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Introduction

Biocompatible polymers find numerous medical applications,
e.g., scaffolds for regenerative medicines,"® carriers for drug
and coatings for medical devices,

delivery systems,”®

@ Institute for Materials Chemistry and Engineering, Kyushu University,
744 Motooka, Nishi-ku, Fukuoka 819-0395, Japan.
E-mail: masaru_tanaka@ms.ifoc. kyushu-u.ac.jp

Effects of hydration water on bioresponsiveness
of polymer interfaces revealed by analysis of
linear and cyclic polymer-grafted substratest
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Given that the hydration water of polymer matrices may differ from that of outermost polymer surfaces,
processes at biomaterial—-biofluid interfaces and role of hydration water therein cannot be adequately examined
using most conventional characterization methods. To bridge this gap, a gold substrate was herein modified
with linear and cyclic poly(2-methoxyethyl acrylate) to prepare gl-PMEA and gc-PMEA surfaces, respectively, as
models for the outermost surfaces of blood-contacting medical devices. Both surfaces suppressed the
adhesion of human platelets but differed in the adhesion behaviors of normal and tumor cells despite having
the same areal density of fixed-end units. The surfaces were analyzed using quartz crystal microbalance (QCM),
frequency modulation atomic force microscopy (FM-AFM), and X-ray emission spectroscopy (XES)
measurements under wet conditions to clarify the relationship between bioresponsivity and hydration water.
QCM measurements provided evidence that both grafted-PMEA were hydrated. FM-AFM observations revealed
that the swelling layer was thicker for gc-PMEA. To rationalize the differences in the surface hydration states,
we performed XES measurements under conditions enabling control over the number of hydration water
molecules. In the low-water-content region, hydrogen bonds or interactions between water molecules
developed in the vicinity of gl-PMEA but not gc-PMEA. Thus, the initial hydration behavior of the gc-PMEA
surface, which promoted intermediate water formation, was different from that of the gl-PMEA surface. The
results suggested that the adjustment and optimization of the hydration state of outermost biomaterial surfaces
enable the control of bioresponsivity, including the selective isolation of tumor cells.

typically exhibit stealth properties while maintaining appropriate
interactivity with the environment to prevent the undesirable
activation of the biophylactic system without compromising
biological function control. Purposeful biomaterial design
requires the establishment of correlations between biomaterial
properties and bioresponses, as exemplified by the effects of
scaffold properties, such as surface roughness,">° wett-
ability,’*>* and elastic modulus,'**° on cell adhesion, prolif-
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eration, and differentiation. However, these factors cannot
comprehensively explain the observed bioresponses. Given that
the phenomena occurring at the biomaterial-biofluid interface
are not unique and should be essentially identical to other
natural processes, bioresponses may be largely determined by a
common factor, namely the hydration environment. Water,
common and familiar to all organisms, forms a three-
dimensional network through hydrogen bonding and therefore
exhibits properties (e.g., isobaric heat capacity, isothermal com-
pressibility, and coefficient of thermal expansion) anomalous
compared with those of typical liquids."

Biomaterials are typically exposed to aqueous environments
and, similar to biomolecules, feature surfaces that are always

This journal is © The Royal Society of Chemistry 2024
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hydrated. Hydration water at the biomaterial-biofluid interface
is classified into three types of water: non-freezing water (NFW)/
tightly bound water, intermediate water (IW)/loosely bound
water, and free water (FW)/scarcely bound water, which plays
distinct roles in determining bioresponses.'*"*3*** previously,
we showed that hydration water, especially IW, is closely related
to the biocompatibility of biomaterial surfaces and cell beha-
vior thereon.**” Synthetic polymers capable of forming IW,
e.g., poly(2-methoxyethyl acrylate) (PMEA) and its derivatives,
are completely immune to platelet adhesion,'****! whereas
the adhesion of normal and tumor cells depends on the IW
amount.*” Interestingly, IW formation strengthens cancer cell-
polymer interactions.**™** Thus, hydration water control based
on the rational design of the polymer structure may provide
access to a new class of biomaterials.

For bulk polymer matrices, hydration water can be analyzed by
differential scanning calorimetry (DSC),****™*® infrared spectro-
scopy,”® and nuclear magnetic resonance spectroscopy.’
Although the results of these analyses are often well correlated
with bioresponses, exceptions abound, possibly because the hydra-
tion water of polymer matrices may differ from that of outermost
polymer surfaces. For example, neutron reflectometry measure-
ments demonstrated that the water content of linear PMEA (I-
PMEA) on the outermost surface (~40 wt%) exceeds that in the
bulk state (~9 wt%).”> Thus, an understanding of outermost-
surface hydration water is needed to determine the major factors
influencing material bioresponses. Quartz crystal microbalance
(QCM) measurements,*>>* atomic force microscopy (AFM),>*"
and high-resolution X-ray emission spectroscopy (XES),>* used to
quantify surface water molecules, visualize surface morphology,
and reveal the local hydrogen-bonded configurations of water
molecules, respectively, are powerful tools for investigating the
hydration behavior of the outermost surfaces of PMEA- and poly(n-
butyl acrylate)-grafted substrates.

The bioresponses of cyclic polymers differ from those of
linear polymers, e.g., cyclic PMEA (c-PMEA) forms a larger amount
of IW than linear PMEA (I-PMEA) despite having the same primary
structure.”® Thus, ¢-PMEA- and -PMEA-grafted substrates (g/- and
gc-PMEA surfaces, respectively) enable the quantitative comparison
of the outermost surfaces and their hydration states and the
analysis of the corresponding differences. Herein, the outermost
surfaces of blood-contacting medical devices were modeled using
gl- and gc-PMEA surfaces to deepen our understanding of hydra-
tion water-bioresponse correlations. Specifically, we performed
cell adhesion experiments using normal and tumor cells, analyzed
surface hydration states using frequency modulation (FM-)AFM,
QCM measurements, and XES, and discussed hydration water—
bioresponse correlations.

Results and discussion

Preparation of gl- and gc-PMEA surfaces

The gl-PMEA (Fig. 1A) and gc-PMEA (Fig. 1B) surfaces were
prepared by grafting thiol-terminated -PMEA (M,, = 38 000; D =
1.17)>* and disulfide-containing ¢PMEA (M, = 75900;
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P = 1.09),>® respectively, on gold under the conditions listed
in Table S1 (ESIt). The chain length of c-PMEA was almost twice
that of - PMEA, i.e., the lengths of the chains extending from the
gold surface were almost identical, as were the areal densities of
fixed MEA ends (Fig. 1C). The grafting density (¢) determined by
QCM measurements (Table S2, ESIt). From the frequency
changes of QCM substrates before and after grafting the poly-
mers under air condition (AFgafed,air), the o values of gl-PMEA
and gc-PMEA were estimated to be 0.1 and 0.05 chain per nm?,
respectively. Note that the ¢ values of gl-PMEA was two times
that of gc-PMEA because of the two-fold lower molecular weight
of the former polymer. The gl-PMEA surface was reported to
exhibit several advantages, such as the suppression of protein
adsorption and platelet adhesion, as well as the physical coating
system of I-PMEA, which is often used for extracorporeal
membrane oxygenation (ECMO) devices and cardiopulmonary
bypass circuits.” Although the gc-PMEA surface could have been
prepared using a dithiol-type polymer (Fig. S1A, ESIT), this
approach was expected to generate dangling SH groups and
afford a nonuniformly grafted surface because of the variation
in the distance between the fixed ends. Consequently, to obtain
a uniformly grafted surface, we used a disulfide bond-contain-
ing precycled polymer (Fig. S1B, ESI), as disulfide bonds are
readily cleaved on gold surfaces to form Au-S bonds.”’

The contact angles of bare gold, gl-PMEA, and gc-PMEA
surfaces measured after 30 s drop adhesion (sessile drop
method)/1 h soaking in water (captive bubble method) were
81.6 + 1.2°/135.3 + 0.4°, 63.5 £ 1.4°/140.9 + 1.3°, and 78.5 £+
1.8°/142.5 + 1.2°, respectively, confirming the successful graft-
ing of I- and ¢-PMEA. Interestingly, the contact angles of the gc-
PMEA surface determined by sessile drop and captive bubble
methods were greater and lower than those of the gi-PMEA
surface, respectively. The water droplet on the gc-PMEA surface
(78.5 £ 1.8°) spread more slowly than that on the gl-PMEA
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Fig. 1 Chemical structures of (A) linear poly(2-methoxyethyl acrylate)-
grafted (gl-PMEA) and (B) cyclic poly(2-methoxyethyl acrylate)-grafted
(gc-PMEA) surfaces and (C) corresponding conceptual illustration.
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surface (63.5 £ 1.4°), i.e., the initial hydration was slower in the
former case. Conversely, the air bubble contact angle of the gc-
PMEA surface measured after soaking in water (142.5 + 1.2°)
exceeded that of the gl-PMEA surface (140.9 + 1.3°), which
suggested that the former surface was more hydrophilic and
featured a larger amount of water. These findings agreed with
the results of our previous work on bulk systems, namely with
the fact that c-PMEA can contain a larger amount of water than
I-PMEA despite featuring a lower water adsorption rate.’® Thus,
the present findings truly reflected the topology-related differ-
ences between the hydration ability/state of the gl-PMEA and
gc-PMEA surfaces.

Fig. 2A shows the survey X-ray photoelectron spectra of bare
gold, gl-PMEA, and gc-PMEA surfaces, revealing strong O 1s
(534 eV) and C 1s (289 eV) signals and negligible Au-derived
signals (4s: 763 €V, 4p1/: 643 €V, 4pszp: 547 eV, 4dsj: 353 eV,
4dsp,: 335 eV, and 4f: 88 and 84 eV) after grafting. The O/C
atomic ratio of the grafted surfaces (~1:2) corresponded to
that of PMEA. Most importantly, no sulfur signals were
observed after grafting, which indicated the absence of dan-
gling SH groups. PeakForce Tapping™ (PFT)-mode AFM obser-
vations performed under dry conditions (Fig. 2B and C) showed
that the gl-PMEA and gc-PMEA surfaces were extremely smooth
(root mean square roughness (R;) < 1 nm), confirming grafting
uniformity and the absence of dangling SH groups. Thus, these
surfaces were deemed suitable for evaluating bioresponses and
elucidating the origins of the corresponding differences from
the perspective of the hydration state (i.e., NFW, IW, and FW).
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Au 4ps,

Au4dy; | C1s
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gl-PMEA
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Fig. 2 (A) X-ray photoelectron spectra of the bare gold, gl-PMEA, and
gc-PMEA surfaces. PeakForce Tapping®™ (PFT)-mode atomic force micro-
scopy (AFM) images of the (B) gl-PMEA and (C) gc-PMEA surfaces acquired
under dry conditions (scan area = 2 pm x 2 um).
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Bioresponses of PMEA-grafted surfaces

Platelet adhesion typically occurs within several minutes and is
one of the most useful indicators of IW presence, as it is
suppressed on surfaces with IW contents above a certain
threshold.>® Fig. 3A presents the results of human platelet
adhesion tests. Numerous adhered platelets were observed
(and activated) on the bare gold surface, whereas the gl-PMEA
and gc-PMEA surfaces not only showed negligible platelet adhe-
sion but also inhibited platelet activation, which indicated that a
sufficient IW amount was formed by the surface PMEA chains.
The number of adhered platelets on the gc-PMEA surface was
significantly lower than that on the gl-PMEA surface. Given that
platelet adhesion is progressively suppressed with an increasing
amount of surface IW,">'*?® gc-PMEA formed IW more easily
than gl-PMEA.

Fig. 3B presents the results of cell adhesion experiments.
Given that the adhering cell type can be controlled by adjusting
the IW amount,**> we used normal human dermal fibroblasts
(NHDFs) as normal cells, human breast tumor (MDA-MB-231)
and cervical (HeLa) cells as epithelial cell adhesion molecule
(EpCAM)-negative tumor cells, and human breast tumor (MCF-7)
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Fig. 3 (A) Results of human platelet adhesion tests, with the adherent
platelets classified into types | (green), Il (yellow), and Ill (red) based on their
morphology. Scale bar is 2 um. (B) Results of cell adhesion experiments.
Error bars represent standard deviations. *p < 0.05 **p < 0.01,
***kp < 0.001.
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and hepatoma (HepG2) cells as EpCAM-positive tumor cells.
EpCAM is a glycoprotein that functions as an epithelial cell
adhesion molecule and is present in certain tumor cells. The
normal and tumor cells (1.0 x 10* cells per cm?) were seeded
onto the surfaces and cultured at 37 °C for 6 h (the same time was
used to examine initial cell adhesion). The number of NHDFs
adhered to the bare gold surface exceeded that of NHDFs adhered
to the polymer-grafted surfaces. In contrast, the EpCAM-negative
and -positive tumor cells adhered to the polymer-grafted surfaces
more readily than to the bare gold surface. These results well
agreed with the fact that moderately IW-rich polymers prefer
interacting with tumor cells rather than with normal cells,*>
implying that the presence of IW might promote tumor cell
adhesion. Interestingly, compared with the gl-PMEA surface,
the gc-PMEA surface suppressed the adherence of normal cells
and promoted that of tumor cells. As mentioned above, the
results of contact angle measurements suggested that the water
content of the gc-PMEA surface exceeded that of the gl-PMEA
surface. Thus, the unique hydration states of the polymer-grafted
surfaces resulted in different bioresponses, although the effect of
viscoelasticity due to water content differences cannot be
excluded, demonstrating the great potential of hydration state-
based surface design for the selective isolation of tumor cells.

Analyses of gl-PMEA and gc-PMEA hydration layers in water by
AFM techniques

Cell responsiveness is affected by the characteristics of the outer-
most surfaces, such as the hydration layer of polymer interfaces,
which consists of flexible polymers and water molecules.”® As
mentioned above, the gl-PMEA and gc-PMEA interfaces exhibited
different cellular responses despite their identical extended-chain
lengths and areal densities of MEA units. Shin et al. reported that
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the adsorption of biological fluids on a cyclic PEG-grafted inter-
face was less pronounced than that on a linear PEG-grafted
interface,’ in line with the fact that the gc-PMEA interface
suppressed platelet adhesion to a greater extent than the gl-
PMEA interface. Previously, we demonstrated that bulk -PMEA
and ¢-PMEA have distinct hydration structures, i.e., significantly
differ in the amount of adsorbed water molecules and NFW:
IW : FW ratio.”® Hence, we hypothesized that the conformational
differences between linear and cyclic polymers strongly influ-
ence the hydration structures of the bulk states and outermost
interfaces of the grafting system, thus resulting in unique cell
adhesion behaviors. The hydration state at the interface differs
from that in the bulk, as demonstrated by Hirata et al, who
probed the [-PMEA/water interface by neutron reflectivity analy-
sis and showed that the outermost layers had a considerably
higher water content than the bulk interior.®® However, no report
has yet attempted to explain cell behavior by focusing on
hydration at the outermost interface, which varies depending
on the molecular conformation.

Hence, the hydrated layers of the gl-PMEA and gc-PMEA
interfaces were herein observed using AFM to investigate their
differences in swelling behaviors. Prior to these observations, we
acquired the height profiles of the gl-PMEA and gc-PMEA inter-
faces in water by PFT-mode AFM to evaluate their submicron- or
micron-scale structures in the xy-plane (Fig. 4A and C).

Both grafted PMEA interfaces were approximately flat, as
revealed by their arithmetic averaged roughnesses, which equaled
0.39 and 0.76 nm for gI-PMEA and gc-PMEA, respectively, and were
close to that of the bare gold substrate (0.51 nm) (Fig. S2A, ESIt).
These results indicated that the gold interface was uniformly
covered by [- and ¢-PMEA. A major difference was observed between
the corresponding force mapping images, ie., the xy-directional

Cyclic PMEA-grafted surface

o4
Height

" w
Substrate [
0

50 nm

100 200
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Fig. 4 Height (A) and (C) and force mapping (B) and (D) images (scan area = 2 um x 2 um) of (A) and (B) gl-PMEA and (C) and (D) gc-PMEA interfaces in
water obtained using PFT-mode AFM. (E) and (G) xz-directional frequency modulation (FM)-AFM images (scan area = 100 nm x 50 nm) and (F) and
(H) z-directional frequency curves of (E) and (F) gl-PMEA and (G) and (H) gc-PMEA interfaces in water.
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stiffness distribution on the interface. The gl-PMEA (Fig. 4B) and
gc-PMEA (Fig. 4D) interfaces showed stiffnesses of 33 and 7 MPa,
respectively. Thus, compared with g-PMEA, gc-PMEA formed a
softer (more flexible) hydrated polymer layer with a greater water
content.

We carried out QCM analyses to investigate swollen states of
the polymer-grafts. The obtained frequency changes after
hydration of the grafted polymer (AFgrafted,water) Were summar-
ized in Table S2 (ESIt). The ratio of apparent hydrated mass to
dry mass (AFgrafcedwater/AFgrafted,air) Were 1.50 =+ 0.13 for
gl-PMEA and 1.57 £ 0.05 for gc-PMEA, indicating the hydration
of the polymer-grafts. However, comparison of these ratios
should be avoided for discussion of the swollen states. The
values of AFgafiedwater include the contribution of the molecular
viscoelasticity, which is often affected by molecular conformation,
diffusivity, and flexibility.®"*>

Given that FM-AFM is a powerful tool for revealing the
swollen states of the polymer layers at the nanoscale,> we
acquired the xz-directional FM-AFM images of the gl- and gc-
PMEA interfaces to compare the thicknesses of swollen PMEA
layers. During imaging, the cantilever oscillated at the reso-
nance frequency and was used for scanning in the surface-
normal direction (z) at each horizontal (x) position. The change
in the resonance frequency was due to the repulsive force
arising from the excluded volume of the polymer chains and
hydration water and therefore reflecting mass density. The
intensity of the repulsive force was displayed using a color
scale, with black meaning no force, cyan meaning medium
force, and white meaning maximal force. The FM-AFM image of
the gl-PMEA interface is shown in Fig. 4E. The black region on
the upper side represents bulk water not interacting with the
polymer chains. The band-shaped blue gradation indicates a
repulsive layer due to the presence of hydrated gl-PMEA. When
the cantilever reached the gold substrate, the repulsive force
reached its upper limit, as indicated by the white line. The bulk
of the substrate could not be penetrated by the cantilever tip
and is therefore shown as a black area at the bottom of the
image. The corresponding frequency change was obtained by
averaging the values within the 100 nm width range and plotted
against the z-distance from the substrate (Fig. 4F). As the z-
position approached zero, the resonance frequency exponen-
tially increased. The thickness of the repulsive layer (Z) was
taken as the z-distance from the interface of the gold substrate
to the point with a frequency change above 0 Hz and equaled
16 nm for the gl-PMEA/water interface. For the bare gold
substrate, the repulsive layer was barely observed (Fig. S2B
and S2C, ESIt). Therefore, the repulsive layer at the gl-PMEA/
water interface was attributed to the presence of a hydrated
PMEA layer. In contrast to gl-PMEA, gc-PMEA exhibited a
notably thicker hydrated layer (Fig. 4G), which was manifested
by a larger Z value of 37 nm (Fig. 4H).

The gl-PMEA and gc-PMEA interfaces exhibited different
hydrated layer thicknesses despite having the same extended
chain lengths. In particular, the chain length of gl-PMEA (M,, =
38000) was calculated as ~74 nm assuming a well-extended
chain with an all-trans conformation and considerably exceeded
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the corresponding Z value (16 nm). Thus, gl-PMEA was inferred
to shrink and aggregate in the vicinity of the substrate, with the
vertical thickness of the gl-PMEA layer accounting for 22%
(= 100% x 16/74) of the length of the fully extended chain. At
the employed grafting density (0.1 chains per nm?®), the PMEA
chains were easily entangled via hydrophobic interactions
because of their mutual proximity (distance between neighbor-
ing chains = 3.2 nm). However, gc-PMEA formed a thicker
repulsive layer (37 nm) than gl-PMEA despite having the same
extended chain length. The former layer had a thickness corres-
ponding to 50% of the extended chain length, indicating that gc-
PMEA exhibited more stretched than gl-PMEA. This higher
mobility was due to the decreased degree of entanglement
caused by the looped nature of the gc-PMEA chains. Similarly,
cyclic polymers were reported to exhibit less pronounced chain
entanglement than linear polymers in an experimental study® and
simulation study®® on polymer viscosity. Although these studies
targeted nongrafted polymers, the entanglement trend was the
same as that observed for grafted chains. Both gl- and gc-PMEA
layers absorbed water molecules, which resulted in polymer brush
swelling. Subsequently, the less entangled chains of gc-PMEA
diffused away from the substrate into bulk water, whereas this
diffusion (and hence, swelling) was less pronounced for gl-PMEA
because of its higher entanglement degree. Furthermore, irrespec-
tive of the topology of the grafted chains, the thinner swelling
thickness compared to the stretched chain length is attributed to
the water-insoluble properties of PMEA at the measured tempera-
ture of 23 °C.

The cell culture medium contains salts; therefore, FM-AFM
observations were conducted in phosphate-buffered saline
(PBS) to investigate the influence of salt on the swelling of
gl-PMEA and gc-PMEA (details are provided in the ESIT). The
repulsive layers were visualized on both interfaces (Fig. S3,
ESIT). It was revealed that both types of PMEA swelled in PBS.
The swelling thicknesses of 16 nm for the gc-PMEA was thicker
than that of 13 nm for the gl-PMEA. This variation in the
swelling behaviors including the hydration state may result in
different bioresponses. Initial processes of hydration for gc- and
gI-PMEA will be clarified in the next chapter.

Hydration water analysis of gl-PMEA and gc-PMEA by XES upon
humidification

Given their principles, QCM measurements and FM-AFM obser-
vations are not sufficient to discuss the details of the water
adsorbed on the gl-PMEA and gc-PMEA interfaces, e.g., the
interactions between the adsorbed water molecules and other
water molecules or functional groups. Therefore, the electronic
state of water molecules in wet materials was probed by
XES.>*®*"%" Irradiation with soft X-rays excites inner-shell elec-
trons to generate an intermediate state with a hole in the inner-
shell orbital. This unstable state decays via the relaxation of
valence electrons to inner-shell holes, and the excess energy is
emitted as soft X-rays.®” XES is a photon-in-photon-out (and
hence, bulk-sensitive) technique that can be applied to wet
samples under atmospheric pressure if an X-ray transmission
window is used.”**>® In particular, the oxygen K-edge XES

This journal is © The Royal Society of Chemistry 2024
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profiles of water molecules can be used to measure differences
in hydrogen bonding.*®®° Herein, we used XES to reveal the
electronic structure of water molecules adsorbed on the
gl-PMEA and gc-PMEA surfaces. By combining an atmosphere-
controlled measurement cell with a precision humidification
technique, we precisely adjusted the water content of the
polymers and quantitatively characterized their initial hydra-
tion behavior. Previously, we used XES to reveal marked differ-
ences between the hydration states of blood-compatible and
-incompatible polymers.®® Herein, the excitation energy was set
to 550 eV, which is well above the K-edge of oxygen, and the
integrated intensity of the XES signal was therefore proportional
to the number of oxygen atoms in the observed region. Water
content was calculated from the difference in the integrated
intensity of the XES spectra of dried and humidified polymers.

As XES does not distinguish between polymer and water
oxygens, we extracted the water spectrum by subtracting the
spectrum of dried PMEA from that of humidified PMEA. The
shape of the adsorbed water spectrum was different from that
of the bulk water spectrum, which suggested that the interac-
tions between bulk water molecules differed from those
between the water molecules near the gi- and gc-PMEA surfaces
(Fig. 5A). The XES peaks of water were assigned to the 1b, (O-H
Sigma bond), 3a; (H-O-H-linking bonding), and 1b, (nonbond-
ing lone pair) orbitals from the low-energy side.®” Although the
results of XES may resemble those of high-resolution photo-
electron spectroscopy,”® XES profiles often have shapes different
from those of photoelectron spectra because of the involvement
of core-excited intermediate states in the former case.”"””* The
XES profile of bulk water in Fig. 5A is a typical example. The 1b;
orbital of bulk water was represented by a single peak in the
corresponding photoelectron spectrum, whereas two peaks were
observed in the related XES profile.®”%7*7® Although its origin is
debatable, this splitting is thought to reflect the differences in
hydrogen bonding between water molecules.®>”"”>”” Previously,
we combined XES and humidified AFM observations to show that
the interaction of adsorbed water in the primary hydration shell
of the scaffold is important for IW formation.>*

To quantitatively evaluate the dependence of the XES profiles
on water content, we fitted three or four peaks (Fig. S4, ESIT),
revealing that the 1b; peak energy ranged from 526.85 to 527.1 eV.
The low-energy side of the 1b, peak (designated as 1b,’) originated
from hydrogen-bonded tetrahedrally coordinated water molecules
and appeared at 525.9 eV, whereas the high-energy side (1b,”)
originated from distorted hydrogen-bonded water molecules and
appeared at 526.8 eV.°**° gl-PMEA and gc-PMEA showed a differ-
ence in the dependence of the 1b; peak energy of hydration water
on water content (Fig. 5A). For gc-PMEA, the 1b; peak energy
increased with increasing water content, whereas the reverse was
true for gl-PMEA (Fig. 5B). This implied that in the low-water-
content region, hydrogen bonds and interactions between water
molecules developed in the vicinity of gl-PMEA but not gc-PMEA.

Previous DSC analyses of gl-PMEA and gc-PMEA showed that
the latter polymer was more conducive to NFW and IW for-
mation than the former.>® These results need to be considered
with care, as DSC analysis provides information on the average
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Fig. 5 (A) X-ray emission spectra of 60%RH humidified g{-PMEA, 50%RH

humidified gc-PMEA, and bulk water. The spectrum of adsorbed water was
obtained as the difference between the spectra of humidified and dried
polymers. (B) Energy of the 1b; peak of water molecules adsorbed on
gl-PMEA (open circles) and gc-PMEA (filled circles) as a function of water
content.

hydration state of the whole polymer matrix and not only for
the outermost surface. Assuming that the bonding state of the
primary hydration shell of the polymer depends only on its
functional groups, the water (NFW) contents and biocompat-
ibilities of gl-PMEA and gc-PMEA should be identical. Given
that these polymers have the same primary structure and
force field sensed by the water molecules in the primary
hydration shell, they should exhibit identical binding
states to the primary hydration shell. In other words, this set
of results means that the interaction of the polymer primary
hydration shell is affected by polymer primary and secondary
structures.
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Fig. 5B shows the interactions of water molecules at water
contents of 10-40 wt%. The equilibrium water content of bulk
polymers is commonly measured using DSC. For example, the
equilibrium water content of -PMEA was reported as 9 wt%.”®
Such standardized measurements are important for facilitating
material comparison and promoting industrial applications.
However, in works on the water-polymer interface, such as the
present study, the equilibrium water content measured by
standard methods should be used with great care. For example,
the equilibrium water content at the top surface of -PMEA was
measured by neutron reflectometry as >50 wt%.>* As the I- and
¢-PMEAs in the present study were directly grafted onto the
SiC/Au substrate to afford a perfect water-polymer interface,
the overall water content possibly exceeded 50 wt%. Therefore,
the range in Fig. 5B is not indicative of overhydration with
respect to the PMEAs. This range was converted into the
number of water molecules adsorbed per MEA side chain
(0.9-4.8 mol mol™"). In other words, Fig. 5B shows the early
to midstage development of water adsorption on the PMEAs.
There is a possibility that the presence of separate data points
in XES of gl-PMEA shifting to higher energy are due to presence
of gaseous water signals dominated at pinholes in the Au layer
potentially resulting from lot-to-lot variations in the SiC/Au
substrate. The FM-AFM observations and QCM measurements
were useful for investigating the effect of the secondary polymer
structure on the hydration state. The QCM measurements
showed that both gl-and gc-PMEA chains hydrate in water.
The 1-octanol/water partition coefficient of PMEA (log Pow =
-0.76”?%°) suggests that PMEA is slightly more hydrophilic and
elongation in water is energetically favorable. However, the
thickness of the repulsive layer in the fully hydrated state was
notably greater for gc-PMEA than for gl-PMEA. From these facts,
we concluded that gc-PMEA elongates strongly in water,
whereas gl-PMEA weakly. The entanglement of the gi-PMEA
chains was ascribed to the average interchain distance being
short relative to the elongated chain length. Previous studies
suggested that -PMEA chains form a head-to-tail (H-to-T)
stacked structure with the carbonyl and methylene groups of
proximal side chains, even in the dry state.®' However, hydro-
gen bonds are not involved in side-chain entanglement in the
dry state. Molecular dynamics simulations demonstrated that
H-to-T stacked PMEA forms hydrogen bonds in the low-water-
content state, with water molecules bridging the side-chain
carbonyl and methylene groups.®* gl-PMEA did not sufficiently
swell when immersed in water, which suggested that the H-to-T
stacked structure was maintained even at a saturated water
content. In other words, in the H-to-T stacked structure, the
hydrophilic groups of -PMEA were shielded, and hydration by
water molecules bound to the hydrophilic groups as scaffolds
was suppressed. However, as both ends of gc-PMEA were fixed,
H-to-T stacks were less likely to form between the side
chains, and water molecules could approach the hydrophilic
groups without being blocked. Therefore, we ascribed the lower
platelet adhesion of ¢-PMEA to the ample formation of IW due
to the unrestricted access of water molecules to hydrophilic
groups.
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Although PMEA was grafted onto a gold substrate, the
average chain-to-chain distance of gl-PMEA was sufficiently
small compared with the elongated chain length, and the side
chains were assumed to form an H-to-T stacked structure.
Therefore, the results of previous studies on bulk -PMEA are
applicable to the present study.

The hydration state, especially the presence of IW, was
reported to affect the affinity between polymers and cells.**>®
Given that tumor cells have a greater preference for IW-rich
polymers than normal cells, the difference in the bioresponses
of gl-PMEA and gc-PMEA was ascribed to IW formation. Elastic
moduli and topologies are often used to rationalize biological
phenomena, such as cell adhesion, proliferation, and differentia-
tion, although these factors are often insufficient to elucidate the
mechanism at the molecular scale. Herein, FM-AFM imaging in
water visualized the polymer swelling state. QCM demonstrated
the hydration of the polymer based on mechanical oscillation
motion. To further discuss the molecular interpretation of the
hydration state, we attempted to observe it using XES at a
controlled water content. The reduced bioresponsiveness of I-
PMEA was ascribed to the shielding of its hydrophilic groups due
to side-chain entanglement, which inhibited IW formation. In
other words, to control bioresponsiveness, one should control the
hydration state of the functional groups.

Given that polymer functions are expressed by the interac-
tions between molecules and polymer chains near the interface,
measurements focusing on the interface vicinity are important
for clarifying the origin of these functions. The polymer-water
interface is at least several nanometers to tens of nanometers
wide, as shown by our FM-AFM results. Few studies have
performed electronic structure measurements focusing on inter-
faces with no clear boundaries. Herein, the difficulty of char-
acterizing the interfacial electronic structure of wet samples was
overcome using a combination of equal-length grafted polymer
chains (polymer brushes), precise humidification control, and
XES. The combination of FM-AFM, QCM, and XES allowed
observation under wet conditions and was concluded to be a
powerful tool for understanding the polymer-water interface and
functional expression mechanism of polymers.

Methods

No unexpected or unusually high safety hazards were encountered.

Preparation of polymer-grafted surfaces

Polymer-grafted surfaces were prepared as described else-
where.>® Thiol-terminated -PMEA and disulfide bond-contain-
ing ¢-PMEA were dissolved in methanol to an arbitrary concen-
tration. The gold substrate was treated with these solutions,
washed with the same solvent, and dried in vacuo for 3 h at
30 °C. Polymer brush density (o) was calculated from the
modification-induced frequency change determined by QCM
measurements. The conditions used for the fabrication of
polymer brushes and their characteristics are summarized in
Table S1 (ESIY).

This journal is © The Royal Society of Chemistry 2024
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Human platelet adhesion test

Human platelets were obtained from whole blood samples pur-
chased from the Japanese Red Cross Society (Japan). The corres-
ponding adhesion test was performed within three days of whole
blood collection. The related details are provided in the ESL}

Cell adhesion experiments

NHDF and MDA-MB-231 cells were purchased from Lonza (USA)
and the American Type Culture Collection (USA), respectively.
HeLa, MCF-7, and HepG2 cells were purchased from the Cell
Resource Center for Biomedical Research at the Institute of
Development, Aging, and Cancer (Tohoku University, Japan).
The cells were cultured in Dulbecco’s Modified Eagle Medium
(Gibco, Thermo Fisher Scientific Inc., USA) containing 10% fetal
bovine serum (BioWest, Funakoshi Co., Ltd, Japan) and 1%
penicillin streptomycin (Gibco, Thermo Fisher Scientific Inc.,
USA). Further experimental details are provided in the ESL ¥

AFM characterization of polymer-grafted surfaces

The xy-dimensional height images and force mapping images were
obtained for the horizontal planes of the gl-PMEA and gc-PMEA
surfaces in deionized water at room temperature (25 °C) using PFT-
mode AFM (BioScope Resolve, Bruker). FM-AFM (SPM-8100FM,
Shimadzu Co.) was used to acquire surface-normal cross-sectional
images in water at 23 °C. Further experimental details are provided
in the ESLt

QCM-based quantitation of grafting density and hydration water

The grafting densities and hydration water amounts of gl-PMEA
and gc-PMEA were measured using QCM methods similar to
those used previously.>>®" Further experimental details are
provided in the ESL¥

XES analyses of polymer-grafted surfaces under controlled-
humidity conditions

XES measurements were performed using an ultra-high-
resolution soft X-ray emission spectrometer at the Spring-8
BLO7LSU HORNET station®*®* for c-PMEA and I-PMEA grafted
onto a SiC (150 nm)/Au (11 nm) substrate (NTT Advanced
Technology Co.) at a density of 0.1 chains per nm> and
0.05 chains per nm? respectively. The excitation energy
(550 eV) exceeded the O 1s core absorption threshold, thus
enabling the ionization of water molecules and analysis of the
O 2p partial density of states in the occupied valence orbitals.
Further experimental details are provided in the ESL

Conclusions

Herein, we prepared model surfaces composed of /- and ¢-PMEAs
(gl-PMEA and gc-PMEA, respectively) with different hydration states
and analyzed them by QCM, FM-AFM, and XES under wet condi-
tions to probe the relationship between bioresponsivity and hydra-
tion water. Both surfaces suppressed the adhesion of human
platelets but differed in the adhesion behaviors of normal and
tumor cells despite having the same areal density of MEA units,
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which suggested that bioresponsiveness was affected by the hydra-
tion state. QCM measurements indicated that PMEA interacts with
surrounding water. FM-AFM measurements revealed a thicker
swelling surface for gce-PMEA because of its less entangled cyclic
structure. To rationalize the differences in the surface hydration
states, we performed XES measurements by controlling the
amount of hydration water under humid conditions. In the low-
water-content region, hydrogen bonds or interactions between
water molecules developed in the vicinity of gl-PMEA but not
gc-PMEA. Thus, the initial hydration behavior of the gc-PMEA
surface, which promoted IW formation, was different from that
of the gl-PMEA surface. Based on these results, we concluded that
the gl-PMEA surface exhibited a lower bioresponsiveness than the
gc-PMEA surface because of the shielding of hydrophilic groups
due to side-chain entanglement in the former case and its
inhibitory effect on IW formation. The combined results suggest
that the adjustment and optimization of the amount of IW on
outermost biomaterial surfaces enable the control of bioresponses,
including the selective isolation of tumor cells.
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