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Abstract:

Recent advances in synthetic chemistry has led to the increasingly sophisticated design and
preparation of biofunctional polymeric surfaces and materials. In this regard, synthetic poly-(N-
substituted glycine) “peptoids” which mimic the structure and function of peptides play an
important role since they may attain functionalities similar to natural biopolymers. This chapter
reviews efforts by our group and others to develop “antifouling” peptoids—coatings of
peptidomimetic polymers that resist the non-specific and undesired adsorption of proteins and
attachment of mammalian and microbial cells. We have found that the simplest peptoid—
polysarcosine—has been found to be well hydrated and therefore well-suited for antifouling
applications. We show that the synthetic convenience of peptoids in general greatly facilitates
studies on how polymer chain length, chain density, sidechain chemistry, and specific peptoid
sequences may control surface interactions. Indeed, specific peptoids and sequence arrangements
have been found to exhibit long-term antifouling properties and excellent resistance against
different strains of bacteria. Addition of simple sugar groups to peptoid chains may further enhance

resistance against bacteria attachment. Combined with peptoid’s resistance against enzymatic



degradation, antifouling peptoids have excellent potential in biomedical applications ranging from
coatings of catheters and other biological devices to biosensing and nanomedicine that require a

non-fouling interface to achieve improved device performance.

1. Introduction

Recent research has focused on the design of biofunctional surfaces using polymeric materials.
Poly-(N-substituted glycine) “peptoids” are structural isomers of peptides, with the only difference
between them being the attachment position of the functional sidechain. These are located on the
backbone a-carbon in peptides while they are instead located at the a-nitrogen in peptoids. This
rearrangement is not recognized in nature and accounts for the protease resistance of the peptoids
(Knight et al. 2015). Functional group attachment at the amide group also removes chirality and
hydrogen-bond (H-bond) donors from the peptoid backbone, promoting increased backbone
conformation flexibility while enabling a versatile synthetic route (the “submonomer” method) to
install a diverse array of commercially available sidechains (Lau 2014). The conformational
flexibility and lack of intra- and inter-backbone H-bonding also increase thermal processability
and solubility in common solvents (Knight et al. 2015, Prakash et al. 2018). Overall, the
combination of biomimetic properties, resistance to enzymatic degradation, and material
processability makes peptoids a potential candidate for various biomedical as well as technological

applications (Lau 2014, Knight et al. 2015, Gangloff et al. 2016)

Analogous to peptides, there are two fundamental approaches to synthesizing peptoids: solid-phase

submonomer synthesis (Zuckermann 2011) and ring-opening bulk polymerization (Gangloff et al.



2016, Tao et al. 2018). The former enables sequence specific design—the complex properties of
the polymer are determined by the sequence in which simple monomer units are ordered along a
linear chain. The latter enables production of bulk quantities of the polymer but can only produce

sequences with averaged monomer compositions and less specific functionalities.

Antifouling organic biointerfaces are surfaces grafted with small organic molecules or polymers
that resist biofouling—the undesired surface adsorption of proteins, other biomolecules and cell
attachment. The search for surfaces that resist protein adsorption began several decades ago when
it was recognized that surface-immobilized biomolecules mediated a number of biological and
biomedically important processes (Vroman 1962, Prime et al. 1991, Szleifer 1997a). In particular,
polymer chains grafted by their chain ends on surfaces at high densities as antifouling polymer
“brushes” are advantages because their chemical properties can be tailored by chemical techniques
and the brush arrangement exert an additional entropic and steric penalties against protein
adsorption (de Gennes 1987, Szleifer 1997b, Halperin 1999). Polyethylene glycol (PEG) has been
the “gold standard” antifouling polymer and indeed displays excellent short term antifouling
performance suitable for biosensing and cell patterning applications (Prime et al. 1991, Unsworth
et al. 2005). However, significant effort has been devoted to discovering other antifouling
polymers because PEG has not shown long-term and can exhibit complement activity (Toda et al.
2010, Lau et al. 2012b, Lau et al. 2015). The Messersmith group first reported antifouling surfaces
composed of peptoids in 2005 (Statz et al. 2005), and we as well as other groups have expanded
upon the initial study (Statz et al. 2008a, Statz et al. 2008b, Statz et al. 2009, Lau et al. 2012a, Lau
etal. 2012b, van Zoelen et al. 2012, Ham et al. 2013, Ryu et al. 2014, van Zoelen et al. 2014, Hortz
et al. 2015, Huesmann et al. 2015, Lau et al. 2015, Leng et al. 2015a, Tao et al. 2018, Cheung et

al. 2019).



This review highlights the potential advantages of applying peptoids as antifouling polymer
brushes. These include the ability to conveniently prepare different peptoids exhibiting different
monomer sidechain chemical groups as well as sequences with different specific ordering of
monomers, to tailor the antifouling property with unparalleled control of chemical properties. It
has also been reported that the conformational flexibility and high hydration of the peptoid
backbone may be especially advantageous in resisting biofouling (Cheung et al. 2019).
Furthermore the method of peptoid synthesis also lends itself to convenient attachment of
antibacterial agents to combine antifouling and antibacterial performances. Access to higher
molecular weight polypeptoids with ROP also provides excellent opportunities towards practical
applications. Overall, peptoids provide a versatile platform to both study the molecular origins of
the antifouling effect and to prepare sophisticated antifouling surfaces for potential biomedical

applications.
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Figure 1. A) Peptoid chemical structure as compared to peptides. B) Solid phase synthesis procedure of
sequence-specific peptoids. C) Method to obtain peptoids by ring-opening polymerization. Reproduced
with permission from (Lau 2014). Copyright the Royal Society of Chemistry.



2. Methods of Preparing Peptoids

The synthesis of peptoids is tackled by two main routes (Figure 1): solid phase submonomer
synthesis (SPSS) to target sequence specificity, and ring opening polymerization (ROP) to achieve
high molecular weight and larger quantities of material. ROP of N-substituted N-
carboxyanhydrides (NNCAs) was the first method reported (Goodman et al. 1967, Sisido et al.
1977). High molecular weight low polydispersity peptoids in various block and branching
architectures have been reported (Lahasky et al. 2011, Fetsch et al. 2012, Jin et al. 2019). NCA
monomers are small organic molecules that polymerize through the nucleophilic ring opening
mechanism (Figure 1c). Early studies in peptoid ROP were motivated by the need to understand
the basic ROP mechanism, which is also used to produce poly(a-peptide)s (Habraken et al. 2011).
Due to the sidechain attachment at the nitrogen, the NCA propagating species produced is a neutral
secondary amino and as such, the steric effects of substituents on the nitrogen significantly
influence the reaction and the rate at which polymerization proceeds (Goodman et al. 1967,
Goodman et al. 1973, Fetsch et al. 2011). These effects are so great that polymerisation rates can
vary by several orders of magnitude depending upon the substituent group (Ballard et al. 1956,
Luxenhofer et al. 2013). Synthesis of polypeptoids with bulky side chains is particularly limited.
Successful reports focus predominantly on poly(N-methylglycine) (i.e. polysarcosine, the simplest
peptoid), poly(N-ethylglycine) and poly(N-propylglycine). Another general drawback of NCA
polymerization is the requirements of inert and dry conditions during both storage and
polymerization. In light of this, catalytic polymerization of less reactive N-thio-carboxyanhydride
(NTA) monomers has recently been developed to enable unprotected polymerization in air (Tao

etal. 2014, Tao et al. 2017a, Tao et al. 2017b, Tao et al. 2018).



SPSS is a more widely employed approach that focuses on sequence specificity and functional
group control. This approach had evolved from Merrifield solid phase peptide synthesis (SPPS):
each residue is coupled in a sequence-specific manner from a high number of coupling sites inside
porous crosslinked polymer “micro-sponges”, a.k.a. chemical resins. The submonomer method is
distinguished from regular peptide SPPS by the fact that each peptoid residue is formed from two
readily available units instead of from specially synthesized intact monomers (Kruijtzer et al. 1995,
Zuckermann 2011). This speeds up the development of bioactive sequence-specific peptoids with
non-natural sidechains (around 300 have already been demonstrated) (Culfet al. 2010, Culf2019).
Each submonomer cycle is composed of an acylation step to extend the chain/monomer (for
example, bromoacetic acid) followed by nucleophilic displacement to couple the sidechain
functionality (Figure 1b). As in peptide SPPS, peptoid SPSS can also be facilitated by microware
irradiation to reduce the time required per addition step (Yu et al. 1992, Olivos et al. 2002, Gorske
et al. 2005). With or without microwave heating, SPSS peptoid sequences 15-30 residues in length
are routine, and 50 residue chains have been demonstrated (Lau et al. 2012b, Murnen et al. 2012).

A 100-mer sequence has also been demonstrated by fragment condensation (Murnen et al. 2012).
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Figure 2. A) Chemical structures of the peptoids PMP1, PMP2 and PMP3. The R-group is a pentameric
peptide with special adhesive properties to graft the 20-mer peptoid chain onto a TiO, surface. B) The
amount of fibroblast attached on the peptoid surfaces over 6 weeks. C) The amount of S. epidermidis and
E. coli attached on the peptoid surfaces after 1 and 4 days. Adapted with permission from (Statz et al.
2008a). Copyright the Royal Society of Chemistry.

3. Antifouling Peptoid Design

3.1. Sidechain Chemistry

Control of the non-specific biomolecular adsorption and cell attachment are important for
biomedical devices in order to prevent, e.g. bacterial infection and fibrotic encapsulation of
devices. Statz et al. was the first to study the antifouling properties resulting from different peptoid
sidechains (Figure 2) (Statz et al. 2008a). Peptoids containing methoxyethyl side chain groups
(PMP1) were compared with hydroxyethyl (PMP2) and 2-hydroxypropyl (PMP3) sidechains.
Lower fibrinogen adsorption was observed on PMP1 than on PMP2 and PMP3. However, PMP1
alone showed longer term prevention of mammalian cell attachment. All the peptoids studied

showed good resistance again E. coli attachment but PMP1 and 2 showed significantly lower



attachment of S. epidermidis, a species important in hospital complications. As the backbone of
all the peptoids studied was same, the differences in protein adsorption, bacterial and mammalian
cell attachment were attributed to the differences in sidechain chemistry.

We had further compared the ability of PMP1 to prevent biomolecular adsorption with that of PEG
(Ryu et al. 2014). Both polymers were grafted on TiO», to simulate the effect on naturally oxidized
surfaces of titanium based biomedical devices. Single molecule fluorescence imaging was used to
quantify the amount of adsorbed DNA (single stranded) and immunoglobulin G (IgG). In most
antifouling studies, measurements of protein adsorption rely on surface techniques such as SPR,
ellipsometry, and TIRF, etc. However, their limit of detection (LOD) is ca. 1 ng/cm? (for regular
commercial instruments), which translates to ca. 40 IgG per pm?, or 40x10° IgG/mm?. Therefore,
some antifouling surfaces can appear to be “zero” fouling because the relatively low amount of
adsorption may be below the LOD (Yang et al. 2009), even though the amount is still sufficient
for cells to respond. Measuring adsorption by ATR-FTIR or by assaying the amount of proteins
left in a solution give even worse LOD. In our study, over an imaging area of 50 um?, 5+ 3 vs. 36
+ 10 molecules were adsorbed from a 10 nM DNA solution, on PMP1 vs. PEG coated TiO»,
respectively. Lower IgG adsorption could also be observed on PMP1 than on PEG, with 37 &+ 12
vs. 431 £+ 143 IgG adsorbed from a concentrated 0.5 mM IgG solution. These values on PMP1
translate to ca. 0.0005 ng/cm? DNA and 0.0025 ng/cm? IgG adsorbed, while those on PEG were

an order of magnitude higher.

3.2. Effects of Chain Length and Chain Density

Antifouling polymer brushes attain their resistance against protein adsorption and cell attachment
only at sufficiently high coverages of polymeric material over a surface (Raynor et al. 2009, Lau

et al. 2012b, Lau et al. 2015). The chemical nature of the antifouling polymer should minimize



van der Waals and other attractive intermolecular forces with biomolecules and cell surfaces
(Prime et al. 1993, Chapman et al. 2000). Interaction of the polymer with water molecules, i.e.
hydration, should be significantly more favorable than interaction with proteins and other
biomolecules (Raynor et al. 2009). Furthermore, the use of flexible polymer chains possessing
high translational entropy may enforce a large penalty to adsorbing proteins because these would

limit the conformational space of the grafted polymers (de Gennes 1987, Szleifer 1997b, Halperin

1999).
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Figure 3. The amount of irreversible adsorption of fibrinogen (i.e. after rinsing with buffer) at different
grafted densities of A) PMP1 and B) polysarcosine chains of different chain lengths. The R-group is a
pentameric peptide with special adhesive properties to graft the peptoid chains onto a TiO, surface, the
same as used in earlier studies (see Figure 2). The critical density is the density identified when the amount
of adsorption falls to below the sensitivity limit of detection (ca. 10 ng/cm?). C) Resistance against bacteria
attachment on polysarcosine brushes. Adapted with permission from (Lau et al. 2012a) and (Lau et al.
2012b). Copyright the American Chemical Society.



We had studied the effect of varying the chain length of PMP1 from 10-50 residues with
corresponding brush thickness ranging from ca. 3 nm (10-mer at 1 chain/nm?) to ca. 12 nm (50-
mer at 0.5 chain/nm?) (Figure 3) (Lau et al. 2011). Other methods of grafting antifouling brushes,
namely surface-initiated polymerization techniques, could only provide chain densities up to ca.
0.1 chain/nm? (Hong et al. 2017). To achieve sufficiently high overall polymer chain densities for
antifouling applications, the lower density should be compensated by grafting of polymers of

higher molecular weight to obtain a higher brush thickness (typically >20 nm in thickness).

For PMP1, we found that the peptoid exhibited an advancing water contact angle of 39°
irrespective of chain length at sufficiently high brush densities (e.g. >0.3 nm2 for PMP1-20 and
>0.1 nm? for PMP1-50) (Lau et al. 2012a). This compares to almost complete wetting (i.e. ~0°)
on plasma cleaned TiO;. This indicated that above the specified polymer grafting densities, the
surfaces were completely covered by the PMP1 chains so that water molecules essentially
interacted with the peptoid instead of partially with the peptoid and the underlying TiO». This
coverage was a necessary but insufficient requirement for preventing irreversible protein
adsorption (i.e. the amount adsorbed after rinsing). Figure 3A shows that a critical surface grafted
chain density was needed: up to this critical density, the amount of protein adsorption decreased
within increasing chain density; above this critical density, the amount adsorbed is very small and
essentially below the measurement uncertainty. A molecular model theory was also developed to
corroborate the change in critical density with different chain lengths (Lau et al. 2012a), which
was confirmed by experimental measurements (Figure 3A). The critical density was found to range
from 0.88 nm™ for a relatively short 10-mer to 0.42 nm™ for a 50-mer. Table 1 summarizes the

effects of chain length, chain densities and sidechain chemistry on the water contact angles and



critical brush densities to suppress fibrinogen adsorption for the peptoid species we have studied

in detail.

Table 1. Summary of peptoid brush parameters relevant to their surface hydration and resistance against
protein adsorption.

Peptoid Side chain Chain Critical chain | Adv. Reference
species lengths densities contact
tested angle
PMP1 Methoxyethyl 10/20/50 | 0.88/0.5/0.4 | 39° See
nm section 3.2
and (Lau
et al.
2012a)
Polysarcosine | Methyl 10/20 0.5/1.0 nm2 | 13-20° See
section 3.3
and (Lau
et al.
2012b)
PMKE/PMEK | Arrangements of | 20/36 0.5/0.32 nm2 | 30° See
methoxyethyl, section 3.4
carboxyethyl, and (Lau
aminoethyl. et al.
2015)
Glycocalyx- Glucose, B-D- | 20+ 0.65 chain <30° (Ham et al.
terminated maltose, nm 2013)
PMP1 methylethyl

3.3. Polysarcosine, the Simplest Peptoid, and Related Polymers

Sarcosine (N-methyl glycine) is the peptoid analogue of alanine and, as an intermediate in the
metabolism of choline and creatine (Smith-Palmer 2019). as well as a glycine transporter inhibitor
(Cioffi et al. 2010), is the only naturally occurring peptoid. Alanine, and polyalanine in particular,
is often considered a hydrophobic peptide because of intra- and inter-backbone H-bonding of the
amide backbone polar groups to form a-helical or B-sheet secondary structures, promoted exactly

by alanine residues, instead of H-bonding with water. However, since the amide hydrogens in



peptoids are replaced by the sidechains (Figure 1), intra- and inter-backbone H-bonding is not
possible and the peptoids backbone is completely free to interact with water.

After realizing the potential of polysarcosine, we showed by water contact angle measurements
(Lau et al. 2012b) and molecular dynamics modelling (Cheung et al. 2019) that surface grafted
polysarcosine is highly hydrophilic, and we first reported the excellent antifouling properties of
this peptoid in 2012 (Lau et al. 2012b). Furthermore, a particular advantage of using polysarcosine
is the fact that the polymer may be prepared by both solid phase SPSS to control the exact chain
length for basic studies, and by ROP polymerization to obtain bulk quantities of material (Gangloff
etal. 2016, Tao et al. 2018)

In our measurements, polysarcosine 20-mers surface grafted at >0.5 chain/nm? exhibited an
advancing water contact angle of ca. 15° and a receding angle of 5° at the high surface chain
coverages. These values are as low as many zwitterionic charged polymer surfaces (see section
3.4) and indicate excellent hydration of the peptoid (Lau et al. 2012b). When challenged with
fibrinogen at its physiological concentration (3 mg/mL), we obtained critical densities of 1 nm™
for a chain length of 10 sarcosine units and ~0.5 nm™ for a chain length of 20 units (Figure 3B).
Moreover, the 20-mer showed excellent resistance against attachment of the mammalian
fibroblasts for repeated challenges over 7 wk, as well as against P. aeruginosa and E. coli in a 24
h attachment assay (Figure 3C). These levels of antifouling performance are actually
indistinguishable from those of PMP1 (compare Figure 3A and B, and see further data from (Lau
et al. 2012a) and (Lau et al. 2015)).

Other groups also examined polysarcosine brushes for antifouling applications. For example, Zhu
et al. applied a polysarcosine coating on gold nanorods (AuNRs) for photothermal tumor

nanomedicine therapy (Zhu et al. 2017). The polysarosine coated NR exhibited excellent stability



in a wide range pH, and no toxic effect or NR accumulation was found in the major organs such
as heart, lung, spleen, kidney, and liver. With near-IR laser excitation, the tumors dissipated in
treated mice. Barz and Schmidt also proposed to use polysarcosine to a core—shell cylindrical brush
polymer complex for the sequestration and delivery of RN A molecules for gene therapy. In a study
with AML-12 hepatocytes, a 70% knock-down efficiency of ApoB100 mRNA was measured with
application of the polysarcosine complex (Hortz et al. 2015)

Interestingly, before the antifouling properties of polysarcosine were recognized, other groups had
already used the peptoid as the hydrophilic segment in block copolymer designs that self-assemble
into micelles for drug delivery applications (Kidchob et al. 1998). In fact, it has been recognized
that the solution properties of polysarcosine (e.g. hydrophilicity, critical aggregation concentration
and hydrodynamic radii) are simialr to those of PEG (Huesmann et al. 2015). At the same time,
close structural relatives of polysarcosine, namely poly(2-methyl-2-oxazoline) (PMOXA)
(Wiesbrock et al. 2005, Hoogenboom et al. 2017, Lorson et al. 2018) and the hydrophilic B-peptoid
poly(N-methyl-B-alanine) (Lin et al. 2011), have shown very good antifouling properties.
PMOXA, like polysarcosine, also possesses similar hydrophilicity to PEG. In other studies,
however, increasing the alkyl sidechain length beyond the single methylene unit of sarcosine and
its mimics decreases the solubility in water, which leads to differences in block copolymer
microphase separation and degradation behavior under various pH conditions (Lambermont-Thijs
et al. 2009). These results reinforce the point that the side chain chemistry can be tuned to govern
antifouling properties and also the degradation, solubility, and stability of peptoids (for biomedical

applications).

3.4. Sequence-Specific Design



It has been reported that zwitterionic polymers having both cationic and anionic entities exhibit
improved antifouling properties compared with neutral brushes or those with cationic or anionic
functional groups (Yang et al. 2009, Serrano et al. 2013). We therefore applied the capability of
solid phase synthesis to produce sequence-specific zwitterionic peptoids and study the detailed
interfacial properties, including hydration, charge neutrality, and flexibility in molecular packing,
of this antifouling design (Lau et al. 2015). Our peptoids consisted of alternating lysine and
glutamic acid residues (i.e. Nlys and Nglu residues) spaced by specific numbers of uncharged
residues with methoxyethyl sidechains (i.e. the same Nme residues as in PMP1), to tune the spatial
separation between the charged side chains as well as the overall charge densities (Figure 4).
Therefore, the overall set of sequence designs tested the potential advantage of adding zwitterionic
charged groups to the PMP1 brush design with already impressive antifouling performance (see

sections 3.1and 3.2).
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Figure 4. Chemical structures of zwitterionic peptoid model polymers and schematics of the grafted charge
arrangement (bottom row). The peptoids are named according to the nature of the residue design: P —
peptoid; M — uncharged spacer residues with methoxyethyl sidechains; K — peptoid analog of lysine (red);
E — peptoid analog of glutamic acid (blue).) The number of M residues between the oppositely charged
sidechains is indicated by the numeral following the letter designation (0, 1, 3, and a). The last numeral
specifies the total number of residues in the peptoid brush segment (20 or 36). As in previous studies, The
R-group is a pentameric peptide with special adhesive properties to graft the 20-mer peptoid chain onto a
TiO; surface. Reproduced from (Lau et al. 2015). Copyright Lau et al. Creative Commons license CC BY-
NC 4.0.

The set of zwitterionic peptoids exhibited overall excellent resistance against protein adsorption
and cell attachment similar to or slightly surpassing the levels exhibited by PMP1 (Figure 5).
Significantly, it was observed that a separation of <1.7 nm between charged groups was required
to enable a charge-neutral zwitterionic character to the antifouling brush. Otherwise, individual
charged groups on a protein and the polymer brush may directly interact electrostatically to cause

higher adsorption (Figure 5D). Furthermore, at intermediate grafting densities, the zwitterionic



designs were able to suppress protein adsorption more than PMP1 by ca. 10-20%, although all
antifouling peptoid brushes studied exhibited the same critical chain density for preventing protein
adsorption (Figure SA and B). More importantly, the zwitterionic peptoids were able to suppress
protein adsorption over the entire pH range studied from pH 5 to 7.4, whereas 5-8 times more
protein adsorption occurred on PMP1 at pH 5 and 6 (Figure 5C and D). Acidic pH is encountered
in several biomedically important environments, including cancer tumors and lysosomes (for drug
delivery). Therefore zwitterionic (peptoid) brushes could be advantageous in biomedical
applications. All zwitterionic species, like the uncharged PMP1, were able to suppress fibroblast
attachment. On the other hand, the resistance against bacteria attachment were more varied (Figure
5E), with high resistance against E. coli, S. aureus and S. epidermidis, but not P. aeruginosa. Some

subtle differences between the different charge group arrangements were also observed.
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Figure 5. Adsorption of fibrinogen protein (A) and 10% bovine calf serum (B) on zwitterionic peptoid
brushes grafted at different chain densities. The peptoid nomenclature references those shown in Figure 4.
C) Avidin adsorption on the peptoid brushes and the TiO; control at different pH. The peptoid surface chain



density was 0.31 = 0.03 nm 2 for all brushes. D) Summary of the adsorption results at pH 7.4. Error bars
for all panels indicate +1 SD. N > 3. E) The amount of bacteria attached on the various peptoids. Adapted
from (Lau et al. 2015). Copyright Lau et al. Creative Commons license CC BY-NC 4.0.

We recently further studied the charge and hydration behaviour of our zwitterionic peptoids using
atomistic molecular dynamics (MD) (Cheung et al. 2019). Previous modeling of polyvinyl-based
zwitterionic polymers, PEG, and other antifouling polymers have already showed that polymer
designs favoring H-bonding with water result in longer living hydration layers and enhance
antifouling performance (Leng et al. 2015b, Leng et al. 2018). Our simulations further showed that
charged residues of zwitterionic peptoids are segregated to the exterior of the brush layer which
minimizes the electrostatic dipole of the brush structure, potentially leading to reduced electrostatic
interaction with proteins. Moreover, we were able to verify that at intermediate to high densities
(0.37 and 0.56 chain/nm?2), the zwitterionic peptoid brushes are organized as relatively uniform
layers. Interestingly, and perhaps contrary to expectations, at any chain density, the mobilities of
the zwitterionic peptoid chains at high grafting densities remain higher than both the same peptoids
at lower densities and the uncharged PMP1 as well as polysarcosine (see section 3.3). One might
expect the bulkier charged groups to limit the space available for chain fluctuations. However, the
high chain mobilities observed could be due to the strong interaction of the charged groups with
water molecules and the constant chain rearrangements required to accommodate the highly
mobile water molecules contained within a high density zwitterionic brush structure.

The Segalman group had also prepared a set of sequence-specific polystyrene-block-peptoid
copolymers to investigate the effects of chain hydration and chain segregation on antifouling
properties against spores of marine organisms (van Zoelen et al. 2012, van Zoelen et al. 2014,
Leng et al. 2015a). Residues with fluorinated sidechains were incorporated to enhance the ability

of the brushes to release the fraction of spores that had been adsorbed. Sum frequency generation



(SFG) vibrational spectroscopy and X-ray spectroscopy were used to measure the surface
hydration and monomer segregation, respectively. Interestingly, while fouling-release properties
are found to be controlled mainly by the number of fluorinated residues, the surface chemistry and
antifouling performance were controlled mainly by the position of the fluorinated units along the
chains (van Zoelen et al. 2014). Further studies showed that fluorinated residues that reside
towards the surface increases the water contact angle and decreases the hydration, and hence
increases the amount of adsorption. However, this also had the effects of enhancing the speed of

polymer chain restructuring at the air interface and spore release (Leng et al. 2015a).

3.5. Addition of Antimicrobial Peptoids and other Functional Groups

Antimicrobial resistance, lack of broad spectrum activity, as well as side effects of conventional
antibiotics have led to the search for new or modified antimicrobial agents (Molchanova et al.
2017, Hasan et al. 2018, Saxena et al. 2018). A plethora of antimicrobial peptides occur in nature
but their susceptibility to enzymatic degradation has hindered their application. Hence peptoids,
which are resistant to proteolysis, are considered a plausible molecular platform for the
development of novel antimicrobial agents (Ryge et al. 2005, Vedel et al. 2007, Uchida et al. 2009,
Eggimann et al. 2015, Corson et al. 2016, Molchanova et al. 2019). However, the cytotoxic effects
of current antimicrobial peptoids as well as the general problem of rising antimicrobial resistance

with environmental release of antimicrobials remain.
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Figure 6. A) Chemical structure of the antifouling glycopeptoids (peptoids with sugar groups attached). As
in previous studies, the R-group is a pentameric peptide with special adhesive properties to graft the 20-
mer peptoid chain onto a TiO; surface. B) Suppression in attachment of various bacteria strains by the
glycopeptoids after 1 day, and 4 days. Adapted with permission from (Ham et al. 2013). Copyright the
American Chemical Society.

In an attempt to apply antimicrobial peptoids but mitigate their problems, Statz et al. grafted
antimicrobial peptoids to the tips of antifouling PMP1 brushes (Statz et al. 2008b). This strategy
should limit antimicrobial release as well as reduce cytotoxicity, since the antimicrobial is
localized to the material surface (e.g. the surface of a biomedical device where infection might
take place). The antifouling peptoid segment should also reduce the amount of bacteria that
attaches to cause an infection in the first place. In this initial study, however, both the antimicrobial
and antifouling effects were lowered in the combined peptoid design after grafting on a surface, as
compared to the antimicrobial peptoid in solution before surface grafting and PMP1 grafted by
itself. In fact, significantly higher water contact angles and hence decreased hydration of the

combined peptoid surfaces were measured as compared to PMPI1. The consequent increase in



protein adsorption was probably due to the number of hydrophobic residues (ca. two-thirds of the
chain) contained within the antimicrobial peptoid segment. However, recent preliminary work in
our group shows that these problems could be mitigated with careful control of the specific linker
spacings placed between the antimicrobial sequence and the device surface (data not shown).

To enhance the antifouling effect of peptoid brushes, especially against bacteria, Ham et al. also
coupled additional units to the tips of a PMP1 brush (Ham et al. 2013). Indeed, to further the theme
of biomimicry, the researchers added simple sugar groups (glucose and maltose) to create surface
grafted glycopeptoids that resemble the glycocalyx of the mammalian outer cell membrane (Figure
6), in an attempt to capture the ability of cells to inhibit nonspecific biomolecular interactions.
Encouraging results were obtained. The attachment of P. aeruginosa, and E.coli on the
glycopeptoids decreased to 0.1% of the surface coverage on modified TiO> surfaces, while the
attachment of S. epidermidis decreased to 1% of the TiO; control (Figure 6B). Significantly, when
compared with PMP1, complementary NMR and MD studies showed that the number of H-bonds
made with water increased by ca. 5-times on glucose-functionalized PMP1 and by ca. 10-times on
maltose-functionalized PMP1. These results further highlight the role of hydration on the
antifouling performance of antifouling (peptoid) designs, as well as the ability to use the peptoid

platform to (conveniently) achieve sophisticated molecular designs with biofunctionality.

4. Conclusion

The convenience of solid phase submonomer peptoid synthesis has enabled the investigation of a
variety of peptoid designs, both as homopolymers and as sequence-specific chains, for their
potential antifouling properties against protein adsorption, fibroblast attachment, as well as
bacteria attachment (both gram positive and negative). We have demonstrated excellent

antifouling performance for PMPI, its zwitterionic derivative PMKE, and polysarcosine, the



simplest peptoid. Interestingly, polysarcosine appears to exhibit similar antifouling performance
as the more “sophisticated” PMP1. The possibility of obtaining polysarcosine in bulk quantities
by ROP polymerization also makes this peptoid particularly attractive from an application point

of view, and various groups have proposed to use it as an alternative to PEG.

We have also used the sequence-specificity of peptoids to investigate in detail how the spatial
distribution of charge groups of zwitterionic polymers directs antifouling properties. With the
appropriate charge spacing, PMKE appears to offer some performance gain over PMPI, in
particular, the ability of the zwitterionic design to resist biofouling in more varied pH environments
and potentially in corresponding biomedically relevant niches. Peptoid synthesis in general also
enables the convenient coupling of additional functional groups to the chain. Addition of simple
sugars to the end of a peptoid, e.g. maltose, especially enhanced the resistance against bacteria
attachment by up to an order of magnitude. Overall, peptoids constitute an unparalleled platform
to investigate the chemical design of antifouling polymers and to obtain coated surfaces with

excellent resistance against the fouling of proteins and biological cells.
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