoid landscape” with sig-
nificant success. Peptoids are discrete oligomers with a peptidic
backbone, where the side chains are appended to the backbone am-
ide nitrogen rather than the o-carbon. They are essentially peptide
isomers, but the seemingly simple shifting of the side chains to the
nitrogen significantly changes the properties of the isomer peptoid
relative to the peptide. The most biologically relevant consequence
of this shift is protease insusceptibility, which arguably increases
their therapeutic applicability as pharmaceuticals relative to pep-
tides. Furthermore, a straightforward solid-phase synthesis of pep-
toids was developed using peptide synthesis equipment, making
them amenable to library synthesis and a wide range of side chain
functionalities. As a result, peptoids have since become attractive
therapeutic candidates in biochemistry, molecular biophysics, diag-
nostics, and medicine.

Peptoids may be able to replace or supplement a protein or pep-
tide required for a particular biological application. Peptides and
proteins are very promising as therapeutics and account for 2% of
marketed drugs and 50% of drugs in the pipeline for approval.
However, these compounds have failed to deliver as initially ex-
pected due to multiple complications. Firstly, peptides and proteins
are costly to chemically synthesize and purify in sufficient quantity
for systemic or localized treatments; and while recombinant protein
expression is an efficient and inexpensive method for synthesizing
proteins, it remains a poor alternative for complex protein se-
quences or proteins with specific post-translationally ally modified
functionalities. Extremely hydrophobic or structurally unstable
peptides and proteins tend to easily aggregate or misfold, thus re-
ducing the shelf life, bioavailability, or biostability to become
manufactured drugs. The latter complication of biostability is par-
ticularly cumbersome, as almost all peptides are rapidly degraded in
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vivo by proteases upon administration. This leads to manufacturing
problems with delivery, dosage, efficacy, and formulation. The last
major concern for peptide-based pharmaceuticals is potential for
toxicity and immune response, as the body is likely to view admin-
istered peptides and proteins as foreign invaders (this possibility
exists for peptoids as well).

Peptoids can match or exceed peptide capabilities on these
fronts, but sequence design is a crucial factor for success. Peptoids
are completely sequence-specific and, due to a lack of backbone
hydrogen bonding, can easily be engineered for minimum aggrega-
tion, appropriate solubility, yet high hydrophobicity. Peptoids are
structurally stable even in the presence of denaturants [3], and as
mentioned, are protease-invulnerable [4]. Even though peptoids
should be viewed as invaders by the body, a recent study by Ko-
dadek and co-workers showed that, when injected into the mouse,
peptoids did not produce an anti-peptoid immune response [5]. In
addition, the extent of immune response can be lowered through
sequence design by including non-amino-acid-based side chains
[6]. Finally, combination peptoid-peptide hybrids can also be syn-
thesized to modulate the properties of peptide therapeutics.

It would be unreasonable to say that peptoids do not have any
disadvantages. Peptoids lack backbone hydrogen bonding due to the
absence of backbone hydrogen bond donors, and hence, cannot
form B-sheets. However, a lack of p-sheet formation is in a way
advantageous because the resulting peptoids do not aggregate as
easily as peptides. To develop peptoids as therapeutics, it is impor-
tant to understand their fates in the body, such as: (1) how fast are
the peptoids eliminated from the body? (2) where do they concen-
trate or localize, if anywhere? (3) are peptoids xenobiotics? and (4)
do peptoids produce hepatotoxicity? Unfortunately, not much has
been published to address these concerns, and such studies are criti-
cal for the development of peptoids as potential pharmaceuticals.

In the realm of protein-protein interactions, peptoids could play
a major role in replacing traditional small molecules that align with
Lipinski’s rules but are too small to sufficiently cover the surface
area of the targeted protein binding site. Protein-protein interactions
are integral for normal biological functioning, and protein com-
plexes have become therapeutic targets in virus inhibition, cancer,
cellular signaling, gene expression activation, and other types of
disease-related processes [7]. Investigators have created peptides
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that emulate the sequence and structure of a native binding partner
of the complex, but undesirable pharmokinetic side effects (forma-
tion of aggregates, proteolysis, and immunogenicity) can occur.
Peptoids could eventually be designed to replicate or assist in the
peptide-based activities that contribute to protein-protein interac-
tions without these undesirable side effects. Peptide-based cell per-
meation as well as the disruption, modification, activation, or inhi-
bition of protein targets are all possibilities to explore with peptoids
[7]. Peptoids are also quite amenable to the creation of combinato-
rial libraries and high-throughput screening, allowing for quick
identification of binding among hundreds of thousands of peptoid
candidates [7]. Multivalent peptoid ligands containing diverse func-
tionalities can also be synthesized to enhance binding to the desired
protein target [8].

There is also growing interest in using peptoids as diagnostic
agents and for use in the medical device industry. Peptoids have
already been used to improve DNA sequencing separation by in-
creasing friction [9, 10] and as anti-fouling polymers to coat capil-
laries, medical devices, and medical implants [11]. Peptoids are
also in the initial stages of development as multivalent scaffolds for
MRI contrast agents [12]. Therefore, peptoids have great potential
to fill the void between the number of existing small molecule
drugs and the countless number of biological targets and possible
diagnostic applications.

Several reviews of peptoids have emerged in the past few years,
and in light of this, our review will cover only the most recent pep-
toid research (~ 2008-2010) in the areas of in vivo or in vitro thera-
peutic progress. Peptoid structure and function was reviewed in
2008 by Yoo and Kirshenbaum [13], and peptoid structure-activity
relationships for biological applications were summarized in 2009
by Fowler and Blackwell [8]. A comprehensive history of peptoid
development and one-bead one-compound screening was also pre-
sented in 2009 by Zuckermann and Kodadek [7], and in 2010, a
synopsis of peptoid-peptide hybrid compounds was provided by
Olsen [14]. A very recent review by Culf and Ouellette extensively
details peptoid synthesis and side chain structure, and lists current
applications and instruments amenable to peptoids [15]. In this
review, we hone in on peptoid-based mimics of lipid-associated,
bioactive peptides, such as lung surfactant proteins and antimicro-
bial peptides, with discussion of the most recent in vitro and in vivo
work and potential applications. A smaller portion of the review
covers recent developments in the areas of peptoids as diagnostic
agents, anti-cancer agents, and inhibitors.

PEPTOIDS

An attractive reason to select a peptoid-based design scaffold
for therapeutic applications is the fairly straightforward synthesis of
peptoids, which of course depends on both sequence and structural
design. Peptoids are readily synthesized in high yield up to 50 resi-
dues in length on solid-phase support, usually Rink amide resin,
using the submonomer approach developed by Zuckermann et al.
(Fig. 1) [1]. Synthesis proceeds from the C- to the N-terminus in an
iterative building block-type synthesis method that differs from
solid-phase peptide synthesis; however, peptoid synthesis can and is
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usually completed on an automated peptide synthesizer. A two-step
process is repeated to desired chain length: initially, a haloacetic
acid, usually bromo- or chloro-, is acylated using a diimide such as
N,N-diisopropylcarbodiimide (DIC), followed by an S\2 displace-
ment of the halogen by a primary amine. Therefore, virtually any
soluble, sterically favorable, and nucleophilic primary amine can
easily be incorporated into the peptoid sequence as an N-substituted
side chain.

Synthesized peptoid sequences are typically cleaved from the
Rink amide linker of the resin using trifluoroacetic acid (TFA) with
appropriate scavenging agents, leaving the peptoid with a car-
boxyamide terminus, and then purified by reversed-phase high per-
formance liquid chromatography (RP-HPLC). Though peptoids
may also be synthesized using microwave-assisted chemistry, o-
peptide synthesis methods, or in solution-phase, the aforementioned
method has the most widespread use.

Peptoid side chain and sequence nomenclature typically in-
cludes the “N” designation followed by an abbreviation of the
chemical name, including stereochemistry, or if sufficiently similar,
the closest amino acid name. Hence, N-(S)-(1-phenylethyl)glycine
is Nspe, and N-(4-aminobutyl)glycine is NLys (for side chains, see
Fig. (2)). Most amines can either be commercially purchased at low
cost or feasibly synthesized in large-scale (hundreds of mg’s) quan-
tities. As in peptide synthesis, charged or labile side chains must
have protecting groups during synthesis. Also similar to peptides,
peptoid sequences are listed in X-Y-Z order, e.g., (NLys-Nspe-
Nspe),.

As mentioned previously, the N-substitution of peptoid side
chains renders the sequence backbone achiral and hydrogen bond
donor deficient, lending conformational flexibility and insuscepti-
bility to protease-induced degradation of the sequences. These fea-
tures combined also result in a structure that is more biostable and
less prone to irreversible aggregation than that of peptides. Fur-
thermore, if chiral, bulky side chains are incorporated into the se-
quence, peptoids can adopt very stable helices with intrinsic hand-
edness through steric and/or electronic repulsions of adjacent resi-
dues [16-19]. Circular dichroism (CD) spectroscopy is the tech-
nique of choice for gross assessment of peptoid helical intensities
and structure. The helical structure of peptoids differs from the a-
helices traditionally observed in peptides, where peptoids form
polyproline type I-like helices with ~ 3 residues per turn and a ~ 6-
6.7 A pitch (a typical peptoid helix is depicted in Fig. (3)) [16, 18,
19]. The latter provides an excellent repeating scaffold of “three
faces” for designing amphipathic or otherwise “facially segregated”
protein mimics (Fig. (3)). This review will largely focus on achiral,
chiral aliphatic, and chiral aromatic peptoid helices; for extensive
discussion of peptoid structural motifs, please see recent reviews [8,
13].

PEPTOID-BASED, LIPID-ASSOCIATED PROTEIN AND
PEPTIDE MIMICS

In many biological systems, a well-connected relationship ex-
ists between form and function. Research efforts often intensely
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Fig. (1). Peptoid synthesis scheme and chemical structures of an o-peptide and an o-peptoid.



2734 Current Pharmaceutical Design, 2011, Vol. 17, No. 25

o] 0

H i“"f

Nssb
N-(S)- -butyl)glyci
(S)-(sec-butyl)glycine ® NH,
NLys
N-(4-aminobutyl)glycine

AN

H N © H

J

Nrpe Nsmb
N-(S)-(1-methylbutyl)glycine

N-(R)-(1-phenylethyl)glycine

L-Proline

Fig. (2). Peptoid side chain chemical structures.

rr‘J\N/\I(HL
N-(phenylmethyl)glycine

SN By
g A

Dohm et al.

o}

Npm

Nspe
N-(S)-(1-phenylethyl)glycine

Nsdp
N-(S)-(1-dipropyl)glycine

SN N /\H/‘?‘LL
“, O

Nsna

N-(S)-(1-naphthlethyl)glycine
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perpendicular structures to the helical axis of magainin and peptoid 1, respectively.

focus on structure-activity relationships of proteins and peptides,
and by extrapolation, it can be hypothesized that an appropriately
designed molecule that mimics the structure of a native protein will
inevitably mimic its function [20-22]. To avoid the “protein fold-
ing” problem frequently encountered with designing peptide-based
sequences, simpler, non-natural scaffolds offer an attractive alterna-
tive for designing novel therapeutic agents. These “foldamers,” as
they are often termed [23], are typically oligomeric or polymeric
sequences that are able to adopt simple structural elements of pro-
teins, such as basic secondary structure; and due to their non-natural

origin, often possess improved bioavailability and biostability rela-
tive to their natural counterparts [6]. In addition, the parameters of
the scaffold template can often be precisely controlled, which is a
great advantage when pursuing structure-activity relationship inves-
tigations. Moreover, the mechanistic insight gained in these parallel
studies of non-natural mimics may also apply to the natural system,
resulting in a general increase in the applicable knowledge of both
peptidomimetic and peptide- or protein-based systems.

Lipids are integral components of countless biological struc-
tures and processes, and consequently, protein-lipid interactions
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constitute a large area of biochemistry and biophysics research. The
driving forces behind lipid-protein interactions, namely charge and
hydrophobicity resulting from intrinsic amphipathicity, contribute
significantly to the membrane structure and function that protect
and sustain the cells, vesicles, and liposomes that exist in the body.
Unfortunately, many endogenously lipid-associated proteins and
membrane-active peptides contain structural features that are diffi-
cult or impractical to replicate through chemical peptide synthesis
or recombinant protein expression. As stated, the research and
clinical development of peptide- and protein-based pharmaceuticals
have been somewhat hindered by the body’s innate ability to pro-
tect itself, as most of these molecules are rapidly degraded by pro-
teases in vivo, and suffer significant complications from low
bioavailability and biostability, leading to increased costs with di-
minished efficacy.

But, are the attributes of proteins and peptides needed for the
body’s biological processes easily replicated or “mimicked” by
peptoids? Proteins and peptides often have sequences of amino
acids that are evolutionarily conserved; this primary sequence also
determines their secondary and (if present) tertiary structures. An
ingenious avenue of research that circumvents these problems has
been to create non-natural variants of peptides and proteins that
mimic identifiable structural attributes, with the anticipation that
form will inevitably lead to function. Two specific classes of mole-
cules particularly amenable to biomimicry by non-natural mimics
(peptoids) are lung surfactant proteins and antimicrobial peptides.
Both classes have specific, lipid-associated biophysical activities
that remain integral to their functions, and are thus complementary
to each other in certain respects — they both contain helical, linear,
cationic, and amphipathic sequences that can be difficult to obtain
in properly folded form through biological or chemical synthesis.

In this section, a brief background is provided for both the lung
surfactant and antimicrobial peptide biological systems, followed
by a history of peptide-based mimicry in the two fields, and finally,
advancements made by peptoids in the field. Proof-of-concept
therapeutic in vivo studies are summarized, and additional potential
therapeutic applications are suggested.

LUNG SURFACTANT PROTEIN MIMICS
Lung Surfactant

Pulmonary surfactant, or lung surfactant, is a lipid-protein mix-
ture synthesized by the alveolar epithelium and secreted by alveolar
type 1l cells. The surfactant coats the interior surface of air-
breathing vertebrate lungs as a film, thereby minimizing the work in
maintaining the largest surface area of the human body exposed to
the environment, the lung, open to air [24-29]. Lung surfactant is
also responsible for providing a primary innate pathogen-resistant
barrier to protect the body against infection [28]. The molecular
mechanisms through which lung surfactant enacts its biophysical
and defensive activities have been extensively studied in past dec-
ades, and continue to be under active investigation [28, 30].

Lung surfactant comprises ~ 90% lipids and ~ 10% surfactant
proteins, with ~ 80% of the lipid mass constituting phospholipids,
highly surface-active, amphiphilic molecules that render the inter-
facial film capable of surface tension (expressed as y in milliNew-
tons per meter, or mN m™) reduction and regulation at the air-liquid
interface [28, 31]. In particular, the alveolar air-liquid interface
must reach near-zero surface tension at end-expiration (exhalation)
in order to prevent atelectasis (lack of gas exchange) and collapse
of the alveolar network. However, without the evolutionarily con-
served surfactant proteins B and C (SP-B and SP-C), the phosphol-
ipids exhibit poor adsorptive and re-spreading characteristics [32-
33]. In fact, a lack of these proteins at birth causes respiratory fail-
ure [26]. These two hydrophobic proteins are endogenously lipid-
associated and responsible for sustaining the efficacy of the film,
promoting (i) rapid adsorption to the air/liquid interface (to ~ 23
mN/m in < 1 min), (ii) attainment of near-zero vy at end-expiration
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(<1 mN/m), and (iii) excellent re-spreading of material at the inter-
face throughout the continuous respiratory cycles of surface area
expansion and compression (maximum vy of <35 mN/m) [27, 34].
The other two surfactant proteins A and D assemble large macro-
molecular structures that bind to pathogens and aid in clearance of
the respiratory airways [28].

Dysfunction, deactivation, or deficiency of lung surfactant in
the immature lungs of premature infants results in infant respiratory
distress syndrome (IRDS) [35]. The introduction of exogenous
surfactant replacement therapy administration to infants until they
are capable of synthesizing lung surfactant has significantly re-
duced neonatal mortality and morbidity [36]. Current surfactant
preparations are routinely obtained from animal-derived, usually
porcine or bovine, extracts that constitute the hydrophobic fraction
of surfactant with variable amounts of surfactant proteins and dif-
ferent phospholipids [36]. However, animal-derived therapies have
several drawbacks associated with them, including potential for
pathogenic trans-species transmission, expensive isolation, purifica-
tion, and production costs, and batch-to-batch variability [37]. In
addition, lung inflammation, trauma, infection, toxicity, or other
damage that causes lung surfactant dysfunction often results in
another ailment, acute respiratory distress syndrome (ARDS), also
called acute lung injury (ALI) [38-39]. Although several trials have
been undertaken to potentially treat ARDS/ALI with exogenous
surfactant replacement therapy, success has been limited and only
in the adult population (both children and adults can suffer from
ARDS), largely due to the heterogeneous nature of disease onset
and progression [40-42]. Specifically, improvements in oxygena-
tion were reported without an improvement in overall mortality.

It can therefore be surmised that an unmet clinical need exists
for a readily available surfactant formulation that could be produced
in large enough quantities to treat both infantile and adult syn-
dromes [37]. Therefore, a partial objective of lung surfactant re-
search is to develop new synthetic exogenous surfactant therapies
capable of treating both IRDS and ARDS, hopefully with the
gained advantages of biosafety, bioavailability, and biostability [43-
44]. From current research, it has become clear that the key compo-
nents to a successful and efficacious formulation are inclusion of
SP-B and SP-C [45]. Unfortunately, a major caveat to developing
functional synthetic preparations is the limited availability of SP-B
and SP-C, which has spurred research efforts into the development
of biomimics of surfactant proteins [37].

Lung Surfactant Proteins and Their Peptide-Based Mimics

SP-C is a 35-residue, extremely hydrophobic protein with a C-
terminal helical region that matches the length of a 1,2-diacyl-sn-
glycero-3-phosphocholine (DPPC) lipid bilayer [46-47]. At the N-
terminus, two adjacent cationic residues at positions 11 and 12 fa-
cilitate Coulombic interactions with anionic lipid head groups [48];
meanwhile, the Val-rich helix and palmitoylation points 5 and 6
securely anchor SP-C into the lipid layer [49-50]. SP-C contributes
to interfacial film stability and viscosity regulation [51], keeping
lipid bilayers and multilayers “attached” to the interfacial layer and
creating a surfactant reservoir. SP-C therefore enhances the adsorp-
tive properties and reduces the minimum surface tension reached at
end-expiration [52-53]. Palmitoylated SP-C is known to facilitate
multilayer formation over the de-palmitoylated version [52]. Syn-
thesized [54-56] and recombinant protein [57-58] SP-C mimics
have emulated the hydrophobic helical region and palmitoylated
moieties with limited success (for a recent review, see [20]). Venti-
cute, a surfactant formulation containing recombinant SP-C (rSP-C)
was recently used in a clinical trial for ARDS with mixed out-
comes, including improved gas exchange, but did not contribute to
long-term survival [59].

Monomeric SP-B is a helical, cationic, and amphipathic 79-
residue protein (8.7 kDa), containing three intramolecular disulfide
bonds and one intermolecular disulfide bond that promotes ho-
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modimerization in vivo [47, 60-62]. SP-B comprises ten cationic
residues (net charge +9) but has an unresolved structure believed to
contain four or five amphipathic helices and a 45% overall helical
content [63]. SP-B is hypothesized to act in a hinge-like manner at
the air-liquid interface, bridging together sub-monolayer lipid struc-
tures and the interfacial lipid monolayer. The cationic and amphipa-
thic nature of the protein is also believed to promote lipid transport
and organization by transiently inserting into lipid layers through
Coulombic and hydrophobic interactions, further facilitating folding
and re-spreading of interfacial material.

Peptide-based biomimics of SP-B are usually designed to emu-
late the surface-active, amphipathic, and helical N-terminus of the
protein, SP-B; 55, by either replicating or simplifying the side chain
chemistry of this segment [64-70]. SP-B’s more complex structure
has been mimicked with dimerized versions of two amphipathic
helices, such as dSP-B;.,5 (single-disulfide-bonding of two SP-Bj 5
helices) and “Mini-B” (dimerized N-/C-terminal construct of
SP-B;,s and SP-Bsz ) [71-72]. Though somewhat efficacious,
these mimics fail to reproduce the full surface activity of SP-B, or
are otherwise difficult to synthesize on a larger, therapeutically
relevant scale. Another peptide-based mimic that adopts simple SP-
B-like patterning, (Lys-Leu-Leu-Leu)s-Lys or KL, [69, 73-74], is
surface-active and has been clinically used in lucinactant, otherwise
known as Surfaxin [75-77]. Recently, this formulation was FDA-
approved for the treatment of cystic fibrosis (CF).

Therefore, although peptide-based mimics have been developed

for both proteins, the dimerized, somewhat constrained structure of
SP-B and the extremely hydrophobic sequence of SP-C are not
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easily replaced by chemically synthesized peptide sequences using
the same amino acids. This is largely due to the difficulty in obtain-
ing SP-B and SP-C inspired peptide-based stable structures that do
not misfold or aggregate. Peptoid-based sequences would quickly
alleviate the problems of misfolding and aggregation while impart-
ing protease stability. Here we discuss in vitro results of peptoid-
based mimics of SP-B and SP-C, followed by results of a pilot in
vivo therapeutic study.

Peptoid-Based SP-C Mimics

The development of peptoid-based SP-C mimics up until 2008
were reviewed by Brown, Johansson, and Barron in 2008 [20], and
also by Fowler and Blackwell in 2009 [8]. Briefly, Barron and co-
workers optimized the length and side chain chemistry of peptoid-
based, helical, and non-palmitoylated SP-C mimics spiked into an
in vitro mixed “Tanaka” lipid film DPPC: 1-palmitoyl-2-oleoyl-sn-
glycero-3-[phospho-rac-(1-glycerol)] (POPG): palmitic acid (PA)
68:22:9 [wt] (DPPC:POPG:PA) [78], discovering that a 14-residue
aromatic-rich (Nspe-containing, Fig. (2)) helical region provided
the necessary length and side chain rigidity to more closely emulate
the surface activity of the native SP-C sequence [79-80]. Most re-
cently, Barron and Bernardino de la Sema investigated the in vitro
biophysical effects of introducing palmitoyl-like functionalities to
the aromatic peptoid sequence by alkylating the N-terminus with a
C18 hydrocarbon chain (octadecylamine, Nocd) (Fig. (4)) [81].
Results in the lipid film show that alkylation improves film com-
pressibility and reduces the maximum surface tension reached dur-
ing dynamic surface tension measurements obtained with pulsating
bubble surfactometry [82]. While maintaining a minimum surface
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tension near-zero, the di-alkylated mimic di-pC reached a maxi-
mum surface tension of 45 mN/m, much lower than the 64 mN/m
obtained with the lipid-only formulation, and approaching that of
the 36 mN/m obtained by porcine-derived SP-C [81].

In addition, atomic force microscopy (AFM) imaging con-
firmed that only the alkylated peptoids assist in a two- to three-
dimensional structural transition in the fluid phase of the monolayer
at high surface pressure (low surface tension) that maintains two
segregated interfacial phases and seemingly promotes the formation
of a sub-monolayer surfactant reservoir [81]. The increased ability
of the peptoids to mimic SP-C, the relative ease of incorporating
primary amine alkyl chains into the peptoid sequence, and the in-
ability of these peptoids to aggregate or misfold all suggest that
these peptoids have significant potential to act as therapeutic alter-
natives to SP-C.

Peptoid-Based SP-B Mimics

Like SP-C mimics, SP-B mimics have undergone several gen-
erations of development to optimize the sequence and structure,
with the hope of thereby improving surface activity. Fowler and
Blackwell reviewed the development of peptoid-based SP-B mim-
ics until 2006 [8]. Briefly, in a similar vein to findings with SP-C
mimics, aromatic-rich (Nspe) and NLys-containing peptoid-based
SP-B mimics, such as B1 (Table 1) were also found to improve
surface activity moreso than aliphatic-rich (Nssb, Fig. (2)) SP-B
mimics in a lipid film [70]. In a three-fold helical repeat, the design
of these single-helix mimics are inspired by the sequences of
SP-B;.,5 (amphipathic and cationic helix) and KL, (only two dis-
tinct amino acids), and so are facially amphipathic, with two Nspe-
containing faces and one entirely cationic face (Table 1). In a sub-
sequent study, it was discovered that including an eight-residue,
helical, and aromatic-rich N-terminal insertion region (Bins), meant
to mimic the N-terminus of SP-B;.,s, substantially increased surfac-
tant activity in the mixed lipid film (Table 1) [83]. Though Lang-
muir-Wilhelmy surface balance, fluorescence microscopy, and
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pulsating bubble surfactometry results all suggested an increase in
activity for the peptoids, the trend in decreasing adsorptive (Yags)
and maximum (Ymax) Surface tensions presented in Table 1 is a clear
indicator of improving activity for these peptoids.

At this point, it was estimated that the developed peptide- or
peptoid-based single-helix mimics of SP-B were probably unable to
replicate all functional aspects of the native dimerized SP-B. On the
basis of prior studies involving dimerization of peptide-based SP-B
mimics [71-72] that afforded significant surface activity improve-
ments relative to the monomers, the Barron and Zuckermann labs
collaborated to illustrate the effects on in vitro surface activity of
introducing a C-terminal achiral (Nmeg, N-(methoxyethyl)glycine)
linker region to the basic peptoid-based SP-B “B1” sequence, fol-
lowed by disulfide- or ‘click’-mediated dimerization of two linear,
cationic, and amphipathic helices (Table 1) [84]. While disulfide-
mediated dimerization led to little improvement in activity with the
mixed lipid film (unlike peptide-based mimics), ‘click’-mediated
dimerization resulted in substantial reductions in interfacial surface
tension and unique lipid phase morphologies relative to other mim-
ics, including SP-B1.,5 and KL, (dB2c, Table 1). It was hypothe-
sized that the rigidity and polarity of the triazole moiety yielded
conformational differences that increased favorable lipid-peptoid
interactions in the film [84].

In practice, synthesizing large quantities of dimerized or
‘clicked’ peptides or peptoids for therapeutic use is impractical and
costly for a lung surfactant therapy. To circumvent this complica-
tion, peptoid-based SP-C and SP-B mimics were “hybridized” by
introducing SP-C-like N-terminus alkylation with Nocd to the inser-
tion region of the amphipathic helix mimicking SP-B (C18-B;,s and
diC18-Bjns, Table 1) [85]. This small modification significantly
increased lipid-peptoid interactions, likely by improving peptoid
insertion into the lipid film, and resulted in in vitro surface activi-
ties that approached those of porcine-derived SP-B in the same lipid
film (Table 1). Employing the same AFM imaging technique used
for SP-C mimics, it was shown that only alkylated SP-B mimics

Table1. Pulsating Bubble Surfactometry (PBS) Static-Bubble Adsorption Data and Dynamic-Bubble mode Cycling Data for
Lipid-Additive Films at 37 °C.
+ t
Name Sequence (amino to carboxy) Yea™ (MN/m) ¥ Frin % Comp?®
(mN/m) (mN/m)

Lipids[84] DPPC:POPG:PA (68:22:9 [wt]) 545+1.0 63.4+0.7 101+16 435+1.1
B1[84] Nspe,-(NLys-Nspey)s 405+5.0 535+15 <1 36.0+1.9
dB2c[84] [Nspe,-(NLys-Nspe,)s-Nmeg,-N’click’], 221+05 419+22 <1 21.2+3.8
Bins[85] Nspes-NLys-Nspe,-NLys,-Nspe,-NLys-Nspe, 23.2+0.9 46.1+1.0 <1 26.4+3.6
C18-Bins[85] Nocd-Nspe;-NLys-Nspe,-NLys,-Nspe,-NLys-Nspe, 25.3+£0.9 39.7+28 <1 16.6+35
diC18-Bins[85] Nocd,-Nspes-NLys-Nspe,-NLys,-Nspe,-NLys-Nspe, 256+1.4 35.2+£2.0 <1 122+38
Birunc[87] Nspe,-NLys-Nspe,-NLys,-Nspe,-NLys-Nspe, 41.8+0.5 549+1.2 17+£29 355+4.2
Bins-acn[87] Npmg-NLys-Npm,-NLys,-Npmg-NLys-Npm, 26.8+5.9 48.1+0.9 <1 33.1+18
Porcine SP-B[85] Extracted protein (ref) 244+11 35.8+1.3 <1 21.0+26
SP-Bi1.25 (cs,11->4)[84] FPIPLPYAWLARALIKRIQAMIPKG 35.6+1.3 499+04 <1 332+27
KL,[84] KLLLLKLLLLKLLLLKLLLLK 21.6+0.8 48.7+0.8 <1 25.0+£3.7

Dried lipid-peptoid films (lipids DPPC:POPG:PA 68:22:9 [wt] at ~ 1 mg/mL, additive at 2 mol%) were reconstituted in aqueous buffer (150 mM NacCl, 10 mM HEPES, 5 mM
CaCl,, pH 6.9) and allowed to adsorb to the air-liquid interface of a bubble for 20 min, and then pulsed at 20 cycles per minute (cpm) for 10 min. Data are average surface tension
measurements (y, mN/m) of a minimum of three replicates, and standard deviation of the mean (SD) is also reported. No SD values are available for “<1” table entries. *Equilibrium
adsorptive surface tension after 20 min. TMaximum and tminimum surface tensions reached during pulsation. §Percent bubble surface area compression to reach < 20 mN m?,
where reduced compressibility is highly desired. Nocd is the octadecylamine side chain. Mimic C18-B,; is also known as “pB,” a peptoid that showed improvement over lipids in an
in vivo lavage-induced rat model of acute lung injury (ALI). Data obtained from refs [70, 83-87].



2738 Current Pharmaceutical Design, 2011, Vol. 17, No. 25

sustained two segregated interfacial phases at high surface pressure,
and indicated the formation of “nanosilos,” ~ 5-8 nm in height
pockets of attached yet excluded material that likely enhance re-
spreading upon surface area expansion [85]. A hypothesized mode
of lipid-peptoid surfactant interactions is presented in Fig. (5).

SP-B Peptoid Hypothesized Behavior

UL

air

Fig. (5). A representation of the hypothesized mode of lipid-peptoid interac-
tions for the di-alkylated peptoid-based SP-B mimic di-C18 Bins. In the
cartoon, the DPPC lipid (zwitterionic) is represented by black circles, the
POPG lipid (anionic) is represented by gray circles, and the lipid PA (ani-
onic) is represented by white circles in the TL lipid mixture
DPPC:POPG:PA 68:22:9 [wt]. The N-terminally diC18-alkylated (Nocd)
Nspe-containing ‘insertion region’ of the peptoid helix is thought to tran-
siently insert into the air/liquid interfacial lipid monolayer, where the hydro-
carbon alkyl chains would hydrophobically interact with the lipid acyl
chains, and the amphipathic helix (red indicates cationic NLys-containing
regions) would associate with the anionic lipid headgroups. According to
AFM images obtained for this system at high surface pressure (60 mN/m), it
appears that peptoids sustain two separated interfacial regions that differen-
tiate by their lipid packing and components. In addition, peptoids assist in
the formation of sub-monolayer lipid structures, called “nanosilos” that are
likely composed of excluded pockets of lipid-peptoid material. The alky-
lated peptoids therefore aid in the retaining and re-spreading of material at
the air-liquid interface for the next expansion cycle. Adapted from ref [85].

Interested in further simplifying the peptoid-based SP-B mimic
sequences, scientists began to investigate the necessity for a dis-
crete sequence, as well as chirality, and hence, helicity, in non- and
octadecanoylated (C18) sequence- and stereo-random nylon-3 B-
polymer SP-B mimics [86]. These polymers demonstrated excellent
in vitro surface activities, suggesting that a free-solution and chiral
helical structure may not be necessary for lipid-associated activity,
and that the ability to adopt an amphipathic albeit irregular structure
could be sufficient for surface activity. This hypothesis is supported
by recent work that returned to peptoid-based mimics to explore the
in vitro effects on surface activity of cationic amphipathic pattern-
ing, the presence of an insertion region (Byu, Table 1), and the
presence of chirality (Bins.acn, Table 1), or Nspe vs. Npm (Fig. (2)),
in peptoid-based mimics of SP-B [87]. The results indicated that (i)
an N-terminal insertion most positively affected surface-active be-
havior, (ii) an increased number of cationic residues improved ad-
sorption, (iii) decreasing the amphipathic patterning in chiral and
helical peptoids inhibited adsorption and increased the minimum
dynamic surface tension, and (iv) removal of side chain chirality in
insertion-region containing mimics had a minimal effect on surface
activity (Table 1).

In Vivo Efficacy of Peptoid-Enhanced Lung Surfactants

Once extensive in vitro work on peptoid-based mimics of SP-B
and SP-C had been completed, a limited in vivo study was under-
taken by the Barron, Veldhuizen, and Lewis labs to determine effi-
cacy of peptoid-enhanced surfactants in a simple rat model of lung
lavage-induced ARDS/ALI [88]. In brief, respiratory distress was
induced in rats by repetitive lung lavage, after which a 50mg/kg
dose was intratracheally administered as a surfactant bolus. Mono-
alkylated SP-B and SP-C mimics “pB” (C18-Bj,s) and “pC” were
tested, individually and in combination, at 2 mol%, the same con-
centration used in in vitro studies, in the same lipid formulation
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(Tanaka lipids, DPPC:POPG:PA); these results were compared to
those of bovine lipid extract surfactant (BLES) and the synthetic
lipid-only formulation (Fig. (6)) [88]. A higher concentration of
peptoid mimics were used, relative to the actual concentration of
protein in lung surfactant (1-3% for SP-B and SP-C combined), for
consistency with previous work and, in the case of SP-B, to ac-
commodate the larger size of the protein (four to five helices rather
than one). Results indicated that all peptoid-enhanced formulations
showed improved outcomes relative to the synthetic lipids, but the
pC mimic in particular most improved measured biochemical and
physiological outcomes relative to pB and BLES (Fig. (6)). Interest-
ingly, the pB/pC combination showed the best sustained response in
certain physiological outcomes over the two hour recovery period.
This unprecedented therapeutic study demonstrates the potential
efficacy of peptoid-based lung surfactant protein mimics in the
treatment of respiratory distress and other pulmonary-related dis-
eases that inactivate lung surfactant. Furthermore, this study veri-
fies that systematic and careful design of peptoids with specific
structural attributes yields in vitro activity that can translate into in
vivo efficacy.

ANTIMICROBIAL PEPTIDE MIMICS
Antimicrobial Peptides

Widespread use of antibiotics is progressively causing an inevi-
table emergence of drug-resistant bacterial strains, resulting in an
increase number of acquired multi-drug resistant (MDR) infections
[89-90]. The need for 6-12 months of prolonged antibiotic treat-
ment to eradicate infections [91] and the recent increase in the
number of MDR strains have led to a pressing need to develop new
drug candidates that can improve current therapies. Antimicrobial
peptides (AMPs), also known as host-defense peptides (HDP), are
short bactericidal proteins with less than 40 amino acids that are
integral components of the innate immune system [92]. AMPs are
the first line of defense against a broad range of pathogens, includ-
ing Gram-positive and Gram-negative bacteria, yeast, fungi, vi-
ruses, and protozoa [93]. These peptides are highly diverse in se-
quence but all adopt discrete amphipatic structures that segregate
hydrophobic and cationic residues into distinct regions.

The antibiotic activity of AMPs is attributed to this amphipathic
nature, Coulombically attracting them to and facilitating interac-
tions with lipid membranes, subsequently disrupting membrane
function [94]. Biological membranes contain numerous different
lipid species, and cationic AMPs strongly bind to anionic lipid
headgroups. This preferential binding explains the cell-type specific
selectivity of some AMPs for bacterial cells (antimicrobial activity)
over mammalian cells (cytotoxicity), since bacterial membranes
have primarily anionic phospholipid bilayer membranes with
charged headgroups oriented towards the exterior of the cell. In
contrast, most mammalian cells possess an outer membrane that is
largely zwitterionic [93]. Therefore, cationic AMPs are preferably
attracted to bacteria over mammalian cells. This preferential attrac-
tion is a possible mechanism for selectivity of some AMPs for bac-
terial cells [93]. The mechanism of action of AMPs is thought to
primarily involve interactions with the inner and outer membranes
of bacteria, leading to membrane degradation and bacterial cell
lysis [95, 96].

A hypothesis that AMP-induced channel formation occurs in
membranes as part of the Killing process has been asserted and veri-
fied in artificial membranes for two classes of AMPs, the magainins
and defensins [95]; however, studies of AMPs such as indolicidin
[97] and buforin 11 [98], previously presumed to act by disrupting
cell membranes, have found no correlation between membrane
disruption and antibacterial activity. The AMP indolicidin is known
to permeabilize the outer and inner membranes of E.coli, but does
not cause cell lysis [97]. In addition, indolicidin and other non-
membrane-disruptive AMPs interact with intracellular targets like
DNA, RNA, and mitochondria, as well as affect cellular ATP and



Peptoid-Based Pharmaceuticals

500

400 S (PR A

(mmHg)

2

PaO_/FIO

100 |-

BL 10 30 60 90
F're-R‘ 20 45 75 105
Experimental Timecourse (minutes)

Current Pharmaceutical Design, 2011, Vol. 17, No. 25 2739

1 7.45 3 : :
: [ ) —=—BLES
i ——pB
7.4 [ —&—pC
——pB/pC i
—{=—Tanaka Lipids :
7.35 | '
78 g
{725 Frodod e
. 7.2 FERNS AN (NL [N (LN N SN US CN S S L CN [N W (N SN NS O | S S L |
BL 10 30 60 90 120
Pre-R 20 45 75 105

Experimental Timecourse (minutes)

Fig. (6). Physiological indicators of pulmonary gas exchange function over time in a lung lavage-induced rat model of acute lung injury (ALI). (A) PaO,/FIO,
and (B) Blood pH over the time course of the experiment. PaO,/FIO, gives an indication of increased gas exchange over time, while less acidic blood pH over
time indicates improved pulmonary function. Error bars indicate the standard error of the mean (SEM). Statistical significance indicators: * indicates p < 0.05
between BLES treatment group and Tanaka Lipids; + indicates p < 0.05 between pC treatment group and Tanaka Lipids. Statistical analysis was performed
using a one-way analysis of variance (ANOVA) with post-hoc multiple comparison testing using the Tukey-Kramer method. Adapted from ref [88].

protein synthesis [97, 99-102] . Regardless of their intended tar-
get(s), the attraction of AMPs toward the bacterial membrane is
integral for their mechanism of action [93]. Rather than interacting
with key specific bacterial enzymes, as most small-molecule antibi-
otics do, AMPs function by a non-specific, biophysical mechanism
that makes bacterial resistance to AMPs rare and difficult [103].

Peptoid-Based Antimicrobial Peptide Mimics

Although AMPs have been studied for several decades as po-
tential therapeutics, the short half life of peptides in vivo reduces
their bioavailability, decreasing their attractiveness as drug candi-
dates [92, 104]. Researchers have therefore been designing non-
natural mimics of AMPs to provide better structural stability and
bioavailability in compounds that are more advantageous to use as
therapeutic candidates relative to peptides [3, 103, 105-108]. Some
efforts to ameliorate disadvantageous peptide characteristics have
relied upon the incorporation of p-amino acids, which is a useful
strategy; however, D-amino acids can be ~ 10 times more expensive
than L-amino acids. Peptaibols have been used as an alternative to
conventional AMPs because they are resistant to proteolysis due to
the presence of a-aminoisobutyric acid and hydroxylated C-
terminal amino acids [109]. Azapeptides, and oligoureas have also
been developed as peptide mimics [110-111], as well as various
helical foldamers, including B- and +y-peptides, and poly-N-
substituted glycines (“peptoids™) [112-113]. We focus here on pep-
toid mimics of AMPs.

The in vivo structural stability of peptoids affords them a great
potential for development as effective antimicrobial agents [114,
115]. Recently, Fowler and Blackwell reviewed the structure-
activity relationships of antimicrobial peptoids or “ampetoids” [8]
that were developed by Barron and co-workers in 2003. Here we
will focus on more recent attempts to optimize peptoids as AMP
mimics, with an emphasis on N-terminal alkylation, cyclization, and
reduction in hydrophobicity of peptoids with the aim of improving
activity while substantially reducing mammalian cytotoxicity.
Strategies to incorporate a single peptoid residue into a peptide,
creating a peptide-peptoid hybrid with improved therapeutic poten-
tial, are also presented. Finally, the in vivo biocompatibility and
efficacy of antimicrobial peptoids to treat bacterial infections will
also be discussed.

It has been previously shown that antimicrobial peptoids are
both structural and functional mimics of AMPs [115-116]. Ampe-
toids are mimics of the magainins, a class of AMPs that are rela-
tively short, cationic, and a-helical, and ampetoids have antimicro-
bial properties similar to the peptides they mimic [115]. A study in
2008 determined that the selectivity of peptoids towards bacterial
cell lines (E. coli ATCC 35218 and B. subtilis ATCC 6633) over
mammalian cells (lung epithelial A549 cell line) was enhanced by
net cationicity and moderate hydrophobicity, whereas hemolytic
activity (red blood cell lysis) increased with high hydrophobicity
and amphipathicity [114] (Table 2). In order for peptoids to be suc-
cessful therapeutics, they must preferentially interact with bacterial
over mammalian cells; when this criterion is met, peptoids are re-
ferred to as “selective”. Mindful of net cationicity, hydrophobicity,
and amphiphathicity, researchers subsequently designed and tested
several families of ampetoids in order to fully understand the ef-
fects of sequence length, hydrophobicity, helicity, and charge-to-
length ratio on the activity and selectivity of ampetoids (Table 2)
[117]. This effort resulted in the design and characterization of ~ 26
different analog derivatives of previously reported Peptoid 1, a
dodecamer peptoid that forms a three-sided polyproline type I-like
helix, with one positively charged and two hydrophobic faces (Fig.
(3)). Peptoid 1 has comparable activity to pexiganan, an optimized
peptide-based analog of magainin-2 amide (Peptoid 1 MICg i =
3.5 uM and MICg gpitis = 0.88 uM) but is more hemolytic (Peptoid
1 HDyg = 21 pM and pexiganan HDjo = 73 uM) (Table 2) [114,
117]. Exactly 18 of the 26 variants matched the activity of Peptoid
1 and were less toxic to red blood cells [117]. Notably, a reduction
in hydrophobicity by removal of a hydrophobic residue (Nspe, 1-
11ner), inclusion of Pro (1-Prog) or an achiral residue (Npm, 1-
Npm,sg11, Fig. (2)) in place of chiral Phe-like residues (Nspe)
made peptoids less hemolytic while retaining the antimicrobial
activity (Table 2) [117].

Since the antimicrobial assays performed in these studies in-
volved relatively standard bacterial cell lines that were not highly
pathogenic, it was necessary to determine the efficacy of antimicro-
bial peptoids against stronger, more resistant bacterial cell lines.
Therefore, the most promising of the peptoids from these two stud-
ies were tested against clinical isolates and multi-drug resistant
(MDR) strains of several Gram-positive and Gram-negative bacte-
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Table2. The Sequences and Activities of Antimicrobial Peptoids and Peptides, Including Antimicrobial Activity Against E. coli
(ATCC 35218) and B. subtilis (ATCC 6633) Cell Lines, as well as Lytic Activity Against Red Blood Cells (RBCs, Hemoly-
sis).

Class Name Sequence (amino to carboxy) E. coll B. subtilis HD:/HDso
MIC (uM) MIC (uM) (nM)
Basis [114] 1 (NLys-Nspe-Nspe), 35 0.88 21/100
1-Nssh (NLys-Nssb-Nssb), 31 39 >120/>120
Length [117] Lomer (NLys-Nspe-Nspe); 9.1 12 >150/>150
Litmer (NLys-Nspe-Nspe)s- NLys-Nspe 6.3 0.78 >200/>200
Proline Variants 1-Pros NLys-Nspe-Nspe- NLys-Nspe-L-Pro-(NLys-Nspe-Nspe), 3.1 1.6 63/>110
[117] 1-Prog (NLys-Nspe-Nspe),- NLys-Nspe-L-Pro- NLys-Nspe-Nspe 125 1.6 165/>200
Achiral [117] 1-achiral (NLys-Npm-Npm), 125 0.78 183/>200
1-Npmgss 11 (NLys- Npm-Nspe), 6.3 1.6 87/>200
Aliphatic [117] 1-Nsdpzss.11 (NLys- Nsdp-Nspe), 125 0.78 111/>200
Alkylation [120] Ntridec-Lamer Ntridec-NLys-Nspe-Nspe-NLys 125 1.6 65/>200
AMP [114] Pexiganan GIGKFLKKAKKFGKAFVKILKK 3.1 1.6 73/>200
Melittin GIGAVLKVLTTGLPALISWIKRKRQQ 16 0.78 2/6

The MIC is defined as the minimum inhibitory concentration of antimicrobial agent at which no bacterial growth is observed. HD,, is the hemolytic dose at which 10% of the red
blood cells are killed. The Ntridec side chain is tridecylamine, a C13 alkyl chain. The results are represented as an average of two parallel replicates in three independent trails. Data

were obtained from refs [114], [117], and [120].

ria, and were found to be as active as pexiganan (Table 3) [117].
Based on the peptoids’ antimicrobial activities in this study, inves-
tigators designed and executed a computational model to predict the
antimicrobial activities of peptoids based on their structures and
sequences [118]. The activities of the peptoids when predicted by
the model were consistent with their corresponding activities wit-
nessed in vitro in cell-based assays, escalating the potential for
computational studies to aid in the designing and testing of peptoids
for this and other therapeutic applications.

Inspired by an earlier study in the Shai lab [119], the Barron
and Mobashery lab then focused on synthesizing short, N-
terminally alkylated peptoid-based sequences derivatized from
Peptoid 1. Peptoid Ntridec-14me (referred to as 1 C134ne), @ short
four-residue sequence with a C13 alkyl tail on the N-terminus, had
nearly half of the molecular weight of Peptoid 1 but still exhibited
comparable antibacterial activity (MICg¢o; = 6.3 - 12.5 uM and
MICg suptilis = 1.6 uM) and notably, significantly improved cell se-
lectivity (HDyo = 65 uM) (Table 2) [120]. Recently, Contag, Cirillo,
and Barron labs also demonstrated that Peptoid 1 C134,, is active
at as low as ~ 6 - 7 uM against Mycobacterium tuberculosis (Mtb)
and Mycobacterium bovis Bacille Calmete-Guérin (BCG), whereas
the non-alkylated Peptoid 14y Variant was inactive [121]. The
presence of an alkyl tail is believed to enhance peptoid penetration
into and transport through the bacterial membrane. Additionally,
similar to the behavior observed for alkylated peptides [122], 1
C13,mer may posses the ability to micellize at its MIC, with the
alkyl chains creating an internal hydrophobic core surrounded by
aromatic- and cationic-rich segments that form the outer solvent-
exposed portion. This micellization or other form of association
based on hydrophobic chain-chain interactions could explain its
their increased antimicrobial activity relative to the unalkylated
variant. The N-terminal alkylation study also demonstrated that a
C5 alkyl tail on the N-terminus of peptoid 1 did not increase the
cytotoxicity of peptoid 1 toward red blood cells, whereas a C10
alkyl tail made peptoid 1 more toxic. Therefore, it is difficult to say

if N-terminal peptoid alkylation would improve the therapeutic
potential of peptoids; nevertheless, it is a promising technique to
increase the therapeutic applicability of certain peptoids as drug
candidates against certain bacterial strains.

Another strategy put forth to reduce hemolysis of red blood
cells by peptoids was to design cyclized peptoids. Riccardis and co-
workers recently attempted to cyclize linear peptoids to improve
their antimicrobial properties and selectivity. Since cyclization
tends to reduce conformational flexibility by constraining the resi-
dues, it is believed that structural rigidity would increase the ability
of peptoids to permeabilize the bacterial membrane [123-124]. Suc-
cessfully synthesized selective (no hemolysis up to 100 pM) a-
cyclic peptoids were created with better antibacterial and antifungal
activity than linear peptoids (MIC for linear peptoid ~ 90-360 pM,
and cyclic ~ 90-200 pM). However, despite cyclization, the im-
provement in antibacterial activity was not comparable to the activ-
ity of previously reported linear peptoid-based mimics of magainin
(MIC < 6 pM) [114-115, 120]. These results and unpublished work
from the Barron lab (Kapoor and Barron) have indicated that upon
cyclization, the selectivity of peptoids towards bacteria increases
without a significant increase in antimicrobial potency. On the con-
trary, it has been shown that an unstructured and achiral peptoid,
Lachirat, 1S as equally active as structured and chiral Peptoid 1
(MICg coii = 6.3 -12.5 pM) but is in fact more selective (HD;o = 183
uM). The circular dichorism studies of peptoid 1, here demon-
strated that the peptoid remained unstructured even on association
with the bacterial and erythrocyte mimetic lipids, elucidating that
structural rigidity and helicity may not be essential for activity
[117].

Peptoid-Peptide Hybrid Mimics

Single peptoid residues or segments have also been used to
improve the proteolytic stability, increase the antimicrobial activity,
yet reduce the cytotoxicity of AMPs or their peptide-based mimics.
Replacement of a single amino acid in a peptide by a peptoid resi-
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Table 3. Broad-spectrum Antibacterial Activity of Ampetoids and Pexiganan Against Clinically Relevant Biosafety Level 2 (BSL2)
and BSL3 Pathogenic Microbial Strains
Bacterial organism Pexiganan 1 1-Pro, Lochiral 1-Npm,g, ., 1-Nsdp, g4, Ntridec-Lamer
K. pneumoniae ATCC 33495 8 16 16 8 16 8 9.6
P. vulgaris ATCC 49132 32 32 32 32 64 32 38.3
E. aerogenes ATCC 35029 32 16 128 128 64 32 >153.3
P. aeruginosa ATCC 27853* 4 8 32 16 64 16 9.6
E. coli ATCC 25922* 8 4 16 16 8 8 9.6
S. aureus VAN28t 8 4 8 8 8 8 438
S. aureus NRS100 (COL)§ 16 4 8 8 8 8 438
E. faecalis 99 128 8 64 64 64 64 19.2
E. faecium 106* 4 4 4 4 4 4 438

Minimum inhibitory concentrations (MICs) are represented in pg/mL. " indicates NCCLS recommended standard strain; ® indicates methicillian-resistant S. aureus (MRSA) strain;

and " indicates vancomycin-resistant strain [117].

due introduces some of the benefits of a peptoid into a peptide. Shin
and co-workers demonstrated that substituting Trpig in the bee
venom AMP melittin with “NTrp,” a Trp-based peptoid residue,
significantly reduced the mammalian cytotoxicity of the melittin
analogue while still retaining its antibacterial and antifungal proper-
ties [125]. In a followup study, it was also shown that substituting
all Pro residues in Trp/Pro-rich AMPs such as indolicidin,
tritrpticin-amide, and a symmetric tritrpticin analog (all Arg’s sub-
stituted with Lys’s) with NLys residues afforded more activity
against Gram-negative and Gram-positive bacteria (MIC = 0.5 - 8
uM) and less hemolysis (minimum concentration that produces
hemolysis (MHC) > 200 uM) [126].

In a similar study, Gennaro and co-workers replaced a single
Arg or Leu residue with NArg and NLeu, respectively, in apidacin
Ib, an AMP found in insects [127]. Replacing cationic amino acids
with cationic peptoid residues increased the proteolytic stability (no
cleavage by trypsin after 24 h, whereas the natural peptide was
cleaved in 30 min) and reduced the hemolysis (no hemolysis up to
300 uM), but with a sacrifice in antimicrobial activity (MIC = 16 -
> 128 uM).

Peptoids can also be used to increase the stability of inhibitor
peptides. A very recent study focused on improving the proteolytic
stability of peptides by introducing a single oligo-N-methoxyethyl-
glycine (Nmeg) peptoid residue along with a spacer at the N-
terminus of a previously identified peptide-based human respiratory
syncytial virus (hRSV) fusion inhibitor, C»y peptide [128-129]. The
solubility and serum stability increased by 80% and 25%, respec-
tively, but the peptide retained its binding affinity (ICso = 80.77
uM) [128]. These studies emphasize that incorporating a single
peptoid residue or replacing positively charged amino acids by
structurally similar peptoid residues improve the bioavailability and
structural stability of peptides, thus increasing their attraction as
therapeutic candidates.

In Vivo Biocompatibility and Efficacy of Antimicrobial Pep-
toids

In order to use peptoids as alternative therapeutic candidates to
treat bacterial infections, in vivo biocompatibility must be ascer-
tained. Recently, the Barron and Hancock labs focused on evaluat-
ing the toxicity of peptoids in a murine model [118]. The lead com-
pound, potent Peptoid 1, was instilled at a dose of 4 mg/kg (typical
dose for AMPs is 1-24 mg/kg) in healthy mice intraperitoneally
(i.p.), while the control group was injected with an equal volume of

saline. Peptoid-injected mice initially exhibited hunched abdomens,
but these symptoms disappeared 1 h post-injection. All mice were
healthy and survived 24 h post-injection, showing that Peptoid 1 is
not fatally toxic in vivo and therefore, has promising potential for
further therapeutic studies.

In the late 90s, Winter and coworkers at Chiron showed that a
single dose of 10 mg/kg, i.p.-injected peptoid trimer (CHIR29498)
was able to treat S. aureus infection in CD-1 mice with a 100%
survival rate, when treated at t = 0 [130]. Furthermore, 50% of the
mice survived when dosed at 30 mg/kg 110 minutes post-infection.
A more recent study also demonstrated the in vivo efficacy of pep-
toids to treat S. aureus infection in a murine model [118]. Peptoid 1
reduced mortality by 75% when 4 mg/kg was administered via i.p.
injection after 4 h of infection, as compared to the saline-treated
control. These preliminary studies demonstrate that peptoids are
capable of treating infections caused by Gram-positive bacteria in
vivo without being fatally toxic. Furthermore, detailed investigation
on the optimum dose, efficacy against different Gram-positive and
Gram-negative bacteria strains, mode of administration, and meta-
bolic fate of peptoids need to be determined to develop them as
therapeutics.

POTENTIAL APPLICATIONS OF LIPID-ASSOCIATED
PEPTOID-BASED MIMICS

Antimicrobial peptoids’ reduced bacterial resistance and stable
structure offer significant advantages over conventional antibiotics,
as well as AMPs and peptide-based mimics, to be developed as
therapeutic compounds for a wide range of biologically related
applications. Broad spectrum activity affords ampetoids the poten-
tial for development as anti- bacterial, fungal, viral, and cancer
drugs. A few examples of promising applications for antimicrobial
peptoids are discussed herein.

Contamination of medical devices such as stents, implants, and
catheters leads to serious bacterial infections [131-133]. The at-
tached bacteria in these devices can form biofilms on the surface
that are more resistant to antibiotics than planktonic cells, due to the
presence of an exopolysaccharide matrix [134]. Around 60% of all
clinical infections are caused by bacteria that live in biofilms [135].
Recurrent Urinary Tract Infections (UTIs) and chronic Cystic Fi-
brosis (CF) are caused by E.coli and Pseudomonas biofilms, respec-
tively [136-139]. In 2008, scientists demonstrated that peptoids are
potent compounds in the antifouling of surfaces [11]. Surface-
immobilized antimicrobial peptoids were able to attract anionic
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bacteria and alter their membrane structure, a change that was hy-
pothesized to prevent bacterial attachment to surfaces, thereby pre-
venting biofilm formation.

More recently, it has been shown that at the minimum inhibi-
tory concentration (MIC), select antimicrobial peptoids were able to
prevent biofilm formation as well as reduce pre-existing biofilms
better than two studied AMPs and three different conventional anti-
biotics [140]. Peptoid 1 was able to detach the pre-existing P. aeru-
ginosa PA 14 biofilms by 60%, whereas alkylated Peptoid 1
C134mer (Ntridec-14mer) Was able to reduce the cell viability in estab-
lished biofilms by 100-fold (~ 2-log decrease). These results sug-
gest that ampetoids could be used to coat and sterilize endoscopes,
which are routinely used in hospitals and other clinical settings. In
addition, peptoids have the potential to be used prophylactically, as
in the case of dental biofilms, and for treating existing infections
caused by drug-resistant bacterial biofilms.

In combination with a lung surfactant formulation of natural or
synthetic origin, ampetoids also have the potential to treat bacterial-
or viral-borne pulmonary infections like tuberculosis, pneumonia,
and cystic fibrosis (CF). The lung surfactant lipid carrier would
offer an excellent delivery tool for efficient delivery and greater
spreading of the antimicrobial peptoids in distal regions not easily
accessible due to the presence of thick mucus in the diseased lung.
Preliminary data in the Barron lab has also indicated that lung sur-
factant peptoids have little to no antimicrobial activity in free solu-
tion (Didwania and Barron), indicating that bactericidal action is
largely controlled by the concentration of the antimicrobial peptoid
in the peptoid “cocktail” mixture. However, a potential pitfall in
using lung surfactant as a delivery method for ampetoids would be
possible entrapment of ampetoids by the anionic lipid components
of the surfactant, which could reduce antimicrobial potency. In
order to use this method, the antimicrobial and interfacial activity of
lipid-bound ampetoids would need to be thoroughly evaluated.

Moreover, lung surfactant peptoids with or without combination
antimicrobial agents have the potential to treat multiple pulmonary
syndromes aside from respiratory distress; exploring peptoid effects
on infantile meconium aspiration, sepsis, lung damage, bron-
chopulmonary dysplasia, and asthma would all be of interest [28].
Lipid-peptoid surfactants may also function to reduce lung inflam-
mation and the effects of lung injury. A crucial anionic lipid com-
ponent of lung surfactant and of the lipid-peptoid formulations,
POPG, has recently been shown to inhibit respiratory synctial virus
(RSV) as well as lipopolysaccharide (LPS)-induced inflammatory
responses [141]. This result suggests that an exogenously adminis-
tered antimicrobial lipid-peptoid surfactant formulation may further
assist in the inhibition of RSV, influenza, or other viral lung infec-
tions. Spiking extracted surfactant formulations with peptoids, or
spiking recombinant SP-D into peptoid-enhanced surfactants, may
also be viable treatment options to obtain necessary antibacterial
and anti-inflammatory effects. The Eustachian tube of the ear also
contains a form of surfactant, including SP-B and SP-C, with a
slightly different composition from that located in the lung. There-
fore, appropriately formulation lipid-peptoid surfactants may also
have the potential to decrease inflammation in or treat severe ear
infections.

THERAPEUTIC PEPTOIDS AS DIAGNOSTIC AND CAN-
CER-FIGHTING AGENTS

An important aspect of drug discovery is identifying molecules
that can inhibit protein-protein interactions. Small molecules may
not be the ideal choice for such an application due to their inability
to cover the entire protein surface and thereby inhibit protein-
protein interactions [142]. Peptoids have been widely used to iden-
tify high affinity binding agents to therapeutic targets [143-145].
Here, we focus on the most recent studies in this area.
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PEPTOIDS AS DIAGNOSTIC AGENTS

For approximately a decade, large libraries of peptoids have
been used as diagnostics to identify targets for pharmaceutical ap-
plications [145-146]. Kodadek and co-workers were the first to
identify the potential of peptoids to distinguish between immune
and autoimmune cells [147]. They developed a one bead-one com-
pound peptoid library as a tool for detecting specific binding agents
to autoimmune T-cells in cases of Multiple Sclerosis (MS) [138].
MS is a nervous system disease in which the protective coating
around the nerves is eaten off by the immune system, leading to
demyelination and scarring. In this study, the CD4, T-cells were
isolated from mice with Experimental Autoimmune Encephalomye-
litis (EAE), and T-cells from the control mice were labeled with red
and green quantum dots, respectively. The cells were mixed in a 1:1
ratio and incubated with an approximately 300,000 peptoid one-
bead library. The beads that bound to only red-labeled cells con-
tained peptoid binders to EAE CD4, T-cells with high specificity.
Two peptoid hits (nonamers) were identified that bound to the
CD4, T-cells from the EAE mice and not to the T-cells from the
control mice. These results show that peptoid combinatorial librar-
ies can effectively aid in identifying new synthetic molecules that
can distinguish between immune and autoimmune cells.

Proteosome inhibitors have shown promise in anti-tumor ther-
apy, and peptoid libraries have been used for identifying potential
proteosome inhibitors. In a recent study, the Kodadek and co-
workers used a one bead-one compound library of 30,000 peptoids
to target ATPase and identify inhibitors of 19S Regulatory Particle
(RP). The most common 26S proteosome has a 20S core and two
19S RP that contain ATPase active sites [148], and the inhibition of
the 20S core particle present inside the 26S proteosome is an attrac-
tive target in cancer diseases. The 19S RP binds to the polyubiquit-
inated proteins, followed by protein unfolding, and steering the
protein into the 20S core for degradation. Out of 30,000 peptoids
used to target ATPase, Kodadek and co-workers identified one
purine-capped peptoid heptamer as a proteosome binder, which
inhibited the unfolding of the protein. Overall, these two studies
clearly highlight that large peptoid libraries bear immense potential
as tools for screening and binding to potential therapeutic targets
for a wide range of diseases.

PEPTOIDS AS ANTI-CANCER DRUGS

In a separate study, Kodadek and co-workers have also shown
that peptoid libraries bear promise in targeting vascular endothelial
growth factor receptor 2 (VEGFR2) [149-151]. Over-expression of
VEGF is a primary cause of many malignant and cancerous tumors,
and subsequently, targeting tumor angiogenesis has become an
important part of cancer therapy. Kodadek and co-workers identi-
fied peptoid GU40C4 (a dimer of a nonamer peptoid) that bound to
the extracellular domain of the VEGFR2 with a binding affinity of
30 nM, and was a VEGFR2 antagonist in vitro and in vivo. A reduc-
tion in autophosphorylation of VEGFR2 in PAE-KDR and HUVEC
cells was observed after peptoid treatment. Peptoid GU40C4 also
reduced VEGF-induced proliferation of HUVEC cells [150].

To investigate the anti-cancer potential of peptoids in further
detail, Kodadek and co-workers also developed GU81, a derivative
of the GU40C4 peptoid, to improve the binding affinity of peptoid
against VEGFR2 [152]. The potential of GU81 to reduce autophos-
phorylation was tested in PAE-KDR cells and its efficacy was fur-
ther evaluated in an in vivo transgenic mouse breast cancer model.
A dose of 260 pg/day of GU81 was administered in combination
with doxorubicin (2 mg/kg, once a week) for 19 days, which re-
sulted in a 1.6-fold reduced tumor volume compared to the control
treatment with doxorubicin alone. However, GU81 administered
alone did not show significant reduction compared to the control.
Since most cancer-based treatments require combinations of drugs,
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peptoids have the potential to be used in combination with conven-
tional antibiotics to control tumor expression and development.
Cancer is a huge burden to society, and along with existing cancer
treatment therapies, these studies increase the possibility of pep-
toids as novel biological tools and therapeutics in identifying cancer
targets.

CONCLUSIONS

We have highlighted the most recent contributions to peptoid
research and development as potential pharmaceuticals in the fields
of lung surfactant, antimicrobial peptides, diagnostics, and anti-
cancer agents. In the lipid-associated lung surfactant and antimicro-
bial peptide fields, it is notable that successfully bioactive peptoid-
based mimics displayed similar physiochemical properties that may
indicate generalized characteristics needed for favorable lipid-
peptoid interactions in other biological applications. The most ac-
tive mimics in both classes were aromatic-rich rather than aliphatic,
suggesting that sufficient hydrophobic and aromatic interactions,
such as pi stacking or oligomerization, may be necessary as part of
their mechanism of action. In addition, both sets of peptoid-based
mimics needed a significant amount of cationic residues in order to
be active, but for ampetoids, moderate hydrophobicity was needed
for selectivity.

N-terminal alkylation of both lung surfactant and antimicrobial
peptoids substantially increased activity. Primarily, alkylation
serves to increase lipid affinity and insertion ability. In the case of
lung surfactant peptoids, alkylation helps to anchor the peptoid and
excluded lipid material to the interfacial layer; and in the case of
antimicrobial peptoids, alkylation seems to aid in the penetration of
particularly greasy biofilms and membranes, thereby increasing
potency. Alkylation may also promote hydrophobic association
between peptoids through chain-chain or helix-chain interactions,
and also leaves open the possibility of micellization as a part of the
mechanism of action.

A larger question that has arisen in recent years is whether a
free-solution helical structure, or somewhat constrained amphipa-
thicity, is necessary for activity. Through multiple studies, it has
been shown that achiral peptoids or unstructured polymers are still
able to emulate the surface activity and antimicrobial activity of
proteins and peptides [86, 153-155]. For peptoid-based SP-C mim-
ics, a rigid helix is probably necessary to span a lipid bilayer and
sustain a multilayer of lipids. SP-B’s disulfide bonds are also likely
present to constrain the protein conformation in order to promote its
behavior, but surprisingly, unstructured SP-B mimics are seemingly
able to mimic aspects of its surface activity. In addition, the reduc-
tion in hydrophobicity resulting from achirality in Peptoid 1,iral
relative to 1 retained antimicrobial activity and actually improved
selectivity. In terms of lipid-peptoid interactions, it seems that a
helix may not be strictly necessary for activity as long as the struc-
ture is flexible enough to adopt an amphipathic albeit irregular con-
formation once lipid-bound.

In the fields of diagnostics and anti-cancer agents, peptoids
have demonstrated a significant potential to participate in binding
and screening assays that identify binders to therapeutic targets.
Peptoids are amenable to combinatorial library screenings due to
their facile and stable synthesis. However, many more studies need
to be conducted before peptoids would be used in diagnostic and
binding assays in a clinic.

For peptoids to truly become therapeutic agents, several ques-
tions need to be addressed. Particularly, the fate and cytotoxicity of
the peptoids are a significant concern. Though limited unpublished
studies have been conducted on the cytotoxicity of lung surfactant
peptoids (Czyzewski and Barron), there are indications in the litera-
ture that SP-B and SP-C cause cell lysis (due to their natural mem-
brane activity), but the lipid-bound nature of the proteins signifi-
cantly reduces this effect [156]. Some strategies that have been
adopted to reduce the cytotoxicity of ampetoids are alkylating the
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peptoids, reducing hydrophobicity via incorporation of a proline
residue in place of a hydrophobic Nspe residue, introducing simi-
larly charged or hydrophobic residues at N- and C-termini, and
replacing chiral Nspe monomers by achiral Npm. However, a com-
plicating factor in reducing cytotoxicity is the translation from cell-
based assays to in vivo experiments. In both lung surfactant peptoid
and ampetoid in vivo experiments, many if not all peptoid-treated
animals survived the experiment, even without an infection present.
This is surprising given that Peptoid 1 was found to be moderately
toxic in vitro. However, in the same ampetoid in vivo study, a pep-
toid NHisg1,, Which was fairly non-toxic in vitro, killed all mice
during the in vivo experiment [118]. The somewhat inconsistent
nature between the results of in vitro and in vivo experiments can
therefore hinder the therapeutic development of peptoids. Along
with cytotoxic effects, peptoid researchers also need to investigate
whether peptoids are affected by the xenobiotic metabolism, and
whether they are are hepatotoxic.

Aside from toxicity, the metabolic fate of peptoids needs to be
determined through biodistribution studies. Tse and co-workers in
1999 showed that a trimer peptoid had low oral absorption and was
excreted intact into the feces in 2 h [157]. To understand the fate of
the peptoids in vivo, similar detailed studies need to be conducted
using structurally and sequentially different, and active and inactive
peptoids. Though peptoid-based lung surfactant administration
would most likely be localized, ampetoids theoretically have the
potential to be used for both local and systemic treatments. In both
cases, a careful judgment must be made on the mode of administra-
tion of the peptoids. Only non-hemolytic peptoids could be used
systemically without being toxic to the red blood cells. Optimal
dosing also needs to be determined to treat the infection or disorder
without being toxic to humans. Studies using multiple types of in-
fection models in different animal species would be needed. Fortu-
nately, because peptoids are sequence-specific biopolymers, their
activities and toxicities can be “tuned” or modulated for a particular
biological application.

The potential for immunogenic response is another significant
factor in the therapeutic development of peptoids. Though limited
studies have shown peptoids to be non-immunogenic, the aforemen-
tioned “tunability” of peptoids may be beneficial, as non-natural
(and therefore unrecognizable) side chains can be incorporated into
the sequence. In addition, limited studies have indicated that prote-
olytic or “enzyme cleavage” peptide segments can be included in
the peptide sequence to promote degradation and clearance post-
treatment.

Given the tremendous increase in peptoid research in the last
few years, there is a strong indication that peptoid-based biomim-
icry of proteins and peptides will evolve and eventually, the thera-
peutic potential of peptoids will be realized. As the number of in
vivo studies increases, researchers will gain a better perspective of
the limitations and possibilities of peptoids in a living body.
Though the results described in this review are quite promising,
there is a long road ahead in terms of peptoid-based pharmaceutical
research and development. As more complicated secondary and
tertiary peptoid structures are synthesized and explored, the number
of possible therapeutic applications will only increase. In this way,
peptoids will continue to be versatile and accessible compounds for
exploration of the underlying mechanisms of biological processes
that will lead to therapies for a significant number of diseases and
syndromes.
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