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Abstract

Soft interfaces formed by polymer materials are important interfaces for biological systems (biointerfaces), and controlling
their chemical and physical structures at the nanoscale plays an important role in understanding the mechanism and
development of interface functionalities. Controlled radical polymerization (CRP) is highly suited for designing
biointerfaces composed of polymer chains because it enables the formation of well-defined polymer brushes, block
copolymers, and comb-type copolymers. This focus review describes the design of functional soft interfaces based on
investigations of the structure-property relationships of CRPs. In particular, polymer brush surfaces showing autonomous
property changes, 2D/3D transformations of lipid bilayers, and molecular interactions in bactericidal cationic polymer

brushes are depicted.

Introduction

Soft interfaces are formed by polymers, colloids, and bio-
macromolecules and are nanometer-scale boundary regions
composed of polymer chains, solvents, and ions. Among the
various soft interfaces, synthetic polymers have attracted
considerable attention because their structures and proper-
ties can be tuned artificially to achieve the desired func-
tionalities [1—4]. One of their most important applications is
as “biointerfaces,” which are the interfaces between artifi-
cially designed materials (herein, polymeric interfaces) and
biological systems (biomolecules and cells) (Fig. la).
Biointerfaces formed by polymeric materials have been
investigated for use in various applications, including bio-
compatible materials, cell culture materials, bioseparation
systems, biomolecular recognition, drug delivery systems,
and enzyme immobilization [5—-13]. In these applications,
the interactions between the artificial polymers and biolo-
gical systems are important. Thermo and/or pH-responsive
polymers that change their physicochemical properties
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dynamically in response to external stimuli have been
extensively investigated for biomedical applications, in
which structure control plays an important role, as sum-
marized in reviews of polymer and interfacial science [14,
15]. As polymer materials with autonomous dynamic
functions, “self-oscillating” polymers with built-in systems
for energy conversion from chemical oscillation to
mechanical oscillation have been developed and have
become an area of great focus in advanced sciences [16]. As
another important aspect of the interactions between bio-
molecules such as peptides and proteins and artificial
polymers, accurate folding is essential for biological activ-
ities [17]. Overall, controlling the chemical and physical
structures of interfaces at the nanoscale is important for
investigating the mechanisms and development of
functionalities.

In the field of polymer chemistry, controlled/living
radical polymerizations (CRPs), such as atom transfer
radical polymerization (ATRP) and reversible addition-
fragmentation chain transfer (RAFT) polymerization, have
been developed, enabling the preparation of well-controlled
polymer architectures, including polymer brushes, block
copolymers, and comb-type copolymers (Fig. 1b) [1, 18].
Importantly, the chain length, graft density, and chain-end
functionalization can be systematically controlled to
achieve the targeted functions. For example, high graft-
density polymer brush surfaces can be prepared by surface-
initiated ATRP (SI-ATRP), and zwitterionic polymer brush

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41428-024-00908-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41428-024-00908-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41428-024-00908-7&domain=pdf
http://orcid.org/0000-0001-6452-811X
http://orcid.org/0000-0001-6452-811X
http://orcid.org/0000-0001-6452-811X
http://orcid.org/0000-0001-6452-811X
http://orcid.org/0000-0001-6452-811X
mailto:masuda@bis.t.u-tokyo.ac.jp

T. Masuda

Fig. 1 Soft interfaces designed (a) Biological Systems
by controlled radical
polymerization. a Illustration of Protein
soft interfacial contact with g @
biological systems. b Structure-
controlled polymers and soft 4 ? Cells
interfaces prepared by controlled Interaction | * Pol hai
radical polymerization VQ A £ At R sv(\)/(;lligﬁrir(]: \:;rt]er

e

€ S o« <& ~
AP W . Focus:
Dynamic changes

Molecular interaction

Artificial Polymer Materials

(b)

Polymer brush

Densely Packed
Polymer Chain

el 4

Comb-type
copolymer

Block copolymer

U \YAY

-
Nano
phase-
separation

Investigation of the structure-property relationship precisely

surfaces have exhibited excellent fouling resistance [19].
Structural control of thermoresponsive polymer interfaces
containing  poly(N-isopropylacrylamide) (PNIPAAm),
which dynamically changed their hydrophilic/hydrophobic
properties, has been investigated for separation of biomo-
lecules or cells [14, 15, 20]. More recently, CRP-based
polymerization reactions that are highly suitable for bio-
materials have also been developed. For example, activa-
tors regenerated by electron transfer (ARGET)
ATRP proceed in aqueous media containing a reducing
agent with tolerance to oxygen [21, 22]. Photoinduced
electron transfer (PET) RAFT polymerization is also tol-
erant to oxygen and is suitable for high-throughput
screening of polymers that interact with biomolecules or
cells [23, 24]. Therefore, CRP techniques are very useful
for designing biointerfaces.

This focus review presents functional soft interfaces
showing autonomous motion and analyses of soft inter-
faces interacting with biological systems. The structure-
property relationships were investigated by precise poly-
mer architecture control. In particular, a polymer brush
surface showing autonomous property changes coupled
with an oscillating chemical reaction, 2D/3D transforma-
tions of lipid bilayers triggered by a comb-type copoly-
mer, and interactions between proteins/bacteria and
cationic polymer brushes to develop bactericidal surfaces
are investigated.

SPRINGER NATURE

Polymer brush surfaces with autonomous
property changes and motion

Functional soft interfaces that dynamically change their
physicochemical properties have attracted considerable
attention and have been designed by grafting stimuli-
responsive polymers [25-27]. If soft interfaces undergoing
autonomous property changes without external stimuli are
realized, they would contribute to novel applications such as
autonomous mass transport systems at the micro- or
nanoscale. Self-oscillating polymer brushes showing
autonomous property changes, which involve energy con-
version from an oscillating chemical reaction to the phase
transitions of grafted polymer chains, have been developed
(Fig. 2a) [28, 29]. The self-oscillating polymers were
composed of NIPAAm and tris(2,2-bipyridine)ruthenium
[Ru(bpy)s] as a catalyst for the Belousov—Zhabotinsky (BZ)
reaction. They exhibited phase transitions at lower critical
solution temperatures (LCSTs), and the LCST was shifted
to a higher temperature when Ru(bpy); was oxidized. Thus,
the self-oscillating polymers exhibited periodic hydration/
dehydration changes coupled with redox oscillations at a
constant temperature [16, 30]. When the reaction medium
(e.g., gels) is large, chemical wave propagation is generated
as excited pulses of the oxidized state. To induce stable
chemical wave propagation in the polymer brush, it was
necessary to introduce dense and uniform polymer chains
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Fig. 2 Design of self-oscillating polymer brushes and their dynamic
behaviors. a Illustration of the self-oscillating polymer brush showing
autonomous property changes. b Chemical structure of poly(-
NIPAAm-co-NAPMAm-co-Ru(bpy);NAPMAm). ¢ Redox response
of the polymer brush monitored by QCM-D. d Chemical wave pro-
pagation on the polymer brush. (a)-(d): Reproduced from ref. [29] with

containing the Ru(bpy); catalyst. Hence, SI-ATRP was used
to prepare the target polymer brush surfaces. A polymer
brush composed of NIPAAm and N-3-(aminopropyl)
methacrylamide (NAPMAm) was prepared by SI-ATRP,
followed by postmodification of Ru(bpy); with N-hydro-
xysuccinimide ester on the amino groups of NAPMAm. In
this manner, the substrate was modified with poly(-
NIPAAm-co-NAPMAm-co-Ru(bpy);NAPMAm) brush as a
self-oscillating polymer brush (Fig. 2b). The structure of the
polymer-grafted surface was characterized by X-ray pho-
toelectron spectroscopy, attenuated total reflectance Fourier
transform infrared spectroscopy (ATR/FT-IR), and UV-vis
spectroscopy. Swelling of the grafted polymer chains was
analyzed using a quartz crystal microbalance with dissipa-
tion (QCM-D). The lower frequency and increased energy
dissipation after the addition of an oxidizing agent indicated
that the polymer brush was swollen due to oxidation of the
Ru(bpy); moiety (Fig. 2c). To investigate the oscillations of
the polymer brushes, the polymer brush-grafted glass sub-
strates were immersed in an aqueous solution containing
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HNO3;, NaBrO; and malonic acid and studied with fluor-
escence microscopy. Stable chemical wave propagation was
achieved by appropriately designing the polymer brush
surface (Fig. 2d). The grafted amounts of polymer and
immobilized Ru(bpy); on the polymer brush, as shown in
Fig. 2d, were 7.7 ug cm 2 and 1.7 nmol cm 2, respectively.
Inadequate or excessive amounts of Ru(bpy); resulted in no
oscillations or shorter oscillation durations. These evalua-
tions provide guidelines for suitable design of polymer
brush surfaces undergoing autonomous property changes
[29]. Self-oscillation of the polymer brush was also detected
as a periodic electrical response in a solution-gated ion-
sensitive field-effect transistor (ISFET) [31].

In self-oscillating polymer brushes, the polymer chains
with the catalyst are densely packed on the solid substrate;
thus, the self-oscillating behavior is likely to be affected by
dense localization of the catalyst, as the diffusion of inter-
mediates in the BZ reaction tunes the rhythms or patterns.
To clarify this, the waveform of the self-oscillating polymer
brush was analyzed with the Field-Koros—Noyes (FKN)
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model [32] by comparing the waveform with those of the
free polymer and gel. According to the FKN model, the BZ
reaction was divided into the following three processes:
process A, consumption of the inhibitor (bromide ion, Br);
process B, autocatalytic reaction of bromous acid (HBrO,)
with oxidation of the catalyst; and process C, an organic
reaction with reduction of the catalyst. Generally, process B
is rapid because it is an autocatalytic reaction. For the self-
oscillating polymer brush, the rate of process B was lower
than that of the free polymer brush (Fig. 2e). This was
attributed to immobilization of the catalyst onto the densely
packed polymer chain, reducing accessibility of the reacting
substrates to the catalyst (immobilization effect) [33].

Considering the potential application of self-oscillating
polymer brushes in mass transport systems, direction con-
trol of the chemical waves is an important issue. To this
end, a self-oscillating polymer brush with gradient thickness
was prepared using sacrificial anode ATRP. The thickness
was in the range of several tens of nanometers, and the
amount of Ru(bpy); increased as the thickness (or grafted
amount) increased. The gradient polymer brush induced
unidirectional chemical wave propagation from a region
with small amounts of Ru(bpy); to that with large amounts
of Ru(bpy); [34]. Furthermore, control of the propagating
chemical waves in the self-oscillating polymer brush was
achieved by introducing a pentagonal-patterned structure
[35]. In summary, polymer brush surfaces with autonomous
property changes were designed (self-oscillating polymer
brushes). The polymer brush surfaces exhibited unique
properties: (1) autonomous property changes were induced
with constant external conditions, and (2) locally induced
property changes propagated coupled with diffusion. These
functions at the nanoscale interface were designed by the
CRP and self-organization of an out-of-equilibrium living
system.

In addition, the design of poly(NIPAAm-co-NAPMAm-
co-Ru(bpy);NAPMAm), a self-oscillating polymer prepared
by a postmodification method, contributed to chemo-
mechanical oscillation of the gels. For the use of self-
oscillating gels as autonomous actuators, an increase in
volume, an increase in the working temperature range, and
oscillations of the mold solution conditions are needed. By
controlling the conjugation ratio of Ru(bpy); in the ternary
copolymer, volume oscillation was achieved near physio-
logical temperatures (37 °C) [36]. Furthermore, autonomous
swelling-deswelling oscillation of a gel composed of
poly(NIPAAm-co-NAPMAm-co-Ru(bpy);NAPMAm) was
achieved in a hydrated protic ionic liquid (PIL) serving as a
proton source for the BZ reaction, which contributed to the
development of self-oscillating gels under mild conditions
[37]. Thus, the chemical structure of a polymer plays an
important role in controlling its self-oscillating behavior. A
self-oscillating polymer containing a ureido group that
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exhibited an upper critical solution temperature (UCST)-
type phase transition has also been reported [38].

Polymer-driven 2D/3D transformations of
lipid bilayers

Lipid bilayer transformations occur in various biological
phenomena. Hence, the design of artificial materials to
manipulate lipid membrane dynamics could provide novel
information and tools for bioscience and biotechnology,
thereby enabling access to the membranes of cells or
liposomes. Generally, transformations from 3D lipid
vesicles to 2D nanosheets are thermodynamically pro-
hibited because the apolar/polar interfaces between the
hydrophobic bilayer edges and water are energetically
unfavorable. To date, only mesoscopic lipid sheet forma-
tion by ERM family proteins or synthetic amphiphiles has
been reported [39, 40], whereas quantitative regulation of
lipid sheet formation under physiological conditions
remains challenging.

In an attempt to control the structures and functions of
peptides with ionic graft copolymers, cell-sized 3D lipid
vesicles were quantitatively transformed into mesoscopic
2D lipid bilayer nanosheets by adding an amphiphilic ES
peptide and a cationic comb-type copolymer (Fig. 3a) [41].
The ES5 peptide is an anionic, amphiphilic, membrane-
disruptive peptide that mimics the N-terminal region of
hemagglutinin [42]. A cationic comb-type copolymer
composed of a cationic backbone and dense grafts of
hydrophilic dextran (poly(allylamine)-graft-dextran (PAA-
g-Dex); Dex: 92 wt%) had a chaperone-like function in
anionic E5; that is, it induced ES5 to form a membrane-active
helix structure [43]. During lipid nanosheet formation, the
ES5/PAA-g-Dex complex was expected to stabilize the lipid/
water nanometer-order interfaces at the edges of the lipid
nanosheets. Since the hydrophilic grafts of the copolymer
could decrease the apolar/polar interfacial energy, the den-
sity of the hydrophilic grafts was hypothesized to be a key
factor in nanosheet formation. Hence, to reveal the
mechanisms underlying the formation of lipid nanosheets,
the structural effects of cationic copolymers on nanosheet
formation were systematically investigated.

Cationic comb-type copolymers were prepared by
reductive amination using various ratios of Dex (M,,: 1.1 x
10% or poly(ethylene glycol) (PEG) (M,: 4.8 x 10°)
(Fig. 3b). The Dex and PEG contents varied from 6 to
26 mol% and from 6 to 19 mol%, respectively. The struc-
tures of ES with and without the copolymers were investi-
gated using circular dichroism (CD). PAA-g-Dex induced
folding of the ES peptide into a helical structure, whereas
E5 alone formed a random coil at pH 7.4 (Fig. 3c). PAA-g-
PEG also induced the folding of E5. When the Dex content
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Fig. 3 2D/3D transformation of lipid bilayers controlled by the peptide
and comb-type copolymer. a The amphiphilic E5 peptide and the
cationic comb-type copolymer induced 2D lipid nanosheet formation.
Scale: 10 um. b Structures of the cationic comb-type copolymers. ¢ CD
spectra of the E5 peptide with/without the copolymers. d Fraction of
2D sheets as a function of the grafted chain content. e Structure of the

was 26 mol%, the helical content was lower than those of
the other copolymers, which was attributed to the steric
hindrance caused by the dextran-grafted chain. To investi-
gate the lipid bilayer transformation, E5 and the copolymer
were added to a giant vesicle composed of 1,2-dioleoyl-sn-
glycero-3-phosphatidylcholine (DOPC), and the samples
were observed with fluorescence confocal microscopy.
When the concentrations of E5 and the copolymers were
10 uM and 6.9 uM, respectively, almost all lipid membranes
were transformed into nanosheets by copolymers with a
certain range of hydrophilic grafted chain contents. Fig-
ure 3d summarizes the fractions of lipid nanosheets formed

hetero-grafted copolymer. f Left: Temperature dependency of the 2D
sheet fraction with the hetero-grafted copolymer. Right: 2D sheet
formation triggered by temperature changes. The samples are referred
to as SkKXN/YD, where N indicates the NIPAAm and X and Y are the
mol% of the grafted PNIPAAm and Dex, respectively. Reproduced
from ref. [45] with permission from the American Chemical Society

in the presence of E5 (10 uM) and the cationic copolymers
(6.9uM) as a function of the content of the hydrophilic
grafted chains. Notably, lipid nanosheet formation was
controlled in an all-or-nothing manner when the graft con-
tent of the copolymer was increased from 5.7 mol % to
7.7mol % for both PAA-g-Dex and PAA-g-PEG. For
copolymers with low hydrophilic chain contents, a decrease
in the hydrophobic/hydrophilic interfacial energy would not
be sufficient to stabilize the nanosheets. For the upper limit
of the grafted-chain content, the densely grafted chains
likely inhibited the interaction with ES compared with the
other copolymers.
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This finding prompted us to develop a polymer-driven
smart 2D/3D transformation system for lipid bilayers, given
that slight changes in the properties of the grafted chains
would cause 2D/3D transformations. Hetero-grafted copo-
lymers with thermoresponsive PNIPAAm and dextran-
grafted chains were designed (Fig. 3e). In a previous study,
a cationic comb-type copolymer comprising thermo-
responsive  PNIPAAm as the grafted chain (PAA-g-
PNIAAm) was synthesized, and its interactions with the
anionic E5 peptide were investigated [44]. PAA-g-PNI-
PAAm also induced the formation of the helical structure of
ES5, whereas the copolymer formed micelle-like aggregates
above the LCST. As aggregation is undesirable in the
function of E5 [43], a hetero-grafted PAA-g-Dex/PNI-
PAAm was designed (Fig. 3e). PAA-g-PNIPAAm was
synthesized by a “grafting from” method using activators
regenerated by electron-transfer atom-transfer radical poly-
merization (ARGET ATRP), followed by conjugation of
Dex to obtain the target hetero-grafted copolymer. The
number-averaged hydrodynamic diameters (Dy) of the
copolymers were measured as a function of temperature
using dynamic light scattering (DLS). The Dy value
exceeded the transition temperature, which decreased as the
dextran content in the hetero-grafted copolymer increased.
Furthermore, fluorescence measurements using pyrene as a
hydrophobic probe indicated that the PNIPAAm grafts
exhibited thermoresponsive coil-globule transitions without
inhibition by the dextran grafts. CD spectra indicated that the
hetero-grafted copolymers induced helical structure forma-
tion in E5 both below and above the LCST. Finally, the effect
of the thermoresponsiveness of the hetero-grafted copoly-
mers on the lipid bilayer transformation was evaluated. For
the hetero-grafted copolymers, the nanosheet fraction
decreased at temperatures above 35 °C, decreasing to below
15% at 45 °C. The PNIPAAm grafts became hydrophobic
and collapsed above the LCST, thereby failing to stabilize the
edges of the lipid nanosheets above 35 °C. Moreover, 2D/3D
transformations of cell-sized lipid bilayers were triggered by
temperature changes (Fig. 3f) [45]. The soft materials that
dynamically transformed the lipid membranes could con-
tribute to life sciences and engineering because liposomes are
widely utilized in medicines, foods, and cosmetics.

Analyses of the molecular interactions
between well-controlled cationic polymer
brushes and biological systems

Polyelectrolyte brushes have attracted considerable atten-
tion as functional soft interfaces. Among these, cationic
polyelectrolyte brushes containing quaternary ammonium
(QA) moieties are particularly attractive because of their
potential to provide bactericidal surfaces [46, 47]. In a
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previous study, the killing efficacy increased with increas-
ing graft density, which was controlled by increasing the
initiator concentration from 0.01 to 100% [47]. The con-
formational changes with graft density were estimated in
this initiator concentration range, as the mushroom-to-brush
crossover was observed at approximately 0.1 chains nm >
[48]. Hence, the graft density was a key parameter deter-
mining the bactericidal properties. However, the relation-
ship between the grafted structure and the adsorbed state of
bacteria has not been studied. Therefore, a well-controlled
polymer brush structure with a QA moiety is required to
explain the underlying bactericidal mechanism in detail.

In this study, cationic poly(2-(methacryloyloxy)ethyl)
trimethylammonium chloride) (PMTAC) brush surfaces
were systematically prepared using SI-ATRP (Fig. 4a), and
the factors affecting their bactericidal properties and inter-
actions with proteins are discussed. The graft density was
successfully controlled with the [11-(2-bromo-2-methyl)
propionyloxy] undecyltrichlorosilane (BrC11TCS; an
ATREP initiator) ratio of BrC11TCS/(BrC11TCS + dode-
cyltrichlorosilane) in the silane coupling reaction. Specifi-
cally, high-graft-density (0.45 chains nm~2; sufficiently
higher than 0.1 chains nm~2) and low-graft-density (0.06
chains nm~?) surfaces were prepared. The obtained
PMTAC brush surfaces were hydrophilic, as indicated by
contact angle measurements. The zeta potential dependence
of the PMTAC brushes was analyzed with Smolchowski’s
equation and the Gouy—Chapman model, which described
the diffusive electric double layer. This measurement indi-
cated that the PMTAC brushes were positively charged,;
thus, the molecular interactions on the surface could be
examined on the basis of electrostatic interactions. The
amount of protein adsorbed on the polymer brush surfaces
in a phosphate-buffered saline (PBS) solution (pH 7.4) was
quantified using QCM-D. The frequency shift corresponded
to the amount of adsorbed protein. Here, BSA (isoelectric
point, pl: 4,7) and lysozyme (pl: 11.4) were used as nega-
tively and positively charged proteins, respectively. For the
high-graft-density brushes, the frequency shifts for BSA
and lysozyme adsorption were large and small, respectively
(Fig. 4b). This indicated that protein adsorption by the high-
graft-density cationic polymer brushes was regulated by
electrostatic interactions. As the graft density decreased,
lysozyme adsorption increased. This was attributed to
adsorption on the surface and adsorption in the spaces
within the low-density grafted polymer chains [49]. Sub-
sequently, the bactericidal activities of the polymer brushes
were evaluated. Figure 4c shows fluorescence microscopy
images of a live/dead assay of Staphylococcus aureus (S.
aureus) adhered to PMTAC brush surfaces in nutrient-rich
trypticase soy broth (TSB). The zeta potential of S. aureus
was reported to be —37.1 mV [50], and bacterial adhesion
was thought to be promoted by electrostatic interactions
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with the negatively charged bacterial surface. The signal
indicating dead cells on the high-graft-density surface (0.45
chains nm™?) was significantly greater than that on the low-
graft-density surface (0.06 chains nm2). Because contact
between the polymer brush and the bacterial membrane was
required to kill bacteria, the high efficiency of the high-
graft-density PMTAC brush surface was attributed to the
increased contact area between the polymer brush surface
and the bacterium.

To determine the mechanism for the bactericidal proper-
ties of the high-graft-density PMTAC brush surfaces, the
adsorption state analyzed with the energy dissipation factor
monitored by QCM-D (Fig. 4d). For lysozyme adsorption,
the AD was positive for both polymer brush surfaces, which
is typical for protein adsorption. For BSA adsorption, the AD
on the high-graft-density surface was negative, while that on
the low-graft-density surface was positive. These results
indicated that the adsorption of negatively charged BSA on
the cationic polymer brush was dependent on the graft den-
sity. In particular, the negative AD shifts indicated that the
BSA-adsorbed, high-graft-density PMTAC brush became
rigid. Similar behavior was observed when adsorption of the
solutes in the TSB medium was analyzed. Negative AD
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values in protein adsorption analyses by QCM-D are not
typically observed. Previous studies reported similar phe-
nomena, for example, with adsorption of a C-reactive protein
onto a zwitterionic phosphorylcholine-immobilized surface
[51]. Negative AD shifts indicate strong interactions between
proteins and material surfaces and water release from the
proteins and/or material surfaces. Furthermore, adhesion of S.
aureus to the PMTAC brush surfaces under culture condi-
tions was analyzed using QCM-D (Fig. 4e). The small slopes
of the AD/AF plots showed that the initially adsorbed bac-
teria interacted strongly with the high-graft-density polymer
brush compared to the low-graft-density polymer brush
(slope (1) in Fig. 4e). The slope (3) of the high-graft-density
surface was relatively large. This suggested that the killed
bacteria were not adhered firmly, which was attributed to the
bactericidal activity. These precise analyses of molecular
interactions in well-controlled cationic polymer brushes will
contribute to the design of antibacterial surfaces [52]. In
designing antibacterial surfaces, removal of the bacteria from
the material surface is an important issue, and biointerfaces
showing simultaneous bactericidal and antibiofouling prop-
erties have attracted great attention [53, 54]. Bacterial
repellent interfaces can be prepared by surface modifications
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of zwitterionic polymers, and bacterial adhesiveness is
dependent on the structure of the cross-linked phospholipid
copolymer surface [55]. Based on these studies, precise
structure—property relationships and interaction analyses will
play important roles in enhancing antibacterial properties.

In designing biointerfaces, protein—material interactions
are key fundamental processes, and a well-controlled model
interface is useful for understanding the factors involved in
these interactions. As described above, protein adsorption
on high-graft-density PMTAC surfaces was regulated by
electrostatic interactions (Fig. 4b). The high-graft-density
polymer brush surface is a suitable interface for analyzing
adsorption by removing factors induced by the physical
structure, such as protein adsorption inside polymer chains.
In a previous study, the effects of chemical factors and
water structure on protein adsorption were investigated by
synthesizing various types of surfaces (hydrophobic,
hydrophilic, anionic, cationic, and zwitterionic) with poly-
mer brushes [56]. The use of block copolymers is a suitable
method for investigating the physical structural factors
because they can form nanophase-separated structures. By
designing phase-separated surfaces with different hydro-
phobic domain sizes (10 or 20 nm) based on amphiphilic
ABA-type block copolymers, a protein smaller than the
nanoscale hydrophobic domains (herein lysozyme) was
adsorbed on the phase-separated surface [57]. Thus,
structure-controlled model surfaces are useful for under-
standing the factors related to protein adsorption, which are
typically complicated and difficult to predict.

Conclusion and future perspective

This review described functional soft interfaces achieved by
precise control of polymer architecture with CRP. Investi-
gations of the structure-property relationships are important
for designing biomimetic dynamic soft interfaces, which
reveal the mechanisms for the molecular interactions and
resulting biological activities; in particular, polymer brush
surfaces showed autonomous property changes, comb-type
copolymer-mediated 2D/3D transformations of lipid bilay-
ers, and molecular interactions of bactericidal cationic
polymer brushes. Importantly, precise control of the poly-
mer interfacial structure enabled the desired functions in
these systems, even though the molecular interactions and
dynamic processes are complex.

Since the interactions at soft/biointerfaces are complicated
by various chemical and physical factors, the design of
biointerfaces that show targeted functions in a predictable
manner remains challenging. Another important factor is that
biological systems are out of equilibrium during continuous
chemical reactions; thus, the conditions of biomolecules are
affected by these chemical reactions. For example, in
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enzymatic reactions, accelerated diffusion of an enzyme due
to released heat has been reported (chemoacoustic effect)
[58]. To consider such complicated interactions between
biological systems and artificial polymers, structure—property
relationships developed with theory and modeling are nee-
ded. Recently, machine learning has been applied to bioin-
terface design to predict interfacial properties such as protein
adsorption [59, 60]. Hence, new theories and technologies
can advance our understanding of the mechanisms and soft
interfaces that are adaptable to biologically active systems.
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