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TOC one-line summary:

This review highlights antibiofouling polymer interfaces with emphasis on the latest

developments using poly(ethylene glycol) and the design new polymeric structures.

Abstract
Nonspecific protein adsorption and/or microbial adsorption on biomedical materials
adversely affects the efficacy of a range of biomedical systems, from implants and biosensors

to nanoparticles. To address this problem, antibiofouling polymers can be coated on
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biomedical devices or built into nanoparticles to confer protein and/or microbial repellent
properties. The current review provides an overview of the range of synthetic polymers
currently used to this end and explores their biomedical potential. The most widely-used
antifouling polymer, poly(ethylene glycol) (PEG) is reviewed alongside several promising
alternatives, including zwitterionic polymers, poly(hydroxyfunctional acrylates), poly(2-
oxazoline)s, poly(vinylpyrrolidone), poly(glycerol), peptides and peptoids. For each material,

notable applications for both nanomedicine and macroscopic surface coatings are highlighted.

Introduction

Biofouling from nonspecific preteinbiomolecule or microbial adsorption is a ubiquitous and
persistent challenge for any interface that is exposed to biological fluids or tissue. On in vivo
devices, such as implants, catheters, biosensors or tissue engineered scaffolds, protein
adsorption can lead to adverse immunological responses and may promote bacterial
colonization and infection."? Furthermore, on in vitro devices which come into contact with
protein-rich biological material, such as microarrays or filtration membranes, nonspecific
protein adsorption can either partially or entirely compromise functionality.? Pretein

adserptionBiomolecule adsorption is also a major problem for nanoparticles, such as

micelles, liposomes, and nanocapsules, used for drug delivery and bioimaging. Fhese-systems

Particles without antifouling moieties;- howewver; are usually quickly coated in biomolecules

such as lipids, proteins, and sugars when they enter the bloodstream, creating a biomolecular

corona.’ The major constituent of the corona is a small subset of blood proteins,’ and this

nonspecific adsorption of blood proteins is termed opsonisation.* Opsobleed-proteins-ina

Opsenization can adversely affect the chemistry of conjugated drugs, causing aggregation or

charge neutralization, and, moreover, typically leads to a rapid removal of nanoparticles from
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the blood by phagocytic cells of the immune system.”” Given the-given-that nonspecific

protein adsorption is a key problem facing biomedical surfaces, this review will-examines the

keydeminantmajor polymer-based strategies to reduce it.

A common strategy to reduce protein fouling is to attach hydrophilic or zwitterionic synthetic
polymers to surfaces. These polymers’ electrical neutrality can help reduce electrostatic
interactions with charged protein domains.® Their hydrophilic nature helps reduce nonpolar
interactions between proteins and hydrophobic surfaces.” Moreover, these polymers may
prevent protein adsorption by steric hindrance,'*'? resulting in increased circulation times.
Antifouling polymers have found applications as coatings for both macroscopic surfaces
(such as implants and biosensors) and in nanoparticulate systems, endowing them with

“stealth properties” (i.e., the ability to evade the body’s normal clearance mechanisms).

The field of antifouling polymers is a fast growing area with a number of strategies and new
polymer structures designed for this purpose. Poly(ethylene glycol) (PEG) has been the
dominant polymer used for antifouling surfaces. However, PEG has limitations which have
led to the development of a range of alternative polymeric materials, several of which are
shown in Figure 1Eigure1. While several comprehensive reviews examine specific classes

of antifouling polymers such as poly(ethylene glycol) PEG,"*"? zwitterionic materials'®*°

21-25

and poly(2-oxazolines), the full range of antifouling polymers is rarely considered in one

place. When it is, discussion typically focuses exclusively on nanoparticulate drug delivery

9, 12,30, 31

26-29 . .
systems or macroscopic surface coatings rather than the whole range of

nonfouling, biomedical applications.

This review will therefore provide a high level overview of the antifouling polymeric suite
and its applications for biomaterials. It discusses both PEG and the most common synthetic

PEG alternatives, with examples given for each material on both macroscopic surfaces and in
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nanoparticulate systems. Emphasis is placed on the most recent advances and key
foundational research. Focus will be placed on general antifouling polymer studies, rather
than studies which focus on specialty applications like membranes and bioassays. Further,
discussion will be limited to solution phase synthesis, rather than solid phase synthesis
approaches such as chemical vapour deposition.’* Nevertheless, the review will examine a

broad range of some of the most salient and clinically applied antifouling polymers.
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Figure 1. (A) Chemical structure of PEG and PEG alternatives designed as antifouling
coatings. (B) A macroscopic surface without an antifouling polymer coating is quickly
coated in proteins when it comes into contact with blood. (C) Coating the surface with
PEG or PEG alternatives reduces protein adsorption to the surface. (D) As with
macroscopic surfaces, nanoparticles (NPs) without antifouling polymers suffer from
nonspecific protein adsorption in the body. Protein adsorption leads to phagocytosis by
macrophages and removal of NPs from the bloodstream. (E) Attaching antifouling
polymers to NP surfaces allows the particles to resist protein adsorption and phagocytosis
and increases their blood circulation half-life.
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1. Poly(ethylene glycol)

PEG has been the most widely used polymer for antifouling applications, such that it has
often been termed the “gold standard” of antifouling polymers.zz’ % In terms of surface
applications, Prime and Whitesides first reported the potential for PEG-derivatives, showing
that oligo(ethylene glycol) (OEG) self-assembled monolayers (SAMs) were effective protein-
repellent coatings.”’ ** However, OEG SAMs are prone to surface defects and have limited
application to metal surfaces.” Given the limitations of these SAMs, alternative means of

attaching PEG to surfaces have been explored.

The effectiveness of PEG, and antifouling polymers in general, depends upon the <+~~~ 7 Formatted: Normal, Space After: 0 pt,
Line spacing: single, No bullets or
surface grafting technique -and —achievable-grafting densities-and the polymer architecture numbering

3537 Eor thisreasonThus, a variety of grafting approaches have been developed to improve

the effectiveness of PEG and other antifouling coatings. For example, fEirstly, Ferexample;

hinear PEG can-behasbeencan be covalently attached to surfaces: ferexample-using

“grafting to” approaches to form linear polymer brushesf38-463.***° Secondly, PEG

methacrylates ean-alse-behave-also-beencan be polymerizsed from initiatorpre-treated

surfaces using a “grafting from” teehniguesapproach (° —Fer—t-h-}s—fe&seﬁ,—a—v-aﬁet-y—ef

e.g. Surface-linitiated

Atom Transfer Radical Polymerization (SI-ATRP)).;*"*'"* Using this appreachtechnique,

effective-antifouling brushes arecan be formed consisting of linear polymers with PEG side

chains.

but-alse-novel Novel and-biomemetieSeveral novel appreaches-grafting strategies developed

specifically for antifouling applications_have also been developed. For example, a

biologically inspired approach using components of muscle adhesive protein (i.e., L-3,4-
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dihydroxyphenylalanine, L-DOPA) has been effectively used to attach PEG to surfaces via
catechol groups (see Figure 2Eigure 2 B).**'Ina separate approach, the amino acid
lysine has been used as a polymer brush backbone with PEG.*”- 3% ***_pEG side chains
are covalently linked through the primary amine on the lysine residues to form poly(lysine)-
graft-PEG (PLL-g-PEG) polymers (see Figure 2Eigure-2 (A)). Some lysine residues on the
backbone are left in their native, cationic state, and these residues can adsorb to an anionic

metal surface such as titanium oxide. Fhe-Further, the lysine side chain can-alse be

functionalized with the integrin ligand, Arg-Asp-Gly (RGD), to endow the surface with the

ability to specifically bind to host cells.”®

The poly(lysine) strategy can be combined with a catechol strategy on the same polymer to
create a multifunctional polymer anchor. Saxer et al.*’ developed such a polymer (Figure
2Figure2), showing that the catechol groups led to increased coating resistance to high ionic

salt solutions compared to PLL-g-PEG alone.*’

HN N N NH
[0} H o H (e]
NH2  HN.__O NH, \ NHp
HO
OH
A\ <

Figure 2. Poly(L-lysine)-graft-(3,4-dihydroxyphenylacetic acid, poly(ethylene glycol)). When ,
bound to a surface, the polymer’s PEG groups (a) conferred resistance to plasma fibrinogen 5
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Tosatti, K. Gademann, S. Ziircher and M. Textor, Macromolecules, 2010, 43, 1050-1060,
Copyright 2010 publisher.-44
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Despite significant research into PEG’s applications on surfaces, its mechanism of action are
still not fully understood.”!"" % PEG’s antifouling properties likely stem from steric repulsion
associated with a loss of entropy when proteins attempt to adsorb to surfaces.'® "'
Furthermore, it is likely PEG’s hydrophilic nature leads to the formation of a hydration layer
which inhibits protein encroachment.’ Several variables which determine PEG’s effectiveness
include the grafting density (with higher densities being associated with greater protein

repellence), chain length, and type of PEG branching architecture.’” *°

In addition to being useful for coating macroscopic_-surfaces, PEG has been effectively used
in a variety of nanoparticulate systems."*'” Attaching PEG to nanoparticles, known as
PEGylation, gained popularity when liposomes were first PEGylated in the early 1990s.%”’
PEGylated liposomes encapsulating the anti-cancer drug doxorubicin became the first
commercially available polymeric particulate drug delivery system (Doxil) in 1995 S

addition to liposomes, PEG has been used across the complete range of nanoscopic

. . . 61.62 - . . 63 .
biomaterials, such as: drug conjugates,”’ " inorganic nanoparticles,~ polymeric

64-71 72-74

nanoparticles, micelles, star and hyperbranched polymers,* >’ and knedel-like

polymers. 80

PEGylation of nanoparticles confers a variety of benefits, including improved water solubility
as well as reduced opsonization and associated improvements in blood circulation time.
Presumably due to this reduced opsonization and increased stability, PEG can increase the

plasma half-life of conjugated drugs from several minutes to several hours.”’
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However, PEG has several notable weaknesses in biomedical contexts.'>?% 8! PEG can suffer
oxidative damage in biological media and fluids, which limits its use for long term
applications.® ** Moreover, because PEG is not biodegradable, there are concerns about

bioaccumulation in the lysosomes of healthy cells.”® ** Additionally, although PEG is

typically regarded-asconsidered to be immuneolegically-inertastealth-pelymernon-

immunogenic, it has nevertheless bettg-been shown to be-immunegenteprovoke an immune

response in some circumstances. For instance, when PEG has been used with drug delivery
particles, antibodies to the PEG polymer have been shown to be generated.* Anti-PEG
antibodies may result in faster clearance in vivo, reducing the effectiveness of PEGylated
drugs. Moreover, it could lead to carrier-induced epitope specific suppression, an effect
where pre-immunization with a carrier can lead to a reduced immune response to antigens
later presented on that same carrier. This phenomena would reduce PEG’s applicability as an

antigen carrier.

In some cases, PEGylated liposomes or other nanoparticles have greatly reduced blood

circulation time after the first dose in animal models. This response appears to be I[gM-

87, 88
d 5

mediate and is termed the accelerated blood clearance (ABC) phenomenon (see Figure

3Figure 3 (A))."”! Interestingly, the effect is not observed for PEGylated liposomes
encapsulating anti-cancer drugs; this is potentially because these drugs are cytotoxic to

antibody secreting cells.”® !
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Figure 3. (A) Gold nanoparticles coated in PEG (PEG-GNP) stimulate the production of anti-
PEG IgM over five days after the first injection in rats. Production of IgM leads to the
production of IgG. (B) When GNPs are coated with ultralow fouling poly(carboxybetaine)
(PCB), they resist the adsorption of IgM and thus the production of IgG. (C) The ABC
phenomenon was tested by injecting rats with PCB-GNPs or PEG-GNPs at two time points (data
represent average values across 6 rats). The PEG-GNP’s half-life markedly decreased from 8.7 h
in the first dose to 5.2 h in the second dose, while the half-life for PCB-GNPs remained
relatively constant between the first and second dose (55.8 h and 55.6 h, respectively).
Adapted-fromref#-Reprinted with permission from W. Yang, S. Liu, T. Bai, A. ]. Keefe, L. Zhang
].-R. Ella-Menye, Y. Li and S. Jiang, Nano Today, 2014, 9, 10-16. Copyright 2014
publisherElsevier.
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2. Zwitterionic polymers

Zwitterionic polymers have recently emerged as promising alternatives to PEG.* 2%
Zwitterionic polymers are electrically neutral materials which contain both a positively
charged species and a negatively charged species on the same monomer or, in the case of

8,93-95

polyampholitic materials, on different monomers. The charged species appear

10
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associated with an even stronger hydration effect than that created by PEG, which may in

. .. . . . . 20.96
turn enhance the zwitterionic material’s antifouling properties.”™

Several studies have indicated that zwitterionic surface coatings can have highly effective
protein repellence. Surfaces coated in zwitterionic poly(2-methacryloyloxyethyl
phosphorylcholine) brushes have shown protein resistance which surpasses comparable PEG
coatings.97 Similarly, poly(sulfobetaine methacrylate) (pSBMA)98 and poly(carboxybetaine
methacrylate) (p)CBMA)* "%’ have shown ultralow fouling properties. Use of an

101, 102

. 103 . . . . . .
acrylamide or a norbornene -~ polymer backbone with zwitterionic betaine side chains

can lead to undetectable levels of protein adsorption from undiluted human blood serum or

plasma (see Figure 4Figure4 for tests using carboxybetaine). [ Field Code Changed

=== e e N

N \\ ‘[ Formatted: Default Paragraph Font

Zwitterionic surface coatings have recently been shown to have promise in clinically relevant {F“ma“ed: Font: Bold

implant models.'** '° For example, Liu et al.'®® reported that grafting pSBMA on to titanium
alloy orthopaedic/dental implants led to increased osteointegration by promoting

mineralization of the implant surface.

11
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Figure 4. (A) Protein adsorption on different gold surfaces coated with various antifouling
materials, including three self assembled monolayers (SAMs) based on w-oligo(ethylene glycol)
alkanethiols (EG4/COEG6, EG2, EG6), and polymer brushes produced using surface-initiated
atom-transfer radical polymerization {ATRP}-of oligo(ethylene glycol) methacrylate (HOEGMA),
2-hydroxyethyl methacrylate (HEMA), carboxybetaine acrylamide (CBAA) and N-(2-
hydroxypropyl) methacrylamide (HPMA). The surfaces were exposed to undiluted blood plasma
(B) or cerebrospinal fluid (C) for 15 minutes and the nonspecific protein adsorption was
measured using surface plasmon resonance (SPR). Protein adsorption below the SPR detection
limit (0.03 ng - cm-2) was reported as zero. Reprinted with permission from C. Rodriguez-
Emmenegger, M. Houska, A. B. Alles and E. Brynda, Macromol. Biosci., 2012,12,1413-1422.

right 2012 i ‘Wiley-VCH.Adapted-fromrefo8:

In addition to surface-grafted polymer architectures, several new hydrogels with zwitterionic

polymers appear to be particularly promising,'®'% 1?7 *5%%2°_7hang et al.,'** for example,

developed a pPCBMA hydrogel with long-term resistance to the foreign body reaction;-the

. In the foreign body reaction,

12
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nonspecific protein adsorption is thought to signal the presence of thean implant to the

immune system-and-setoff a-cascade-ofevents, settine off acascade of eventsleadineto

thewhich-leads-to-thetriggering the formation of a dense collagen layer around the implant to

sequester ithe implant from surrounding tissue. This collagen layer can prevent effective

mass transport and electrical communication between an implant and the body. Remarkably;

Zhang et al. The-investigators-showed that pPCBMA hydrogels resisted the foreign body

reaction for three months when implanted in micethese-zwittertonie-pelymers-couldreduee

hypothesizedsuggested that by resisting preventing-protein adsorption, -aHewed-the pCBMA

hydrogels were able tote prevent the chain of events leading to the formation of the collagen

Zwitterionic polymers’ chemical structure can allow for several unique functionalities.

Carboxybetaines, for example, contain multiple functional groups amenable to conjugation.
Further, due to the presence of oppositely charged species on each monomer, zwitterionic
materials can be used as switchable surfaces, capable of shifting between cationic,

. .. .. . 108
zwitterionic, and anionic states based on the environmental pH.

13
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Zwitterionic polymers have also been successful at conferring protein resistant properties to

nanoparticles.”” ' To this end, zwitterionic polymers have been used in a variety of

110-112

nanoparticulate systems, including surface coatings for gold nanoparticles and

nanorods,'"” silica nanoparticles,''* iron oxide nanoparticles,'"* ' block copolymer

120, 121

micelles,'"” knedel-like polymers,''® dendrimers,'"® polymeric immunobeads, and

122, 1234512 : : : 124 ot IR
and in protein conjugates. = In these applications, zwitterionic

quantum dots
particles can strongly resist protein fouling."'®'"*''® A direct comparison between PEG-
coated and pPCBMA-coated knedel-like nanoparticles found the two had similar size stability

.. e e . . . . 118
characteristics and biodistribution profiles in mice.

Jiang and co-workers in fact found that in rats, pPCBMA-coated gold nanoparticles (pCB-

GNPs) had a longer half-life in the blood stream #-rats-than PEG-coated gold nanoparticles

(PEG-GNPs)patticles.'!?

A biodistribution study showed that after-5 days after the first injection, 30% of the original

dose of pPCBMA particles wereremained -feund-in the blood stream, while almost all of the

PEGvlated particlesPEG-GNPs had-aceumulated-in-the- been removed to the liver and other

organs.

Moreover, unlike the PEGylated-particlesPEG-GNPs, the pPCBMA particles were able to

avoid the ABC phenomenon.

-As shown in (Figure 3Ei i i i i i for PEG-
GNPs the rate of clearance PEG-particles-was greater after the second dose of PEG-GNPs

than the first dose. The clearance rate of pPCBMA, on the other hand, did not appear to

aceeleratechange between-the first-and second-dosesafterthe first dose between doses. ¥

14
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Consistent with thisthe blood residence time data, blood-samples-taken-afterinjectionshowed

thatthe pPCBMAPEG nanoparticles were-asseciated-with-Jower associated with elevated

blood levels of IeM and IgG, two antibodies thought to underlie the ABC phenomenon—

The-pCB-GNP-injected ratsBMA-conditions had similar levels of IgM and IgG as control

rats rats-who-were-notinjected-with—without nanoparticles.

particles-were-able to-aveid-the ABC phenomenen{(Eigure-3)-Given such data, zwitterionic

species appear to be a promising class of antifouling polymers which may be readily

modified at their reactive functional groups for particular biomedical applications.

3. Poly(hydroxyfunctional acrylates)

Poly(hydroxyfunctional acrylates) include polymers such as poly(2-hydroxyethyl
methacrylate) (pHEMA), poly(hydroxypropyl methacrylate) (pHPMA), and poly(N-
hydroxyethylacrylamide) (pHEAA). Poly(hydroxyfunctional acrylates) are similar to other

PEG alternatives in that they are electrically neutral and hydrophilic.

These polymers have a long history as biomaterials. pHEMA hydrogels, for example, have
been conventionally used in a range of biomedical applications, including implants, tissue

engineering scaffolds, and contact lenses, for over 25 years.'*> 264+

15
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101, 102, 127-131 101, 132, 133

Recent work has explored both polymer brushes and hydrogels
containing hydroxyfunctional acrylates for surface antifouling applications. /n vitro protein
absorbency tests with pHEMA demonstrate that it has protein repellence comparable to
PEG."*” Moreover, use of the acrylamide backbone (i.e., pHEAA) can produce surfaces with

undetectable protein adsorption from undiluted human blood serum.'®' Similarly, pHPMA

brushes can produce ultralow fouling properties similar to zwitterionic poly(carboxybetaine

acrylamide)'”” (see Figure 4Figure4).

While polymers like pHEMA'*" 3 1% and pHPMA'**"** have been incorporated into
nanoparticles to confer antifouling properties, pPHPMA drug conjugates have been the most
prominent application of hydroxyfunctional acrylates for nanomedicine.'* '** pHPMA has
been conjugated to cancer drugs (e.g., doxorubicin) in order to reduce drug toxicity or
increase circulation time. In addition, by increasing a drug’s effective molecular weight,
pHPMA conjugation can be used to take advantage of the enhanced permeability and
retention (ERP) effect associated with tumors.'* "> pHPMA is notable in that several

commercial clinical trials involving pHPMA drug conjugates have commenced.”

4. Poly(vinylpyrrolidone)
Like the poly(hydroxyfunctional acrylates), poly(vinylpyrrolidone) (PVP) has a long history

as a biocompatible polymer, being used as a plasma substitute in the 1930s and later as a food

146, 147

additive. PVP is a highly hydrated species, which likely accounts for its protein-

148
repellence.

Although macroscopic surfaces coated in PVP have received relatively less research
attention, PVP does hold promise for surface applications.m'151 Notably, Serrano et al.”!

recently tested PVP against human serum and found protein adsorption similar to PEG and

16
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poly(2-ethyl-2-oxazoline), supporting PVP’s utility for biomedical and similar antifouling

applications.

PVP has been extensively examined in the context of nanoparticulate systems. A major

152-157

application for PVP is in micellar systems, although PVP has also been used in

158-160 161-164 165, 166

liposomes, nanostructured capsules, and drug conjugates.

PVP appears to have favourable qualities for drug delivery, including resistance to
opsonization and phagocytosis. For example, PVP-conjugated tumor necrosis factor-o. (TNF-
o) showed a longer blood circulation time and twofold increase in antitumor effect compared
to PEGylated TNF-a.'®” However, while most studies in mouse models of cancer find a

positive effect of PVP conjugation or coating,'®> '6517!

some report that PVP underperforms
compared to PEG controls in terms of circulation time or immunogenicity. This has been

observed forwith conjugation of PVP to the enzyme uricase-'®° and ferwith coating of

poly(D.L-lactide) (PLA)-based nanoparticles with PVP-(Gaucheret-a}-2009).'”" Although

the reason for PVP underperformance is-unelearhasnotbeen-establishedis unclear, it may be

the

a function of-th

steric hindrance provided by a polymer in any particlareivenparticular systemm-under

consideration. For example, as a brush-dike-coating for -with-the-PL A nanoparticles, the
relatively bulky side chain of PVP mayweuldmay confer rigidity-which-preventsitfrom

conformational

rigidity.mw This may prevent PVP from forming a dense,

conformational cloud which provides steric hindrance to protein adsorption. -and-prevent-the

polymerfrem—PEG, on the other hand, lacking this side chain, weuld-beis more flexible and-

Being-able to-freelyrotate-in-space, PEG-may-be-better therefore able to provide this steric

hindranceavei

17
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hindrance necessary-to-sterically-hinder proteinadsorption. That said, {Gaucher-et-al- 2009).

ThatsaidHeoweverThatThat-said—thetThe ability of PVP to form such a confirmation cloud is

a function of its molecular weight. Therefore, op-and-eptimisation of this parameter may

yield more effective PVP coatings.gs-

7~ 7~ 7’| Formatted: Space After: 12 pt, Line
spacing: Double
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5. Poly(2-oxazoline)s

Poly(2-oxazoline)s (POxs) such as poly(2-methyl-2-oxazoline) and poly(2-ethyl-2-oxazoline)
have recently become prominent PEG alternatives.”' >> POxs have generated considerable
interest in part because they are able to maintain their antifouling character for longer periods

than PEG, suffering less oxidative damage in biological and oxidative media.'”

POxs have successfully been used as surface coatings, and POxs have similar protein

repellence as PEG when the grafting density is optimised.”* As with PEG, a variety of surface

99173,174 < »175

attachment techniques are available,*' including “grafting-to, grafting-from,” > and

the use of poly(lysine)-g-POx brushes.'"

19



Polymer Chemistry

A B
W

[ Al A1 I Al > ”’”"d'

T'= \1_1_ tt_N O\jo_N:/ Wydrophilic

Pin+o=54,m=12

P2n+o0=74;m=23 lipophilic block
P3n+0=72;m=30

O

— N\ / =

). )

NH (P

R s | A
o "o M drug
or
P4n=50;m=19 fluorescent probe

3000 1

2500 4
fg’ —=—saline
g’ 2000 4 P2
g
T 15001 —o— CrEl
]
S 1000 4
5
- 500 4 P2-PTX

0

0 5 10 15 20 25 30
T days p < 0.05 vs. saline

# p <0.001 vs. saline
injection time points

Figure 5. The synthesis and in vivo testing of micellar drug carriers constructed from poly(2-
oxazoline)s (POxs). Four diblock or ABA-type triblock polymers were first produced entirely
from POxs (A). To tune the hydrophilic/hydrophobic nature of the POx monomers, the length
of the 2-alkyl side chains was varied. A methyl or ethyl side chain was used to produce a
hydrophilic monomer and a butyl side chain was used to produce a hydrophobic monomer.
When combined in an aqueous solution with hydrophobic drugs, these polymers self-
assembled into micelles (B). Using this strategy, one of the polymers (polymer P2) was used to
encapsulate the anticancer drug Paclixitel (PTX) (P2-PTX micelles). These micelles were tested
against empty P2 micelles, a saline control, and a commercially available PTX carrier,
Cremophor EL/ethanol (CrEL) in a mouse model of lung cancer (C). At all time points, the P2-
PTX formulation performs similarly or better than the CrEL control. Reprinted with permission

from R. Luxenhofer A. Schulz, C. Roques, S. Li, T. K. Bromch E.V. Batrakova R.Jordan and A. V.
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POxs have been used in place of PEG in several nanoparticulate systems. Notably, POxs
appear promising as the hydrophilic component of block copolymer micelles designed to
deliver hydrophobic drugs (see Figure 5Figure5 for an example).'””"™ POxs have also

184, 185

been coated on the surfaces of liposomes and nanocapsules'*® to successfully impart

stealth properties.

POxs appear to have similar in vivo characteristics as PEG in terms of circulation time and
uptake by the reticuloendothelial system.'** '*” Several recent studies have found that POxs
have limited cytotoxicity or immunogenicity in vitro.'"™ '®' For instance, Pulkkinen et
al." have shown in vivo that poly-s-caprolactone cross-linked with 2, 2-bis(2-oxazoline) is
biocompatible, non-toxic, and is slowly enzymatically degraded over a 12 week period when
implanted in rat heart, lung, liver, kidney, spleen and brain tissue. These studies help to allay
previous uncertainties about POxs’ biocompatibility*® and encourage further exploration of

POxs for nanomedicine and controlled drug release applications.

6. Poly(glycerol)

Poly(glycerol) (PG) is a common, biocompatible polyol widely used in the food and
pharmaceutical industries. Its polyether structure is similar to PEG but also contains hydroxyl
groups amenable to functionalization. PG has received attention as an antifouling surface
coating over the last 10 years. While surfaces with linear PG have been synthesized,'**'*® the
hyperbranched form appears to be more resistant to protein adsorption'® and is more

194-199

extensively studied. PG has been affixed to surfaces both as SAMs and as polymer

grafts.?**? While PG coatings have strong resistance to model proteins such as fibrinogen

201, 202, 204, 205

and albumin, they have not yet been extensively tested in complex biological

media such as human blood plasma.
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PG has been used to impart stealth properties to a number of nanoparticulate systems,

208-210

. I . . 206,207 1 211 . 212
including inorganic nanoparticles, liposomes, nanogels,” " and micelles.” ~ In

213,214 215,216

Vitro and in vivo, mice studies show that PG is biocompatible and

immuneolegically-inertevades the immune system. For instance, Kainthan and Brooks report a

plasma half-life for hyperbranched glycerol of approximately 57 hours with no notable
toxicity.”'® However a significant build-up and retention of hyperbranched glycerol in organs
of the reticuloendothelial system (i.e., the liver and spleen) was observed, an effect which
increased with molecular weight. This was presumably due to a lack of biodegradable groups

in the molecule, a limitation shared with PEG.

7. Peptides and peptoids

Synthetic peptides and peptoids may serve as effective antifouling polymers and may
overcome the biodegradability issues of PEG and other PEG alternatives. Indeed, peptide-
based SAMs,”'”?'® peptoid-based SAMs*'? and peptoid-based polymer brushes®® ***** have
recently been found to be highly effective as antifouling macroscopic surface coatings.
Peptoids, or poly(N-substituted glycine) (see Figure 1Eigure-1), are synthetically produced
mimics of natural peptides with the side chain attached to the nitrogen atom, rather than the
a-carbon. The shift of the side chain appears to endow peptoids with increased resistance to

proteolytic degradation.** %’

Statz and co-workers developed peptoid-coated surfaces that were able to resist protein
adsorption from repeated washings with fresh serum for up to five months (Figure 5).**° The
antifouling character arises from the peptoid’s methoxyethyl side chain, whose structure
resembles PEG. The impressive long-term resilience of the surface may be attributed to the

anchoring group, a peptide designed to mimic mussel adhesive protein.
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Figure 6. (A) An antifouling peptoid with catechol-containing peptide anchoring group attached
to titanium surfaces (B) resists fibroblast attachment for up to five months. Both peptide-
modified and control surfaces were incubated continuously with fresh fibroblasts in a solution
of 10% fetal bovine serum, and the area of the surface covered by fibroblasts was measured.
Because fibroblast attachment is mediated by protein adsorption, limited fibroblast attachment
to the experimental surface suggests resistance to protein fouling. Reprinted with permission
from A. R. Statz, R.]. Meagher, A. E. Barron and P. B. Messersmith, . Am. Chem. Soc., 2005, 127,
7972-7973. Copyright 2005 American Chemical Society.Reproduced-fromref212;

By choosing amino acid sequences with hydrophilic traits similar to PEG (e.g., L-asparagine

228-231

and L-glutamine) or by creating polyampholitic sequences,”” peptides may be used for

antifouling purposes in nanoparticulate systems. Indeed, poly(amino acids) have been used to

confer stealth properties in several drug delivery systems, including liposomes, !

232,233

. . . . 234
inorganic nanoparticles, and micelles.

Peptides have a distinct appeal as building blocks for nanoparticles. Because of their
biodegradability, peptide-based nanoparticles can potentially avoid the bioaccumulation
problems associated with PEG. In addition, peptides can be designed such that they are
degraded by proteases at target sites, a trait that can be used for drug targeting.”**
Furthermore, peptides may be able to avoid the ABC phenomenon. Liposomes coated with
poly(hydroxyethyl-L-asparagine) were shown to have a reduced ABC effect, with a longer

circulation time associated with the second dose, compared to PEG-coated liposomes. "

By combining poly(amino acids) and PEG, advantages of both can be obtained in a single
molecule.”* For example, ring-opening polymerization of amino acid N-carboxyanhydrides
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has been effectively used to produce peptide star polymers with a PEG corona and a core

236,237

containing cationic or anionic™® poly(amino acids). These star peptides have high

236

biocompatibility and can be functionalized to target cancer cells”” and deliver and release

drug cargo in a pH-dependent manner.”*

Peptides and proteins are commonly used as signalling molecules within the body, a feature
which can be utilized to create stealth particles. Rodriguez et al.”* designed peptides based
on human CD47 protein, a molecule which signals to the immune system that its carrier is
part of the body and should not be removed by phagocytes. Conjugating these “self-peptides”
to nanobeads led to improved stealth-like properties, with approximately four times as many
self-peptide presenting nanobeads remaining in circulation than PEGylated controls at 40

minutes post-injection into mice.

Peptoid-based nanoparticles may also have a nonfouling character. The non-ionic,
hydrophilic poly(sarcosine) has been used in block copolymers with poly(y-methyl L-

9 and poly(L-lactic acid)**' to make opsonization-resistant vesicles for

glutamate)
bioimaging.*****' However, despite the apparent promise of peptoids for biomedical

applications, limited research has specifically examined their biocompatibility*** and future

work will be needed in this area.

Conclusion

Several polymeric materials, including PEG and a range of PEG alternatives, have been
developed to combat protein-based fouling. Interestingly, antifouling properties observed on
relatively flat, macroscopic surfaces are maintained at the nanoscale and on surfaces with a

variety of geometries, including spherical interfaces.

Although the outlook for antifouling polymers is positive, much of the work is at an early-

stage of application. For instance, many of the macroscopic surface coatings reviewed (e.g.,
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polyglycerols) have been tested primarily in vitro with a limited number of model proteins,
rather than whole blood fluids. Additional research will be required to test these surfaces

against complex biological media and in vivo.

Considerable work has examined protein repellent nanoparticles in clinical settings;
noteworthy examples include PEG and HPMA, which have in fact entered the commercial
pharmaceutical product development pipeline. PEG has been the most successful polymer in
this regard, and its application has served as a model for nanoparticulate drug delivery
systems. Given its success, PEG has become the standard antifouling polymer. A challenge
for nanomedicine is to bring many of the promising PEG alternatives, such as zwitterionic

materials and POxs, to the clinic.

There is still significant scope to develop more effective materials based on novel structures.
We believe numerous research opportunities exist to develop new zwitterionic monomers or
monomers based on peptoids or unnatural amino acids. In addition to the development of new
monomers, scope also exists for developing improved grafting/surface anchoring strategies.
Continued application of existing anchoring strategies (e.g., using biomimetic catechol
groups) as well as the development of new approaches will likely continue to be a basis for
new antifouling surfaces. Indeed, combining these surface attachment strategies with new or
existing monomers will pave the way for the next generation of antifouling polymer

architectures.
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