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Abstract Protein fouling can render a biomedical device dysfunctional,
and also serves to nucleate the foreign body reaction to an implanted
material. Hydrophilic coatings have emerged as a commonly applied
route to combat interface-mediated complications and promote device
longevity and limited inflammatory response. While polyethylene glycol
has received a majority of the attention in this regard, coatings based on
zwitterionic moieties have been more recently explored. Sulfobetaines
in particular constitute one such class of zwitterions explored for use in
mitigating surface fouling, and have been shown to reduce protein
adsorption, limit cellular adhesion, and promote increased functional
lifetimes and limited inflammatory responses when applied to
implanted materials and devices. Here, we present a focused review
of the literature surrounding sulfobetaine, beginning with an under-
standing of its chemistry and the methods by which it is applied to the
surface of a biomedical device in molecular and polymeric forms, and
then advancing to the many early demonstrations of function in a
variety of biomedical applications. Finally, we provide some insights into
the benefits and challenges presented by its use, as well as some outlook
on the future prospects for using this material to improve biomedical
device practice by addressing interface-mediated complications.

Key words biomaterials, drug delivery, surface chemistry, materials
chemistry, biomedical devices

Introduction

Biomaterials, defined as substances which come in
contact with tissues or biological fluids and which are not
foods, drugs, or cosmetics, have a long history dating back
thousands of years to primitive wood prostheses recovered
from Egyptian tombs.'™ Modern-day biomaterials include
polymers of natural or synthetic origin, metals, and
ceramics; the use of such materials has advanced the
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practice of medicine, including through the augmentation of
damaged or defective tissues, the localized or systemic
delivery of therapeutics, or the real-time monitoring and/or
control of physiological systems.> In spite of significant
impact, there still remain challenges to the implementation
of biomaterials in medicine which must be overcome.
Among the most pressing of the challenges is the foreign
body reaction.® The immune response to a foreign material
is an important component of innate immunity in order to
maintain health in the face of infectious pathogens, yet can
prove detrimental to the function of an implanted
biomaterial. The canonical foreign body reaction follows a
cascade of events (Figure 1).” The foreign body reaction
typically begins with the spontaneous adsorption of
endogenous proteins to the surface of the implanted
material®® For many applications, fibrinogen is among
the proteins to first adhere and be activated, resulting in a
conditioned surface for further adhesion of platelets and
neutrophils.!® Surface-activated neutrophils secrete cyto-
kines and reactive oxygen species, and over subsequent days
recruit monocytes and macrophages to participate in the
reaction against the material. Macrophages work to clear
smaller foreign bodies, but also secrete their own signaling
molecules to recruit fibroblasts to build collagen-rich
fibrotic scar tissue around the implant®!! This dense
fibrotic capsule can prove detrimental to device function
and integration into host tissue. For example, it may impose
mass transport limitations for applications involving the
release of drugs or related payloads or starve cells
embedded within the biomaterial of oxygen.'?!3 This
fibrotic layer also contributes to an isolated niche which
makes the interface more susceptible to device-associated
bacterial infections.!*1>

Given its role as a nucleus of the foreign body reaction,
reducing protein adsorption to the implanted device is
essential and efforts have focused in large part on affording
an interface with antifouling characteristics. Interfaces
which present certain chemical functionalities (Figure 2)
are often the most effective at reducing protein adsorption
and yielding antifouling character, with these typically
following the so-called “Whitesides rules.”® A surface which

++++++++++++++

SB-Coated Device

© 2020. The Author(s). Organic Materials 2020, 2, 342-357
Georg Thieme Verlag KG, RiidigerstraBe 14, 70469 Stuttgart, Germany


http://orcid.org/0000-0002-3136-7134
http://orcid.org/0000-0003-1731-3858
http://orcid.org/0000-0003-3111-6228
mailto:m.baker@maastrichtuniversity.nl
mailto:mwebber@nd.edu

343

THIEME

(o] ELIMEYCEI I F. Zaccarian et al.

Biosketches

Francesco Zaccarian received his
B.Sc. degree in Liberal Arts and
Science from Maastricht University,
with focus in Chemistry and Bioma-
terials. Throughout the studies, he
conducted research in the MERLN

Matthew B. Baker received his B.S.
in Chemistry (2006) from Clemson
University and his Ph.D. in Physical
Organic Chemistry (2012) from the
University of Florida under the guid-
ance of Prof. Ronald K. Castellano.
Matt then moved to Eindhoven
University of Technology to design

Matthew J. Webber is an assistant
professor at the University of Notre
Dame, with an appointment in
Chemical and Biomolecular Engi-
neering and a concurrent appoint-
mentin Chemistry and Biochemistry.
He received his PhD in Biomedical

is generally hydrophilic is a common feature for antifouling
function. In fact, a strongly adhered layer of surface-bound
water molecules affords both a physical and a thermody-
namic barrier to protein adsorption,'® as water molecules
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order for fouling to proceed.!” For the creation of such a
water layer, both physicochemical properties and surface
packing are believed to play a role. Additionally, it is strongly
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which will consequently drive electrostatic association with
a charged surface.'”® In the case of polymer-modified
interfaces which repel protein adsorption, chain flexibility
is also important both to introduce steric effects and also to
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couple protein adhesion with an unfavorable decrease in
surface entropy.'® Finally, a common feature of antifouling
surfaces is a large number of hydrogen bond acceptors
combined with the lack of hydrogen bond donating
groups.2®2! Combating protein adsorption has thus been
explored primarily by engineering the interface to present
these chemical functionalities.

One of the most commonly explored routes to introduce
antifouling chemical functionality on the surface of a
biomaterial is through decoration with hydrophilic poly-
ethylene glycol (PEG).2? The procedure of introducing a PEG
coating has been shown to dramatically decrease protein
adsorption to a surface.?? While PEG has been among the
most explored of these approaches, recent literature has
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Figure 1 Simplified host responses to a noncompatible material.

suggested the formation of PEG-specific antibodies which
indicate the possibility of an immune reaction specific to
this method of coating.?* Furthermore, PEG has been
reported to oxidize in vivo upon exposure to superoxide
species produced by leukocytes and macrophages, yielding
a number of reactive aldehyde products which may
prove problematic to the safety and compatibility of a
material.>>~27 Accordingly, due to recent concerns with PEG,
efforts have refocused on other materials which could also
impart hydrophilicity at a material-tissue interface.

Hydrophilicity leading
to a water layer

i

Figure 2 Structural and chemical criteria for displaying antifouling
properties.
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The pursuit of alternative surface chemistries to PEG has
taken biological inspiration from, among other things,
zwitterionic phosphorylcholine (PC) groups which form the
hydrophilic “head” of common phospholipids in cell mem-
branes and have been shown to have antithrombogenic
properties.?82°, These zwitterions strongly interact with
water through hydrogen bonding, promoting an antifouling
character.3® With this observation, other modified zwitter-
ionic structures were synthesized by rearranging the inner
salt composition and modifying the charged moieties,
including carboxybetaine (CB), sulfobetaine (SB), and phos-
phobetaine (PB; Figure 3).3! In each of these, a quaternary
ammonium species is tethered to a carboxylic, sulfonate, or

phosphate group respectively, via an alkyl spacer. The betaine
class of zwitterions is theoretically any amphoteric species;
however, conventionally the cationic structure is implied to
be an ammonium group while the anionic constituent serves
to name the compound.? While the structure of PC could
technically fall within the PB subgroup, the orientation of the
ionic groups is switched for this motif and PCis considered its
own class.?* Inaccordance with traditional naming standards,
the betaines referred to in this article are exclusively those
with a terminal anionic group.
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Figure 3 Chemical structures of the most common betaines and
phosphorylcholine.

The similarities between each class of betaines has led to
their evaluation in various biomedical applications toward
improving surface properties and addressing protein
adsorption and the ensuing foreign body reaction.>* Given
the broad scope of literature on these materials, here we
endeavor to specifically outline the many uses of SB,
although in many cases a related zwitterionic motif may be
used interchangeably. While SB has been implemented for a
number of nonmedical applications, such as marine coat-
ings, batteries, and oil-water separations, this review will

© 2020. The Author(s). Organic Materials 2020, 2, 342-357
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focus specifically on its biomedical uses.>>=3” Furthermore,
though SB has shown an ability to prevent bacterial fouling,
this will not be discussed in the context of this review and
the reader is instead encouraged to further examine
existing reviews on this topic.2®4? Herein, we will
specifically focus on the history of SB use in biomaterials
design, the underlying chemistry giving rise to SB motifs,
the methods for grafting of SB coatings, and finally a
discussion on the application of SB materials spanning
membranes, nanoparticles (NPs), selectively binding surfa-
ces, and gene delivery vectors. Finally, some insight will be
provided with regards to the benefits and drawbacks of SB
coatings relative to functionally similar approaches based
on other zwitterions.

History of Sulfobetaine Use in Biomaterials

The history of SBs in particular is intertwined with
advances in the understanding and practice of biomaterials.
The connection of surface wettability with biocompatibility
and antifouling properties was one of the first surface
chemistry relationships explored for biomaterials.*>%4
Betaines, which were previously applied as wetting agents
in cleaning products and as osmoregulators, were therefore
a promising moiety to create antifouling surfaces, inspiring
some of the early studies of SB for coating biomaterials.*>~4®
Much of this initial work focused on fibroblast adhesion
and bacterial attachment. Later, SBs were explored for their
hemocompatibility, with the antithrombogenic properties
of sulfate groups inspiring studies on the reduction of
platelet adhesion and blood coagulation.®*° One of the first
targets was an effort to improve the hemocompatibility of
common segmented poly(urethane) biomaterials.”! These
studies found that SB modification greatly improved the
surface hydrophilicity, which eliminated the adsorption of
proteins and adhesion of platelets.? Further studies
combining simulations and experimental work found that
balanced charges and a minimized dipole are two main
molecular contributors to the antifouling performance of SB
and related zwitterions, which expanded the understanding
of the utility of the SB motif beyond functions linked
exclusively to the sulfonate group.>> Subsequent work found
that fibrinogen adsorption and cell adhesion were
completely inhibited in an SB-modified glass substrate.>*
These early efforts solidified the importance of SB as a useful
candidate moiety for altering the outcome of many common
complications arising on biomaterial surfaces.

Sulfobetaine Chemistry

The introduction of SB as a coating on a biomaterial can
be achieved by a number of methods. Most commonly,

SB-containing polymers are employed wherein the chain
length and multifunctionality improve steric inhibition at
the surface with a better surface distribution of these
antifouling chemical moieties. Additionally, some efforts to
introduce SB via in situ modification of the biomaterial
surface have proven successful. A number of structures
entailing modified SB motifs have been employed and
explored, as shown in Figure 4.

The modification of methacrylic acid to achieve a
presented SB functionality has enabled a variety of
monomers for SB incorporation into routinely synthesized
polymeric materials (Figure 4a). Different synthetic strate-
gies result in SB groups attached via an ester (SBMA) or
amide (MAASB), with no difference observed for the overall
antifouling properties of the resulting materials.>> In
another approach, vinyl benzyl monomers have been
modified to present the SB functionality (VBSB); despite
less prevalent use, pVBSB affords the synthetic versatility to
form polymer brushes and endow interfaces with antifoul-
ing properties.>®>” Routes have also been explored to vary
the alkyl lengths between the ammonium and sulfate
groups in the creation of functional monomers suitable for
polymerization.>® Recently, the traditional SB structure was
combined with a triazole group (TRSB), introducing a new
zwitterionic monomer to the literature.®® Despite the
increased complexity of the synthesis, the mechanical
properties of the resulting gels were improved while
excellent antifouling properties were maintained.

In addition to variations in polymer backbone and
pendant SB topology, systematic structure-property rela-
tionships have also been explored for the SB moiety. One
variation to the structure of the zwitterion was lengthening
the alkyl substituents on the ammonium from methyl to ethyl
groups (Figure 4b).5° SB moieties prepared from methyl
groups were observed to better prevent platelet adhesion
when compared to the ethyl analogue. The observed
reduction in performance was attributed to the increased
shielding of the cationic group via the ethyl substituents,
impacting its hydrophilic character. The anionic component
has also been studied, with the regiochemical attachment of
SB investigated through branched forms (Figure 4c).°! In this
work, linear SB analogues generally provided better antifoul-
ing properties than did the branched variants, but these
worked quite well also. A more comprehensive set of
structures has also been examined by altering the alkyl chain
lengths and ammonium functional moieties (Figure 4d).5?
The results from studies to vary the chemical topology and
features of SB motifs point to subtle and complex structure-
property relationships for antifouling performance.®® The
continued exploration of new structural variants isimportant
to further understand and optimize the performance of SB
materials for antifouling applications.®

Rather than conducting polymerization beginning from
SB-bearing monomers, this chemical functionality can

© 2020. The Author(s). Organic Materials 2020, 2, 342-357
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Figure4 Chemical structures of sulfobetaines used in antifouling applications: a) SB-containing polymers for coating, b) variations in the substitution of
the ammonium group, c) alteration of charge orientation or regiochemistry, d) systematic variants of SB structures, and e) in situ SB generation from

tertiary amines.

instead be inserted post-synthetically onto polymer coat-
ings bearing (tertiary) amines via the ring opening of 1,3-
propanesultone (Figure 4e).5>~%® This synthetic approach
has also been leveraged to form SB directly on the surface of
a biomaterial containing tertiary amine groups.3"°*-7! This
approach allows for commercially available monomers, such
as 2-(dimethyl-1-amino)ethyl methacrylate to be used in
conjunction with standard methods of radical polymeriza-
tion, with the zwitterionic SB motif included following
synthesis instead of necessitating specialty monomers.”?

Surface Modification

In order to realize the function of SB-based coatings on
biomaterial devices, an assortment of routes have been

developed to append or affix SB groups. The methods
available to achieve such modification depend on the
surface chemistry of the substrate to be modified and the
desired SB functionality and may include growing polymers
directly from a substrate, covalently appending synthesized
polymers, or relying on passive adsorption or coating
methodologies to adhere a layer of an SB-containing
material at the substrate interface.

Graft-to and Graft-from Polymer Functionalization

A major challenge when creating zwitterionic coatings is
ensuring stable anchorage with the substrate surface.
Although there may be applications where a sheddable
surface coating is desired, most applications seek a stable

© 2020. The Author(s). Organic Materials 2020, 2, 342-357
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coating which is resistant to desorption under typical
physiological conditions. In achieving a brush polymer
coating, either graft-to or graft-from methodologies are
commonly used (Figure 5).7>74 The distinction between
these two methods is that in graft-from approaches a
polymer is grown at the interface from a surface-presented
initiator, while in graft-to methods a presynthesized
polymer is covalently attached to the surface.””

With graft-from methodology, a polymer initiator is
introduced on the substrate to begin polymerization.
Commonly, this is achieved with surface-initiated atom
transfer radical polymerization (ATRP), as this method of
“living” free-radical polymerization offers control over both
the molecular weight and dispersity of the polymers
formed.”®7® An alkyl halide is normally used as the
initiator, and frequently 2-bromoisobutyryl bromide is
conjugated to a free amine on the surface.”® SB coatings
have been created on supramolecular materials prepared
from ureido-pyrimidinone motifs through inclusion of a
similar alkyl halide ATRP initiator.2° In earlier work on graft-
from SB coatings, ATRP was instead initiated from peroxide
surface groups obtained through ozonation®' which
showed promising results in reducing adsorption of
platelet-rich plasma.®? When a hydroxyl group is present
on the substrate, a ceric ion (in the form of Ce(NO3),) can
also be used as an initiator to achieve graft-from ATRP
polymerization.®* For example, this chemistry was success-
fully employed for creating SB coatings on catheters and
films, enabling improved hemocompatibility compared to
nongrafted substrates which yielded a large number of
adhered platelets.3485

Although the ATRP methodology is the prevailing graft-
from approach for SB materials, Azobisisobutyronitrile-
initiated free-radical polymerization has also been
employed through the use of a spacer between the SB
coating and the substrate; examples of such spacers include
hydroxyethyl methacrylate and acrylic acid.%%” Another
“living” free-radical method, reversible addition fragmen-
tation chain transfer polymerization, has also been used
with SB and similar to ATRP ensures a well-controlled
molecular weight. This method requires that a thiocarbo-

nylthio chain transfer agent (CTA) be attached to the
biomaterial surface. The CTA is then integrated at the
terminal position of growing polymers, yet its role in the
antifouling properties of the resulting coating remains
unclear.®®

For polymeric zwitterions, most graft-from techniques
are used to create SB homopolymers, though other
monomers or even crosslinkers have occasionally been
explored.”>® In fact, the presence of crosslinks permits a
coating more resistant to desorption, where oxidative
instability can be mediated.®® Benefits of a graft-from
approach include the ability to leverage a very stable anchor
to yield a resistant polymer coating as well as the ability to
produce surfaces with high grafting densities. A variation of
graft-from methodology has explored two-step polymeri-
zation, wherein a polymer is first grown and subsequently
modified to present SB groups.>>*°

One consideration that may be especially important for
graft-from attachment approaches is ensuring the purity of
the coating and removal of catalyst and unreacted mono-
mers. Indeed, the relationships between purity and device
performance and biocompatibility have not been exten-
sively explored. Previous work has found that a 4-day
procedure to remove unreacted components was insuffi-
cient to remove copper complexes, which may remain
complexed within the polymer brush.® While the presence
of such impurities was not specifically correlated with the
impact on biocompatibility of zwitterionic coatings, copper
ions are known to possess cytotoxic properties when
contaminants remain from its use in copper-catalyzed
“click” chemistry ligations.®?

In graft-to methodology, polymerization is performed
separately, allowing for more thorough characterization/
purification of polymers and for the generation of diverse
and/or well-defined structures. Graft-to methods necessitate
strong and typically covalent anchoring to the surface whichis
to be modified (Figure 6). To afford presentation of SB groups
on the exterior of a coating, other groups are typically included
to facilitate anchorage, often by copolymer synthesis. For
example, integration of glycidyl methacrylate groups
enables epoxide ring-opening to anchor SB polymers to a
hydroxylated surface.®® Alternatively, inclusion of tyramines
within an SB polymer enables enzymatic catechol formation
and attachment of these polymers to the surface via a bio-
inspired adhesion approach.®* The attachment of SB polymers
via functional polymer chain end groups can also be leveraged.
Terminal carboxylates can be used for anchoring SB polymers
to an amine-containing surface by routine amide bond
formation with 1-ethyl-3-(3-dimethylaminopropyl) carbodii-
mide (EDC).%° Avariation on EDC chemistry has also been used
to couple an amine-terminated polymer to a carboxylic
functional group on a surface.8%%°

Catechol chemistry affords an attractive route to anchor
SB polymers to the surface of a biomaterial, as catechols

© 2020. The Author(s). Organic Materials 2020, 2, 342-357
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(e.g., dopamine) are able to interact with the surface of a
material through both covalent and noncovalent (e.g.,
hydrogen bonding, charge transfer, and m-stacking) inter-
actions in appending polymers.®6-%8 Accordingly, catechol
chemistry has been applied in graft-to methods using the
end group of a synthesized polymer through its initiator,”®
as well through copolymerization of SB with a catechol-
bearing monomer.”® Dopamine can also be used to modify a
surface for the later attachment of SB brushes.!%®

Related routes to the graft-to methodology have been
utilized to attach small-molecule SB compounds, as
opposed to polymers. An azide-modified SB has been
attached via “click” chemistry to alkyne-modified polymers
or surfaces.!®192 [jkewise, siloxane-modified SBs have
been used to coat a silica surface.'°>1%4 Finally, amide bond
formation has been employed to coat surfaces with small-
molecule SB.%° In general, these small-molecule-function-

alized surfaces have good performance, yet are not able to
achieve the high functional density of SB units afforded by
polymer coatings.

Noncovalent Coating

In the absence of covalent modification, SB-containing
polymers may still be adsorbed to a surface through
noncovalent association. A common approach to coating
surfaces is layer-by-layer (LBL) deposition, a method
wherein alternating coatings of positively and negatively
charged polymers are adsorbed to a growing surface via
electrostatic interactions.’® Although SB groups are net-
neutral, routes have been implemented to include these in
LBL coatings through the creation of copolymers with
groups bearing negative charges.'®® Another common

© 2020. The Author(s). Organic Materials 2020, 2, 342-357
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surface coating method, chemical vapor deposition,'®” has
been integrated with SB coatings through the postmod-
ification of deposited poly-p-xylylene onto a substrate.!%?
Yet another common deposition method, electrospinning,
has been used to adsorb SB-containing copolymers, and was
demonstrated in an approach to increase the biocompati-
bility of poly-L-lactic acid films.!?® Electrospun surfaces can
also be modified using the same catechol chemistry
discussed above to attach polymers with SB groups.'®®
Finally, hydrophobic-driven association of amphiphilic
block copolymers has also been explored for the adsorption
of SB-containing polymers onto hydrophobic surfa-
ces.!%111 Although noncovalent associations of SB polymer
coatings have generally demonstrated promise, implica-
tions of their erosion over time following implantation
should be considered.

Applications of Sulfobetaine Coatings

Membranes

Membranes are common in filtration applications or as
semipermeable barriers in biomedical use as well as in
biology-adjacent fields. The adhesion of proteins to a
membrane compromises its function and lifetime, and
antifouling coatings based on SB and related chemistries
may provide a versatile solution to address many prob-
lems.’? For example, polypropylene nonwoven fabric
membranes are used for both plasma separation and
municipal wastewater treatment; SB coatings on such
materials therefore offer enhanced performance in multiple
applications.'’>"''7 The use of SB coatings to improve
membrane properties has been applied to a variety of
substrates, including polyvinylidene difluoride, aromatic
polyamides, poly(aryl sulfones), polypropylene, and regen-
erated cellulose.’'®122 The coating methodology for these
membranes includes techniques in graft-from, graft-to,
hydrophobic-driven coating, and related self-assembled
depositions.>>110123.124 [p other instances, SB groups were
introduced onto membranes by in situ polymerization of
SBMA.'#

Protein fouling on membranes designed for hemodialy-
sis is a significant issue with severe consequences. For
blood-contacting applications, membrane properties are
typically evaluated using bovine serum albumin as a model
fluid.'®127 Historically, cellulose-based membranes have
been used for this application,'?® and early reports explored
grafting SB to regenerated cellulose to improve blood
compatibility.’?®13° Today synthetic polymer materials are
primarily used,’®! yet the benefits of SB-coated cellulose
have been extended to water treatment applications.!>?

Wound care is another application explored for SB-
coated membranes. A biocompatible membrane of expand-
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Figure 7 Enhanced wound healing from an SB-coated membrane.
Adapted with permission from Ref. 133. Copyright 2013 American
Chemical Society.

ed polytetrafluoroethylene was functionalized with pSBMA
to afford humidity control from the hydrophilic character of
the zwitterion (Figure 7).!*3 In this use, superior water
absorption was observed which contributed to more rapid
re-epithelialization compared to a non-SB functionalized
dressing. This approach was also extended to SB-coated
chitosan membranes for diabetic wound healing.’** This
coating accelerated wound healing time, with regeneration
approaching normal physiologic skin, including restoration
of hair follicles. Beyond membrane-based dressings, SB-
containing hydrogels based on pSBMA have been explored,
showing enhanced wound healing in full cutaneous defects
in mice.®> In particular, softer hydrogel formulations had
greater regeneration.'>® The improvement on wound
healing upon SB incorporation has also been seen when
included within PEG hydrogel dressings.!3”

Nanoparticles

NPs have been explored for a variety of biomedical
applications ranging from diagnostic imaging to drug
delivery to vaccination. When NPs are present in physio-
logical environments, protein adsorption to form a corona is
responsible for a significant size increase, agglomeration,
masking of the NP surface, and loss of function.!3®
Furthermore, the protein corona can enhance phagocytosis
of NPs; although this may be desired in certain applications,
in the wrong settings such uptake leads to reduced
circulation time, inefficient target delivery, and unsatisfac-
tory pharmacokinetics.’>>140 “Stealth” NPs have been a
target of interest, which include antifouling coatings to
prevent unwanted protein adsorption.’'~143 SB thus offers
an appealing approach to limit protein adsorption and
fouling of NPs broadly. The first report of SB coating of NPs
was based on gold (Au-NP), where facile thiol modification
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allowed for improved NP colloidal stability upon grafting SB
monomers.'** This method is indeed a versatile approach to
alter the surface chemistry of a variety of NPs.'> Polymeric
coatings have also been demonstrated, with SB polymers
first prepared through graft-from ATRP using SBMA
polymerization from a magnetic bead substrate,!4®

Superparamagnetic iron oxide NPs (SPIONP) have been
explored for a number of biomedical applications,!4’
including as magnetic resonance imaging contrast agents!4®
and tissue-engineering scaffolds.!*® The dispersal of
SPIONPs remains a challenge in aqueous media, as ligand
exchange occurs post-synthesis. The direct coupling of SB
monomers was shown to both stabilize SPIONP during
synthesis and provide a hydrophilic zwitterionic coating.'>°
Dopamine-mediated anchoring of SB monomers has also
been employed for successful dispersal of SPIONP in
solution; these SB-coated SPIONPs showed utility in tumor
imaging.’>!"1>2 A recent report shows the possibility of
coating graft-from SB brushes and SB membranes on iron
oxide NPs, with SB membranes improving antifouling
resistance compared to the polymeric brushes.'>® However,
this coating technique significantly increases the hydrody-
namic radius, which may introduce complications in
prolonging exposure leading to toxicity.!>*

While NPs have primarily been coated with SB to
increase circulation time, functionalized NPs have also been
utilized as a biomaterial surface coating by depositing SB-
modified silica NPs onto a material.'® These NP films
exhibited low protein adsorption, and reduced attachment
of fungi and spores. In a subsequent study, the importance of
topography on the antifouling performance of these NP
films was shown.!>> Most recently, an additive effect of dual
functionalization with SB and quaternary ammonium silane
was demonstrated.!®

Quantum dots (QDs) are also useful, as their unique
optical and electronic properties allow for imaging-based
diagnostics with high and stable signals.'>” Like with other
NPs, QDs are subject to overly fast clearance from the body
and thus coating with SB has been explored as a strategy to
provide longer circulation half-life. For instance, dihydro-
lipoic acid (DHLA) has been used as an anchoring unit for
modification with an SB-group to impart a zwitterionic
coating to QDs to increase circulation times, enhance
biodistribution, and reduce liver uptake.!® DHLA-SB
coated QDs were also found to have reduced aggregation
and enhanced stability of QD within the cytosol compared
to PEG-based coatings and commercial QD formulations.!'>®
In particular, DHLA-SB was found to be superior to PEG
coatings due to the reduced size, improved protein
antifouling function, preserved optical properties, and
maintained stability in various pH and salinity levels over
long times.’®® In addition, SB coatings can also be
employed during the QD synthesis in order to facilitate
ease of use and biocompatibility without ligand ex-

change.'®! One of the challenges for QD functionalization
with SB is ligand desorption, and a correlation between
rate of ligand desorption and QD performance has been
characterized. Coatings with thiol-based anchoring groups
proved to be more effective when in a multidentate ligand
conformation, as two lipoic functional groups on a single
SB moiety was shown to provide better stability than a
single group.'®>1%% Importantly, maintaining a compact
coating with a small hydrodynamic radius has been a
priority to avoid dramatic size increase from the surface
coating.'%4

The demonstrated longevity and antifouling properties
of SB-coated QDs have led to the exploration of specific
binding groups incorporated on the QDs.'® For example,
SB-containing block copolymers were prepared with vinyl
imidazole, used for anchoring, and N-(3-aminopropyl)
methacrylamide to afford an amine handle for protein
conjugation.'®® The resulting QD was stabilized, and upon
unmodified antibody addition the level of specific antigen
binding is high. Furthermore, these coatings were sensitive
to pH change, and have been used as standards for
developing pH-responsive QD nanoprobes.'®” In other
efforts to append functional groups to these coating, “click”
chemistry ligation of RGD ligands has been achieved with
azide-containing SB copolymers, though the modification
did not result in higher tumor uptake of the particles.®®
More recent work has shown that folic acid functionaliza-
tion of similar QDs does enable targeting and selective
uptake in cancer cells.!®®

Selectively Binding Surfaces

While in many cases a reduction in nonspecific protein
adsorption is desired, applications in recognition and
sensing often require binding specificity for certain proteins
or analytes. In fact, a particular class of materials can be
recognized: those surfaces that exhibit selectively and
strongly interacting properties with one desired substrate
while repelling all other molecules in a medium.'”® SB has
been used in several examples where both antifouling and
selective recognition were required. Copolymerization of
SBMA with N-methacryloyloxysuccinimide via ATRP pro-
vided a brush-like surface to which concanavalin A (a sugar-
binding protein) could be covalently attached. These
surfaces showed the ability to selectively sense mannose
in the presence of background proteins.!”! Alternatively,
PMAASB brushes were prepared on indium tin oxide via
ATRP and the terminal bromine was substituted with an
azide group. This azide was shown to facilitate the
attachment of biotin to the periphery of the layer and
enable the specific recognition of streptavidin in the
presence of background proteins (Figure 8).1”2 This general
method enables possibilities to introduce a number of
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Figure 8 Functionalization of pMAASB brushes with a terminal biotin
ligand. Reprinted with permission from Ref. 172. Copyright 2012
American Chemical Society.

specific ligands in the coating using “click” chemistry, and
even the presentation of a variety of antibodies through EDC
coupling chemistry.!”3174

Applications of Sulfobetaines: Beyond
Coatings

Polymeric Micelles and Assemblies

Micelles are commonly formed from the self-assembly in
water of amphiphilic molecules. As mentioned, many lipids
have zwitterionic headgroups; zwitterionic molecules and
polymers based on SB can similarly be used to form micelles
and may enable applications such as encapsulating hydro-
phobic drugs.!”® The SB polymer architecture has also been
investigated for its impact on micelle formation, with star
copolymers showing improved micelle formation and

+
PCL-PDEA-PSBMA  Curcumin

pH 7.4-7.0

pH 6.5-5.5

THIEME

tunable rates of drug release.!”® The size of these SB polymer
micelles was also shown to impact cellular uptake.!”” Micelles
prepared from star-shaped copolymers also exhibited
reduced cytotoxicity compared to linear variants,'”® while
factors such as polymer concentration and composition also
influence micelle formation and drug release.'”® Further
efforts have explored copolymerization of SB with groups to
enable pH-responsive properties (Figure 9), for pH-triggered
release of encapsulated drugs.'®® Redox-sensitive disulfide
bonds have also been introduced, '8! enabling a pH and redox
dual-responsive micelle.

The encapsulation and efficient delivery of genetic
material in biomedical applications remains a continued
challenge with broad possible impact. Typically, nucleic
acids are formulated to form condensed particles with a
polyelectrolyte vector to facilitate delivery, although charge
neutralization can lead to precipitation of DNA and reduce
its stability. Due to their overall neutrality while maintain-
ing charge-bearing groups for condensing nucleic acids, SB-
based materials offer an interesting alternative. In an early
example, SB units on a prepared tri-block copolymer were
found to effectively complex with DNA.'82 A variety of SB-
containing copolymers have since been developed, and the
importance of selecting a hydrophobic monomer to
copolymerize with the SB-containing group has been noted
for efficient complexation and delivery of nucleic
acids.’®3-185 In one in vivo study, SB was used successfully
to elicit the expression of red fluorescence protein,'® with
SB incorporation promoting a dramatic increase in trans-
fection efficiency compared to polyethylenimine.

SB-Based Hydrogels

The enhanced biocompatibility realized for SB-coated
materials has led to the exploration of hydrogels based on
SB-containing polymers. Hydrogels are able to retain large

pH 5.0-4.5

Figure 9 Preparation and application of pH sensitive micelles from an SB-containing terpolymer encapsulating a hydrophobic drug. Reprinted with

permission from Ref. 180. Copyright 2014 Royal Society of Chemistry.
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amounts of water, and their percolated network mesh
structure resembles the architecture of native tissue
matrices.’®” To form a hydrogel, some form of physical or
chemical crosslinking is necessary.'®® The formation of
hydrogels from SB-based polymers can arise through both
physical electrostatic interactions and chemical covalent
crosslinking, with simultaneous formation of these inter-
actions leading to a double network characterized by highly
tunable mechanical properties.!®® The nature of these
electrostatic interactions makes them highly sensitive to
the concentration of ions (e.g., the Debye length), and as
such salt-responsive swelling has been realized through salt
addition."° SB-based polymers have also been used to form
hydrogels through addition of crosslinkers in the synthesis
to enable tunable mechanical properties.'®® Dimethacrylate
SB has also been used as a crosslinker during polymeriza-
tion,'®! and controlled synthesis can lead to better mechani-
cal properties.'® An initial in vivo study of SB-based
hydrogels found low cell-based interactions and enhanced
vascularization.'®® Newer iterations of these hydrogels have
explored the addition of groups for sensitivity to pH and
temperature.’®*19 Glucose-sensing proteins have been
included within SB hydrogels as well.'®7 Hybrid hydrogel
materials have also been reported, such as the creation of
nanocomposite SB hydrogels through addition of clay
platelets to achieve high tensile strength.!98-20°

A recent study evaluated SB-based modification of
alginate hydrogels for pancreatic islet encapsulation in
efforts to improve the transplantation of these exogenous
cells to reverse type-1 diabetes.2’! The SB modification of
these commonly used hydrogel materials led to a significant
reduction in cellular overgrowth and prolonged blood
glucose correction in a diabetic mouse model compared
to the standard method of encapsulating islets in unmodi-
fied alginate. More broadly, this points to the ability to
modify a common hydrogel biomaterial to enhance its
biocompatibility and overcome fibrosis at the material-
tissue interface. As another example, a conformal agar
hydrogel coating was also modified with SB moieties to
reduce biofouling on catheters.?%?

Stable structure over a
wider range of pH

Comparison to Carboxybetaine

While it has been established that SB-based coating
drastically reduces fouling events, other betaines such as CB
display an analogous behavior. Therefore, with respect to
selection of SB as the zwitterion of choice, there are several
considerations that may be important.2°® Studies conduct-
ing a parallel comparison of SB and CB have been able to
quantitatively identify notably improved function for CB-
based approaches in reducing fouling in plasma-contacting
applications.2* This has been justified by a shorter distance
between the charged groups in CB (an ethyl segment in CB
vs. a propyl segment in SB), which more effectively stabilizes
the dipole moment in water molecules and leads to overall
better hydration.?®®> These results contrast with greater
contact angles observed for SB analogues which are
suggestive of higher hydrophilicity.?%4

It is noteworthy that CB-based materials can be more
readily modified through amide bond formation with their
terminal carboxylate, although this technique results in a
loss of overall neutrality and compromises antifouling
ability.2%52% Meanwhile features unique to the SB sulfonate
group affords certain functional advantages such as the
ability to bind DNA and to mimic the structure of sulfated
glycosaminoglycans.2’” One clear advantage of SB is the
preservation of its overall neutral charge over a wide range
of pH, while CB can undergo protonation on the carboxyl
group at a relatively high pKa.2%® Accessing pH-sensitive
charge states does, however, afford an opportunity for pH-
responsive materials from both zwitterions.2% Thus, there
are advantages to be realized from choosing either SB or CB
(Figure 10), which may be dictated by the synthetic
constraints or objectives of a particular application.

Conclusions and Outlook

On the basis of the many examples shown here, the
synthetic strategies for accessing SB-containing materials
offer a well-established approach to reduce protein fouling

Overall slightly improved
antifouling performance

More facile and accessible
preparation R’ k)

Sulfobetaine (SB)

Vs

N o Carboxyl group available
R \/\ﬂ/ > for further functionalization

with an overall neutrality cost|
Carboxybetaine (CB) ( d )

/

Better ability to
condense DNA

Figure 10 Comparison between SB and CB.

X
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and nonspecific adhesion, with applications spanning
biomedical, bio-adjacent, and industrial uses. Studies
have shown that SB-based approaches achieve better
performance than more commonly used techniques based
on PEG.?'° With the recent demonstration of the occurrence
of PEG-specific antibodies in certain uses,2* reevaluating the
use of synthetic zwitterionic polymers may indeed be
warranted across many unexplored applications.

While alterations to the traditional SB structure have
been explored, those have had limited success.?!' New
structures have so far required more complex synthetic
pathways, which complicates the preparation of SB-based
coatings.®! Moreover, progressing to more complicated
structures may be unnecessary in light of the accessibility
and facile preparation of SB itself, which offers a convenient
approach for industrial-scale use. Furthermore, it is also
unclear to what extent any modifications improve upon the
antifouling properties of the SB moiety.® Certainly, the mode
of application and stability of an applied coating are features
more likely to dictate the ultimate performance of these
materials.?!2

Despite a wealth of literature evaluating SB-based
materials for biomedical applications, no materials based
on SB have presently secured clinical approval.?!' This
present reality does not in any way detract from the many
research advancements, which have significantly advanced
knowledge across disciplines ranging from physical chem-
istry and surface science to biomedical device fabrication.
Indeed, the recent increase in exploration of SB-based
materials for in vivo evaluations brings their clinical use
closer to reality.2'>2!* Beyond surface uses, there are a
variety of promising directions for SB-based zwitterion
biomaterials in applications such as wound healing or
insulin administration, which may be ripe for translation in
future years.!36215

Many of the possible applications for which the
antifouling properties of SB would prove beneficial remain
to be explored. For example, there is limited use of SB-based
materials to improve the sensitivity and lifetime of
biosensors. Although some have viewed the synthetic
challenges to implementing these coatings for biosensing
as a barrier to their use,?'® many of the SB-based approaches
described here should be relatively facile for their explora-
tion and it is the hope that these approaches will be more
thoroughly evaluated toward improved biosensing in the
coming years. Beyond this, a future moving ever closer to
achieving a human-machine interface using wearable or
implantable electronic devices will need scalable and robust
methods to ensure long-lived and reliable performance of
these devices and to overcome the natural foreign body
reaction.?'” It is envisioned that these and a host of other
emerging applications will highlight continued growth and
exploration of SB chemistry in the context of biomedical
device practice, as new components of sensors, and in a

variety of other applications for which fouling compromises
reliable performance.
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