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the system. The ability to control polymer
solubility is of great interest in, for example,
drug delivery,[4] tissue engineering,[5] or
membrane
technology.[6]
Commonly
employed thermoresponsive polymers are
those that exhibit a lower critical solution
temperature (LCST).[7–9] Such polymers are
soluble at temperatures below that critical
temperature, whereas they are insoluble at
temperatures exceeding the LCST.[10] This
change in solubility is accompanied by a
conformational transformation, with a coilto-globule transition from soluble to insoluble polymers.[11]
For thermoresponsive polymers endgrafted to a surface, specifically polymer
brushes, this conformational change
manifests itself by chains that point away
from the surface when soluble, whereas
insoluble chains collapse and minimize interaction with solvent molecules
(Figure 1A).[12,13] This behavior results in
addressable surface wettability and adhesive properties, which open the door to
smart applications in cell–culture substrates,[14] temperature-dependent chromatography,[15] on–off membranes,[16] and
microfluidic systems.[17] Typically, in order
to obtain sufficiently high grafting densities and brush thicknesses, such polymer brushes are synthesized by surface-initiated polymerization techniques.[18]
Commonly employed controlled surface-initiated polymerization procedures involve surface-initiated atom transfer radical
polymerization (SI-ATRP) and surface-initiated radical additionfragmentation chain transfer (SI-RAFT) polymerization.[18,19]

Commonly, modification of surfaces with thermoresponsive polymers is
performed using poly(N-isopropylacrylamide) (poly(NIPAM)). However,
integration of poly(NIPAM) with a second polymer to obtain more complex
copolymer structures has proven challenging due to inherently poorly
controllable polymerization characteristics of acrylamides. In this study,
(N-(2-methacryloyloxyethyl)pyrrolidone (NMEP) is synthesized and polymerized
under controlled conditions from silicon oxide substrates via surface-initiated
atom transfer radical polymerization (SI-ATRP) to produce thermoresponsive
poly(NMEP) brushes. The livingness of the brushes is demonstrated by
reinitiation of poly(NMEP) brushes using oligo(ethylene glycol) methyl
ether methacrylate to obtain diblock copolymer brushes. Following
extensive characterization, the reversible thermoresponsive behavior of these
poly(NMEP) brushes is demonstrated using phase-controlled AFM topography
measurements in an aqueous liquid environment. These measurements
indicate that at 27 °C the poly(NMEP) brushes are solvated and extend away
from the surface, whereas at 60 °C the polymers are insoluble and reside in
a collapsed conformation. Finally, to investigate the potential applicability of
poly(NMEP) brushes in biomedical devices, the antifouling properties of the
coating are tested in aqueous media containing BSA, fibrinogen, or 10% diluted
human serum using quartz crystal microbalance with dissipation monitoring
(QCM-D). These measurements reveal very good antifouling properties, even
when exposed to 10% diluted human serum.

1. Introduction
Thermoresponsive polymers are rapidly becoming more important in the development of smart materials and devices due to
their addressable properties.[1–3] For this type of polymers, solubility in a certain medium is dependent on the temperature of
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Figure 1. A) Illustration of the conformational change of a polymer brush with an LCST that collapses when T > LCST and extends again when T <
LCST. B) The molecular structure of the poly(NMEP) brushes under current study grown from ATRP initiators on silicon oxide.

These techniques allow precise tuning of brush height with low
dispersity and limited termination. A recent addition to the field
of controlled surface-initiated polymerization procedures is surface-initiated photoinduced electron transfer-reversible addition−
fragmentation chain transfer polymerization (SI-PET-RAFT).[20]
This light-triggered technique allows surface-initiated polymerization of a wide range of monomers into various types of brush
architectures without the need of rigorous degassing.[21–25]
Among the thermoresponsive polymers employed in polymer
brush coatings, poly(N-isopropylacrylamide) (poly(NIPAM))
is—by far—the most intensively investigated, mainly due to
its LCST at 31°C.[26] This LCST renders poly(NIPAM) highly
relevant for biomedical applications. However, it has also
become apparent that maintaining control during “grafting
from” polymerization of NIPAM, and acrylamides in general, is difficult to achieve due to several possible termination
reactions.[27–29] That lack of control hampers the synthesis of
more complex polymer brush structures, such as block copolymers, that incorporate poly(NIPAM). As a result, there is only
a relatively limited number of reports in which poly(NIPAM)
polymer brushes could successfully be reinitiated with a second
monomer; and in the few cases in which reinitiation was
described, the thickness of the second block did not exceed
3 nm.[30–32] Spencer et al. successfully reinitiated poly(NIPAM)
brushes with a second block of poly(N,N-dimethylacrylamide
(poly(DMAM)) of 22 nm thick.[33] However, the polymerization
reactions had to be under highly specific conditions (a closed
flow system) and required addition of halide salts, making
them harder to apply in a highly general matter.
In an attempt to produce more complex polymer brush
structures incorporating a thermoresponsive polymer layer and
a second layer of an appreciable thickness (e.g., >10 nm in dry
conditions) under standard surface-initiated polymerization
conditions, we set out to explore alternatives for poly(NIPAM)
that would combine thermoresponsiveness with a more controlled polymerization behavior. Substantially less investigated
than poly(NIPAM) is the thermoresponsive polymer poly(N(2-methacryloyloxyethyl)pyrrolidone)
(poly(NMEP)).[34–41]
Poly(NMEP) has been reported to possess thermoresponsive
properties in aqueous solutions with an LCST ranging between
51 °C and 72 °C, depending on the molecular weight of the
polymer.[36,38,39] Unlike NIPAM, the polymerizable group in
NMEP is a methacrylate (Scheme 1), which enables significantly more straightforward reinitiation using acrylamides,
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acrylates, and other methacrylates via controlled polymerization
methods (such as ATRP and RAFT).[42,43]
The structure of poly(NMEP) resembles that of poly(vinyl
pyrrolidone) (PVP), as both contain the pyrrolidone functional group (Scheme 1). Surface modifications using PVP
have been increasingly investigated over the past years.[44–49]
Polymer brushes of PVP have been fabricated on silicon using
SI-ATRP,[46] with thicknesses up to 35 nm. Nevertheless,
maintaining a high level of control over the polymerization of
N-vinyl pyrrolidone (NVP) is known to be hampered by the
non-conjugated, vinylic nature of the monomer.[50]
In this study, we demonstrate for the first time the synthesis
of thermoresponsive poly(NMEP) brushes using controlled
SI-ATRP from silicon oxide-coated silicon, which can be used
as a platform for further polymerization reactions to create
multi-functional block copolymer brushes. We achieve a high
level of control over the polymerization reaction, as indicated by
linear polymerization kinetics during the first 90 min, as well as
demonstrated by the successful reinitiation using poly(methyl
oligo ethylene glycol methacrylate) (poly(MeOEGMA)) for the
creation of diblock structures. The reversible thermoresponsive
behavior of the polymer brush in aqueous solution was demonstrated with high statistical significance at the nanoscale
using phase-controlled atomic force microscopy (AFM) measurements of 3-D topography.[51,52] Finally, we report the anti
biofouling properties of poly(NMEP) bushes synthesized on
gold sensors, which were investigated using a quartz crystal
microbalance with dissipation monitoring (QCM-D) and compared to bare gold substrates.

Scheme 1. Molecular structures of, from left to right, N-isopropylacryl
amide (NIPAM), N-vinyl pyrrolidone (NVP), and N-(2-methacryloyloxy
ethyl)pyrrolidone (NMEP). The reported LCST values are for the polymers
in solution.

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

www.advancedsciencenews.com

www.advmatinterfaces.de

Scheme 2. Procedure for the synthesis of poly(NMEP) brushes from silicon surfaces using SI-ATRP. Static water contact angle measurements were
performed for plasma-cleaned silicon (full wetting); initiator-modified silicon (83 ± 1°) and poly(NMEP) brushes (47 ± 2°).

2. Results and Discussion
Polymer brushes of poly(NMEP) were synthesized according
to the procedure outlined in Scheme 2. The pyrrolidone-containing monomer (NMEP) was synthesized on a 30 g scale
following a procedure adapted from Savelyeva and Marić.[40]
To this aim, 2-hydroxyethyl pyrrolidone was reacted with
freshly distilled methacryloyl chloride in the presence of a
stoichiometric amount of triethylamine. The monomer was
purified by column chromatography and characterized using
NMR, GC-MS, and IR spectroscopy (see Experimental Section

and Supporting Information for full details of the monomer
synthesis and characterization).
Silicon wafer was selected as the planar substrate for its low
initial roughness and widespread use in biomedical applications.[53] To grow the poly(NMEP) brushes from silicon, the first
step was to attach a self-assembled monolayer (SAM) of the
bromine-terminated ATRP-initiator to plasma-cleaned silicon
surfaces (Scheme 2).[54] The XPS wide scan spectrum of the
resulting surface clearly shows the Br3d signal, which confirms
the presence of the ATRP initiator group (Figure 2A, initiator-Si).
The static water contact angle of this initiator-modified silicon

Figure 2. A) XPS wide scan spectra of air plasma-cleaned silicon wafer (top), ATRP-initiator functionalized silicon (middle) and poly(NMEP) brushes
(dry thickness of 23.6 ± 0.2 by ellipsometry) on silicon (bottom). B) XPS C1s narrow scan spectrum of poly(NMEP) brushes on silicon.
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Figure 3. Polymerization kinetics for SI-ATRP of NMEP from initiatormodified silicon for two CuI:CuII ratios, as determined by ellipsometry
in dry conditions.

surface was 83 ± 1°, in line with the literature value for this
SAM.[55] From these functionalized surfaces, a copper-catalyzed
SI-ATRP of the NMEP monomer was performed in ethanol
under argon at RT (19 ± 2 °C). To avoid potential complexation
of the growing chain to the catalyst and its ensuing deactivation,
Me6cyclam was selected as the ligand.[56] Using this procedure,
it was possible to produce poly(NMEP) brushes with dry thicknesses of over 50 nm within 2 h (Figure 3). The static water
contact angle for the brush-modified surfaces decreased significantly with respect to the initiator-modified surfaces to 47 ± 2°.
XPS wide scan spectra of the surfaces further confirmed the
synthesis of poly(NMEP) brushes through the emergence of
a characteristic signal at 400.0 eV, arising from the nitrogen
present in the pyrrolidone ring of the monomer (Figure 2A).
The measured atomic ratio for C:N:O of 11:3:1 was close to the
theoretical ratio of 10:3:1. The small discrepancy is believed to

originate from the presence of adventitious carbon following
air exposure. The XPS C1s narrow scan spectrum supports this
hypothesis as a higher ratio of CC bonds is observed than
the theoretical ratio predicts (Figure 2B). Clearly visible are the
signals arising from the NCO bond of the pyrrolidone ring
at 287.7 eV and the CCO bond of the methacrylate moiety
at 288.9 eV. Furthermore, the experimentally obtained XPS C1s
narrow scan spectrum corresponds strongly with the XPS C1s
narrow scan spectrum that was simulated using DFT calculations (Figure S4, Supporting Information).[57,58]
The kinetics of the polymerization reaction were investigated
in detail as they provide insights into whether the polymerization is of a “living” nature and proceeds in a controlled manner.
As the chains are grown from the surface, the polymerization rate was assessed by relating the dry brush thickness, as
determined by ellipsometry, to reaction time (Figure 3). Two
polymerization series were performed that varied in the ratio
CuI:CuII, which were 3:1 and 1:1. The series with an increased
CuI:CuII ratio of 3:1 exhibited a fast initial polymerization rate,
but leveled off after approximately 30 min at dry brush thicknesses of ≈35 nm. For the series with an equimolar CuI:CuII
ratio, initiation occurred more slowly and a dry brush thickness
of more than 50 nm could be achieved. These observations are
in accordance with findings that an increased content of CuII
present at the start of the reaction slows down the polymerization rate, but decreases the amount of chain termination due to
a more controlled polymerization.[59] During the first 90 min of
polymerization, the brush height appears to increase linearly.
After longer polymerization times, however, the growth rate
drops and a plateau is reached. It can be assumed that this
is caused by termination reactions that start to dominate the
polymerization reaction.
To verify the persisting living nature of the growing polymer
chains after 60 minutes of polymerization, a second monomer,
MeOEGMA, was polymerized from poly(NMEP) brushes
(Scheme 3). More generally, the ability to add a second block
of a polymer of choice to poly(NMEP) brush surfaces provides

Scheme 3. Procedure for the synthesis of poly(NMEP)-b-poly(MeOEGMA) brushes by two-step SI-ATRP of NMEP and MeOEGMA.
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Figure 4. A) XPS wide scan spectrum for poly(NMEP) brush and block copolymer poly(NMEP)-b-poly(MeOEGMA) brush. B) XPS C1s narrow scans of
block copolymer poly(NMEP)-b-poly(MeOEGMA) brush (top) and poly(NMEP) brush (bottom) on silicon.

access to more complex polymer (brush) structures incorporating multiple monomers that can be specifically designed
towards their application. Practically, reinitiation of the first
block requires the presence of bromine at each chain-end of
the polymers. After one hour of polymerization using a 1:1
ratio of CuI:CuII, poly(NMEP) had reached a dry thickness of
32 ± 4 nm, as was determined using ellipsometry. Notably,
the XPS Br3d3/2 narrow scan spectrum of the poly(NMEP)
homopolymer brushes confirmed retention of the bromine
activation sites necessary for reinitiation (Figure S5, Supporting
Information). After the synthesis of the first block, the silicon
substrates modified with the poly(NMEP) polymer brush were
removed from the reactor, cleaned, and then cut in two halves:
One half was used for characterization of the first poly(NMEP)
block, the other was used as a base for the growth of the
second polymer block. The polymerization of MeOEGMA was
then performed using the same procedure, although the reaction time was increased to 16 h. After the second polymerization step, the overall dry thickness of the polymer brush had
increased to 43 ± 2 nm. This implies a thickness of 11 ± 6 nm
for the poly(MeOEGMA) block. The static water contact angle
for poly(NMEP)-b-poly(MeOEGMA) brush was 51 ± 1°, which
corresponds to previously reported values for poly(MeOEGMA)
brushes.[60,61] The XPS wide scan spectrum showed a significant
decrease in nitrogen content, which is in accordance with the
addition of a poly(MeOEGMA) block to the brush (Figure 4A).
The presence of this second block could also be inferred from
the XPS C1s narrow scan spectrum (Figure 4B), which revealed
a marked increase in the signal at 286.5 eV, originating from
the multiple CO bonds that are present in the structure of
MeOEGMA.
Following the synthesis and characterization of the newly
synthesized poly(NMEP) brushes, we investigated the thermoresponsive properties of these polymer brushes by phasecontrolled AFM in an aqueous liquid environment as a function
of the temperature. In water, the brushes will collapse when
the temperature exceeds the LCST. We thus expect a controllable variation in thickness of our poly(NMEP) brushes because
of their temperature-dependent conformation. To assess the
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thermoresponsiveness, in line with previously reported measurements,[62,63] we first gently scratched a poly(NMEP) brush
surface (dry ellipsometric thickness = 42.5 ± 1.7 nm) to locally
remove the polymer layer and expose the underlying silicon
surface, as reference for the measurement of height. Then,
we acquired 3-D topology maps of the scratched area and surrounding polymer brush whilst immersed in water and as a
function of temperature (Figure 5A and Figures S6–S8, Supporting Information). After initial processing of the acquired
images (see Experimental Section and Supporting Information
for details on image analysis), the height of the polymer brush
in solution was determined relative to the level of the uncovered silicon surface. According to previous reports, the LCST
of poly(NMEP) in aqueous solutions is dependent on polymer
molecular weight and ranges from 53 °C (105 kDa) to 72 °C
(20 kDa).[36,38,39] For poly(NMEP) brushes, however, we determined that the LCST lies between 40 °C and 50 °C (Figure 5C
and Figure S7, Supporting Information). It is likely that the
relatively low LCST results from the combination of surface
effects, such as short inter-chain distances, and a high degree
of polymerization. The ensuing thermoresponsive studies were
performed at temperatures sufficiently lower and higher than
the LCST to ensure brush extension and collapse, respectively.
At 27 °C, in the solvated state, the thickness of the poly(NMEP)
brush was determined at 91 ± 3 nm (Figure 5D). Upon
increasing the temperature to 60 °C, the brushes collapsed to
69 ± 4 nm. Furthermore, the collapse at 60 °C and subsequent
extension of the polymer chains at 27 °C was observed in two
consecutive cycles, demonstrating good reversibility (Figure 5D).
Our measurements demonstrate that the expulsion of
water reduces the brush thickness by ≈25%. Thus, overall,
the AFM measurements demonstrate the thermoresponsiveness of the poly(NMEP) brush. This level of collapse closely
resembled the level reported for poly(NIPAM) brushes (≈20%),
which were synthesized following a nearly identical procedure using the same initiator layer followed by SI-ATRP.[64]
In that same range, the brush height for thermoresponsive
poly(MeO2MA-co-MeOEGMA) brushes synthesized using SIATRP from silicon has been reported to decrease by ≈16%.[65]
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Figure 5. A) AFM 3-D morphology map of the scratched surface with on either side poly(NMEP) brush. B) Height profiles of the AFM maps, taken
along the cross-sectional lines in the AFM maps; Brush average height arising from the height distributions of selected areas of interest (detailed
description in Supporting Information) with C) increasing solution temperature and during two and a half cycles of D) increasing and lowering solution
temperature.

The extent of swelling and collapsing of thermoresponsive
polymer brushes has been shown to depend on several variables, such as grafting density and brush thickness,[12] which
thus can lead to a wide range of swelling/collapsing ratios.
Essential in the development of efficient and durable biomedical devices is control over the interactions between the
device surface and biological media. To prevent deactivation
and losses in sensitivity of such appliances, nonspecific adsorption by components of biological media should be minimized.
Modification of the exposed surfaces using low-fouling polymer
brushes has provided a solution to this matter.[54,66,67] For the
development of so-called “smart” biomedical devices polymer
brush coatings that combine responsiveness with non-fouling
character might be advantageous, for example for the reversible
binding of cells.[14,32,68] For this reason, the antifouling properties of poly(NMEP) brushes on gold sensors were prepared
(XPS data in Figure S9, Supporting Information) and tested
against bovine serum albumin (BSA, 5 mg mL-1), fibrinogen
(Fbg, 1 mg mL-1), and diluted human serum (10% in PBS)
solutions using QCM-D. Gold-coated sensors were selected as
substrate as gold is a commonly employed material in analysis techniques such as surface plasmon resonance (SPR) and
electrochemical sensing.[69–71] Polymerization of NMEP from
the gold sensors requires the use of a thiol-terminated ATRPinitiator. Compared to the poly(NMEP) brushes on silicon,
the grafting density of the poly(NMEP) on these substrates is
therefore likely to differ to a certain extent. BSA and fibrinogen
were selected as these proteins represent major constituents
of blood and are believed to play a key role in surface adhesion.[72] The concentrations of the BSA and fibrinogen solutions
employed in this study correspond to the concentrations of the
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proteins present in 10× diluted human serum.[73,74] Additionally, poly(NMEP) brushes were exposed to dilute human serum
to investigate their antifouling properties against more complex biological media. For comparison, the same antifouling
experiments were also performed against the unmodified gold
QCM-D sensors.
The poly(NMEP) brushes showed a 95% decrease in adsorption of BSA and fibrinogen protein solutions, as well as more
than 90% reduction in adsorption of 10% human serum when
compared to the unmodified gold substrates (Figure 6). For the
single-protein solutions, it was possible to compare the antifouling performance of poly(NMEP) brushes to the previously

Figure 6. Adsorption of BSA (5 mg mL-1), fibrinogen (1 mg mL-1) and
dilute human serum on gold and poly(NMEP)-modified gold, as measured by QCM-D.
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reported performance of several oligo(ethylene glycol)-based
self-assembled monolayers (SAMs),[75] a frequently employed
type of protein-resistant surface.[76,77] In the reference study,
the oligo(ethylene glycol) SAMs were exposed to 1 mg mL-1
solutions of BSA or fibrinogen for 5 min before switching
back to buffer solution. The amount of BSA adsorbed on the
SAMs after exposure ranged from 5 to 18 ng cm-2, whereas
the amount of fibrinogen ranged from effectively nonfouling
to 27 ng cm-2.[75] Despite having both a higher concentration
and longer exposure time, the amount of accumulated BSA on
poly(NMEP) brushes (12 ng cm-2) was comparable to the values
reported for the oligo(ethylene glycol) SAMs.[75] During the
fouling experiments with fibrinogen, the poly(NMEP) brushes
collected 63 ± 43 ng cm-2 in 15 min. Although the amount of
adsorbed protein on the poly(NMEP) brushes is drastically
reduced when compared to the adsorption on bare gold, there
is less accumulation of fibrinogen on the oligo(ethylene glycol)
SAMs.[75] This may be explained by the longer exposure time
of the poly(NMEP) to the protein solution. Following these
results, the strongly reduced non-specific adsorption of proteins and serum implies that poly(NMEP) brushes represent
a good candidate for smart, responsive coatings in biomedical
applications.

3. Conclusions
In this work, the monomer NMEP was synthesized and then,
for the first time, polymerized from surfaces using SI-ATRP
to form polymer brushes. Within 2 h, a poly(NMEP) brush
thickness of 50 nm could be achieved. The living nature of the
polymerization procedure was confirmed by the synthesis of
block copolymer brushes, through reinitiation of poly(NMEP)
with MeOEGMA.
We showed that poly(NMEP) brushes are thermoresponsive by measuring the brush height as a function of temperature from 27 °C to 60 °C by AFM in liquid environment. At
increased temperature, the poly(NMEP) brushes collapse and
brush height is reduced with ≈25%. In addition, the responsive properties of the poly(NMEP) brushes are complemented
by promising antifouling performance against BSA, fibrinogen,
and diluted serum. The combination of thermoresponsive
properties, antifouling properties and the possibility to include
it in complex polymer structures makes poly(NMEP) of great
interest as a smart coating in biomedical devices.

4. Experimental Section
Materials: All chemical reagents were used without further purification
unless otherwise specified. Triethylamine (TEA), oligo(ethylene glycol)
methyl ether methacrylate (MeOEGMA, average Mn 300) (MeOEGMA),
heptane, Na2CO3, MgSO4, Cu(I)Br (99.99% trace metals basis), Cu(II)
Br2 (99.99% trace metals basis), phosphate buffered saline (PBS,
pH 7.2–7.4), bovine serum albumin (BSA), fibrinogen (Fbg) and
human serum were purchased from Sigma-Aldrich. 2-HydroxyethylN-pyrrolidone (>98.0%), 2-(2-bromoisobutyryloxy)undecyl thiol, and
1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane
(Me6cyclam
>98.0%) were purchased from Tokyo Chemical Industry. 11-(Trichlorosilyl)
undecyl 2-bromo-2-methylpropanoate was purchased from Gelest,
Inc. Methacryloyl chloride (97%) was purchased from Thermo Fisher
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Scientific. α-Bromobutyrate-11-undecanethiol was purchased from
ProChimia Surfaces. Deionized water was produced with Milli-Q Integral
3 system Millipore, Molscheim, France (Milli-Q water). Dichloromethane
(DCM, >98.0%) and toluene (HPLC grade, 99.9%) were acquired from
Sigma-Aldrich and dried using a PureSolv solvent purification system.
Silicon single side-polished wafers (Si(100), N-type, phosphorus-doped)
were obtained from Siltronix.
Synthesis of N-(2-Methacryloyloxy)ethyl Pyrrolidone (NMEP): The
synthesis of NMEP was based on previously reported methods
by Savelyeva and Marić.[40] 2-Hydroxyethyl-N-pyrrolidone (32.3 g,
250 mmol) and TEA (25.3 g, 250 mmol) were added to a 100 mL threeneck round bottom flask containing 30 mL dry DCM. The reaction
setup was purged with argon for 30 min. Then, methacryloyl chloride
(26.1 g, 250 mmol) in 30 mL dry DCM was added dropwise to the flask
over a period of 30 min while stirring and cooling on an ice bath. The
reaction mixture was stirred while cooling for 6 h after which the formed
triethylammonium chloride was filtered off. The filtrate was concentrated
under reduced pressure and subsequently washed with 50 mL 5%
Na2CO3 solution, 50 mL brine, and 50 mL deionized water. The organic
phase was dried over MgSO4 and concentrated under reduced pressure.
The crude product was purified by column chromatography with
heptane:ethyl acetate (1:1) as eluent (Rf = 0.1), yielding 29.7 g (60%).
1H NMR (400 MHz, CDCl ) δ 6.11 (s, 1H), 5.59 (s, 1H), 4.29 (t, J =
3
5.4 Hz, 4H), 3.60 (t, J = 5.4 Hz, 5H), 3.48 (t, J = 7.0 Hz, 4H), 2.38 (t, J =
8.1 Hz, 5H), 2.10–1.98 (m, 5H), 1.95 (s, 3H). 13C NMR (101 MHz, CDCl3)
δ 175.21, 166.97, 135.86, 125.95, 62.13, 47.92, 41.58, 30.66, 18.19, 18.07.
GC-MS (m/z): 197.1 (M+), 128.1 (M+ C4H5O), 111.1 (M+ C4H5O2), 98.1
(M+ C4H5O2), 69.0 (M+ C6H10O2N). IR ν (cm-1) = 2957m (CH3), 2928
m (CH2), 2896 m (CH3), 1716s (CO), 1683s (N–CO), 1637m (CC),
1424m (CH), 1289m (CN).
Functionalization of Si Substrates: Silicon surfaces were cut in squares
(≈1 × 1 cm), rinsed using acetone, ethanol, and Milli-Q, and dried under
a gentle stream of argon. They were then subjected to air plasma (Femto,
Diener Electronic) for 5 min. After plasma activation, the surfaces were
quickly transferred to a solution of 11-(trichlorosilyl)undecyl 2-bromo2-methylpropanoate (10 µL) in dry toluene (4 mL) and left at RT (19 ±
2 °C) for 16 h. The initiator-functionalized surfaces were then removed
from the solution and rinsed using acetone, ethanol, and Milli-Q. Finally,
the surfaces were dried under a gentle stream of argon.
SI-ATRP of NMEP: For a typical polymerization experiment, ethanol
was degassed by three freeze-pump-thaw cycles. Simultaneously, a
septum-sealed flask containing Cu(I)Br (5.7 mg, 0.040 mmol), Cu(II)
Br2 (8.9 mg, 0.040 mmol) and Me6cyclam (10.2 mg, 0.080 mmol) and
a septum-sealed flask containing NMEP (0.660 g, 3.35 mmol) were
purged with argon for 30 min. Degassed ethanol (5 mL) was then
transferred to the catalyst mixture using a syringe that was purged with
argon. The mixture was stirred for 15 min under argon until a dark-blue
solution was formed. The catalyst solution was then transferred to the
flask containing the monomer using a syringe that had been purged with
argon, after which the mixture was stirred for 15 min. The polymerization
solution was then transferred under argon to the polymerization reactors
that contained initiator-functionalized Si surfaces and had been purged
by three evacuate-argon refill cycles. Polymerization reactions were then
performed for the desired period at RT (19 ± 2 °C). To stop the reaction,
the reactors were opened to the atmosphere. The surfaces were then
taken out, rinsed thoroughly with acetone, ethanol, and Milli-Q, and
finally dried under a gentle stream of argon.
Block
Copolymerization:
Synthesis
of
Poly(NMEP)-BlockPoly(MeOEGMA) Brushes: SI-ATRP of the first block, poly(NMEP), was
carried out as described above for 60 min. After the substrate was
removed from the reactor, it was rinsed with acetone, ethanol, and
Milli-Q and dried under a gentle stream of argon. The substrate was
then cut into two halves; one half was stored for analysis, the other was
used for the second polymerization step. Thus, the latter was placed in
a second reactor, which was then purged by three evacuate-argon refill
cycles. A polymerization solution of Cu(I)Br (5.7 mg, 0.040 mmol),
Cu(II)Br2 (8.9 mg, 0.040 mmol), Me6cyclam (10.2 mg, 0.080 mmol),
and the second monomer, MeOEGMA (1.01 g, 3.35 mmol), was
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prepared as described above and added to the reactor under argon. The
polymerization reaction was performed for 16 h at RT (19 ± 2 °C). To
stop the reaction, the reactor was opened to the atmosphere. The silicon
wafer was then taken out, rinsed thoroughly with acetone, ethanol, and
Milli-Q, and finally dried under a gentle stream of argon.
Functionalization of Au QCM-D Sensor: To facilitate polymerization
of NMEP on gold-coated quartz sensors, an ATRP initiator was
immobilized on the gold surface. Briefly, gold-coated quartz sensors
(QSX 301 Gold, QSense) that have a fundamental frequency (f0) of
5 MHz were subjected to UV-ozone cleaning (Procleaner UV.PC.220,
Bioforce Nanosciences) for 10 min. The sensors were then submerged
in a 2% solution of sodium dodecyl sulfate in Milli-Q for 30 min followed
by washing with Milli-Q. Subsequently, the sensors were dried with a
gentle flow of argon and subjected to oxygen plasma for 10 min. The
sensors were taken from the plasma cleaner and placed in a solution
of 2-(2-bromoisobutyryloxy)undecyl thiol in methanol (2 µL in 4 mL)
for 16 h. After, the sensors were removed from the solution, rinsed with
ethanol, and dried under a gentle stream of argon. SI-ATRP of NMEP
was then performed as described above.
X-Ray Photoelectron Spectroscopy (XPS): XPS measurements were
performed using a JPS-9200 photoelectron spectrometer (JEOL Ltd.,
Japan). All samples were analyzed using a focused monochromated Al
Kα X-ray source (spot size of 300 µm) at a constant dwelling time for
wide-scan 50 ms and narrow-scan of 100 ms and pass energy: widescan 50 eV narrow-scan: 10 eV, under UHV conditions (base pressure:
3 × 10-7 Pa). The power of the X-ray source was 240 W (20 mA and
12 kV). Charge compensation was applied during the XPS scans with an
accelerating voltage of 2.8 eV and a filament current of 4.8 A. All narrowrange spectra were corrected with a linear background before fitting.
The spectra were fitted with symmetrical Gaussian/Lorentzian (GL(30))
line shapes using CasaXPS. All spectra were referenced to the C1s peak
attributed to CC and CH atoms at 285.0 eV.
Static Water Contact Angle Measurements: The wettability of the
modified surfaces was determined by automated static water contact
angle measurements using a DSA 100 goniometer (Krüss, Germany).
The volume of a drop of demineralized water employed was 3 µL.
Contact angles from sessile drops measured by the tangent method
were estimated using a standard error propagation technique involving
partial derivatives.
Ellipsometry: Ellipsometric angles Δ and Ψ of the synthesized
polymer brushes were measured using an EP4 imaging ellipsometer
(Accurion, Germany). The measurements were performed in air at room
temperature in the wavelength range of λ = 400.6–761.3 nm at an angle of
incidence of 50°. The acquired Δ and Ψ were fitted in the EP4 modeling
software using a multilayer model to obtain dry polymer brush thickness
and refraction index values. The model consisted of a silicon (Si) bottom
layer covered with a thin SiO2 layer of 2.9 nm. Then, the NMEP polymer
layer was described using a Cauchy model with parameters A = 1.498
and B = 3000. For all measurements, at least two different surfaces were
prepared independently, and per surface at least three randomly selected
areas were used for thickness measurements.
Atomic Force Microscopy (AFM) Measurements: Atomic force
microscopy was performed using an Asylum MFP-3D Origin AFM
(Oxford Instruments, United Kingdom) equipped with a BioHeater
Closed Fluid Cell Accessory and Environmental Controller. The
instrument was operated in tapping mode and equipped with a silicon
cantilever (AC240TS-R3, k = 1.3 N m-1) with a nominal tip radius of
≈7 nm. Prior to loading the polymer brush substrates into the cell,
the surfaces were gently scratched with a scalpel to partly remove the
polymer film and expose the silicon. Measurements were performed in
a Milli-Q solution, at 27 °C, 30 °C, 40 °C, 50 °C, or 60 °C, and triplicated
to measure the average thickness of the polymeric film and its standard
deviation (SD) upon cooling and heating (Figure 5 and Figures S6–S8,
Supporting Information). Before measurements at each temperature,
60 min was taken to obtain AFM thermal stability. The acquired images
were processed and analyzed using MountainsSPIP (DigitalSurf, France).
QCM-D Measurements: Measurements were performed by using
q-Sense E4 QCM-D (Biolin Scientific, Sweden). All experiments were
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conducted at 20 °C. Before each experiment, the buffer and protein
solutions were bubbled with argon to eliminate dissolved oxygen,
which may interfere with the experiment. The PBS buffer solution was
pumped via a peristaltic pump (Ismatec high precision multichannel
dispenser) with a flow rate of 400 µL min-1 for at least 15 min before
each experiment. Fouling experiments were performed at a flow rate of
25 µL min-1. Pristine gold-coated sensors and gold-coated sensors with
poly(NMEP) brushes with thicknesses of approximately 20 nm were
subjected to a protein solution for 15 min, after which the buffer solution
was pumped over the sensors again until the signal stabilized.
Frequency shifts (Δf) and dissipation shifts (ΔD) were acquired at the
3rd (15 MHz), 5th (25 MHz), 7th (35 MHz), 9th (45 MHz), and 11th (55 MHz)
harmonic overtone. For data analysis, only the 3rd (15 MHz) overtone
was used. QSoft software was used during data acquisition and DFind
(version 1.2.7) for analysis of the data. The “wet” mass (thickness) of the
sensor surfaces after protein fouling was estimated from the decrease of
the frequency of the quartz crystal with the Sauerbrey Equation (1):[78]
∆m = ( −C × ∆f n ) / n

(1)

In this equation, Δm is the areal mass density of the adsorbed foulant,
Δfn the frequency shift, C (17.7 ng cm-2 Hz-1) the mass sensitivity constant
for a 5 MHz quartz crystal, and n the harmonic number (3, 5, 7, 9 or 11).
Simulation of XPS C1s Narrow Spectra: Electronic core-level
calculations were performed using the Gaussian 16 system.[79] The
molecular geometry was optimized at the B3LYP/6-311G(d,p) level of
theory. The core orbital energies were then calculated using natural bond
order (NBO) analysis and used to simulate the XPS C1s spectrum of
poly(NMEP) brushes.[57,58]
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