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Polypeptoids, or N-substituted glycines,
are peptidomimetic polymers that
offermany advantageous properties for

studies in nanoscience.1!10 The polypeptoid
backbone is identical to that of a polypeptide,
but the side chain is appended to thenitrogen
rather than the R-carbon. This difference
removes inter- and intrachain hydrogen
bonding in the backbone11 and also elimi-
nates the main-chain chirality.12 These differ-
ences result in a polymer family whose pro-
perties are dominated by the side-chain
identity andmonomer sequence. Furthermore,
their reduced structural complexity makes
them easier to synthesize and simplifies their
engineering and design. It also results in
substantial flexibility of the main chain,12,13

good solubility in many common solvents,
and accessible thermal processability.11 Simi-
lar to polypeptides, peptoid polymers exhibit
excellent biocompatibility and potent biolo-
gical activities.14!16 For example, they can
fold into protein-mimetic secondary and ter-
tiary structures,17!19 serve as an effective
siRNA transfection reagent,20,21 diagnostic

agents,22!24 lung surfactantmimetics,25,26 anti-
microbial agents,27 andother therapeutics4 and
can be incorporated site-specifically into
polypeptide sequences28 and exhibit stabi-
lity to proteolysis.29,30

From a synthetic point of view, polypep-
toids are a class of highly designable poly-
mers. Depending on the desired degree of
control over structure and scalability, two
fundamentally different synthetic approaches
are possible: solid-phase synthesis and solu-
tion polymerization. With the solid-phase
submonomer synthesis method,31 sequence
specificity and near absolutemonodispersity
are readily obtained for chains of shorter
lengths.32!35 The precise control over the
exact placement and choice of monomers
offered by this method enables an excep-
tionally fine degree of control over the func-
tional properties (e.g., thermal, mechanical,
optical, conformational, etc.) of the peptoid
polymer chain.11,12,36 The chemical diversity
of polypeptoids is vast because the side-
chain moiety is introduced from a primary
amine synthon (of which there are literally
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ABSTRACT Bioinspired polymeric materials are attracting increasing attention due

to significant advantages over their natural counterparts: the ability to precisely tune

their structures over a broad range of chemical and physical properties, increased

stability, and improved processability. Polypeptoids, a promising class of bioinspired

polymer based on a N-substituted glycine backbone, have a number of unique

properties that bridge the material gap between proteins and bulk polymers. Peptoids

combine the sequence specificity of biopolymers with the simpler intra/intermolecular

interactions and robustness of traditional synthetic polymers. They are highly

designable because hundreds of chemically diverse side chains can be introduced

from simple building blocks. Peptoid polymers can be prepared by two distinct

synthetic techniques offering access to two material subclasses: (1) automated solid-

phase synthesis which enables precision sequence control and near absolute monodispersity up to chain lengths of ∼50 monomers, and (2) a classical

polymerization approach which allows access to higher molecular weights and larger-scale yields, but with less control over length and sequence. This

combination of facile synthetic approaches makes polypeptoids a highly tunable, rapid polymer prototyping platform to investigate new materials that are

intermediate between proteins and bulk polymers, in both their structure and their properties. In this paper, we review the methods to synthesize peptoid

polymers and their applications in biomedicine and nanoscience, as both sequence-specific materials and as bulk polymers.
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hundreds readily available) via an SN2 displacement
reaction. This approach allows for chains up to 50
monomers long to be synthesized in reasonable yield
in one shot because the yield for each monomer
addition cycle is typically in excess of 99%.7,37 Alter-
natively, solution polymerization techniques offer an
effective way to achieve high molecular weights and
larger-scale syntheses, however, with heterogeneous
products (due to the inherent polydispersity) and
limited atomic level synthetic control over the polymer
chemical structure.38 However, the combination of
solid-phase submonomer synthesis with polymeriza-
tion techniques offers unique opportunities to tailor
polypeptoid design to solve a wide variety of problems
in molecular biomimicry and nanomaterials science. In
this review, we will discuss recent developments re-
levant to synthesis, functional properties, and nano-
science applications of peptoid polymers.

Combinatorial Synthesis and Applications of Sequence-
Specific Polypeptoids. Solid-Phase Synthesis. Zuckermann
et al. initially approached the synthesis of short peptoid
oligomers in analogy to the well-established Merrifield
method of solid-phase peptide synthesis (SPPS) using
N-protected N-substituted glycine monomers.1,2 They
subsequently developed a much cheaper and higher
yielding submonomer synthesis method that uses no
main-chain protecting groups and simpler building
blocks, or “submonomers”. The two-stepmonomer addi-
tion cycle involves an acylation stepwith ahaloacetic acid
submonomer, followedbyadisplacement reactionwith a
primary amine submonomer, inwhich the functional side
chain is incorporated (Figure 1).31,39,40 In the first step,
bromoacetic acid is preferred generally; however, when
the side chains include unprotected heteroatoms, chloro-
acetic acid can be used to minimize side reactions.41 The
beauty of the displacement step is that the only func-
tional group needed to incorporate a side-chain unit into
the main chain is a reactive primary amine. There are
many hundreds of commercial primary amines available
in gram quantities, enabling a tremendous range of
chemical and sequence diversity in peptoid polymer
chains. As the displacement is an SN2 reaction with an
electrophilic haloacetamide, amines with competing
pendant nucleophilic centers need to be side-chain-
protected. Extensions of the standard submonomer
synthesis method allow one to introduce a number of
chemoselective functional groups to enable facile con-
jugation strategies.42

As one equivalent of HBr is the only byproduct
generated in the displacement step, the amine in the
reaction mixture, typically in substantial molar excess,
can be recycled by pumping it back into the original
reagent reservoir and reused in subsequent displace-
ment steps.43 As in SPPS, acid-removable side-chain
protecting groups are typically used, so that the side-
chain deprotection and resin cleavage can be affected
simultaneously using a trifluoroacetic acid cocktail. The

displacement reaction is not air- or moisture-sensitive,
and no heating is typically required. It has been reported
that microwave-assisted solid-phase synthesis of poly-
peptoids can reduce the reaction time dramatically (from
∼1 hour to just a few minutes per monomer addition)
with purity and yields of products as good as or even
better than thoseachievedusing standardmethods.44!48

Additionally, the two-step submonomer cycle involves
only the simple pipetting of stable reagent solutions at
room temperature. Therefore, the entire procedure can
be accomplished either manually or automatically and
can be readily adapted to most any commercial peptide
synthesizer.3,33,49

Zuckermann et al. have developed custom robotic
synthesizers that have been optimized over several gen-
erations to perform the fully automated synthesis of
polypeptoids.1,34 Individual compounds can be prepared
in parallel, or combinatorial libraries of high complexity
can be prepared. “Mix & split” combinatorial synthesis
allows a very large number of different sequences to be
synthesized simultaneously in equimolar amounts and in
such a fashion that each resin bead in the combinatorial
library contains a single compound.50!52 Thismeans that
tens of thousands of unique peptoid sequences can be
generated in a single run. Mass spectrometry-based
sequencing methods have been developed,53,54 where
the peptoid on an individual library bead can be

VOCABULARY: bioinspired polymers - A broad class of

polymeric materials that can have folded secondary and

tertiary structures resulting from a complex monomer

sequence involving chemically distinct monomers;

nanosheet - a high aspect ratio two-dimensional material

that has a nanoscale thickness and lateral dimensions in

the micrometer range;oligomer - a short polymer chain

with a degree of polymerization less than 10!20 residues;

protein-mimeticmaterial - a polymer chain comprising at

least two dissimilar monomers that can fold into a specific

conformation in water, as dictated by its monomer se-

quence; secondary structure - local structural order along

a stretch of a polymer chain, typically characterized by a

regular pattern of repeating conformations; helices and

sheets are common examples; sequence-specific poly-

mer - a polymer with a precise order of monomer units,

typically found in biology; solid-phase synthesis - a step-

wise polymerization method where the growing polymer

chain is anchored to a solid support, and coupling re-

agents are iteratively passed over the matrix, adding one

monomer at a time to afford a polymer with an exact

monomer sequence and near absolute monodispersity;

submonomer - simple chemical building blocks that can

be used to assemble a monomer in the course of stepwise

polymer formation; tertiary structure - three-dimensional

fold of a polymer chain into a specific conformation that

often gives rise to functions likemolecular recognition and

catalysis, typically based on a combination of multiple

secondary structural elements along the chain;
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sequenced,which greatly facilitates the identification of a
hit sequence after library screening.

Combinatorial Libraries for Peptoid Ligand Screening.

Combinatorial library synthesis provides an efficient way
to achieve great molecular diversity for the discovery of
biomolecular ligands.Avarietyof library formatshavebeen
utilized with peptoids including the following: SPOT pep-
toid arrays,55 equimolar mixture screening,50,56 OBOC (one-
bead-one-compound) screening,57,58 spottedmicroarrays,24

andpositional scanning libraries.59,60 Zuckermann and co-
workers at Chiron Corp. synthesized large libraries of
chemically diverse short peptoid oligomers and screened
them for biological activities. By 1994, they discovered
several potent peptoid trimer ligands for G-protein-
coupled receptors50 and the urokinase receptor.61 This
was one of the first demonstrations that a diverse combi-
natorial library of synthetic compounds could provide
high-affinity ligands for pharmaceutically relevant
receptors.62 Subsequently, many groups in both biophar-
maceutical industry and academic laboratories became
inspired toworkon thediscoveryof potential therapeutics
from peptoid libraries.4,57,63!65 Many specific biologically
active peptoid oligomers have been described.66!70 For
example, a library of cationic and hydrophobic peptoids
yielded novel compounds with antimicrobial activity.
These peptoids are a promising class of antimicrobial
therapeutics, as they exhibit broad-spectrum antibacterial
activity and lowmammalian cytotoxicity.27 Theproteolytic
stability of peptoidsmake themparticularlywell-suited for
diagnostic applications where the sample may contain
degradative enzymes. For example, peptoids were identi-
fied by Novartis Corp. that specifically detect amylo-
idogenicmisfolded proteins in blood.22,23 Using combina-
torial peptoid microarrays, the Kodadek lab developed a
general method to identify diagnostically useful anti-
bodies without the need for antigen identification. They
demonstrated the discovery of potentially useful diagnos-
tic biomarkers in humans via identification of candidate
IgG biomarkers for Alzheimer's disease.24 In addition to

linear protein ligands, several cyclic peptoid ligands have
also been explored that we will address later. Peptoid!
fluorophore conjugates have also been prepared as report-
ers for intracellular delivery71 or the folding into secondary
structures.72,73 These examples demonstrate that peptoid
libraries are apowerful, inexpensive, and convenient source
of diverse ligands for a variety of biomedical applications.

Peptoid Modulation of Crystal Growth. Peptoid oli-
gomers have recently been used to passivate the
surface of inorganic nanoparticles74,75 and tomodulate
the nucleation and growth of inorganic crystals.76,77

Peptoids offer a unique opportunity to selectively bind
to or influence the growth of particular crystal faces,
mimicking key aspects of biomineralization proteins.
For example, carboxylic-acid-rich amphiphilic peptoids
were used tomineralize CO2 in the presence of calcium
ion to form calcite (Figure 2).77 It was demonstrated
that specific peptoid sequences, containing a balance
of charge and hydrophobicity, offer both a high degree
control over calcite growth morphology and an un-
precedented acceleration of crystal growth rates. These
peptoids were active at nanomolar concentrations and
depended strongly on themonomer sequence. Peptoids
have also been demonstrated to influence the morphol-
ogy and growth rate of ice crystals.76 Given the substan-
tial structural diversity of peptoids and their ready
preparation as combinatorial libraries, it is reasonable to
expect more effective peptoid!inorganic crystal interac-
tions to be discovered in the near future.

Covalent Architectures of Sequence-Specific Polypep-

toids. In addition to linear polypeptoids, various other
polypeptoid architectures have also been explored.
Kirshenbaum et al.78 have prepared head-to-tail
macrocyclic peptoids by the solution cyclization of
the secondary amine N-terminus to the free carboxyl
group on the C-terminus. Cyclic 5!20mers have been
reported with >90% yields within 5 min, and high
cyclization efficiencies are observed across diverse
sequences and chain lengths. Peptoid macrocycles

Figure 1. Solid-phase submonomermethod allows the rapid synthesis of sequence-specific peptoids from cheap and readily
available starting materials (amines and haloacetic acid submonomers), using a repeating two-step monomer addition cycle
of acylation followed by nucleophilic SN2 displacement. Each two-step cycle is performed at or near room temperature
and takes <1 h and can be performed manually or by automated synthesizers. DIC = N,N0-diisopropylcarbodiimide, NMP =
N-methylpyrrolidinone.
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are more conformationally constrained than their lin-
ear counterparts, and several structures have been
elucidated by X-ray crystallography (Figure 3). Kodadek
and co-workers also developed a “one bead two
compound” approach to synthesize an encoded com-
binatorial library of cyclic peptoid microarrays.71

Macrocyclic peptoids were also found that crystallized
in a tube-like array, permitting reversible sequestration
of cocrystallized water molecules through a single-
crystal-to-single-crystal transformation (Figure 3b).79

Cyclic peptoids can also form stable complexes with
metal ions in the solid state to form interesting 1D
metal organic framework structures (Figure 3c).80

Macrocyclic peptoids adopt rigid and compact folded
conformations, which can result in an enhancement of
binding affinities and specificities.16,81,82 For example,
the Blackwell group reported a series of cyclic pepto-
mers as mimics of the quorum sensing signaling
molecules autoinducing peptides (AIPs) in bacteria
and identified one peptomer that can inhibit the AIP
receptor proteins.83 Strategies to synthesize on-bead
combinatorial libraries of cyclic peptoids have also
been developed.84 More recently, new types of triazole-
linked bicyclic peptoids have been synthesized directly on
the resin85 via post-synthesis azide!alkyne chemistry.86

Given the constrained structure and relatively larger size,
these bicyclic peptoids hold great promise as modulators
of protein!protein interactionsandmay serveas scaffolds
for drug design.

“Hairy” architectures, peptoids with complex side
chains also known as polymer brush-like structures,
have been prepared by chemical functionalization of
peptoid scaffolds.87 Azide!alkyne cycloaddition reac-
tions have been employed as an efficient approach to
post-display bioactive ligands in a potential application

for the modular synthesis of biosensors.88 An N-alkyl-
aminooxy strategy provides a convenient way to gen-
erate an extensive range of biologically functional
glycopeptoids.89

A peptoid-based dendrimer with three generations
has been obtained by microwave-assisted solid-phase
methods.90 The third generation compound displayed
minimal cytotoxicity and was demonstrated to be an
efficient mediator of DNA transfection. β-Peptoids differ
from polypeptoids (also referred as R-polypeptoids) by
addition of amethylene unit in the backbone.91 This class
of polypeptoids has a lower synthetic efficiency than
R-polypeptoids, especially when incorporating sterically
R-branched amines.92,93 However, β-peptoids have been
prepared by solid-phase synthesis from Fmoc-protected
β-peptoid dimers and trimers or R-amino acid/β-peptoid
hybrid dimers with high purity and efficiency.94,95 These
versatile peptoid architectures, particularly with various
controllable functional groups, offer tremendous advan-
tages for molecular recognition, scaffolds, and supramo-
lecular assemblies.71,82,96!101

Control of Secondary Structure in Sequence-Specific

Polypeptoids. In general, the peptoid backbone is in-
herently flexible due to the lack of main-chain chirality
and hydrogen bond donor. Recent small-angle neu-
tron scattering (SANS)12 and NMR spectroscopy102

data confirmed this. It was shown that the persistence
lengths of (R)-N-(1-phenylethyl)glycine-containing poly-
peptoids ranged from 0.5 to 1 nm, which is quite low
and similar to that of polystyrene (1 nm).103 In compar-
ison, the persistence length of a polyproline 20mer in a
polyproline type-II helix is estimated to range from 9 to
13 nm.104 The cis/trans isomerization of the tertiary
backbone amides is a major contributor to the con-
formational heterogeneity of the peptoid backbone.105

Figure 2. Anionic and aromatic amphiphilic peptoid oligomers exhibit significant control over the morphology of CaCO3
crystals grown aqueous solutions, depending on subtleties in the monomer sequence.77 (a) Diblock 16mer and (b) triblock
12mer made from the same two monomers have very different effects. Scale bars = 100 μm.
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However, stable secondary structure can be induced
by the proper choice of side chains (Figure 4). Several
side chains have been discovered which effectively
control the cis versus trans geometry of the backbone
amide bonds.106!110 Early research on polypeptoid
secondary structuremainly focused on the use of bulky
R-chiral side chains which induce a helical fold in the
chain. Both theoretical111,112 and experimental105

studies have shown that the preferred conformation
of an oligo-(S)-N-(1-phenylyethyl)glycine (Nspe) helix is
entirely composed of cis-amide bonds with a periodi-
city of three residues per turn and a pitch of approxi-
mately 6 Å, similar to a polyproline type-I-like helix
(Figure 4a). The handedness of the helix is determined
by the handedness of the R-chiral side chains. Barron
and co-workers systematically investigated the rela-
tionship of peptoid sequence to helix stability.113!115 It
was demonstrated that the minimum chain length to
observe a stable helix is five residues, with stability
increasing with chain length up to about 15 residues. A
minimum of 50% R-chiral side chains are necessary to
form a stable helix as evidenced by CD. In addition to
this chiral aromatic side chain, a pentamer with an
R-chiral aliphatic side chain [(R)-N-(1-cyclohexylethyl)-
glycine] can also form a left-handed helix with all cis-
amide bonds.115 However, all these systems are con-
formationally heterogeneous, as evidenced by low
overall amide Kcis/trans value (not more than 3.2).113 It
is worth noting that, despite the flexibility, these helical
secondary structural folds are extremely stable to
chemical denaturants such as urea or temperature, as
measured by CD, which is thought to be a conse-
quence of the steric interactions and not hydrogen
bonding.116 Thus, these peptoid helices exhibit a very
different stability profile than polypeptide R-helices,
due to their different mechanism of stabilization.

Strategies have been developed to enforce either
cis- or trans- amides within the peptoid backbone.
Blackwell and co-workers demonstrated that an
nfπ* interaction between the lone pair on the carbo-
nyl oxygen of the backbone and the π* orbital of an
adjacent aromatic side chain could be exploited to
stabilize a cis backbone conformation.107 Recently,

helices consisting of chiral and even more bulky (S)-
N-1-naphthylethyl side chains were found to be highly
stabilized after only five monomer units (Figure 4d),
partly due to the strong propensity of this monomer
to stabilize the backbone cis-amide conformation
(Kcis/trans of 9.7).

106 Kirshenbaum and co-workers demon-
strated the stabilization of the trans-amide conformation
with more than 90% trans-amide conformer in the
peptoid backbone by the incorporation of N-aryl side
chains.109 In their work, computational studies predicted
that this type of peptoid could form polyproline type-II
helices. Synthetic routeshavealsobeendeveloped tomake
functionalized peptoid helices.120 A variety of polar and
reactive functional groupshavebeen introduced into chiral,
aromatic amine submonomers, which were used to create
covalent helix dimers and togain increasedwater solubility.

In addition to helices, peptoid loops121 and turns78,122

havebeendiscoveredby investigators seeking toestablish
new structural scaffolds.108,118,120 Huang et al. first re-
ported an unusual “threaded loop” structure by a peptoid
nonamer that contains bulky, R-chiral side chains
(Figure4b).117 Blackwell's groupdevelopednewstrategies
for controlling peptoid conformation that utilize local
noncovalent interactions to regulate backbone amide
rotameric equilibria.107,121,123 Theydemonstratedaunique
acyclic peptoid reverse-turn conformation with all-trans-
amide backbone through the installation of N-aryl side
chains capable of hydrogen bonding with the backbone
(Figure 4c).110 The hydrogen-bond donors of N-hydroxy
side chains enable a sheet-like secondary structure to
form118 (Figure 4e), and the combination of two structure
inducing units, alternatingN-aryl andN-alpha-chiralmono-
mers, induces a ribbon-like structure119 (Figure 4f). Com-
bined, these studies provide considerable control over the
backbone conformation and side-chain functionality and
can be used as the basis to design peptoids for specific
applications.

Protein-Mimetic Architectures. Structured peptoids
have been used as scaffolds to position a variety of
reactive cofactors to generate protein-like functions.
For example, Kang et al. employed a peptoid helix as a
scaffolding material to construct a precisely defined cofa-
cial array of porphyrins for potential application as

Figure 3. Peptoid macrocycles adopt well-defined conformations, and several have been crystallized and their structures
determined by X-ray crystallography: (a) cyclic hexapeptoid,80 (b) cyclic octapeptoid that forms nanotubes with a bound
watermolecule in the cavity in the solid state,79 and (c) 1Dmetal!organic framework structure derived from a proline-containing
cyclic hexapeptoid and sodium atoms (purple).80 Atom designations: green = carbon, blue = nitrogen, red = oxygen.
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molecular wires (Figure 5a).124 Kirshenbaum's group
synthesized a family of catalytic peptoids by the attach-
ment of TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl), a
well-known catalyst for oxidative transformations to var-
ious sites along the spineof helical peptoids (Figure 5b).125

They discovered that the enantioselectivity of the catalytic
peptoids depends on the handedness of the asymmetric
environment derived from the helical scaffold, the position
of the catalytic center along thepeptoidbackbone, and the
degree of conformational ordering of the peptoid scaffold.

Hydrophobic collapse is a predominant driving
force in the folding of polypeptide chains into compact
globular structures.126 Thus, there has been much
activity in studying the impact of hydrophobic sequence
patterning to create folded polypeptoid structures with
well-defined hydrophobic cores. Combinatorial libraries
of amphiphilic peptoid helices with three-fold periodicity
have been screened for their ability to pack together into
discrete multihelical bundles.56 These sequences were
subsequently covalently linked together to form single-
chain helical bundle sequences that folded into a com-
pact multihelical structure.18 More recently, a structure-
dependent function has been introduced into the helical
bundle motif by incorporating functional groups at
defined positions to create a high affinity selective zinc
binding site (Figure 5c).19 By introducing a pair of thiol
and imidazole side chains into a peptoid two-helix
bundle, a convergent binding site was created which
mimics the natural zinc finger domains found in DNA-
binding proteins. This is one of the first tertiary folds
created from a completely non-natural single-chain poly-
mer that is capable of specific molecular recognition.

Globule formation driven by hydrophobic collapse
is considered to be central to the protein-folding
problem.127,128 There is keen interest in understanding
how the sequence pattern of hydrophobic and polar
residues impacts folding.129,130 One of the most ex-
tensive theoretical efforts has been performed by
Khokhlov and Khalatur, who demonstrated that copo-
lymers with blocky (or protein-like) distributions of
monomers form more stable globules than corre-
sponding random sequences where the monomers
are more evenly distributed throughout the chain.131

An “HP model” was used to simplify the set of interac-
tions in polypeptides, in which only two types of
monomers, hydrophobic (H) and polar (P), are consid-
ered. In an effort to explore the impact of hydrophobic
sequence patterning on globule formation in the
absence of other competing factors (e.g., chirality,
intrachain hydrogen bonding), we recently designed
protein-like polypeptoid HP sequences and explored
their coil to globule transitions (Figure 6a).132 We
synthesized two HP polypeptoid 100mer sequences:
one was designed to be “protein-like” and contained
longer stretches of both the hydrophobic and polar
monomers; the other “repeating” sequence contained
the shortest possible stretches of both monomers. It
was shown that the protein-like sequence collapsed
into a tighter globule with smaller gyration radius in
aqueous solution than that formed by the repeating
sequence. In addition, the coil to globule transition of
the protein-like sequence was sharper, more coopera-
tive, and exhibited a significantly higher unfolding free
energy than that of the repeating sequence molecule

Figure 4. Variety of peptoid secondary structures have been identified. (a) Model of a peptoid helix from a homopolymer of
N-(S)-(1-phenylethyl)glycine (Nspe) as first predicted by molecular mechanics,112 (b) peptoid threaded loop structure of
(Nspe)9 as determined by solution-phase 2D NMR,117 (c) N-aryl peptoid reverse turn,110 (d) N-(S)-(1-naphthylethyl)glycine-
basedpeptoid helix lookingdown along the helix axis,106 (e)N-hydroxyamide sheet-like structures,118 as determinedby X-ray
crystallography, (f) alternating N-aryl/N-1-naphthylethyl peptoid ribbon structure.119 Atom designations: red = oxygen;
blue = nitrogen; gray = carbon.
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(Figure 6b). Nile Red fluorescence showed an increased
emission peak from the protein-like sequence, indicat-
ing that the larger blocks of H and Pmonomers along the
protein-like chain allowed it to fold into a more compact
globule. The study helped to prove that the concept of
hydropobic sequence patterning extends to non-natural
polymers and provides insight into the design of a new
generation of robust protein-mimetic materials.

Murnen et al. used a model polypeptoid system to
study the effect of charge distribution on polyelec-
trolyte conformation in aqueous solutions.133 They
synthesized polypeptoids containing different densi-
ties of ionizable groups along the chain and investi-
gated the persistence length by small-angle neutron
scattering. It was shown that, at low ionic strengths, the
polypeptoid with closer charge placements had a
higher persistence length due to the increased level
of electrostatic repulsion between ionized groups. At
higher ionic strengths, both polymers showed a de-
crease in persistence length that was inversely propor-
tional to NaOH concentration, in agreement with
previous theoretical and experimental results. These
studies enrich our understanding of the fundamental
behavior of polypeptoids in solution and begin to
establish design rules that govern the relationship
betweenmonomer sequence and chain conformation.

Control over Thermal Properties in the Solid State. As
the tools for polymer synthesis grow ever more so-
phisticated, fundamental questions in polymer science
can now be probed with new functional designs at the
molecular level.134!137 Synthesis methods that offer
precision architectural control are the key.138!140 Tra-
ditional polymerization methods (e.g., radical and an-
ionic polymerization) offer limited levels of control over
comonomer distribution. Genetic engineering techni-
ques and metal catalysts have been explored for high
levels of control.6,138,141 However, biologically inspired
polymers, particularly polypeptoids, provide perhaps the

most convenient platform. Their sequence specificity and
monodispersity make the polypeptoid system an excel-
lent platform to elucidate the behavior and structure!
property relationships within a family of polymers with
complex, tunable intra/interchain interactions.

Rosales et al. have recently investigated the effects
of comonomer composition and distribution on the
crystallization andmelting behavior of polypeptoids in
the solid state.11 Peptoid polymers were shown to be
stable to very high temperatures (300 !C) and able to
crystallize. A direct comparison of a polypeptoid and its
exact polypeptide structural isomerwasmade. The two
15mer chains had the exact same side chain (an n-butyl
group) and differed only by their point of side-chain
attachment to the main chain (nitrogen vs R-carbon).
Differential scanning calorimetry indicated that the
polypeptoid exhibited a reversible melting transition,
whereas no melting peak was observed in the poly-
peptide due to the stabilization resulting from main-
chain hydrogen bonding (Figure 7). Side-chain sizewas
also systematically varied in a series of homopolymers,
and it was observed that the addition of two aliphatic
carbons to each side chain depressed the melting
transition by almost 15 !C. The crystallinity was readily
controlled through the insertion of defects at precise
locations along the polymer backbone, as well. It was
demonstrated that melting point decreases with in-
creasing defect content due to the inclusion of defects
in the crystal lattice, which is consistent with Flory's
theory of crystallization. Thus, sequence specificity is
leading to an increased understanding of the impact of
defect size and frequency on the thermal behavior.

Nanostructure Based on Microphase Separation of

Polypeptoids. In addition to thermal processability and
chain shape, the sequence specificity of polypeptoids also
allows for tenability of other physical properties, such as
the interaction strength between two blocks of a diblock
copolymer. Rosales et al. synthesized sequence-defined

Figure 5. Several structured peptoids have been structurally modified with reactive moieties to introduce function. (a)
Porphyrin groups were conjugated to a peptoid helix to study electron transfer.124 (b) Energy-minimized structure of a
TEMPO-functionalized catalytic peptoid with the docked substrate 1-phenylethanol (green);125 hydrogen = white, oxygen =
red, nitrogen = blue. (c) Peptoid two-helix bundles functionalized with thiols and imidazoles have been identified that
selectively bind zinc ion with nanomolar affinity.19
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diblock copolymers via azide!alkyne click chemistry
using polystyrene and sequence-specific polypeptoids
with N-2-methoxyethyl side chains, ranging from exactly
18 to 48 monomers in length.142 These polystyrene!
polypeptoid (S-Nme) block copolymers readily self-
assembled into hexagonally packed and lamellar mor-
phologies, in good agreement with the classical block
copolymerphasediagram.N-(2-Phenylethyl)glycine (Npe)
residues, which have a styrene-like side chain, were
introduced throughout the polar polypeptoid block to
increase the compatibility with the polystyrene block. As
the strength of segregation decreased, there was a de-
crease in the order!disorder transition temperature, as
well as a slight increase in the domain spacing by
0.8!1 nm. The polystyrene!polypeptoid block copoly-
mers provide a tunable platform for further studies on the
effect of composition and sequencedesign on self-assem-
bly of block copolymers.

Nanostructures Based on the Solution Self-Assembly

of Polypeptoids. The flexible synthesis of peptoids
enables the precise exploration of sequence space to
explore the solution self-assembly behavior of poly-
peptoid-based copolymers.56 Zuckermann's group re-
cently discovered a family of polypeptoid sequences
that self-assemble into robust, water-soluble, precisely
ordered nanosheets by systematic screening of differ-
ent amphiphilic sequence patterns.143 The key to gen-
erate sheet-forming sequences is to enforce a two-fold
periodic sequence pattern, alternating between an
aromatic hydrophobic monomer [N-(2-phenylethyl)-
glycine (Npe)] and one of two oppositely charged
ionic polar monomers [N-(2-aminoethyl)glycine (Nae)
and N-(2-carboxyethyl)glycine (Nce)] (Figure 8). This
results in the assembly of parallel, fully extended
polypeptoid chains into a highly ordered, planar bi-
layer structure, hundreds of micrometers in length
and width, and only 3 nm thick. Subsequently, the
nanosheets were functionalized by incorporating a

streptavidin-binding peptide sequence cyclo-[CHPQFC]-
at theN-terminusofeachpeptoid. Itwas confirmed that the
protein-binding ligand was displayed on the sheet surface
as desired by binding to fluorescently labeled streptavidin.

While the early nanosheet designs involved the
interaction of two oppositely charged peptoids, it
was recently discovered that a single polymer strand
combining all three monomers (aromatic positive and
negative) arranged in the same two-fold sequence
pattern can also form nanosheets.144 Two sequences
were designed that obey the two-fold amphiphilic
periodicity rule: one with charged residues alternately

Figure 6. (a) Protein-like polypeptoid sequences were designed using an iterative computational process involving
successive rounds of globule formation using all-atom molecular dynamics simulation followed by the addition and
redistribution of polar residues on the globule surface.133 White circles represent the hydrophobic monomer with a methyl
side chain; black circles represent the polar monomer with a carboxylate side chain. (b) Protein-like sequence exhibited
greater folding cooperativity by equilibrium acetonitrile titration and formed a more compact globule as determined by
small-angle X-ray scattering.

Figure 7. Comparison of the solid state melting behavior of
two polymer region isomers by differential scanning calo-
rimetry. A 15mer of norleucine shows no observable melt-
ing transition, while a 15mer of N-butylglycine, which has
the same side chain, shows a well-defined melting transi-
tion. The difference is attributed to the lack of hydrogen
bond donors in the peptoid backbone.11
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positive and negative (alternating pattern); the other
with charges segregated in positive and negative halves
of themolecule (block pattern). The two structural motifs
displayed differing sensitivities to pH and to denaturation
by acetonitrile. The block charge pattern design was
shown to be more stable, which was consistent with
expectations based on theoretical considerations of the
molecules' electrostatic interactions.

Moreover, it was demonstrated that the key inter-
mediate in nanosheet formation is an ordered mono-
layer at the air!water interface (Figure 8e).145 Due to
the amphiphilicity of these peptoids, a small but
important fraction of the dissolved compound sponta-
neously adsorbs to the air!water interface to form a
monolayer. Monitoring of the surface pressure iso-
therm in a langmuir trough reveals distinct stages of
the compression/expansion cycle. As lateral compres-
sion begins, a collapse pressure is eventually reached,
after which continued compression produces nano-
sheets that appear in the aqueous subphase. The
peptoid monolayer reaches a solid phase upon com-
pression that eventually buckles, bringing two hydro-
phobic faces irreversibly together into a bilayer. The
interfacial contact between the two adjacent hydro-
phobic polyaromatic faces creates a highly stabilized,
water-soluble nanosheet bilayer coated by a zwitter-
ionic polar surface. Upon expansion, peptoid from
solution gradually re-forms the surface monolayer so
that the cycle can be repeated. The cycle can in fact be
repeated hundreds of times until over 90% of the
peptoid has been converted into nanosheets. This is

the first example of a non-natural sequence-specific
polymer that could fold into a well-defined protein-like
material. The peptoid nanosheets form under physio-
logical conditions, are only two molecules thick, have
a chemically defined interior and exterior, and are
among the largest two-dimensional organic crystals
known. They are a highly engineerable 2D nanomater-
ial platform that can potentially serve as the basis to
address a variety of problems including biosensing,
membrane-based separations, drug delivery, and tem-
plates to grow inorganic materials.

Polymer sequence control was also used to inves-
tigate the solution assembly of diblock copolypeptoids.
Zuckermann and co-workers developed a comparati-
vely simpler model system that allowed controlled eng-
ineering of self-assembled structures in aqueous sol-
ution.146 An amphiphilic diblock copolypeptoid system
[N-(2-phenylethyl)glycine]15-b-[N-(2-carboxyethyl)glycine]15
was synthesized with one hydrophobic block of N-2-
phenylethyl side chains and one chargeable hydrophilic
block of N-2-carboxyethyl side chains. Upon dissolution
in aqueous solution at pH 6.5, this peptoid hierarchically
self-assembled into nanosheets, which further self-as-
sembled into superhelical structures with a diameter of
624 ( 69 nm and lengths ranging from 2 to 20 μm
(Figure 9). Moreover, it was shown that increasing of
overall length of the each polymer block resulted in a
similar superhelical structure, but with an increase in the
lamellar spacing. This is consistent with the conversion
of nanosheets into superhelices. Helix formation only
occurred in a pH range where the carboxylates were

Figure 8. Two-dimensional crystalline nanosheet bilayers assemble in dilute aqueous solution from an amphiphilic peptoid
sequence with a two-fold periodicity.143 The peptoid nanosheets sheets (a) are free-floating in solution as observed by
fluorescence microscopy (stained with Nile red); (b) have very sharp, straight edges as observed by scanning electron
microscopy; and (c) are composed of fully extended polymer chains lined up side-by-side in a bilayer. (d) Individual aligned
polymer chains are directly observed by aberration-corrected TEM. (e) Peptoid nanosheets are formed by a unique assembly
mechanism involving the formation of an ordered monolayer at the air!water interface, followed by a buckling event
induced by lateral compression of the monolayer to produce a stable bilayer.145
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between 1/2 and 2/3 charged,where therewas a balance
between reduced electrostatic repulsion and goodwater
solubility. The superhelices are remarkably homochiral
despite the achiral nature of all components.

For a deeper understanding of the superhelix inter-
nal structure and the role of charge location and
density in the self-assembly, specific chemical modifi-
cations in the form of closely related analogues were
made. To investigate the interplay of ionic interactions
and hydrogen bonding of the 2-carboxyethyl side chain
in the self-assembly of the superhelices, a nonionic
side chain, N-(2-methoxyethyl)glycine, and a hydrogen
bonddonor/acceptor side chain,N-(2-carboxamidoethyl)-
glycine,wereusedashydrophilicblocks.Neither sequence
could self-assemble into organized structures, demon-
strating that ionic interactions are indeed necessary for
helix self-assembly to occur.

Control over sequence patterning between hydro-
phobic and cationic side chains was shown to be
critical in the formation of spherical nanoparticles with
DNA and RNA for use as intracellular delivery vehicles.7

Many of the peptoids synthesized were capable of con-
densing plasmid DNA into small particles and protecting
it from nuclease degradation, but only a repeating triplet
motif (cationic!hydrophobic!hydrophobic) was found
to exhibit transfection activity in cell culture experiments.
The most active peptoid was a 36mer that contained
12 cationic aminoethyl side chains. This peptoid con-
densed plasmid DNA into uniform spherical nanoparti-
cles 50!100 nm in diameter and mediated the
transfection of a number of cell lines in the presence
of fetal calf serumwith good efficiency. A small library of
lipid!peptoid conjugates (lipitoids) was subsequently
synthesized.147 The complexes with DNA showed a
spherical shape with a diameter of∼100 nm. The most
active compound had the same repeating triplet motif
(cationic!aromatic!aromatic) but with a much shorter
main chain. The compound exhibited much higher
transfection efficiencies, was active in the presence or
absence of serum, could transfect primary cells, and
could deliver siRNA.20 Further examination is needed to

reveal hidden structure!activity relationships in both
system.21

Goodman and co-workers synthesized collagen
peptidomimetics as an alternative to natural collagen
(Figure 10a).148,149 The peptoid residue N-isobutylgly-
cine (Nleu), a structural mimic of leucine, has been
successfully incorporated into a series of collagen
mimetics composed of Gly-Pro-Nleu, Gly-Nleu-Pro,
and Gly-Nleu-Nleu trimer repeat units. The incorpora-
tion of unnatural peptoid residues in these collagen
sequences exhibited potent and specific biological activ-
ity and enhanced biostability against enzymatic degrada-
tion. Furthermore, the use of achiral peptoids simplified
synthetic strategies by reducing racemization problems.
Interestingly, a single peptoid-containing trimer repeat
unit, boc-Gly-Nleu-Nleu, was found to form a crystalline
complex with calcium ions (Figure 10b).150 The discovery
of template-assembled collagen mimetics and metal-
binding ability has laid the foundation for new opportu-
nities in the design of novel collagen-mimetic complexes.

Polyethylene Glycol Mimetic Peptoids. Polyethylene
glycol- (or polyethylene oxide)-mimetic materials have
been widely investigated and used for a variety of
applications. In particular, PEGylated peptide/protein-
based biopharmaceuticals often exhibit enhanced pro-
teolytic stability, reduced rates of renal clearance, and
an enhancement of therapeutic efficacy. However, the
polydispersity or heterogeneity of PEG preparations
results in polymer-like product distributions,which require
a complicatedpurificationprocessing and result in hetero-
geneous preparations. Barron et al. have exploited poly-
mers of N-(2-methoxyethyl)glycine as an excellent PEG-
mimetic material because of its similar chemical structure
and more homogeneous product distribution.151 They
attached an N-2-methoxyethyl glycine (Nmeg) oligomer
covalently to a short therapeutic peptide, which showed
neither ideal solubility nor serum stability.152 Upon the
incorporation of just one Nmeg monomer, comparable
therapeutic efficacy relative to the parent peptide was
observed but with a prolonged half-life. Longer Nmeg
oligomer chains were shown to interfere with peptide

Figure 9. Model of the proposedmechanism for the formation of a superhelix from an amphiphilic diblock copolypeptoid.145

Green represents the hydrophobic portion of the chain, and red represents the hydrophilic block. (a) Chains initially organize
with the aromatic groups facing each other. This spacing (1.66 nm) along with the distance between two chains laterally
(4.8 Å) was verified by X-ray scattering. (b) Chains further arrange into extended two-dimensional nanosheets with a height
of 7.8 nm, which further assemble into superhelices as imaged by AFM (c).
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binding to the target protein. They also reported a new
class of antifouling peptidomimetic polymers based on a
Nmeg 20mer. This polymer showed excellent protein
resistance, and its ability to resist fouling could be main-
tained for several months under frequent challenge with
fresh serum and cells.153 Van Zoelen et al. designed
polypeptoid!polystyrene diblock copolymer thin films
with the help of fluorinated side chains in the peptoid
sequence for antifouling coating applications.154

In recent years, poly(ethyleneoxide) (PEO)-based
materials have received a great deal of interest for
use as battery solid polymer electrolyte applications,
due to their high ionic conductivity. Sun et al. recently
designed and synthesized a class of well-defined
PEO-mimetic homopolypeptoids to investigate their
ability to serve as electrolytes with small amounts of
dissolved lithium ion in the solid state. A series of
analogues were prepared with varying numbers
of ethylene oxide (EO) units in the side chains
(Figure 11).36 Subtle variation of the side chain enabled
the systematic study of the relationship between
polymer structure and activity. All peptoids in the
series were amorphous, and the glass transition tem-
perature (Tg) values of these polypeptoids decreased
with increasing side-chain EO unit length. The ionic
conductivity behavior of the complex of these poly-
peptoids and Li[N(SO2CF3)2] salt was also explored. The
optimum ionic conductivity of 2.6 " 10!4 S/cm was
achieved for poly(N-2-(2-(2-methoxyethoxy)ethoxy)-
ethylglycine)!Li salt complex at 100 !C, which is 2
orders of magnitude higher than previously reported
for comb-like PEO-mimetic polypeptides. This is be-
cause the lack of hydrogen bond donors along the
peptoidmain chain results in aflexiblebackbone, allowing
for increased segmental motion of the polymer chains.
Taken together, the conductivity data as a function of

temperature and lithium ion concentration show that the
conductivity of the system is strongly correlated to the
changes in glass transition temperature and not to
changes due to other factors such as complexation with
salt or the length of the pendant (EO)n chains. It was
demonstrated that the polypeptoid is an ideal model
system for understanding the thermodynamic and ki-
netic properties associated with ion solvation andmobil-
ity, due to their precise monomer sequence, absolute
monodispersity, and fine-tuned structure. Information
from this study helped identify the critical structural
attributes of the polymer design, which may ultimately
be prepared by a cheaper method (see below).

Polypeptoids by Solution Polymerization. The ring-open-
ing polymerization (ROP) of N-carboxyanhydrides
(NCA), which is typically used to produce polypeptides,
has also been recently used to synthesize polypeptoids
from N-substituted monomers.155 Due to synthetic
accessibility, early research mainly focused on poly-
(N-methyl glycine),156!158 also referred to as polysarco-
sine. Because of its excellent biocompatibility and water
solubility,159 polysarcosine has been used as the hydro-
philic block in amphiphilic block copolymers for the
application of controlled release drug delivery.160!164 In
the polymerization of polypeptoids, N-substitution plays
a crucial role and is thus distinct from the polymerization
mechanism of polypeptides. The steric effect of the
nitrogen substituent limits propagation via the C5 nu-
cleophilic attack mechanism,165 making polypeptoid po-
lymerization more efficient.

Recently, Luxenhofer et al.166,167 used a primary
amine to initiate a series of peptoid polymerizations
with alkyl side chains (Figure.12). They investigated the
polymerization kinetics and showed that it occurs in a
living manner. The polymer molecular weights are
well-controlled and obey a Poisson distribution. A
series of amphiphilic block copolypeptoids with differ-
ent aliphatic side chains as hydrophobic blocks were

Figure 10. Peptoid monomers have been substituted into
the triplet repeat sequence of collagen to create collagen-
mimeticmaterials.148,149 (a) Calculated lowest energy triple-
helical conformation of Ac-(Gly-Pro-Nleu)4-NH2 represented
as a heavy atomCPKmodel (left) and as a stickmodel (right).
For the stick model, the backbone ribbon diagram is shown
for each of the three chains, which are staggered by one
residue. The Gly, Pro, andNleu residues are color coded red,
white, and green, respectively. Nleu = N-isobutylglycine. (b)
Peptoid-containing trimer motif, boc-Gly-Nleu-Nleu, used
in the study of collagen mimics was found to form a
crystalline complex with calcium ions.150

Figure 11. Three new comb-like PEO-mimetic polypeptoid
homopolymers were studied as potential solid polymer
electrolytes.36 The polypeptoids with longer ethylene oxide
side-chain materials are excellent PEO-mimetic materials
that exhibit rapid segmental motion and are capable of
complexing lithium ions.
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then prepared by successive ROP of N-substituted NCAs,
and a hydrophobic dye was used as model for drug
delivery applications. It was observed that the efficiency
of encapsulation is dependent on the side-chain structure.
Block copolypeptoids with poly(N-n-butylglycine) as hy-
drophobic block show lower critical micelle concentra-
tions and higher capacity for hydrophobic components,
which would be beneficial for many applications. They
also reported a systematic study of the thermal properties
of aliphaticpolypeptoidsbearing short side chain (C1!C5)
with polymerization degrees in the range of 10 to 100. As
expected, the side-chain and main-chain lengths can
influence the thermal properties of the polypeptoids.168

Recently, they reported the preparation of poly(β-
peptoids) by living ring-opening polymerization of N-sub-
stituted NCAs.169 Zhang's group38,170!172 has explored
N-heterocyclic carbine (NHC)-mediated polymerization
of N-substituted NCA monomers (Figure 13). It was
reported that the molecular weight and polymeriza-
tion rate could be well-controlled in solvents with low
dielectric constants. Interestingly, they found that a
cyclic topology is maintained throughout the entire
process of polymerization due to existence of zwitter-
ionic intermediates. Moreover, with different end-cap-
ping reagents, either cyclic or linear polymer chains
could be obtained. The cyclic structure was verified by
AFM after post-polymerization modification of poly-
(ethylene glycol).173 They also investigated the self-
assembly properties and thermoresponsive behavior
of cyclic copolypeptoids.174 With the amphiphilic di-
block cyclic copolymer cyclo-[poly(N-methylglycine)-
b-poly(N-decylglycine)] or c-(pNMG-b-pNDG), cylindri-
cal micelles were obtained in methanol, and it was
demonstrated the transition from spherical to cylind-
rical micelle is due to crystallized core of the micelle. A
cloud point temperature (Tcp) in the range of 20!60 !C
was observed with the random cyclic copolypeptoids
cyclo-[poly(N-ethylglycine)-r-poly(N-butylglycine)] or
c-(pNEG-r-pNBG). The linear random copolypeptoid

analogue show higher Tcp by ∼5 !C than the cyclic
polymers irrespective of copolymer compositions, which
behave differently from the benchmark thermorespon-
sivepolymerPNIPAM. Furthermore, they found that cyclic
poly(N-decylglycine) can exhibit side-chain and main-
chain-coupled crystallization behavior.172 Schlaad and
co-workers175,176 recently synthesized well-defined poly-
peptoids by ROP of N-allylglycine NCA under homo- or
heterophase conditions and obtained high molecular
weight glycopeptoids through the post-modification of
poly(N-allylglycine)s with glucose utilizing UV light in
combination with photoinitiators.

In addition to the ring-opening polymerization
(ROP) of N-substituted NCA, polypeptoids have also
been synthesized by metal-catalyzed alternating co-
polymerizationwith imines and carbonmonoxide (CO) as
monomers.177 Products with high molecular weights and
lowpolydispersityhavebeenattainedwithanacyl!cobalt
complex as the catalyst. Similarly, several homologues of
polypeptoids, referred as poly(β-peptoids)178,179 and poly-
(γ-peptoids),180 were made from copolymerization of CO
and N-substituted aziridines/azetidines with metal as the
catalyst. A couple of chimeras based on polypeptoids,
polypeptides, polyamines, and polyesters have been
synthesized with the same approach.181!183 A urea pep-
toid trimer has been synthesized and conjugated to
polymer main chains to obtain a polymer/urea peptoid
conjugate.184 Further, a linear poly(N-alkyl urea peptoid)
has been prepared by step-growth polymerization.185

Simulation of Peptoid Structure. Advances in poly-
peptoid synthesis over the past 20 years have far
outpaced advances in their structure prediction. The
vast design space that is synthetically accessible within
this compound class could be much more efficiently
mined with computational tools that could predict
their folding and assembly. MD simulation helped
to predict the stable helical fold induced by chiral
side chains. Calculations predicted a noctamer of
(S)-N-(1-phenylethyl)glycine could adopt a polyproline

Figure 12. Peptoid polymers can be synthesizedby living ring-openingpolymerization of N-substitutedN-carboxyanhydride
monomers with a primary amine as an initiator.166,167 Diblock copolymers can also be readily prepared.

REV
IEW



SUN AND ZUCKERMANN VOL. 7 ’ NO. 6 ’ 4715–4732 ’ 2013

www.acsnano.org

4727

type-I helical conformation,112 and thatN-aryl peptoids
may form polyproline type-II helices,109 in agreement
with subsequent experimental findings. A compete
landscape of peptoid backbone energies was later
constructed that provides a detailed understanding
of the local backbone dihedral angle preferences.186

Molecular dynamics force fields from polypeptides
have been recently used with peptoids to predict the
structures of several short peptoid oligomers. A com-
bination of replica exchange molecular dynamics sim-
ulation and quantum mechanical refinement was
employed in the blind structure prediction of three
short peptoid sequences, which correctly predicted
the pattern of cis/trans backbone amides and the
structure of a cyclic peptoid nonamer to an accuracy
of 1.0 Å rmsd backbone.187 This work is a tangible
milestone on the path to reliable and efficient tools for
computational peptoid design.

CONCLUDING REMARKS AND OUTLOOK

In this review, we summarize the synthesis and
nanoscience applications of a novel class of bioinspired
non-natural polymericmaterial, polypeptoids, in which
a wide variety of chemically diverse side chains can be
incorporated. In comparison to polypeptides and other
bioinspired polymers, polypeptoids offer significant
advantages in stability, processability, and synthetic
efficiency. Peptoids are a side-chain-dominated poly-
mer system, which can generate polymers that can
span a huge range of chemical and physical properties.
Because polypeptoids lack both chirality and a hydro-
gen bond donor in their backbone, they offer a simpli-
city and freedom of design that makes them an ideal
rapid prototyping system to study different principles
and explore new materials properties. Polypeptoids

are biomimetic materials capable of folding into spe-
cific protein-like shapes in water and exhibit potent
biological activities. Polypeptoids combine the advan-
tages of proteins and polymers and are ideally suited
for discovery of highly functional biomaterials.
A major feature of polypeptoids is that the iterative

solid-phase submonomer synthesis method allows for
the efficient synthesis of polypeptoids of exact mono-
mer sequence from an extremely diverse set of side-
chain functionalities, derived from readily obtainable
reagents. The precise sequence control and the ability
to introduce a wealth of functional monomers at
specific locations make it convenient to control and
fine-tune intra- and intermolecular interactions simply
by changing individual side chains. Two complementary
peptoid polymerization techniques have been devel-
oped, allowing great versatility in the types of polymers
that can be accessed synthetically. Chains of specific
sequence can be made up to 50 monomers in length,
and chemical ligation and polymerization techniques
allow for even longer chain lengths and larger scales.
All these features make polypeptoids a new promising
platform in nanomaterials science. The emerging design
rules for controlling peptoid structure and function,
as well as the unique combination of solid-phase
and solution-phase synthesis techniques available, make
polypeptoids a versatile tool kit for exploiting the next
generation of bioinspired polymeric materials.

Conflict of Interest: The authors declare no competing
financial interest.

Acknowledgment. Funding for this work was provided by
the Soft Matter Electron Microscopy Program, supported by the
Office of Science, Office of Basic Energy Science, U.S. Depart-
ment of Energy, under Contract No. DE-AC02-05CH11231, and
the Defense Threat Reduction Agency. The work was carried
out at the Molecular Foundry at Lawrence Berkeley National

Figure 13. (a) NHC carbene-mediated polymerization of N-substitutedN-carboxyanhydrides. Different end-capping reagents
enable the preparation of linear and cyclic polypeptoids. R is the side-chain group (e.g., alkyl, phenyl, or methyl groups). (b)
Scheme of the formation of a big cycle of brush-like polypeptoids from click chemistry with azido-terminated PEG. (c,d)
Representative AFM topographic and amplitude images of the cyclic structure (scale bar = 500 nm).

REV
IEW



SUN AND ZUCKERMANN VOL. 7 ’ NO. 6 ’ 4715–4732 ’ 2013

www.acsnano.org

4728

Laboratory, supported by the Office of Science, Office of Basic
Energy Science, U.S. Department of Energy, under Contract No.
DE-AC02-05CH11231.

REFERENCES AND NOTES
1. Zuckermann, R. N. Peptoid Origins. Pept. Sci. 2011, 96,

545–555.
2. Simon, R. J.; Kania, R. S.; Zuckermann, R. N.; Huebner, V. D.;

Jewell, D. A.; Banville, S.; Ng, S.; Wang, L.; Rosenberg, S.;
Marlowe, C. K. Peptoids: A Modular Approach to Drug
Discovery. Proc. Natl. Acad. Sci. U.S.A. 1992, 89, 9367–9371.

3. Zuckermann, R. N. The Chemical Synthesis of Peptido-
mimetic Libraries. Curr. Opin. Struct. Biol. 1993, 3, 580–
584.

4. Zuckermann, R. N.; Kodadek, T. Peptoids as Potential
Therapeutics. Curr. Opin. Mol. Ther. 2009, 11, 299–307.

5. Kirshenbaum, K.; Zuckermann, R. N.; Dill, K. A. Designing
Polymers That Mimic Biomolecules. Curr. Opin. Struct.
Biol. 1999, 9, 530–535.

6. Barron, A. E.; Zuckerman, R. N. Bioinspired Polymeric
Materials: In-between Proteins and Plastics. Curr. Opin.
Chem. Biol. 1999, 3, 681–687.

7. Murphy, J. E.; Uno, T.; Hamer, J. D.; Cohen, F. E.; Dwarki, V.;
Zuckermann, R. N. A Combinatorial Approach to the Dis-
covery of Efficient Cationic Peptoid Reagents for Gene
Delivery. Proc. Natl. Acad. Sci. U.S.A. 1998, 95, 1517–1522.

8. Lee, B. C.; Connolly, M. D.; Zuckermann, R. N. Bio-inspired
Polymers for Nanoscience Research. Proc. NSTI Nano-
tech. 2007, 2, 28–31.

9. Zhang, D.; Lahasky, S. H.; Guo, L.; Lee, C. U.; Lavan, M.
Polypeptoid Materials: Current Status and Future Per-
spectives. Macromolecules 2012, 45, 5833–5841.

10. Luxenhofer, R.; Fetsch, C.; Grossmann, A. Polypeptoids: A
Perfect Match for Molecular Definition and Macromo-
lecular Engineering? J Polym. Sci., Part A: Polym. Chem.
2013, 10.1002/pola.26687.

11. Rosales, A. M.; Murnen, H. K.; Zuckermann, R. N.; Segalman,
R. A. Control of Crystallization and Melting Behavior in
Sequence Specific Polypeptoids.Macromolecules 2010, 43,
5627–5636.

12. Rosales, A. M.; Murnen, H. K.; Kline, S. R.; Zuckermann,
R. N.; Segalman, R. A. Determination of the Persistence
Length of Helical and Non-helical Polypeptoids in Solu-
tion. Soft Matter 2012, 8, 3673–3680.

13. Bradley, E. K.; Kerr, J. M.; Richter, L. S.; Figliozzi, G. M.; Goff,
D. A.; Zuckermann, R. N.; Spellmeyer, D. C.; Blaney, J. M.
NMR Structural Characterization of Oligo-N-Substituted
Glycine Lead Compounds from a Combinatorial Library.
Mol. Diversity 1997, 3, 1–15.

14. Lee, J.; Udugamasooriya, D. G.; Lim, H. S.; Kodadek, T.
Potent and Selective Photo-inactivation of Proteins with
Peptoid!Ruthenium Conjugates. Nat. Chem. Biol. 2010,
6, 258–260.

15. Seo, J.; Lee, B. C.; Zuckermann, R. N. Peptoids: Synthesis,
Characterization, and Nanostructures. In Comprehensive
Biomaterials; Ducheyne, P., Healy, K.E., Hutmacher, D.W.,
Grainger, D.W., Kirkpatrick, C. J., Eds.; Elsevier: Amsterdam,
2011; Vol. 2, pp 53!76.

16. Fowler, S. A.; Blackwell, H. E. Structure!Function Rela-
tionships in Peptoids: Recent Advances toward Deci-
phering the Structural Requirements for Biological
Function. Org. Biomol. Chem. 2009, 7, 1508–1524.

17. Kirshenbaum, K.; Barron, A. E.; Goldsmith, R. A.; Armand, P.;
Bradley, E. K.; Truong, K. T. V.; Dill, K. A.; Cohen, F. E.;
Zuckermann, R. N. Sequence-Specific Polypeptoids: A Di-
verse Family of Heteropolymers with Stable Secondary
Structure. Proc. Natl. Acad. Sci. U.S.A. 1998, 95, 4303–4308.

18. Lee, B. C.; Zuckermann, R. N.; Dill, K. A. Folding a Non-
biological Polymer into a Compact Multihelical Struc-
ture. J. Am. Chem. Soc. 2005, 127, 10999–11009.

19. Lee, B. C.; Chu, T. K.; Dill, K. A.; Zuckermann, R. N.
Biomimetic Nanostructures: Creating a High-Affinity
Zinc-Binding Site in a Folded Nonbiological Polymer.
J. Am. Chem. Soc. 2008, 130, 8847–8855.

20. Utku, Y.; Dehan, E.; Ouerfelli, O.; Piano, F.; Zuckermann,
R. N.; Pagano, M.; Kirshenbaum, K. A Peptidomimetic
siRNA Transfection Reagent for Highly Effective Gene
Silencing. Mol. BioSyst. 2006, 2, 312–317.

21. Lobo, B. A.; Vetro, J. A.; Suich, D. M.; Zuckermann, R. N.;
Middaugh, C. R. Structure/Function Analysis of Peptoid/
Lipitoid: DNA Complexes. J. Pharm. Sci. 2003, 92, 1905–
1918.

22. Gao, C. M.; Yam, A. Y.; Wang, X.; Magdangal, E.; Salisbury,
C.; Peretz, D.; Zuckermann, R. N.; Connolly, M. D.;
Hansson, O.; Minthon, L. Aβ40 Oligomers Identified as
a Potential Biomarker for the Diagnosis of Alzheimer's
Disease. PLoS One 2010, e15725.

23. Yam, A. Y.; Wang, X.; Gao, C. M.; Connolly, M. D.;
Zuckermann, R. N.; Bleu, T.; Hall, J.; Fedynyshyn, J. P.;
Allauzen, S.; Peretz, D. A Universal Method for Detection
of Amyloidogenic Misfolded Proteins. Biochemistry
2011, 50, 4322–4329.

24. Reddy, M. M.; Wilson, R.; Wilson, J.; Connell, S.; Gocke, A.;
Hynan, L.; German, D.; Kodadek, T. Identification of Candi-
date IgG Biomarkers for Alzheimer's Disease via Combina-
torial Library Screening. Cell 2011, 144, 132–142.

25. Brown, N. J.; Johansson, J.; Barron, A. E. Biomimicry of
Surfactant Protein C. Acc. Chem. Res. 2008, 41, 1409–
1417.

26. Seurynck, S. L.; Patch, J. A.; Barron, A. E. Simple, Helical
Peptoid Analogs of Lung Surfactant Protein B.Chem. Biol.
2005, 12, 77–88.

27. Chongsiriwatana, N. P.; Patch, J. A.; Czyzewski, A. M.;
Dohm, M. T.; Ivankin, A.; Gidalevitz, D.; Zuckermann, R. N.;
Barron, A. E. Peptoids ThatMimic the Structure, Function,
and Mechanism of Helical Antimicrobial Peptides. Proc.
Natl. Acad. Sci. U.S.A. 2008, 105, 2794–2799.

28. Lee, B. C.; Zuckermann, R. N. Protein Side Chain Translo-
cation Mutagenesis via Incorporation of Peptoid Resi-
dues. ACS Chem. Biol. 2011, 6, 1367–1374.

29. Miller, S. M.; Simon, R. J.; Ng, S.; Zuckermann, R. N.; Kerr,
J. M.; Moos, W. H. Proteolytic Studies of Homologous
Peptide and N-Substituted Glycine Peptoid Oligomers.
Bioorg. Med. Chem. Lett. 1994, 4, 2657–2662.

30. Miller, S. M.; Simon, R. J.; Ng, S.; Zuckermann, R. N.; Kerr,
J. M.; Moos, W. H. Comparison of the Proteolytic Suscept-
ibilities of Homologous L-Amino Acid, D-Amino Acid,
and N-Substituted Glycine Peptide and Peptoid Oligo-
mers. Drug Dev. Res. 1995, 35, 20–32.

31. Zuckermann, R. N.; Kerr, J. M.; Kent, S. B. H.; Moos, W. H.
Efficient Method for the Preparation of Peptoids [Oligo-
(N-Substituted Glycines)] by Submonomer Solid-Phase
Synthesis. J. Am. Chem. Soc. 1992, 114, 10646–10647.

32. Zuckermann, R. N.; Goff, D. A. Synthesis of (N-Substituted)
Glycine Polymers of Defined Length and Sequence. Polym.
Prepr. 1994, 35, 975–976.

33. Figliozzi, G. M.; Goldsmith, R.; Ng, S. C.; Banville, S. C.;
Zuckermann, R. N. Synthesis of N-Substituted Glycine
Peptoid Libraries.Methods Enzymol. 1996, 267, 437–447.

34. Richter, L. S.; Spellmeyer, D. C.; Martin, E. J.; Figliozzi, G. M.;
Zuckermann, R. N. Automated Synthesis of Nonnatural
Oligomer Libraries: The Peptoid Concept. In Combina-
torial Peptide and Nonpeptide Libraries; Jung, G. Ed.; VCH
Publishers: Weinheim, Germany, 1996; pp 387!404.

35. Culf, A. S.; Ouellette, R. J. Solid-Phase Synthesis of
N-Substituted Glycine Oligomers (R-Peptoids) and Deri-
vatives. Molecules 2010, 15, 5282–5335.

36. Sun, J.; Stone, G. M.; Balsara, N. P.; Zuckermann, R. N.
Structure!Conductivity Relationship for Peptoid-Based
PEO-Mimetic Polymer Electrolytes. Macromolecules
2012, 45, 5151–5156.

37. Lee, B. C.; Dill, K. A.; Zuckermann, R. N. Synthesis of Long
Non-natural Sequence-Specific Heteropolymers. Polym.
Prepr. 2005, 46, 174–175.

38. Guo, L.; Zhang, D. Cyclic Poly(R-peptoid)s and Their Block
Copolymers from N-Heterocyclic Carbene-Mediated
Ring-Opening Polymerizations of N-Substituted N-Car-
boxylanhydrides. J. Am. Chem. Soc. 2009, 131, 18072–
18074.

REV
IEW



SUN AND ZUCKERMANN VOL. 7 ’ NO. 6 ’ 4715–4732 ’ 2013

www.acsnano.org

4729

39. Zuckermann, R. N.; Figliozzi, G. M.; Banville, S. C.; Kerr,
J. M.; Siani, M. A.; Martin, E. J.; Brown, E. G.; Wang, L.
Automated Tools for the Production of Non-natural
Molecular Diversity. In Innovations and Perspectives in
Solid-Phase Synthesis; Epton, R., Ed.; Mayflower World-
wide Ltd.: Oxford, 1994; pp 397!402.

40. Uno, T.; Beausoleil, E.; Goldsmith, R. A.; Levine, B. H.;
Zuckermann, R. N. New Submonomers for Poly N-Sub-
stituted Glycines (Peptoids). Tetrahedron Lett. 1999, 40,
1475–1478.

41. Burkoth, T. S.; Fafarman, A. T.; Charych, D. H.; Connolly,
M. D.; Zuckermann, R. N. Incorporation of Unprotected
Heterocyclic Side Chains into Peptoid Oligomers via
Solid-Phase Submonomer Synthesis. J. Am. Chem. Soc.
2003, 125, 8841–8845.

42. Horn, T.; Lee, B. C.; Dill, K. A.; Zuckermann, R. N. Incorpora-
tion of Chemoselective Functionalities into Peptoids via
Solid-Phase Submonomer Synthesis. Bioconjugate Chem.
2004, 15, 428–435.

43. Zuckermann, R. N.; Truong, K.; DeRose-Juarez, S.; Kuey,
K. S. C.; Owings, M. G.; Ver Steeg, B. J.; Chin, H. Synthesizer
with Reagent Recycling. U.S. Patent 6033631, Mar. 7, 2000.

44. Fara, M. A.; Daz-Mochan, J. J.; Bradley, M. Microwave-
Assisted Coupling with DIC/HOBt for the Synthesis of
Difficult Peptoids and Fluorescently Labelled Peptides;
A Gentle Heat Goes a Long Way. Tetrahedron Lett. 2006,
47, 1011–1014.

45. Olivos, H. J.; Alluri, P. G.; Reddy, M. M.; Salony, D.;
Kodadek, T. Microwave-Assisted Solid-Phase Synthesis
of Peptoids. Org. Lett. 2002, 4, 4057–4059.

46. Hayes, B. L. Recent Advances in Microwave-Assisted
Synthesis. Aldrichimica Acta 2004, 37, 66–76.

47. Messeguer, J.; Cortes, N.; Garcia-Sanz, N.; Navarro-
Vendrell, G.; Ferrer-Montiel, A.; Messeguer, A. Synthesis
of a Positional Scanning Library of Pentamers of N-Alkylgly-
cines Assisted by Microwave Activation and Validation via
the Identification of Trypsin Inhibitors. J. Comb. Chem. 2008,
10, 974–980.

48. Gorske, B. C.; Jewell, S. A.; Guerard, E. J.; Helen, E.
Expedient Synthesis and Design Strategies for New
Peptoid Construction. Org. Lett. 2005, 7, 1521–1524.

49. Tran, H.; Gael, S. L.; Connolly, M. D.; Zuckermann, R. N.
Solid-Phase Submonomer Synthesis of Peptoid Polymers
and Their Self-Assembly into Highly-Ordered Nanosheets.
J. Vis. Exp. 2011, 57, e3373.

50. Zuckermann, R. N.; Martin, E. J.; Spellmeyer, D. C.; Stau-
ber, G. B.; Shoemaker, K. R.; Kerr, J. M.; Figliozzi, G.M.; Goff,
D. A.; Siani, M. A. Discovery of Nanomolar Ligands for
7-Transmembrane G-Protein-Coupled Receptors from a
Diverse N-(Substituted) Glycine Peptoid Library. J. Med.
Chem. 1994, 37, 2678–2685.

51. Lam, K. S.; Lebl, M.; Krchnak, V. The “One-Bead-One-
Compound” Combinatorial Library Method. Chem. Rev.
1997, 97, 411–448.

52. Yu, P.; Liu, B.; Kodadek, T. A High-Throughput Assay
for Assessing the Cell Permeability of Combinatorial
Libraries. Nat. Biotechnol. 2005, 23, 746–751.

53. Paulick, M. G.; Hart, K. M.; Brinner, K. M.; Tjandra, M.;
Charych, D. H.; Zuckermann, R. N. Cleavable Hydrophilic
Linker for One-Bead-One-Compound Sequencing of
Oligomer Libraries by Tandem Mass Spectrometry.
J. Comb. Chem. 2006, 8, 417–426.

54. Thakkar, A.; Cohen, A. S.; Connolly, M. D.; Zuckermann,
R. N.; Pei, D. High-Throughput Sequencing of Peptoids
and Peptide!Peptoid Hybrids by Partial Edman Degra-
dation andMass Spectrometry. J. Comb. Chem. 2009, 11,
294–302.

55. Heine, N.; Ast, T.; Schneider-Mergener, J.; Reineke, U.;
Germeroth, L.; Wenschuh, H. Synthesis and Screening of
Peptoid Arrays on Cellulose Membranes. Tetrahedron
2003, 59, 9919–9930.

56. Burkoth, T. S.; Beausoleil, E.; Kaur, S.; Tang, D.; Cohen, F. E.;
Zuckermann, R. N. Toward the Synthesis of Artificial
Proteins: The Discovery of an Amphiphilic Helical Pep-
toid Assembly. Chem. Biol. 2002, 9, 647–654.

57. Alluri, P. G.; Reddy, M. M.; Bachhawat-Sikder, K.; Olivos,
H. J.; Kodadek, T. Isolation of Protein Ligands from Large
Peptoid Libraries. J. Am. Chem. Soc. 2003, 125, 13995–
14004.

58. Reddy, M. M.; Bachhawat-Sikder, K.; Kodadek, T. Trans-
formation of Low-Affinity Lead Compounds into High-
Affinity Protein Capture Agents. Chem. Biol. 2004, 11,
1127–1137.

59. Masip, I.; Cortes, N.; Abad, M. J.; Guardiola, M.; Perez-Paya,
E.; Ferragut, J.; Ferrer-Montiel, A.; Messeguer, A. Design
and Synthesis of an Optimized Positional Scanning
Library of Peptoids: Identification of Novel Multidrug
Resistance Reversal Agents. Bioorg. Med. Chem. 2005, 13,
1923–1929.

60. Humet, M.; Carbonell, T.; Masip, I.; Senchez-Baeza, F.;
Mora, P.; Canten, E.; Gobernado, M.; Abad, C.; Perez-Paya,
E.; Messeguer, A. A Positional Scanning Combinatorial
Library of Peptoids as a Source of Biological Active
Molecules: Identification of Antimicrobials. J. Comb.
Chem. 2003, 5, 597–605.

61. Ross, T. M.; Zuckermann, R. N.; Reinhard, C.; Frey, W. H.
Intranasal Administration Delivers Peptoids to the Rat
Central Nervous System.Neurosci. Lett. 2008, 439, 30–33.

62. Gibbons, J. A.; Hancock, A. A.; Vitt, C. R.; Knepper, S.;
Buckner, S. A.; Brune, M. E.; Milicic, I.; Kerwin, J. F., Jr;
Richter, L. S.; Taylor, E. W. Pharmacologic Characteriza-
tion of CHIR 2279, an N-Substituted Glycine Peptoid with
High-Affinity Binding for R-1-Adrenoceptors. J. Pharma-
col. Exp. Ther. 1996, 277, 885–899.

63. Garcia-Martinez, C.; Humet, M.; Planells-Cases, R.; Gomis,
A.; Caprini, M.; Viana, F.; De la Pena, E.; Sanchez-Baeza, F.;
Carbonell, T.; De Felipe, C. Attenuation of Thermal Noci-
ception and Hyperalgesia by VR1 Blockers. Proc. Natl.
Acad. Sci. U.S.A. 2002, 99, 2374–2379.

64. Simpson, L. S.; Burdine, L.; Dutta, A. K.; Feranchak, A. P.;
Kodadek, T. Selective Toxin Sequestrants for the Treat-
ment of Bacterial Infections. J. Am. Chem. Soc. 2009, 131,
5760–5762.

65. Mora, P.; Masip, I.; Coras, N.; Marquina, R.; Merino, R.;
Merino, J.; Carbonell, T.; Mingarro, I.; Messeguer, A.;
Parez-Paey, E. Identification from a Positional Scanning
Peptoid Library of In Vivo Active Compounds That
Neutralize Bacterial Endotoxins. J. Med. Chem. 2005, 48,
1265–1268.

66. Nguyen, J. T.; Turck, C. W.; Cohen, F. E.; Zuckermann, R. N.;
Lim, W. A. Exploiting the Basis of Proline Recognition by
SH3 and WW Domains: Design of N-Substituted Inhibi-
tors. Science 1998, 282, 2088–2092.

67. Nguyen, J. T.; Porter, M.; Amoui, M.; Miller, W. T.; Zuck-
ermann, R. N.; Lim, W. A. Improving SH3 Domain Ligand
Selectivity Using a Non-natural Scaffold. Chem. Biol.
2000, 7, 463–473.

68. Hooks, J. C.; Matharage, J. P.; Udugamasooriya, D. G.
Development of Homomultimers and Heteromultimers
of Lung Cancer-Specific Peptoids. Pept. Sci. 2011, 96,
567–577.

69. Dohm, M. T.; Seurynck-Servoss, S. L.; Seo, J.; Zuckermann,
R. N.; Barron, A. E. Close Mimicry of Lung Surfactant
Protein B by “Clicked” Dimers of Helical, Cationic Pep-
toids. Pept. Sci. 2009, 92, 538–553.

70. Raveendra, B. L.; Wu, H.; Baccala, R.; Reddy, M. M.; Schilke,
J.; Bennett, J. L.; Theofilopoulos, A. N.; Kodadek, T. Dis-
covery of Peptoid Ligands for Anti-aquaporin 4 Antibo-
dies. Chem. Biol. 2013, 20, 351–359.

71. Kwon, Y. U.; Kodadek, T. EncodedCombinatorial Libraries
for the Construction of Cyclic PeptoidMicroarrays. Chem.
Commun. 2008, 44, 5704–5706.

72. Birtalan, E.; Rudat, B.; Kamel, D. K.; Fritz, D.; Vollrath, S. B. L.;
Schepers, U.; Brase, S. Investigating Rhodamine B-Labeled
Peptoids: Scopes and Limitations of Its Applications. Pept.
Sci. 2011, 96, 694–701.

73. Fuller, A. A.; Seidl, F. J.; Bruno, P. A.; Plescia, M. A.; Palla,
K. S. Use of the Environmentally Sensitive Fluorophore
4-N,N-dimethylamino-1,8-naphthalimide To Study Pep-
toid Helix Structures. Pept. Sci. 2011, 96, 627–638.

REV
IEW



SUN AND ZUCKERMANN VOL. 7 ’ NO. 6 ’ 4715–4732 ’ 2013

www.acsnano.org

4730

74. Maayan, G.; Liu, L. K. Silver Nanoparticles Assemblies
Mediated by Functionalized Biomimetic Oligomers.
Pept. Sci. 2011, 96, 679–687.

75. Robinson, D. B.; Buffleben, G. M.; Langham, M. E.;
Zuckermann, R. N. Stabilization of Nanoparticles under
Biological Assembly Conditions Using Peptoids. Pept. Sci.
2011, 96, 669–678.

76. Huang, M. L.; Ehre, D.; Jiang, Q.; Hu, C.; Kirshenbaum, K.;
Ward, M. D. Biomimetic Peptoid Oligomers as Dual-
Action Antifreeze Agents. Proc. Natl. Acad. Sci. U.S.A.
2012, 109, 19922–19927.

77. Chen, C. L.; Qi, J.; Zuckermann, R. N.; DeYoreo, J. J.
Engineered Biomimetic Polymers as Tunable Agents for
Controlling CaCO3Mineralization. J. Am. Chem. Soc. 2011,
133, 5214–5217.

78. Shin, S. B. Y.; Yoo, B.; Todaro, L. J.; Kirshenbaum, K. Cyclic
Peptoids. J. Am. Chem. Soc. 2007, 129, 3218–3225.

79. Vollrath, S. B. L.; Hu, C.; Brase, S.; Kirshenbaum, K. Peptoid
Nanotubes: An Oligomer Macrocycle That Reversibly
Sequesters Water via Single-Crystal-to-Single-Crystal
Transformations. Chem. Commun. 2013, 49, 2317–2319.

80. Izzo, I.; Ianniello, G.; De Cola, C.; Nardone, B.; Erra, L.;
Vaughan, G.; Tedesco, C.; De Riccardis, F. Structural Effects
of Proline Substitution and Metal Binding on Hexameric
Cyclic Peptoids. Org. Lett. 2013, 15, 598–601.

81. Huang, M. L.; Shin, S. B. Y.; Benson, M. A.; Torres, V. J.;
Kirshenbaum, K. A Comparison of Linear and Cyclic
Peptoid Oligomers as Potent Antimicrobial Agents.
ChemMedChem 2012, 7, 114–122.

82. Yoo, B.; Shin, S. B. Y.; Huang, M. L.; Kirshenbaum, K.
Peptoid Macrocycles: Making the Rounds with Peptido-
mimetic Oligomers. Chem.;Eur. J. 2010, 16, 5528–5537.

83. Fowler, S. A.; Stacy, D. M.; Blackwell, H. E. Design and
Synthesis of Macrocyclic Peptomers as Mimics of a
Quorum Sensing Signal from Staphylococcus aureus.
Org. Lett. 2008, 10, 2329–2332.

84. HoonaLee, J. A Simple Strategy for the Construction of
Combinatorial Cyclic Peptoid Libraries. Chem. Commun.
2010, 46, 8615–8617.

85. Lee, J. H.; Kim, H. S.; Lim, H. S. Design and Facile Solid-
Phase Synthesis of Conformationally Constrained Bicyc-
lic Peptoids. Org. Lett. 2011, 13, 5012–5015.

86. Vollrath, S. B. L.; Brase, S.; Kirshenbaum, K. Twice Tied
Tight: Enforcing Conformational Order in Bicyclic Pep-
toid Oligomers. Chem. Sci. 2012, 3, 2726–2731.

87. Holub, J. M.; Jang, H.; Kirshenbaum, K. Clickity-Click:
Highly Functionalized Peptoid Oligomers Generated by
Sequential Conjugation Reactions on Solid-Phase Sup-
port. Org. Biomol. Chem. 2006, 4, 1497–1502.

88. Holub, J. M.; Garabedian,M. J.; Kirshenbaum, K. Peptoids on
Steroids: Precise Multivalent Estradiol!Peptidomimetic
Conjugates Generated via Azide!lkyne [3þ 2] Cycloaddi-
tion Reactions. QSAR Comb. Sci. 2007, 26, 1175–1180.

89. Seo, J.; Michaelian, N.; Owens, S. C.; Dashner, S. T.; Wong,
A. J.; Barron, A. E.; Carrasco, M. R. Chemoselective and
Microwave-Assisted Synthesis of Glycopeptoids. Org.
Lett. 2009, 11, 5210–5213.

90. Diaz-Mochon, J. J.; Fara, M. A.; Sanchez-Martin, R. M.;
Bradley, M. Peptoid Dendrimers-Microwave-Assisted
Solid-Phase Synthesis and Transfection Agent Evalua-
tion. Tetrahedron Lett. 2008, 49, 923–926.

91. Olsen, C. A. Peptoid Foldamers “Why the Additional
Methylene Unit?” Pept Sci. 2011, 96, 561–566.

92. Bruce, C.; Kolodziej, S. A.; Scates, A. M.; Smith, R. G.; Cortez, E.
Solid Phase Synthesis ofβ-Peptoids: N-Substituted β-Amino-
propionic Acid Oligomers. J. Org. Chem. 1998, 63, 708–718.

93. Mejas, X.; Feliu, L.; Planas, M.; Bardaj, E. Synthesis of
Nucleobase-Functionalized β-Peptoids and β-Peptoid
Hybrids. Tetrahedron Lett. 2006, 47, 8069–8071.

94. Shuey, S. W.; Delaney, W. J.; Shah, M. C.; Scialdone, M. A.
AntimicrobialR-Peptoids by a Block Synthesis Approach.
Bioorg. Med. Chem. Lett. 2006, 16, 1245–1248.

95. Olsen, C. A.; Bonke, G.; Vedel, L.; Adsersen, A.; Witt, M.;
Franzyk, H.; Jaroszewski, J. W. β-Peptide/β-Peptoid Chi-
meras. Org. Lett. 2007, 9, 1549–1552.

96. Rivera, D. G.; Wessjohann, L. A. Supramolecular Com-
pounds from Multiple Ugi Multicomponent Macrocycliza-
tions: Peptoid-Based Cryptands, Cages, and Cryptophanes.
J. Am. Chem. Soc. 2006, 128, 7122–7123.

97. Cho, S.; Choi, J.; Kim, A.; Lee, Y.; Kwon, Y. U. Efficient Solid-
Phase Synthesis of a Series of Cyclic and Linear Peptoid-
Dexamethasone Conjugates for the Cell Permeability
Studies. J. Comb. Chem. 2010, 12, 321–326.

98. Hjelmgaard, T.; Faure, S.; Caumes, C.; De Santis, E.;
Edwards, A. A.; Taillefumier, C. Convenient Solution-
Phase Synthesis and Conformational Studies of Novel
Linear and Cyclic R,β-Alternating Peptoids. Org. Lett.
2009, 11, 4100–4103.

99. Nnanabu, E.; Burgess, K. Cyclic Semipeptoids: Peptoid-
Organic Hybrid Macrocycles.Org. Lett. 2006, 8, 1259–1262.

100. Comegna, D.; Benincasa, M.; Gennaro, R.; Izzo, I.; De
Riccardis, F. Design, Synthesis and Antimicrobial Proper-
ties of Non-hemolytic Cationic R-Cyclopeptoids. Bioorg.
Med. Chem. 2010, 18, 2010–2018.

101. Mattern, R. H.; Tran, T. A.; Goodman, M. Conformational
Analyses of Cyclic Hexapeptide Analogs of Somatostatin
Containing Arylalkyl Peptoid and Naphthylalanine Resi-
dues. J. Pept. Sci. 1999, 5, 161–175.

102. Sui, Q.; Borchardt, D.; Rabenstein, D. L. Kinetics and
Equilibria of cis/trans Isomerization of Backbone Amide
Bonds in Peptoids. J. Am. Chem. Soc. 2007, 129, 12042–
12048.

103. Brulet, A.; Boue, F.; Cotton, J. P. About the Experimental
Determination of the Persistence Length of Wormlike
Chains of Polystyrene. J. Phys. II 1996, 6, 885–891.

104. Best, R. B.; Merchant, K. A.; Gopich, I. V.; Schuler, B.; Bax, A.;
Eaton,W. A. Effect of Flexibility and cis Residues in Single-
Molecule FRET Studies of Polyproline. Proc. Natl. Acad.
Sci. U.S.A. 2007, 104, 18964–18969.

105. Armand, P.; Kirshenbaum, K.; Goldsmith, R. A.; Farr-Jones,
S.; Barron, A. E.; Truong, K. T. V.; Dill, K. A.; Mierke, D. F.;
Cohen, F. E.; Zuckermann, R. N. NMRDetermination of the
Major Solution Conformation of a Peptoid Pentamerwith
Chiral Side Chains. Proc. Natl. Acad. Sci. U.S.A. 1998, 95,
4309–4314.

106. Stringer, J. R.; Crapster, J. A.; Guzei, I. A.; Blackwell, H. E.
Extraordinarily Robust Polyproline Type I Peptoid Helices
Generated via the Incorporation of R-Chiral Aromatic N-
1-Naphthylethyl Side Chains. J. Am. Chem. Soc. 2011, 133,
15559–15567.

107. Gorske, B. C.; Stringer, J. R.; Bastian, B. L.; Fowler, S. A.;
Blackwell, H. E. New Strategies for the Design of Folded
Peptoids Revealed by a Survey of Non-covalent Interac-
tions in Model Systems. J. Am. Chem. Soc. 2009, 131,
16555–16567.

108. Jordan, P. A.; Paul, B.; Butterfoss, G. L.; Renfrew, P. D.;
Bonneau, R.; Kirshenbaum, K. Oligo(N-alkoxy glycines):
trans Substantiating Peptoid Conformations. Pept. Sci.
2011, 96, 617–626.

109. Shah, N. H.; Butterfoss, G. L.; Nguyen, K.; Yoo, B.; Bonneau,
R.; Rabenstein, D. L.; Kirshenbaum, K. Oligo(N-aryl
glycines): A New Twist on Structured Peptoids. J. Am.
Chem. Soc. 2008, 130, 16622–16632.

110. Stringer, J. R.; Crapster, J. A.; Guzei, I. A.; Blackwell, H. E.
Construction of Peptoids with All trans-Amide Back-
bones and Peptoid Reverse Turns via the Tactical Incor-
poration of N-Aryl Side Chains Capable of Hydrogen
Bonding. J. Org. Chem. 2010, 75, 6068–6078.

111. Park, S. H.; Szleifer, I. Structural and Dynamical Character-
istics of Peptoid Oligomers with Achiral Aliphatic Side
Chains Studied by Molecular Dynamics Simulation.
J. Phys. Chem. B 2011, 115, 10967–10975.

112. Armand, P.; Kirshenbaum, K.; Falicov, A.; Dunbrack, R. L.;
Dill, K. A.; Zuckermann, R. N.; Cohen, F. E. Chiral N-Sub-
stituted Glycines Can Form Stable Helical Conformations.
Fold. Des. 1997, 369–375.

113. Wu, C. W.; Sanborn, T. J.; Zuckermann, R. N.; Barron, A. E.
Peptoid Oligomers with R-Chiral, Aromatic Side Chains:
Effects of Chain Length on Secondary Structure. J. Am.
Chem. Soc. 2001, 123, 2958–2963.

REV
IEW



SUN AND ZUCKERMANN VOL. 7 ’ NO. 6 ’ 4715–4732 ’ 2013

www.acsnano.org

4731

114. Wu, C. W.; Sanborn, T. J.; Huang, K.; Zuckermann, R. N.;
Barron, A. E. PeptoidOligomerswithR-Chiral, Aromatic Side
Chains: SequenceRequirements for theFormationof Stable
Peptoid Helices. J. Am. Chem. Soc. 2001, 123, 6778–6784.

115. Wu, C. W.; Kirshenbaum, K.; Sanborn, T. J.; James, A.;
Huang, K.; Dill, K. A.; Zuckermann, R. N.; Barron, A. E.
Structural and Spectroscopic Studies of Peptoid Oligo-
mers with R-Chiral Aliphatic Side Chains. J. Am. Chem.
Soc. 2003, 125, 13525–13530.

116. Sanborn, T. J.; Wu, C. W.; Zuckermann, R. N.; Barron, A. E.
Extreme Stability of Helices Formed by Water-Soluble
Poly-N-Substituted Glycines (Polypeptoids) with R-Chiral
Side Chains. Biopolymers 2002, 63, 12–20.

117. Huang, K.; Wu, C. W.; Sanborn, T. J.; James, A.; Kirshenbaum,
K.; Zuckermann, R. N.; Barron, A. E.; Radhakrishnan, I. A
Threaded Loop Conformation Adopted by a Family of
PeptoidNonamers. J. Am. Chem. Soc. 2006, 128, 1733–1738.

118. Crapster, J. A.; Stringer, J. R.; Guzei, I. A.; Blackwell, H. E.
Design and Conformational Analysis of Peptoids Con-
taining N-Hydroxy Amides Reveals a Unique Sheet-like
Secondary Structure. Pept. Sci. 2011, 96, 604–616.

119. Crapster, J. A.; Guzei, I. A.; Blackwell, H. E.; Peptoid, A.
Ribbon Secondary Structure. Angew. Chem., Int. Ed. 2013,
125, 5183–5188.

120. Seo, J.; Barron, A. E.; Zuckermann, R. N. Novel Peptoid
Building Blocks: Synthesis of Functionalized Aromatic
Helix-Inducing Submonomers. Org. Lett. 2010, 12, 492–
495.

121. Fowler, S. A.; Luechapanichkul, R.; Blackwell, H. E. Synthesis
and Characterization of Nitroaromatic Peptoids: Fine Tun-
ing Peptoid Secondary Structure through Monomer Posi-
tion and Functionality. J. Org. Chem. 2009, 74, 1440–1449.

122. Pokorski, J. K.; Jenkins, L. M. M.; Feng, H.; Durell, S. R.; Bai,
Y.; Appella, D. H. Introduction of A Triazole Amino Acid
into a Peptoid Oligomer Induces Turn Formation in
Aqueous Solution. Org. Lett. 2007, 9, 2381–2383.

123. Gorske, B. C.; Helen, E. Tuning Peptoid Secondary Struc-
ture with Pentafluoroaromatic Functionality: A New De-
sign Paradigm for the Construction of Discretely Folded
Peptoid Structures. J. Am. Chem. Soc. 2006, 128, 14378–
14387.

124. Kang, B.; Chung, S.; Ahn, Y. D.; Lee, J.; Seo, J. Porphyrin!
Peptoid Conjugates: Face-to-Face Display of Porphyrins
on Peptoid Helices. Org. Lett. 2013, 15, 1670–1673.

125. Maayan, G.; Ward, M. D.; Kirshenbaum, K. Folded Biomi-
metic Oligomers for Enantioselective Catalysis. Proc. Natl.
Acad. Sci. U.S.A. 2009, 106, 13679–13684.

126. Zarrine-Afsar, A.; Wallin, S.; Neculai, A. M.; Neudecker, P.;
Howell, P. L.; Davidson, A. R.; Chan, H. S. Theoretical and
Experimental Demonstration of the Importance of Spe-
cific Nonnative Interactions in Protein Folding. Proc. Natl.
Acad. Sci. U.S.A. 2008, 105, 9999–10004.

127. Dill, K. A. Dominant Forces in Protein Folding. Biochem-
istry 1990, 29, 7133–7155.

128. Arai, M.; Kuwajima, K. Role of the Molten Globule State in
Protein Folding. Adv Protein Chem. 2000, 53, 209–282.

129. Baker, D. A Surprising Simplicity to Protein Folding.
Nature 2000, 405, 39–42.

130. Venkatraman, J.; Shankaramma, S. C.; Balaram, P. Design
of Folded Peptides. Chem. Rev. 2001, 101, 3131–3152.

131. Khokhlov, A. R.; Khalatur, P. G. Conformation-Dependent
Sequence Design (Engineering) of AB Copolymers. Phys.
Rev. Lett. 1999, 82, 3456–3459.

132. Murnen, H. K.; Khokhlov, A. R.; Khalatur, P. G.; Segalman,
R. A.; Zuckermann, R. N. Impact of Hydrophobic Sequence
Patterning on the Coil-to-Globule Transition of Protein-like
Polymers.Macromolecules 2012, 45, 5229–5236.

133. Murnen, H. K.; Rosales, A.M.; Dobrynin, A. V.; Zuckermann,
R. N.; Segalman, R. A. Persistence Length of Polyelectro-
lytes with Precisely Located Charges. Soft Matter 2013, 9,
90–98.

134. Bellomo, E. G.; Wyrsta, M. D.; Pakstis, L.; Pochan, D. J.;
Deming, T. J. Stimuli-Responsive Polypeptide Vesicles by
Conformation-Specific Assembly. Nat. Mater. 2004, 3,
244–248.

135. Aida, T.; Meijer, E. W.; Stupp, S. I. Functional Supramolec-
ular Polymers. Science 2012, 335, 813–817.

136. Borner, H. G.; Schlaad, H. Bioinspired Functional Block
Copolymers. Soft Matter 2007, 3, 394–408.

137. Pfeifer, S.; Zarafshani, Z.; Badi, N.; Lutz, J. F. Liquid-Phase
Synthesis of Block Copolymers Containing Sequence-
Ordered Segments. J. Am. Chem. Soc. 2009, 131, 9195–
9197.

138. Lutz, J. F. Polymer Chemistry: A Controlled Sequence of
Events. Nat. Chem. 2011, 2, 84–85.

139. Sawamoto, M.; Kamigaito, M. Transition-Metal-Catalyzed
Living-Radical Polymerization. CHEMTECH 1999, 29, 30–
38.

140. Soeriyadi, A. H.; Boyer, C. A.; Nyström, F.; Zetterlund, P. B.;
Whittaker, M. R. High Order Multi-block Copolymers via
Iterative Cu(0)-Mediated Radical Polymerizations (SET-
LRP): Towards Biological Precision. J. Am. Chem. Soc.
2011, 133, 11128–11131.

141. van Hest, J. C. M.; Tirrell, D. A. Protein-Based Materials,
toward a New Level of Structural Control. Chem. Com-
mun. 2001, 1897–1904.

142. Rosales, A. M.; McCulloch, B. L.; Zuckermann, R. N.; Segalman,
R. A. Tunable Phase Behavior of Polystyrene!
Polypeptoid Block Copolymers. Macromolecules 2012,
45, 6027–6035.

143. Nam, K. T.; Shelby, S. A.; Choi, P. H.; Marciel, A. B.; Chen, R.;
Tan, L.; Chu, T. K.; Mesch, R. A.; Lee, B. C.; Connolly, M. D.
Free-Floating Ultrathin Two-Dimensional Crystals from
Sequence-Specific Peptoid Polymers.Nat. Mater. 2010, 9,
454–460.

144. Kudirka, R.; Tran, H.; Sanii, B.; Nam, K. T.; Choi, P. H.;
Venkateswaran, N.; Chen, R.; Whitelam, S.; Zuckermann,
R. N. Folding of a Single-Chain, Information-Rich Poly-
peptoid Sequence into a Highly Ordered Nanosheet.
Pept. Sci. 2011, 96, 586–595.

145. Sanii, B.; Kudirka, R.; Cho, A.; Venkateswaran, N.; Olivier,
G. K.; Olson, A. M.; Tran, H.; Harada, R. M.; Tan, L.;
Zuckermann, R. N. Shaken, Not Stirred: Collapsing a
Peptoid Monolayer To Produce Free-Floating, Stable
Nanosheets. J. Am. Chem. Soc. 2011, 133, 20808–20815.

146. Murnen, H. K.; Rosales, A. M.; Jaworski, J. N.; Segalman,
R. A.; Zuckermann, R. N. Hierarchical Self-Assembly of a
Biomimetic Diblock Copolypeptoid into Homochiral
Superhelices. J. Am. Chem. Soc. 2010, 132, 16112–16119.

147. Huang, C. Y.; Uno, T.; Murphy, J. E.; Lee, S.; Hamer, J. D.;
Escobedo, J. A.; Cohen, F. E.; Radhakrishnan, R.; Dwarki, V.;
Zuckermann, R. N. Lipitoids;Novel Cationic Lipids for
Cellular Delivery of Plasmid DNA in Vitro. Chem. Biol.
1998, 5, 345–354.

148. Goodman, M.; Bhumralkar, M.; Jefferson, E. A.; Kwak, J.;
Locardi, E. Collagen Mimetics. Pept. Sci. 1998, 47, 127–
142.

149. Melacini, G.; Feng, Y.; Goodman, M. Collagen-Based
Structures Containing the Peptoid Residue N-Isobutyl-
glycine (Nleu). 6. Conformational Analysis of Gly-Pro-
Nleu Sequences by 1HNMR, CD, andMolecularModeling.
J. Am. Chem. Soc. 1996, 118, 10725–10732.

150. Jefferson, E. A.; Gantzel, P.; Benedetti, E.; Goodman, M. A
Multinuclear Ca2þ Complex of a Linear N-Protected
Glycyl-Dipeptoid Derivative. J. Am. Chem. Soc. 1997,
119, 3187–3188.

151. Statz, A. R.; Park, J. P.; Chongsiriwatana, N. P.; Barron, A. E.;
Messersmith, P. B. Surface-Immobilised Antimicrobial
Peptoids. Biofouling 2008, 24, 439–448.

152. Haynes, R. D.; Meagher, R. J.; Barron, A. E. A Chemically
Synthesized Peptoid-Based Drag-Tag Enhances Free-
Solution DNA Sequencing by Capillary Electrophoresis.
Pept. Sci. 2011, 96, 702–707.

153. Statz, A. R.; Meagher, R. J.; Barron, A. E.; Messersmith, P. B.
New Peptidomimetic Polymers for Antifouling Surfaces.
J. Am. Chem. Soc. 2005, 127, 7972–7973.

154. van Zoelen, W.; Zuckermann, R. N.; Segalman, R. A. Tun-
able Surface Properties from Sequence-Specific Polypep-
toid!Polystyrene Block Copolymer Thin Films. Macro-
molecules 2012, 45, 7072–7082.

REV
IEW



SUN AND ZUCKERMANN VOL. 7 ’ NO. 6 ’ 4715–4732 ’ 2013

www.acsnano.org

4732

155. Kricheldorf, H. R.; von Lossow, C.; Schwarz, G. Primary
Amine-Initiated Polymerizations of Alanine-NCA and
Sarcosine-NCA. Macromol. Chem. Phys. 2004, 205, 918–
924.

156. Waley, S. G.; Watson, J. The Kinetics of the Polymerization
of Sarcosine Carbonic Anhydride. Proc. R. Soc. London,
Ser. A 1949, 199, 499–517.

157. Waley, S. G.; Watson, J. The Kinetics of the Poymerization
of Carbonic Anhydrides. J. Am. Chem. Soc. 1948, 70,
2299–2300.

158. Sisido, M.; Imanishi, Y.; Higashimura, T. Molecular Weight
Distribution of Polysarcosine Obtained by NCA Polymer-
ization. Makromol. Chem. 1977, 178, 3107–3114.

159. Osada, K.; Kataoka, K. Drug and Gene Delivery Based on
Supramolecular Assembly of PEG-Polypeptide Hybrid
Block Copolymers. Adv. Polym. Sci. 2006, 113–153.

160. Ballard, D. G. H.; Bamford, C. H. Stereochemical Aspects of
the Reactions between R-N-Carboxy-amino-acid Anhy-
drides and Primary and Secondary Bases. J. Chem. Soc.
1958, 355–360.

161. Stahmann,M. Polyaminoacids, Polypeptides, and Proteins;
University of Wisconsin Press: Madison, WI, 1962.

162. Kidchob, T.; Kimura, S.; Imanishi, Y. Preparation, Structure
and Release Profile of Polypeptide Microcapsules. J.
Controlled Release 1996, 40, 285–291.

163. Tanisaka, H.; Kizaka-Kondoh, S.; Makino, A.; Tanaka, S.;
Hiraoka, M.; Kimura, S. Near-Infrared Fluorescent Labeled
Peptosome for Application to Cancer Imaging. Bioconju-
gate Chem. 2007, 19, 109–117.

164. Makino, A.; Kizaka-Kondoh, S.; Yamahara, R.; Hara, I.;
Kanzaki, T.; Ozeki, E.; Hiraoka, M.; Kimura, S. Near-Infrared
Fluorescence Tumor Imaging Using Nanocarrier Com-
posed of Poly(L-lactic acid)-block-Poly(sarcosine) Amphi-
philic Polydepsipeptide. Biomaterials 2009, 30, 5156–
5160.

165. Kopple, K. D. Some Reactions of Amino Acid N-Carboxy
Anhydrides. J. Am. Chem. Soc. 1957, 79, 6442–6446.

166. Fetsch, C.; Grossmann, A.; Holz, L.; Nawroth, J. F.; Luxenhofer,
R. Polypeptoids from N-Substituted Glycine N-Carboxyanhy-
drides: Hydrophilic, Hydrophobic, and Amphiphilic Polymers
with Poisson Distribution. Macromolecules 2011, 44, 6746–
6758.

167. Fetsch, C.; Luxenhofer, R. Highly Defined Multiblock
Copolypeptoids: Pushing the Limits of Living Nucleophi-
lic Ring-Opening Polymerization. Macromol. Rapid Com-
mun. 2012, 19, 1708–1713.

168. Fetsch, C.; Luxenhofer, R. Thermal Properties of Aliphatic
Polypeptoids. Polymers 2013, 5, 112–127.

169. Grossmann, A.; Luxenhofer, R. Living Polymerization of
N-Substituted β-Alanine Carboxyanhydrides: Kinetic In-
vestigations and Preparation of an Amphiphilic Block
Copoly-β-Peptoid. Macromol. Rapid Commun. 2012, 19,
1714–1719.

170. Guo, L.; Li, J.; Brown, Z.; Ghale, K.; Zhang, D. Synthesis and
Characterization of Cyclic and Linear Helical Poly(R-
peptoid)s by N-Heterocyclic Carbene-Mediated Ring-
Opening Polymerizations of N-Substituted N-Carboxyan-
hydrides. Pept. Sci. 2011, 96, 596–603.

171. Guo, L.; Lahasky, S. H.; Ghale, K.; Zhang, D. N-Hetero-
cyclic Carbene-Mediated Zwitterionic Polymerization
of N-Substituted N-Carboxyanhydrides towards Poly-
(R-peptoid)s: Kinetic, Mechanism and Architectural
Control. J. Am. Chem. Soc. 2012, 134, 9163–9171.

172. Lee, C. U.; Smart, T. P.; Guo, L.; Epps, T. H., III; Zhang, D.
Synthesis and Characterization of Amphiphilic Cyclic
Diblock Copolypeptoids from N-Heterocyclic Carbene-
Mediated Zwitterionic Polymerization of N-Substituted
N-Carboxyanhydride. Macromolecules 2011, 44, 9574–
9585.

173. Lahasky, S. H.; Serem, W. K.; Guo, L.; Garno, J. C.; Zhang, D.
Synthesis and Characterization of Cyclic Brush-like Poly-
mers by N-Heterocyclic Carbene-Mediated Zwitterionic
Polymerization of N-Propargyl N-Carboxyanhydride and
the Grafting-to Approach. Macromolecules 2011, 44,
9063–9074.

174. Lahasky, S. H.; Hu, X.; Zhang, D. Thermoresponsive Poly-
(R-peptoid)s: Tuning the Cloud Point Temperatures by
Composition and Architecture. ACS Macro Lett. 2012, 1,
580–584.

175. Robinson, J. W.; Schlaad, H. A Versatile Polypeptoid Plat-
form Based on N-Allyl Glycine. Chem. Commun. 2012, 48,
7835.

176. Robinson, J. W.; Secker, C.; Weidner, S.; Schlaad, H.
Thermoresponsive Poly(N-C3 glycine)s. Macromolecules
2013, 46, 580–587.

177. Sun, H.; Zhang, J.; Liu, Q.; Yu, L.; Zhao, J. Metal-Catalyzed
Copolymerization of Imines and CO: A Non-amino Acid
Route to Polypeptides. Angew. Chem., Int. Ed. 2007, 119,
6180–6184.

178. Jia, L.; Sun, H.; Shay, J. T.; Allgeier, A. M.; Hanton, S. D.
Living Alternating Copolymerization of N-Alkylaziridines
and Carbon Monoxide as a Route for Synthesis of Poly-
β-peptoids. J. Am. Chem. Soc. 2002, 124, 7282–7283.

179. Darensbourg, D. J.; Phelps, A. L.; Le Gall, N.; Jia, L.
Mechanistic Studies of the Copolymerization Reaction
of Aziridines and Carbon Monoxide To Produce Poly-β-
peptoids. J. Am. Chem. Soc. 2004, 126, 13808–13815.

180. Chai, J.; Liu, G.; Chaicharoen, K.; Wesdemiotis, C.; Jia, L.
Cobalt-Catalyzed Carbonylative Polymerization of Azeti-
dines. Macromolecules 2008, 23, 8980–8985.

181. Liu, G.; Jia, L. Design of Catalytic Carbonylative Polymer-
izations of Heterocycles. Synthesis of Polyesters and
Amphiphilic Poly(amide-block-ester)s. J. Am. Chem. Soc.
2004, 126, 14716–14717.

182. Liu, G.; Jia, L. Cobalt-Catalyzed Carbonylative Copolym-
erization of N-Alkylazetidines and Tetrahydrofuran.
Angew. Chem., Int. Ed. 2006, 45, 129–131.

183. Lin, S.; Yu, X.; Tu, Y.; Xu, H.; Cheng, S. Z. D.; Jia, L. Poly(β-
alanoid-block-β-alanine)s: Synthesis via Cobalt-Cata-
lyzed Carbonylative Polymerization and Self-Assembly.
Chem. Commun. 2010, 46, 4273–4275.

184. Chen, X.; Ayres, N. Synthesis of Novel Polymer/Urea
Peptoid Conjugates Using RAFT Polymerization. Macro-
molecules 2010, 43, 1341–1348.

185. Chen, X.; Ayres, N. Synthesis of Low Grafting Density
Molecular Brush from a Poly(N-alkyl urea peptoid) Back-
bone. J. Polym. Sci. Polym. Chem. 2011, 49, 3030–3037.

186. Butterfoss, G. L.; Renfrew, P. D.; Kuhlman, B.; Kirshenbaum,
K.; Bonneau, R.A Preliminary Surveyof the Peptoid Folding
Landscape. J. Am. Chem. Soc. 2009, 131, 16798–16807.

187. Butterfoss, G. L.; Yoo, B.; Jaworski, J. N.; Chorny, I.; Dill, K. A.;
Zuckermann, R. N.; Bonneau, R.; Kirshenbaum, K.; Voelz,
V. A. De Novo Structure Prediction and Experimental
Characterization of Folded Peptoid Oligomers. Proc. Natl.
Acad. Sci. U.S.A. 2012, 109, 14320–14325.

REV
IEW


