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1 Introduction

A polymer brush is a layer of surface-grafted polymers. These
are generally end-grafted, but that does not need to be the case.
By chemically attaching the chains to a surface, the layer can
remain stable even in a good solvent. This gives them an
important advantage over films cast from solvents in coatings
technologies. Further benefits arise, for example, in colloidal
stabilization due to the limited swelling available for the
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polymers, which are already extended in forming a brush.’
Hydrophilic polymer brushes are particularly useful in aqueous
media to combat fouling.>?

Polyelectrolytes are a class of polymers which contain
ionized or ionizable groups. Examples of weak polyelectrolytes
include poly(methacrylic acid) [PMAA] and poly(2-vinylpyridine)
(P2VP) whereas polystyrene sulfonic acid and poly(allylamine
hydrochloride) are examples of strong polyelectrolytes. The
strong acid and base retain their charge in aqueous solution over
a wide range of pH, whilst the weak acid (here, PMAA) is neutral at
low pH and the weak base (P2VP) is neutral at high pH. The much
more pH-sensitive behaviour of weak polyelectrolytes has the
potential for significant utility in nanoscience because the
charged state of a polyelectrolyte brush is intimately related to
its conformation. Change the charge and, under many conditions,
the conformation changes too. This conformational change
brings with it a concomitant capacity to do mechanical work,
which offered great promise to the nascent field of soft nano-
technology at the beginning of the millennium.

Weak polyelectrolytes have been known as “smart” polymers
for some time due to their pH responsive behaviour. For example,
PMAA may be used as a coating in some oral medications because
it can protect the drug from the harsh acidic environment of the
stomach.” In the gut, the pH is significantly higher, and the acid
can dissolve, releasing the cargo. Similarly, dried hydrogels of
sodium polyacrylate are used in nappies (diapers), and their
capacity for absorbance allows for a five-hundred-fold increase
in mass before the hydrogels become saturated and leak.

This review will cover the different synthesis routes of weak
polyelectrolyte brushes and their characterization. Different
topologies and their importance will also be discussed. Since
polyelectrolytes have a rich conformational space covered by
pH and added salt,” some effort will be spent covering how
these parameters control brush conformation. The physical
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properties of the surfaces thus created through contact
mechanics will be covered. The review will conclude with a
discussion of the various applications of polyelectrolyte
brushes, where actuation is required. Applications in areas of
bioadhesion are of growing importance and these will also be
included. Related areas of research involving strong poly-
electrolytes and polyzwitterions are not covered.

2 Synthetic routes

Brushes may either be made in situ (grafting from) or the polymer
may be synthesized first and then a functional end group used to
attach the polymer to the surface (grafting to). Both have advan-
tages and disadvantages. The grafting-to method allows for much
better characterization of the polymer, because it lends itself to
techniques such as gel permeation chromatography and light
scattering to find the size of the polymer prior to grafting.
However, it is difficult to obtain dense and thick brushes using
grafting-to techniques because the first chains to arrive at the
surface form a mushroom conformation (Fig. 1).° At a grafting
certain density (the mushroom-to-brush transition), polymers face
an entropic barrier preventing them from reaching the substrate,
because they need to elongate to navigate through the chains
already at the surface. Possible routes to increase the density of
brushes grafted to the substrate are discussed below, as are
attempts to characterize brushes grown from the substrate.

Grafting-from techniques

The use of controlled polymerizations dominates the synthesis
of polymer brushes grafted from surfaces. These are used
because of their anticipated low dispersities. Free radical poly-
merization has been used with success to produce weak poly-
electrolyte brush layers,” but controlled polymerization
methods are not significantly less convenient given that much
of the effort in growing brushes involves depositing a suitable
initiating monolayer.

Atom-transfer radical polymerization. ATRP is probably the
most convenient way of growing brushes from surfaces due to

g}t ﬁ(? 0

Fig. 1 If the polymer grafting points are further away from each other
than the size of the polymer chain in a self-avoiding work configuration,
the polymers exhibit a mushroom conformation (bottom). If they are
closer together, then a brush conformation is observed (top).
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the relatively undemanding synthetic requirements.® ATRP is a
controlled radical polymerization in which the growing poly-
mer is dormant until it transfers a halide to a metal salt,
activating the polymer (Scheme 1) which rapidly reacts with
the next monomer before being temporarily capped again.
The long-lived dormant state allows for controlled growth,
encouraging a relatively uniform polymer and restricting reac-
tions between active end groups, which could otherwise be a
problem in dense brushes.

The direct synthesis of polyelectrolyte brushes using ATRP is
routinely performed with polycations, such as poly[2-(dimethyl-
amino)ethyl methacrylate] (PDMAEMA)® or poly[2-(diethyl-
amino)ethyl methacrylate] (PDEAEMA)." On the other hand,
the growth of carboxylic polyanions in this manner is not easily
achieved because they easily associate with the catalyst.'*
Standard polyanions such as poly(acrylic acid) (PAA) and PMAA
can be synthesized by polymerizing tert-butyl acrylate or tert-
butyl methacrylate followed by a hydrolysis step.®'> However, it
has been shown that it is possible to grow PMAA brushes
directly by using methacrylic acid sodium salt.**"*

The main development of ATRP is that of Activators ReGen-
erated by Electron Transfer (ARGET) ATRP, which reduces the
quantity of heavy metal catalyst required by the addition of a
reducing agent, often ascorbic acid. This agent reduces Cu(u) to
Cu(i), which is the active catalyst. Since oxygen is generally
responsible for the oxidation to Cu(u), the sensitivity of ATRP to
oxygen is reduced, which is another advantage of the ARGET
technique. ARGET ATRP is not routinely used in the production
of polyelectrolyte brushes and it has been demonstrated that
the tertiary amine groups present in PDMAEMA and, one
supposes, PDEAEMA act effectively as reducing agents."®

New developments in ATRP have largely passed by those
interested in the synthesis of polyelectrolyte brushes. For
example, Initiators for Continuous Activator Regeneration
(ICAR) ATRP is another method of synthesizing polymers in
an aqueous environment'® and (like ARGET ATRP) reducing the
amount of metal catalyst. This has not been embraced by those
creating polyelectrolyte brushes. Indeed the metal catalyst can
be eliminated using more specialized forms of ATRP,"” but this
is currently rather niche. Ultimately, however, metal catalysts
have an environmental footprint and create problems regarding
the cleaning of the brushes. If ATRP is to be routinely used in
biological systems, then perhaps more effort will need to be
directed towards reducing or eliminating the metal catalysts that
are used.

Nitroxide-mediated polymerization. More formally known as
aminoxyl-mediated radical polymerization,'® NMP is a com-
mon route to creating brushes from vinyl monomers, such as
styrene.'>?° It is similar to ATRP in that it uses the reversible

P.—X + LMz = Pos + LoMF@DX

Ppe + P ——> Ppy-

Scheme 1 ATRP process. The polymer is activated by the metal (M)
complexed ligand (L), which allows the chain to grow.
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Scheme 2 NMP process.

activation and deactivation of growing polymer chains,
although here it requires nitroxide radicals (Scheme 2). It has
been used for the synthesis of both anionic and cationic
polyelectrolyte brushes>>* and has the useful advantage of
not requiring a metal catalyst. It does however require elevated
temperatures, generally above 100 °C. The initiating group is a
nitroxide, which attaches reversibly to the chain end. The
attachment is far faster than the detachment. However, when
the nitroxide detaches, the remaining carbon radical (the
growing polymer chain) reacts with further monomers before
being capped again.'®?*

Reversible addition-fragmentation chain transfer. Like
ATRP and NMP, RAFT is a controlled radical polymerization.
Unlike ATRP and NMP, the deactivation process in RAFT
releases a radical that can initiate another polymerization
reaction. This deactivation process is provided by the chain
transfer agent, which is in substantial excess of a standard (free
radical) initiator (Scheme 3).*° (For brushes the initiator is
usually immobilized on the surface, with the chain transfer
agent free in the solution.) The deactivation process is rapid, so
most growing chains are dormant, which gives the reaction a
controlled nature. RAFT is readily amenable to the synthesis of
polymers that can be synthesized by free radical polymerization
and do not undergo side reactions with the chain transfer
agent. Acrylates and acrylamides are commonly grown with
this method. Polycation brushes of PDMAEMA have been
synthesized by RAFT,**?” but the use of RAFT for the growth
of weak polyelectrolytes has not so often been reported,
although recent developments may change this; for example,
oxygen-initiated RAFT shows some promise.”®>°

Advantages and disadvantages. RAFT and ATRP both have a
large range of polymers that can be synthesized, and many
solvent environments can be accommodated too. ATRP does
not require extreme levels of purity and can be performed
under ambient conditions. Weaknesses commonly associated
with ATRP such as air sensitivity or a need to limit metal
catalyst use can be addressed by a derivative technique. For
these reasons it is anticipated that ATRP will dominate the
synthesis of weak polyelectrolyte (and other) brushes in the
foreseeable future. Nevertheless, the creation of mixed or
binary brushes,***' which comprise two or more distinct

o SYS\R b /SYS\R b /S\I/S . R

z z Z

Scheme 3 RAFT process. The chain transfer agent reacts with an acti-
vated radical or growing polymer to extend the chain. The notation here
follows that of Perrier.2®
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polymers to form the brush, and (for the purposes of this
review) contain at least one weak polyelectrolyte component
can readily be achieved by grafting-to methods.**?* Grafting-
from approaches of mixed brushes can be achieved using
different syntheses: for example ATRP and NMP has been used
to create mixed brushes of poly(acrylic acid) and polystyrene.**>
(Binary brushes can be created using only ATRP, by the use of a
protecting species for some of the initiator followed by its
photoremoval to allow the second polymer to be grown.>®) Weak
polyelectrolyte brushes that can be synthesized by RAFT can also
be synthesized by ATRP. RAFT chain transfer agents are quite
expensive, which may well be why ATRP is favoured, although it
is probable that a community used to using ATRP sees no need
to change. RAFT does have some appeal for the synthesis of
block copolymers, due to the relative ease of creating uniform
materials, and this indeed has been demonstrated with a diblock
copolymer brush containing a weak polyelectrolyte block.>

Although many researchers prefer to use their favoured
techniques, the development of chemical routes to grafting
polymers from surfaces is ongoing. Clean chemistries that limit
the use of metals are particularly under development and
whichever dominates in the future will depend on such benefits
as well as reliability and ease of synthesis. Of course, new
developments are by no means restricted to the routes dis-
cussed here.””

Alternatives to grafting-from techniques

Although individual chains grafted to surfaces do not usually
present dense brush layers due to the entropic barrier inherent
in grafting-to approaches, it is possible to graft multiple chains
to a surface. This has been demonstrated by the creation of
combs of PDMAEMA pre-synthesized from a poly(methyl metha-
crylate) (PMMA) backbone. After deposition in a Langmuir
trough, the hydrophobic PMMA sits on the water surface, while
the PDMAEMA chains extend into the water.*® This layer can be
compressed to achieve a desired grafting density and can be later
deposited on a substrate of choice to create a brush layer.

An alternative approach involves the self-assembly of poly-
mers to form micelles with a polyelectrolyte corona. This has
been achieved with diblock copolymers of the temperature-
responsive polymer poly(N-isopropylacrylamide) (PNIPAm) and
PDMAEMA. Here the polymers can self-assemble above 40 °C to
form micelles with the hydrophobic PNIPAm block forming the
core of the micelle and the PDMAEMA a rather dense corona.*”
P2VP coronas have been grown from polyferrocenyldimethylsi-
lane cores®® using crystallization-driven self-assembly.*" These
micellar brushes form by hydrogen bonding or electrostatic
interaction to a variety of surfaces and have been functionalized
to demonstrate, for example, the separation of an oil from an
aqueous emulsion.

The biopolymer hyaluronic acid is grown in vivo using a
hyaluronan synthase enzyme. This process has been replicated
to form hyaluronic acid brushes, which have been shown to
reach layers of up to 15 um in thickness,*” which is perhaps
fifty times greater than the thickest brush layers readily grown
by standard synthetic routes.

This journal is © The Royal Society of Chemistry 2022
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Characterization

The characterization of polymer brushes requires primarily
confirmation that the intended polymer is grown on the surface;
the molar mass of the polymer; and the grafting density.
A measurement of the thickness of the brush in the dry state
links the molar mass, M, and grafting density, o, by

oMy

=N
where N, is the Avogadro constant and p the density of the
polymer. If & is known, then only one of M, or ¢ needs to be
measured to determine the other. Direct measurement of grafting
density is extremely difficult,”” so grafting density is usually
calculated from knowledge of the molar mass, which is not in
itself easy to determine. A common route to obtaining the molar
mass is to grow the polymer ex situ (from an unconstrained
initiator in solution) under the same conditions as the brush and
assume that these constitute the same polymer.® This has been
questioned from computer simulations which reveal that brushes
grow faster in solution than from surfaces.** Experimental work on
a variety of polymers show that PMMA grown in solution can be up
to ~30% longer than those densely grafted from the surface.*”> For
less dense polymers there is little difference in molar mass between
solution-grown and surface-grafted polymers. The most accurate
means of measuring molar mass is to de-graft the polymer and
characterize it using standard techniques,”*® but this method
requires large substrates to obtain enough polymer to use for
chromatography measurements.

It is possible to measure the polymer molar mass in situ
using an atomic force microscope (AFM). Here, the AFM tip is
retracted from the surface of the polymer brush in solution.
The length of tip retraction before it detaches from the brush
can be correlated with the molar mass of the polymer.
This technique is only suitable for solvent-swollen brushes
and has had some success with neutral brushes.”” Although
this AFM-based method (force spectroscopy) can be readily
applied to weak polyelectrolyte brushes, it is more challenging
because of the effect of pH>**® and ionic strength®®*’ on
polymer conformation. Experiments on weak polyacids found
good agreement between gel permeation chromatography data
on polymers grown from free initiators and force spectroscopy
on brushes at neutral pH. However, at low pH the collapsed
brushes presented complex spectra and at high pH the highly
charged brushes adhered pootly to the AFM tip.>* Poor adhe-
sion of polycationic brushes to AFM tips was proposed as a
reason for difficulty in determining the conformation in high
ionic strength solutions.”® These polycationic brushes
(PDMAEMA) were grafted from a poly(methyl methacrylate)
macroinitiator using ATRP,*® and could be characterized by
size-exclusion chromatography and so lend themselves well to a
comparison of this nature. The pH dependence of PDMAEMA
chain length determined by force spectroscopy,*® gave a similar
result to that for PAA.>® This means that force spectroscopy can
be used to provide a determination of polyelectrolyte molar
mass (and dispersity) providing that the polymers are soluble

This journal is © The Royal Society of Chemistry 2022
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but not too charged, which typically means near neutral pH.
This unsatisfactory recommendation is compounded by the
best PAA measurements being obtained in 100 mM NacCl in
order to control polymer-AFM tip interactions.*

Ultimately, force spectroscopy works as a means of chain
length (molar mass) characterization, but so much preparation
is needed that calibration is critical for such a route to be
pursued. Given the difficulties involved, if chromatographic
characterization of the product of a synthesis from free initiator
is not undertaken, then it is common for grafted-from polymers
to be assumed to take a surface density of 0.5 chains per nm?
following from earlier work.>*>° This assumption is not absurd
and can reasonably be applied to polyelectrolyte monomers.
If the monomer is not overly bulky, then assuming a 0.5 chains
per nm” surface density is reasonable, given that the grafting
density is set early in the synthesis and can only be reduced if the
initiator layer is compromised, which may be by a protecting
species,” > by mixing the initiator layer with inactive species,>
by using a Langmuir-Blodgett trough,**>® or by otherwise redu-
cing surface initiator concentration.”

Conformation

Brushes are defined by their density and molar mass. A polymer
generally undertakes a self-avoiding random walk in a good
solvent. This means that its size scales as N %% where N is
the number of steps (often taken to mean monomers). This self-
avoiding walk creates a greater power law dependence than a
standard random walk (N*°) due to excluded volume interactions
between the monomers. A surface perturbs this (self-avoiding)
random walk only a little, by ensuring that the grafted chain end
lies at the edge of the polymer. This is the ‘mushroom’ conforma-
tion. When the grafting points are separated by less than the
width of the mushroom (Fig. 1), the chains become compressed
and are forced away from the substrate to form brushes.®*> The
height of the brush is then expected to increase monotonically
with grafting density.

Polyelectrolyte brushes also increase in thickness with
increased grafting density, but, given that solvent quality is
dramatically affected by pH and salt concentration, there are
other parameters to consider when discussing their
conformation.®® Changes in pH generally cause swelling or
collapse in weak polyelectrolyte brushes,”®*"°® but the addition
of salt complicates an analysis of their conformation.

Salt contributes more ions to the brush in addition to those
already there. Given the accepted definition of counterion in
colloid chemistry,®” salt ions with charges opposite to those of
the polymer chain can also act as counterions. However, when
considering chemical equilibrium, there is an important
difference, because, by adding salt, some ‘“native” counterions
may be displaced from the brush, which may in turn cause the
polyelectrolyte to become more charged. At low salt concentrations,
chains do become more ionized and this results in an increase
in brush swelling.®® Here, each chain can be considered as a
series of blobs of a Debye length in size. Within each blob the
chain exhibits salt-free behaviour, but on larger length scales
the chains are extended to counter the addition of salt, causing

Soft Matter, 2022, 18, 2500-2511 | 2503
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Fig. 2 Osmotic brushes (top) retain counterions within the brush whereas
Pincus brushes (bottom) do not, but have a layer of counterions above the
brush.

an osmotic swelling. This behaviour has been given a fuller
theoretical foundation based on self-consistent field theory.®®
These brushes are referred to as osmotic brushes, but for
brushes with reduced grafting density (or less charge) osmotic
effects are reduced and the brush is often referred to as a Pincus
brush (Fig. 2).

For Pincus brushes, the shielding increases with increasing
ion concentration, which acts to reduce the osmotic pressure in
the brush and cause a concomitant reduction in thickness.”*”*

At large ionic strength, the shielding of charges is such that
excluded volume interactions dominate electrostatic behaviour.
This is known as the quasi-neutral brush regime because the
presence of charges is irrelevant to the polymer conformation.
Experimentally, there are examples of abrupt brush collapse at salt
concentrations approaching 1 M.”>”7® Other experiments present
data that show a more gradual decline in brush thickness over two
orders of magnitude of increasing salt concentration,”””*® again
up to 1 M salt. With these conflicting results, it is only possible to
assert that weak polyelectrolyte brushes tend to have a collapsed
structure at high salt concentrations.

Osmotic brushes have been proposed to grow with ionic
strength as I'*,°® but experimental support for this prediction
is limited” with other studies offering a power law exponent of
0.1 or less.”>”>7>777:7%80 The origin of this small exponent is not
clear and is likely to depend on several factors. For example, the
behaviour may be restricted to a limited range of salt concen-
tration, which makes an accurate assessment of power law or
other behaviour difficult. Furthermore, brush swelling and
collapse are known to depend on the nature of the salt used.
While experiments on PMAA showed qualitatively the same
behaviour for different salt cations,®® different polycations exhib-
ited different behaviours when the anions were varied.”®%">
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Fig. 3 Brush conformation as a function of pH for a PDEAEMA brush as
obtained using neutron reflectometry.®® The dry brush is 13 nm thick. The
silicon substrate is equivalent to a volume fraction of 0.74.

In the polycation studies brush collapse was more pronounced
for chaotropic ions.

Although brush conformation as a function of pH is
expected to exhibit a monotonic increase in thickness as the
polymers become more solvated due to increased charging,
experiments show some subtlety in composition-depth profiles
obtained by neutron reflectometry. As an example (Fig. 3),
neutron reflectometry experiments on PDEAEMA®** and
PDMAEMA®® brushes showed unusual composition depth pro-
files, whereby the brush concentration increased with distance
from the substrate. Different explanations have been provided
for this, noting that, in the middle of the film, there is
increased polymer swelling, ie., a reduced polymer volume
fraction. Consequently, there is a greater polymer density both
close to the substrate and towards the solution interface. These
regions of less swelling (greater polymer density) neighbour
either the substrate or the bulk medium, which have fewer
charges and therefore limit chain stretching.®* Alternatively, it
could be considered that the brush contained intrinsic entan-
glements that caused knotting as the brush swells,*>*® rather
like trying to comb greasy hair. This would leave a high density
of brush near the solution interface if swelling were initiated at
the substrate. This explanation was provided for the earlier
measurements of brushes created by ATRP from initiator-
covered wafers,®® but it is not clear that it can explain the
conformation of polymers created from a hydrophobic
macroinitiator.>® It has also been proposed that hydrophobic
interactions caused kinetic trapping of the brush near the
solvent interface.®” Recent experiments on DMAEMA copoly-
merized with a non-polyelectrolyte, 2-(2-methoxyethoxy)ethyl
methacrylate, also show similar concentration profiles,**%° and
the behaviour has even been observed using ellipsometry®® and a
quartz crystal microbalance (QCM)°' for PDMAEMA and PAA
respectively. There have been other attempts to explain the
volume fraction profiles of weak polyelectrolytes, with good
comparison being made between self-consistent field theory®*
and neutron reflectometry experiments.®® These neutron experi-
ments did not reveal pronounced swelling in the middle of the
brush, however. Theoretical work and simulations suggest that
solvent entropy is a factor that needs greater consideration.®**

This journal is © The Royal Society of Chemistry 2022
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Other experiments of PDMAEMA concentration profiles
have also shown non-monotonic behaviour that may be related
to the measurements described above. Certainly, a strong
adsorption of the brush at the substrate is noted,”® which is
common to other measurements.®** (This strong adsorption
may be electrostatic as it is present on sapphire surfaces at
pH 9, but not at pH 3,°° which straddle the substrate isoelectric
point.””) Given that, the conformation of weak polyelectrolyte
brushes as a function of pH is not fully understood, a full
understanding of the effects of salt is still some way off.

Electric fields

First experiments on PDMAEMA brushes showed that an electric
field applied perpendicular to the brush could control its
thickness.”® When a positive voltage was applied to the substrate
(relative to the aqueous medium above the brush), brushes were
swollen. This potential at the substrate repelled the polycations,
causing swelling. Subsequent experiments using PDEAEMA, but
a different experimental geometry produced similar findings
(Fig. 4).°® In this case the data were interpreted as showing that
the electric field effectively changed the pH, which is reasonable,
although it is to be anticipated that the removal of the electro-
neutrality requirement in an electric field may cause additional
effects such as a conformational phase separation of the
brushes,'® a phenomenon that is expected to increase with
grafting density."*"

The behaviour of weak polyelectrolyte brushes in electric
fields is sensitive to different parameters, and so comparing
different experiments is rather tricky. It is noted, for example,
that small changes in solution pH have resulted in a significant
difference in the applied potential to bring about conforma-
tional change in PAA brushes.'”'® This was interpreted as
being due to the distance from the pK,,'** but full studies of the
effect of grafting density or chain molar mass are necessary to
be confident of any interpretation.

Biological brushes

Biomacromolecules often have complex architectures, but
sometimes this complexity hides simple phenomena. For example,
the pH-dependent behaviour of Rhodococcus sp. RC291 attached to
a colloidal probe on an AFM cantilever has been successfully

Thickness / nm

60 -
0 1500

3000 3500 4000 4500 5000

Time/s

2000 2500
Fig. 4 The swelling and collapse of a PDEAEMA brush as an applied
voltage across the brush is changed from +5 V (pink) to =5 V (blue). Figure
reproduced with permission from the original article.”® Copyright 2013
American Chemical Society.
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modelled by considering that the extracellular substances act like
a weak polyelectrolyte brush.'®*

Given the insights into biomacromolecules that may arise
from synthetic weak polyelectrolytes, it is worth noting that
hyaluronic acid brushes, for example, have been created that
can be analysed wusing the expected behaviour for
polyelectrolytes,*> but other work has shown that hyaluronic
acid on the surface of chondrocytes is much less tractable to
simple modelling.'”> Nevertheless, hyaluronic acid brushes
have been the subject of numerous studies.'®®™'° It is perhaps
worth noting that the salt dependence of initially swollen
hyaluronic acid brushes was more like that of strong
polyelectrolytes,'®® which may simply reflect the low pK,
(x 3.0) of hyaluronic acid.""" Biomacromolecular weak poly-
electrolyte brushes are not restricted to polysaccharides, with
one study of a protein brush demonstrating a pH dependence
of height commensurate with a weak polyacid."*> Generally,
however, proteins exhibit more complicated behaviour due to
their polyampholytic nature.'*?

Contact mechanics

Friction and lubrication. The hydrated nature of swollen
polymer brushes conveys remarkable properties of lubrication,
with polyelectrolytes well known for this quality. The first
demonstration of polyelectrolyte lubrication was for a strong
polyelectrolyte,'™* and the best results have been for polyzwit-
terionic brushes."'>''® In many circumstances it is not
important which is used as the important point is the hydration
of the layer. However, under compression and shear stress,
weak polyelectrolytes will not retain their charge so effectively.
Nevertheless, weak polyelectrolytes do have lubrication
qualities controlled by pH or the addition of salt, whereas
lubrication in strong polyelectrolytes depends on the nature
of the counterions.""”

Friction is an energy loss process when two surfaces move
relative to each other. Its description is largely attributed to da
Vinci, but it was formalized at the end of the seventeenth
century, some 200 years later, by Amontons."'® This is the
well-known law that the force due to friction is linearly
proportional to the load applied. Limitations are shown on
the nanoscale where Amontons’ law needs to be supplemented
by terms that are dependent upon the contact area.''® Such
area-dependent behaviour is readily tested for brushes in
contact with a nanoscale asperity such as an AFM tip. Here,
the frictional force is the sum of a load dependent term and a
shear term. This area dependence is not visible in the load
dependent term because the contact area scales with load.
The shear term includes, for example, lateral forces and so
effectively describes deviations from Amontons’ law.

For weak polyelectrolytes, there is a variation across pH,
which provides information about the mechanical properties of
the brush. The brush may be analysed in terms of Amontons’
law, or alternatively a formalized contact mechanics approach
may be used. If the interaction is soft and elastically deformable,
the JKR (Johnson-Kendall-Roberts) approach'*" is used, whereas
for more rigid or stiff interactions, an approach based on DMT
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Fig. 5 The adhesion of a PDMAEMA brush to a silicon nitride AFM tip as
received or coated with mercaptoundecanoic acid (MUA), dodecanethiol
(DDT), or gold. This is the maximum pull-off force as the AFM tip retracts
from the brush. The figure is taken from the original article,**® and is
reproduced under a CC BY 3.0 licence.

(Derjaguin-Muller-Toporov) theory'** is required. Both models

have their origin in Hertzian mechanics'** corrected for adhesion
and can be seen as limiting behaviours, which may be unified."**

In intermediate pH solutions, a PDMAEMA brush has a soft
elastic contact with AFM tips coated with hydrophobic and
hydrophilic monolayers (Fig. 5)."*° These experiments were
performed using a form of scanning force microscopy known
as friction force microscopy.'*™'*” The extremes of pH are
harder to predict, with mercaptoundecanoic acid-coated tips
exhibiting elastic behaviour in contact with the brush over 3 <
pH < 11, but the PDMAEMA brush presents a stiffer inter-
action (DMT behaviour) in contact with a dodecanethiol-coated
tip at low pH. Furthermore, a gold-coated tip increasingly
exhibits DMT behaviour with added salt, the concentration
dependence of which is different for different anions.®! At the
extremes of pH (1, 2, and 12), these PDMAEMA brushes obey
Amontons’ law.

Other experiments have shown a linear relationship between
force and applied load for gold coated colloidal probes of 10 pm
nominal diameter."*® Such discrepancies show the importance
of geometry and length scale in measuring friction.

The FFM approach to friction is consistent with an adhesion-
based approach where Hertzian (non-adhesive) contact mechanics
is equivalent to Amontons’ behaviour once a correction'?>'3° is
made for the multiple asperities that are important for the linear
relationship between force and load predicted by Amontons. The
shear term of the friction behaviour is mirrored by adhesive terms,
which are dependent upon the elasticity of the layer."**

Mechanical properties

Little work has been done to understand the mechanical
properties of weak polyelectrolyte brushes partly because of
their perceived inaccessibility to experimental investigation
and partly because there is little work on the mechanical
properties of polymer brushes in general. The mechanical
properties of a polymer film are largely dominated by its
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substrate, and it is difficult to find any application of these
brushes whereby the properties of the film are separate from
those of the substrate. However, it can often be necessary for
the mechanical properties of the film to match the substrate,
especially when the substrate itself is soft, e.g., for bioengineering
applications.*"'%?

The most important mechanical property that may be
measured is an elastic modulus, which is obtained using
indentation tests. Measurements using an AFM are possible,
but determining the area of contact is challenging, although for
non-adhesive contacts and relatively thick films, a methodology
is available."*® Measurements on thin films (~50 nm) of
poly[(aminopropyl)siloxane], a weak polyelectrolyte,’** have
been performed by interfacial force microscopy (a form of
nanoindentation), assuming a non-adhesive contact.'®> These
measurements have all been performed in dry conditions, and
so do not test the responsive (pH-dependent) properties of
the brush.

Assessing the mechanical properties of brushes is intrinsically
difficult because they are determined by perturbing the film,
which is complicated by the film often being a similar thickness
to the depth of any indentation. In such cases the substrate
contributes to the measured modulus, causing an overestimation
of the modulus for substrates harder than the film and under-
estimating it for relatively soft substrates. This problem was
exemplified by work considering the mechanical properties of
PAA brushes using a colloidal probe technique."*® Here, without
substrate correction, a PAA brush in mildly acidic conditions
(pH 4.0) had a greater (Young’s) modulus than at neutral pH.
With correction, the behaviour was inverted, with the PAA brush
modulus increasing from ~200 Pa at pH 4.0 to ~1.1 kPa at pH
7.4. Consequently, this highly hydrated brush has much greater
incompressibility than that at pH 4, which is supported by earlier
QCM measurements."’

Experiments in which charged brushes have a smaller
modulus than neutral brushes have been reported for both a
polycation and polyanion, where a surface forces apparatus was
used."*® Here, similar brushes were brought into contact,
and the compression was measured. In this case very large
compressibility moduli of up to 40 MPa were obtained, which is
a surprising result. Also, that the charged brush had the lower
modulus, while again surprising, is not inconsistent with the
recognition that elasticity can vary at the extremes of pH,
depending on how the system is measured.'*>"*° It is therefore
unwise to declare that the modulus of such nanoscale systems
is solely dependent upon pH, because it is also dependent on the
experimental geometry of the measurement being performed.

Actuation

The pH-dependent conformational transition of weak polyelec-
trolytes lends them well to applications as nanoactuators. After
all, a chain that can change from being collapsed to swollen can
do mechanical work. This is not a new subject and it is not
restricted to polyelectrolytes,"*® but weak polyelectrolytes are
attractive candidate materials for exploiting such behaviour.
The response of polyelectrolyte brushes to changes in pH is

This journal is © The Royal Society of Chemistry 2022
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usually not rapid, but it can be made to occur on the time scale
of a few minutes."*!

An appealing and simple demonstration of the capacity of
weak polyelectrolyte brushes to actuate is by placing them in an
oscillatory chemical reaction.'*> Here a chemical reaction
occurs away from equilibrium, where the products of one
reaction produce reactants for the reverse process. When this
occurs in a redox system, protons are produced and consumed,
realizing pH-oscillatory behaviour. This has been demonstrated
for PAA brushes by QCM."*” Oscillatory chemical reactions can
be put into reverse by a process of mechanotransduction. Here,
work is done on the brushes to cause a chemical effect. Some
work has been done on strong polyelectrolytes,***™*° but this
subject has remained largely dormant in recent years.

By charging or neutralizing a brush-coated surface, it is
possible to control electrochemical behaviour at that surface.'*®
A charged PMAA brush has been shown to attract redox probes,"*’
which is a route for electron transfer. This feature can be removed
by lowering pH.

The actuating possibilities of weak polyelectrolyte brushes
were postulated as giving them a significant role as compo-
nents in a “molecular toolbox for soft nanotechnology”.'” The
realization of this vision has (at least thus far) failed and it is
worth speculating why. Polyelectrolyte brushes are nanoscale
objects and therefore need to be addressed at the nanoscale.
They need to be carefully grown using rather routine synthetic
techniques, for which experiments at scale have not been
performed. The work that a single polymer chain has been
shown to produce during a collapse and expansion cycle is of the
order of 2 eV,**® which limits potential applications. Nevertheless,
it is still possible that early promise of polyelectrolyte brushes for
adhesion could still be fulfilled and furthermore, responsive
polymers have significant applications in biosensing."**'*°

Adhesion

Different categories of adhesives include structural adhesives,">"
including, for example, epoxies or cyanoacrylates, for high-load
applications and pressure-sensitive adhesives,"”>"** where a
high density of van der Waals interactions gives sufficient
strength for temporary and low-load bonds. Coulombic inter-
actions are not commercially important in adhesives, but
charged polymers have two important advantages. They are
predominantly water-based and furthermore, they are environ-
mentally controllable.

Water-based adhesion of soft materials had historically been
rather difficult to quantify,">* but these problems have been
addressed in recent years and experiments are now quite
tractable."®>™** The first experiments showed that a polycationic
brush would adhere to a polyanion (PMAA) hydrogel in water
and that, when the pH was reduced, the adhesion would fail.'*®
Deductive reasoning using contact mechanics experiments with
oppositely charged polyelectrolyte brushes suggests that this
adhesion was dominated by electrostatic forces.'*® These forces
are so strong that their failure in water is cohesive, i.e. one of the
components fractures rather than the adhesive interface itself."®
However, replacing the PMAA gel with a double-network
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hydrogel created a robust system that could continuously be
attached and detached in water without switching pH."*°

Other attempts to use brushes for adhesive applications
have used different bonding. The pH-dependent adhesion of
PAA with poly(N,N-dimethylacrylamide) (PDMAc) hydrogels was
attributed to hydrogen bonding. Electrostatic interactions are
readily eliminated since PDMAc is not a polybase even if it often
exhibits pH dependent behaviour.'®® Reversible adhesion has
been shown to also work with strong polyelectrolyte'® and
polyzwitterionic'®" brushes, but in these cases debonding was
achieved by the addition of salt, a method that works equally
well for weak polyelectrolyte brushes."®>

Adhesion between the PAA brush and the PDMAc hydrogel
fails with increasing pH because as the polyanion becomes
charged it loses its H-bond donor. This system therefore
showed significant adhesion only at low pH (~2).">” PMAA
adheres to PDMAEMA only in the neutral pH region (~7),"*°
and its failure at the extremes of pH mean that hydrogen
bonding cannot explain the adhesion and so it can be con-
cluded that this system adheres electrostatically. The electro-
static adhesion between PMAA and PDMAEMA'® (and PMAA
and PDEAEMA"®®) is a little greater than the hydrogen bonding
between PAA and PDMAc,"”” which probably reflects water
competing for hydrogen bonding sites in the latter case.

The challenges of making progress with polyelectrolyte
adhesion using brushes are significant. The adhesion is likely
to be strong and robust, at least where electrostatic bonding
dominates but the synthesis of brushes from surfaces is not
appealing to the end-user. Pre-synthesized polymers that will
self-assemble to form a brush layer is one approach that could be
useful,®® but the efficient self-organization of a polyelectrolyte
brush is not an easy challenge. The ability to make these adhesive
layers detach is appealing because of the opportunities it opens in
recycling technologies.'®® However, the equilibration time of
solutions required to change the pH has been prohibitively large
thus far,"**"*” although technologies can be improved."® Repla-
cing the hydrogel with another brush layer could improve equili-
bration speed, as might patterning the surface to create channels
to expedite solvent flow.

Bioadhesion

Polyelectrolytes have possibilities for interacting with biological
cells, and their responsive nature allows adhesion and repul-
sion to be tuned depending on the local environment. As a rule,
polyanions such as PAA and PMAA have reasonably good
biocompatibility whereas polycations are more likely to be
cytotoxic. Nevertheless, both have advantages in biological
applications. PMAA is hydrophobic at low pH and can under
such conditions attach to a target, with an increase in pH
allowing, for example, the release of a cargo.’®® Conversely,
because bacterial surfaces are typically negatively charged,
polycations can readily attach to them. PDMAEMA does have
the capacity to damage organisms,'®® which may help in
biofouling applications, but an important use may well be for
the delivery of molecules to a target. PDMAEMA-grafted nano-
particles have been shown to deliver a cargo of indocyanine
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Fig. 6 Live (green)—-dead (red) staining of P. gingivalis. When PDMAEMA-
grafted nanoparticles (NPs) are present there is no significant change
from the control experiment. This is also the case in the presence of
ICG or ICG-loaded nanoparticles. Cells are killed if ICG is present and laser
(L) irradiated. However, the effectiveness of this is at its greatest when the
ICG is loaded in the nanoparticles, which attach to the bacteria. The figure

is taken from the original article,**®

4.0 licence.

and is reproduced under a CC BY

green (ICG, a molecule used for phototherapy applications) to
kill a pathogen, Porphyromonas gingivalis (Fig. 6)."°°

Although charge is a useful means of interacting with organ-
isms, pH can be used with weak polyelectrolytes to turn on and
off adhesion. This phenomenon has been used with Staphylo-
coccus epidermis deposited on uncharged PAA brushes.'®” When
the pH is increased, the charged PAA rejects the bacteria from
the surface. The challenge in these experiments is to ensure that
sufficient conformational change is possible in environments
with high salt concentrations. Currently the use of temperature-
responsive polymer brushes (not without their own problems)
seems more appropriate for such purposes.'®®

Bacteria are straightforward organisms for adhesion to
polyelectrolyte brushes because they can be treated as
negatively charged colloids. Eukaryotic cells are much more
complex and the range of interactions that dictate their beha-
viour in contact with cationic and anionic weak polyelectrolyte
brushes has been shown to be difficult to unravel.'®®
Nevertheless here PAA brushes were shown to be adherent
to keratinocyte cells which shows that weak polyelectrolytes
may have some utility in their interactions with mammalian
cells.

Bottlebrushes

The bottlebrush polymer geometry is a new area in which
significant interest is being shown. These are essentially
molecular brushes, because chains are grafted from a backbone
rather like the comb geometry, although significantly more
densely.””®"" They have structural similarities to articular
biopolymers such as lubricin'”®> or aggrecan,'”>'’* which
have impressive lubrication and load-bearing properties.
Bottlebrushes are not easy to graft from a surface and experiments
are currently dominated by polymers grafted to the surface. Work
on charged polymers is largely focussed on polyzwitterions, because
of their highly lubricious nature.'’”>'’® Surface-grafted weak
polyelectrolyte bottlebrushes are less studied but are likely to have
interesting properties that are expected to be developed in the
coming years.
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3 Conclusions and outlook

Over the past decade there has been a significant amount of
work developing polyelectrolyte brushes in areas of adhesion
and lubrication. It is likely that much of this will continue, but
the lack of new developments in actuation has been noticeable,
despite early enthusiasm at the turn of the millennium. It is
likely that future focus will lie in the interaction of poly-
electrolyte brushes with biological materials and the further
development of new geometries, such as bottlebrushes.
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