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Introduction

Well-defined poly(2-isopropenyl-2-oxazoline)
brushes provide fouling resistance and versatility
in surface functionalizationt

Manisha Singh, & Lenka Poldkova, Andres de los Santos Pereira,
Ognen Pop-Georgievski, () Jan Svoboda, 8 Tomas Riedel, 2 Sachin Gupta,
Zdenka Sedlakova, Vladimir Raus ‘= and Rafat Poreba = *

Poly(2-isopropenyl-2-oxazoline) (PIPOx), a biocompatible polymer amenable to clean and orthogonal
post-polymerization modifications, has recently emerged as a suitable candidate for the preparation of
functional polymer brushes via surface-initiated reversible-deactivation radical polymerization (SI RDRP).
However, the field currently lacks a universal SI RDRP method that would provide a straightforward
control over the PIPOx brush thickness and be applicable to non-planar surfaces. Herein, we designed an
aqueous, metallic copper-mediated RDRP (Cu(0)-RDRP) protocol for Sl grafting of IPOx that manifests an
excellent degree of temporal control over the PIPOx brush thickness up to more than 100 nm. The superior
kinetic control was achieved through the use of an all-chlorine initiation/catalytic Cu(0)-RDRP system and
careful ligand selection, demonstrating a clear advantage over previous approaches based on brominated
initiators. Additionally, we found that using neat water as a reaction medium for the Cu(0) catalyst generation
in the standard disproportionation step significantly accelerates the brush growth. Importantly, a surface
plasmon resonance analysis demonstrated for the first time the high resistance of PIPOx brushes against non-
specific protein fouling, as documented by a significant (96%) decrease in protein deposition from undiluted
blood plasma and negligible adsorption from fetal bovine serum and other protein solutions. Finally, we show-
cased in model scenarios the versatility of the prepared well-defined PIPOx brushes by modifying them with
suitable functional carboxylic acids under mild conditions in order to subsequently synthesize graft copolymer
brushes or trigger a CUAAC click reaction. Our results highlight PIPOx brushes as an attractive platform for the
fabrication of low-fouling, multifunctional surfaces.

able to highly orthogonal and byproduct-free reactions with

Grafting of polymer brushes onto surfaces represents an
important technique for engineering the physicochemical
characteristics of interfaces and introducing desired
functionalities."® Surfaces modified with polymer brushes
have found applications in diverse fields, including medical
diagnostics,"® environmental monitoring,” or cell-harvesting
technologies.®™° 2-Isopropenyl-2-oxazoline (IPOx) has recently
emerged as a new monomer for polymer brush synthesis,
attracting considerable attention due to its dual functionality
that combines a polymerizable double bond with a reactive
2-oxazoline ring.""'* Poly(2-isopropenyl-2-oxazoline) (PIPOX)
can thus serve as a universal post-polymerization modification
platform®'* where the pendent 2-oxazoline groups are amen-
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thiols">'® and carboxylic acids’’™® or function as initiating
sites for cationic ring-opening polymerization (CROP),'*>°7
enabling diverse applications.'*"*

IPOx has been polymerized via both
uncontrolled'®'”'%2325  and  controlled polymerization
methods, e.g.,, anionic polymerization,?®*® group transfer
polymerization,*" and reversible-deactivation radical polymer-
ization (RDRP).>”*® The successful implementation of RDRP,
and particularly copper-mediated RDRP (Cu-RDRP), is impor-
tant since surface-initiated (SI) Cu-RDRP represents a major
method of polymer brush synthesis, utilizing the copper cata-
lyst both in the Cu(i) form (typically denoted as atom transfer
radical polymerization, ATRP) or in the metallic Cu form
(denoted here as Cu(0)-RDRP).”>*° Surprisingly enough, PIPOx
brushes have been so far prepared mainly through uncon-
trolled radical polymerization processes,'”**?! with two
notable exceptions. Cu(0)-RDRP, utilizing a copper plate as the
catalyst source,**** enabled preparation of PIPOx brushes of a
defined thickness, even though comprehensive data on kinetic
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control were not reported. Unfortunately, this method is
limited to planar surfaces as the polymer brush thickness is
dependent on the Cu plate distance from the modified
surface.”® Very recently, ATRP performed in organic solvents,
was applied to SI grafting of IPOx from carbonyl iron par-
ticles.>® However, when applied in solution, this protocol was
generally less well-controlled than the previously reported
aqueous Cu(0)-RDRP of IPOx,*” and a precise control over the
brush thickness was not attempted.?® Therefore, the field still
lacks a robust and universal synthetic method for the prepa-
ration of PIPOx brushes with controlled brush thickness via
RDRP. In this respect, the translation of the abovementioned
aqueous Cu(0)-RDRP method, previously successfully
employed in solution,” to SI grafting could represent an ideal
scenario. The applied exclusively chlorine-based initiation/
catalytic system has recently showed promise in controlled
polymerization of functional monomers in both aqueous®
and organic®® media, significantly enhancing the polymeriz-
ation control as compared to traditional bromine-based
systems. In this context, it is worth noticing that an over-
whelming majority of literature protocols for SI Cu-RDRP graft-
ing make use of brominated initiators, with chlorinated var-
iants employed only in a handful of reports and mostly in
organic solvents.>*™*! It can be reasonably expected that the
comparatively higher polymerization control attained in the
all-chlorine aqueous Cu(0)-RDRP of IPOx>” could yield superior
control over the brush growth when applied in an SI Cu(0)-
RDRP setting. Moreover, the employed aqueous polymeriz-
ation medium is highly convenient from the perspective of
polymer brush synthesis due to both environmental concerns
and suitability for organic solvent-sensitive substrates (e.g.
plastics).*?

It is expected that post-modification of PIPOx brushes can
serve as a powerful tool for controlling the brush properties
and introducing new functionality. For example, CROP of
2-oxazolines, initiated from PIPOx side groups, afforded highly
dense bottle-brush brushes on various substrates.'>?? Further,
Raus et al. have recently demonstrated that PIPOx can be easily
transformed into ATRP macroinitiators through the reaction of
its 2-oxazoline rings with suitable 2-halocarboxylic acids under
relatively mild conditions.>” The obtained PIPOx-based ATRP
macroinitiators were then successfully used for solution graft-
ing of styrene and methyl methacrylate. Presumably, when
applied to PIPOx brushes, similar transformation would sig-
nificantly expand the range of monomers introducible into the
side chains of the bottle-brush brushes/graft copolymer
brushes, allowing for fine-tuning of PIPOx brush properties.
Nevertheless, the prospects for PIPOx brush post-modification
are much wider, particularly when considering the immense
number of commercially available (functional) carboxylic acids
and thiols.

Importantly, PIPOx is increasingly considered as a promis-
ing platform for designing materials for biomedical appli-
cations, which is facilitated by the hydrophilic character of the
2-oxazoline side groups.'® Kronekova et al. studied the toxico-
logical profile of PIPOx, revealing that PIPOx is biocompatible
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and possesses immunomodulative properties.'” Considering
the application potential of PIPOx brushes as interfaces in
complex biological environments (e.g. blood plasma), it
appears desirable to establish the PIPOx brush resistance to
non-specific protein adsorption. Unfortunately, such data are
currently missing in literature.

In this study, we develop conditions for the preparation of
PIPOx brushes via an aqueous all-chlorine Cu-RDRP protocol,
exercising a high degree of control over brush thickness.
Additionally, we demonstrate, for the first time, the high resis-
tance of PIPOx brushes to non-specific protein adsorption
from several single protein solutions and complex biological
media. Further, we highlight the utility of PIPOx brushes in
post-modification reactions by transforming them, via reac-
tions with azido- and halo-carboxylic acids, into substrates for
click reactions and macroinitiators for Cu-RDRP, respectively.
Successful model CuAAC click reaction and Cu-RDRP synthesis
of graft copolymer brushes are then demonstrated.

Results and discussion
Synthesis and characterization of PIPOx brushes

The major objective of the current study was to develop a syn-
thetic protocol affording a high degree of temporal control
over the growth of PIPOx brushes in a wide thickness range
under mild experimental conditions. To this end, we decided
to utilize the all-chlorine Cu(0)-RDRP system that has been
recently successfully used for the controlled polymerization of
IPOx in aqueous solutions at r.t.>” In that report, various
chlorinated initiators were tested, with best results obtained
using 2-chloropropionitrile. However, this initiator’s structure
does not lend itself to the transformation into a SI Cu-RDRP
initiator. Therefore, we focused on another initiator variant,
the structurally similar methyl 2-chloropropionate (MCP), that
provided rapid polymerization in the original report, particu-
larly when combined with 1,1,4,7,10,10-hexamethyltriethyl-
enetetramine (HMTETA) as a ligand. For the purpose of SI
grafting, we synthesized an MCP analogue, 11-(trichlorosilyl)
undecyl-2-chloropropionate (TUCP), via a modified literature
procedure,”® and used it to modify Si chips to obtain a Cu-
RDRP initiator layer (Scheme 1 and Fig. S11).

We suspected that the experimental conditions developed
for solution polymerization of IPOx might not be directly trans-
ferable to SI grafting due to the differences in kinetics of these
processes.”> In addition, the solution Cu(0)-RDRP of IPOx
tended to be highly sensitive to the stoichiometry of the cata-
lytic/initiation system.>” This parameter is markedly different
in the SI grafting process due to the comparatively low initiator
concentration (unless a sacrificial initiator is used). For this
reason, we screened here several ligands as this component
has a major impact on the Cu-RDRP equilibrium that deter-
mines the overall polymerization control.?” Besides HMTETA,
we tested also the following common Cu-RDRP ligands:
1,1,4,7,7-pentamethyldiethylenetriamine (PMDETA), tris[2-(di-
methylamino)ethyl]amine (MesTREN), tris(2-pyridylmethyl)
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Scheme 1 Modification of the silicon chip surface with a 2-chloropropionate group-bearing initiator and subsequent grafting of IPOx under Cu(0)-

RDRP conditions.

amine (TPMA), and 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclo-
tetradecane (Me,cyclam).

As can be seen from the development of PIPOx brush thick-
ness with time displayed in Fig. 1, the ligand selection was
indeed instrumental from the perspective of brush growth rate
and the overall control of the process. TPMA, which was the
preferred ligand in the solution Cu(0)-RDRP of IPOx,>”
afforded quickly a 10 nm brush the thickness of which
increased further only extremely slowly during the experiment
duration (120 min). Another active ligand, MesTREN, showed a
rather similar kinetic profile, only the initial rapid hike in
brush thickness was more pronounced (ca. 20 nm), with an
approximately 30 nm brush reached within 120 min. The high
initial rate of brush growth followed by a slow growth period
could be ascribed to poor polymerization control in the initial
polymerization period, leading to pronounced radical termin-
ation. The decreased overall concentration of the remaining
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Fig. 1 Influence of the Cu(0)-RDRP ligand on the PIPOx brush growth
rate, as measured by spectroscopic ellipsometry. Linear regression
fitting curves are used as a visual aid.
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“living” chain ends on the surface is expected to suppress
further termination events. Additionally, termination leads to
the generation of the Cu(u) deactivator** whose increased
(local)*® concentration could further contribute to improving
the polymerization control. The slower but controlled develop-
ment of brush thickness in later polymerization stages
appears to be consistent with these assumptions. In contrast,
the remaining tested ligands provided a linear increase in
brush thickness directly from the polymerization start, which
indicates faster establishment of the controlling Cu-RDRP
equilibrium. The use of PMDETA led the slowest brush growth
observed in our screening, attaining a 11 nm brush in
120 min. However, this process was extremely well controlled
as documented by the R* value (0.996) of the corresponding
linear regression fit. This ligand could thus be beneficial in
applications where thin but perfectly defined brush layers are
required. HMTETA proved to be the most universal option of
all ligands tested, affording rather rapid (6d = 58 nm h™') and
well-controlled brush growth throughout the polymerization
course, ultimately reaching a ca. 120 nm thick brush layer.
This observation appears to confirm the good match between
the 2-chloropropionate initiator (MCP) and HMTETA revealed
previously in the solution Cu(0)-RDRP of IPOx.>” Finally, we
found that Me,cyclam provides even faster IPOx polymeriz-
ation than HMTETA that, however, appears to be characterized
by two distinct kinetic domains (the first domain is visualized
by a linear fit in Fig. 1) within the 120 min experiment dur-
ation. First, a fast (6d = 132 nm h™') linear brush growth
period was observed for ca. 80 min within which an approxi-
mately 180 nm thick brush was reached. Afterwards, the brush
growth decelerated (6d = 33 nm h™"), ultimately yielding a
200 nm brush in 120 min. Taken together, these values corres-
pond to the average brush growth rate of 5 = 100 nm h™'. To
the best of our knowledge, this is the highest growth rate of a
PIPOx brush reported, with the Cu plate-mediated Cu(0)-RDRP
utilized by Zhang et al. affording 6d = 40 nm h™" only.*

It is important to note that, similarly as in the solution
Cu(0)-RDRP of IPOx,>” we employed here a disproportionation

This journal is © The Royal Society of Chemistry 2024
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step during which the Cu(0) catalyst and the Cu(u) deactivator
are supposedly generated from a Cu(1) salt in the presence of a
ligand.*® In practical terms, we allowed the catalytic system
(CuCl/CuCl, and a ligand) to react in water for 30 min prior to
the IPOx addition and polymerization start by transferring the
obtained mixture to the flask containing an initiator-modified
Si chip. The disproportionation technique, introduced by
Haddleton and coworkers, has been previously successfully
employed in the polymerization of a range of monomers in
aqueous media.*®™*® It is of note that the omission of the dis-
proportionation period in the solution polymerization of
PIPOx was found to impair the polymerization control.>”
Importantly, when under otherwise identical experimental
conditions (HMTETA as a ligand) we added IPOx to the
mixture prior to the 30 min disproportionation period, emulat-
ing thus some typical SI Cu-RDRP protocols,**" the brush
thickness still grew linearly with time, only at a much lower
rate (Fig. 2). This finding is interesting also in the context of
the results obtained by Tsarevsky et al. who revealed that the
Cu(1)/HMTETA complex shows much lower tendency toward
disproportionation in water than complexes with other stan-
dard Cu-RDRP ligands.”” Therefore, it is still not completely
clear which Cu species is the major Cu-RDRP activator under
the conditions used in the present study. Nevertheless, our
data clearly highlight the utility of performing the dispropor-
tionation step in neat water when attempting the SI Cu(0)-
RDRP grafting of IPOXx.

To demonstrate the advantage of using the all-chlorine
initiation/catalytic system in aqueous SI Cu(0)-RDRP grafting
of IPOx, we conducted comparison experiments with a typical
brominated initiator group. To this end, we modified Si chips
with 11-(trichlorosilyl)Jundecyl-2-bromoisobutyrate, introdu-
cing the 2-bromoisobutyrate initiation group that is probably
the most extensively used initiator in both solution and SI Cu-
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Fig. 2 Influence of the initiation group and the medium used in the dis-
proportionation step on the PIPOx brushes growth rate; triangles: TUCP
initiator, circles: TUBIB initiator; closed symbols: disproportionation in
water, open symbols: disproportionation in the water/IPOX mixture.
Standard experimental conditions were used (HMTETA as a ligand).
Fitting curves are used as a visual aid.
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RDRP protocols.”>?***>* For this comparison, we used
HMTETA as a ligand and CuCl/CuCl, as the catalyst source,
performing the polymerization using both the disproportiona-
tion regimes detailed above. The obtained kinetic data
revealed that PIPOx brushes were grown in an uncontrolled
fashion with the Br-based system (Fig. 2). In the experiment
where the disproportionation step was performed in the water/
IPOx mixture, we observed a rapid increase in brush thickness,
reaching an average of 25 nm within the first 5 min. This
initial phase was then followed by noticeable deceleration of
the growth rate, resulting in the final brush thickness of
approximately 33 nm after 120 min. Such a distinctive drop in
the polymer brush growth rate is indicative of extensive chain
termination events. When disproportionation was performed
in neat water, the kinetic profile remained qualitatively
similar, only the brush growth was significantly more rapid,
reaching the brush thickness of approximately 70 nm in
120 min. The in-water disproportionation thus accelerated the
polymerization similarly as observed previously for the chlori-
nated system. Overall, the data in Fig. 2 demonstrate the
superior polymerization control obtained with the all-chlorine
system, corroborating some previous observations made in
solution Cu(0)-RDRP.>”**47

The composition of the Cl-based ATRP initiator self-
assembled monolayer (SAM) and the synthesized PIPOx
brushes was confirmed by an XPS analysis. The XPS spectrum
of the TUCP initiator SAM taken in the C 1s region shows the
predominance of the C-C and C-H component at 285.0 eV,
attributed to the alkane backbone of the TUCP initiator
(Fig. 3). In addition, the spectrum envelope could be resolved
with contributions of the C-Si bond, the carbon atoms of C-
0-(C=0) and Cl-C-(C=0)-0, and the ester group ((C—=0)-O)
centered at 284.2, 286.8, and 289.5 eV, respectively. The pres-
ence of C-Cl groups (spin-split Cl 2ps, — Cl 2p,,, doublet,
main contribution centered at 200.6 eV, separation between
contributions of 1.7 eV) is further confirmed by the high-
resolution spectrum of the Cl 2p region (Fig. S27).

The high-resolution XPS spectrum of a representative PIPOx
brush (Fig. 3), grown from the TUCP initiator layer, taken in
the C 1s region, displays predominant C-H bonding carbon
signals centered at 285.0 eV, corresponding to the methacrylic
backbone. The tertiary carbon signal of C*-oxazoline can be
identified as a secondary shift centered at 285.5 eV. The
carbon atoms present in the 2-oxazoline rings give rise to con-
tributions at 285.9, 286.8, and 287.5 eV due to their C-N and
C-0, -O-C=N- bonds, respectively. Furthermore, in the high-
resolution spectra taken in the N 1s region, a single species of
nitrogen from the -O-C=N oxazoline structure can be identi-
fied at 398.9 eV. The obtained XPS data indicate that the oxazo-
line groups are well-preserved following Cu(0)-RDRP, affording
PIPOx brushes with the expected chemical structure.
Additional confirmation of the chemical structure of the PIPOx
brushes was achieved through grazing angle attenuated total
reflection Fourier-transform infrared (GAATR-FTIR) spec-
troscopy measurements (Fig. S3t1). The following absorption
bands, characteristic to the 2-oxazoline ring, were found in the
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Fig. 3 Representative high-resolution core-level spectra of the Cl-based TUCP initiator layer and of a PIPOx brush taken in the C 1s and N 1s
regions. Measured spectra are shown in open circles whereas their fittings are shown in red lines. The individual contributions of different functional

groups are displayed in blue lines.

spectra of PIPOx brushes: 1656 cm™' (C=N stretching),
1130 cm™" (C-O stretching), and 985, 954, and 925 cm™" (ring
skeletal vibrations).>°

Resistance of PIPOx brushes to non-specific protein
adsorption

The ability to resist non-specific protein adsorption, also denoted
as fouling, is a prerequisite for surfaces which are to be utilized
in biomedical applications or medical diagnostics.>>>’ For the
first time, we evaluated here the resistance of PIPOx brushes
against adsorption from several single-protein solutions and,
importantly, also from undiluted blood plasma, which is one of
the most challenging biological media.>®****®° Protein fouling
onto solid surfaces is a dynamic process involving multiple steps.
These include, but are not limited to, initial adsorption of
protein molecules, desorption of reversibly bound proteins, and
conformational changes of irreversibly adsorbed proteins.®"%>
The surface plasmon resonance (SPR) method enables the
quantification of the proteins deposited irreversibly on the
surface of an SPR chip.

In order to determine the resistance of PIPOx brushes
against protein fouling, gold-coated SPR chips with a 15 nm
thick SiO, top layer were modified with PIPOx brushes, using
the same conditions as for silicon substrates (i.e., the all-chlor-
ine initiation/catalytic system, HMTETA, 30 min in-water dis-
proportionation). Subsequently, the PIPOx-modified SPR chips
were exposed to the selected biological fluid for 15 min:
undiluted human blood plasma (BP), fibrinogen (Fbg, 1 mg
mL™" in PBS), fetal bovine serum (FBS, 10% in PBS), and
bovine serum albumin (BSA, 5 mg mL ™" in PBS). For the PIPOx
brushes employed in the fouling measurements, a dry thick-
ness of 15 nm was selected based on results reported for other
antifouling coatings, which suffered from increased fouling at
thicknesses lower than 10-15 nm.®*®* At the same time, the
swelling ratio of the PIPOx brushes (defined as dswoien/dary)

3304 | Polym. Chem., 2024, 15, 3300-3310

was determined to be 4.0. We therefore did not attempt to
measure the fouling resistance of thicker coatings, as the SPR
technique is sensitive to changes in refractive index in the
vicinity of the interface, and a high thickness can lead to the
loss of sensitivity.®®

From the obtained SPR sensograms, we calculated the
amount of irreversibly bound proteins on the surface of both
the bare and PIPOx-modified SPR chips as the difference in
the detected baselines before and after the surface exposure to
the respective protein solution or blood plasma. The obtained
results were compared with the adsorption on the non-modi-
fied SiO,-coated SPR sensor that served as a control.

As follows from the data collected in Fig. 4, the modifi-
cation of SPR sensors with PIPOx brushes effectively prevented
fouling from all single protein solutions, whereby the surface
mass coverage was below the limit of detection (LOD) of the
used SPR instrument. High resistance of the PIPOx brushes to
fibrinogen fouling is of a particular importance as this protein
is one of the most abundant proteins found in blood plasma
and, once adsorbed on a surface, it can unfold and promote
adhesion of platelets (involved in blood coagulation), mono-
cytes, and macrophages (associated with the foreign body reac-
tion to biomaterials).®® Moreover, PIPOx brushes also resisted
adsorption from diluted FBS, a complex biological medium
commonly used in cell culture experiments. Most importantly,
however, the surfaces modified with PIPOx brushes led to a
significant reduction in the non-specific protein adsorption
from undiluted blood plasma, as documented by the observed
96% decrease in protein mass deposition in comparison with
an unmodified SPR chip. Overall, the obtained values compare
favorably to other well-established fouling-resistant polymer
brushes reported in literature, showing a similar ability to
resist non-specific protein adsorption from undiluted blood
plasma as poly[oligo(ethylene glycol) methacrylate] and poly(2-
hydroxyethyl methacrylate) brushes.®”-%®

This journal is © The Royal Society of Chemistry 2024
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Modification of PIPOx brushes

In order to highlight the vast opportunities for PIPOx brush
post-polymerization modification, we focused here on two rele-
vant scenarios: controlled grafting from PIPOx brushes and
the PIPOx brush modification via the copper-catalyzed azide-
alkyne cycloaddition (CuAAC) click reaction.®®”® For this
purpose, specific functionalities, i.e., Cu(0)-RDRP initiators
and azide groups, had to be first installed onto PIPOx chains.
To this end, the straightforward, byproduct-free reaction of
2-oxazoline rings with carboxylic acids can be conveniently
used.”® While PIPOx reactions with (non-functional) carboxylic
acids are frequently performed at relatively harsh conditions
involving high temperatures (up to 160 °C),"”’*7> it has been
shown that milder conditions (e.g;, 60 °C) can also be
employed, particularly when functional carboxylic acids alpha-
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substituted with electron-withdrawing groups are used.'>?’
These groups increase the carboxylic function acidity, which
appears to be the main driving force increasing the reactivity
toward the 2-oxazoline ring.""">?

First, we focused on Cu(0)-RDRP grafting from PIPOx
brushes. Surface-immobilized graft copolymers, referred to as
graft copolymer brushes or ‘bottle-brush’ brushes (when graft-
ing density is high), feature unique interfacial properties’®
that endow them with exceptional flexibility, fast responsive-
ness to environmental stimuli, and a high degree of mechani-
cal stability.””””® As substrates, we used here PIPOx brushes
with the thickness of 20 nm. In order to ensure grafting exclu-
sively along the PIPOx backbone and not from the terminal
units retained after PIPOx synthesis, we substituted the chlor-
ine atoms at chain ends using sodium azide prior to the intro-
duction of Cu-RDRP initiation sites (Scheme 2).”%”° In the next
step, we conducted the reaction of the 2-oxazoline side groups
with a large excess of 2-chloropropionic acid (CPA) at 60 °C for
24 h (Scheme 2).*’

The desired introduction of the 2-chloropropionate groups
was verified by GAATR-FTIR (Fig. S31). Apparently, the PIPOx
brush modification with CPA proceeded to a great extent, as
evidenced by (i) the almost negligible intensities of bands in
the region corresponding to vibrations of 2-oxazoline rings
(985-925 cm™), (ii) the appearance of the sharp signal at
1743 cm™' corresponding to carbonyl stretching C=O
vibrations in the newly formed ester bond, and (iii) the amide
bond formation, visible as the broadening of the bands at
1656 cm™" (amide I) and 1525 cm™" (amide II). Moreover, the
presence of 2-chloropropionate moieties in the PIPOx brush
macroinitiators was confirmed by an XPS analysis (Fig. 5),
where the contribution of chlorine atoms in the corresponding
XPS spectra was clearly detected. In addition to the C-Cl group
observed after the modification with CPA (spin-split Cl 2p;/, —
Cl 2p,,2 doublet, main contribution centered at 200.7 eV, sep-
aration between contributions of 1.6 eV), the 2-chloropropio-
nate group presence was evidenced by the amide and ester
species appearing in the high-resolution spectra taken in the C
1s at 288.4 and 289.2 eV. The change in the chemical state of

S NH c cl
0 cl NH/\OWn
o
o o HN
0 o HO—%
o ot

10
10

Scheme 2 The synthetic pathway for the fabrication of PIPOx-g-poly(HPMA) brushes from the underlying CPA-functionalized PIPOx layer serving

as a Cu(0)-RDRP macroinitiator.
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Fig. 5 Comparison of high-resolution core-level spectra of the parent PIPOx brush, the CPA-modified PIPOx brush macroinitiator (PIPOx-CPA),
and the PIPOx-g-poly(HPMA) brush taken in the Cl 2p, C 1s, and N 1s regions. Measured spectra are shown in open circles whereas their fittings are
shown in red lines. The individual contributions of different functional groups are displayed in blue lines.

nitrogen upon ring opening is evident in the N 1s spectrum
due to the appearance of an amide contribution at 400.31 eV.

Having successfully transformed PIPOx brushes to macroi-
nitiators decorated with the 2-chloropropionate Cu-RDRP
initiation sites, we proceeded to the Cu(0)-RDRP grafting of
poly[N-(2-hydroxypropyl )methacrylamide] (poly(HPMA)) to
prepare the PIPOx-g-poly(HPMA) brushes. HPMA was chosen
here as a model monomer because it is extensively used in SI
grafting to fabricate non-fouling surfaces.®”®*>®" The grafting
polymerization was initiated by PIPOx macroinitiator brushes
(thickness of 20 nm) under similar conditions as those
employed for the synthesis of original PIPOx brushes
(Me,Cyclam, CuCl/CuCl,, 30 °C, water). We opted for the
Me,cyclam ligand here because it has been previously success-
fully used in SI Cu-RDRP of HPMA.**%”

Fig. 6 presents the evolution of the PIPOx-g-poly(HPMA)
brush thickness with time as determined by spectroscopic
ellipsometry. Because of the potentially complex, non-linear
topology of the brush grafts, the obtained thickness values
should be considered only as apparent. In the initial 15 min
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L
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Fig. 6 Kinetics of PIPOx-g-poly(HPMA) brush growth initiated from
20 nm thick CPA-modified PIPOx brushes.
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period, the apparent thickness of the PIPOx-g-poly(HPMA)
brush increased rapidly and linearly from the original value of
20 nm (PIPOx macroinitiator brush) to 35 nm. However, follow-
ing this initial stage, the growth rate was reduced dramatically,
with no apparent brush thickness increase registered from
30 min onwards. In standard SI grafting, such a deceleration
would indicate the presence of extensive chain termination;
however, we cannot disregard here the limited space available
for the growth of the poly(HPMA) grafts within the already
dense PIPOx brush environment. Consequently, as the
polymerization progresses, the chain ends of the growing poly
(HPMA) grafts will become less accessible due to steric hin-
drance, which could contribute to the observed chain growth
rate reduction. Note that we also confirmed that the original
PIPOx end-chain initiation sites were successfully eliminated
in the abovementioned reaction with NaN; by performing a
control experiment in which HPMA grafting was attempted
from a (CPA-nonmodified) NaN;-treated PIPOx brush. Indeed,
no increase in thickness was observed in this case, confirming
that HPMA chains grow exclusively from the newly introduced
2-chloropropionate initiation sites during the PIPOx-g-poly
(HPMA) synthesis.

The surfaces of prepared PIPOx-g-poly(HPMA) brushes were
analyzed by XPS (Fig. 5). An analysis of the C 1s spectra
revealed that grafting of poly(HPMA) chains from the CPA-
modified PIPOx macroinitiator brush afforded distinct signals
at 285.0, 285.4, 286.1, 286.6, and 287.9 eV, corresponding to
C-C and C-H, C*-C=0, C-N, C-O, and N-C=O carbons,
respectively. These signals are characteristic of poly(HPMA)
brushes, confirming the successful graft growth from the
underlying PIPOx layer.%”%®

Next, we studied the possibility of PIPOx brush modifi-
cation through the CuAAC click reaction. The CuAAC click
reaction enables highly effective, straightforward, and selective
functionalization of polymer brushes.®” For instance, we have
recently used CuAAC click for polymer brush modification
with cell-adhesive peptides, which facilitated subsequent
adhesion and proliferation of mammalian cells.®®”®

This journal is © The Royal Society of Chemistry 2024
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Importantly, Weber et al. showed that 4-azidobenzoic acid-
modified PIPOx can be readily employed for CuAAC click reac-
tion with an alkyne-substituted substrate.'®> Considering the
possible vast applications, we explored the possibility of
employing this technique also in the modification of our well-
defined PIPOx brushes. To this end, we first introduced azide
moieties into the parent 20 nm thick PIPOx brushes by the
reaction with 11-azido-3,6,9-trioxaundecanoic acid (ADA) con-
ducted in DMF at 60 °C for 24 h (Scheme 3).

GAATR-FTIR analysis of the obtained ADA-modified PIPOx
brushes (Fig. S31) indicated that the extent of 2-oxazoline ring
modification was somewhat lower in this case as compared to
the modification with CPA. This may be partially attributed to
the bulkiness of ADA that may limit the extent of modification
inside the brush.®* Nevertheless, the bands corresponding to
the formed ester carbonyl C=0 (1743 cm™") and to amide I
and amide II group vibrations are clearly observable.
Importantly, the presence of azide groups in the modified
brushes was unequivocally confirmed by the appearance of the
characteristic band at 2107 cm™". The incorporation of ADA
into the PIPOx brushes was further verified through an XPS
analysis. As follows from the C 1s spectra presented in Fig. 7,
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the modification of PIPOx brushes is accompanied by the
increase in the intensity of C-O and O-C=O signals.
Additionally, three distinct new peaks corresponding to NH-
C=0 and N~ and N' nitrogen of azide group are observed at
399.9, 401.0, and 404.9 eV, in N 1s spectrum, respectively.

As a model alkyne-bearing substrate for the click reaction,
we selected propargyl bromide because it contains a primary
bromine atom that is readily detectable by XPS. The modifi-
cation was performed under standard reaction conditions as
detailed in Scheme 3. The success of the click reaction was
confirmed by the appearance of a new signal in the Br 3d XPS
spectrum, as shown in Fig. 7C. Moreover, a decrease in the
intensity of the azide signal in N 1s spectra and the appear-
ance of a new signal corresponding to the newly formed tri-
azole ring at 73.1 eV (Fig. 7B) were also observed.

Conclusions

In this study, we developed an aqueous Cu(0)-RDRP protocol
yielding PIPOx brushes with precisely controlled thickness via
SI grafting. We achieved this by taking advantage of the all-
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Scheme 3 CuAAc click reaction of propargyl bromide with ADA-modified PIPOx brushes.
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Fig. 7 High-resolution core-level XPS spectra of the parent PIPOx brush, the ADA-modified PIPOx brush, and the PIPOx brush functionalized
through the CuAAC click reaction in the (A) C 1s, (B) N1s and (C) Br 3d regions. Measured spectra are shown in open circles whereas their fittings are
shown in red lines. The individual contributions of different functional groups are displayed in blue lines.
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chlorine initiation/catalytic system and the catalyst generation
in an in situ disproportionation step, building on our previous
results on IPOx polymerization in solution. We demonstrated
that the ligand choice has a prominent impact on the polymer-
ization rate and control, highlighting the feasibility of tem-
poral control over brush thickness. In this respect, HMTETA
was identified as the most versatile ligand option, providing
fast and controlled brush growth throughout the whole evalu-
ated time period. Additionally, PMDETA afforded slow but
exceptionally well-controlled brush growth, which may be ben-
eficial when the high-precision control over brush thickness is
desirable. Furthermore, we showed that the all-chlorine Cu(0)-
RDRP protocol provides superior polymerization control as
compared to the traditional systems based on a brominated
(2-bromoisobutyrate-bearing) initiator. Additionally, we also
revealed that using neat water as the medium during the cata-
lyst disproportionation step leads to a considerable accelera-
tion of the PIPOx brush growth as compared to protocols
where the disproportionation step is performed in the water/
monomer mixture. Altogether, the developed conditions rep-
resent the most universal SI RDRP method for controlled
IPOx grafting, avoiding the need of external stimuli such as
UV light and suitable for substrates of different geometry.
The considerable versatility of the highly-functional PIPOx
brushes in terms of post-polymerization modification was
successfully demonstrated on two relevant scenarios build-
ing upon the facile and byproduct-free PIPOx reaction with
functional carboxylic acids: the straightforward synthesis of
PIPOx-g-poly(HPMA) graft copolymer brushes via aqueous Cu
(0)-RDRP and the CuAAC click reaction on a PIPOx brush
decorated with azido groups. Importantly, we also showed
for the first time that PIPOx brushes exhibit high resistance
to non-specific protein adsorption from complex biological
media, which highlights their potential in biomedical and
diagnostic applications where minimizing biofouling is
essential. This resistance to protein fouling, combined with
the possibility of direct functionalization under mild reac-
tion conditions without activation steps, renders PIPOXx
brushes an attractive choice for the fabrication of advanced
multifunctional surfaces. We envision that this approach
may be used to functionalize not only Si substrates, but
also other substrates amenable to silanization (ie., glass,
metal oxides) by applying the initiator presented herein, or
any other material surfaces by employing suitable initiator
anchoring ad-layers such as polydopamine.®*
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