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Abstract. Thermo-responsive polymer films have enabled the development of various functional
surfaces with switchable interfacial properties. Assessing the surface forces and friction on such films is
of paramount importance. On the one hand, it allows us to extract a great deal of information on the
interfacial properties of the films, e.g., adhesiveness and lubricity, and how they could be tuned using
different stimuli. On the other hand, surface force measurements complement other thin-film analysis
methods, e.g., ellipsometry, to better perceive the correlation between the molecular properties of the
polymer chains and the interfacial properties of the film. On this basis, we will, herein, provide a concise
review of some recent studies on surface forces and friction tuned by thermo-responsive polymer films.
This outline comprises a summary of several research works addressing the effects of temperature,
solvent composition, and salts on surface forces and friction. In the end, we briefly discuss a few select
studies in which the regulation of surface forces by thermo-responsive polymers is examined with an

emphasis on the potential applications.
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1. Introduction

Thermo-responsive polymers belong to the large family of stimuli-responsive or smart polymers that are
sensitive to changes in their environment.[1,2] Despite the extensive research conducted during the past
few decades, the interest in thermo-responsive polymers continues to grow owing to the progressive
developments in the design of new molecular structures and the tuning of their physicochemical
properties.[3,4] Temperature, as an external physical stimulus, can induce a reversible phase transition,
which is accompanied by variations in the conformation and interaction of the polymer. Such an “on—
off” switchable control of the micro- and macroscopic properties of polymers offers vast application
possibilities. Heat-triggerable polymeric vesicles (polymersomes) have been widely investigated as
promising candidates for application in drug delivery, diagnostic imaging, therapeutic nanoreactors, and
artificial organelles.[5,6] Herein, the assembly/disassembly of the polymer at temperatutes close to the
physiological body temperature controls the permeability and compound release. The biomedical
applications of thermo-responsive polymers are not limited to vesicle systems; they have also been
utilized to develop nano/microfibers as scaffolds for wound dressings, as well as culture substrates for
cell harvesting.[7] For instance, the adhesion between the substrate and the cells can be modulated by
varying the temperature; hence, one can control the cell morphology and attachment. Besides biomedical
applications, thermo-responsive polymers have been vastly utilized to fabricate smart surfaces with

controlled antifouling,[8] molecular separation,[9] bacterial adhesion,[10] and lubricity.[11]

Thermo-responsive polymers display a change in water miscibility/solubility, which is generally
characterized by either an upper critical solution temperature (UCST, heating causes dissolution) or a
lower critical solution temperature (LCST, heating causes phase separation). The LCST phase behavior
is more prevalent between the commonly studied thermo-responsive polymers,[7] e.g., N-substituted
poly(meth)acrylamides, poly(ethers), and poly(2-alkyl-2-oxazoline)s, which is why we, herein, focus on

this system. Figure 1(a) illustrates the typical phase diagram (type 11, i.e., a single minima) of a thermo-
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responsive polymer with LCST behavior.[12,13] For a given polymer concentration, the polymer coil is
found in a highly hydrated, swollen, and hydrophilic state below the phase transition (critical)
temperature. Heating above the phase separation temperature results in enhanced hydrophobicity and
dehydration, which promote conformational collapse as well as interchain aggregation. In general, the
LCST behavior originates from the competition between the enthalpic gain by hydration of the
hydrophilic regions of the polymer against the entropic penalty by the hydration of nonpolar regions due
to the hydrophobic effect. The hydrated state below the critical temperature arises from the dominant
enthalpic term, whereas the phase separation results from the weakened polymer—water interaction, the
relatively strong polymer—polymer attraction, and the entropic gain by the release of water molecules
from the hydrophobic hydration shell.
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Figure 1 (a) Typical LCST phase diagtam of a thermo-responsive polymer. The polymer chains adopt a swollen and hydrated state below the critical

normal

flat (underlying) substrate

temperature, whereas a collapsed and hydrophobic state exists above the critical temperature. (b) Different approaches to attach the thermo-responsive
polymers (units) to a solid substrate. The polymer is directly polymetized from the surface (grafting-from), adsorbed to the surface through specific
interactions between the functional groups (grafting-to), or incorporated into a copolymer structure where the charged units promote adsorption to the

chatged substrate. (c) Atomic force microscopy (AFM) colloidal probe measurements on polymer-coated substrates in normal and shearing modes.

Page 4 of 38



Attaching the thermo-responsive polymer chains to a solid substrate is possible through different
approaches (Figure 1(b)).[14,15] A common method involves the polymerization of the chains directly
from the substrate decorated with initiator moieties, which is recognized as the grafting-from
method.[16,17] Polymerization at the surface allows one to obtain relatively high grafting densities and
produce extended polymer brush layers. Contrarily, thermo-responsive polymers functionalized with
specific groups (either at one or multiple moieties) can be “grafted-to” favorable adsorption sites on the
surface.[18,19] However, the steric hindrance between the polymer chains often prevents the
achievement of relatively high grafting densities, thus affording less extended chains with a more flat
conformation. As another common approach, the thermo-responsive units can be accommodated into a
copolymer structure, e.g., block copolymers or bottle-brush polymers, composed of charged monomers
that can adsorb onto an oppositely charged surface through electrostatic interactions.[20] The
conformation of the chains at the surface is governed by various parameters, including the grafting
density, bulkiness of the side chains, polymer—solvent, polymer—polymer, and polymer—surface
interactions.[21] For instance, the polymer chains with a low grafting density form a “mushroom”
conformation when monomer—solvent interactions prevail over monomer—substrate interactions,
whereas strong interactions with the surface and a “bad solvent” condition can promote a flat “pancake”
conformation. On the other hand, the balance of the repulsive excluded volume interactions against the
unfavorable loss of configurational entropy of chain extension determines the degree of extension in a

densely grafted polymer brush.

Polymer chains anchored to a substrate generally exhibit different phase transition characteristics
compared to those of their “free” state in the bulk solution.[12] On the one hand, polymer chains
confined to a solid surface usually undergo a broader collapse with increasing temperature compared to
the rather sharp transition of non-grafted polymers.[22,23] On the other hand, the vertical collapse in
terms of the variations in the polymer segment density is generally not uniform; instead, the polymer

segment density shows a nonmonotonic gradient.[24,25] Accordingly, a polymer-rich region close to the
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substrate in equilibrium with dilute tails is a more accurate description than a uniform layer with a sharp
interface. Consequently, the thermo-responsivity of polymer films, in terms of the variations of the bulk
(interior) properties against those of the surface properties, could exhibit different trends. Therefore, one
could expect discrepancies between the outcomes of the surface analysis methods sensitive to the
periphery of the film (e.g., quartz crystal microbalance and atomic force microscopy (AFM)) against those
sensitive to the dense interior region (e.g., ellipsometry and neutron reflectometry).[26—28] In general, it
has been suggested that the bulk properties vary over a broad range of temperatures around the collapse
temperature, whereas the surface properties vary over a relatively narrow range above the collapse
temperature.[12] In addition, the phase transition behavior of the film, either in the interior or in the

periphery zone, strongly depends on the hydration, molecular weight, and steric crowding.[12]

Different instrumental methods are available to assess the surface forces and friction on polymer-coated
surfaces in micro- and macroscales.[29,30] AFM is a powerful tool that has been vastly employed to
examine the interfacial properties of polymer surfaces. Besides topographical imaging, the colloidal probe
technique has made it possible to examine the surface forces and friction on thermo-responsive polymer
layers, and it is employed in most of the studies reviewed herein. Such force measurements (Figure 1(c))
are conducted not only between a bare colloidal probe and an undetlying polymer-coated substrate but
also between a probe and a substrate both bearing polymer layers (either symmetric or asymmetric). The
former provides information on polymer—probe interactions, while the latter is concerned chiefly with
polymer—polymer interactions. In addition, the force measurements are performed in normal and (or)
shearing modes. In the former experiment, the probe approaches vertically and compresses into the
surface until a defined maximum load is obtained, after which it is retracted. The latter experiment
involves sliding the probe on the surface while a constant normal load is applied. The combination of
these methods allows one to examine thermo-responsive polymer films in terms of structural variations,
adhesiveness, viscoelasticity, and lubricity. Notably, the interaction between polymer layers has also been

addressed in theoretical modeling and simulation studies;[31-34] however, we, herein, mainly focus on
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recent experimental findings. The surface forces between polymer-coated substrates in aqueous media
have different origins, e.g., steric repulsion between the polymer chains, attractive bridging between the
polymer and the probe, and interchain polymer interactions. The balance of these surface forces depends
on multiple factors, including the solvent quality, thickness, grafting density, and molecular architecture.
For instance, polymer—surface bridging occurs in the case of strong polymer—surface interaction and (or)
poor solvent quality, where the tails can extend to the opposite surface, either bare or polymer-coated
with a low grafting density. On the other hand, compressing polymer films together creates steric
repulsive forces resulting from the entropic penalty upon confinement of the polymer chains between
the surfaces, as well as the hydrodynamic forces associated with the expulsion of solvent from the

compressed films.

In the following context, we provide a summary of the recent studies on force measurements conducted
on thermo-responsive polymer films. As discussed eatrlier, the on-demand manipulation of the polymer
conformation and interaction allows us to adjust the interfacial properties and surface forces of thermo-
responsive films. Accordingly, the vast majority of the recent works focused on tuning the surface forces
and friction on polymer layers by systematically varying the solvent quality through changing the
temperature, solvent composition, as well as the addition of salts. Moreover, we present a few examples
of recent studies with a more applied orientation, in which tuning the surface forces of thermo-responsive
polymer layers is employed to develop smart surfaces with controlled adhesion to cells, minimized oil

fouling, and selective adhesiveness to nanoparticles.

2. Tunable Surface Forces and Friction

2.1. Temperature and Solvent Composition

The most prevalent method to modulate the surface forces and friction of thermo-responsive films is
through changing the temperature of the aqueous media.[35,36] Accordingly, surface force measurements

are typically performed over temperatures ranging from below the transition temperature (good solvent
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condition), through the transition temperature, to well above the transition temperature (bad solvent
condition). Another method for modifying the solvent quality involves maintaining a constant
temperature while the solvent quality is systematically varied through the addition of a second
solvent.[37,38] We outline some notable studies below that demonstrate how the transition from a

swollen/hydrated state to a collapsed/hydrophobic state can affect the surface forces and friction.

Yu et al. conducted AFM force measurements between a bare gold probe and a poly(IN-
isopropylacrylamide) (PNIPAM) brush at different temperatures between 20 and 40 °C.[39] Thus far, we
have highlighted that the interfacial properties of thermo-responsive polymer films typically vary between
two extreme states below and above the critical temperature. On the contrary, this study suggests that
the tribomechanical properties of the investigated PNIPAM brush evolve in a nonmonotonic manner
with increasing temperature, with the maximal energy dissipation observed around the collapse

temperature.

The force—distance profiles (Figure 2(al)) provide a general insight into the conformation and interaction
of the thermo-responsive brush at different temperatures. Below the collapse temperature, a purely
repulsive approach force is observed, implying a highly swollen conformation that creates a large osmotic
pressure. On the other hand, the retraction curve overlaps with the approach curve, suggesting a minor
energy dissipation within the brush and a negligible polymer—probe adhesion. Therefore, compressing
the probe against the hydrated polymer brush leads merely to solvent-squeeze-out. At temperatures near
the transition temperature (~ 32 °C), the repulsive force, upon approach, becomes relatively short-
ranged, which signifies a vertical collapse in the brush thickness. In addition, the retraction profile
represents a long-range attractive interaction that hints to a strong polymer—probe adhesiveness, which
results in stretching of the partly collapsed chains by the probe. At temperatures well above the transition
temperature, the film thickness further collapses, while the adhesion becomes relatively short-ranged,

showing a sharp snap-off adhesive force. Under this condition, one can argue that the polymer—polymer
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attractions, i.e., internal hydrogen bonding and hydrophobic interactions, within the film are strong
enough to dominate the polymer—gold interaction. Consequently, the chains interacting with the gold
surface resist stretching, which could explain the strong but short-range adhesive force. Accordingly,
plotting the work of adhesion, i.e., the area between approach and retraction curves, against temperature,
a maximum in energy dissipation is observed around the collapse temperature: a trend that is independent
of the relative velocity and the applied normal load (Figure 2(a2)). The adhesion hysteresis below (solvent-
squeeze-out mechanism) and around (chain stretching mechanism) the collapse temperature exhibits a
relatively strong dependence on both the velocity and the applied normal load, compared to the case of
the fully collapsed state (snap-off mechanism), which affirms the changes in the viscoelastic nature of the

film with increasing the temperature.
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Figure 2 (panel a) Interfacial properties of a PNIPAM brush as a function of temperature (reprinted with permission from [39]); (al) approach and retraction
force—distance curves between a gold probe and a PNIPAM brush at different temperatures, (a2) adhesion hysteresis as a function of temperature at various
velocities and a constant normal load of 84 nN, (a3) frictional forces measured as a function of temperature at a sliding velocity of 20 um s and a normal
load of 2.2 nN. (b) Frictional force for the symmetric PNIPAM—PNIPAM brush system (top schematic) and the asymmetric PNIPAM-—PMMA system
(bottom schematic) at a velocity of 120 um s and a normal load of 180 nN (reprinted with permission from [40]). (c) Frictional force—normal load plot for

the PNIPAM brush (with medium grafting density) in pure and mixed solvents (reproduced with permission from [41]).

Friction measurements (Figure 2(a3)) also denote a significant energy dissipation around the collapse
temperature. Accordingly, a small frictional force is obtained below the collapse temperature, which arises
from the highly swollen state and minimum contact/adhesiveness between the probe and the brush. The
frictional force monotonically grows with increasing the temperature in agreement with the gradual
collapse and enhanced polymer—gold interaction. Around the collapse temperature, a considerably large
frictional force is measured that confirms the stretching of the bridging chains between the sliding
surfaces. A further increase in the temperature results in reduced frictional forces suggesting that the
polymer chains resist stretching. Nevertheless, the frictional forces for the collapsed state are, in general,
greater than those for the swollen state due to the polymer—gold adhesiveness. Thus, the balance of
polymer—solvent, polymer—polymer, and polymer—probe interactions determines the surface forces at
different temperatures. Polymer—probe interactions can result in energy dissipation in terms of chain
stretching or sharp snap-off, while the breakage and reformation of polymer—polymer interactions could
produce energy dissipative events within the film. The next work better elucidates how stickiness at the

interface contributes to the friction.

De Beer et al. conducted friction measurements between asymmetric and symmetric polymer brush
systems.[40] The symmetric system includes water-immersed PNIPAM brushes on both the probe and
the surface, while the asymmetric system comprises a PNIPAM brush (on probe) against a poly(methyl
methacrylate) (PMMA) brush (on silica wafer) pre-solvated in acetophenone (good solvent for PMMA).
Both the systems are immersed in water to avoid the formation of an acetophenone capillary between

the PNIPAM and PMMA brushes. As shown in Figure 2(b), sliding the symmetric brushes against each
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other produces significantly large friction, suggesting a substantial overlap and interpenetration of the
polymer tails between the brushes. In contrast, two immiscible brushes provide a slick interface with
notably low friction, implying minor interdigitation and, thus, energy dissipation. A similar lubrication
behavior is observed when sliding asymmetric PNIPAM—PMMA brushes compared to the symmetric
PMMA-PMMA system. Accordingly, one of the essential requirements for low friction is a sharp
interface between the polymer-coated surfaces, which, herein, is provided by solvents that separate into
two phases upon contact. The minimized polymer—polymer interpenetration at the interface not only
provides lubrication but also decreases the possibility of film wear; thus, an optimal load-bearing capacity
is achieved. It should be, however, noted that a slick interface cannot solely guarantee low friction as
energy dissipative events could still occur within the film, which could be minimized by reducing the

viscoelastic nature of the film.[42]

Switching the interfacial properties by heating and cooling might be impractical (considering the energy
costs) when repeated “on—off” cycles are required. Instead, one can modulate the interfacial properties
by changing the solvent composition. Chen et al. investigated the conformational transition and variations
of the lubrication properties of PNIPAM films under good and bad solvent conditions.[41] The solvent
quality, in the study, is adjusted through the systematic addition of methanol as a co-nonsolvent. The
addition of methanol to PNIPAM in water leads to a collapsed state, whereas PNIPAM swells again
beyond a particular methanol concentration. This swollen—collapsed—swollen transition is generally
recognized as the re-entry transition, which is attributed to the balance between the solvent—solvent and
solvent—polymer interactions. In a mixed solvent of water and methanol, the solvent—solvent interactions
are stronger than the solvent—polymer interactions due to the formation of water—methanol complexes.

This leads to a poor solvent quality, and thus, the polymer collapses.

Friction measurements between a silica probe and a PNIPAM brush in water, methanol, and the 50%

v/v mixture reveal the significant effect of the solvent quality on the interfacial properties. In all cases,
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the frictional force—normal load curves (Figure 2(c)) display a linear trend (known as the Amontonian
relationship) with negligible adhesion (nearly zero intercept value at zero applied load) and no indication
of film wear up to normal loads of around 50 nN. Regarding the effect of solvent quality, the friction
coefficients (dimensionless slope of the frictional force—load plot) in water and methanol are
approximately similar, whereas it is almost five times larger in the mixed solvent. The elevated friction in
the mixed solvent is ascribed to the enhanced polymer—probe affinity, which creates a sticky interface.
Besides studying the effect of solvent quality, this work also highlights that a systematic increment in the
grafting density of the brush produces significant friction under a given solvent condition, while such an
effect is more pronounced under a bad solvent condition. For instance, increasing the grafting density
from 0.03 to 0.69 chains.nm™ leads to a twofold increment of the friction coefficient in pure water,

whereas it causes an 8-fold increment in the mixed solvent.

This effect is probably due to the strong polymer—probe bridging and adhesion in the dense state.
Accordingly, the surface forces and friction on thermo-responsive films strongly depend on the structural
properties of the film, such as the grafting density and molecular architecture.[43—47] Since our review is
chiefly focused on tuning the surface forces by varying the solvent condition, we do not discuss, in detail,
how various structural parameters affect the interfacial properties of polymer films. An interested reader,
however, is referred to the review studies by Benetti et al.[48] and Dédinaité et al.[49] for more thorough
scrutiny of the topic. Shortly, we discuss a study describing how the film thickness together with the

scanning distance could modify the friction profiles.
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Figure 3 Effect of the polymer thickness and scanning distance on the friction profiles (reproduced with permission from [50]); (a) friction loops on thin
and thick PNIPAM brushes in water at 25 °C for an applied load of 10 nN, (b) typical friction loop on thick PNIPAM brushes; the tilted portion (Xd) and
the sliding portion (Xs) of the loop are highlighted, (c) schematic representation of brush deformation and sliding during lateral scanning, (d) friction loops

recorded on thick PNIPAM brushes at 25 °C with scanning distances of 1, 5, and 9 pm, (e) frictional forces for thick PNIPAM brushes at 40 °C.

Ramakrishna et al. investigated the effect of lateral deformation of PNIPAM brushes when measuring
the frictional forces.[50] To do so, the friction loops (loading—unloading) obtained on thin (~ 10 nm) and
thick (~ 500 nm) brushes at 25 °C are compared (Figure 3(a)). Accordingly, the PNIPAM brushes, when
swollen, both display tilted friction loops, which is attributed to the lateral deformation and stretching of
the chains under shear force (Figures 3(b),(c)). However, this effect is more pronounced for the thick
brush, i.e., the tilted portion of the friction trace (Xq) is relatively larger. According to Figure 3(d), the
friction loops on the swollen thick brush considerably depend on the applied scanning distance.
Regarding the shortest scanning distance, the friction loop is entirely tilted, meaning that solely lateral
deformation occurs without any sliding between the probe and the brush (static friction). A scanning
distance of 5 pm produces an initial lateral deformation, after which sliding occurs. A further increase in

the scanning distance provides a friction loop with a tilted section, followed by steady sliding, meaning

Page 13 of 38



that the frictional dissipation is primarily dominated by the sliding. The lateral deformation of the brush,
however, has a minor effect on the friction loops when the film is collapsed. According to Figure 3(e),
the friction loops do not represent any tilted portion even for the shortest scanning distance, implying
that collapsed PNIPAM chains (due to enhanced rigidity and strong cohesiveness within the film) resist
lateral stretching. Accordingly, the measured interfacial properties (friction coefficient herein) depend not
only on the solvent quality but also on the structural features (thickness) and experimental parameters
(scanning distance). Next, we examine some studies addressing thermo-responsive polymer films other

than brush systems.

Natural polymers including various polysaccharide derivatives also display thermo-sensitivity.[51]
Thormann et al. investigated the surface forces and friction between hydrophobized silica surfaces coated
by thermo-responsive methylcellulose.[52] Methylcellulose comprises nonpolar methyl and polar
hydroxyl groups, which result in temperature-dependent miscibility with water. According to Figure 4
(panel a), frictional force—load profiles strongly depend on the temperature. Below the critical
temperature (Figure 4(al)), the frictional force is relatively small for applied loads below 4 nN, which
indicates a minor energy dissipation and steric repulsion between the layers. However, the frictional force
markedly increases with the normal load leading to film wear and a rather weak load-bearing ability.
Similarly, the immediate unloading curve displays significantly high friction values. On the other hand,
increasing the temperature to the critical point leads to a relatively high friction coefficient that can be
attributed to the reduced solvent quality (Figure 4(a2)). Nevertheless, the film possesses a relatively high
load-bearing capacity as no trace of wear (constant slope in the profile) is detected up to an applied load
of 12 nN, while the unloading curve superimposes the loading curve. Accordingly, the reduced solvent
quality, the strong polymer—surface interaction, and the strong cohesion within the layers prevent film
wear under shear force. Since a weak attraction exists between the films in the hydrated state, the poor

lubrication and load-bearing ability must pertain to the energy dissipation within the film rather than at

Page 14 of 38



the sliding surface. A weak polymer—surface interface could also be a source of energy dissipation and,
consequently, elevated friction, which is plausible for the physically adsorbed methylcellulose films.
Therefore, one requires a polymer layer firmly attached to the substrate while exposing hydrophilic
groups toward the solution to attain lubricity together with increased load-bearing ability. Next, we
discuss how electrostatic attraction could be employed as an alternative strategy to anchor thermo-

responsive polymers to a charged substrate.
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Figure 4 (panel a) Friction loops between methylcellulose films on hydrophobic silica surfaces at 25 (al) and 50 °C (a2) (reproduced with permission from

[52]). (panel b) Sutface forces and friction between pentablock copolymer films on silica (reproduced with permission from [53]); force—distance profiles at

23 (b1) and 55 °(b2); friction loops at 23 (b3) and 55 °C (b4).

Dobryden et al. examined the interfacial properties of a thermo-responsive pentablock copolymer
electrostatically adsorbed to a silica surface.[53] The investigated copolymer has an A—B—A—B—A
structure, where A represents a cationic poly((3-acrylamido-propyl)-trimethylammonium chloride)
(PAMPTMA) block, and B is an uncharged poly(2-isopropyl-2-oxazoline) (PIPOZ) block (collapse
temperature ~ 55 °C). Notably, the force measurements are conducted between the silica surfaces in the

presence of the polymer solution. The force—distance profile below the critical temperature (Figure 4(b1))
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comprises a short-range steric force (~ 3 nm), which suggests a rather flattened conformation without
long polymer loops or tails. Near the collapse temperature (Figure 4(b2)), a markedly long-range attractive
jump-in is found when approaching, as well as a strong and long-range adhesion when retracting. The
range of the adhesion force (> 100 nm) is beyond the estimated length of the extended polymer chains,
which rules out polymer bridging. Considering the shape of the adhesion force profile and the fact that
the adhesion is considerably strong when the polymer is present in the solution, it is suggested that a
capillary condensate of a polymer-rich phase forms in the gap between the surfaces.[35] As argued, the
deposition of aggregates near the collapse temperature promotes the formation of the capillary
condensate. With decreasing the surface separation, the free energy of the capillary phase also reduces
due to a reduction of the volume of the capillary phase and the reduced interfacial area between the

capillary and solution phases, which creates an attractive force between the surfaces.[54]

On the other hand, the friction profile below the critical temperature (Figure 4(b3)) displays a steady
slope below the applied load of 12 nN, after which a marked increment in friction force (film wear) is
observed. However, the friction profile at 55 °C (Figure 4(b4)) indicates an enhanced load-bearing ability
due to the poor solvent condition and strong PIPOZ—surface interaction. In addition, the friction
coefficient is also smaller than that at low temperatures, which is unexpected considering the possible
dissipative nature of the capillary condensate. The authors argue that the additional polymer adsorption
at high temperatures could reduce the interpenetration of chains and, thus, lower the friction.
Accordingly, while electrostatic anchoring could strengthen the attachment to the surface compared to
the case in hydrophobically adsorbed systems, one can still expect a weak load-bearing capacity compared
to that of covalently bound brush layers. However, the copolymer systems allow for fine-tuning the
molecular architecture [55] and chemical composition [56] of the polymers, which offers various

possibilities to fabricate films with controllable structures and interfacial properties.
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In a similar study, An et al. investigated the surface forces and friction between electrostatically adsorbed
PIPOZ-PAMPTMA diblock copolymers at silica surfaces.[57] AFM colloidal probe measurements
suggested a typical deterioration of the solvent quality manifested by the increased adhesion and friction
with increasing temperature. To further verify this behavior, the authors calculated the interaction (free)
energy between two surfaces bearing end-grafted PIPOZ layers as a function of surface separation using
the lattice-mean field theory. The calculated interaction potential also demonstrated the typical features
of solvent-quality deterioration with increasing temperature, i.e., the evolution of an attractive minimum
at short separations, large interaction minimum, and a shift in the location of the minimum toward shorter
separations. The model can also be employed to examine how the magnitude of the interaction minimum
at different temperatures are affected by variations in the grafting density and the surface—polymer
interaction parameter. To further verify the mechanisms behind this, the authors calculated the polymer
volume fraction profiles. Accordingly, the fraction of penetrating polymer segments increases with
increasing the interaction energy. In addition, for a given interaction energy, the degree of penetration
increases with the temperature. Hence, the interpenetration of the chains is intensified as the solvent

quality deteriorates under static conditions, which can also apply to sliding conditions.
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Figure 5 (panel a) Approach (al) and retrace (a2) force—distance profiles between PEG-PNIPAM-PAMPTMA copolymer layers at the silica surface at
temperatures between 20 and 45 °C (reproduced with permission from [58]). (panel b) Surface forces on ethylene glycol-based brushes at different
temperatures and velocities (reproduced with permission from [59]); force—distance profiles between a bare silica probe and POEGMA300 (b1) and
P(MEO2MA-stat-OEGMA300) (b2) brushes (approach: solid lines, retraction: dashed lines). Force—distance profiles between the bare probe and

POEGMA300 (b3) and PMMEO2MA-stat-OEGMA300) (b4) brushes at different velocities at 11 °C.

As discussed, the copolymer systems allow for molecular structure design and for consequent modulation
of the interfacial properties. For instance, we investigated the surface forces between thermo-responsive
triblock copolymer films on silica surfaces.[58] The studied triblock copolymer has an A—B—C structure,
where A, B, and C represent poly(ethylene glycol) PEG, PNIPAM, and cationic PAMPTMA units,

respectively. Accordingly, the charged blocks promote adsorption, the PNIPAM blocks could form an
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intermediate layer, while the PEG blocks should be found dangling on top. The force—distance
measurements are conducted at temperatures between 20 °C (where both PNIPAM and PEG blocks are
hydrated) and 45 °C (where PEG blocks are expectedly hydrated; however, PNIPAM blocks must be
collapsed). Regarding the approach step (Figure 5(al)), one can observe purely repulsive force profiles at
all temperatures. Along the same line, weak adhesion is observed when retracting at 20 and 25 °C, whereas
no evident adhesion exists at elevated temperatures (Figure 5(a2)). As discussed eatlier, the attractive
forces between the PNIPAM segments around and above the critical temperature should cause relatively
strong adhesion. Accordingly, the presence of PEG blocks at the film surface induces a shielding effect
that prevents adhesion even if the PNIPAM blocks are collapsed. Moreover, while increasing the
temperature has a minor effect on the onset of repulsion, the repulsive force increases in magnitude (at
the same separation distance) at temperatures above 30 °C. Therefore, while the outer PEG-rich layer
appears to remain unaffected by heating, the PNIPAM blocks within the film undergo a conformational
collapse to form a more compact and less compressible inner layer. Using such an approach, one can,
thus, selectively regulate the thermo-responsive properties at the interface and within the film. Next, we
show that one can tune the chemical composition of the polymer chains to modulate the thermo-

responsivity and interfacial characteristics.

Murdoch et al. conducted a survey on ethylene glycol-based brushes, investigating the effect of copolymer
composition on surface forces and thermo-responsivity.[59] To do so, two polymer brushes with slightly
different chemical structures, i.e., a poly oligo(ethylene glycol) methyl ether methacrylate (POEGMA300)
homopolymer and a P(MEO2MA-stat-OEGMA300) with 60 mol% OEGMA300 and 40 mol%
(di(ethylene glycol) methyl ether methacrylate) (MEOZ2MA) statistical copolymer, are compared. The first
important highlight of this work is that different surface analysis methods could predict different thermo-
responsive properties. Herein, ellipsometry and neutron reflectometry measurements suggest that the

POEGMA300 brush undergoes a monotonic decrease in thickness in the range of 10-70 °C, while
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PMEO2MA-stat-OEGMA300) shows a similar behavior, but with a steeper collapse. The force
measurements (Figures 5(b1), (b2)) between a silica probe and the brushes (0.3 um s velocity) indicate
apparently contradictory thermo-responsive behaviors. Accordingly, POEGMA300 displays a purely
repulsive approach curve, while increasing the temperature has almost no effect on the onset of
compression. As explained earlier, the AFM colloidal probe method is primarily sensitive to the periphery
of the brush comprising the dilute tails. Conversely, methods such as ellipsometry are mostly sensitive to
the variations in the dense bulk material. Therefore, the dilute tails are not included in the analysis model,
and the layer is described as a film with a uniform density profile and a sharp cut off. In addition, AFM
does not measure the absolute distances between the probe and the underlying substrate. Instead, it only
measures the relative (apparent) distances set by the constant compliance region, which can lead to a bias
in the interpretation of the zero-separation point and, thus, the range of interactions. On that basis, one
can infer that the POEGMA300 brush undergoes a marked collapse in the dense inner regions, whereas
the outer tails seem to remain swollen and hydrated. Besides, the retraction curves superimpose with the
approach curves indicating a negligible hysteresis and a swollen brush state. In contrast, with increasing
the temperature, the PIMEO2MA-stat-OEGMA300) brush demonstrates a decrease in the apparent
thickness, as well as an enhanced hysteresis between the approach and retraction curves. The former
suggests a relatively sharp brush—solution interface due to a more collapsed conformation, while the latter

alludes to the bridging forces between the chains and the silica surface.

Besides the differences in thermo-responsivity and surface forces under quasi-equilibrium conditions, the
brushes display distinguished viscoelastic responses as well. The force—distance measurements are
performed at several velocities up to 117 um s to assess the hydrodynamic and viscoelastic effects
(Figures 5(b3), (b4)). Accordingly, POEGMA300 shows minimal dependence on the relative velocity as
only a small increment in adhesion during retraction is evident. Oppositely, the P(MEO2MA-stat-

OEGMA300) brush demonstrates significant dependence on the relative velocity in both approach and
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retraction steps. Increasing the velocity weakens the attractive minima until 29 um s, after which a purely
repulsive profile is obtained, which could be attributed to the frequency-dependent apparent viscosity
and solvent drainage. In addition, the reduced contact time upon increasing the velocity could explain
the reduction in the attractive minimum and the diminished bridging. On the other hand, the adhesion
during retraction progressively increases with the relative velocity, which could also be explained based
on the hindered solvent drainage. Accordingly, an elevated adhesion is expected if the probe retracts
faster than the solvent can return to the previously compressed area. According to this study, a slight
modification to the molecular structure of the polymer can have significant effects on the surface forces,

thermo-responsivity, and viscoelastic characteristics.
2.2. Addition of Salts

It is long known that the conformation and interactions of thermo-responsive polymers in aqueous media
can be adjusted using salts.[60—62] This effect cannot be explained merely based on electrostatic forces;
instead, it also depends on salt- or ion-specific dispersion and hydration forces. Accordingly, anions and
cations are ranked according to their ability to stabilize or destabilize the polymer in the solution, which
is widely recognized as the Hofmeister series. The effect of salts on the stability of thermo-responsive
polymers is often quantified in terms of the shift in the collapse temperature as a function of the salt type
and concentration (Figure 6(a)). Accordingly, a weakly hydrated salt, e.g., NaSCN, enhances the polymer
stability (salting-in effect) and increases the phase separation temperature in a nonmonotonic manner.
Conversely, a strongly hydrated salt, e.g., NaF, causes a drop in the collapse temperature and deteriorates
the solvent quality. According to common belief, weakly hydrated salts prefer the polymeric surface,
while strongly hydrated salts are effectively depleted. Therefore, one can tune the properties of thermo-
responsive polymer films at a fixed temperature only by changing the salt type or concentration. The

surface forces on thermo-responsive polymers in saline solutions have been investigated to assess the
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interfacial properties of a given polymer film in the presence of salts and (or) to understand the

fundamental mechanisms of the specific ion effects.[63,64]
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Figure 6 Effect of salts on thermo-responsive polymer films; (a) schematic illustration showing the collapse induced by strongly hydrated salts and swelling
in the presence of weakly hydrated salts. (panel b) Force—distance profiles at 20 and 40 °C in the presence of 200 mM NaF and NaSCN obtained between
gold surfaces coated by PNIPAM (reproduced with permission from [65]). (panel ¢) Approach (left) and retraction (right) force—distance profiles between a

silica probe and a PNIPAM brush in 1 mM KCI (c1, ¢3), and KSCN (c2, c4) solutions at different temperatures. (teproduced with permission from [66]).

We investigated the surface forces between the PNIPAM films on gold surfaces in the presence of
NaSCN and NaF at different temperatures (Figure 6, panel b).[65] It is evident that the force—distance
profiles in 200 mM NaSCN differ significantly from those in 200 mM NaF solution. At 20 °C, when 200
mM NaF is present (Figure 6 (b1)), the approach force curve comprises an attractive jump-in, followed
by a repulsive steric compression. On retraction, strong adhesion is found in terms of both adhesion
energy (hysteresis) and range. The strong adhesion, herein, suggests the presence of polymer—polymer
and polymer—gold bridging forces. However, since the temperature is below the collapse point, we expect
the latter to contribute more effectively. At 20 °C, when 200 mM NaSCN is present (Figure 6 (b2)), a
purely repulsive approach profile with no attractive jump-in is obtained; meanwhile, the retraction profile

shows a relatively small adhesion energy. Considering that the addition of NaSCN enhances the solvent
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quality, one can expect weak attractive polymer—gold and polymer—polymer forces. Furthermore, the
accumulation of the weakly hydrated salt within the film can promote a swollen conformation, which can
sterically hinder the bridging of polymer chains to the opposing surface. The two salts have distinguished
effects on the PNIPAM films even above the collapse temperature. At 40 °C, in the NaF solution (Figure
6 (b3)), enhanced bridging and adhesion are observed, implying relatively strong PNIPAM—gold and
PNIPAM-PNIPAM interactions. On the other hand, at 40 °C in the NaSCN solution (Figure 6 (b4)),
one can detect an attractive jump-in and gain in the adhesion energy (compared to the case at 20 °C).
While this observation affirms the collapse of the film, the adhesion is less pronounced compared to that
in the NaF solution (almost 50% smaller adhesion energy). Therefore, the weakly hydrated NaSCN,
through accumulation within the film, can improve the solvent quality and modulate the attractive forces

even above the collapse temperature.

Humphreys et al. studied the effects of KCl and KSCN on PNIPAM brushes using two sets of surface
force measurements.[66] First, force—distance profiles are measured between a bare silica probe and a
PNIPAM brush grafted-from a flat silica surface in the presence of salts at different temperatures.
Compared to the case in the presence of 1 mM KCI (Figure 6 (c1)), the approach profiles in the presence
of 1 mM KSCN (Figure 6 (c2)) exhibit a more long-range attractive bridging and higher compressibility.
The former observation suggests the presence of extended tails, whereas the latter finding refers to a less
compact internal structure. Furthermore, the semi-log scale force—distance profiles (shown in inset) in
the presence of KSCN display a slight deviation from linearity, which could suggest contributions from
both steric and electrostatic repulsions due to the accumulation of ions within the film. Next, symmetric
force—distance measurements are performed between two silica surfaces, both coated by PNIPAM
brushes. Similarly, KCl promotes a stiff and collapsed brush state with favorable polymer—polymer
interactions, whereas KSCN induces a soft swollen brush state and prevents hydrophobic brush-on-
brush interactions. The interesting finding, herein, is the trend for adhesion on retraction at 40 °C.

Accordingly, the retraction profiles for 1 mM KCl (Figure 6(c3)) below and around the critical
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temperature present no evident adhesion. As expected for 40 °C, the retraction profile shows an attractive
force between the collapsed hydrophobic brushes. The retraction profiles for I mM KSCN (Figure 6(c4))
at 10, 26, and 32.5 °C also indicate no evident adhesion and purely steric interaction, whereas the
retraction profile at 40 °C displays an unexpected and significantly strong adhesion (even stronger than
that in the KCl solution). While this finding contradicts the expected stabilizing effect by KSCN, one can
speculate that the adhesion originates from the specific binding of SCN" that induces bridging-like

interactions between the polymer chains.

In another similar study, Murdoch et al. examined the effects of KCH;COO and KSCN on ethylene
glycol-based thermo-responsive polymer brushes.[67] While most of the conclusions are similar to those
of the previous work, the authors, herein, reported a longer-ranged repulsive compression in KCH;COO
compared to that in a salt-free solution. This observation somehow contradicts the general expectation
that the film should be more collapsed in KCH;COO; nevertheless, it should be noted that the absolute
separation between the surfaces is not afforded by AFM force measurements. Therefore, in this case, it
is better to compare the ranges over which the attractive bridging interactions are observed. Accordingly,
the approach profiles display a longer-range attraction in pure water than in KCH;COO, which suggests
the presence of extended tails that can interact with the probe. Similarly, the approach profiles in the
KSCN solution show a long-range attractive bridging, implying the presence of dangling tails on the

collapsed film.

In summary, salts modify polymer—polymer, polymer—surface, polymer—water, and water—water
interactions below and above the critical temperature. Each of these interactions strongly depends on the
type and amount of the present ions. In particular, weakly hydrated salts tend to accumulate within the
polymeric film, which could induce specific interactions both within the film, e.g., crosslinking-like effect,

and between the polymer films, e.g., bridging-like effect.

3. Examples of Applications
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Thus far, we have discussed how different parameters such as temperature, solvent composition, and
salts affect the interfacial properties and surface forces of thermo-responsive polymer films. The ability
to modulate the surface forces and friction provides significant opportunities in designing smart
functional surfaces. Herein, we have chosen three recent works in which the modulation of surface forces
by thermo-responsive polymers is discussed from a practical point of view, as well. The first selected
work utilizes the thermo-responsivity of PNIPAM as a tool to manipulate the adhesion of cells to their
culture substrate. The second work focuses on how thermo-responsiveness and abrupt volume-phase
transition of a PNIPAM copolymer could provide oil-repellant and self-cleaning properties. The last
work describes how the adhesion forces on PNIPAM films can be switched “on” to catch synthesized
nanoparticles from one solution and then switched “off” to release them in another solution. The
discussions through these studies will provide a better perception of how closely the polymer

conformation and interaction correlate to the surface forces.

Temperature-responsive cell culture substrates are promising tools in tissue engineering with potential
application in the treatment/regeneration of human tissues and organs.[68,69] As a noninvasive and
chemical-free harvest method, the thermally induced transition between the hydrophobic and hydrophilic
states in PNIPAM-coated surfaces allows for the selective attachment and detachment of living cells,
respectively. Besides temperature, the structural properties of the PNIPAM film such as the grafting
density and thickness significantly affect the cell adhesion. It is suggested that relatively thick films
demonstrate weak adhesiveness toward cells even above the collapse temperature, which is attributed to
the presence of hydrated dilute tails that induce surface hydrophilicity. On the other hand, relatively thin
films are also incapable of detaching the cells even below the collapse temperature, which is ascribed to
the minor variations in the thickness and hydration. Based on this premise, Akiyama et al. fabricated a
thermo-responsive cell culture substrate, comprising a PNIPAM brush grafted on a polydimethylsiloxane

(PDMS) layer, which undergoes variations in thickness, surface wettability, and cell adhesion.[70] While
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the PNIPAM layer affords thermo-responsivity, the PDMS layer allows the stretching of the surface to
reversibly alter the grafting density and thickness of the PNIPAM layer on top (Figure 7(a)). Force—
distance profiles (Figures 7(b1), (b2)) suggest that stretching the PDMS surface results in weak
adhesiveness between the hydrophilic silicone probe and the PNIPAM film at 25 °C. Thus, the
mechanical stretching increases the hydrophobicity of the PNIPAM surface due to the reduced number

of extended tails.
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Figure 7 Thermo-responsive substrate for controlled cell attachment (reproduced with permission from [70]). (a) Schematic illustration of the engineered
substrate. Stretching causes a decrease in the grafting density and thickness of the PNIPAM film. (panel b) Force—distance profiles obtained at 25 °C on
unstretched (b1) and stretched (b2) substrates. (c1) Phase-contrast microscopic images of the cells before (left) and after (right) four different detachment

procedures. (c2) Schematic illustration of four different detachment procedures showing the effect of temperature and mechanical stretching on cell adhesion.

Bovine aorta endothelial cells (BAECs) are cultured on the substrates and subsequently subjected to four
different detachment procedures (Figure 7, panel c). Phase-contrast microscopic images and image
analysis are used to assess the attachment/detachment of the cells in each case (Figure 7(c1)). The UnSt-
LoTemp procedure involves culturing the cells on the unstretched substrate at 37 °C, followed by

decreasing the temperature to 20 °C. St-LoTemp has the same procedure; however, the culturing occurs
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on the stretched substrate. The unstretched film provides less cell adhesion during the culturing as well
as more cell detachment, which can both be attributed to the more hydrophilic surface with extended
tails. St-UnSt-LoTemp involves seeding the cells on the stretched substrate at 37 °C, followed by
unstretching and decreasing the temperature to 20 °C. This procedure entails dual stimulation and
demonstrates the best cell detachment performance. Both the decrease in the temperature and
unstretching promote surface hydrophilicity that favor cell detachment. The St-UnSt procedure involves
seeding the cells on the stretched substrate at 37 °C, followed by unstretching while maintaining the
temperature at 37 °C. A poor detachment performance is, hereon, observed, which implies that

mechanical stress alone is ineffective and thermo-responsiveness is essential for cell detachment.

As the second example, Ye et al. fabricated thermo-responsive copolymer brushes of PNIPAM and
poly(ethylene glycol) methacrylate (PEGMA) that display self-cleaning ability against underwater oil
fouling.[71] Self-cleaning surfaces are typically low surface energy materials with quite large oil contact
angles (~> 150); nevertheless, such surfaces exhibit significant adhesion to organic pollutants underwater.
Thermo-responsive PNIPAM coatings could be an alternative solution for two reasons. On the one
hand, the hydrophilic surface below the critical temperature promotes the desorption of the organic
pollutant. On the other hand, the abrupt conformation change (in terms of thickness variation) during
the transition could provide a strong mechanical stress or “washing force” to facilitate the self-cleaning
process. However, the surface hydrophobicity of PNIPAM above the critical point is a disadvantage that
favors oil adhesion. To address this issue, the surface hydrophobicity of PNIPAM is, herein, adjusted by
incorporating small ratios of the hydrophilic PEGMA comonomer, which can provide a shielding effect

for the hydrophobic PNPAM surface while preserving the sudden volume-phase transition.

Figure 8(a) shows a comparison of the adhesive forces required to separate an oil droplet from polymeric
films at 25 and 50 °C. Below the critical temperature, all the surfaces exhibit relatively small adhesive

forces due to the surface hydrophilicity. The adhesive forces on the collapsed PNIPAM film at 50 °C are
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considerably stronger; nevertheless, increasing the PEGMA content in the copolymer reduces the
adhesiveness. To evaluate the self-cleaning performance (Figures 8(b), (c)), the fouled surface is
repeatedly rinsed in 25 and 50 °C water. PNIPAM (reference) and the copolymers with a low PEGMA
content present poor efficiency in self-cleaning due to their surface hydrophobicity in the collapsed state.
Contrarily, PEGMA (reference) and the copolymers with a higth PEGMA content also leave rather large
amounts of oil residue on the surface, due to the elevated collapse temperature and less abrupt volume
transition. Thus, the copolymer with a PEGMA content of around 5 mol% exhibits the best self-cleaning

performance, due to the balanced surface hydrophilicity and the conformational transition.
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Figure 8 Thermo-responsive PNIPAM-—PEGMA copolymer brush with self-cleaning capacity (reproduced with permission from [71]); (a) adhesive forces
required to separate an oil droplet from the polymer brush surfaces at temperatures of 25 and 50 °C. (b) The amount of oil residues on the polymer brush

surfaces after three cleaning cycles performed at 25 and 50 °C. (c) The polymer brush surfaces fouled by oil and cleaned through three cycles.
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As the last example, Yu et al. employed co-nonsolvency of PNIPAM brushes to collect nanoparticles in
a simple yet efficient manner without particle aggregation.[72] In the common preparation method,
nanoparticles are synthesized in solution through hydrolysis and a polycondensation reaction, after which
the particles must be transferred to another solvent for storage or further processing. The solvent
exchange process is generally conducted by precipitating the particles and re-dispersing them in the new
solution, which often results in aggregated particles that are difficult to re-disperse. In this work, the co-
nonsolvency of PNIPAM is used to extract the nanoparticles from their solution and release them into
another solution. As discussed earlier, the addition of short alcohols to PNIPAM in water gives rise to a
swollen-to-collapsed-to-swollen transition. This means that in the mixed solvent, i.e., bad solvent
condition, the polymer collapses and shows maximum hydrophobicity. Figure 9(a) illustrates that the
PNIPAM film exhibits significant adhesion (against bare silica probe) in a 30-70 vol% ethanol—water
mixture, whereas the adhesion is significantly weak in pure ethanol. Accordingly, the PNIPAM film is
selectively (and reversibly) adhesive toward silica particles (also other particles such as gold, polystyrene,

and PMMA) only by switching the solvent condition without changing the temperature.
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Figure 9 Co-nonsolvency of a PNIPAM brush for the selective pick-up and release of nanoparticles (reproduced with permission from [72]); (a) adhesion
force (between a PNIPAM brush and bare silica probe) is switched between pure and 30-70 vol% ethanol—water mixture. (panel b) Process of extracting the
silica nanoparticles; (b1) PNIPAM brush in air, (b2) PNIPAM brush immersed in the nanoparticle solution and dried, (b3) PNIPAM bush immersed in pure

ethanol and dried.

Figure 9 (panel b) summarizes the procedure for the extraction and release of silicon nanoparticles using
the PNIPAM brush. Accordingly, the particles are extracted in the ethanol-water mixture due to strong
particle—polymer adhesion. The AFM image of the brush after immersion in the mixed solvent (Figure
9(b2)) shows the adhered nanoparticles with minor aggregation. Subsequently, ultra-sonication in ethanol
removes almost all the adhered particles (Figure 9(b3)) due to the good solvent condition and weak

polymer—nanoparticle adhesion.

4. Conclusions and Outlook

Thermo-responsive polymer films, in general, can switch between two extreme states: (i) a swollen, highly

hydrated, and hydrophilic state; and (ii) a collapsed, less hydrated, and hydrophobic state. As we have
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seen through the reviewed works, the temperature of the aqueous media, solvent composition, and salts
can be utilized to manipulate the phase transition of thermo-responsive polymer films. The transition
between these two states results in significant changes in the interfacial properties of the film, including
the surface forces and friction. With respect to the swollen state, one could typically expect long-range
steric repulsive forces, large osmotic effect, high compressibility, weak polymer—polymer and (or)
polymer—surface bridging, small adhesion energy, and low friction. Contrarily, the collapsed state is
generally represented by relatively short-range steric repulsive forces, low compressibility, strong
polymer—polymer and (or) polymer—surface bridging, considerable adhesion energy, and poor lubricity.
Besides the general thermo-responsive behaviors, we also highlighted that thin polymer films, more
realistically, entail a dense polymer-rich inner region topped with dilute extended tails, which could
actively contribute to the surface forces and friction. The outer tails as well as the molecular architecture
and conformation of polymer chains, in general, contribute significantly to the surface forces and friction.
Furthermore, the way the polymer chains are attached to the substrate and the strength of the polymer—
surface interface could also influence the surface forces and friction.

On this basis, thermo-responsive polymer films have become attractive candidates for application in the
development of smart surfaces with switchable interfacial properties. We have gone through a few
examples in Section 3; however, the tuning of the surface forces using thermo-responsive polymer films
offers a much broader range of applications. The selective modulation of surface wettability offers great
application potential for separation processes, e.g., the fabrication of smart surfaces with “oil-removing”
ability at one temperature and “water-removing” ability at another temperature. This functionality
requites the surface to reversibly switch between superhydrophobic/superoleophilic and
superhydrophilic/superoleophobic states. Herein, a temperature-induced shift in watet- and oil-affinity
is an effective method that eliminates the need for chemicals. Liquid manipulation is another relevant
process, which has diverse applicability in micro/nano fluidic devices, heat transfer, self-lubrication, and

biomedical devices. Controlling the liquid spread has been typically conducted through the physical
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patterning of the surface. However, a combination of surface structuring together with thermo-
responsivity of surface wettability can provide a better control over droplet spread in a reversible manner.
We have partly discussed how thermo-responsive polymer films are employed to modulate the adhesion
of living cells to their culture substrate. Based on a similar idea, such coatings can be utilized to fabricate
switchable antibacterial surfaces to prevent the proliferation of bacteria and biofilm formation on
implants. In this case, surfaces bearing a particular topography or active bactericides, e.g., antibiotics,
cationic polymers, and silver ion, can exhibit bactericidal ability. Nevertheless, the continuous
contamination by dead bacteria significantly diminishes the bactericidal efficiency. A thermo-responsive
polymer film can provide a switchable antifouling feature to the bactericidal surface, meaning that a
change in the temperature promotes the detachment of the dead bacteria and could, hence, inhibit biofilm
formation. Last but not least, thermo-responsive polymer films can be used for developing smart surfaces
with switchable adhesion underwater. This can be done using a combination of mussel-inspired adhesive
polymers with a thermo-responsive polymer, where the former serves as the adhesive moiety in water
and the latter allows for the reversible modulation of wet adhesion.

Modification of the molecular structure of the polymer chains in order to tune the thermo-responsiveness
of the polymer films is an important research area with great practical impact. We have highlighted that
a small variation in the chemistry of the polymer backbone, e.g., addition of a more hydrophilic
comonomet, can significantly affect the thermo-responsive behavior of the film in the terms of shifting
the transition temperature as well as modifying the volume phase transition. On the other hand,
modifying the molecular architecture of the polymer chains to obtain a desired conformation at the film
interface is another essential research direction. We have seen that the dilute tails at the film periphery
notably affect the interfacial properties, e.g., adhesiveness and lubricity, and their thermo-responsivity.
To address this issue, one can tune the molecular architecture through different approaches: (i) modifying
the intrinsic structural properties of the polymer such as polydispersity, (i) design of more complex

architectures rather than linear homopolymers, e.g., cyclic polymers, and (iii) design of novel block
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copolymers and bottlebrush polymers with optimized chemistry and architecture. Finally, multi-

component polymer systems allow for further tuning the interfacial properties and thermo-

responsiveness through synergistic effects in terms of improving the attachment to the surface, enhancing

the cohesion within the film, modifying the hydration levels, and controlling the interfacial conformation.
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