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Polypeptoid Polymers: Synthesis, Characterization and Properties
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Tianyi Yu, Omead A. Darvish, Naisheng Jiang and Donghui Zhang*
Department of Chemistry and Macromolecular Studies Group, Louisiana State University,
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11 Abstract

©CoO~NOUTA,WNPE

13 Polypeptoids, a class of peptidomimetic polymers, have emerged at the forefront of
15 macromolecular and supramolecular science and engineering as the technological relevance
of these polymers continues to be demonstrated. The chemical and structural diversity of
18 polypeptoids have enabled access to and adjustment of a variety of physicochemical and
20 biological properties (e.g., solubility, charge characteristics, chain conformation, HLB,
thermal processability, degradability, cytotoxicity and immunogenicity). These attributes
23 have made this synthetic polymer platform a potential candidate for various biomedical and
25 biotechnological applications. This review will provide an overview of recent development in
synthetic methods to access polypeptoid polymers with well-defined structures and highlight
28 some of the fundamental physicochemical and biological properties of polypeptoids that are

30 pertinent to the future development of functional materials based on polypeptoids.

John Wiley & Sons, Inc.
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Introduction

Polypeptoids composed of  N-substituted Figure 1. Structure of polypeptoids

polyglycine backbones are structural mimics of | and Polypeptides

polypeptides (Figure 1). Because of N-substitution,

polypeptoids lack stereogenic centers and hydrogen

bonding interactions along the main chains, in sharp

o

contrast to polypeptides. As a result, the global

9 ® o

conformations of polypeptoids are strongly dependent

on the N-substituent structures, giving rise to random coils or well-defined secondary

172 that are reminiscent of those of

structures [e.g., polyproline I (PPI) helix'® and Z-sheets
polypeptides. The polypeptoid backbone containing tertiary amide linkages is highly polar
and hydrophilic. The physicochemical properties of polypeptoids can be tailored by the N-
substituent structures, enabling control over the hydrophilicity and lipophilicity balance

15 -20

(HLB), charge characteristics,'>*'* backbone conformation,'"? solubility, thermal and

crystallization properties of the polypeptoids.zl'24 Without extensive hydrogen bonding,

2024 Whereas

polypeptoids are thermally processable similar to conventional thermoplastics,
polypeptides undergo thermal degradation before they can be melt-processed due to the
extensive hydrogen bonding interactions. While polypeptoids exhibited enhanced proteolytic

stability relative to peptides,® %

they can be oxidatively degraded under conditions that
mimic tissue inflammation, »” suggesting their potential in vivo uses as biodegradable
materials.

Recent advances in the controlled polymerization methods have enabled access to a suite
of structurally well-defined polypeptoids with various N-substituent structures and molecular
architectures, setting the stage for the future development of polypeptoid materials for
various targeted applications. Several review articles on the synthesis, properties, and
application of polypeptoids for biomedical or non-biomedical uses have been published in
recent years.zg'3 ? As a result, this chapter is not meant to give a comprehensive review of the
research activities in the field. It will focus on the recent development in the synthetic
methods to access polypeptoid polymers with well-defined structures and highlight some of
the fundamental physicochemical and biological properties of polypeptoids that are pertinent
to the future development of functional materials based on polypeptoids.

Synthesis of Polypeptoids by Controlled Polymerizations

1. Monomer Synthesis

John Wiley & Sons, Inc.
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N-substituted Scheme 1. Synthesis of R-NCA and R-NTA monomers
N- cocl,

' ]
carboxyanhydride -
(R-NCA) i o

HOT R = N
monomers are i _ “G
R-NCA

typically
synthesized from i i
0 . N__O_ _~ S
the N-substituted . i N
" - o
glycine precursors R-NTA

1 from one of the two general routes (Scheme 1). The first involves the initial conversion of
the N-substituted glycine precursors 1 into the corresponding alkoxycarbonyl protected N-
substituted glycines 2 followed by cyclization to afford the R-NCAs in the presences of
various activating electrophiles (e.g., PCl;, PBr;, AcCl/Ac,0O, or SOClz).lé’lg’ 33-37 N
substituted glycine precursors can also react directly with phosgene to yield R-NCA
monomers.’**’ The former methods are more popular than the latter due to the avoidance of
toxic phosgene as well as the relative ease of purification to afford high purity R-NCA
monomers.

The thioester-analogs of the R-NCA monomers, a.k.a. N-thiocarboxyanhydride (R-NTA)
can also be synthesized by a similar method through a PCl; or PBr;-mediated cyclization of
the thionoalkoxycarbonyl protected N-substituted glycine precursors 3 (Scheme 1).**** The

R-NTA monomers have proven to be significantly more stable than the corresponding R-

NCA analogs so that the

monomer synthesis can be Figure 2. Chemical structures of N-substituted NCA (R-NCA) and NTA
monomers (R-NTA) that have been synthesized.
conducted in open air versus |

P —~ ~ A ~ P ~

Vi

the  air-free = atmosphere 0
abbreviation Me Et Pr iPr Al Pg

required for the R-NCA ,'/«O
A N\\g R: ‘1,,1_/\( /\)\ k\)\ )\/\/\

L 4142
synthesis.” """ However, the ! W assrais %

abbreviation  iBu iAm Bu, Pe, He, 2EH
released COS upon Oc, De, DD, TD

. . . . O.
polymerization is toxic, a R “'u/'\© ‘n/\© > );:1‘213
Bn

. . iati EG
disadvantage relative to the abbreviation  2PE o=zs

R-NCAs. These methods o
_ NN
have  been  successfully ,\',//( s TN
R Y abbreviation Me Bu

applied to the synthesis of a

variety of R-NCA and R-NTA monomers, as shown in Figure 2.

John Wiley & Sons, Inc.



©CoO~NOUTA,WNPE

Biopolymers

2. Synthesis of Linear Polypeptoids

Ring-opening polymerizations of R-NCA using primary amine initiators. The synthesis

of lincar polypeptoids can be accomplished Scheme 2. Primary amine-initiated ROPs of R-

b the controlled ring-openin NCAs to afford the linear polypeptoid. (The solid
Y g-op g sphere below signifies the solid support or surfaces

polymerization (ROP) of R-NCA monomers | Pearing primary amine groups).

(0] R
= I3l S
RNy o AN

\
~TH

using primary amine initiators (Scheme 2).

\
. Q:‘C

This method produces polypeptoid polymers

bearing the corresponding amide and
secondary amino chain ends through a
nucleophilic ROP mechanism which has
been widely studied for the polymerization
of amino acid-derived NCAs using primary

amine initiators. ** The early studies was

mostly focused on the polymerization of

sarcosine-derived N-carboxyanhydride monomers (Me-NCA),*

yielding the water-soluble
poly(N-methyl glycine) polymer (a.k.a. polysarcosine, PNMG). In recent years, the substrate
scope for polymerization studies was further expanded to include a variety of R-NCA
monomers bearing various N-substituents (Figure 2).>%1522 1 yxenhofer et al demonstrated
that the polymerizations of Me-NCAs using benzyl amine initiators were shown to proceed in
a controlled manner without chain transfer or termination events, producing polysarcosines
with narrow Poisson distribution (PDI<1.1-1.3) and M,s that can be controlled by the initial
monomer to initiator feed ratios.’® The molecular distribution remains narrow (PDI=1.01-
1.07) even after ten sequential polymerizations of Me-NCA monomers (DP<100), attesting to
the robustness of the living polymerization and suggesting the potential uses of the methods
towards the synthesis of well-defined block copolypeptoids via sequential monomer addition.
For several monomers such as N-allyl NCA (AI-NCA)'" and N-2-phenylethyl NCA (2PE-
NCA),” intramolecular transamidation was kinetically competitive relative to chain
propagation, resulting in the corresponding 2,5-diketopiperazine, limiting the accessible
chain lengths of the resulting polypeptoids (DP<100). Macroinitiators [e.g., poly(2-(3-
butenyl)-2-oxazoline)] bearing a primary ammonium end-group has also been shown to
successfully initiate the controlled polymerization of Me-NCA, yielding the corresponding
poly(2-oxazoline)-b-polysarcosine block copolymers with nearly targeted composition and

low molecular weight distribution (PDI=1.15-1.21) (Scheme 2).7

John Wiley & Sons, Inc.
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Luxenhofer et al also reported a study of combining solid support synthesis with solution

phase  polymerization  to
produce polypeptoid
polymers. °® The synthesis of
penta-block  copolypeptoids

comprised  of  alternating

1 8 10 12 14 16 18 20

sarcosine and N-ethyl glycine ) by elution volume in mL ]
+ 4
blocks was demonstrated. The "-J 1 / \ h
’ Lv\n—f*/\.." U W
resulting polymers have broad 00 ' "40 ''9a e
I L T ® T y T b T v T v T v T
molecular weight distribution 4o A0 88 3'°\ [ppm]2‘5 - 1o 1

(PDI=2.00-2.20), which was | Figure 3. (A) 'H NMR and (B) SEC chromatogram of pentablock
. copolypeptoids based on sarcosine and N-ethyl glycine repeating
attributed to the much faster | unit and the structural assignment.*® Adapted with permission from
John Wiley and Sons.

polymerization rate relative to

monomer diffusion into the solid support resins, resulting in a monomer concentration
gradient in the resins. It was shown that the dispersity can be reduced (PDI=1.32) by slowing
down the polymerization rate via addition of non-nucleophilic Brensted acid (HBF,) and
using low capacity resins. The resulting polymer distribution can be described by Poisson
distribution with a minor low MW trailing. Penta-block copolypeptoids (DP=50) comprised
of sarcosine and N-ethyl glycine blocks with relative low PDI (1.34) can also be prepared by
sequential immersion of the solid support to different monomer solutions (Figure 3).”®

The surface-confined polymerization of Me-NCAs and Bu-NCAs using a surface-tethered
primary amine initiator has also been investigated by Luxenhofer and Jordan et al to produce
hydrophilic, hydrophobic, or amphiphilic polypeptoid homopolymer or block copolymer
brushes.*” Polypeptoid thin films up to 40 nm can be produced by this method. Surface-
confined growth of polypeptoid brushes in conjunction with micro-patterning has also
enabled access to micro-patterned polypeptoid thin films.®® Garno and Zhang ef al have also
combined surface-confined polymerization of N-allyl NCA with nanoparticle lithography to
create nano-patterned poly(N-allyl glycine) nanorods which has been characterized by AFM
techniques. ®'

ROP of R-NCA using alcohol initiators and 1,1,3,3-tetramethylguanidine. Zhang et al
recently reported that benzyl alcohol in conjunction with a catalytic amount of 1,1,3,3-
tetramethylguanidine (TMG) can mediate the controlled polymerization of Bu-NCAs in low
dielectric solvent (THF or toluene) (Scheme 3), whereas the alcohol alone does not initiate
the polymerization of Bu-NCA under the same conditions.”> MS and NMR analysis revealed

5
John Wiley & Sons, Inc.
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that majority of the polypeptoids bear the corresponding ester end group, consistent with

benzyl alcohol

initiating

polymerization.

contrast, in more polar

solvents such

NH R = Me, Et, "Pr, Bn,
CH,Cl, and DMF, low I RERRERNE
. NN -
molecular weight Il Poor control
R = F3CH,C, iPr 0:2
polypeptoids were No reaction 0.0

formed regardless of

the initial monomer to

Scheme 3. TMG-promoted ROPs of Bu-NCAs using alcohol initiators to afford

the the linear PNBG polypeptoid. o a

|
B EjA oQJ\/NéH
y n [M]y:[BnOH],
(0] —25:1

1.0 4 S0 1:
(mo R-OH 0 Bu g3 [\
NLTHF il BNy, 2 oo ‘
as Ny 50°C o H \
Bu 24h

—100:1
3 (1012,
———400:1

Adequate control 0.6 -

Normalized DRI signal (A.U.)

R = t-Bu, Ph

40 45 50 55 60

Elution time (min)

benzyl alcohol feed ratios, indicating a lack of controlled polymerization behavior. Further

'"H NMR analysis revealed that TMG promotes polymerization of Bu-NCA by forming a

hydrogen bonding complex with the alcohol (Scheme 4). This results in enhanced

nucleophilicity of the alcohols and facilitates the nucleophilic ring-opening addition of the

alcohols to the Bu-NCA monomer as part of the initiation step. The initiation efficiency of

the hydrogen bonding complexes is strongly dependent on the steric and electronic properties

of the alcohols. For alcohols that are less sterically hindered, such as methanol, ethanol,

propanol, and benzyl alcohol, the initiation was efficient relatively to propagation, giving rise

to controlled polymerization characteristics where the polymer molecular weights (M,) agree

reasonably well with theoretical prediction in the DP<100 range. As the alcohols become

increasingly
sterically
hindered such as
isopropanol or
tert-butanol, the

Initiation becomes

less efficient
relative to
propagation,
resulting in
significantly

Scheme 4. Proposed mechanism of the TMG-promoted polymerization of Bu-NCA
using alcohol initiators

Initiation via hydrogen bonding

N N
7 ~N

M

HN~__ -
0 5 \5

R-0OH -R o) Bu
O — o e Jl\/ U

N NH -CO, R\O N\H

Propagation

O Bu Q Bu
o . . S
R Jl\/’{‘\ + E— R\OJI\/N\n/\N,H — 0 ‘)H
N H N & -CO, ) — n
Bu 0 O Bu
-(n-2)CO,

diminished control of polymer molecular weight. The resulting polypeptoids having

significant higher M,s than theoretical values based on the initial monomer to alcohol feed

6
John Wiley & Sons, Inc.
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ratios when isopropanol is used as the initiator, whereas no monomer conversion was
observed with tert-butanol initiator under the same reaction conditions. The electronic
characteristics of the alcohols are also important in the initiation efficiency. Increasing
deviation from controlled polymerization characteristics was observed with alcohols having
enhanced acidity (i.e., ethanol<2-methoxyethanol<2,2,2-trifluoroethanol). In the case of
2,2, 2-trifluoroethanol, the M,s are significantly higher than the theoretical prediction based
on a controlled polymerization. Clearly, the nature of the alcohols is important to the
polymerization characteristics. To investigate whether this method is useful towards the
synthesis of heteroblock copolymers comprised of a polypeptoid segment, a poly(ethylene
glycol) (PEG) bearing a hydroxyl terminus was examined as a macroinitiator in conjunction
with catalytic TMG to mediate the ROP of Bu-NCA. The resulting heteroblock
copolypeptoids have well-defined structures and the polymer molecular weights and
compositions agree well with the theoretical prediction for a controlled polymerization and
single-site initiation with the PEG macroinitiator.

ROP of R-NTA using rare earth metal borohydride or primary amine initiators. Apart

from polymerization of R-NCAs to yield the
Scheme 5. ROPs of R-NTAs using rare earth metal

polypeptoids, Ling et al have recently | porohydrides or primary amine initiators to produce
. . .. polypeptoids or their copolymers

reported the ring-opening polymerization of o

Bu-NTA and Me-NTA using rare earth metal

borohydrides ([RE(BH4)3(THF);, RE = Sc, Y,

La, Nd, Dy and Lu]) in THF or CH;CN

(Scheme 5a).*' The reactions at higher

temperature (60 °C) yielded polysarcosines 0
R: Me, Et, Me/Bu

(up to DP=390) with higher dispersity

(PDI=1.26-1.40) and in greater yields than those conducted at lower temperature (PDI=1.18
or 1.25 at 25 or 40 °C respectively). The architecture of the resulting polypeptoids is
presently unknown. Primary amines [ie., BnNH;, PEG-NH,, amine-terminated poly(e-
caprolactone) (PCL-NH,)] have also been used as initiators for the polymerization of Me-
NTA, Et-NTA and copolymerization of Me-NTA and Bu-NTAs in 60 °C THF or acetonitrile
(Scheme 5b). The reactions exhibit controlled polymerization characteristics, producing the
corresponding linear polypeptoids with well-defined end-group structures, predictable
molecular weight (up to DP = ~200) and moderate molecular weight distribution [poly(N-
methyl glycine): PDI = 1.13-1.31; poly(N-ethyl glycine): PDI = 1.12 — 1.17; poly(N-methyl

John Wiley & Sons, Inc.
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glycine)-r-(N-butyl glycine)] random copolypeptoids PDI=1.26-1.46]."*""% We have also
studied the polymerization of Me-NCA and found that the solvent is important to the
polymerization rate. In CH,Cl,, the ROP of Me-NTA using benzyl amine initiator proceeds
rapidly at room temperature and reach quantitative conversions within 18 h ([M]y=1.0M,
[M]o:[BnNH,];=25:1-400:1), yielding mono-modal polysarcosines with DP up to 300 and
narrow dispersity (PDI=1.03-1.14).°*Ling ef al has also investigated a series of aminoalcohol
initiators for the ROP of Me-NTA or Et-NTA in acetonitrile or THF (60°C) to access
telechelic water-soluble polypeptoids (Scheme 6).° It was found that amino alcohols (1-3,
Scheme 6) in which the alcohol groups are activated through intermolecular or intramolecular
hydrogen bonding can initiate the polymerization of R-NTA at both the amino and alcohol
ends, yielding a mixture of a-diamino-terminated polypeptoids and o-hydroxyl-m-amino-
terminated polypeptoids. By contrast, for aminoalcohols (4 and 5, Scheme 6) where hydrogen
bonding is absent, only the amino end of the initiators initiates the polymerization, producing
exclusively a-hydroxyl-m-amino-terminated polypeptoids with controlled molecular weight

(up to DP =~100) and moderate molecular weight distribution (PDI = 1.1-1.3) in good yields.

Scheme 6. Aminoalcohol-initiated ROP of R-NTAs (R=Me, Et) to produce telechelic polypeptoids.

CH3UN oF THfr

anec D Ma T+

R: vie
o~ NHy oA S W N/ T~ A~ ~~__-NH» N AN SN AN AN A _-NH»
HO iC NH; /SN / HO ~ ~ -~ ~ -~ - ~ ~ ~
HO | S A e
1 2 3 & S

3. Synthesis of Cyclic Polypeptoids

NHC-mediated ZROP of R-NCA. Zwitterionic ring-opening polymerizations (ZROPs)
have recently emerged as a promising strategy to synthesize high molecular weight cyclic
polymers with diverse backbone structures (e.g., polyether, polyester, and polyamide).®
Zhang et al have reported ZROP of Bu-NCA using N-heterocyclic carbenes (NHCs) as
nucleophilic initiator to produce the corresponding cyclic polypeptoids [i.e., poly(N-butyl
glycine)] with narrow dispersity and tunable ring sizes (Scheme 7).>”¢” The polymer
molecular weight and the ring size can be adjusted by controlling the initial monomer to
NHC feed ratio. The polymerization proceeded through a zwitterionic propagating
intermediate where the two oppositely charged chain ends are held in proximity through
electrostatic interaction (Scheme 7). The zwitterionic species is in equilibrium with a dormant

8
John Wiley & Sons, Inc.
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Scheme 7. NHC-mediated ZROPs of R-NCAs to afford cyclic PNBGs and post-polymerization conversion of
the cyclic PNBGs into the linear and NHC-free cyclic polymeric analogs.

)\ O Bu
R-NCN-R N ne@
NHC Q'* Ac
AcCl N~R. ©
0 cl
n |/I<O —>
BU/N\« -(n-1)CO, N-B BU~
o}
O /o4 NaN (TMS)3
R-NCA (DP<50)

spirocyclic propagating species. The reaction exhibited pseudo-first order polymerization
kinetics and polymerization rate is dependent on the steric characteristic of NHCs due to the
intramolecular counter ion effect. The reactions proceed in a controlled manner in low
dielectric solvents such as THF and toluene. In more polar solvents (e.g., DMF, DMSO, and
nitrobenzene), only low molecular weight mixtures of cyclic and linear polypeptoids were
obtained, due to the competitive intramolecular transamidation relative to chain propagation.
The zwitterionic species can be isolated and treated with NaNTMS, to give NHC-free cyclic
polypeptoids. However this method is limited to polypeptoids with low MW (DP<50); the
macrocyclization efficiency was found to vary for high molecular weight zwitterionic
polypeptoid precursors. In addition, treatment of the zwitterionic species with electrophiles
(e.g., AcCl) afforded the corresponding linear polypeptoid counterparts. This method has
been used to polymerize a variety of R-NCA monomers (Me-NCA, Et-NCA, Pg-NCA, Bu-
NCA, De-NCA, 2EH-NCA and

2PE-NCA) to produce cyclic n {
~ ,i, o
polypeptoids with different N- s CurAC
0 THF 50°C “PEG-N.
substituent structures including " A
\/\/N\g

those adopting polyproline I
(PPI) helical conformations™®
and cyclic random and block
copolypeptoids.'>"- - Cyclic
random copolypeptoids

comprised of N-butyl glycine

and N-propargyl glycine

repeating units have also been Figure 4. Synthesis and AFM topographic and amplitude images
p g of the cyclic bottlebrush copolymers comprised of (c-PNPgG1g6-r-

grafted with short PEG (550 Da) PNBGa3) backbone and PEG550 sidechains on mica (0001).

sidechains to yield cyclic bottlebrush copolymers, which appear as toroid structures in AFM

images, in support of the cyclic architecture of the polypeptoid backbone (Figure 4).%

John Wiley & Sons, Inc.
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DBU-mediated ZROP of R-NCA. 1t was recently reported that 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU), a bicyclic amidine, can also mediate the controlled
ZROPs of Bu-NCA similar to NHCs (Scheme 8).”° The reaction occurs in a controlled
manner in low dielectric solvents (e.g., THF and toluene), allowing access of polypeptoids
having low to medium molecular weights (DP<300) and narrow PDI (1.02-1.12), similar to
what has been reported for NHCs. By contrast, in DMF, only low molecular weight polymers
(DP<40) were formed regardless of the initial monomer to DBU ratios. In toluene, the
initiation rate was found to be comparable to that of the propagating rate. The propagating
species have a zwitterionic structure with positively charged DBU moieties at one chain end
and negatively charged carbamate group at the other. The cyclic polypeptoid architecture was
verified by a combination of end-group analysis with NMR and MS method and AFM and
SANS analysis.”””" While the ZROP of Bu-NCA using DBU initiators is comparable to that
with NHC initiators in rate, DBU has the advantage of being air and moisture stable, in
contrast to NHCs. This makes DBU a more robust initiator relative to NHCs towards the

ZROP of R-NCAs.

Scheme 8. DBU-mediated ZROPs of Bu-NCAs to afford cyclic PNBGs

6 (not observed)

observed in ESI-MS condition;
not kinetically competive relative to propagation

4. Synthesis of Bottlebrush, Branched and Star-shaped Polypeptoid Copolymers

10
John Wiley & Sons, Inc.
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Figure 5. Synthesis and SEC chromatograms of the linear polypeptoid bottlebrush copolymers

Zhang et al reported the synthesis of polypeptoid bottlebrushes using a grafting-through
approach by combining primary amine-initiated ROP of Et-NCA and Bu-NCA using
norbornene methylamine initiator and the ring-opening metathesis polymerization (ROMP)
method (Figure 5)’* The resulting bottlebrush copolypeptoids are thermally responsive with a
cloud point transition that is strongly dependent on the thermal history of the solution.
Schmidt et al recently reported the synthesis of a polysarcosine bottlebrush polymer and
core-shell bottlebrush polymers bearing an internal poly(L-lysine) and an external
polysarcosine block using polymeric macroinitiators having primary amino groups on the
sidechains.” The cationic bottlebrush polymers were examined as effective carriers for
siRNA delivery with a 70% knock down efficiency of ApoB100 mRNA in AML-12
hepatocytes. Aoi et al also reported the synthesis of water-soluble polysarcosine-grafted

chitosan and chitin through a grafting-from approach by using high molecular weight

chitosan or
O o

chitin A) . NH<O D
. \\g 5

bearin
: —— (Mg, = v
: CH,CN, RT |'m’3 Sn(Oct), o | A
amino N, flow, - m CO, bulk, 110 °C
oups as
group (B) 4 (@ () (a) [Sar-NCAJJTREN]o= (C)
o e, —_—A45
macroinitiat —7s
=1 M, sec = 6.9 kg/mol M, sec = 5.2 kg/mol
ors. 4P MM, =1.18 M, /M, =1.03
Due to the
pOOf Diblock copolymer First block

solubility of

0 85 90 95 100 105 11.0 115 120 85 90 95 100 105 110 115
the Elution time (min) Elution time (min)
. Figure 6. (A) Synthesis of star-shaped polysarcosine and polysarcosine-b-poly(e-
chiotosan caprolactone) block copolymers; (B) SEC-DRI traces of star-shaped polysarcosines with

.. varying molecular weight; (C) SEC-DRI traces of the initial star-shaped polysarcosine and the
and  chitin polysarcosine-b-poly(e-caprolactone) copolymer obtained from the chain extension by the
one-pot synthesis.7 Adapted with permission from John Wiley and Sons.

In common

11
John Wiley & Sons, Inc.
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organic solvent, it was shown that nicotinic or isonicotinic acid has to be added to slow down
the polymerization to control the degree of polymerization (DP) and degree of substitution
(DS) of the polysarcosine sidechains in the chitosan-grafi-polysarcosine in DMSO. It was
also revealed that the DP and DS of the chitin-graft-polysarcosine affect the molecular
recognition of the polymers by the chitinase, lysozyme and WGA (lectin). Okada et al
reported the synthesis of star-shaped polysarcosine copolymer using a poly(trimethylenimine)
(PTMI) dendrimer with 64 primary amino termini as the macroinitiator.’® The final
copolymer was obtained in high yields (91-99%) with low polydispersity (PDI=1.01-1.04)
tunable polysarcosine segment length in the DP=2 to 30 range. Guo et al has recently
reported the one-pot synthesis of three-arm star-shaped polysarcosines and polysarcosine-
block-poly(e-caprolactone) copolymers with controlled molecular weight, composition and
low polydispersity (PDI<1.1) using ris-(2-aminoethyl)amine initiators (Figure 6).”” The star-
shaped polymers have reduced intrinsic viscosity relative to the linear analogs of identical
molecular weights, in agreement with the more compact architecture of the former than the
latter. Barz ef al has also investigated the synthesis of three-arm star-shaped polysarcosines
and poly(e-N-protected-L-lysine)-b-polysarcosine block copolymers using disulfide-
containing initiators (Figure 7).”® Treatment of the star-shaped polymers with glutathione

(100 mM) in aqueous solution resulted in the disintegration of the three-armed polymers,
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Figure 7. Synthesis of stable and disulfide containing tri-arm star-shaped polysarcosines, poly(e-N-protected-L-

lysine) polymers and poly(e-N-protected-L-lysine)-b-polysarcosine block copolymers.78 Adapted with permission
from John Wiley and Sons.
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yielding the linear arms having Poisson-like molecular weight distributions with low
dispersity (PDI = 1.05-1.12).
5. Post-Polymerization Modification of Polypeptoids

The majority of the R-NCA monomers and polypeptoids that have been investigated so
far contain either saturated or unsaturated aliphatic N-substituent. Post-polymerization
represents a valid strategy to increase the N-substituent structural diversity. Schlaad et a/
have reported the post-polymerization functionalization of poly(N-allyl glycine) (PNAIG)'
and poly(N-propargyl glycine) (PNPgG) via radical thiol-ene chemistry to install different
functional moieties (e.g., monosaccharide or glycerol) (Scheme 9)."* MS analysis indicates
quantitative modification of PNAIG via thiol-ene addition chemistry. Poly(N-propargyl
glycine) homopolymer and copolymer can also been functionalized with azido-containing
compounds by CuAAC chemistry. Grafting of low molecular weight ionic or neutral species
by CuAAC was efficient with nearly quantitative conversion of the alkyne into the triazole
functionality. This has been used to synthesize a library of cationic polypeptoids bearing
various N-substituents towards gene delivery applications (Scheme 10).” Zhang et al found
that grafting efficiency of polymeric sidechains (e.g., PEG500) was significantly higher for
the poly[(N-propargyl glycine)-r-(N-butyl glycine)] [P(NPgG-r-NBG)] random copolymer
than the PNPgG homopolymer.69 This was attributed to the strong tendency of PNPgG to

Scheme 9. Post-polymerization functionalization of polypeptoids
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aggregate in solution, limiting the access of the propargyl groups by the azide and Cu
catalyst. Schlaad er al also reported that the resulting triazole moieties can be further
quaternized with alkyl bromide to produce a polypeptoid ionic liquid (Scheme 9).'* Apart
from CuAAC, the propargyl N-substituents in PNPgG can also be deprotonated by strong
base to initiate anionic ROP of ethylene oxide or serve to crosslink the polymer under heat.®’
The post-polymerization method proves to be an effective strategy to increase the N-

substituent diversity of polypeptoids.

Scheme 10. Synthesis of a library of cationic polypeptoids bearing different cationic amino groups (P1-
P4), backbone chain lengths (DPs) (P4—P7), hydroghoblc linker lengths (P4, P8, P9, and P10) and
incorporation of hydrophobic N-substituents (P11).”” Adapted with permission from the American
Chemical Society.
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Fundamental Physicochemical Properties
1. Thermal properties of polypeptoids

The thermal properties of the polypeptoid polymers are strongly dependent on the N-
substituent structures, giving rise to amorphous and semi-crystalline polymers (Figure 8)."
2224 polypeptoids with linear aliphatic N-substituents shorter than 2 carbons are amorphous,
whereas polymers with longer linear aliphatic N-substituents (n=3, 4, 5, 6, 8, 10, 12 and 14)
tend to be highly crystalline and pack into lamellar structure in the solid state (Figure
9A).*'**Asymmetric branching of the aliphatic N-substituents (e.g., 2-ethylhexyl ) suppresses

the degree of crystallization.”'
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A comparative study of cyclic and linear polypeptoids bearing linear aliphatic N-

substituents with more than 4 carbons (n=4, 6, 8, 10, 12 and 14) revealed that all polymers

exhibited amorphous:
wo v YN “'a)\ E)\© ’a/\ 1&/\/0\ %{(’\/ 0); “a{f\/o)s\

melting Tg(°C): 127~143  77~114 121 112 108 25~46 -6~-16 -35 ~ -41
semi- crystalline'

T O OO O O

and  Tuo) To(°C): 34~93 5064 na va 4 5.3 wa

due to the Tm (°C): 163~198  150~170 151,170 186 63~70 (Tp1)  49~67 (Tpy)  -65~100 (Tryy)
low crystallinity  153~225 (Tpp) 145~207 (Trz)  140~230 (Trrp)

sidechain Figure 8. Thermal properties of polypeptoids in bulk.

and main

chain crystalline packing (Figure 9B).?' The cyclic polymers exhibited higher main chain
melting temperature than their linear analogs, whereas the sidechain melting peaks are not
affected by the architecture (Figure 9C and 9D). The two modes of chain packing are
strongly coupled. Increasing sidechain length causes the sidechain melting temperature to
increase and the main chain melting temperature to decrease accordingly for both the linear
and cyclic polypeptoids. For polypeptoids bearing short ethyl or 2-ethylhexyl N-substituents
that do not undergo sidechain crystallization, the main chain crystallization is either

completely absent for the former or significantly reduced in the latter.
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Figure 9. (A) WAXS diffractograms (room temperature) and (B) DSC thermograms (2nd cooling cycle) of cyclic
polypeptoids bearing various n-alkyl sidechains; (C) plot of Tm1 and Tm2 or (D) the associated latent heat (AHm1
and AHm2) versus the number of carbons on the n-alkyl N-substituents.
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2. Cloud point behaviors of polypeptoid solutions

Polypeptoids have a polar backbone; the overall hydrophilicity and lipophilicity balance
(HLB) can be tuned by controlling the N-substituent structure. Amphiphilic polymers
including polypeptoids often exhibit a reversible temperature-induced cloud point transition
where the polymers become dehydrated and undergo hydrophobic collapse with increasing
temperature. Polypeptoids bearing methyl, ethyl, or 2-methoxyethyl N-substituents have good
solubility (20-200 g/L) in water and their aqueous solution do not exhibit cloud point

s 16,20
transition.

Schlaad et al

investigated the T o w
/ Increasing

solution  properties

of poly(N-alkyl

\ ln A \NEG Content
\

Transmittance (%)

glycine) with C3

carbon N- 30 40 50 60 70 05 06 o7 0.8

substituents.'® Tt was Figure 10. (A): transmittance versus temperature for cyclic P(NEG7o-r-NBGa7)
(m,0); cyclic P(NEGes--NBG30) (e,0) and cyclic P(NEG101-r-NBGss) (A, A)
found that poly(N— (polymer concentration= 1.0 mg-mL""; the filled and unfilled symbols designate the
. heating and cooling cycles respectively. (B) Plots of cloud point temperature (Tcp)
prOpyl glycme) versus the molar fraction of NEG segment in the cyclic and linear P(NEG-r-NBG)
random copolymers bearing different end groups and their respective linearly fit
(PNPG),  poly(N- | curves [cyclic NHC-P(NEG--NBG) (e, —), linear Bu-P(NEG-r-NBG) (A ,—) and

linear Bn-P(NEG-r-NBG) (m, —)].

allyl glycine)
(PNAIG) and poly(N-isopropyl glycine) (PNiPG) exhibited cloud point (Tp) transitions in
water with T, in the 15-25, 27-54 and 47-58 °C range respectively, depending on the chain
length and polymer concentration. Interestingly, the poly(N-propargyl glycine)s (PNPgQ)
also bearing C3 N-substituents do not readily dissolve in water. It was also found that
prolonged heating of the PNPgG and PNAIG solutions above the respective T, resulted in
the formation of crystalline nanoparticles through the crystallization of the respective
polymers in the coacervates. *'

The cloud point can also be controlled by copolymerization strategy (Figure 10). Both
cyclic and linear poly[(N-ethyl glycine)-r-(N-butyl glycine)] [¢/[-P(NEG-r-NBG)] random
copolypeptoids have been synthesized by ROPs of the respective R-NCA monomers using
either NHC or benzyl or butyl amine initiators and were shown to exhibit cloud point
transitions in aqueous solutions."” The T¢p in the range of 20-60 °C can be readily adjusted by
controlling the polymer composition and architecture. Cyclic polypeptoids exhibited lower
Teps than their linear counterparts by 5 °C, which is a result of cyclic polypeptoids forming
soluble dimers in water.* Linear poly[(N-methyl glycine)-r-(N-butyl glycine)] random

16
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copolymers obtained by primary amine-initiated copolymerization of the corresponding R-
NTA monomers also exhibited tunable cloud points."
Bottlebrush copolymers comprised of the linear P(NEG-r-NBG) random copolypeptoid

sidechains were obtained

o M Limited
\ H : Macromonomer
by ROMP of the [Pk ql Hydrophobic collapse
y H ho(\g';u”‘mm & Aggregation Brush As-Prepared

Brush Thermally Annealed

norbornene-terminated ROMP / ced % 1004
prep? - !
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. .. . Figure 11. Polypeptoid bottlebrush copolymers comprised of linear P(NEG-
point transition I | rNBG) sidechains exhibited cloud point transitions that are dependent on

. the thermal history.72 Adapted with permission from the Royal Society of
aqueous solution | chemistry.

=z
=
Transmittance (%)

similarly to the linear

macromonomers. In contrast to the linear macromonomers, the cloud point transition of the
polypeptoid bottlebrush copolymers is strongly dependent on the thermal history of the
solution (Figure 11).”* Freshly prepared aqueous solutions of the bottlebrush polymers do not
exhibit any notable cloud point transition, whereas the solutions that have been thermally
annealed at high temperature exhibit sharp and reversible cloud point transition. Intriguingly,
upon inorganic salt addition, the aqueous solutions of the bottlebrush copolypeptoids exhibit
normal cloud point transition which is independent of the solution thermal history. It was
suggested that the thermal annealing and salt presence facilitated the conformational
reorganization of the polypeptoid bottlebrush copolymers to favor hydrophobic collapse and
intermolecular aggregation, resulting in a cloud point transition.

Biomedically relevant properties (degradability, cytotoxicity and immunogenicity)

1. Degradability of polypeptoids.

Hydrolytic degradation. Polypeptoids have an N-substituted polyglycine backbone with
tertiary amide linkages and thus can potentially be hydrolytically broken down. Early studies
by Blout et al/ have shown that polysarcosine-b-poly(L-proline) copolymer can be
hydrolytically degraded into the respective amino acids under highly acidic conditions (6 N
HCI, 120 °C, 24 h).* We have found that polysarcosine also completely degraded into the
corresponding N-Me glycine under basic conditions (1.0 M KOH, room temperature, 48 h).**
It is clear that the polypeptoids can be hydrolytically degraded although the required
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conditions are harsh. It is perhaps safe to assume that hydrolytic degradation of polypeptoids
in a cellular environment is very slow and minimal.

Enzymatic degradation. Structural variations such as N-substitution, incorporation of
non-natural amino acid, and homologation are common strategies to develop peptidomimetic
therapeutics with enhanced protease resistance. While there has not been any systematic
study on the enzymatic degradation of high molecular weight polypeptoids, two early studies
by Zuckermann and coworkers on sequence-specific peptoid oligomers revealed that the
peptoids cannot be degraded by proteases including carboxypeptidase A, papain, pepsin,
trypsin, elastase, and chymotrypsin, in contrast to the peptide analogs that are readily

degraded.”*°

Katchalski et al conducted the degradation studies of random copolymers
consisting L-proline with D-proline, hydroxyproline, glycine, or sarcosine using proline
iminopeptidase.® This enzyme is an exopeptidase known to cleave the N-terminal L-proline
and is widely found in the bacteria and various organs of mammals. For copolymers
comprised of L-proline and D-proline or hydroxyproline, the experimentally determined
amount of L-proline agrees with the calculation based on exclusive cleavage of bond at the
N-terminal L-proline and the random distribution of non-L-proline amino acid residue within
the polypeptide chain. By contrast, for the copolymer comprised of L-proline and sarcosine,
the amount of L-proline was 4.4 times that of the theoretical prediction. This suggests that
either the non-L-proline residues are either not randomly distributed along the copolymer
chain or the presence of additional sites on this copolymer that can be cleaved by proline
iminopeptidase. Blout ef al has reported that the poly(L-proline) and polysarcosin copolymer
have a gradient composition of the two amino acid building blocks with higher content of the
sarcosine at the N-terminus.®® Based on these observation, Luxenhofer et al made a
reasonable hypothesis that proline imminopeptidase may also cleave at the N-sarcosine
terminus, thus giving rise to increased L-proline content from enzymatic digestion of the
copolymer comprised of L-proline and sarcosine.*’

Oxidative degradation. In cellular environment, oxidative stress can result in significant
increase of local concentration of various reactive oxygenated species (ROS), which are
widely implicated in various diseased states.®® Thus, it is important to assess the stability of
polypeptoids under oxidative conditions pertinent to an in vivo environment. Luxenhofer et a/
recently reported a comparative study on the oxidative degradation of poly(N-ethyl glycine),
PEG, and poly(2-oxazoline) (POx) using HzOz/Cu2+ as a source to generate ROS.”’ H,0,
together with Cu is known to generate the reactive hydroperoxide (HOO) and hydroxyl (HO")
radicals. The degradation studies were conducted in a phosphate buffered saline solution with
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a constant initial polymer
O PEG4505 W PEG136-05 1 o POM4-05 ® POI116-0.5
Concentration (10 g/L) and v PEG45-5 v PEG136-5 v POl44-5 v POI116-5

O PEG45-50 ® PEG136-50 O POl44-50 ® POI116-50
CuSO4 concentration (50 uM)
and varying H,0,
concentration [0.5, 5 or 50 mM

(i.e, 0.2wt%)]. It was found
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that all polymers degraded over
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the PNEG and POx at 50 mM

H,0, concentration with cu* = g —
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present (Figure 12).”" Higher @ R -
H,0, concentration gives rise | Figure 12. Development of molar masses (a-c) (Mw relative to
. . original My) of a) polyethylene glycol (PEG), b) poly(2-ethyl-2-
to faster degradation rate. High | oxazoline) (POx) and c) poly(N-ethyl glycine) (POI) upon incubation
. with 0.5, 5 and 50 mM of H>O> and 50 mM of Cu(l1)SO,4 at 37 °C as
molecular weight polymer was | obtained from SEC elugrams. d) Comparison of determined tsoo
. (with respect to molar mass My) of PEG, POx and POI plotted
shown to degrade faster in against 1/[H20,]. Data (a-c) presented as means +* standard error
means (SEM) (n=3). Data were fitted with double exponential
terms of percentage molecular | functions to guide for the eyes.?” Adapted with permission from
Elsevier Limited.

weight reduction over time
relative to the low molecular weight polymer, which suggest chain scission as a main mode
of degradation and that the amine chain ends are presumably more reactive towards oxidation
than the amide linkages.

2. Cytotoxicity

Following the recent development of controlled polymerization that enables access to
polypeptoids with diverse N-substituent structures, a number of water soluble polypeptoids
other than polysarcosine and its copolymers has been discovered.'”” Several studies have
reported the assessment of the cytotoxicity of these polymers. Zhang et al/ synthesized a
series of cyclic and linear random copolypeptoids [¢/I-P(NEG-r-NBG)] comprised of N-ethyl
glycine and N-methyl glycine repeating units."> Cytotoxicity assessment of cyclic PONEG74-r-
NBGys) polypeptoid using CellTiter-Blue® assay revealed minimal cytotoxicity of the
polymer towards human embryonic lung fibroblasts (HEL229) with 90% or above cell
viability in the 0.039-5.0 mg'mL" polymer concentration range after incubation in PBS
buffer at 37 °C for 24 h. This is on par with a low molecular weight poly(ethylene glycol)
(PEG, M,=8.0 kDa), a FDA approved biocompatible polymer. Recently, a series of linear
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polypeptoids bearing oligomeric ethylene glycol N-substituents (Figure 2) have also been
synthesized by benzylamine-initiated ROPs of the corresponding NCAs. Cytotoxicity of the
poly(N-2-methoxyethyl glycine) (PNMeOEtG) with different molecular weights (3.26—11.1
kg/mol, PDI = 1.04-1.10) has been assessed using human epidermoid cancer (HEp2) cells
and an MTT assay. All polymers exhibited minimal cytotoxicity toward HEp2 cells, with
greater than 90% cell viability in the 0.0625—1.0 mg/mL polymer concentration range.20

Ling et al also synthesized a random copolymer comprised of sarcosine and N-butyl
glycine repeating units from primary amine initiated copolymerization of the corresponding

NTA monomers (Me-NTA and Bu-NTA) and evaluated their cytotoxicity using MTT cell

viability assay at different polymer
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Figure 13. MTT cell viability assay of linear poly(N-
methyl glycine-b-N-butyl glycine) random copolymer
with different composition (P(Sar48-r-NBG26) P(Sar47-

37 °C for 48 h in DMEM cell culture r-_NBG30), P(Sar42-_r—NB1Cg336)) and po_Iysarcosir_le_at
different concentrations.”” Adapted with permission

medium. The relative cell viability was | from the Royal Society of Chemistry.

(0.05-3.0 mg/mL) was incubated with the
human heptoblastoma cells (HepG2) at

found to be dependent on the polymer composition and concentration. It was found that
relative cell viability decreases with increasing polymer concentration for all polymers
(Figure 13)." P(Sarss-r-NBGas) exhibited minimal cytotoxicity (>75% cell viability) at the
whole concentration range comparable to that of polysarcosine. P(Sars;--NBGsp) and
P(Sars--NBGs6) showed drastic reduction of percentage cell viability at a 3.0 mg/mL
concentration, which has been attributed to the partial precipitation of the polymers at this
concentration due to their onset cloud point being close to the incubation temperature.
Luxenhofer et al reported the cytotoxicity assessment of polysarcosine homopolymer [M,
=3.7 kDa (NMR), PDI=1.31] and several amphiphilic diblock or triblock copolypeptoids
comprised of polysarcosin and poly(N-propyl glycine) or poly(N-pentyl glycine) segments
[M,=4.2-7.8 kDa (NMR), PDI=1.09-1.32].*'The polymers in different concentration (0.01-10
mg/mL below CMCs) was incubated with HepG2 cells in DMEM medium for 24 h. WST-1
assay revealed minimal cytotoxicity with 90% or above cell viability for all polymers. In
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comparison, Barz et al evaluated the cytotoxicity of tri-arm star-shaped polysarcosines
having different arm lengths in several cell lines [i.e., HeLa, human embryonic kidney cells
(HEK 293) and murine dendritic cells (DC 2.4)],”® the cytotoxicity is notably higher than
those reported by Luxenhofer ef al for the linear polysarcosines.”” While ICs value was not
reached in the investigated concentration range (0.1-1 mg/mL) for all samples, reduction of
cell viability was found to occur in a cell-line dependent manner.”® For example, the tri-arm
star-shaped polysarcosine (arm DP=25) at 1.0 mg/mL concentration reduced the HEK 293
cell viability to 56% in comparison to 65-80% cell viability for HeLa and DC 2.4 cells. The
tri-arm polysarcosine with longer arms (arm DP=100) appears to be less cytotoxic than its
counterpart with shorter arms (DP = 25), giving rise to cell viability in the 80-100% range for
HEK 293, DC 2.4 and the 65-80% range for HeLa cells at 1.0 mg/ml polymer concentration.
The dependence of cell viability on the cell type was tentatively attributed to the difference in
cell metabolism and robustness.

Zhang et al recently also reported the cytotoxicity assessment of core-crosslinked
polypeptoid micelles with poly(N-ethyl glycine) (PNEG) corona and poly[(N-propargyl
glycine)-r-(N-decyl glycine)] [P(NPgG-r-NDG)] core that was crosslinked with either a
redox-responsive disulfide containing crosslinker (CCLM) or a non-redox responsive
permanent crosslinker (ICCLM, Scheme 12, vide infra). ®® Both polypeptoid micelles
exhibited no or minimal cytotoxicity with 95% or above cell viability towards HepG2 cells
(Figure 14A) after incubation for 48 h in MEMS medium in the 0.01-1.0 mg/mL
concentration range, as determined by MTT assay. Doxorubicin (DOX) loaded micelles
exhibited time and dosage dependent cytotoxicity towards HepG2 cells (Figure 14B and
14C). DOX-loaded ICCLM also exhibited cytotoxicity at a reduced level relative to the
DOX-loaded CCLMs with a 100 pg/mL ICsq for the former and 40 pg/mL for the latter. This
suggests the release of DOX from ICCLMs presumably through polymer degradation in the
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Figure 14. (A) MTT assays to assess the cytotoxicity of CCLMs and ICCLMs based on Ezp4Pg13D1s block
copolypeptoids. (B) The plots of percentage cell inhibition versus DOX concentration and (B) time-resolved
cytotoxicity at 40 pg-mL'1 equivalent DOX concentration for the DOX-loaded CCLMs (m), DOX-loaded ICCLMs
(m) and free DOX-HCI (m). HepG2 cells were used in the study.
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cellular environment. The higher cytotoxicity of DOX-loaded CCLMs relative to the DOX-

loaded ICCLMs is attributed to the cleavage of the disulfide crosslinking sites under

reductive environment in HepG2 cells, thereby enabling more efficient release of DOX and

resulting in more HepG2
cell death from the CCLMs
than the ICCLMs.

Another study reports
the cytotoxicity assessment
of  amphiphilic ABC
triblock copolypeptoid
(A9aMosD1,) comprised of a
thermo-responsive PNAIG
block with cloud point
transition, hydrophilic
PNMG middle block and
hydrophobic PNDG end
block in dilute polymer
solution or as hydrogel. ¥
Alamarblue assay revealed

no cytotoxicity towards
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Figure 15. (A) AlamarBlue analysis of the AgxMgsD12 polymer solutions;
(B) an optical microscopic images revealing the hASC morphology after
acute exposure to the hydrogel extractives; (C) AlamarBlue analysis of
the Ag2MgsD12 hydrogel (5 wt% in PBS) and (D) the DNA quantification
using Quant-iT™ PicoGreen assay at 3 day incubation.

human adipose derived stem cells (hASCs) in the dilute polymer solutions in the 0.5-20

mg/mL range (Figure 15A)

. The polymer solution forms hydrogel at 5 wt% at 37 °C.

AlamarBlue assay was further used to investigate the effect of ABC hydrogel on hASCs

metabolic activity. It was found that the relative metabolic activity of hASCs decreased

significantly (P-value < 0.05) compared to the control sample after 24 h culturing in the ABC

hydrogel extractives or 3 d culturing within the hydrogel matrix in direct contacting (Figure

A

-
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Figure 16. QPCR analysis of gene expression within the
Ag2MasD1> triblock copolypeptoid hydrogel matrix.

B 15C). Quantification of the

-
o

corresponding total DNA content

£ COL2A1
E3 ANGPT1

b o o

by Quanti-T™ PicoGreen® assay

o

[N
o

indicated no significant inhibition

()

21 days

of hASC proliferation compared

to the live control when hASCs

were exposed to the ABC hydrogel extractives for 24 h or directly cultured within the
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hydrogel matrix for 3 d (Figure 15D). Moreover, hASC maintained a healthy spindle shape
both when exposed to hydrogel extracts and cultured within hydrogel matrix (Figure 15B).
The results indicated that the slight decrease of cells proliferation rate does not correlate with
a decrease in metabolic activity and may be indicative of stem cells leaving the proliferative
cell cycle to differentiate. The differentiation pathway of hASCs happened within the
hydrogel matrix was further investigated by the quantitative real-time polymerase chain

reaction (QPCR) analysis (Figure 16). The expression of two marker genes, Col2al and

A 100, ANGPTI, for chondrogenesis and endotheliogenesis
% respectively, was quantified by QPCR after 7 and 21 d
£ i S . . . .
g incubation point. It was shown that the expression of
e —=—P1
§ ——P2 Col2al gene was upregulated and that of ANGPTI
5 60{ ——P3
© P4 gene was down-regulated, suggesting hASCs may
40l : : : have committed to chondrogenesis pathway. These
3 7.5 15 30
B 100, - TRepokls conosnimtion (sgiml) results suggest the potential use of polypeptoid
hydrogel as benign scaffold biomaterials for stem cell
;80' based tissue repair.
3 . . . . .
2 Polypeptoids in the above cytotoxicity studies are
3 60
2 all charge-neutral. Once polypeptoids are rendered
40l : : . positively charged, their cytotoxicities are notably
3 75 15 30
T L e enhanced due to the increase of their membrane
activities. For example, a library of cationic
280' polypeptoids with varying backbone length, cationic
3 . . .
2 N-substituent  structure and incorporation  of
= 60
o hydrophobic N-substituents have been synthesized
40l : ‘ . and investigated towards the gene delivery
3 7.5 15 30
R QRSN SR N I} applications (Scheme 10, vide supra). Cytotoxicity of
Figure 17. Cytotoxicity of cationic L .
polypeptoids at various concentrations | the cationic polypeptoids towards HeLa cells were
in HeLa cells as determined by the . .
MTT assay (n = 3). (A) Polypeptoids | assessed using MTT assay in the 3-30 pg/mL polymer
with different cationic amino structures; ) ) 79 o
(B)  polypeptoids ~ with  different | concentration range (Figure 17).” The cytotoxicity of
backbone chain length; (©) ) . .
polypeptoids with different hydrophobic | the polypeptoids was found to increase with an
linker lengths and incorporating . . )
hydrophobic_decyl group on the N- | elevation of polymer concentration. P4 bearing
substituents.” Adapted with permission . ) ) o
from the American Chemical Society. primary amine groups showed higher cytotoxicity

than its analogs containing secondary, tertiary, and quaternary amines (P1, P2, and P3,
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Scheme 10). Polypeptoids with longer backbone length exhibited higher cytotoxicity in the
order of P5 (28 mer) < P4 (46 mer) <P6 (135 mer) < P7 (250 mer). Enhancing the N-
substituent hydrophobicity also contributed to elevated cytotoxicity, as reflected in the order
of P4 < P8 < P9 < P10 having increasingly elongated hydrophobic linker length between
triazole and amino groups on the sidechains. Consistently, P11 with pendent decyl groups
also displayed higher cytotoxicity than its homopolymer analog P10 at high concentrations.
Hydrophobic modification on the N-substituents has been known to effectively promote
interaction of charge-neural polypeptoids with lipid membranes.”® These results indicate that
excessively high membrane activities can cause irreversible damage to cells. Transfection
studies have shown that cationic polypeptoids bearing a primary amino group (P4) exhibited
significantly higher transfection efficiency than that of its analogs containing secondary,
tertiary or quaternary amino groups. Elongation of polypeptoid backbone length from DP =
28 to 251 has resulted in enhanced DNA condensation and cellular uptake level at the cost of
increased cytotoxicity. Elongation of the hydrophobic linker length on the cationic N-
substituents or incorporation of hydrophobic N-substituents also significantly enhanced the
transfection efficiency presumably due to increased membrane activities. Based on the above
transfection and cytotoxicity results, it is concluded that a proper balance between membrane
activities and cytotoxicity is required to achieve maximal transfection efficiency, and the
excessive membrane activities would decrease rather than increase the transfection efficiency

by

compromisin e o © . Hela (?;O% FBS) In vivo
g the cell P‘\/H\/ y B ] _ 107 I,
N H i
L N ‘ N i 840 e
viability and ©/\" HT(\ 4 w | B o B .
| @ o 107 I
transcription/ P11 gw‘] £
: 2 10°
translation | o 104 o Batad
] P11: y=6, m=39, i
functions. As n=9, R=-NH,4 10° 10t
P11 PEI P11 PEI
such, a Figure 18. (Left) chemical structure of P11; (middle) transfection efficiencies of polyplexes
.. based on P11 or PEIl in HeLa cells with 30% FBS serum (n = 3); (right) in vivo transfection
cationic efficiencies of polyplexes based on P11 following intratumoral injection in B16F10
. xenograft tumor-bearing mice at 40ug DNA/mouse (n = 4).79 Adapted with permission from
polypeptoid the American Chemical Society.
random

copolymer (DP = 46) bearing 80 mol% cationic N-substituents with primary amino groups
and 20 mol% N-decyl substituents (P11, Scheme 10) was identified to exhibit the most
optimal gene transfection efficiency.” The polymer out-performed the commercial
transfection agent poly(ethylenimine) (PEI) by four orders of magnitude in serum-containing
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conditions (Figure 18). Following intratumoral injection to melanoma-bearing mice, P11 also
produced higher effective gene transfection than PEI in vivo (Figure 18).”
3. Immunogenicity

Low immunogenicity has been indicated for polysarcosine in several different animal
models’'-** Maurer investigated antigenicity of several synthetic homo-polypeptides and
copolypeptides and found that all homo-polypeptides including polysarcosine (M;=3.5kDa)
and poly(L-proline) (M,=50kDa) to be non-antigenic in rabbits using passive cutaneous
anaphylaxis (PCA) test.”’ Only one copolypeptide (M,=38 kDa) comprised of L-glutamic
acid and L-lysine in a 6:4 molar ratio was found to be antigenic. Moran et al reported the
synthesis of the conjugates of polysarcosine with grass pollen allergen extracts.” It was
found that the conjugate can efficiently suppress the induction of IgE responses in mice. The
suppression is allergen-specific and requires covalent linking of the polysarcosine to the
allergen.”® The reduced IgE response was transient’” and was attributed partly to a short-lived
antigen-specific T cell suppression.”® It was further demonstrated that intranasal application
of the conjugate can reduce the serum IgE antibody response that was brought about through
exposure to the grass pollen extract,”’ providing a method to treat allergy. Kimura et al found
that immune response of nanoparticles with identical hydrophilic polysarcosine corona
depends on the grafting density of the hydrophilic polysarcosine.gz’98 Spherical micelles
(d=36 nm) based on AB type amphiphilic block copolymer [i.e., polysarcosiness-b-poly(L-
lactic acid)3o] were rapidly captured by the liver upon second administration’” and cleared
from the bloodstream, whereas the micelles (d=22 nm) based on A;B type polymers [i.e.,
(poly(sarcosine),s)3-block-poly(l-lactic acid);y] with high grafting density of polysarcosine
blocks showed in vivo disposition by accumulating in the tumor region similar to that of at
the first administration.”® This has been attributed to the significantly reduced interaction of
the micelles with densely grafted polysarcosine corona with the B lymphocyte receptors and
hence the suppression of antibody production. It was also found that the polymeric micelles
are T cell-independent antigen that can trigger antigen production without the help of T

cells'?

and the polysarcosine was found to be the epitope from the competitive inhibition
assay (ELISA).”

In spite of these reports on polysarcosine, the immunogenicity of other polypeptoids with
different N-substituent structures or compositions are unknown. As a result, one should be
cautioned about making generalization about the immunogenicity of polypeptoid polymers.

This area represents a fertile ground for research, as it will provide fundamental
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understanding of the interactions between polypeptoids and immune systems, which is
critical for the further development of polypeptoid biomaterials for in vivo applications.
Solution aggregation of polypeptoid copolymers

Self-assembly of block copolymers into various nanostructures (e.g., micelles, vesicles,
network, etc.) in solution can be utilized towards a variety of applications. A number of
amphiphilic or double-hydrophilic hetero-block or graft copolymers comprised of water-
soluble polysarcosine segments (PNMG) have been synthesized and their solution
aggregation studied. Examples include PNMG-b-polypeptides [i.e., poly(e-N-

101

benzyloxycarbonyl-L-lysine), poly(y-benzyl-L-glutamate),'®  poly(y-tert-butyl-L-

> and poly(S-ethylsulfonyl-L-cystine)], ' PNMG-b-poly(e-caprolactone), '**

glutamate), '
PNMG-b-poly[2-(3-butenyl)-2-oxazoline],57 PNMG-b-(Leu-Aib), [(Leu-Aib),: helical
peptides], ' ~''* PNMG-b-poly(L-lactide) (AB, A,B, As;B types),'" dextran-5-PNMG, '
PEG-b-PNMG™ and Cp-12.15-PNMG lipopolymers.'>"!” Their solution aggregation behavior
has been reviewed by Luxenhofer et al ** and will not be repeated here. We will highlight
several recent examples of block copolypeptoid-based solution aggregates, particularly those
that exhibit stimuli-responsive characteristics in dilute or semi-dilute solutions.

Luxenhofer et al reported the solution aggregation of linear diblock and triblock
copolypeptoids comprised of the hydrophilic polysarcosine segment (DP=~50) and the
poly(N-alkyl glycine) segment with C2-C5 linear aliphatic N-substituents in water.®’
Micellation was observed for the diblock copolymers when the linear alkyl chain has 3, 4, or
5 carbons with the critical micellation concentration (CMC) in the 0.6 uM to 0.1 mM range.
The tendency to form micelles was found to increase with increasing hydrophobicity or chain
length of the solvophobic poly(N-alkyl glycine) segment. The aggregate size and distribution
are strongly dependent on the temperature and solvent. In general, the aggregate sizes are
smaller in buffer (pH=7.4) than in water. Further studies on the self-assembly of block
copolymers consisted of polysarcosine and poly(N-butyl/pentyl glycine) or poly(N-benzyl/2-
phenylethy glycine) in water revealed a wide range of nanostructure morphologies including
worm-like micelles, vesicles, oligolamellar nanostructures and their formation is strongly

dependent on the polymer composition and sample preparation methods.'"®
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Figure 19. (A) Formation of antiparallel B-sheets and (B) disruption of the B-
sheets by thiourea; (C) proposed synthetic system featuring the following
phases: 1) self-assembly of amphiphilic PSar-b-PCys(SOEt) block copolymers
into different micellar morphologies directed by secondary structure alignment;
II) subsequent core cross-linking by disulfides of choice, yielding core-cross-
linked polymeric micelles (CCPMs) or nanohydrogels (NHGs); Ill) disintegration
of the system upon a reductive stimulus.'® Adapted with permission from the
Wilev-VCH.
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nanostructures (i.e., spherical or worm-like micelles) in aqueous buffer solution (Figure
19).103 Poly(S-ethylsulfonyl-L-cystine) segment has intrinsic tendency to form anti-parallel -
she ets, which can be disrupted by the addition of chaotropic agents (e.g., thiourea) to form
random coils. The (PSar)497-b-[PCys(SO,Et)]2s sample having a 15 wt% of the hydrophobic
segment (PCys(SO;Et)) was found to form worm-like micelles in aqueous solution in the
absence of thiourea, a result attributed to the anti-parallel B-sheet formation in the
hydrophobic core. In the presence of thiourea, the block copolymer formed spherical micelles
as expected for the coil-coil block copolymer based on their composition. For the (PSar),¢5-b-
(PCys(SO,Et));7 sample that also has a 15wt% hydrophobic segment but a shorter
PCys(SO;Et) segment, a mixture of spherical and worm-like micelles were observed in the
absent of thiourea, whereas spherical micelles were found in the present of thiourea. For the
(PSar)y7-b-(PCys(SO;Et))5 that has 30 wt% hydrophobic segment, only worm-like micelles
were found with or without thiourea present. It was further demonstrated that addition of

neutral or cationic dithiols to the micelles led to the formation of core-crosslinked micelles or

A r 1
nanohydrogels where the o e ~ SN Jo .
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Figure 20. (A) Cross-linking of the polymeric micelles using various dithiols
ZOD).lo3 The core- to afford core-crosslinked polymeric micelles (CCPMs, yellow core) and
nanohydrogels (NHGs, blue core); (B-1) the particle size remains constant
crosslinked micelles or | in the presence of various cross-linkers () while the core functionality is
changed; (C-I) adjusting the core polarity of CCPMs with lipoic acid derived
nanohydrogels can be | cross-linkers with various side chains without affecting the particle size.!
Adapted with permission from the Wiley-VCH.
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presence of reductive stimuli (e.g., glutathione), highlighting the potential for drug or gene
delivery applications.

Zhang et al reported the synthesis of a series of linear amphiphilic block copolypeptoids
(i.e., poly(N-ethyl glycine)-b-poly[(N-propargyl glycine)-r-(N-decyl glycine), E,Pg,Di]) by
sequential ROPs of the corresponding R-NCA monomers using benzyl amine initiators
(Scheme 12).*¥ The polymers form micelles in aqueous solution with critical micellation
concentrations (CMC) in the 91-133 pg/mL range at room temperature (22-23°C). Selected
samples (e.g., ExoaPg13D1s, the subscript signifies the DP of each segment) form well-defined
spherical micelles (NCLMs) in aqueous solution and were then core-crosslinked with two

different crosslinkers (CLs) by CuAAC chemistry (Scheme 12). One crosslinker bears a

Scheme 12. Synthesis of redox-responsive and core-cleavable or non-core-cleavable micelles based on
amphiphilic block copolypeptoids PNEG-b-P(NPgG-r-NDG).
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disulfide linkage which can be clea ved by appropriate reducing agents (e.g., dithiothreitol,
DTT) and the other does not (Scheme 12). DLS analysis of the core-crosslinked micelles
(CCLMs) bearing disulfide linkages revealed that the micelles maintain a mono-modal size
distribution in water. The hydrodynamic diameter of the CCLMs is notably decreased to 42.4
+ 0.8 nm as compared to the non-crosslinked micelle precursors (NCLMs) (d = 60.1 = 0.9
nm) (Figure 21A). In DMF which is a non-selective solvent, the CCLMs became swelled but
maintained the micellar structure (d = 59.2 + 1.6 nm, PDI = 0.19) due to the covalent
crosslinking in the micellar core. By contrast, the NCLMs become destabilized in dilute DMF
solution, resulting in an increase of the hydrodynamic size, broadening of the size distribution
(PDI = 0.41) and the appearance of unimers in the DLS analysis (Figure 21A). TEM analysis
of both dried and uranyl acetate-stained CCLMs and NCLMs revealed the presence of mostly
spherical micelles with some short cylinders, indicating that covalent crosslinking in the
micellar core did not significantly alter the micellar morphology (Figure 21B). The average
diameter of the CCLMs (21.1 + 2.3 nm ) is comparable to that of the NCLMs (22.8 = 2.9 nm)
in the dry state.
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o Figure 21. (A) DLS size distribution of the E204Pg13D1s5-based NCLMs in water (-m-) or
doxorubicin DMF (- ¥-) and the corresponding CCLMs in water (- A-) or DMF (-e-). The micellar
solutions in water or DMF are kept at 0.5 mg-mL'1 or 0.05 mg-mL'1 respectively in the
(DOX), a DLS studies. (B) TEM micrograph of the CCLMs based on the E204Pg13D1s block
. copolypeptoids (stained with uranyl acetate). (C) SEC chromatograms of the
hydrophobic E204Pg13D+s unimer (—) and the corresponding CCLMs before (—) and after DTT
. treatment (—) in DMF/ 0.1 M LiBr. (D) Plots of cumulative percentage DOX release
anticancer drug. | over time from the CCLMs with DTT (10 mM) (-m-) or without DTT presence (-m-).

A maximal 23%

drug loading capacity and a 37% drug loading efficiency was obtained for DOX
encapsulation. Upon in contact with DTT, the CCLMs were shown to disintegrate (Figure
21C) and release the DOX in a time-dependent manner (Figure 21D). Without DTT present,
DOX release from CCLMs is minimal even after 30 h, strongly attesting to the effect of
CCLM’s destabilization via the cleavage of the disulfide crosslinkers by DTT on the drug
release.

Temperature-responsive polypeptoid aggregates. A series of cyclic and linear
amphiphilic block copolypeptoids poly(N-methyl glycine)-b-poly(N-decyl glycine) (c/I-
PNMG-bH-PNDG) bearing an amorphous solvophilic PNMG segment and a crystalline
solvophobic PNDG segment have been synthesized by organo-mediated ROP of the
corresponding R-NCA monomers using either NHC or benzyl amine initiators.®® In dilute
methanol solution at room temperature, the cyclic PNMG s-b-PNDG ¢ and linear PNMG; -
b-PNDG ¢ were shown to form well-defined spherical micelles upon dissolution. The
spherical micelles transformed into cylindrical micelles with uniform diameter and the length
gradually increasing to microns over a period of 15 d (Figure 22). The cyclic micelles were
shown to undergo the morphological transition at a faster rate than their linear analogs. The
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1
2

morphological transition was
3 rphological t t
4
5 attributed to the sidechain
? crystallization of the PNDG
8 segment in the cylindrical
9 .
10 micellar core, whereas no
g crystallization was observed in
13 the spherical micelles. Upon
14 . .
15 heating above the melting
1? temperature of the PNDG 7 ;
18 segment (58 °C), the cylindrical | Figure 22. Cryo-TEM images obtained from dilute methanol
19 solutions of the c-PNMG105-b-PNDG 1 block copolypeptoid after 1 h
20 micelles reverse back to the | (A), 2 h (B), and 15 d (C) in methanol and the linear counterpart (/-
21 perical micelles. A | PNMGu12-b-PNDGre) (D: 1h; E: 2h; F: 15 d).

spherical micelles. At semi-
22
23 dilute concentration,''” the polymer form gels comprised of entangled crystalline fibrils,
24
25 which upon heating above the PNDG sidechain melting temperature, reverse to a solution
;g due to the transformation of the cylindrical micelles back to the spherical micelles. The cyclic
28 gels were shown to contain higher crystalline domains in the gel than the linear analogs,
29
30 giving rise to enhanced gel stiffness. The thermo-reversible sol-gel transition was found to
g; occur in a number of alcohol solvents (e.g., methanol, ethanol, isopropanol).
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(Figure 23A).¥ The resulting

I S,
polymers have well-defined It A
structures and appear as mono- jf f P
. ‘W@M
modal peaks in GPC g
s
chromatograms with narrow

£-3
10 15 20 25 30 35 40 45 S0 SS
Temperature (°C)

molecular weight distribution (©)
(PDI=1.04-1.15) (Figure 23B
and 230C). The block
copolypeptoids were shown to
form  spherical or  short

cylindrical micelles upon ]
y P Figure 24. (A) Optical images and schematics showing the

reversible sol-gel transition, (B) the plot of storage (G’) and loss
modulus (G”) versus temperature for the aqueous solutions of
AgsMosDG1s (Entry 1, Table 1) at different concentrations (1, 2.5
and 5 wt%); (C) cryo-TEM image showing the micelles of the
Ag2MasD12 polymer in dilute aqueous solution; (D) cryo-SEM image
of the fractured Ag2MasD12 (5 Wt%) hydrogel interface.

dissolution in dilute aqueous
solution, depending on the

polymer composition (Figure

24C). The semi-dilute polymer
solutions (2.5-10%) were shown to undergo a reversible sol-to-gel transition with increasing
temperature due to the hydrophobic collapses of the PNAIG segment above its cloud point
(Figure 24A). The sol-to-gel transition is fully reversible and occurs in a narrow temperature
window (Figure 24B). The gelation is rapid and occurs within seconds upon injection of the
solution into an aqueous bath or onto a surface held above the gelation temperature. The gels
can also be readily injected through a 20G syringe needle without breaking apart. The
gelation temperature and the gel stiffness (Young’s modulus E) can be tuned between 26.2-
60 °C and 0.5-2346 Pa by controlling the polymer composition and polymer concentration.
The gel was shown to consist of binodal micellar networks (Figure 24A) having a
hierarchical structure with tunable pore sizes in the micron to tens of micron range (Figure
24D).
Future challenges and outlook

Synthesis. Recent advances in controlled polymerization methods have enabled access to
well-defined polypeptoids with controlled chain length, narrow chain length distribution, and
diverse N-substituent structure. Synthesis of both linear and cyclic polypeptoids has enabled
benchmarking of the fundamental physicochemical and biological properties of polypeptoids
with varying N-substituents (e.g., solubility, thermal properties, conformation and
cytotoxicity, etc.). Synthetic strategies to enable access to polypeptoids with non-linear
molecular architectures, well-defined monomer sequences, and tunable chain conformations
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remain largely unexplored. Regarding the monomer sequence control in polypeptoids, one
can envision the development of polymerization of appropriate substrates where the
monomer sequence is defined during the substrate design and synthesis. These methods may

complement the stepwise synthetic strategy (i.e., sub-monomer method)'?°

commonly used to
access sequence-specific oligomeric peptoids. Design and synthesis of hybrid polymeric
materials comprised of polypeptoid segments will also be a fruitful ground for future
research. The synergistic combination of the unique properties of polypeptoids with those of
other non-peptidomimetic polymers is likely to produce functional materials having
unconventional properties.

Supramolecular self-assembly. Polypeptoids featuring a polar polyamide backbone with
different substitution on the nitrogen are facially amphiphilic polymers. The polar amide
functionalities confer strong dipole-dipole interactions that are absent in the majority of the
conventional non-peptidomimetic polymers (e.g., vinyl polymer, polyester, polyether). As a
result of these structural attributes, polypeptoids tend to self-associate or aggregate in
solution or at interfaces.’'?!1% Understanding their supramolecular assemblies in solution or
at the interface will be of fundamental importance and will have implications for practical
uses of these polymers in solution-based applications. With advances in synthesis,
understanding of how molecular interactions encoded in the N-substituent structures and
monomer sequences impact the nano-scale and mesoscale assemblies of polypeptoids will be
of significant interest in the rational design of polypeptoid polymers for targeted applications.

Materials applications. As polypeptoids exhibit enhanced protease stability, minimal
cytotoxicity, and oxidative degradability, applications of polypeptoids are likely to be found
in the fields of biomedicine and biotechnology. For example, investigation of polypeptoid-

92,98,99 . . 79 . . .
~%7" gene delivery carriers, *~ and 3D culture/tissue-engineering

based drug delivery carriers,
scaffolds has started to emerge.89 Demonstration of their unique properties and capabilities
that are unrivaled by other non-polypeptoid-based systems will be critical in moving
polypeptoids to the forefront of biomaterials applications.
Concluding remarks
The revived interests and recent research activities in polypeptoids have produced
exciting results that indicate polypeptoids are an attractive and promising biomimetic
platform for macromolecular and supramolecular engineering. Recent development of
controlled polymerization methods have enabled access to structurally well-defined
polypeptoids with controlled molecular characteristics (e.g., HLB, charge characteristics,
chain conformation, efc.) and architectures. We expect a bright future ahead for the further
33
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development and application of polypeptoids as a design platform to access functional

materials having a wide variety of potential uses in biomaterials or biomedical areas.
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