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Mixed polymer brushes (MPBs) consist of a combination of two or more disparate polymers with one
end tethered to an interface by covalent bond and the other end stretched into the surroundings.
Owing to the morphologies of the phase separation of these MPBs, they have been widely studied as
“responsive polymers” as they belong to the category of polymer brushes having the ability to undergo
chemical and conformational changes in response to external stimuli. The resulting assembly presents
an exceptional opportunity to precisely control the adsorption and desorption of protein by regulating
the surrounding environment, brush thickness, density, chemistry, and architecture. This precise control
over adsorption and desorption of protein makes responsive polymers very useful in many applications
Received 30th October 2023, including drug delivery, wound repairing scaffolds, antifouling surfaces, and many other biomedical and
Accepted 16th January 2024 biotechnological fields. In this review, the intention is to describe the state of the art of MPBs, different
DOI: 10.1039/d3ma00935a synthetic techniques, morphologies, interaction with protein molecules, and responsiveness over
surrounding environment. Finally, the novel applications of MPBs and their current limitations with
rsc.li/materials-advances possible solutions for upcoming studies are discussed briefly.

1. Introduction

Proteins play a very vital role in biomaterial sciences. They
interact with interfaces of many biomaterial surfaces, especially
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instantaneously and uncontrollably adsorb on the surface of
the device.” The adsorption of proteins is necessary for drug
delivery devices, immunological tests, and the integration of
prostheses.®® However, in the case of bioimplants, assay plat-
forms, and protein chips, it leads to failure.'®'" The immediate
adsorption of proteins also occurs on the interfaces of agri-
cultural, biotechnological, and industrial devices, leading
to the degradation of materials and eventually failure.”'**?
Therefore, there is a demand for some simple, inexpensive
assembly to modify the surfaces for the controlled adsorption
of proteins, and many researchers have risen to this challenge.

Over the past few decades, polymer brushes have gained
much attention due to their unique structure, easy synthesis by
controllable polymerization techniques, and their fabrication.
In order to improve the efficiency of biomaterials, polymer
brushes are one of the promising candidates to control the
adsorption of proteins."*™*® Among all the polymer brushes,
stimuli responsive polymer brushes are extensively studied due to
their unique behavior under specific environments. At present,
the most widely used stimuli responsive polymers have properties
of one or more stimuli responsiveness such as pH,"”'®
temperature,'®*® magnetic field,>*> ionic strength,>® and
light.>* Protein adsorption and desorption by polymer brushes
is a very complicated process and is normally controlled by
many factors including hydrophilicity and hydrophobicity of
the polymers, surface roughness, and potential, other than the
external parameters like temperature, pH, ionic strength, and
magnetic field.>*>” Among all the external parameters, pH- and
temperature-responsive polymer brushes are studied exten-
sively because of their ease of regulation.
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In the pH-responsive polymer brushes, the dispersion and
aggregation can be controlled by changing the pH of the
environment and confirmation of the protein particles. The
adsorption and desorption of proteins could also be controlled
by controlling the pH of the medium, which makes it possible to
control the separation of proteins.”®*° Similarly, temperature-
responsive polymers are investigated as potential temperature
sensors owing to the alterations in size and configuration of the
polymer in response to the temperature of the surrounding
medium.*® These polymers play a crucial rule in regulating the
adsorption and desorption of proteins as they interact with
proteins through their hydrophobic properties.

The field of responsiveness increases with the design of
polymer brushes composed of two different chemical species.
This involves polymers containing chemically different side
chains, di-block copolymers, and mixed polymer brushes
(MPBs) where two or more different polymers are grafted on
the side. Merging chemically different polymers having different
characteristics and different responsive behavior in different
environmental conditions provides an enormous combination
to design specific assemblies for particular applications. A few
examples contain the MPBs that are switchable between fouling
and anti-fouling by changing the pH of the environment.*'*
Mixed polymer brushes are comprised of two (binary polymer
brushes) or three (tertiary polymer brushes) chemically different
polymers randomly tethered on the interfaces by a covalent bond
(Fig. 1). This covalent bond allows phase segregation and pre-
vents the brushes from de-wetting in contrast to the polymer
blend or deposition of polymers from the solution.***®* MPBs
could be used as an effective candidate for the fabrication of
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Fig. 1 Stimuli responsive behavior of (a) homo polymer brushes and (b) binary polymer brushes. Architecture of (c) binary polymer brushes and (d)

tertiary polymer brushes.
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smart interfaces with tunable properties for many different
purposes including protein adsorption and desorption,*”° drug
release,*® and nanomotors.*!

This review article focuses mainly on the state of the art of
responsive polymer brushes that are able to switch on/off their
properties under different environments. The following sections
describe the different synthetic schemes to synthesize different
polymers with controlled features and current techniques to
fabricate polymer brushes. Then this article will summarize
the responsive properties of different polymers against different
external stimuli. In this article, we will primarily focus on the
protein adsorption and desorption properties of mixed polymer
brushes. Finally, this review article will end with the perspective
of existing challenges and provide an overview of the future
paths in the field of responsive polymer brushes.

2. Design and fabrication of responsive
polymer brushes

To date, there are many well-known and well-recognized tech-
niques to prepare polymer brushes. All of them have their pros
and cons and for a broader review, we suggest the reader to
more exhaustive reviews.*>*® Generally, there are three techni-
ques to prepare the polymer brushes including ‘‘polymer
adsorption”, “grafting to”’, and “‘grafting from”. The schematic
illustrations of all these techniques are shown in Fig. 2. The
overview of different grafting techniques used for the fabrica-
tion of different polymer brushes are shown in Table 1.
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Fig. 2 (a) Schematic illustration of different grafting techniques, (b) stepwise
shaped di-block copolymer, (d) stepwise “grafting from” technique via s
initiators, (e) “grafting from” technique via surface-initiated reversible-deacti
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2.1. Polymer adsorption technique

Polymer adsorption technique is very simple, classical, and was
the first invented method for the preparation of polymer
brushes. In this strategy, a di- block copolymer is required
whose one side of the chain is adsorbed on the surface of the
substrate while the other side of the chain is free to move and is
not interacting with the surface.*”*® There are many advan-
tages of this technique, including ease of preparation of a
polymer brush using this technique simply by choosing the
appropriate combination of substrate, solvent, and di-block
copolymer. However, nowadays, this technique is not very
convenient due to several drawbacks. One major drawback of
this technique is that we need a solvent in which both blocks
of copolymer should be completely dissolved; if some block or
part of the block remains undissolved then micelles will be
formed, due to which inhomogeneous adsorption would take
place. Another serious drawback is that in this technique,
polymer brushes with high grafting density cannot be prepared
due to which these polymer brushes cannot be used for many
specific applications including antifouling coating and resis-
tance against protein adsorption.

2.2. “Grafting to” technique

The “grafting to” technique could be performed using two
strategies. The sequential co-deposition of two individual poly-
mers and Y-shaped block copolymer in which the functional
group is attached at the junction of both polymer segments.
The former technique provides the opportunity to adjust the
grafting ratio of both polymers, while in the latter technique,
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“grafting to” technique for homopolymer, (c) “grafting to" technique for Y-
urface-initiated free-radical polymerization (SI-FRP) using non-selective
vation radical polymerization (SI-RDRP) using two disparate co-deposited

initiators, and (f) “grafting from” technique via SI-RDRP using Y-shaped bifunctional initiator.
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Table1l Overview of different grafting techniques used for the fabrication
of different polymer brushes

Polymers combination Substrate Grafting strategy Ref.

PAA/P2VP Si “Grafting to” 51
PEO/PAA gold “Grafting to” 37
PDMS/P2VP Si/ITO “Grafting to” 81
PDMA/EPEI Si “Grafting to” 82
PS/P2VP Si, Silica NP “Grafting to” 50, 83 and 84
PMOXA/PAA Si, glass “Grafting to” 32 and 33
PMOXA/P4VP Si, glass “Grafting to” 85
PS/P4VP silica SI-ATRP, SI-NMP 86
PtBA/PS Silica NP SI-ATRP, SI-NMP  87-90
PHPMA/PREAEMA MSN SI-ATRP, SI-RAFT 40
PMMA/PLLA CNT SI-ATRP, SI-ROP 80
PS/PPhOXA Si SI-ROP, SI-FNMP 79
PNIPAAM/PS Si SI-ATRP, SI-FRP 91
PS/PMMA/P4AVP Si SI-FRP 36
PAA/PS Silica NP SI-ATRP, SI-NMP 92 and 93
PMMA/PS Si, silica SI-ATRP, SI-NMP 94 and 95

the ratio of surface tethered polymers is fixed inherently. Here,
each grafting site confirms the functionalizing of both poly-
mers as well as ensures that both polymers are in close vicinity
on the molecular level.*”*°

In sequential co-deposition method, the order of grafting of
polymers is very important. Minko and coworkers have pre-
pared the polymer brushes of poly styrene (PS)/poly-2-vinyl
pyridine (P2VP) by sequential co-deposition “grafting to”
method. Glycidoxypropyltrimethoxysilane (GPS) was used to
functionalize the silicon surface and its epoxy group undergoes
strong reaction with the carboxy-terminated PS by annealing
protocol at 150 °C. Then, in the second step, the grafting of
carboxy-terminated P2VP was performed by the same mecha-
nism in order to get the binary polymer brushes of PS/P2VP.
The composition of both polymers could be adjusted by chan-
ging the annealing time.>°

Investigation shows that reversing the order of grafting
(grafting of P2VP first and then grafting of PS) leads to only
few fractions of the composition of PS. This is due to the strong
affinity between P2VP and GPC. Sequential co-deposition
method is only useful if the grafting of non-polar polymer
occurred at first and the polar component was grafted later.
Later on, weakly charged binary polymer brushes of poly(acrylic
acid) PAA/P2VP were also prepared by sequential co-deposition
“grafting to” technique.”" This sequential co-deposition process
was enhanced using the solution mixture of two pre-synthesized
polymers. Here, the ratio of the components of both polymers is
adjusted by changing the mass ratio of individual polymers in
the solution. For example, previously, we have synthesized the
solution mixture of poly(acrylic acid)-block-poly(glycidyl metha-
crylate) (PAA-b-PGMA) block copolymer and poly(2-methyl-2-
oxazoline)-random-(glycidyl methacrylate) (PMOXA--GMA) comb
copolymer. Then, the grafting of binary polymer brushes of
PMOXA/PAA was done by spin coating the solution mixture,
followed by an annealing protocol.*>** Except for the glycidox-
ypropyltrimethoxysilane (GPS) and poly(glycidyl methacrylate)
(PGMA) epoxies, there are many other epoxies to tether the
polymers on the surface of the substrate.”>*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Using the “‘grafting to” strategy, click reaction can also be
applied to prepare binary polymer brushes. For example, the
mixed polymer brushes of poly2-methacryloyloxyethyl phos-
phorylcholine (PMPC)/poly 2-methacryloyloxy)ethyl trimethyl-
ammonium chloride (PMETA) were prepared by click reaction.
Here, an adhesive layer of polydopamine (PDA) was coated on
the stainless steel, which acts as the initiating anchoring layer
on the surface. It reacts with the 3-azidopropyl carbonylimida-
zole and ethylene sulfide to produce azide and thiol on the
surface, which react with the zwitterionic PMPC, followed by
cationic PMETA and alkyne-azide click reaction to form the
binary polymer brushes of PMPC/PMETA.>* Moreover, in our
previous research group, we designed PMOXA/PAA coating
using PDA as the adhesive layer. Firstly, silicon/glass substrate
was modified with PDA layer over which sequential grafting of
thiol-terminated PAA (PAA-SH) and amine-terminated PMOXA
(PMOXA-NH,) was applied to form mixed polymer brushes. The
components of the mixed polymer brushes were well modified
by tuning the anchoring time of PAA-SH and PMOXA-NH,. The
selection of these mentioned grafting steps prevents the poly-
mer units from competing with similar grafting sites.'”>> The
mixed polymer brushes could also be fabricated by attaching
the functional group in the middle of two polymer chains. For
instance, di-block copolymer of Y-shaped PS-b-poly(tert-butyl
acylate)(PtBA) was prepared by tri-functional center. The hydro-
xyl group of this tri-functional group reacts with the carboxy
terminated PtBA and PS in a stepwise protection/deprotection
mechanism. The benzoic acid (third functional group) kept the
di-block co-polymers chains anchored on the interface.’*>’
This strategy keeps the same ratio of grafting of both polymers
to 1:1. Both polymer units are chemically interlinked with each
grafting site.

2.3. “Grafting from” technique

“Grafting from” technique is also known as surface-initiated
polymerization (SI-P) and can be utilized to prepare homopoly-
mer and mixed polymer brushes.’®® For this, firstly, a surface
with physically attached or covalently linked monomer is pre-
pared, from which initiation of polymerization occurs. By this
technique, a large degree of polymerization and high grafting
density can be achieved.'® Here, the degree of polydispersity
strongly depends upon the polymerization reaction type. The
“grafting from” approach can be used to fabricate complicated
brush architectures, e.g., di-block copolymer brushes and
branched polymer brushes. Here, we will discuss many SI-P
approaches for the fabrication of polymer brushes. Fig. 2(d-f)
illustrates the SI-P approach for fabricating polymer brushes.
2.3.1. Sequential surface-initiated free radical polymeriza-
tion (SI-FRP). Sequential surface-initiated free radical polymer-
ization (SI-FRP)®! is a very fast and facile approach for the
preparation of homopolymer and mixed polymer brushes
including both binary and tertiary polymer brushes.***> Normally,
an azo-initiator (e.g., 4,4-azobis (4-cyanovaleric acid) (ACVA)) is
used to covalently link with the surface to develop a very dense
layer. Consequently, two SIFRP’s are accomplished on this func-
tionalized surface. Here, the order of grafting is very important.

Mater. Adv,, 2024, 5,1420-1439 | 1423
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For instance, in the fabrication of PS/P2VP mixed polymer
brushes, P2VP should be fabricated followed by the PS, and
the successful grafting of PS/P2VP was ensured by Fourier trans-
form infrared spectroscopy (FTIR).>® The inclusive results were
obtained when reversing the order of grafting (grafting of PS
followed by P2VP). It might be due to the strong infinity of P2VP
toward the substrate surface. Tertiary polymer brushes have also
been fabricated by this polymerization technique, e.g. successful
grafting of PMMA/PS/P2VP was performed by SI-FRP using ACVA-
functionalized substrate surface.*®

Although this technique is very versatile for the fabrication
of polymer, still there are many disadvantages of this approach:
(1) for the fabrication of binary mixed polymer brushes, both
polymerization reactions use the same initiator. After the
grating of the first polymer, there is no or very less initiator
left over for the fabrication of the second polymer. Therefore,
precise control over the ratio is not easy.®” (2) Chain length and
brush architecture are difficult to control due to the termina-
tion reaction and many side reactions.®?

2.3.2. Sequential surface-initiated reversible deactivation
radical polymerization (SI-RDRP). Due to the limitations of
SI-FRP, researchers move toward SI-RDRP. It is also called
controlled radical polymerization (CRP). In this method, it is
easy to control the chain length as well as brush architecture
due to the reversible activation and deactivation of a functional
chain. By choosing and presenting the two different initiators
on the surface, sequential grafting could be performed without
disturbing the other respective initiators. Co-deposition and
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Fig. 3 (a) Synthesis of polymer-multilayered gold nanoparticles (AuNP) via
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Y-shaped functional polymer brushes could be obtained by
this technique, as shown in Fig. 2(e and f). The combination
of surface-initiated including atom transfer radical polymeriza-
tion (ATRP), fragmentation chain transfer polymerization
(RAFT), nitroxide-mediated polymerization (NMP), and photo-
iniferter-mediated polymerization (PIMP) are the most com-
monly investigated sequential SI-RDRP approaches®* (Fig. 3).
In ATRP, a high degree of impurity could be tolerated, espe-
cially small oxygen contents, which could be removed by the
oxidation process of ATRP catalyst.

In many laboratories, ATRP could also be accessible for
commercially available ready-to-use chemicals. Sometimes, it
is difficult to polymerize monomers such as pyridine or acidic
monomers because, due to the usage of a metal catalyst,
monomers could react or form complex with metal catalysts.
Nevertheless, Matyjaszewski and coworkers®® have described a
direct polymerization of methacrylic acid using a mixture of
electrochemically mediated ATRP, reducing agent ATRP, and
supplemental activator, which gives high yields using nontoxic
and inexpensive chemicals. Many other methods such as
activator (re)generated by electron transfer and initiator for
continuous activator regeneration have been used to decrease
the concentration of the copper catalyst that is needed for
polymerization.®®

Other than ATRP, RAFT polymerization uses a chain transfer
agent (RAFT agent), e.g., in the form of a thiocarbonylthio
compound, in order to control the polymerization process. This
approach is very simple and flexible. However, only a few types

(b) oo

g Electrochemistry 3 3

PA

SI-ATRP. (Reproduced from ref. 72 with permission from American Chemical

Society, copyright [2018]). (b) SI-RAFT polymerization for the synthesis of PVK HTL on ITO substate. (Reproduced from ref. 73 with permission from Royal

Society of Chemistry, copyright [2013]). (c) Synthesis of multifunctional pa

tterned PS and PA polymer brushes via a combination of pCC and SI-NMP.

(Reproduced from ref. 74 with permission from American Chemical Society, copyright [2014]).
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of chain transfer agents are available commercially and their
synthesis contains multiple steps.®”

Huang and coworkers®® prepared Y-shaped bifunctional
surface-initiator containing a RAFT chain transfer agent (CTA)
moiety and an ATRP initiator on one grafting site. The Y-shaped
initiators were anchored on aminopropyl dimethylethoxysilane
(APDES)-modified mesoporous silica nanoparticles (MSNs).
Poly(N-(2-hydroxypropyl)methacrylamide) (PHPMA) was poly-
merized using SI-RAFT, followed by washing for the removal
of physiosorbed polymers. Thereafter, the second polymer
poly(2-diethylaminoethyl methacrylate) (PDEAEMA) was grafted
by SI-ATRP. Here, both free RAFT (CTA) and sacrificial ATRP
initiators were added to the reaction solution in order to get the
estimated molar mass. NMP technique uses nitroxide radicals
and works based on the reversible activation and deactivation
of growing polymer chains. This process does not involve any
catalyst, which makes the process of purification more simple
and decreases the chance of impurity involvement.®® This
technique is especially useful for some applications that are
very sensitive to catalysts in RAFT and ATRP. The additional
synthesis of surface-reactive NMP initiator is required due to
unavailability in the commercial market. In this technique,
polymerization occurs at a high temperature (at which thiol-
gold bond breaks); therefore, it limits the range of surface
monomers.®® SI-PIMP involves the use of iniferters, which
perform the role of initiators, transfer agents, and terminators.
PIMP is more useful due to its synthetic ease, requiring only a
few reaction components and proceeding by simple UV irradia-
tion. It also presents a flexible route to synthesize 2D and 3D
micro-structured polymer brushes without any limitations.”
However, for photosensitive monomers and surfaces, SI-PIMP
is difficult to apply.

It is worthwhile to keep in mind that although both SI-ATRP
and SI-NMP can be successfully accomplished without the
removal of ATRP chain ends, the extension of ATRP initiators
during the SI-NMP step has been observed. Therefore, chain-
end deactivation (via chain-end removal) is necessary for both
sequential SI-RAFT/SI-ATRP and SI-ATRP/SI-NMP to prevent
possible chain extension of the first polymer brush during
the second polymerization.*>”" For instance, RAFT chain ends
could be removed using radical reaction with ACVA, and ATRP
chain ends can be de-halogenated using tri-n-butyltin hydride
(n-BuszSnH) or via light source as an external trigger.

2.3.3. Orthogonal SI-RDRP and surface-initiated ring-
opening polymerization (SI-ROP). Synthetic techniques based
on two orthogonal polymerizations give us an effective way to
assemble MPBs. For instance, the combination of ring-opening
polymerization (SI-ROP) and SI-RDRP attracts great attention
due to the reactivity of the specific monomer. This orthogonal
technique is more useful in solution polymerization and also
helpful to polymerize either chain end selectively as a function
of an external trigger.”>”® A recent study also illustrates how
it is possible to reversibly tune between multiple methods.
Nevertheless, for MPB fabrication, only a few studies are found
in the literature that also discuss this orthogonal technique.””"”®
Brittain and coworkers’® illustrated a one-step one-pot synthesis

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of binary MPBs using the combination of surface-initiated living
cationic ring-opening polymerization (SI-CROP) and SI-NMP. A
vinyl monomer and styrene were polymerized via SI-NMP and a
cyclic monomer 2-phenyl-2-oxazoline (PhOXA) was polymerized
via SI-CROP, simultaneously. The effective growth of both poly-
mers was seen using attenuated total reflection FTIR (ATR-FTIR).
A surface tunable behavior was verified after treatment with
methanol (selective solvent for PPhOXA) and cyclohexane (selec-
tive solvent for PS) and by tensiometer and X-ray photoelectron
spectrometry (XPS). Moreover, one-pot synthesis containing the
combination of SI-ROP and SI-ATRP was stated to fabricate MPB
on carbon nanotubes (CNTs).*° ATRP and ROP surface initiators
were tethered onto multi-walled carbon nanotubes (MWNTS)
using [4+2] Diels-Alder cycloaddition reactions. Then, PMMA or
PS was grown via SI-ATRP and poly(l-lactic acid) (PLLA) and
poly(caprolactone) (PCL) was synthesized via SI-ROP.

3. Types of stimuli responsive polymer
brushes

Stimuli responsive polymers have the capability to respond
under some external stimulus, e.g., ionic strength, temperature,
light, pH, electric charge, and salt from the surrounding
environment, and undergo an observable change in the surface
properties like color, wettability, and protein adsorption/
desorption properties.”®*°® Among the different triggers, pH,
ionic strength, temperature, and solvent have attracted a great
deal of attention in the last several years due to their interesting
applications. While some triggers, like light and electricity
responsive polymers, attract less attention they have already
been shown to have a significant degree of potential. In this
section, we will examine in detail the most commonly used
triggers. Examples of responsive polymers based on the trigger
used are shown in Table 2.

3.1. pH responsive polymer brushes

Among the responsive polymers, weak polyelectrolyte polymers
especially polyacrylic acid (PAA), poly(methyl methacrylic acid)
(PMAA), and polyvinyl pyridine (P4VP) polymer brushes are
highly investigated due to their rapid response against pH and
ionic strength of the external environment® (Fig. 4). Because
charge density on these polymer brushes strongly depends
upon the solution pH, therefore, the polymer brush’s thickness
rapidly increases up to 4-folds by changing the environment
from low pH to high pH conditions. The swelling of the
polymer brushes strongly depends upon the polymer density
and brush architecture. At low pH, the PMAA polymers collapse
and form a rigid film, which leads to a low microbalance
resonator.'® Klok and coworkers'®* showed that the pK, of
the PMAA depends upon the density of the grafting by compar-
ing a thin PMAA brush having a thickness of 15 nm with low
and high density covered polymer surfaces. By increasing the
grafting density, the dissociation degree of PMAA brushes is
reduced, which results in changes in the pK, value.
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Table 2 Examples of responsive polymers and compounds based on the trigger used

Polymers/compounds Trigger type Ref.

Poly(acrylic acid)s pPH 15, 32, 102 and 128-131
Poly(methacrylic acid)s pH 101 and 132
Poly(4-Vinyl pyridine) pH 85, 107 and 133
Poly(N-isopropylacrylamide)s Temperature 134-139

Poly(4-vinyl pyridine) Temperature 140

Poly(sulfobetaine acrylamide) Salt 120 and 123
Poly(sulfobetaine methacrylate) Salt 141-143
Poly(sulfobetaine methacrylamide) Salt 121 and 144
Poly(methyl methacrylate)-polystyrene Solvent 71, 127 and 145
Polystyrene-poly(2-vinylpyridine) Solvent 127 and 146
Poly(ferrocenylsilane)-poly (N-isopropylacrylamide) Voltage 147-150
Poly(2-(methacryloyloxy)ethyl ferrocene carboxylate) Voltage 151

Ferrocene functional polymethacrylate Voltage 152
6-Nitroveratryloxycarbonyl Light 153
Poly(4,5-dimethoxy-2-nitrobenzyl methacrylate) Light 154

Azo polymers Light 155-157
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Fig. 4 Typical response of QCM chips modified with 11 mm thick PMAA brush upon exposure to buffer solution with different pH values. (Reproduced
from ref. 101 with permission from American Chemical Society, copyright [2011]). (b) Swelling and deswelling of PS-b-PAA polymer brush upon pH
trigger. (Reproduced from ref. 106 with permission from Royal Society of Chemistry, copyright [2014]). (c) A-diagram of polystyrene particle carrying pH-
responsive poly(4-vinylpyridine) colloidal stabilizer (P4VP-PS particle) and B-schematic illustration of pH-responsive bubbles stabilized with the P4VP-PS
particles. (Reproduced from ref. 107 with permission from Frontiers Media S.A., copyright [2018]).

Similarly, for PAA polymer brushes, in response to different
pH conditions, the characteristics of PAA chains, e.g., thick-
ness, hydrophilicity, and wettability, can be determined by
knowing the ionization degree of carboxyl groups (-COOH).
PAA chains start to shrink when pH values remain below the
pK, of PAA, which is estimated to be about 5. On the other
hand, by increasing the pH (above pK,), carboxyl groups

1426 | Mater. Adv., 2024, 5,1420-1439

dissociate, which induces strong electrostatic repulsions
between charged repeating units that help to swell the PAA
units.**'°? P4VP polymer, which is considered a weak polybase
having pK, values between 4.5-4.7, also attains great attention.
By changing the pH values, PAVP units show stimuli responsive
characteristics due to the protonation of pyridine. By decreas-
ing the pH values below pK,, the protonation of PAVP chains

© 2024 The Author(s). Published by the Royal Society of Chemistry
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occur due to which chains tend to swell and ultimately become
hydrophilic. When pH values are greater than pK,, PAVP chains
becomes collapsed and illustrate hydrophobic behavior due to

deprotonating effect.'®*1%°

3.2. Temperature-responsive polymer brushes

In this category, attention is given to polymers where solvent
quality depends strongly on surrounding environmental tem-
perature. One of the best-studied temperature responsive poly-
mers is poly-N-isopropyl acrylamide (PNIPAAM) %' (Fig. 5). It
swells easily in an aqueous solution at 20 °C and undergoes a
sharp transition above its lower critical solution temperature
(LCST) at 32 °C. Grafted onto solid substrates, PNIPAAM caused
temperature dependent changes in the physicochemical surface
properties toward higher hydrophobicity above the LCST. At the
LCST, a phase transition could be observed. The structure of the
temperature responsive polymer depends upon the grafting
density."'® For instance, at low molecular weight and low graft-
ing densities, an octopus-like micelle formation of end-grafted
PNIPAAM was seen through atomic force microscopy (AFM).'*!
In contrast, PNIPAAM chains collapse, which leads to the
formation of continuous thin films resulting conformational
changes of very thin (dry thickness of 3-24 nm) PNIPPAM
brushes at low grafting densities and molecular weight.'**'*?
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Fig. 5 (a) Change of water drop profile when the temperature was

elevated from 25 °C (left) to 40 °C (right) with water CAs of 63.5° 93.2°,
respectively. (b) Diagram of reversible formation of intermolecular hydro-
gen bonding between PNIPAAM chains and water molecules (left) and
intramolecular hydrogen bonding between C=O and N-H groups in
PNIPAAmM chains (right) below and above the LCST, which is considered
to be the molecular mechanism of the thermally responsive wettability of a
PNIPAAM thin film.*** (c) Schematic swelling effects in a mixed brush
consisting of P2VP and PNIPAAmM. (Reproduced from ref. 114 with permis-
sion from Willey Online Library, copyright [2010]).
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3.3. Salt-responsive polymer brushes

All polyelectrolyte polymers (both strong and weakly charged)
show responsive behavior upon change in ionic strength."*>'*°
At the osmotic brush regime (low ionic strength), polyelectro-
lyte polymers swell to their maximum extend due to maximum
repulsive force between the polymer chains (Fig. 6). Their
degree of swelling depends upon the degree of dissociation of
their functional group. However, in the salted regime (high
ionic strength), ionic interactions are screened, and therefore
polyelectrolyte polymers are de-swelled. Here, the degree of
deswelling depends upon the grafting density rather than the
dissociation degree of the functional group. It is also known
that particle swelling depends on the nature of the anions
present in the solution. Anions like CI™ cause particle deswel-
ling because they strongly compete for the water molecules
hydrating the polymer.""”""'® Delcroix with coworkers'"®
explained the effect of ionic strength of PAA polymer brushes.
At low ionic strength of 107> M, PAA chains swell to their
maximum extend due to the dissociation of carboxylic group,
while PAA chains de-swell by increasing the ionic strength to
10~' M. There are many other examples of salt-responsive
polymer brushes. The zwitterionic polymer brushes also show
responsive nature upon ionic strength trigger."*>'>" Zwitterio-
nic polymer brushes contain both positive and negative moiety.
These oppositely charged agents/moieties interact with each
other at low salt contents and cause the polymer chains to
collapse, while at high salt contents, these moieties interact
with the more salted ions in the aqueous solution, leading to a
higher degree of swelling of polymer chains. The swelling of the
zwitterionic polymer at high salt contents and deswelling at low
ionic strength is also due to the anti-polyelectrolyte effect.'*>

3.4. Solvent-responsive polymer brushes

Some polymer brushes undergo responsive nature under the
explosion of different solvents (Fig. 7). For example, Gupta and
coworkers'>® have designed an immobilization of gold nano-
particles on end-functionalized and solvent-responsive polystyrene
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Fig. 6 (a) Scheme of PAA conformation upon pH and ionic strength
trigger. (Reproduced from ref. 119 with permission from American
Chemical Society, copyright [2013]). (b) Size of AgNPs end-capped using
polysulfabetaines methacrylamide (PSBMAm) in NaCl solutions of various
concentrations. (Reproduced with the permission from ref. 123). (c) Sche-
matic illustration of anti-polyelectrolyte effect. (Reproduced from ref. 124
with permission from American Chemical Society, copyright [2020]).
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brushes, grafted on an underlying substrate. The resulting polys-
tyrene-Au nano assemblies underlying the mechanism of solvent-
induced reversible swelling-deswelling of polystyrene chains.
A dramatic blue shift of 32 nm in the surface resonance band
was observed as the surrounding media of Au immobilized
polystyrene brushes (Au-PS) was changed from air to the toluene.
Similarly, P2VP polymer brushes also show swelling and deswel-
ling behavior by changing the solvent from ethanol to toluene."*®
Another interesting example of solvent-responsive polymer brush
is the fabrication of a phase separation method to move the
CdS nanoparticles reversibly in the perpendicular direction. The
CdS nanoparticles were chemically bonded to polystyrene-b-(poly-
(methyl methacrylate)-co-poly(methacrylic acid) (CdS)) (PS-b-
(PMMA-co-PMAA(CdS))) brushes and could be vertically lowered
into the brush by exposure to toluene, while they were lifted out of
the brush by exposure to ethanol (or acetone). Therefore, the
authors illustrate the possible extension of movement by control-
ling the thickness of the two blocks of polymer brushes."*”

4. Protein interaction

Polymer brushes have attained great attention of researchers
for the manipulation and immobilization of protein due to the
reason that they have enough available volume to bind the
protein molecules on the surface. When a protein molecule
comes in contact with the polymer brush interfaces, the protein
molecule experiences adsorption/desorption due to various
forces including electrostatic interaction (ion exchange), cova-
lent binding, and binding to metal ion complexes.****¢°
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In case of charged polymers like polyelectrolyte polymers,
the major driving forces considered behind the adsorption of
protein are the electrostatic interaction with protein molecules
as well as change in entropy of the system. In order to control
the adsorption and desorption of protein, many factors includ-
ing isoelectric points (IEP) of equal and opposite charged
protein molecules and grafted polymer chains, and applied
environmental conditions could be adjusted precisely.’’ A
recent investigation on the adsorption of model protein mole-
cules on the spherical polyelectrolyte polymer brushes shows
that the amount of counter ions present inside the mono
polymer brush has a tremendous influence on the entropic
driving force behind the protein adsorption mechanism.'®'
Here, the counter ions consist of potassium or sodium ions
in an aqueous solution, which is the main reason for local
charge neutrality in the polyelectrolyte polymer brushes.

Non-charged polymers like poly(N-isopropyl acrylamide)
(PNIPAAM) or poly(ethylene glycol) (PEG), which are soluble
in water, are promising candidates, especially in brush con-
firmation because in these polymer brushes, the molecular
weight and grafting density can be adjusted easily to stop
the primary and secondary protein adsorption due to steric
repulsion.’®® Moreover, these polymer chains interact
with water molecules, leading to the growth of stable water
layers on the brush interfaces, which are also responsible
for resistance against nonspecific protein adsorption.'*?
These polymer coating surfaces with strong resistance against
protein adsorption are very important for application in
the field of blood-containing devices, contact lenses, bioproces-
sing, etc.

’V\f\‘\/‘\/\

PS-b-{PMMA-co-PMAA(CAS))
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b Tr & ¢
A Toluene
Acetone
lethanol
A

(a) Schematic representation of solvent-induced reversible swelling of Au-PS brushes. (Reproduced from ref. 125 with permission from American

Chemical Society, copyright [2008]). (b) Schematic illustration of swelling and deswelling of P2VP chains upon solvent trigger. (Reproduced from ref. 126
with permission from Willey Online Library, copyright [2006]). (c) Proposed Mechanism of motion of integrated CdS nanoparticles by perpendicular
phase Separation of polymer brushes. (Reproduced from ref. 127 with permission from American Chemical Society [2007]).
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4.1. Protein structure and its adsorption mechanism for
polyelectrolyte polymers

Proteins are considered as complex biopolymers. Protein mole-
cules consist of twenty natural amino acids, and even some
extra chains like lipids, phosphates, and oligosaccharides are
added to them after they undergo the translation process.'®®
This exceptional combination of chains, complex structure, and
functional intricacy makes it difficult for researchers to define
the adsorption mechanism of protein molecules.'®® There are
four main types of structure of protein molecules based on
their structure, namely, primary, secondary, tertiary, and qua-
ternary structure. The initial structure consists of a specific
series of 20 L-amino acids that are encoded by DNA. Here, every
unit of amino acids consists of a backbone structure, where R
represents the specific side group structure that describes
its certain functional properties. On this basis, the amino acid
can be further divided into three classes including polar,
nonpolar, and £ charged, in which each type has its own
particular physicochemical properties.'®*

Proteins can be regarded as polyampholytes because they
contain positive and negative charges on their interfaces. Their
behavior in the electrolyte solution as the function of pH was
investigated quite early.'®>'°® Based on the pH of the solution,
protein molecules may either have a negative or positive charge
and are balanced at the isoelectric point. Due to this obvious
fact, a protein molecule interacts very strongly with the linear
polyelectrolyte polymer chains having opposite charges in the
solution. The uptake and release of protein from spherical
polyelectrolyte brush (SPB) containing chains of poly(acrylic
acid) (PAA) interestingly adsorbs protein by maintaining low
salt contents irrespective of the presence of net charge on the
protein units."®” The amount of adsorbed protein units on
polyelectrolyte brushes changes linearly with the concentration
of protein molecules in the solution. Also, it was observed that
by increasing the salt contents, the brush surface becomes
hydrophilic and shows strong resistance against protein
adsorption.'®"%7-'%® In this system, there is steric repulsion
between the brush layer of the SPB and dissolved proteins;
therefore, only a small amount of protein adsorption would
take place. Consequently, it is very easy to release the adsorbed
protein just by increasing the ionic strength to 100 mM.
However, when the protein adsorbs on the surface of polyelec-
trolyte brush surfaces by opposite charge, then there is strong
Coulomb force behind the protein adsorption mechanism. It
has been observed that when protein molecules and polyelec-
trolyte brushes have the same charges, then the protein could
still adsorb on the brush interfaces, which is called as ‘“wrong
side adsorption” of the isoelectric point.'®

Dubin and coworkers'”® illustrated that soluble complexes
are formed at the pH values above the isoelectric point and with
the function of the concentration of salt contents, these pH
values show a distinct maximum. Dubin and coworkers
describe these unexpended results in the presence of positive
charge patches on the interfaces of the protein molecules
beyond the isoelectric point. When the linear polyelectrolyte
polymer chains interact with the protein molecules having the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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same charge, then polyelectrolyte polymer chains are rationa-
lized into the balance of attraction by the patches of positive
charge and repulsion by the overall negative charge of the
protein. Therefore, another mechanism was developed that is based
mainly on the entropy gain in the release of counterions.'”'”> The
major requirement in this mechanism is the presence of positively
charged patches on the surface of protein molecules.'® De Vries
and coworkers'’® explain another theoretical mechanism of the
interaction of protein molecules with the polyelectrolyte brushes.
They explained the mechanism of complex formation based on
polyelectrolyte adsorption on randomly charged surfaces. By alter-
ing the pH and ionic strength of the surrounding environment, the
strength of interaction changes linearly. Furthermore, soluble com-
plexes are expected to form on the “wrong side” by maintaining low
salt contents.

4.2. Influence of polymer surface engineering on protein
adsorption

Interactions of protein and biomaterials, which potentially
impact the cell response, are directly affected by the individual
properties of biomaterial surface and protein.'’*'”® In this
section, we will explain the influence of various physical and
chemical properties of biomaterial surfaces on protein adsorp-
tion and, subsequently, the cell behaviors. Moreover, we will
also describe some recent findings in this field.

4.2.1. Effect of physical properties of polymers on protein
adsorption. In biotechnological and cell engineering, the
study of the effect of polymer’s physical properties (such as
roughness, surface area, size, and shape) is very important for
protein adsorption and the cell responses.'’® In this study, we
will examine the possible role of various physical features of
polymer interfaces on protein adsorption/desorption and cel-
lular responses.

4.2.1.1. The influence of roughness and curvature of polymers
on protein adsorption. Previous studies show that the topogra-
phy of polymer surfaces might affect the behavior of cell
reactions in two ways; either by a direct effect on the cytoske-
leton or indirectly by protein orientation and unfolding."””""®
Investigations also show that the hydrophobicity of the polymer
surfaces increases with increasing surface roughness.'”®'%°
Moreover, it has been seen that when a smooth surface adsorbs
protein, then its roughness values increase, even though the
adsorption of protein on the rough surface blocks valleys
between lumps and causes a decrease in its roughness. More-
over, studies show that for some specific types of cells like
corneal cells, increment in the roughness values of the surfaces
causes irregular spreading of the protein as well as increase in
the migration of cells on the surface."®" Furthermore, Capsular
contracture, the most common delay in a patient, has been
observed to be more likely to form on soft surfaces.'*> From
previous observation, on smooth surfaces, collagen and fibro-
blasts (key players for capsular contracture formation) begin to
build up around the surface. Nevertheless, raising the surface
roughness values causes the cells to arrange around the surface
indiscriminately, which leads to a decrease in the growth of
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fibroblasts and then the random formation of the collagen
matrix.’®* Studies give evidence that the amount of protein
adsorption changes by changing the surface roughness
values.'® Roach and coworkers'®* have examined the effect
of the degree of curvature and type of protein on the adsorption
amount. The results illustrated that by increasing the curvature
size, Fg starts the denaturation, while reducing the curvature
size denatures bovine serum albumin (BSA). Recently, Akkas
and coworkers'® have studied the influence of surface rough-
ness, hydrophilicity, and swelling behavior of polyurethane
(PU) films (or layers) on the adsorption mechanism of BSA. In
this experiment, they used plasma treatment, and the surfaces
were modified with PAA polymer and prepared coatings having
the same hydrophilicity but different roughness values. The
results illustrated that surface roughness, swelling degree, and
hydrophilicity play a major role in the adsorption of proteins.
Furthermore, Zhang and coworkers'®® have examined the effect
of roughness values of pyrrole-like (PPpy) film on the adsorp-
tion properties of BSA. They have characterized the surface
roughness using atomic force microscopy (AFM), and they
observed the behavior of the adsorption of BSA using
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electrochemical impedance spectroscopy (EIS) and surface
plasmon resonance spectroscopy (SPR). The results illustrated
that a greater amount of BSA adsorbed on the PPpy film surface
due to their higher surface roughness and hydrophobic proper-
ties. Moreover, the adsorption amount of BSA decreases with
increasing pH values of the solution. It is due to the fact that
higher pH values impart negative charges on BSA molecules
and also convert the nitrogen atom, present in the PPpy film,
from protonated to deprotonated form, as shown in Fig. 8.

4.2.1.2. The influence of the size of polymers on the adsorption
of protein. Even though there is no sufficient literature on the
influence of the size of the polymers on protein adsorption, still,
the polymer size could have a strong effect on the adsorption
mechanism of protein by affecting the surface curvature of
polymers. Few researchers have used nanoscale polymers having
different values of hydrophobicity and observed the quality of
the adsorption of protein on the surfaces.’®” Studies have shown
that by changing the size of the polymers, the adsorption of
protein changes, and the maximum adsorption of protein takes
place where the size of the polymers is larger. Recently, Satzer
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Fig. 8 Tapping mode AFM 3-D photos of PPy substrates having thickness about 128 nm placed under (1 x 1 uM) (a) 5, (b) 50, and (c) 100 W with average
roughness values of 0.57, 0.72, and 2.9 nm, respectively. Also placed under 100 W for (d) 5, (e) 15, and (f) 20 min with a normal roughness of 1.06, 1.98,
and 2.13 nm, respectively. (g) SPR binding curvatures of 1% BSA adsorption on PPpy substrates set below 100 W and for 1 min in PBS solution having the
pH value of 4.9, 5.6, 7.4, and 8.0. (h) Level of BSA adsorption before and after cleaning with PBS. (i) Nyquist plots of PPpy set under 100 W and for 1 min in
0.10 M PBS (pH = 7.4) enclosing 10 mM KsFe(CN)g-10 mM K4Fe(CN)g and 1%BSA for times ranging from 0 to 250 min. (Reproduced from ref. 186 with
permission from De Gruyter, copyright [2012]).
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and coworkers'®® have studied the influence of the size of the
polymers on the adsorption of protein by determining the
conformational changes of BSA and myoglobin throughout their
adsorption process on silica-based polymer surfaces. The results
illustrated that conformational changes in the protein depend
upon the size of the silica-based polymers. They have prepared
the size of silica-based polymers in the range of 30-1000 nm,
upon which conformational changes in the protein only occur
when the size of the polymer was greater than 200 nm. Wang
and coworkers'® prepared patterned polymer brushes of poly(2-
(dimethylamino)ethyl methacrylate) (PDMAEMA) with the size of
sub-100 nm structures across major parts. The prepared surface
undergoes swollen state at pH 4 and neutralizes and collapses at
pH 9. They have investigated the adsorption of BSA using
AFM, QCM-D, and laser scanning confocal microscopy, and
their results are shown in Fig. 9. The results depict that BSA
could be adsorbed outside and inside the polymer brushes.
Moreover, using the AFM technique, the protein adsorption
mechanism in nanoscale could be observed on sub-100 nm
topographies of the patterned polymer brushes of PDMAEMA.
The suggested system might be used as a prototype system
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for the observation of protein adsorption and desorption mecha-
nism at the nanoscale.

4.2.1.3. The impact of density, charges, and wettability of
polymers on protein adsorption. Polymer chains undergo mole-
cular and cellular response and in response, electrostatic
interactions have a major role, because all of the boundaries
in the solution are charged, in addition to the cell membranes,
which are negatively charged.”’®'®® Literature review shows
that when a cell interacts with any surface, then the membrane
of the cell interacts only with the positively charged surface.
However, if the surface is negatively charged, then interaction
takes place only in certain areas.'®’ Therefore, it is recom-
mended that positively charged polymer chains interact with
the cells more potentially. Thus, if any resorbable polymer has
negative charge, then surface alteration of the polymer is
required before cell seeding. Some studies have proposed that
these described variations are due to electrostatic attraction
and repulsion, which leads to a distinction in the arrangement
of protein adsorption and desorption.'®* Several studies have
been undertaken to observe the adsorption of certain proteins
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Fig. 9 Schematic illustrations (a), laser scanning confocal microscopy samples (b), and AFM topography and corresponding cross-sectional profiles (c)
of patterned PDMAEMA brush prior to protein adsorption (left), following protein adsorption (middle), and after protein desorption (right). In the protein
adsorption process, the brushes were dipped in BSA solution (0.1 mg mL™%, pH 5.8), washed with NaCl solution (1 mM, pH 5.8), and dried under nitrogen.
In the protein desorption process, the brushes were successively rinsed in NaCl solution (1 M, pH 4), NaCl solution (pH 9, 1 M), and Milli-Q Water, and
dried under nitrogen. (Reproduced from ref. 189 with permission from Royal Society of Chemistry, copyright [2014].
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having different chemical structures on the interfaces of posi-
tive and negatively charged polymers, and various results have
been obtained on protein adsorption based on the structure of
the protein. For example, it has been examined that FN could
be adsorbed only on a positively charged surface, while an
unidentified 30-kDa protein was adhered on the surface con-
taining high negative charge. The FN retains its functionality
on the hydrophilic interfaces and it is continuously evaluated,
which represents a great advantage in enhancing the cellular
reactions. On the contrary, vitronectin protein could be
adsorbed on the polymers having variably charged interfaces,
and its functional properties do not change with the wettability
of the surface. Other studies also show that other than the charge
present on the surface, hydrophobicity could also play a major
role in the adsorption of protein. Some researchers have exam-
ined the adsorption of fibronectin (FN) on the surface of tissue
culture PS and Primaria tissue culture. The results illustrated that
polarized and positive charged Primaria surface could adsorb
more FN and subsequently show the adhesion of monocyte, as
compared to the tissue culture PS surface.'®™ However,
researchers'® have revealed the adsorption of FN on a negatively
charged surface. The results show that on a neutral polar surface,
only a few molecules of FN could be adsorbed, while no adsorp-
tion was detected on a hydrophobic nonpolar surface. Moreover,
the adsorption of fibrinogen (Fg) decreases while that of albumin
increases by increasing the hydrophilicity of the polymer. Many
studies also examined that hydrophilic surfaces could be used to
stop the adhesion of leukocyte and macrophage fusion, and
therefore the secretion of inflammatory factors.'®® Recently, Recek
and coworkers'®® analyzed the rate of adsorption of protein on
plasma-treated PET surfaces through QCM-D technique. The PET
surface was prepared under hydrophobic and also hydrophilic
environments. The results indicated that when the incubation
time is low, then, as compared to the untreated surface, almost
same amount of protein adsorption took place on plasma-treated
hydrophobic and hydrophilic surfaces. This variation of protein
adsorption on treated and untreated surfaces decreases by
increasing the incubation time. Moreover, the adsorption of
protein on hydrophilic interfaces gives the maximum difference
in both dissipation and occurrence, which is a green signal for the
maximum adsorption of protein. Although, the amount of adsorp-
tion of protein was very low for untreated surfaces, it is somewhat
in between for the hydrophobically-treated surfaces. Additionally,
it was investigated that the presence of various functional groups
on the surface of polymers creates interesting cellular responses.

4.2.2. Influence on the chemical properties of polymers on
the adsorption of protein. Usually, the polymer’s chemical
adsorption characteristics, also known as chemisorption, are
very important to examine the covalent or chemical interaction
of protein molecules with the polymer surfaces.

In this section, by reviewing the current research in the last
few years, we will see the potential role of various chemical
properties of polymers on the protein adsorption mechanism.

4.2.2.1. Effect of functional groups and the chemical structure
of polymers on protein adsorption. Many studies have revealed
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the influence of chemical functionalities of surfaces on the
adsorption of protein and cellular responses to the polymer
interfaces.'”'*® Many researchers chemically modified the
surfaces to study and manipulate the cellular response to
polymers. In fact, polymer surfaces having different charges
and carrying functional groups with variant hydrophobicity
have a great influence on protein adsorption behavior and cell
responses. Some studies suggested that a functional group
having protein resistance properties could help polymers reg-
ulate protein adsorption at their interfaces.'®® Recent studies
have also shown that other than hydrophilicity and hydropho-
bicity, the surface functional groups could also play an impor-
tant role in protein adsorption and cell responses. Commonly
examined functional groups that are related to the interaction
of polymers with the protein molecules are hydroxyl (-OH),
carboxyl (~COOH), amino (-NH,), and methyl (-CH3) groups.>*°
Other studies have examined the effect of these functional
groups on the adsorptive properties of protein and cell
response. It was illustrated that on a surface containing hydro-
xyl group, water molecules resist the adsorption of Fg, con-
forming to the strong interaction of Fg with the ~OH group.>’*
More studies have demonstrated that using an ideal amount of
—-OH functional group, the affinity of albumin binding over Fg
could be improved. Moreover, it has been examined that Fg
might make a hydrophobic link with the surfaces containing
(-CH3;) functional group. In addition, Fg could also have a strong
affinity with the amine group. However, Fg has less interaction
with the negatively charged carboxyl group. Therefore, it is
suggested that surfaces containing both amine and hydroxyl
groups lead to an increase in hydrophilicity. Besides, the func-
tional groups can be covalently bonded with complementary
proteins to protect them against directing proteins.”* It has
been proved that the surfaces containing (-OH) group could
adsorb IgG from serum selectively, which results in the deposi-
tion of C3 on biomaterials interfaces. On the other hand,
surfaces containing carboxyl or amine group had less C3 activa-
tion. Roach and coworkers®® have investigated the effect of
hydrophilic (OH) and hydrophobic (CH3) groups on the adsorp-
tive behavior of BSA and Fg with the help of QCM and grazing
angle infrared spectroscopy. The results depicted that BSA could
be adsorbed easily through a single step, while the adsorption of
Fg is a very complicated process. Moreover, BSA has more
affinity toward CH; as compared to OH-terminated surfaces.
Results also show that Fg adsorbed more rapidly on both
surfaces with slightly more affinity toward methylOterminated
surfaces. After the incubation time of one hour, few time-
dependent alterations were observed. Both Fg and BSA showed
a less ordered secondary structure when adsorbed on a hydro-
phobic surface compared to a hydrophilic surface, especially
for BSA.>*

4.2.2.2. Influence of conformational flexibility of biomaterials
on protein adsorption. A conformational change in the field of
biochemistry can be defined as a change in the formation of
macromolecules, which is normally promoted by the surrounding
environmental elements. The main conformational properties of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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polymers are rigidity and flexibility, and they have much influence
on the protein adsorption process. For example, Jin and
coworkers*®* have recently determined the adsorption behavior
of lysozyme (LYZ) and BSA on the PEG layer using PEG 5000 and
PEG 2000, which show flexible and rigid mushroom conforma-
tion, respectively. The results demonstrated that an insignificant
quantity of LYZ could form hydrogen bond with the interfacial
water near the rigid mushroom PEG2000, resulting in the adsorp-
tion of protein. However, PEG 5000 mushroom having more
flexibility shows resistance against BSA and LYZ due to its greater
elastic repulsion energy. Moreover, when the grafting density of
PEG is higher than the critical value (brush conformation), the
interaction between the PEG chains and LYZ is a key factor.
However, if the grafting density of PEG is below the critical value
(mushroom conformation), an elastic repulsion was observed
between protein and PEG via the conformation entropy of PEG.
Therefore, due to high elastic repulsion energy, BSA could not be
adsorbed on the surface, while the adsorption of LYZ could be
well adjusted due to the interaction of entropy elasticity repulsion
and hydrogen bonding.>**

4.3. Controlled adsorption/desorption of protein

In the development of advanced biomaterials, an important
direction is to create bioresponsive surfaces that show respon-
siveness upon signaling molecules or the external environment.
The first step in this advancement is the fabrication of surfaces
that undergo protein adsorption and desorption and tune their
properties between inertness and active in a controlled manner.
Designing and understanding the behavior of mixed polymer
brushes is more complex, but they offer promising tunable
properties due to the combination of different stimuli-
responsive functionalities. Brushes containing carboxylic acid
and epoxide groups are particularly common because they can
be readily derivatized.?*>*°® Poly(acrylic acid) (PAA) brushes are
especially attractive for protein immobilization because in an
aqueous solution, these films swell up to four times their initial
thickness to facilitate the binding of large biomolecules.>*°

Delcroix and coworkers®® designed mixed brushes of
poly(acrylic acid) (PAA) and poly(ethylene oxide) (PEO) via the
“grafting-to” approach for tuning protein adsorption onto
smart materials. Proteins were shown to adsorb effectively into
pure PAA brushes but only partially desorbed from the brushes
by changes in the pH and ionic strength. The properties of the
mixed polymer brushes were, however, adjusted by different
ratios of PEO and PAA, allowing them to achieve a highly
switchable behavior toward protein adsorption. High amounts
of albumin were indeed adsorbed on PEO/PAA brushes, and
86% of these could then be desorbed upon pH and ionic
strength change. Further cycles of adsorption/desorption could
also be achieved.

In another research, Delcroix and coworkers'*® studied the
influence of conformations of polymer brushes toward the
adsorption of HSA protein. For this purpose, homo-layers of
PEO or PAA were subjected in the aqueous solutions having pH
values ranging from 3 to 9 and ionic strength varying from
10> M to 10~ " M. The conformation of polymer units and
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protein adsorption behavior was then investigated using
QCM-D. Results show that at low ionic strength values, swollen
PAA chains allow HSA protein to enter into the mixed polymer
brush with a maximum adsorption at pH 5 and ionic strength =
10~° M. However, with increasing pH and ionic strength,
ie, pH 9 and 107" M, PAA chains tend to collapse, which
decreases the adsorption of HSA, and PEO/PAA mixed brushes
also expose more PEO chains; thus, the HSA was released from
the mixed PEO/PAA brushes at high pH and high ionic strength
conditions.

Later on, the author extended their research®’” to observe
the tunable behavior of mixed polymer brushes of PEO/PAA
against lysozyme (Lyso), HSA, collagen (Col), and immunoglo-
bulin G (1gG) adsorption/desorption reversibly and repeatedly.
They observed that by choosing the appropriate condition of
pH and ionic strength, the mixed polymer brushes provide
a good combination of the characteristics of PAA and PEO.
For homopolymer brushes, PEO brush exhibited negligible
and irreversible adsorption of proteins, whereas PAA brush
presented more adsorption of protein as compared to PEO.
The PEO/PAA mixed polymer brush also exhibited substantial
adsorption and desorption for all types of proteins for 3 to 4
continuous successive cycles. They observed that Lyso adsorp-
tion occurred because of swollen PAA chains and desorption
was due to the collapse state of chains of PAA, which reduces
the electrostatic interactions between the PAA chains and Lyso.
When PAA chains collapse, PEO chains are dominant over
the surface, which also causes the desorption of Lyso and
HSA. In addition to this, electrostatic repulsive interactions
between PAA and HSA also cause the desorption of HSA protein
at high pH and high ionic strength value. The protein
desorption behavior of collagen in the mixed polymer brush
was due to the protein-repellent characteristics of PEO chains.
Finally, IgG adsorption and desorption were switched by chan-
ging the ionic strength value, triggering PAA chains to swell or
shrink (Table 1 (a, b)).2%”

Moreover, Belegriou and coworkers**® designed mixed poly-
mer brushes of PEG and PAA and observed the tunable adsorption
and desorption of bovine serum albumin (BSA) protein at
different pH values. They concluded that the maximum adsorp-
tion of the protein took place in the range of 4.8-5.5, which is
close to the isoelectric point of BSA (4.8). They also observed
that hydrophobic interaction took place due to a reduction in
electrostatic interaction between BSA and PAA at the lower pH
range of 4-7. On the other hand, at pH values 8.5 (above pI),
strong electrostatic repulsion took place due to negatively
charged BSA and PAA, which cause hindrance in the adsorption
of protein. However, some attractive attractions, e.g., hydro-
phobic, still allowing protein adsorption at a higher pH.

Hoy and coworkers®** have determined the protein adsorp-
tion and desorption at pH 7.4 on the homopolymer brush of
poly(acrylic acid)-block-polystyrene (PAA-b-PS) and mixed poly-
mer brushes of PEG and PAA-b-PS in the presence of CacCl,.
They concluded that in the presence of CaCl,, the homopoly-
mer brush does not show any significant tunability of protein
adsorption and desorption. On the other hand, mixed polymer
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brushes of PEG and PAA-b-PS undergo very fine tuning of
protein adsorption and desorption having adsorption thickness
between 0.3 nm and 4 nm by changing the calcium ion
contents.

Psarra and coworkers®®® have fabricated binary mixed poly-
mer brushes based on poly(N-isopropylacrylamide) (PNIPAAm)
with thermal reactivity and poly(acrylic acid) (PAA) with pH
responsive capability. It was examined that at pH 7.4, the ratio
of the components forming the brushes is significant for
protein adsorption on those brushes: when PAA contents are
higher than that of PNIPAAm, protein adsorption decreases
while the temperature is greater than the low critical solution
temperature (LCST) of PNIPAAm. On the other hand, when
PNIPAAm contents are higher than PAA, the sensitive behavior
of PNIPAAm causes to increase in the protein adsorption by
keeping the temperature higher than LCST. Likewise, Burket
and coworkers®'® also determined the protein adsorption
behavior of mixed polymer brushes of PNIPAAm and poly
(2-vinylpyridine) (P2VP) (weight ratio of PNIPAAm and P2VP is
50/50). It was seen that PNIPAAm chains have greater impact on
the protein adsorption and desorption properties. PNIPAAm
chains swell and show good resistance against human
serum albumin (HSA) adsorption when the temperature is
below the LCST of PNIPAAm. On the other hand, by increasing
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the temperature above the LCST, PNIPAAm chains collapse and
P2VP chains become more prominent but still HSA doesn’t
show any considerable amount of adsorption, because P2VP
chains could not completely cover the collapsed chains of
PNIPAAmM.

Wang and coworkers'>*****> fabricated mixed binary brushes
of PMOXA/PAA using spin coating the mixture of poly[(2-methyl-2-
oxazoline)}-random-glycidyl methacrylate] (PMOXA-T-GMA) comb
copolymer and poly(actylic acid)-block-poly(glycidyl methacrylate)
(PAA-b-PGMA) block copolymer solutions onto the substrates
materials of glass/silicon and examined the protein adsorption
and desorption behavior. The results illustrated that at low pH
(pH 5, I = 10> M), PAA chains swell and cover the interfaces
and adsorb BSA and lysozyme protein. By increasing the pH (pH 9,
I=10"" M), PAA chains collapse and go to the bottom leaving
the hydrophilic PMOXA chains on the surface. Therefore >90%
of the adsorption amount of protein could be desorbed (Fig. 10 c).
The results also verified PMOXA/PAA based coatings represent
outstanding repeatability of adsorption and desorption of protein
in multiple cycles.

Uhlmann and coworkers®' designed the binary mixed poly-
mer brushes of the combination of two oppositely charged
polyelectrolyte polymers of PAA and P2VP and observed the
influence of pH, buffer salt concentration, and isoelectric point
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Fig. 10

(a) Representation of the mixed PEO/PAA polymer brushes that can reversibly adsorb large amounts of proteins. Adsorption and desorption are

triggered by changing the salt or acid contents of the medium. (Reproduced from permission from the ref. 207). (b) Representation of HSA (a), Lyso (b),
and Col (c) adsorption and desorption on mixed PEO/PAA brushes. The conditions used for adsorption and desorption are indicated (pH, I). Note that the
scale used to represent polymer chains and proteins is not realistic, for the sake of clarity (c) Schematic representation of the process of BSA adsorption
and desorption on mixed brushes of (A) PDA/M9h/A,324h, (B) PDA/M9h/A4424h, and (C) PDA/M9h/Ago24h. (Reproduced from ref. 15 with permission

from Royal Society of Chemistry, copyright [2018].
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Fig. 11 (a) Schematic representation of the adsorption/desorption of
Lysozyme on PDMAEMA-b-PMAA polymer brush. (Reproduced from
ref. 211 with permission from American Chemical Society, copyright
[2014]) (b) Schematic figure of the adsorption/desorption of fibrinogen
on PNIPAAM- PAA coatings. (Reproduced from ref. 209 with permission
from American Chemical Society, copyright [2015]) (c) quantities of a-
chymotrypsin and a-lactalbumin (plateau values) adsorbed from different
buffer solutions on P2VP-PAA polymer brushes. (Reproduced from ref. 31
with permission from American Chemical Society, copyright [2007]).

of the bush and proteins on the protein adsorption amount.
They demonstrated that at higher ionic strength, behavior of
protein adsorption is almost similar to that at hydrophobic
surfaces. In the osmotic system, however, the balance between
electrostatic repulsion and a strong entropic driving force, the
“counterion release”, proved to be the main influence on
protein adsorption. The adsorption amount of chymotrypsin
increases significantly by increasing the pH values from 4 to 9
keeping the low ionic strength. While at high ionic strength,
increment of adsorption of chymotrypsin with the rising of pH
values is almost negligible. Whereas almost reverse behavior of
adsorption of lactalbumin was observed as compared to chy-
motrypsin and its adsorption amount decreases by increasing
the pH values from 4 to 9.

Lei and coworkers®'! fabricate the poly(2-(dimethylamino
ethyl) methacrylate)-block-poly(methacrylic acid) (PDMAEMA-b-
PMAA) di-block copolymer brushes and observed good control
of lysozyme adsorption by pH in the range of 4-10. They
showed that the thickness of the outer PMAA block (/pmaa) is
crucial for adsorption. When Ippyaa was less than 10 nm,
adsorption increased with increasing pH, and the difference
in adsorption between high and low pH increased with Ippaa.
The adsorption ratio at pH 10 and pH 4 reached values up to
16.4. When Ipyaa was more than 10 nm, the adsorption
tendency on the PDMAEMA-b-PMAA di-block copolymer
brushes was similar to that on PMAA homopolymer brushes
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(Fig. 11). These results indicate that the combination of
PDMAEMA and PMAA gives adsorption behavior reflecting
the properties of both polymers. However, if the outer PMAA
block is thicker than a critical value, then the protein-resistant
effect of the inner PDMAEMA block is screened.

Conclusions

This paper is a comprehensive review of mixed polymer
brushes (MPBs) for controlled protein adsorption. It provides
a detailed analysis of the synthetic techniques used to create
MPBs, including the different types of polymers used and the
methods for tethering them to an interface. The review also
covers the interaction of polymer brushes with protein mole-
cules, including the factors that influence protein adsorption
and desorption, and how MPBs could be used to precisely
control these processes. Furthermore, the review discussed the
potential applications of MPBs in biomedical and biotechnolo-
gical fields. It highlights the advantages of using MPBs over
traditional biomaterials, such as their ability to provide a high
degree of control over protein adsorption and desorption, and
their potential for use in drug delivery and tissue engineering.
Overall, the review aims to provide insights into the state of
the art and future prospects of MPBs. It concludes that MPBs
are a promising platform for developing advanced biomaterials,
and that further research is needed to fully understand their
potential and limitations.

Future prospective

Future research should be focused on:

(1) The viable protein adsorption over the well-defined
surfaces should be investigated systematically. Such a study
must include the time factor to gain the much-needed quanti-
tative results of the long-term protein resistance of surfaces in
the complex biological environment.

(2) During protein adsorption, the conformational changes
as well as the influence of these changes over biocompatibility
should be examined systematically.

(3) Based on the developing theoretical understanding, new
bio-inert coatings should be developed that effectively prevent
the adsorption of proteins from highly complex protein mix-
tures (e.g. blood plasma).

(4) Since most of the coatings over implanted devices are
poorly anchored or enzymatically degraded, therefore, the cells
may integrate with those implanted surfaces and replace
the coatings with the extracellular matrix (ECM) components.
Vivo viability for the long term has not yet been fabricated by
any protein-resistant coating. This should be examined on this
subject.

(5) Although many biomedical applications have already
investigated but still the combination of bio-specific surfaces
and bioinert remains a major challenge for future studies.
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