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Ring opening polymerization (ROP) of lactams is a highly efficient and versatile method to synthesize polyamides. Within the last
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ten years, significant advances in polymerization methodology and monomer diversity are ushering in a new era of polyamide

chemistry. We begin with a discussion of polymerization techniques including the most widely used anionic ring opening

polymerization (AROP), and less prevalent cationic ROP and enzyme-catalysed ROP. Next, we describe new monomers being

explored for ROP with increased functionality and stereochemistry. We emphasize the relationships between composition,

structure, and properties, and how chemists can control composition and structure to dictate a desired property or performance.

Finally, we discuss biomedical applications of the synthesized polyamides, specifically as biomaterials and pharmaceuticals, with

examples to include as antimicrobial agents, cell adhesion glues, and drug delivery scaffolds.

Introduction

Nylon polymers are synthesized on the >3 metric ton scale each
year, are key constituents of consumer products throughout the
industry sectors , and have a rich history from their beginnings in the
early 1900’s.! Dr. Wallace H. Carothers, a DuPont scientist in 1935,
prepared the first nylon polymer, nylon 66 (Figure 1A; Figure 2), by the
thermally-induced poly-condensation of adipic acid and hexamethylene
diamine.? Nylon 66 was the first truly synthetic useful fiber possessing
properties such as low thermal and electrical conductivity, light-weight,
and corrosion resistance. It revolutionized the polymer and plastic
manufacturing industries with early products from hair-combs to ship
propellers to stockings.? Structurally, nylon 6 (Figure 1B), first prepared
by Paul Schlack in 1938, is similar to nylon 66 with a 5-methylene spacer
between the amide linkages.* However, it is easier to prepare, via ring
opening polymerization of e-caprolactam (Figure 1C, 4), than nylon 66.
Initially, industry used water catalyzed ring-opening polymerization at
high temperatures (240 °C to 280 °C) because of the lack of
polymerization reproducibility when using a strong base catalyst under
anhydrous conditions.> However, by the 1960s improvements in anionic
ring opening polymerization (AROP), to include the use of acylated
caprolactam or acylating agents as activators, ¢ afforded higher rates of
polymerization and low residual monomer content.” Compared to other
thermoplastics available at the time, nylon 66 and nylon 6 possessed
greater strength, toughness, abrasion resistance, and thermal
resistance. Today, the nylon 6 product segment accounts for more than
50% of the global revenue for nylon polymers, estimated at
approximately 30 billion US dollars.®?

Since these seminal discoveries, additional nylons have been
commercialized and ones with increasing chemical complexity are
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Figure 1. A) Nylon-66 polymer structure; B) Nylon-6 polymer
structure; C) Precursors of common nylon polymers.

reported. For example, nylon 11 and nylon 12 are commercially
prepared by self poly-condensation of 11-aminoundecanoic acid and
ring opening polymerization of dodecalactam (Figure 1C, 5),
respectively.l® These higher-carbon number polyamides possess low
amide group density, resulting in decreased hydrogen-bonding
between polymers and to external agents. This characteristic leads to
less crystallinity, resulting in lower melting point and mechanical
properties as well as lower absorption of moisture, resulting in higher
chemical resistance. Due to these properties, nylons 11 and 12 are used
in automotive fuel lines, insulation of wire and cable, as well as medical
and food contact applications.1® Other nylon polymers (e.g., nylons 69,
610, 612, and 8) are also reported, but are not widely used.

Nylon polymers with a low number (3, 4 and 5) of carbon atoms in
the repeating unit called “low order nylons” are prepared by the anionic
ring opening polymerization of 2-azetidinone (Figure 1, 1), 2-
pyrrolidone (Figure 1, 2) and 2-piperidone (Figure 1, 3), respectively.
These polymers are more hydrophilic due to the abundance of amide
bonds in the polymer chain and are more crystalline than nylon 6, nylon
11, or nylon 12. Nylon 5 demonstrates superior ferro-electric property
and thermal stability, however, ROP of 2-piperidone to prepare nylon 5
is challenging due to the low ring strain of the 6-membered cyclic-
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Figure 2: Advancements in nylon synthesis via ring opening polymerization of lactams.

monomer as well as the low solubility of the resulting polymer (due to
H-bonding and very high polarity).)* Nylon 4 polymers are
biodegradable'*>!3 and show tenacity, elongation, elastic recovery, and
moisture regain similar to cotton and other commercially available
polyamide fibers. However, nylon 4 polymers are not commercially
synthesized due to their low thermal stability, with melting point just
above degradation temperature.'* Nylon 3 polymers or 3-peptides, first
synthesized by Sebenda et al. in 1981%, on the other hand are well
characterized and studied, especially due to their biomedical
applications.

Nylon-2 polymers or polyglycines, first prepared by the ring opening
polymerization of a.-amino N- carboxyanhydrides (a-NCA) in 1906¢ are
widely studied due to their established syntheses, potential for
commercialization, and their protein-mimicking nature due to a greater
ratio of amide groups per total atoms in the repeat unit compared to
other nylon polymers.l” Polyglycines are susceptible to enzymatic
degradation due to their structural similarity to naturally occurring
polypeptides. Incorporating higher order nylons, such as nylon-3 in the
polymeric structure, slows the degradation rate.!® Polyglycines are
finding uses as antibacterial agents, drug and nucleic acid carriers, and
building blocks for tissue engineering, which are summarized in
excellent reviews by Mazo et al,'” Hadjichristidis et al.2® Lu et al. 2 and
T. Deming,222 and therefore will not be discussed in this review. The
timeline of advances in nylon polyamide synthesis via ring opening
polymerization of lactams over the past century is summarized in
Figure 2.

Herein, we discuss the various polymerization techniques used
to prepare nylon 3 and nylon 6 polymers, including the most widely
used anionic ring opening polymerization and less prevalent cationic
ROP and enzyme-catalyzed ROP. We then describe new monomers
being explored for ROP with increased functionality and
stereochemistry. Finally, we provide a detailed account of the
biomedical application of polyamides, giving the background necessary
to understand current developments as well as to envision future
applications. We focus on the advances reported in the past 2 decades.
We direct the readers to excellent reviews by Hashimoto for a
discussion of ROP reported prior to 2000,23 as well as by Karger-Kocsis
et al. for composites produced by AROP of lactams and their
manufacturing techniques??, as these topics will not be discussed. The
purpose of this review is to stimulate discussions, highlight recent
approaches and success, and provide further motivation for the
design, synthesis, and development of new nylon polymers and their
evaluation in biomedical applications.

2| J. Name., 2012, 00, 1-3

Ring opening polymerization of lactams

1. Anionic ring opening polymerization

Anionic ring opening polymerization (AROP) is the most widely
used method for polymerization of lactams. AROP requires a strong,
but non-nucleophilic base catalyst, and often uses a lactam-derived
imide co-initiator (Figure 3). The co-initiator can also be produced in
situ using acylating agents such as benzoyl chloride, acetyl chloride,
or acetic anhydride.?>?’ The initiation step encompasses the
generation of a lactamate anion by the abstraction of proton by the
base, followed by nucleophilic attack on the imide carbonyl group on
the co-initiator (if present) (Figure 3B) or amide carbonyl group on
another lactam if not using a co-initiator. The lactamate anion is then
regenerated by the proton transfer from an unreacted lactam to the
amidate anion formed in the growing polymer backbone. The
propagation step involves nucleophilic attack of the lactamate anion
on the carbonyl group of the imide in the growing polymer chain.

In general, e-lactam, like caprolactams polymerize similarly to the
first report of caprolactam. An extrusion method is often used,
wherein the monomer and the catalyst are mixed together, melted,
and then polymerized at high temperatures (>180 °C). 2-Pyrrolidone
and 2-piperidone undergo a similar polymerization, albeit at lower
temperatures (40-50 °C). B-Lactam monomers on the other hand
polymerize in solvents such as tetrahydrofuran (THF), dimethyl
acetamide (DMAC) with a Lewis acid (e.g., DMAC+LICI),
dimethylsulfoxide (DMSO) or dimethyl formamide (DMF). Addition
of the Lewis acid improves monomer solubility.?® The g-lactam
polymerization proceeds with an induction period, which depends on
temperature, type and amount of the catalyst/activator
formulation,?* while polymerization of other lactams does not
require induction periods. Various strong bases initiate the anionic
ring opening polymerization of lactams as described below.

Alkali metals and alkali metal hydrides

Alkali metals or alkali metal hydrides (Figure 3C, 1, 2, 3)
polymerize e-lactams by in situ generation of the lactamate anion
required for initiation and propagation of the polymerization. For
example, the sodium salt of &-caprolactam initiates the ROP of
caprolactam?® and laurolactam,3® as well as their co-polymers3!
(Figure 4, monomers 4 and 5). More recently, these alkali metals are
able to initiate a-amino-g-caprolactam (Figure 4, 29), to afford poly-
lysine32 and menthol based e-lactams (Figure 4, 28),%° respectively.
Varying the sodium/monomer ratio during polymerization controls
the molecular weight of the poly-g-lysine polymer (with M, ranging

This journal is © The Royal Society of Chemistry 20xx
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Figure 3: A) Mechanism of AROP; B) example activators; and C) the catalysts used for AROP.

from 2.5 to 49.2 kDa, with P ranging from 1.4-1.8).32 However,
menthol-based e-lactams only yield oligomers (largest molecular
weight of only 2.8 kDa) due to the difficulty in weighing out accurate
amounts of the potassium catalyst and incomplete monomer
consumption.?6 Employing a benzoylated caprolactam activator or
acid-catalysed cationic ring opening polymerization are also
ineffective in preparing high-molecular weight menthol-based nylon
6 polymers.33 Sodium hydride polymerizes g-lactams derived from
racemic a-pinene (Figure 4, 26) and (+)-3-carene (Figure 4, 27).2° The
(+)-3-carene monomer readily polymerizes and varying the amount
of activator and initiator controls the final molecular weight.

Potassium t-butoxide catalyses the polymerization of 2-
pyrrolidone, 121434 while 2-piperidone polymerization is catalysed by
tetramethyl-ammonium 2-oxopiperidin-1-ide!* as well as alkali
metals to produce nylon 4 and nylon 5, respectively. Other alkali
metal and alkaline earth metal-based catalysts used for AROP of
lactams include potassium pyrrolidonate, 3° 22 and Grignard
reagent36,

Metal-amido complex

Another class of metal-based catalyst for AROP are metal-amido
complexes. Metal amido complexes are known to polymerize poly(a-
peptide) from N-carboxy anhydrides.37-3° Expanding on their use for
B-lactam polymerization by Sekiguchi and co-workers, 4° Deming et
al. describe metal-amido complexes of Sc, Ti, Cr, Fe, Co, Ni, Cu, and
Zn for AROP of B-lactam monomer 11 (Figure 4).** Of these
complexes, initiation by Sc(N(TMS),)s (Figure 3C, structure 6) results
in polymers with narrower molecular weight distributions and
controlled molecular weights. The authors postulate that the
increased covalent nature of Sc-N bond compared to the other
metals results in the elimination of side reactions and, hence a
narrow dispersity.

However Sc(N(TMS),)s, as reported by Deming et al., is not an
effective initiator for highly substituted B-lactams and requires a

This journal is © The Royal Society of Chemistry 20xx

strong and non-nucleophilic base such as LiN(SiMes), (or LIHMDS,
Figure 3C, structure 7) to initiate the polymerization of monomers 6,
7, 15- 17 (Figure 4), and afford nylon 3 polymers with controlled
molecular weights and low dispersities. They also report the use of
acylating agents such as 4-tert-butylbenzoyl chloride as co-initiators
(Figure 3B) instead of acylated lactam co-initiator for B-lactam
polymerization. Here, the acylated B-lactam co-initiator, which
contains the active imide group, forms in situ during polymerization.
This polymerization method affords narrow molecular weight
distributions with molecular weights comparable to theoretical
molecular weights, revealing “quasi-living” polymerization. Using
various acid chlorides, a large number of N-terminal end-
functionalized polymers are prepared (e.g., thiol terminated nylon 3
polymers by Liu et al.*2 and palmitamide terminated amphiphilic
nylon 3 polymers by Grinstaff et al.*3), thus opening avenues for
biomolecule-, polymeric- or surface-conjugations. Moreover, the
presence of a C-terminal, B-lactam-derived imide group on the
polymer chains, (confirmed by 3C NMR) enables C-terminal
functionalisation.**

J. Name., 2013, 00, 1-3 | 3
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Monocyclic Lactams

A) Lactams With Varying Carbon B) Monocyclic B-Lactams
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Figure 4: Structure of lactams discussed, their common names, and polymerization method used.

Additionally, Stahl et al. use the C-terminal imide functionality,
along with the “quasi-living” characteristic of the polymerization to
prepare di-block nylon 3 polymers.?’ The first monomer polymerizes
followed by the addition of the second monomer as well as
additional LiN(SiMe3s), resulting in di-block polymers. GPC analysis
confirms chain extension by the complete disappearance of the peak
corresponding to the first block of the polymer and the shift of the
peak to shorter retention time, indicating extension of the polymers.
Another one-pot strategy for block-polymer synthesis using -
lactams, as reported by Chan-Park and co-workers,*> involves adding
both monomers (Figure 4, 8 and 19) simultaneously and relying on
the different polymerization kinetics of the monomers. The
monomer with faster polymerization kinetics polymerizes first,
forming the first block of the di-block polymer, while the monomer
with the slower polymerization kinetics forms the second block. If the
two monomers have similar reaction kinetics, the one-pot
polymerization yields random copolymers.?’

Since alkali metal-based catalysts require high reaction
temperatures and Li-metal based reagents are not sustainable due
to limited availability of lithium,*¢ alternative organo-catalysed
AROPs are being explored. Two examples of organo-catalysed ROPs
are phosphazene bases and N-heterocyclic carbenes as next
described.

4| J. Name., 2012, 00, 1-3

Phosphazene bases

t-BuP,  (Figure 3C, structure 8 ,
tris(dimethylamino)-2,2-bis[tris-
(dimethylamino)phosphoranylidenamino]-2A>,4\>-
catenadi(phosphazene)]), is a non-ionic poly(aminophosphazene)
base widely used in anionic polymerization of methyl methacrylate,

[1-tert-butyl-4,4,4-

cyclosiloxanes, 1,2-epoxybutane, ethylene oxide, etc.4’->0 t-BuP,
initiated ROP of e-caprolactam, as first reported by Memeger et al.,
affords high molecular weight polymers (M, ranging from 11.3 to
50.3 kDa, with D greater than 2) with good monomer conversion at
260 °C.>1 The polymerization proceeds after an induction period and
is highly responsive to addition of co-initiators such as acylated
caprolactam (Figure 3B). The reaction mechanism is similar to the
metal-based catalysts, with t-BuP, having the added advantage of
moisture toleration. While one can synthesize high molecular weight
nylon 6 and nylon 7 polymers, control over the molecular weight has
not been fully explored. The t-BuP, catalyst, as reported by Tao et al.,
also enables preparation of poly(g-lysine) from 2,5-dimethylpyrrole
protected oi-amino-g-caprolactam under mild conditions (i.e., at low
temperatures between 60 °C- 140 °C), thus conserving the labile
protecting groups of amine in the monomer.>? This result is in
contrast to the sodium catalysed polymerization, where the amine
protecting group scope is limited.3? Additionally, the molecular

This journal is © The Royal Society of Chemistry 20xx
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weight decreases with increasing catalyst concentration, thus
demonstrating a degree of control in molecular weights of the nylon
6 polymers prepared. The t-BuP, catalysed e-lactam polymerization
is versatile and one can prepare other functionalized polyamides,
with hydroxyl, allyloxy and oligo-ethylene functional groups.>?

t-BuP, also successfully polymerizes unsubstituted B-lactam
(Figure 4, 1) to give unsubstituted nylon 3 polymers, which are
inaccessible by metal-based polymerization techniques.?® The
polymerization occurs in DMAc solvent with 10-weight % of LiCl (to
improve solubility of monomers) at low temperatures (ranging from
25 °C to 80 °C) similar to metal-based polymerization of other
complex B-lactams. Varying catalyst to monomer ratio controls
molecular weight, with a molecular weight >10° kDa achieved at the
catalyst to monomer ratio of 1:2000 (mol/mol).

N-heterocyclic carbene (NHC)

Another organo-catalyst used for AROP of lactams are N-
heterocyclic carbenes (Figure 3C, structure 9) which belong to a
class of stable carbenes, possessing Lewis-base and/or
Bronsted-base character.>* Similar to t-BuP,, NHC catalysts
polymerize e-lactams as well as methyl methacrylate, epoxides,
lactones, lactides, and cyclosiloxanes.>®> While unprotected
NHCs are unstable, difficult to store, and are oil/waxy, NHCs
protected by carboxylate (CO,-), isothiocyanate-, or metal salt-
adducts are stable, can be stored in anhydrous conditions for
long periods, and are solids, and, thus, easier to use.

Carbene-catalysed lactam polymerization, as first
discovered by DuPont in 2006, occurs during extrusion of &-
caprolactam in the presence of imidazolium and imidazolium
based carbenes, resulting in 84% vyield.*® Buchmeiser et al.
expanded this technique by building a library of
tetrahydropyrimidinium-derived NHCs with varying ring size (5,
6 or 7 membered rings), substituent groups (aliphatic linear,
aliphatic cyclic and aromatic) and thermally labile protecting
groups (CO,, MgCl,, and ZnCl,).>” Initiation occurs by first
heating the NHC to 90 °C, during which time the carbene
deprotects (induction time), followed by deprotonation of the
lactam monomer, resulting in “activated” monomers. Next,
polymerization transpires upon heating the reaction mixture to
above 100 °C. Only the carboxylate-protected NHCs produce
polyamides, while the NHCs protected by metals are ineffective
in activating the monomer. The yield and efficiency of the
polymerization of g-caprolactam is directly proportional to the
basicity of the carbene generated, which in turn is influenced by
(i) ring size (6, 7-membered> 5-membered) and (ii) electron
withdrawing effect of the substituent groups (aliphatic>
aromatic).

As reported by Buchmeiser et al., the NHC catalyst also
polymerizes laurolactam to give nylon 12 as well laurolactam
and e-caprolactam to afford random copolymers of nylon 6 and
nylon 12.58 Unlike the other two publications, an activator is not
used in this study. Increasing monomer conversion results in a
decrease of molecular weight. The authors attribute this effect
to “chain multiplication”, wherein a lactam anion attacks the
amide bonds of the polymer, affording shorter polymers. The
random co-polymers possess a non-random “blocky”
characteristic due to the higher incorporation of g-caprolactam

This journal is © The Royal Society of Chemistry 20xx
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in the beginning of polymerization versus laurolactam. This
result is consistent with the higher ring strain g-caprolactam
compared to laurolactam, and, hence, greater reactivity for the
polymerization.

Use of MgCl, and LiCl in conjunction with the carboxylate
protected NHC (“dual-catalysis”) affords polymers in higher
yield. The reaction proceeds even in a non-inert atmosphere
(albeit with longer reaction times), resulting in a promising
transitional metal-free strategy for industrial production of
nylon 6 polymers.>® The higher yield obtained in the presence
of Lewis acid is rationalized by the formation of an
organometallic complex between the metal salts and the lactam
monomer, rendering the monomer more electrophilic and thus
more susceptible for ring opening polymerization.

While ROP of eg-lactams using NHCs is not a “living”
polymerization, molecular weight increases with a decrease in
catalyst to monomer ratio, thus providing some control over
molecular weight. However, regardless of the use of a Lewis
acid one obtains polymers with higher-than-expected
molecular weights, indicating the incomplete initiation of the
monomer by the carbene.

In short, while NHCs are promising as latent pre-catalysts,
since they are inactive until heated to 90 °C and are not as
sensitive to air and moisture as metal-based catalysts, further
optimizations are required for control in molecular weights and
to avoid side reactions.

While AROP is the most widely used polymerization
technique for lactams, the anhydrous reaction conditions is a
major concern. New advances in nylon 3 polymer synthesis
which include water-insensitive ring-opening polymerization of
B-amino acid N-thiocarboxyanhydrides (B-NTA) result in
polymers with controlled molecular weights and helical
secondary conformation.®%61 Moreover, co-polymerization of
B-NTA and a -NCA in different solvents affords random-like or
block-like polymers, yielding sequence-controlled poly o /B
peptides with tuneable proteolysis.*®

2. Enzyme-Catalysed Ring-Opening

While anionic ring-opening polymerization is efficient and
highly versatile in terms of monomer structure and control in
molecular weight, the technique requires organic reagents and
often leads to toxic side-products. Enzyme-catalysed ring
opening polymerization (eROP) is an environmental-friendly
alternative for AROP. Novozym 435 (N435) is a commercially
available polymer resin with a surface immobilized Lipase B
from Candida antarctica (CAL-B).52 Apart from its biological
function of hydrolyzing triglycerides, Lipase B in its N435 form is
used in biodiesel production, racemic mixture resolution,

regioselective reactions, &-caprolactone polymerization,
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Figure 5: Mechanism of enzyme catalysed ring opening
polymerization.
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polycondensation of dimethyl 2,5-furandicarboxylate and
aliphatic diamines, and transesterification reactions.®? N435
also catalyses the ring opening polymerization of lactams. The
proposed mechanism of polymerization involves 2 steps: (i) ring
opening of the B-lactam by serine-105 of the lipase, resulting in
an acyl-enzyme intermediate and a free amine; (ii) attack on the
acyl-enzyme by a growing oligomer chain leading to nylon 3;
and, (iii) attack on the acyl-enzyme intermediate by a water
molecule resulting in free carboxylic acid and chain-termination
(Figure 5).

As first reported by Kazlauskas et al., N435 catalyses the ring
opening of 2-azetidinone at temperatures ranging from 55 °C to
80 °C.%3 Heating a mixture of N435 and 2-azetidinone at 90 °C
for 96 hours in toluene, as described by Loos et al.®, affords
nylon 3 polymers in greater yield (73%). Neither water nor -
alanine initiates the polymerization, confirming enzyme-
catalysed ring opening reaction. Further the enzyme loses only
~9% activity after 72 hours of heating, thus confirming its
stability at high temperature. However, low solubility of the
nylon 3 polymers in toluene as well as competition between
chain-elongation and chain-termination results in low
molecular weight oligomers with an average molecular weight
of 586 g/mol. QM/MM calculations, to study the mechanism of
action of CAL-B catalysed polyamide synthesis confirm the
competition between chain-elongation and chain-termination
of the catalytic water molecule present in the activation site of
the enzyme.5>

As reported by the Loos group, copolymerization of
e-caprolactone and B-lactam by N435 yields copolymers of poly-
e-caprolactone and poly B-lactam.’¢ While e-caprolactone
conversion remains constant at different feed ratios, the
B-lactam conversion decreases with increasing feed ratio, which
the authors attribute to the low solubility of the nylon 3
polymers in toluene.

To summarize, while enzyme-catalysed reactions possess
number of advantages including mild polymerization
conditions, non-toxic reagents, and minimal side-products as
well as high regio-, enantio-, and chemo-selectivity, enzyme-
catalysed ROP of lactams requires rigorous optimization before
widespread application in polyamide synthesis.

3. Cationic ring opening polymerization

Proton donors such as organic,®’ inorganic®® or “solid”®®
acids catalyse the cationic ring opening polymerization of
lactams (CROP). While cationic ring-opening polymerization is
not as widely used as anionic polymerization, CROP affords
otherwise inaccessible N-substituted lactam polymers. 7° The
reaction mechanism depends both on the initiating system and
the lactam substitution.”® Briefly, the polymerization begins by
protonation of the lactam, resulting in an electrophilic center.
The neutral lactam then attacks the protonated lactam yielding
the aminoacyl lactam cation as an ammonium salt. The
ammonium cation then protonates another lactam monomer,
thus regenerating the cationic protonated lactam as well as
generating a neutral molecule with an amine end group. The
lactam cation then acylates the neutral amine, as it is the
strongest nucleophile, resulting in an ammonium salt, thus
propagating the polymerization.”®

6 | J. Name., 2012, 00, 1-3

Examples for CROP in recent literature include ROP of
Terpene B-Pinene derived lactams by employing H3;PO,; and
HCI,%8 ROP of e-caprolactam using sulfonated acids®’ and ROP of
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Figure 6: Mechanism of cationic ring opening polymerization.

epsilon-caprolactam using montmorillonite clay catalyst.5® The
reactions proceed without solvent (neat). At temperature > 150
°C, shorter polymers (M, < 8 kDa) form with greater dispersities
(D between 1.6 and 3.7) compared to AROP.

Lactams used for ring opening polymerization

Due to the advances in chemical methodologies over the past
two decades, a wide variety of lactams are available for ROP. Below,
we describe various lactams and their polymerization methods as
representative examples (Figure 4).

1. Unsubstituted B-lactams

An unsubstituted B-lactam (2-azetidinone, Figure 4, monomer 1),
prepared by chlorosulfonyl isocyanate (CSI) cycloaddition of vinyl
acetate followed by KBH, reduction,® undergoes anionic ROP in
presence of t-BuP, 28 or lipase B . The resulting polymer possess
properties such as high capacity of moisture up-take, high glass
transition temperature, and high crystallinity.”* Substituted B-lactams
are more interesting from a structure, processing, and functionality
perspective, and include monocyclic and bicyclic derivatives as
described below.

2. Substituted B-lactams
2.1 Monocyclic substituted B-lactams

The very first report of ROP of a B-lactam described the
polymerization of 3-butyl-3-methyl-2-azetidinone.”? Since this
discovery, additional B-lactams with a protected amine (e.g., Figure
4, monomers 6, 7 and 8),%773 alcohol (e.g., Figure 4, 10),%7> or
carboxylic acid (e.g., Figure 4, 11) %76 side-groups, as well as various
alkyl side-groups are reported (Figure 4, 9, 12).27 These monomers
are typically prepared by CSI cycloaddition on alkenes?”73 or by
cyclization of B-amino esters with Grignard reagent.”! The resulting
functional groups on the polymers are responsible for activities such
as antibacterial, nucleic acid binding, and cryopreservation, as
discussed in detail below. The rates of LIHMDS catalysed

This journal is © The Royal Society of Chemistry 20xx
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polymerization of these monomers decrease with increasing steric
hindrance due to the increasing number of side-chain substituents.””

2.2. Bicyclic substituted B-lactams

CSI  cycloaddition on cyclic alkenes like cyclobutene,
cyclopentane, cyclohexene and cyclooctene yield the corresponding
hydrophobic bicyclic B-lactams. The rate of polymerization decreases
with increasing steric due to the presence of a larger ring with rate
of polymerization of monomer 15> 16 > 17 (Figure 4).”7 Polymers
with degrees of polymerization ranging from 10 to 100 are prepared

by varying the amount of co-initiator used for polymerization.

Sugar-based [-lactams belong to a new class of bicyclic,
substituted B-lactams. As reported by Grinstaff et al., CSI or TCAIl
cycloaddition with glucal (Figure 4, 19), 78 galactal (Figure 4, 20),7°
altral (Figure 4, 21)%° and maltal (Figure 4, 22) 8 affords the
corresponding sugar B-lactams. LIHMDS initiated polymerization of
these monomers yields stereochemically-defined, enantiopure
polyamides with degrees of polymerization from 12 to 200. These
polymers, termed poly-amido-saccharides, possess many of the
favourable properties of polysaccharides to include water-solubility,
a helical secondary structure, and multiple hydrogen bonding
acceptors and donors.

3. e-Lactam

g-Lactams are generally produced via Beckmann rearrangement
of oximes, obtained from cyclohexanone derivatives. This method
was first reported by O. Wallach in 1900.! Other natural product-
derived lactams are also prepared using a similar method. For
example, menthone, a cyclic ketone is directly converted to oxime
and then to e-lactam (Figure 4, 28) by the Beckmann
rearrangement.?® (+)-3-Carene, possessing an endocyclic alkene is
either first converted to alcohol by hydroboration?® or to epoxide by
CAL-B enzyme,?? and then oxidized to form a ketone. a-Pinene is
converted to an alcohol first and then to a ketone,?> while B-pinene,
with an exocyclic alkene, is directly oxidized to the ketone.8 All three
ketones are then converted to the oxime and then the lactam
monomers (Figure 4- monomers 27, 26 and 25, respectively). In
contrast, a-amino-g-caprolactam (Figure 4, monomer 29), used to
prepare poly-e-lysine, is prepared by the esterification of
commercially available L-lysine monohydrochloride with methanol in
thionyl chloride, followed by cyclization in the presence of sodium
hydroxide.3?

Biomedical Applications

Nylon 6, nylon 66, and nylon 12 polymers are common
components in wound dressings, sutures, catheters, and dental
implants and these biomedical applications are reviewed.33-85
Applications for nylon 4 and nylon 5 polymers on the other hand, are
limited due to the lack of a reproducible polymerization technique.
In  contrast, the high water-solubility and degree of
functionalizability, availability of robust polymerization techniques,
and accessibility to monomers for nylon 3 polymers are
advantageous characteristics, and are catalysing the investigation of
these polymers for biomedical applications. Below, we describe a
variety of biomedical applications which utilize nylon 3 and nylon 6
polymers.

1. Antimicrobial effect

This journal is © The Royal Society of Chemistry 20xx
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Nylon 3 polymers are finding ever increasing uses as antimicrobial
agents. Below are selected examples highlighting the application of
nylon 3 polymer as antimicrobial and antifungal agents. The reader is
referred to a detailed review on the structural design and antimicrobial
properties of these 3-polypeptides.8®

The unique structure and biological activity of host-defense
peptides (HDPs) are the inspiration for nylon-based antimicrobial
agents. Unlike typical small molecule antibiotics, naturally occurring
host-defense peptides, first isolated from silkworm in the 1980s and
composed of cationic and hydrophobic amino acids, do not illicit drug
resistance.®” The cationic peptides in HDPs interact with the anionic
groups in the microbial cell-membrane, while the hydrophobic peptides
interact with the lipid components in microbial membrane, resulting in
a strong antimicrobial effect via membrane destabilization. However,
the low yield, high cost of production, and lack of stability in vivo of
natural host-defense peptides precludes their widespread adoption and
clinical utility.

Host-defense peptides like cecropins, magainins, and cathelicidins
as well as mimicking peptides are sequence specific and adopt a globally
amphiphilic alpha-helical conformation. The conformation arises with
patches of lipophilic and hydrophilic side chains projected from
opposite sides of the helix. In contrast, random nylon 3 co-polymers,
prepared from cationic (e.g., Figure 4, 7) and hydrophobic B-lactams
(e.g., Figure 4, 12), attain non-alpha helical, irregular conformations due
to their flexibility but become globally amphiphilic upon interaction
with a bacterial membrane.” This globally amphiphilic conformation
disrupts the bacterial cell membrane (Figure 7A). The ease in
preparation of nylon 3 polymers, compared to host-defense peptides,
as well as the resistance to protease degradation are noteworthy
attributes for these host-defense peptides mimetics.

Specifically, Gellman et al. describe the antibacterial activity of
various nylon 3 polymers comprising different cationic and hydrophobic
substituents as well as ratios of the cationic vs hydrophobic subunits.
Polymers possessing the moderately hydrophobic cyclohexyl
substituent (Figure 4, 15) and cationic monomethyl amine (Figure 4, 6)
subunit exhibit the most potent antibacterial effect.®® Antibacterial
activity is not strongly affected by degree of polymerization, with
minimum inhibitory concentration (MIC) decreasing slightly with
increasing chain-length for gram negative E. coli, and MIC increasing
slightly with increasing chain-length for gram-positive S. aureus, B.
subtilis, and E. faecium.® Further, incorporation of B-homoserine and
B-homoglycine reduces hemolysis.® These polymers also exhibit
antifungal effects.?®=2 Additionally, nylon 3 polymer possessing n-butyl
side-groups (monomer 12, Figure 4),°>% reported by Liu et al., show
superior antimicrobial performance and activity against 45 drug-
resistant pathogens. And the polymers are effective in vivo in a
Pseudomonas aeruginosa infected rat full-thickness wound model.?* Liu
et al. also report antibacterial surface coatings resistant to E. coli and
methicillin resistant S. aureus (MRSA) using nylon 3 polymers with
monomers 7 and 15 (Figure 7B).%?

Chan-Park et al. describe novel carbohydrate based cationic nylon 3
block co-polymers which display bactericidal activity against both
community acquired and hospital-associated MRSA strains (Figure 7C
and D), and exhibit in vivo antibacterial activity superior to
vancomycin.*> Unlike the other reports, these co-block polymers are
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Society of Chemistry. B. Thiol-terminated amphiphilic nylon 3 polymers prepared from monomers 7 and 15 are attached gold surface. The
polymer coatings are non-cytotoxic against NIH-3T3 cells and are non-haemolytic but kill gram-negative E. coli and gram-positive MRSA
bacterial strains. Adapted with permission from Reference 42. Copyright © American Chemical Society; C & D. Cryo-TEM images of
untreated control bacteria, with cell envelope intact and cryo-TEM image of polymer-treated (co-block polymers prepared from
monomers 19 and 8 bacteria resulting in cell lysis, respectively. B and C adapted with permission from Reference 45. Copyright © 2019,
The Author(s); E. Amphiphilic nylon 3 polymers are immobilized on glass slides using terminal amines. F. Copolymer prepared from
monomers 6 and 16 (Pol-5 in figure) display cell adhesion similar to tissue culture-treated polystyrene (TCPS in figure) and collagen coated
glass slides (Coll in figure), and improved cell adhesion than amine modified glass surface (C2 in figure) in the presence of serum. Eand F
adapted with permission from Reference 74. Copyright © American Chemical Society; G. Mechanism of action of SP-B mimicking polymers
for polymers without an octadecanoyl chain. Polymers adopt an amphiphilic conformation and insert into the lipid film, where they are
able to retain attached lipids via Coulombic interactions between cationic subunits and charged lipid head groups or hydrophobic
interactions between lipophilic subunits. H. Mechanism of action of SP-C mimicking polymers for polymers with an octadecanoyl chain.
Octadecanoylated copolymers act as lipid “anchors” and inserts into lipid acyl chains through hydrophobic hydrocarbon chain-chain
interactions, leading to enhanced surface activity. In subfigures G and H, blue spheres represent the lipophilic units while red spheres
indicate cationic units. The gray sphere in the “polymer sequence” of A represents the p-(tert-butyl)benzoyl end group, while the gray line
extending from the “polymer sequence” in B represents the octadecanoyl chain. G and H adapted with permission from Reference 108.
Copyright © American Chemical Society.
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non-amphiphilic and prepared from monomers 19 and 8. Mechanistic
studies reveal that the cationic block binds with the anionic wall techoic
acid in the cell envelope of MRSA, while the glucose poly-amide block
forms a non-fouling corona around the bacteria.’> Moreover, block
polymers prepared from monomers 19 and 7 (Figure 4) reverse
antibiotic resistance in carbapenem resistant Gram-negative bacteria
by compromising the integrity of the bacterial outer membrane and by
deactivation of efflux pump systems.%

8| J. Name., 2012, 00, 1-3

Finally, Grinstaff et al. report an amphiphilic carbohydrate-based
class of non-cationic antibacterial nylon 3 polymers. Nylon 3 polymers
prepared from monomers 19 and 20 (Figure 4), possessing one or two
hydrophobic palmitamide chains at the N-terminal promote or inhibit
the biofilm formation of Pseudomonas aeruginosa depending on the
monomer composition and N-terminal functionalization.*3 Random co-
polymers of monomers 19 and 20, with one palmitamide chain at the
N-terminal lowers surface tension, thus disrupting cell-surface and cell-

This journal is © The Royal Society of Chemistry 20xx
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cell interactions in P. aeruginosa, leading to inhibition of biofilm
formation. On the other hand, homopolymers prepared from monomer
20, with a second palmitamide group at the N-terminal do not lower
surface tension. Instead, these polymers self-assemble to form rod-like
extended structures, which are utilized by the fibrillar adherence
proteins of P. aeruginosa, leading to promotion of biofilm formation.

2. Lectin binding

Carbohydrate-binding protein receptors, called lectins, are involved
in extracellular recognition, adhesion, cell growth regulation, cancer cell
metastasis, and inflammation.”” Example lectins include the
asialoglycoprotein receptor displayed on the hepatocyte cell surface
that interacts with galactose/N-acetyl-B-galactosamine containing
carbohydrate ligand®® and concanavalin A, a lectin present on cell
surfaces that binds to nonreducing terminal a-D-mannopyranose and
o-D-glucopyranose units®. Concanavalin A is involved in agglutination
of cells, and glycopolymers possessing Concanavalin A binding motifs
are explored as agglutination inhibitors.’° Polyamides prepared by
AROP of glucose based B-lactam monomers’® (Figure 4, 19) and
maltose-based B-lactam monomers® (Figure 4, 22) bind to
Concanavalin A. The glucose-based polyamides having a degree of
polymerization ~50 and maltose polymers with degree of
polymerization ~23 and ~32 display the highest binding. This later
result is consistent with the lengths of polymers (~7 nm, 7.7 nm and
10.8 nm respectively) and the distance between 2 binding sites of
Concanavalin A (6.5 nm).

3. Cell adhesion

Apart from its well-established application as antimicrobial host-
defence peptides, nylon 3 polymers are also being explored as cell
adhesive coatings for tissue culture applications. Nylon 3 polymers
are an ideal candidate for preparation of cell adhesive surfaces as
they provide a protein-mimetic polyamide and are easy to synthesize
with highly tuneable side groups.’ Masters et al. report polymers of
varying chain-lengths prepared by AROP of monomers with
hydrophobic cyclic side groups (15and 16, Figure 4), cationic amine
side groups (6 and 7, Figure 4) and uncharged hydrophilic side groups
(18, Figure 4) as coatings for glass slides (Figure 7E). The polymers
are chemically conjugated via the polymeric amine groups on glass
slides.”* Copolymers composed of highly hydrophobic subunits
(Figure 4, 6+15, 6+ 16) display better NIH 3T3 cell adhesion and
growth, as well as uniform spreading based on LIVE/DEAD assay and
microscopic images, respectively. The nylon 3 polymer coated
surfaces show superior cell adhesion, cell spreading, and morphology
compared to other common surfaces used for cell culture such as
untreated polystyrene, tissue culture-treated polystyrene, collagen-
coated glass, and amine modified glass (Figure 7F).7*

The positive controls (tissue culture-treated polystyrene and
collagen-coated glass surfaces) display superior cell adhesion in the
presence of serum, while adhesion diminished in the absence of
serum. Nylon 3 coated glass surfaces on the other hand support
substantially greater cell adhesion in the presence and absence of
serum. Cell adhesion to synthetic substrates is mediated by an
intermediate layer of adsorbed serum proteins, obtained from cell
culture media. Adsorption to nylon 3 polymer coated surfaces also
follow a similar mechanism, with larger quantities of total protein
adsorbed from serum resulting in greater cell adhesion.1°! Total

This journal is © The Royal Society of Chemistry 20xx
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serum protein adsorbed on nylon 3 functionalized glass slides (and
therefore extent of cell adhesion) directly correlates to (1) number
of methyl groups in the cationic subunit, (2) number of carbons in the
hydrophobic subunit, and (3) the ratio of number of cationic subunits
to total subunits. Polymer composed of monomers 6 and 16 (60:40)
and of 7 and 15 (60:40) display the best cell-adhesion. In serum-free
conditions, nylon 3 polymer surfaces interact with NIH-3T3 cell-
surface proteins- collagen, vitronectin and fibronectin- leading to
immobilization. The role of these surface proteins is confirmed by
treating NIH-3T3 fibroblasts with plasmin (which degrades cell-
surface fibronectin and vitronectin) or collagenase (which degrades
collagen) prior to cell adhesion studies. Plasmin treatment led to
declined adhesion, indicating greater effect of fibronectin/ and or
vitronectin in cell adhesion.

Cell adhesion improves with chain-length, with DP > 100
displaying greater cell adhesion. Moreover, in contrast to previous
reports, polymers with less hydrophobic cyclohexane and
cyclopentane side-groups show higher cell-adhesion at longer chain-
lengths.192 Nylon 3 polymer coatings prepared from monomers 6 and
17 (10:90), display high cell adhesion at shorter chain-length (20mer-
30mer), and low cell adhesion at longer chain-length (DP>100), while
vice versa is true for polymers prepared from 7+15 (60:40). Further,
fibroblasts and smooth muscles cells clump on the coated surfaces,
while endothelial cells proliferate efficiently and the extent of
surface coverage almost doubles from day 1 to day 2 when using
coatings of homopolymers composed of monomer 7 (DP = 28, 50, 78
and 90). 193 This preferential growth of endothelial cells starting on
day 1, directly correlates to the increased ECM deposition by
endothelial cells on functionalized surfaces, which promotes higher
proliferation rates and lower rates of apoptosis.

Polyethylene glycol-based scaffolds provide a non-adhesive
environment to study cell adhesion. Covalent attachment of nylon 3
co-polymers, prepared from monomers 6 and 15 as well as 6 and 16,
to PEG hydrogel scaffolds results in increased fibroblast adhesion and
spreading compared to PEG-hydrogels bearing arginine-glycine-
aspartic acid (RGD) peptides, widely used to promote cell adhesion.”*
Moreover, Sieber et al. reports the attachment, growth, and viability
of human keratinocytes on nylon 6/PEG blend and nylon 6/PEG
copolymer hydrogel coated petri-dishes, the efficacy of which
depends on the ratio of nylon 6/PEG and the surface roughness.104

4. Biophysical Mimicry of Lung Surfactant Protein
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Lung surfactant (LS) is a complex mixture of lipids (~90% by
weight) and proteins (~10% by weight) present in the alveolar lining
of the lungs.1® Lung surfactant proteins include: 1) hydrophilic
surfactant protein-A (SP-A) and surfactant protein-D (SP-D) involved
in immune response; and 2) hydrophobic surfactant protein-B (SP-B)
and surfactant protein-C (SP-C) involved in enhancing the adsorption
of lung surfactant to the air—water interface in the lungs. Lack or
deficiency of lung surfactant leads to neonatal respiratory distress
syndrome?% in pre-term babies and may lead to Acute Respiratory
Distress Syndrome (ARDS)/Acute Lung Injury in adults. Surfactant
replacement therapy!®” treats neonatal respiratory distress
syndrome and ARDS in paediatric patients.1® However, the lung
surfactants currently employed are extracted from mammalian lungs
and limited in supply, as well as open to zoonotic infections, thus
restricting its clinical use.

In contrast to many synthetic lung surfactants which mimic the
characteristics of SP-B such as cationic charge, multiple amphiphilic
helices, and disulfide bonds, the Gellman group is investigating a
hetero-chiral, sequence-random nylon 3 copolymer, possessing
global amphiphilicity, but lacks a regular conformation.1%® SP-B
mimicking polymers (Figure 7G), composed of lipophilic (monomer
15 and 16, Figure 4) units, mimic the insertion region of SP-B while
the cationic (monomers 6 and 7, Figure 4) units provide the
amphiphilic, cationic characteristic of SP-B. A N-terminal
octadecanoyl group is included within these polymers to mirror the
two hydrophobic palmitoyl groups in SP-C (Figure 7H).

10 | J. Name., 2012, 00, 1-3

Surface activity measurements of these lung surfactant mimetics
using Pulsating Bubble Surfactometry (static mode and dynamic
mode) show that polymers with cationic groups alone are ineffective
as a surfactant, while incorporation of hydrophobic groups to the
polymer improves the surface tension values. Polymers prepared
using monomer 16 exhibit the highest surface activity. Further,
surface activity decreases with increasing ratio of cationic subunits
while the presence of N-terminal octadecanoyl group improves the
surface tension values in dynamic mode. Moreover, these polymers
are non-cytotoxic against NIH 3T3 fibroblasts, with ICsq values of
polymers comparable to ICs5o of other SP-B mimetics.

The mechanism of action involves adsorption of hydrophobic
cyclohexane (Figure 4, 15) and cyclooctane (Figure 4, 16) groups to
the hydrophobic lipid surface with more hydrophobic cyclooctane
having stronger interactions, leading to lower surface tension (Figure
7G). Moreover, cationic side-groups adsorb to the lipid surface by
columbic interactions with the charged lipid head groups, resulting
in a further surface tension decrease (Figure 7H).

5. siRNA delivery

Gene therapy employs nucleic acids such as plasmid DNA, siRNA,
or mRNAs to treat diseases by correcting the underlying genetic
defect.’®® However, delivering naked nucleic acid to a cell is
challenging due to its degradation by nucleases, lack of targeting, and
limited cellular uptake.'® Traditional nucleic acid delivery agents are
immunogenic viral vectors and cytotoxic cationic polymers such as
PEI. Amphiphilic nylon 3 polymers possess favourable properties as

This journal is © The Royal Society of Chemistry 20xx
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non-viral vectors such as solubility in water, positive charges for
complexation with negatively charged siRNA at physiologic pH, and
amphiphilicity. Merkel et al. describe nylon 3 polymers composed of
cationic (monomer 7, Figure 4) and hydrophobic monomers
(monomers 14 and 15, Figure 4) with varying ratios of
cationic/hydrophobic monomers and chain-lengths.’1® All the
polymers are non-cytotoxic up to a concentration of 10 ug/mL and
condense siRNA at nitrogen-to-phosphate (N/P) ratio of 5 or lower.
However, only polymers with cyclopentyl hydrophobic groups (60%
hydrophobic, 40% cationic) and molecular weight > 30 kDa display >
80% uptake of polyplexes in H1299/Luc cell as well as substantial
knockdown of a control luciferase gene. The polyplexes are
predominantly internalized by cholesterol-dependent clathrin-
mediated endocytosis, micropinocytosis, and caveolae-mediated
endocytosis, as confirmed by cellular uptake studies in the presence
of inhibitors for the different pathways.

More recently, Merkel et al. describe random nylon 3 co-
polymers, prepared using varying feed ratios of nonmethylated
amine B-lactam, di-methylated amine B-lactam (monomer 7, Figure
4) and cyclopentyl B-lactam (monomer 14, Figure 4), to condense
siRNA and knockdown genes in glioblastoma (Figure 8A).11! Co-
polymers of non-methylated amine B-lactam and cyclopentyl B-
lactam form polyplexes of smaller diameter, resulting in better
siRNA- polymer packing at an N/P ratio of 3, compared to the other
co-polymers. Moreover, polymers with greatest hydrophobic
content (i.e., more cyclopentyl p-lactam content), display
significantly higher cellular internalization and successful knockdown
capabilities. These polyplexes are internalized into cells via clathrin-
mediated endocytosis.

6. Inhibition of ice recrystallization

The inhibition of ice-recrystallization is important in biomedicine,
specifically in cell and protein preservation. Since the mid-1900s, the
most widely used cryopreservants are DMSO and glycerol,}*%113 and
these agents display cytotoxic effects at high concentrations.
Alternative cryopreservants such as glucose and galactose are less
cytotoxic but exhibit lower efficiency.

Antifreeze glycoproteins (AFGPs) are natural cryo-preservation
agents first discovered in fish serum by DeVries and Wobhlschlag in
1969.114 Despite their use in petroleum industry and food industry, the
labor-intensive isolation and purification of AFGPs hinders widespread
use.’’> Polyvinyl alcohol (PVA), with many hydroxyl groups in its
structure similar to AFGPS, inhibits ice-recrystallization by adsorbing on
the surface of ice crystals.!® Similar to PVA, polyamides prepared by
ROP of B-lactams with hydroxyl group functionalities are anti-freeze
agents.'” Among the homopolymers and copolymers prepared using 3-
lactams with one hydroxyl (monomer 10, Figure 4), 2 hydroxyl
(monomer 18, Figure 4), anionic (monomer 11, Figure 4), cationic
(monomer 7, Figure 4) and/or hydrophobic side-groups, the two
homopolymers of monomers 10 and 18 best inhibit ice-recrystallization.
Homopolymers of anionic, cationic or hydrophobic monomers as well
as their copolymers of monomers 10 and 18 result in lower levels of
inhibition, indicating that the side chain hydroxyl groups are crucial for
ice recrystallization inhibition activity. The inhibition decreases at
concentrations below 1 mg/mL as well as with increases in polymer
chain-length. Nylon 3 polymers with hydroxyl side-groups also show
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minimal cytotoxicity with cytotoxicity increasing with an increase in
chain-length and the number of hydroxyl groups per monomer.

7. Protein stabilization

While cationic and hydrophobic nylon 3- and nylon-6 polymers are
well studies, anionic polymers are less explored. Carboxylated
glucuronic acid poly-amido-saccharides prepared from glucose-based
B-lactams (Figure 4, 19) by selective TEMPO-mediated oxidation of the
primary hydroxyl group of glucose PASs stabilize proteins during freeze-
thaw cycles. It is thought that the PAS retains water molecules near the
protein structure in a similar manner as other protective carbohydrate
freezing or lyophilization agents such as trehalose.18

8. Mucoadhesion

Chitosan is a cationic biocompatible polysaccharide derived from
chitin and used in drug delivery systems due to its mucoadhesivity.
The mucoadhesivity of chitosan arises via electrostatic interaction of
protonated amines in chitosan with anionic mucin, as well as
hydrogen bonding and hydrophobic interactions. 112

Grinstaff et al. report a chitosan mimicking, mucoadhesive
polyamide, synthesized by the AROP of regio selectively amine-
functionalized B-lactam monomer (Figure 4, 23).12° Similar to
chitosan, the polymer exerts its mucoadhesive property via its
cationic charge, hydrogen bonding capability, and chain
entanglement with mucins (Figure 8B, C, D). Polymers with a degree
of polymerization 50 compared to 25 display the greatest
mucoadhesivity as determined by single molecule force microscopy
(Figure 8C, D) and ex vivo studies with mucin coated tissues such as
the porcine trachea, ovine esophagus and porcine duodenum.?!
Additionally, unlike chitosan, these polymers are homogeneous in
structure and degree of branching, and display excellent control in
molecular weight and batch-to-batch consistency.

9. Glycosaminoglycan mimics

Glycosaminoglycans (GAGs) are anionic polysaccharides and
include heparin, used as anticoagulant to treat deep vein thrombosis
and acute coronary syndrome,'?? keratin sulfate and chondroitin
sulfate involved in hydration and lubrication of cartilage,'?> and
heparan sulfate involved in angiogenesis, developmental processes
and cell homeostasis.’?* While naturally occurring GAGs are widely
used as anticoagulants!®®> the biological origin of these
polysaccharides pose many issues such as contamination,'2® batch-
to-batch variation, and structural heterogeneity.'?’ Grinstaff et al.
report glycosaminoglycan-mimicking sulphated polyamides, with
regio-selective!?® and non-regioselective functionalization.!?® Using
an orthogonally protected glucose based -lactam monomer (Figure
4, 24), followed by selective deprotection and sulphation, enables
synthesis of varied PAS (M, 2.36 to 14.1 kDa) with sulphate groups
only present on the 6’-hydroxyl position of the glucose repeat unit.
128 post sulfation of PASs using SOs;eNMe; affords the non-regio
selectively sulphated polymers with an average of one or two
sulphates per repeat unit (prepared from monomers 19 and 20,
respectively). 12° The in vitro anticoagulant effect of non-regio
selectively sulphated polymers (Figure 8E) increases with polymer
concentration, chain-length, and degree of sulfation. Anticoagulant
activity is a consequence of coagulation factors Xa, Xla and lla
inhibition. The polymers display minimal cytotoxicity and haemolytic
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effects, and the best anticoagulant polymer, prepared from
monomer 19 (with 2 sulphate groups per monomer on average and
degree of polymerization 50) displays a dose dependent elongation
of clotting time in vivo in a mouse model (Figure 8F), with bleeding
risk comparable to heparin, confirming in vivo efficacy. 12°

Conclusions and Future Perspectives

Nylon polymers are prevalent in day-to-day life activities as
essential components in consumer and healthcare products. While
new methods to prepare nylon polymers have emerged, anionic ring
opening polymerization (AROP) of lactams remains a powerful
method to prepare nylon polymers due to control over molecular
weight, availability of different monomers, and efficient
polymerization. Furthermore, catalysts with varying basic strengths,
nucleophilicity, ionic character, and air and moisture-sensitivity are
available for AROP of lactams. That said, continuing developments in
cationic- and enzyme-catalysed ROP of lactams will expand their
scope of use and provide access to new polymer compositions.

Lactam monomers of increasing structural and chemical
complexities are currently available for ROP, thus transitioning nylon
polymers from yesterday’s simple bulk commodity polymers to
biocompatible thermoplastics or bioactive agents. Examples of such
monomers includes those possessing functional groups such as
alcohols, amines, or carboxylic acids as well as those based on
carbohydrates. Due to the high levels of functionalisation achieved
on the resulting polymers, nylon 3 polymers are approaching the
required diversity to create new polymers and materials, based on
predefined design requirements. Control of polymer composition
and structure is essential to the goal of establishing structure-activity
relationships to guide future studies, be it new polymer processing
techniques or materials for biomedical applications.

The intent of this article is to provide the background necessary to
understand current developments as well as to envision future
applications. Importantly, significant opportunities remain on the
monomer, polymerization, and biomedical application fronts. First,
expanding the diversity of functional groups present on the
monomer (or resulting polymer) beyond those currently used to
include alkenes, alkynes, halides, phenols, thiols, aldehydes, ketones,
sulphides, ammoniums, nitriles, phosphates, etc. will pave the way
for further applications of this polymer. Bicyclic monomers are
primarily restricted to purely aliphatic systems except for the
recently reported carbohydrate analogues — but more complex ring
structure are lacking. The new polyamides prepared from the above
monomers will provide key data on their chemical, physical, and
biological properties, and further inform our knowledge base. Such
results will begin to yield general design rules to guide future uses,
as today, the polyamide compositions are highly dependent on the
application, and trends are difficult to discern across the polymers.

On the polymerization front, high molecular weight nylon
polymers and nylon polymers of controlled molecular weights are
reported by anionic ring opening polymerization of lactams, but
methods to prepare polymers of higher degrees of polymerization
(DP> 100) with control in molecular weight and dispersity remains
elusive. Polymerizations which afford specific diblocks, triblocks, or
other interesting architectures (e.g., dendritic) are of interest and in
demand. Discovery of new metal and organic catalysts that are air
and/or moisture insensitive or that polymerize diverse monomers
will also be key. Enzymatic ring opening polymerization of monomers
possessing greater structural and compositional complexity are

12 | J. Name., 2012, 00, 1-3

needed to expand our catalyst toolbox as well as to usher scientific
progress from a sustainability and green science standpoint.

Moreover, few nylon 4 and nylon 5 polymers are synthesized or
studied due to low thermal stability and a lack of reproducible
polymerization techniques, respectively. Incorporating C-2 and C-4
functionalizations on the polymer backbone, similar to the recent
report by Cywar et al. 3° , as well as N-terminal and C-terminal
functionlizations will improve thermal stability for nylon 4
polymers.131 Therefore, we encourage the scientific community to
explore the synthesis of thermally stable, functionalized nylon 4
polymers. On the other hand, due to the low ring strain of the six-
membered 2-piperidone, nylon-5 polymer synthesis by ROP is
thermodynamically and kinetically unfavourable.”® Polymerization
leads to crystallization of growing chains and consequent physical
termination of polymerization. Therefore, other techniques such as
polycondensation of 5-amino valeric acid, with lower control in
degree of polymerization and polydispersity need to be explored to
obtain nylon 5 polymers. These polymers possess hydrophilicities
between nylon 3 and nylon 6, and would likely find utility in
biomedical applications.

Another area that requires further study is the natural
biodegradation of nylon polymers, especially due to the ubiquitous
presence and adverse impacts of non-degradable microplastics on
aquatic and terrestrial organisms.’327136 While earlier studies on
nylon 6 oligomer degradation by bacteria, 313 nylon 6,6
degradation by white rot fungi*® and recent studies on nylon 6
polymers by wood degrading fungi'#! are key, further exploration of
biodegradation pathways of these polymers is essential for a
sustainable and environmentally safe future. Incorporating
biodegradable nylon 4 and nylon 2 monomers to higher order nylons
is another strategy explored to prepare new classes of nylons with
tuneable biodegradability.14?

Finally, the successful transition of several of these nylon
polymers to in vitro and in vivo studies as devices, therapeutic
agents, or macromolecular carriers for drug delivery bodes well for
their continued investigation. We encourage the scientific
community to explore the utilization of amphiphilic nylon polymers
for delivery of small molecules as well as large biomacromolecules
such as enzymes, chemokines, RNA, or DNA. As demonstrated by the
host-defense peptide, lung surfactant, and antifreeze glycoprotein -
mimicking polymers, there is an exciting opportunity for biomimicry
of other polypeptides by nylon polymers due to the structural
similarity, ease of synthesis, and potential for functionalization.
Translation of these polymers to large animal models and first-in
human studies has not occurred, and represents the next significant
milestone — one that as a community we hope to achieve in the next
5-10 years. This will also require highly reproducible polymerizations
which are performed on the kilogram scale for good manufacturing
practice, as required by governmental regulatory agencies for
medical products.
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