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Introduction

Grafting density and antifouling properties of
poly[N-(2-hydroxypropyl) methacrylamide] brushes
prepared by “grafting to"” and “grafting from"¥

Yu-Min Wang, ©2P Anna Kalosi,“? Yuriy Halahovets,® Iryna Romanenko,® 7
Jii Slaby, © ¢ Jifi Homola, ¢ Jan Svoboda, 22 Andres de los Santos Pereira (& *?
and Ognen Pop-Georgievski {2 *

Antifouling polymer brushes are widely utilized in biomedical applications to prevent non-specific inter-
actions with biological fluids. They consist of surface-tethered polymer chains and are commonly formed
when the chains are “grafted to” (GT) a surface by chemisorption or “grafted from” (GF) a surface in a
surface-initiated polymerization. Although the antifouling polymer brushes have been studied for years,
an accurate comparison between the GT and GF methods in terms of the ability of the prepared brushes
to resist fouling has not been established yet. In this study, we investigate physical and antifouling pro-
perties of poly[N-(2-hydroxypropyl) methacrylamide] (poly(HPMA)) brushes synthesized by GT and GF
methods using reversible addition—fragmentation chain-transfer (RAFT) polymerization. Using size exclu-
sion chromatography and single-molecule force spectroscopy, we are able to ensure that grafted
polymer chains in the layers prepared by both methods have comparable composition and molar mass.
Thus, we attribute the differences in fouling resistance and physical properties of the polymer layers to
the physical conformation of the chains achieved by the selected grafting method. While both types of
poly(HPMA) brushes are shown to substantially reduce fouling from blood plasma, the GF polymer
brushes suppress fouling by an order of magnitude better than the GT polymer brushes. The observed
difference in the antifouling performance is related to the much higher grafting density that can be
achieved in the GF method. This study highlights the importance of the selection of the grafting method
for achieving a high antifouling performance.

severe challenges for the development of microfluidic devices,
artificial implants, biosensors, and drug delivery systems. On

When artificial materials or devices are brought in contact
with bodily fluids, such as blood or blood plasma, the depo-
sition of proteins, bacteria, cells, and microorganisms on sur-
faces (fouling) takes place. This deposition occurs immediately
upon contact of the material with the bodily fluids and poses
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blood-contacting indwelling devices, fouling can trigger life-
threatening complications including infection, inflammation,
platelet adhesion and activation, blood coagulation, and
thrombus formation. Therefore, materials that efficiently
prevent the non-specific binding from biological media
(referred to as “antifouling materials”) are urgently needed to
enable the development of new medical devices and to
improve the performance of the existing ones.’™

Several types of coatings, such as self-assembled mono-
layers (SAM) with hydrophilic headgroups, have been demon-
strated to reduce non-specific adsorption of individual pro-
teins from model solutions.>” However, the suppression of
fouling from blood plasma has been shown to be considerably
more challenging due to the complexity and high protein
content of this fluid.® Polymer coatings have been pursued as
one of the most effective approaches to combat blood plasma
fouling.” The polymers that have been most extensively
researched for the development of antifouling coatings are

Polym. Chem., 2022,13, 3815-3826 | 3815



Published on 07 June 2022. Downloaded by Institute of Macromolecular Chemistry on 8/25/2022 2:14:59 PM.

Paper

poly(ethylene glycol) (PEG), zwitterionic polymers, poly(2-oxa-
zoline)s, poly(2-hydroxyethyl methacrylate), and poly[N-(2-
hydroxypropyl) methacrylamide] (poly(HPMA))."**° There are
two main barriers to fouling on polymer coatings, which can
be explained from the perspective of the free energy associated
with the process: an enthalpic barrier related to the hydration
of the polymer layer, and an entropic barrier, originating from
the loss of polymer conformational freedom upon protein
adsorption. The enthalpic barrier is a consequence of the
removal of water molecules from the hydrophilic polymer layer
due to the protein adsorption that results in an energy penalty.
The entropic barrier is associated with the compression of the
polymer chains when the proteins approach, limiting the
polymer conformational freedom.>>” A high number of
polymer chains per area (called “grafting density”) and a small
distance between two contiguous polymer chains (called
“packing distance”) force the polymer chains into a stretched
regime, which results in the formation of a “polymer brush”.
Importantly, both barriers to fouling become larger when the
brush character of the grafted polymer layer is more
pronounced.”®* Therefore, grafting hydrophilic polymers into
a predominantly stretched brush regime is one of the impor-
tant prerequisites for the development of efficient antifouling
surfaces.

In order to create polymer brushes, polymers are typically
immobilized on surfaces using the “grafting to” (GT) or “graft-
ing from” (GF) approaches. Specifically, the GT method con-
sists of tethering the polymer chains synthesized beforehand
“to” the surface from melt or a polymer solution. Careful
tuning of the GT conditions may provide densely grafted
polymer chains in the brush regime.'****>” In contrast, in
the GF method, the polymer chains grow in situ from surface-
bound initiating moieties in surface-initiated (SI) polymeriz-
ation. Controlled radical polymerizations, such as atom trans-
fer radical polymerization (ATRP) and reversible addition-frag-
mentation chain transfer (RAFT) polymerization are typically
used.’® The two grafting methods are inherently different and
thus have different advantages and disadvantages. The GT
method is simpler to perform, but as the polymer chains start
to attach to the surface, they sterically hinder the attachment
of additional polymer chains, thus limiting the mass of
polymer that can be grafted and the achievable thickness.*
The controlled radical polymerizations employed in the GF
method can bypass this limitation. The polymer chains grow
already on the substrate from surface-bound initiators and in
parallel, not hindering each other and making it possible to
tune the thickness in a very wide range.'® Nevertheless, the
controlled radical polymerizations are rather time-consuming
and the reaction conditions are stringent.

Moreover, assessing the degree of chain stretching in
brushes obtained by GF, ie determining their grafting
density, is highly challenging.>>*” This issue is important, as
the optimization of the grafting density strongly influences the
antifouling properties of the layer, as observed previously and
widely reported for layers prepared by GT.'***33% In order to
assess the grafting density, one needs to estimate the number
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of polymer chains per area unit. This is calculated from the
polymer mass (based on the thickness of the polymer layer)
and the molar mass of the polymer. In the GT method, this is
straightforward as the molar mass of polymers can be
measured through size exclusion chromatography (SEC) before
grafting (although as reported by Barner-Kowollik et al
polymer fractionation needs to be considered if the sample is
non-monodisperse).>”*° However, SEC is not suitable for
directly measuring the molar mass of the polymer brushes
obtained via the GF method because of the extremely small
mass of polymer that can be recovered from the surface for the
measurement, unless very large areas of substrate are coated.*’
Several research groups suggested to overcome this problem by
performing the GF method with an additional free initiator or
chain transfer agent (CTA) added in solution to simultaneously
obtain free polymer for the SEC measurement.*>™**
Nevertheless, this strategy has been shown rather unreliable,
as the polymerization kinetics in solution and on the surface
may differ significantly. Indeed, it has been reported that the
polymers generated from the soluble initiator and from the
surface-bound initiating species during GF may exhibit
different molar masses.>®*> Therefore, the molar mass of the
surface-grafted polymer needs to be evaluated independently
to ensure a reliable estimation of the grafting density when
employing the GF method.

The difficulties in assessing the molar mass in GF
polymer layers have hindered their accurate comparison with
polymer brushes prepared by the GT method. A quantitative
evaluation of the effect of the grafting method on antifouling
layer performance has so far been elusive, because of the
challenge of preparing polymer brushes with chains of com-
parable chemical composition and molar mass by the two
methods.

In this report, we compare poly(HPMA) brushes obtained
by the GT and GF methods at equal polymer molar mass to
assess the influence of the grafting method on the antifouling
characteristics of the coating and show that they correlate with
their brush character. We employed atomic force microscopy-
based single-molecule force spectroscopy (SMFS) to assess the
polymer chains’ molar mass, synthesized on the surface via
the GF method. SMFS was previously introduced to study the
molar mass of surface-grafted polymer chains.>”*™"
Importantly, the molar mass of the polymer used for the GT
method (monitored by SEC) was tuned to match the
molar mass of the GF-polymer brush. We observed that
GF-poly(HPMA) prepared by surface-initiated RAFT polymeriz-
ation achieved an order of magnitude lower fouling from
blood plasma than poly(HPMA) brushes obtained by an opti-
mized GT method at the same molar mass. The results indi-
cate that the superior resistance to fouling of GF-poly(HPMA)
brushes, among the highest ever reported, is attributable to
their high grafting density, which is three-times higher
than that of GT-brushes. This highlights the critical role of the
grafting method when designing end-grafted polymer layers
with a brush architecture as it determines their antifouling
ability.

This journal is © The Royal Society of Chemistry 2022
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Experimental section
Materials

Silicon wafers (orientation (100)) bearing a native silicon oxide
layer were purchased from Siegert Wafer GmbH (Germany).
Silicon wafers coated with Au (150 nm) and glass slides for
surface plasmon resonance measurements coated with Au
(50 nm) or Au (50 nm) and SiO, (15 nm) overlayer were
obtained from the Institute of Photonics and Electronics, CAS
(Czech Republic). Copper(i) bromide (CuBr, 99.99%), 2,2'-
bipyridyl (BiPy, 99%), 4-cyano-4-(phenylcarbonothioylthio)
pentanoic acid (CTA), triethylamine (TEA, 99.5%) and hexyla-
mine (99%) were purchased from Sigma-Aldrich (Czech
Republic).  4,4-Azobis[2-(imidazolin-2-yl)  propane] dihy-
drochloride (VA-044) was purchased from Wako. TEA was puri-
fied by distillation over CaH, before use. All other reagents
were used as received. Dimethyl sulfoxide (DMSO), toluene,
and methanol were purchased from Acros Organics (extra dry,
kept over molecular sieves, and filtered using a 0.22 pm
syringe filter before use). The other organic solvents of analyti-
cal grade were from Lach-Ner (Czech Republic) at the highest
available purity and used as received. Deionized (DI) water was
obtained from a Milli-Q purification system (Milli-Q gradient
A10, Merck-Millipore). [11-(2-Bromo-2-methyl)-propionyloxy]
undecyltrichlorosilane (Br-silane) and the monomer N-(2-
hydroxypropyl) methacrylamide (HPMA) were synthesized
according to procedures reported earlier.>>*® Human serum
albumin (HSA) and human fibrinogen (Fbg) were purchased
from Sigma-Aldrich (Czech Republic). Pooled human blood
plasma (HBP, mix of 5 donors) was obtained from the Institute
of Hematology and Blood Transfusion (Czech Republic).

Self-assembled monolayer on the substrates and CTA
immobilization

First, the silicon substrates were cleaned by rinsing with
ethanol and DI water twice, dried under a stream of nitrogen,
and then activated in a UV/O; cleaner for 20 min.
Immediately, they were immersed in a 0.1% v/v solution of Br-
silane in anhydrous toluene and kept in a dry environment at
room temperature for 3 h. The silicon substrates coated with a
self-assembled monolayer of Br-silane (Br-SAM) were then
washed with toluene, acetone, and twice with ethanol and DI
water, then dried under a stream of nitrogen."" Subsequently,
the Br-SAM substrates were placed in reactors under argon
atmosphere and a solution of CTA (66.69 mg, 0.239 mmol),
CuBr (6.10 mg, 42.5 pmol), and BiPy (12.99 mg, 83.2 pmol) in
deoxygenated anhydrous DMSO (10 mL), previously purged by
argon bubbling 30 min, was added under argon and left to
react for 24 h at 30 °C to obtain the CTA-SAM.*® After the
modification, the CTA-SAM substrates were washed with
methanol, acetone, and twice with ethanol and DI water, then
dried under a stream of nitrogen.

RAFT polymerization of HPMA for GT and GF polymer layers

The polymerization of HPMA via RAFT was performed by the
same procedure to obtain poly(HPMA) in solution for sub-

This journal is © The Royal Society of Chemistry 2022
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sequent GT method or on CTA-SAM substrates to obtain
GF-poly(HPMA) brushes directly.”® A flask containing HPMA
(500 mg, 3.49 mmol), CTA (1.3 mg, 4.65 pmol), and VA-044
(0.75 mg, 2.33 pmol) sealed with a septum was purged with
argon for 1 h in an ice bath. Anhydrous methanol was purged
with argon in parallel for 1 h and 2 mL were transferred to the
flask containing the solids. The resulting mixture was stirred
until full dissolution. For the SI-RAFT used in the GF method,
the polymerization solution was added under argon protection
to individual reactors containing CTA-SAM-coated silicon sub-
strates or SiO,-coated chips for surface plasmon resonance
(SPR), previously sealed and deoxygenated by three pump-refill
cycles with argon. RAFT polymerization was carried out by
placing the flask containing the reaction mixture or the reac-
tors containing the substrates in the reaction mixture in a
temperature-controlled oil bath at 45 °C for a set time between
1.5 hours and 25 hours. The polymerization was quenched by
opening the reaction vessels to the atmosphere and rapidly
cooling the solution in an ice bath. To isolate poly(HPMA), the
solution was dialyzed (membrane molecular weight cut-off
1000 Da) against DI water, which was regularly renewed for
24 hours, and then lyophilized. Substrates coated with the
GF-poly(HPMA) brushes were rinsed with methanol, acetone
and twice washed by ethanol and DI water, then dried under a
stream of nitrogen.

Aminolysis of poly(HPMA) with CTA end groups

Both poly(HPMA) recovered from solution and GF-poly(HPMA)
brushes were terminated with thiocarbonylthio (S-C=S) end
groups after RAFT polymerization. The CTA groups of poly
(HPMA) used for GT and of the GF-poly(HPMA) brushes pre-
pared for SMFS measurements were converted to thiol (-SH)
via aminolysis following a modified literature procedure.”” A
flask of anhydrous ethanol and a flask containing hexylamine
(20 pL, 0.153 mmol) and TEA (20 pL, 0.143 mmol) were deoxy-
genated by purging with argon for 10 min. The reaction solu-
tion was prepared by adding 5 mL of degassed ethanol into
the flask with the amines. To aminolyze the poly(HPMA)-CTA
collected from solution, 5 mL of the reaction solution was
added under argon to a flask containing 25 mg of the polymer,
previously deoxygenated, and the reaction was allowed to
proceed at room temperature for 3 h. The poly(HPMA) with
thiol moiety (poly(HPMA)-SH) was recovered after dialysis and
lyophilization. For GF-poly(HPMA) brushes, the aminolysis
process was the same, but the substrates coated with poly
(HPMA) brushes were placed in reactors instead of polymer
collected from solution. Afterwards, the substrates coated with
poly(HPMA)-SH brushes were washed with methanol, acetone,
and twice with ethanol and DI water, then dried under a
stream of nitrogen.

Poly(HPMA)-SH grafted to the surfaces under good solvent and
poor solvent conditions

First, the bare gold wafer substrates or SPR chips were cleaned
by rinsing with ethanol and DI water twice, dried under a
stream of nitrogen, and then activated in a UV/O; cleaner for
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20 min. In parallel, a polymer solution of poly(HPMA)-SH was
prepared at 1 mg mL™" in DI water (transparent solution) as a
good solvent condition or in 0.75 M Na,SOj(aq) for cloud point
achievement as a poor solvent condition. Then, the freshly
cleaned gold wafer substrates or SPR chips were placed
immediately in reactors followed by adding a solution of
poly(HPMA)-SH under good solvent condition or poor solvent
condition for 20 h at 28 °C under argon atmosphere for the
binding between thiol and gold to occur. The GT-poly(HPMA)
surfaces were rinsed with DI water, acetone and twice washed
by ethanol and DI water, then dried with a stream of nitrogen.

X-ray photoelectron spectroscopy (XPS)

Measurements were performed using a K-Alpha' XPS spectro-
meter (ThermoFisher Scientific, UK) operating at a base
pressure of 1.0 x 10”7 Pa. The data acquisition and processing
were performed using the Thermo Avantage software. To limit
the X-ray induced destruction of the thin polymer films and
maximize the signal-to-noise ratio, individual points were
measured within areas covering 8 x 8 mm?”. At each point,
high-energy resolution core level spectrum was measured
using a microfocused, monochromated Al Ka X-ray radiation
(spot size of 400 pm, pass energy of 150 and 50 eV for survey
and high-resolution measurements, respectively). All reported
XPS spectra are averages of 24 individual measurements. The
spectra were referenced to the C 1s peak of hydrocarbons at a
binding energy of 285.0 eV controlled using photoelectron
peaks of PET and metallic Cu, Ag, and Au standards. The
atomic concentrations of the different chemical moieties were
determined from the respective photoelectron peak areas of
levels Br 3d, Au 4f, Si 2p, S 2p, C 1s, N 1s, and O 1s high-
resolution spectra after modifying Shirley’s inelastic back-
ground subtraction. Assuming a simple model of a semi-infi-
nite solid of homogeneous composition, the peak areas were
corrected for the photoelectric cross-sections, the inelastic
mean free paths of the electrons in question, and the trans-
mission function of the spectrometer used.”* All spectra with
high resolution were fitted using Voigt profiles. The experi-
mental uncertainties in the quantitative analysis of XPS were
assessed to be below 10%. The value covers the overall uncer-
tainties due to variations connected to sample preparation and
the XPS background subtraction.

Spectroscopic ellipsometry (SE)

Ellipsometric data were acquired using a J.A. Woollam
M-2000X spectroscopic ellipsometer operating in rotating com-
pensator mode at angle of incidence (AOI) range 60-71° (with
a step of 1°) and spectral range of A = 250-1000 nm. See ESI}
for detailed information on the used setup for in situ measure-
ments and SE data analysis.

SEC-multiple angle laser light scattering (SEC-MALLS)

The poly(HPMA) synthesized by RAFT polymerization for GT,
poly(HPMA) collected in solution during GF, and poly(HPMA)-
SH by aminolysis were measured by using a Shimadzu HPLC
system equipped with a Superose 12 column, online UV detec-
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tor (Shimadzu), differential refractive index detector (Wyatt
Optilab T-rEX) and multi-angle light scattering (Wyatt Dawn
Heleos-1I). The mobile phase used for the measurement was
0.3 M sodium acetate buffer (pH 6.5) with 1 g L™ of sodium
azide flowing at 0.5 mL min~", and the specific refractive index
increment dn/dc of poly(HPMA) was applied as 0.167.

AFM-based single molecule force spectroscopy (SMFS)

Topographical AFM micrographs were obtained on a Bruker
MultiMode 8 microscope using silicon nitride triangular-
shaped cantilevers with a nominal spring constant of
0.4 N m™" and tip radius of 2 nm. Areas of 2 x 2 pm” and 500 x
500 nm? were scanned by 512 x 512 points each. The obtained
images were analyzed in Gwyddion software. SMFS measure-
ments were performed using the same AFM microscope
working in contact mode in a fluid cell with gold-coated tips
(MikroMasch, HQ:CSC38/Cr-Au, consisting of three cantilevers
with a nominal tip radius of 35 nm). The SMFS measurements
were carried out in DI water. After mounting the cantilever,
sensitivity, and spring constant measurements were performed
prior to the SMFS measurements. Thousands of force curves
were measured for each sample distributed across the sample
surface. The tip separation from the sample was 300 nm, and
the movement was performed with a frequency of 0.5 Hz. The
data were firstly processed by in-house developed software
(written in LabVIEW), where the curves showing a clear unfold-
ing and rupture event were selected. In the case of the
poly(HPMA)-SH on silicon substrate samples, 4% of the
recorded curves showed a rupture event. These curves were
further fitted to the worm-like chain (WLC) model to obtain
the contour and persistence length of the GF-poly(HPMA)
brushes and thus probe their corresponding molar mass.*”>>
See ESIf for further information on AFM topographical micro-
graphs and SMFS data analysis.

Calculation of surface parameters of grafted poly(HPMA) layers

hpN A
M

n

The density o = and the distance between grafting sites

2 . .
—— were estimated uti-

V3o

lizing the layer thickness in the dry state as determined by
ellipsometry (%), the bulk density of poly(HPMA) p was taken
to be 1.1 g cm™, and N, is the Avogadro constant. The radius
of gyration R, for poly(HPMA) M, 49.0 kg mol™" in water was

supposing hexagonal packing D =

D

calculated to be 7.4 nm.>® The overlap parameter SR, can be
g

utilized to describe the state of tethered polymer chains.

o D o . .
Values of (i) R, > 1.0 indicate that the polymer chains are in
g

v D -
a “mushroom” state; (ii) R close to 1.0 are characteristic for
g

-, o D

a mushroom-to-brush transition; whereas (iii) R < 0.5 are
g

indicative that the chains stretch away from the surface and

attain brush conformation.>*>°

This journal is © The Royal Society of Chemistry 2022
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Surface plasmon resonance (SPR)

Non-specific protein adsorption on the bare SPR chip, SiO,-
coated SPR chip, poly(HPMA) grafted-from SiO,-coated SPR
chip, and poly(HPMA) grafted-to SPR chip was measured using
an SPR instrument based on the Kretschmann geometry of the
attenuated total reflection and spectral interrogation. In this
system, the shift in the resonance wavelength was recorded,
and the amount of the biomolecules adsorbed on the coating
was estimated from the difference between the baselines in
pure PBS (pH 7.4) before and after contact with the tested solu-
tions: HSA (5 mg mL™" in PBS), Fbg (1 mg mL™" in PBS) and
HBP (undiluted). The solutions were pushed through a
4-channel flow cell attached to an SPR chip for 15 min. The
measurements were performed at a flow rate of 25 pL min™"
and a temperature of 25 °C (0.1 °C). The fouling (adsorbed
mass) was obtained using the calibration of the sensor
response described in the next subsection.

Calculation of SPR sensor sensitivity

The sensitivity of SPR measurements depends on the thick-
ness and the refractive index of the polymer overlayer and the
resonance wavelength. For this reason, the sensor responses
have been calibrated for each chip separately using a theore-
tical model. First, reflectivity calculations were performed
using transfer-matrix method implemented in the EWA
toolbox in Matlab.”® The considered geometry is composed of
the semi-infinite dielectric layer (glass, refractive index: 1.51),
a metal layer (gold, thickness: 48 nm, refractive index: interp-
olated from experimental data), dielectric layers (SiO,, thick-
ness 15 nm, refractive index: 1.49; poly(HPMA) polymer, thick-
ness and refractive index: interpolated from ellipsometric data,
Table 1 and Table S1, ESIt), dielectric overlayer (biomolecular
layer; only for the sensitivity calculation, thickness: 7 nmy;
refractive index: 1.40) and a semi-infinite dielectric layer
(a buffer; refractive index: 1.33). Second, the sensitivity was cal-
culated from the reflectivity obtained with and without the
dielectric overlayer. Sensitivity correction factors of 1.28, 1.10,
1.16, and 1.68 have been obtained and utilized to recalibrate
the sensor response of SiO,-coated SPR chips, GS and PS
poly(HPMA) grafted-to SPR chips, and poly(HPMA) grafted-
from SiO,-coated SPR chips, respectively. In order to translate
the surface refractive-index change to the surface mass density,
an experimental factor of 18 ng cm™ nm ™" was used (valid at
the wavelength of 750 nm).

View Article Online
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Scheme 1 Synthesis of poly(HPMA) brushes by (a) GT method and (b)
GF method. (c) Comparison between GT and GF methods and respective
molar mass characterization by SEC-MALLS and SMFS. Note:
GF-poly(HPMA)-SH was employed only for SMFS measurements while
swelling and fouling experiments were performed on GF-poly(HPMA)-CTA.

Results and discussion

To assess the influence of the different grafting methods on
the antifouling properties of poly(HPMA) brushes, we prepared
both types of poly(HPMA) coatings with polymer chains of the
same molar mass using (SI)-RAFT polymerization (Scheme 1a
and b). In this study, GF-poly(HPMA) brushes were directly syn-
thesized on SiO,-coated substrates, while GT-brushes were pre-
pared by binding poly(HPMA) prepared by solution polymeriz-
ation onto gold-coated substrates. To match the molar mass of
poly(HPMA) grown from the surfaces with the one obtained in
solution, these were monitored by means of SMFS and
SEC-MALLS, respectively (Scheme 1c). In this way, we can fully
characterize the polymer brushes prepared by both grafting
methods and directly compare the physical and antifouling
properties that they yield.

Table 1 Polymer surface parameters of grafted poly(HPMA) layers by different grafting methods

Poly(HPMA) @b (kg mol ™) hary (nm) & (chain per nm?) D (nm) D/2R, Aswollen (NM) Swelling ratio
GT-GS 49.0¢ 2.0+0.1 0.02 7.2 0.49 13.2+04 6.5+0.3
GT-PS 49.04 41+0.4 0.05 5.0 0.34 18.1+2.1 4.4+0.4
GF 49.0° 13.5+0.2 0.18 2.6 0.18 27.2+0.3 21+0.1

“ Number-average molar mass was measured by SEC-MALLS. ? Number-average molar mass was calculated from the contour length obtained by

SMFS.

This journal is © The Royal Society of Chemistry 2022
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Poly(HPMA) brushes prepared by “grafting-from”: synthesis
and molar mass

The GF-poly(HPMA) brushes were prepared by growing the
polymer chains in SI-RAFT polymerization directly from
surface-bound chain transfer agent on a self-assembled mono-
layer (CTA-SAM) (Scheme 1b). This CTA-SAM was obtained by
modification of a bromine-functional SAM (typically used as
initiator in ATRP) in a simple one-step reaction following a
protocol based on atom transfer radical addition mecha-
nism.*’ The success of the CTA immobilization was confirmed
via XPS (Fig. S5, see ESIT). The conditions for this polymeriz-
ation were optimized based on previous reports for the RAFT
polymerization of HPMA in solution.’>*” Due to the mecha-
nism of SI-RAFT polymerization, the poly(HPMA) grows con-
currently in solution from soluble CTA and radical initiator as
well as from the surface. The polymerization kinetics were
monitored by measurements of the thickness of the polymer
layer (via spectroscopic ellipsometry in the dry state) and of
the molar mass of the polymer in solution (via SEC-MALLS).
The thickness of the polymer layer increased with increasing
polymerization time, reaching 13.5 + 0.2 nm at 24 h (Fig. 1a).
The molar mass of the polymer formed in solution grew
with increasing polymerization time, between 4.8 and
47.0 kg mol™" from 1.5 h up to 24 h, while the  remained low
(Fig. 1b).

In the current study, we selected a thickness of 13.5 nm for
GF-poly(HPMA) brushes at an SI-RAFT polymerization time of
24 h. Previous studies of the antifouling properties of similar
brushes indicated that a layer thickness above 10 nm provides
satisfactory fouling resistance.'"**®° At the same time, a
thicker brush is associated with a larger molar mass of the
grafted polymer.*” We, therefore, did not further increase the
thickness to avoid possible limitations associated with per-
forming GT with very high molar mass polymers.®"

To accurately measure the molar mass of GF-poly(HPMA)
grown from the surface, we employed SMFS, particularly the
variant based on an AFM setup. In this technique, individual
poly(HPMA) chains bind to the tip of an AFM from their end
group and the elastic force required to stretch the chain is
recorded as a function of the distance to the surface until the
tip-polymer contact ruptures. The obtained curve can be fitted
to the worm-like chain (WLC) model to obtain the contour
length of polymer chains (see ESI, Fig. S31), which is used to
obtain the number-average molar mass M, (see ESI,
Fig. S41).>?

The CTA end groups in the as-prepared poly(HPMA)
brushes were converted to thiol (poly(HPMA)-SH) by amino-
lysis before SMFS measurements in order to maximize binding
with the gold-coated AFM cantilever tip (see ESI, Fig. S6). The
GF polymer brushes employed for other measurements were
CTA-capped (not aminolyzed) to avoid the possibility of disul-
phide formation, which would create polymer loops and alter
the layer architecture.

The direct measurement of the molar mass of the
polymer grown on the surface is necessary to ensure that the

3820 | Polym. Chem., 2022, 13, 3815-3826
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Fig. 1 Kinetic plots: (a) thickness of GF-poly(HPMA) brushes in the dry
state measured by SE. (b) Molar mass and D of poly(HPMA) generated in
the solution of (SI)-RAFT polymerization measured by SEC-MALLS.

comparison between polymer layers formed by GF and GT is
valid. The GF-poly(HPMA) brushes of 13.5 + 0.2 nm thick-
ness presented a number-average contour length (I.) of
67.2 £ 0.9 nm (Fig. 2 and S3, ESI}). This corresponds to a
number-average molar mass of M, gpos nh = 49.0 kg mol™*
with a D of 1.14 (see ESI, Fig. S4f). The molar mass of poly
(HPMA) collected in solution at the same polymerization
time was My, solution, 24 h = 44.6 kg mol™" with a P of 1.38.
Thus, the discrepancy of molar mass between the polymer
formed on the surface and in the solution is only slight at
approximately 10%. Nevertheless, it is important to note that
other studies have found that the polymerization kinetics
may vary substantially between surface and solution, leading
to much more significant discrepancies in molar mass.
These were attributed to mass transport limitations and the
crowded environment at the interface. We hypothesize that
the slow polymerization kinetics of HPMA under the selected
conditions and concomitant long polymerization time to
reach the targeted thickness may have partly negated the
limiting effect of diffusion that was previously reported for
other GF polymerizations.?®

This journal is © The Royal Society of Chemistry 2022
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ing and rupture event during approach (black) and retraction (red). (b)
Characteristic pull-off force curve (black square symbol) with the fitting
of WLC model (red line).

Poly(HPMA) brushes prepared by “grafting-to”: synthesis and
molar mass

The poly(HPMA) synthesized for GT method was prepared by
RAFT polymerization and characterized by NMR to confirm
the success of the polymerization (see ESIf). We targeted a
molar mass for the GT-poly(HPMA) brushes that matched
as closely as possible the one of the GF-brushes (M,, gr =
49.0 kg mol™"). For this purpose, we slightly extended the
RAFT polymerization time compared to the conditions
employed to obtain the GF-poly(HPMA) brushes and collected
the poly(HPMA) formed in solution at 25 h for use in the GT.
This polymer was analyzed by SEC-MALLS, yielding a molar
mass of M, gr = 49.0 kg mol™" with a P of 1.18 (see ESI,
Fig. S87). Prior to the grafting-to procedure, the CTA end
groups of the obtained polymer were aminolyzed to thiols, as
these bind strongly to gold surfaces and provide a stable
attachment for the GT-poly(HPMA) brushes. The aminolysis
reaction did not cause any unwanted changes in the molar
mass and chemical structure, as confirmed via SEC-MALLS
and NMR (see ESI, Fig. S8 and S97).

This journal is © The Royal Society of Chemistry 2022
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Poly(HPMA)-SH was grafted to gold surfaces under two sets
of conditions, which differed by the thermodynamic quality of
the solvent with respect to poly(HPMA): “good solvent” (GS)
and “poor solvent” (PS). In the GS conditions, the gold sur-
faces were immersed for 20 h in a poly(HPMA)-SH solution in
deionized water at 1 mg mL™". This method is simple to
perform and may be considered a reference for comparison
with other polymer brush coatings. In contrast, grafting under
PS conditions is expected to lead to a smaller packing distance
and higher grafting density, as the polymer chains shrink and
adopt a more compact conformation, enabling them to pack
more densely on the surface during the grafting process due to
decreased steric hindrance. To achieve PS conditions, the
solvent quality was adjusted by adding Na,SO, and increasing
the temperature until the appearance of turbidity to reach the
so-called “cloud point”. Similar PS conditions were often
reported for PEG but rarely applied to other polymers.***> In
previous reports, grafting of PEG under PS conditions led to a
higher grafting density associated with enhanced fouling resis-
tance. Thus, PS-grafted poly(HPMA) brushes are expected to
display higher grafting density and superior antifouling per-
formance in comparison to GS grafting. The key question that
needs to be addressed is how these compare to the properties
of chemically comparable brushes obtained via GF. By compar-
ing these two grafting systems with grafted chains of the same
molar mass, we gain understanding about the impact of the
grafting method on fouling resistance and surface physical
parameters.

Physicochemical characterization of poly(HPMA) brushes
prepared by GT and GF methods

The chemical characterization of the grafted poly(HPMA)
layers was performed by means of X-ray photoelectron spec-
troscopy (XPS). In the high-resolution XPS spectra of the C 1s
region, all three types of poly(HPMA) brush coatings present
identical features of C-C and C-H (285.0 eV), C-C=0 (285.4 V),
C-N (286.1 eV), C-O (286.4 eV) and N-C=O (288.1 eV) as
shown in Fig. 3 and Table S2 (see ESIt). For the poly(HPMA)
bushes performed via the GF method, the XPS measurements
also detected the presence of CTA end groups. The decrease in
sulphur content upon the aminolysis reaction prior to SMFS
measurements indicates successful removal of CTA and thiol
remaining as the polymer end group (see ESI, Fig. S67).
Moreover, the overall composition of poly(HPMA) was pre-
served, indicating that the aminolysis did not produce any
unwanted changes to the polymer layer intended for SMFS
analysis. Besides the previously mentioned observations for
GT-poly(HPMA) brushes in the C 1s region, high-resolution
XPS spectra of S 2p region further verified the covalent attach-
ment of the thiol end groups to the gold substrate. Namely,
after the GT anchoring reaction, we observed shifts in the
binding energies from the characteristic free C-S-H thiol con-
tribution at 163.4 eV to C-S-Au thiolate at 161.9 eV (see ESI,
Fig. S71).*> Fourier-transform infrared spectroscopy (FTIR)
further confirmed the successful attainment of the targeted
chemical modifications (see ESI, Fig. S10 and S117).

Polym. Chem., 2022, 13, 3815-3826 | 3821
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Fig. 3 XPS characterization of each grafted poly(HPMA) layer. High-
resolution XPS spectra of C 1s region for the GT-GS-poly(HPMA) on
gold substrates (1), GT-PS-poly(HPMA) on gold substrates (2), and
GF-poly(HPMA) on silicon substrates (3). Note: Measured high-resolution
C 1s spectra are presented with open circles, while their corresponding
fitted envelopes are presented with red lines. The individual contributions
of different functional groups are represented with blue lines.

Thickness and swelling ratio of poly(HPMA) coatings prepared
by GT and GF methods

The thickness of the GT- and GF-poly(HPMA) brushes was
measured by spectroscopic ellipsometry, both in the dry state
hary and immersed in water Agyouen (Table 1). As the molar
mass of poly(HPMA) in the three types of brushes is the same,
a thicker layer implies a larger number of polymer chains per
unit of area, i.e., higher grafting density.

GT-GS-poly(HPMA) had a dry thickness of 2.0 + 0.1 nm
corresponding to 0.02 polymer chains per nm?* and a distance
between grafting points D of 7.2 nm. This distance is smaller
than the dimensions of the polymer coil in solution (given by
twice the radius of gyration 2R,), which indicates that the
chains are slightly stretched in this layer. In contrast,
GT-PS-poly(HPMA) presented a larger thickness in the dry
state (4.1 £ 0.4 nm), with a correspondingly higher grafting
density and a more stretched conformation of the chains, ie.,
a more pronounced brush character. Clearly, the poly(HPMA)
chains packed more closely together in GT due to the addition

3822 | Polym. Chem., 2022, 13, 3815-3826
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of salt and increased temperature. This can be explained by
the collapse of the poly(HPMA) conformation under PS con-
ditions, which reduces steric hindrance for their approach to
the surface during grafting, analogously as previously reported
for PEG.>" For both types of GT layers, in spite of the absolute
grafting density being relatively low, the polymer chains were
in the brush regime (D/2R, < 0.5). This is because of a large Ry
and polymer chain footprint, resulting from the high polymer
molar mass.>**? The thickness of GF-poly(HPMA) brushes in
the dry state amounted to 13.5 + 0.2 nm, while their grafting
density was 0.18 chains per nm?, over three times higher than
the GT-PS brush. The closer packing in the GF-layer in com-
parison to even the optimized GT method is possible because
of the fundamentally different mechanism by which the
polymer brushes are formed in the GF process. While in GT
the fully formed polymer chains need to diffuse to the surface
so that their end groups can react with the substrate, in GF it
is the monomer that needs to reach the surface and add to the
polymerization growing centres. Its diffusion is much faster
due to their small size and high concentration.

The antifouling properties of the polymer brush layers are
relevant in an aqueous solution, with the hydrophilicity of the
layers being critical for this effect. We, therefore, measured the
water uptake of the poly(HPMA) brushes using in situ ellipso-
metry. The swelling ratio (Aswonen/fary) is determined by the
energy balance between contributions from enthalpic gain
from favourable water-polymer interactions and the entropic
penalty from an  increasingly  stretched  polymer
conformation.”>**"%” Interestingly, the swelling ratio in water
ranges from 6.5 for GT-GS and 4.4 for GT-PS down to 2.1 for
GF-poly(HPMA) brushes, even though all layers consist of
chemically similar chains of the same molar mass. This ten-
dency arises from the difference in grafting density yielded by
the different grafting methods. For the denser GF brushes, the
grafting sites are closer to each other and the polymer confor-
mation is more stretched even in the dry state. In contrast, the
polymer chains in the GT-layers are able to swell more when in
contact with water as they are less stretched in the dry state.
Their higher swelling ratio is also accompanied by a lower
refractive index in the swollen state (closer to that of water),
indicating a lower polymer volume fraction in swollen
layers.””®® Thus, the physical characterization of the
poly(HPMA) layers prepared by GF, GT-GS and GT-PS proves
the dramatic influence of the grafting method in determining
the behaviour of the surface-bound polymer chains in an
aqueous solution.

Fouling resistance of poly(HPMA) coatings obtained by GT and
GF methods

Polymer brushes are of great interest for biomedical appli-
cations due to their ability to resist the adsorption of proteins.
Previous studies have related this property to the polymer
grafting density and chain length, on the basis of theoretical
predictions®*®" and experimental results with PEG coatings
prepared vig GT.>*?82931:33:35:3670 Nevertheless, the factors
behind the fouling resistance of GF-polymer brushes and accu-
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rate comparison with GT-layers have so far been elusive due to
the difficulties in characterizing the grafting density of GF-
polymer coatings and in preparing GT- and GF-coatings with
polymer chains of comparable chemical structure and molar
mass. We surveyed the antifouling performance of poly(HPMA)
coatings prepared by GT and GF using surface plasmon reso-
nance (SPR) to determine the mass of protein adsorbed from
various single-protein solutions and blood plasma. The combi-
nation of SI-RAFT polymerization with characterization simul-
taneously by SEC-MALLS and SMFS allowed us to compare GT-
and GF-poly(HPMA) brushes in terms of their fouling resis-
tance while keeping the molar mass equal. This highlights the
effect of the selected grafting methods on the antifouling
properties.

We measured the adsorption from solutions of human
serum albumin (HSA, 5 mg mL™"), human fibrinogen (Fbg,
1 mg mL™"), and undiluted human blood plasma (HBP,
pooled from 5 donors) by SPR. This technique relies on detect-
ing the change of the refractive index in the immediate vicinity
of a bare or coated sensor surface, which accompanies the
deposition of proteins. The sensitivity of SPR is affected by the
presence of a SiO, and/or polymer layer, as the protein adsorp-
tion occurs farther away from the SPR-sensor gold surface. In
order to correctly compare the fouling on the poly(HPMA) coat-
ings of various thicknesses and the bare gold and SiO, sensor
surfaces, we modelled the changes in sensitivity for each type
of coating and applied the resulting corrections to obtain the
actual value of adsorbed protein mass on the surface.

Both HSA and Fbg solutions rapidly fouled the bare gold
SPR chips (Fig. 4a and b). SiO,-coated SPR chips showed
slightly smaller adsorption of single proteins than gold, prob-
ably due to the strong hydrophilic character of SiO, when
freshly cleaned, as well as negative charge (isoelectric points
of 4.9, 5.8 and 3.9 for HSA, Fbg and SiO,, respectively).”"”
Remarkably, poly(HPMA) brushes prepared by the GT-GS
method reduced fouling from HSA and Fbg by 89 and 93%
in comparison with bare gold, respectively, even though they
were only 2 nm-thin in the dry state. The brushes prepared
in GT-PS conditions achieved a similar performance as
GT-GS brushes for individual proteins (reductions of 86 and
95% for HSA and Fbg, respectively). Nevertheless, it is not
possible to clearly rank the antifouling performance of these
surfaces against single-protein solutions, as the differences
fall within the error of the measurements. The incomplete
prevention of fouling from Fbg and HSA by both types of GT
layers may be attributed to the small size of the proteins,
which is comparable to the packing distance of the polymer
chains on both surfaces and may allow penetration into the
layer.*®

In the case of HBP, the most challenging fluid due to its
high protein concentration and complexity of composition,
both bare gold and SiO, displayed very high fouling, on the
level of a protein monolayer. The hydrophilicity of SiO, was
not sufficient even to reduce the fouling from HBP in compari-
son with gold. In contrast, GT-GS- and GT-PS-brushes sup-
pressed fouling by 81 and 89%, respectively. The over two-fold

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Non-specific protein adsorption of (a) human serum albumin
(HSA, 5 mg mL™), (b) fibrinogen (Fbg, 1 mg mL™), and (c) human blood
plasma (HBP).

increase in grafting density for the GT-PS-layer probably
accounts for its superior antifouling performance against HBP.

Poly(HPMA) brushes prepared by GF in the surface-initiated
polymerization approach reduced fouling from both single-
protein solutions by 99% with respect to bare gold. In com-
parison with GT-coatings, the fouling on the brush prepared
by GF from HSA and Fbg solutions was 5 and 8 times lower,
respectively. This corresponds well to the much higher grafting
density of the GF-coating providing a more effective barrier
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against fouling, even though the polymer molar mass was
comparable. While the chain-end functionality of the GT and
GF layers is different, its effect on fouling resistance is
expected to be negligible due to the very low concentration of
end groups as well as their distribution within the polymer
layers.®" The difference in antifouling performance is even
more marked for HBP, where the GF-coating reduced the non-
specific adsorption by over 99% with respect to the bare gold
(Fig. 4). This fouling resistance is on the level of the best anti-
fouling surfaces described in the literature®”*’* and 15 times
better than GT-GS and 9 times better than GT-PS, once again
highlighting the advantage of the GF method, owing to the
higher achievable grafting density (see ESI, Fig. S127).

The comparison of antifouling properties of the
poly(HPMA) brush layers prepared by GT and GF highlights
the importance of the grafting method in defining the coating
properties. Given the comparable polymer chemical structure
and molar mass, the grafting method is shown to be the deter-
mining factor in achieving improved antifouling perform-
ances. The results indicate that the increased grafting density
achieved leads to a markedly superior fouling resistance for
the GF-poly(HPMA) brush. On the other hand, the layers
afforded by the GT method provide a much lower thickness,
which may be desirable for certain applications, and they can
be obtained by a very simple method. Adjustment of the
thermodynamic quality of the solvent allows tuning of the
polymer thickness and physical conformation of the chains as
desired, and both are related by the polymer molar mass
which is controlled before grafting. GF polymerization enables
access to higher grafting densities and thicknesses while being
able to control the polymer molar mass. Moreover, by immobi-
lizing a lowered surface density of initiating species (or CTA), it
is possible to achieve polymer layers of reduced grafting
density. However, GF polymerizations require relatively
demanding polymerization conditions such as solvent deoxy-
genation and working under inert atmosphere. Nevertheless,
new developments in oxygen-tolerant polymerization tech-
niques are increasingly bypassing these requirements.”>”° In
combination, the GT and GF methods complement each other
to provide a versatile toolbox for the surface functionalization
with polymer brushes.

Conclusions

We studied the effect of the grafting-to and grafting-from
methods on the surface parameters and fouling properties of
poly(HPMA) brushes prepared using solution and surface-
initiated RAFT polymerization. These brushes were composed
of polymer chains of comparable composition and molar
mass, as confirmed by size exclusion chromatography and
single-molecule force spectroscopy. While both the types of
coatings have been demonstrated to substantially reduce the
fouling from blood plasma, the coatings prepared using the
grafting-from method enabled much better suppression of
fouling than the coatings prepared using the grafting-to
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method. The superior antifouling performance provided by
the grafting-from method was linked with a higher grafting
density of the polymer brush. The higher grafting density was
accompanied by a markedly lower swelling in water, as a result
of the reduced polymer conformational freedom. In summary,
the reported results link and compare the GT and GF
methods, and show how the choice of the grafting method
affects the maximum achievable grafting density and, conco-
mitantly, the resistance to non-specific protein adsorption.
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