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that perform certain biological functions,
such as specific cell adsorption or interaction with a specific protein or analyte.[3]
As part of a device, bioactive surfaces are
commonly required to perform in complex
biological media such as blood, saliva, or
urine.[1,4–6] These fluids typically contain
numerous types of proteins and cells that
may interfere with the performance of the
bioactive surface by nonspecific adsorption. Such nonspecific adsorption by proteins and cells from biological media on
a surface is called fouling.[7,8] Thus, the
practical application of bioactive surfaces
requires antifouling layers capable of preventing protein and cell fouling from complex biological media.[9,10]
Antifouling coatings can be generated
by immobilizing self-assembled mono
layers (SAMs) or “grafted-to” or “graftedfrom” polymer coatings on a surface.[6,11–14]
SAMs are broadly applied to introduce different functionalities to the surfaces.[15,16]
Notably,
oligo(ethylene
glycol)-terminated[4] and zwitterionic SAMs[17] can resist
or decrease fouling from single-protein
solutions and cell cultures. “Grafted-to”
polymers based on ethylene glycol oxide,
oxazoline,[18] N-(2-hydroxypropyl) methacrylamide (HPMA),[12]
and zwitterionic moieties[19] have shown good resistance toward
single-protein solutions and moderate-to-good resistance toward
more complex biological media. The “grafted-from” approach,
in which polymer chains are grown from a surface, allows the

Surface-initiated photoinduced electron-transfer-reversible addition–fragmentation chain transfer (SI-PET-RAFT) is, for the first time, used for the
creation of antifouling polymer brushes on gold surfaces based on three
monomers: oligo(ethylene glycol) methyl ether methacrylate (MeOEGMA),
N-(2-hydroxypropyl) methacrylamide (HPMA), and carboxybetaine methacrylamide (CBMA). These coatings are subsequently characterized by X-ray
photoelectron spectroscopy (XPS) and ellipsometry. The living nature of this
polymerization allows for the creation of random and diblock copolymer
brushes, which are based on HPMA (superb antifouling) and CBMA (good
antifouling and functionalizable via activated ester chemistry). The polymer
brushes demonstrate good antifouling properties against undiluted human
serum, as monitored by quartz crystal microbalance with dissipation (QCM-D)
and surface plasmon resonance (SPR) spectroscopy in real time. The amount
of immobilization of bioactive moieties, here an antibody immobilized using
N-succinimidyl ester–1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (NHS–EDC) coupling, in the diblock and random copolymer brushes
is monitored by SPR, and is analyzed with respect to the brush structure, and
is shown to be superior in the diblock copolymer brush. This approach represents a scalable, robust, mild, oxygen-tolerant, and heavy-metal-free route
toward the production of antifouling and functional copolymer brushes (on
gold surfaces) that open up applications in biosensing and tissue engineering.

1. Introduction
Biologically active surfaces play a crucial role in biosensors,
tissue engineering, and other biomedical devices.[1,2] These surfaces are typically functionalized with biologically active moieties
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Scheme 1. Mild, visible-light-driven polymer brush formation on Au for three antifouling brushes (poly(HPMA), poly(CBMA), and poly(MeOEGMA)),
and for random and diblock copolymer poly(HPMA)–poly(CBMA) brushes that can be subsequently (bio-) functionalized.

synthesis of high-density, covalently bound polymer brush systems.[20] Polymer brushes based on zwitterionic methacrylates
and methacrylamides,[14,21] HPMA,[12,22] and oligo(ethylene
glycol) methacrylates[11] have demonstrated excellent antifouling
properties in contact with different complex biological media
such as blood, blood plasma, serum, and cell cultures.[1,6]
Polymer brushes are commonly synthesized via surface-initiated atom-transfer radical polymerization (SI-ATRP).[5,14,21,23–25]
The well-controlled nature of this polymerization technique
allows accurate tailoring of the brush height.[11] Generally, ATRP
requires relatively high concentrations of copper halide salts
to generate radicals from alkyl halides and an oxygen-free environment. Single-electron transfer living radical polymerization
(SET-LRP)[26] and iridium-catalyzed light-triggered living radical
polymerization (LT-LRP)[22] allow a significant decrease in the
amount of heavy metal catalyst, and provide the option to tune the
thickness and/or create patterned structures on surfaces using
light.[22] Recently, also a redox-switchable polymerization reaction
system was introduced for creation of patterned surfaces, but this
method did still require presence of a FeII-based metal catalyst,[27]
and all of these polymerization techniques still require an oxygenfree environment. In response to this, new approaches based on
reversible addition–fragmentation chain transfer (RAFT) have
been introduced.[28] In particular, photoinduced electron transferRAFT (PET-RAFT) polymerizations have been developed, through
which polymer brushes can be synthesized in the presence of
oxygen and which, additionally, do not require heavy metal catalysts.[12,29] Also, the light-triggered nature of this technique facilitates the production of hierarchical, patterned structures.[29,30] The
mild conditions of PET-RAFT techniques, utilizing Eosin Y (EY)
and triethanolamine (TEOA) as a catalyst in an aqueous environment, were also applied to synthesize polymers from both cells
and DNA.[31,32] The possibility of creating polymer brush coatings by surface-initiated PET-RAFT (SI-PET-RAFT) has recently
been reported for silicon surfaces.[29,30] However, SI-PET-RAFT
techniques have not yet been employed to create any antifouling
polymer brushes by a “grafting from” approach on gold surfaces,
while this is the substrate of choice for biosensors that rely on
surface plasmon resonance (SPR) as a sensing method.[33,34]
Polymer-brush-based coatings have previously been demonstrated to provide good antifouling properties when brought in
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contact with human and bovine serum, cell cultures, and other
complex biological matrices.[6,11,14,21,22,25,26] However, incorporating
bioactive moieties in polymer brush structures without affecting
antifouling properties still poses a challenge.[35] The incorporation of the bioactive element in the antifouling layer allows it to
have specific interactions with biological medium and allows it
be applied in biosensors and tissue engineering. Overall, there
are two main postpolymerization methods for the biofunctionalization of antifouling polymer brushes: chain-end modification
and side-chain modification. Chain-end biofunctionalization
of polymer brushes preserves their antifouling properties,
although the number of functionalizations is limited and is
maximally equal to the number of polymer chains—theoretical
maximum.[6,11,36] Side-chain functionalization, on the other hand,
does provide a high number of immobilized biomolecules per
polymer chain.[5,35] However, this typically significantly impairs
the fouling resistance of such polymer brushes.[35] Therefore,
copolymer brushes have been developed for the creation of bioactive antifouling coatings.[14,21,37] The combination of highly
antifouling monomers with analogs thereof, which offer biofunctionalization with (partial) preservation of antifouling properties,
has—for ATRP-grown polymer brushes—been shown to provide
large amounts of immobilized bioreceptor, while preserving the
antifouling properties of the original brush.[21,37,38]
Herein we combine several aspects to bring the formation and activity of bioactive polymer brushes to a new level.
To this aim, we make antifouling polymer brushes on gold in
water under ambient conditions driven by visible light, while
the living nature of the polymerization allows, for the first time,
block polymer brushes made under such mild conditions. To
this aim, we apply SI-PET-RAFT for the synthesis of antifouling
polymer brushes based on HPMA, oligo(ethylene glycol) methyl
ether methacrylate (MeOEGMA), and carboxybetaine methacrylamide (CBMA) on gold surfaces. Furthermore, we explore
the living character of this technique for the creation of random
and diblock copolymer brushes based on HPMA and CBMA.
The incorporation of CBMA in polymer brushes allows subsequent biofunctionalization and application of the coatings in
tissue engineering and biosensing. All resulting surfaces were
characterized by X-ray photoelectron spectroscopy (XPS), scanning ellipsometry, and static water contact angle (WCA). The
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Scheme 2. Schematic depiction of the formation of antifouling coatings on Au by SI-PET-RAFT.

antifouling properties of all created coatings were tested by subjecting them to undiluted human serum (HS) and monitoring
protein adhesion in real time by both SPR and quartz crystal
microbalance with dissipation (QCM-D) techniques. Finally, the
immobilization rate of a model bioactive moiety, the antibovine
serum albumin antibody (mouse monoclonal AntiBSA), was
evaluated and compared for diblock and random poly(HPMA)–
poly(CBMA) copolymer brushes by SPR (Scheme 1).

2. Results and Discussions
Antifouling polymer brushes were prepared in three steps
by SI-PET-RAFT (Scheme 2). First, a cysteamine self-assembled monolayer was immobilized on the gold surface.
This was followed by the incorporation of the RAFT agent
by reacting an active ester of the RAFT agent, [4-cyano-4(phenylcarbonothioylthio) pentanoic acid N-succinimidyl ester

(RAFT-NHS)], with the primary amine of the cysteamine mono
layer. In the third step, the SI-PET-RAFT polymerization was
conducted under visible-light irradiation in the presence of EY
and TEOA (Scheme 2). Each step is now discussed in detail.
2.1. Immobilization of RAFT Agent on the Gold Surface
Gold surfaces were functionalized with the RAFT agent via a
two-step procedure. Initially, a self-assembled monolayer of
cysteamine was immobilized on the gold surface. The formation of the cysteamine monolayer was confirmed with XPS.
The XPS survey-scan spectrum showed four main peaks that
correspond to O1s, C1s, N1s, and Au4d moieties (Figure 1a(2)).
The experimental ratio between C:N:S was 4.5:1.0:1.0, meaning
that the carbon content was significantly higher than the theoretical elemental ratio in the compound (2:1:1). This discrepancy is attributed to atmospheric contamination and the initial

Figure 1. a) Survey-scan XPS data of the cysteamine and RAFT-agent-functionalized monolayers: 1) bare gold surface, 2) cysteamine monolayer, and
3) RAFT-agent-functionalized monolayer. b) XPS S2p narrow scans of the corresponding surfaces.
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Figure 2. a) XPS survey-range scans of the three polymer brush layers under study. b–d) XPS C1s narrow scan of b) a poly(MeOEGMA) brush (29 nm),
c) poly(CBMA) brush (24 nm), and d) poly(HPMA) brush (37 nm).

presence of a significant amount of carbon in the bare gold layer
(also present after extensive plasma cleaning of the sample).
The 1.0:1.0 ratio between N and S species corresponds to the
theoretically expected value. The XPS narrow-scan spectrum
of the S2p region (Figure 1b(2)) can be deconvoluted into two
peaks, with a correct relative intensity, which can be assigned to
S2p1/2 (163.3 eV) and S2p3/2 (162.0 eV) in the [CSAu] species.
The RAFT-agent-functionalized surfaces were created
according to a previously published procedure,[12,29] by exposing
the surface to RAFT-NHS in the presence of triethylamine
(TEA; Scheme 2). The success of the reaction was confirmed
by XPS. In the XPS wide-scan spectrum, an increase of the
S2s peak intensity was observed, as well as the appearance of
two new peaks at 168.6 eV (S2p3/2) and 169.8 eV (S2p1/2) in
the narrow scan of the S2p region, which corresponds to the
thiocarbonylthiol [SCS] species. The ratio between [SCS]
and [CSAu] species in S2p and S2s XPS narrow scans was
obtained from five samples and indicated that on average
32 ± 4% of the surface-bound amines had reacted with RAFTNHS. This degree of conversion is similar to values previously
reported for (3-aminopropyl)triethoxysilane on silicon oxide
surfaces (29 ± 4%).[12,29] Also, the surface gained a more hydrophobic character after modification with RAFT-NHS as the
static WCA (SWCA) increased from 34° ± 1° to 92° ± 1°.
Adv. Mater. Interfaces 2022, 9, 2101784
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2.2. Synthesis and Characterization of Poly(MeOEGMA),
Poly(CBMA), and Poly(HPMA) Brushes
Polymer brushes based on MeOEGMA, CBMA, and HPMA
have shown unparalleled resistance to nonspecific adsorption
of proteins.[11,12,22,25,29] Employing a robust, oxygen-tolerant, and
heavy-metal-free polymerization technique, such as SI-PETRAFT, for the synthesis of these brushes on gold surfaces has the
potential to allow easier access to such surfaces. Poly(HPMA),
poly(MeOEGMA), and poly(CBMA) brushes were therefore
“grafted from” the RAFT-agent-coated surfaces by SI-PET-RAFT
using EY as a photocatalyst in water according to a previously
published procedure.[12,29] The chemical composition of the coatings was characterized by XPS, and the polymer brush thickness
was determined by spectroscopic ellipsometry. The polymerization of MeOEGMA on gold was conducted for 1 h, reaching an
average thickness of 27 ± 4 nm. The XPS survey-scan spectrum
of a poly(MeOEGMA) layer with a thickness of 29 nm showed
two main peaks for O1s and C1s in a ratio of 1.0:2.5, which correlates with previously reported values of poly(MeOEGMA) on a silicon surface[29] (Figure 2a). The C1s XPS narrow-scan spectrum
showed three main peaks of carbon atoms: [CC/H] (285.0 eV),
[CO] (286.5 eV), and [OCO] (289.0 eV) in a ratio of 3.9:8.7:1.0,
respectively (Figure 2b). These values correlate with previously
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Figure 3. Dry thickness of poly(MeOEGMA), poly(CBMA), and
poly(HPMA) brushes as a function of the polymerization time, on gold
surfaces, as determined by ellipsometry.

reported values[29] and with theoretically simulated XPS
spectra[39,40] of ratios between peaks: [CC/H]:[CO]:[OCO]
of 3:10:1. The SWCA of poly(MeOEGMA)-coated surfaces was
determined to be 52° ± 1°, which is in agreement with previously
reported WCA values for poly(MeOEGMA) brushes.[11,29]
The XPS survey-scan spectrum of poly(CBMA) brushes, with
an ellipsometric thickness of 24 ± 2 nm after 2 h of SI-PETRAFT polymerization (Figure 2a), showed three main peaks
related to C1s, O1s, and N1s, in a ratio of 6.9:1.3:1.0, which is
close to the theoretical ratio based on the elemental composition
of the poly(CBMA) structure (6.0:1.5:1.0). The XPS C1s narrow
scan (Figure 2c) displayed three peaks: [CC/H] (285.0 eV),
[CN] (286.3 eV), and [CO] (287.8 eV) in a ratio of 2.7:2.5:1.0,
which correlates well with the theoretically expected composition of the poly(CBMA) structure (2.5:2.5:1). The poly(CBMA)
layers also showed high hydrophilicity, as evidenced by an
SWCA of 18° ± 1°.
Poly(HPMA) brushes achieved an average thickness of
41 ± 1 nm after 1 h of irradiation. The XPS survey-scan spectrum
of the poly(HPMA) brushes (Figure 2a) showed three main
peaks related to C1s, O1s, and N1s, in a ratio of 7.7:1.0:1.9. This
is in reasonable agreement with the expected elemental composition of the poly(HPMA) structure (7:1:2). The fitted ratio in the
XPS C1s narrow scan between the [CC/H] (285.0 eV), [CN]
(285.8 eV), and [CO] (286.5 eV):[NHCO] (288.0 eV) peaks
is 3.7:1.2:1.2:1 (Figure 2d), which closely corresponds to the
theoretically expected composition of the poly(HPMA) structure (4:1:1:1). The poly(HPMA) brushes displayed an SWCA of
40° ± 1°. Overall, all these physicochemical characteristics are
highly similar to those of poly(HPMA) brushes synthesized
by other techniques and on other types of surfaces or initiator
layers.[12,14,26,29]
2.3. Kinetics of Poly(HPMA), Poly(CBMA), and
Poly(MeOEGMA), Polymer Brush Growth on the Gold Surface
An inherent advantage of the use of SI-PET-RAFT is the controlled polymerization growth profile (typical for a RAFT-like
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polymerization method) that leads to a linear growth profile.
Such a linear profile allows for a straightforward selection of the
correct layer thickness required for a particular application and/
or functionalization. To evaluate the polymerization kinetics for
these brushes, the polymerization for all three monomers was
stopped at different points of time, after which the thickness of
dry brushes was determined by scanning ellipsometry (Figure 3).
The polymerization kinetics for poly(HPMA) and poly(CBMA)
brushes were found to be linear during the first one and half
hour of polymerization, while poly(MEOGMA) brushes showed
controlled (i.e., linear) growth in the first hour of polymerization.
Within the first 2 h, a controlled brush thickness can be achieved
from 0 to 50 nm for poly(HPMA) brushes, and from 0 to 30 nm
for poly(MeOEGMA) and poly(CBMA) brushes. Appropriately
constituted polymer brushes with a thickness of >10–15 nm typically show good antifouling properties for applications in biosensing.[11,14,41] Thus, the method allows for a precise tunability
for the manufacturing of antifouling coatings.
2.4. Synthesis of Poly(HPMA)–Poly(CBMA) Random and Diblock
Copolymer Brushes
To overcome the challenges of the biofunctionalization of
antifouling polymer brushes without impairing their antifouling properties, the combination of HPMA and CBMA
has been used in both random copolymer brushes.[21] Also,
diblock structures based on hydroxy-terminated and methoxyterminated oligo(ethyleneglycol) methacrylate using ATRP and
other methods have been employed.[21,38] Analogously, herein
we have applied the SI-PET-RAFT technique for the synthesis
of random copolymer brushes of HPMA and CBMA on gold
(Scheme 3, “random brush path”). Furthermore, we exploited
the living nature of PET-RAFT polymerizations for the formation of a diblock copolymer brush of HPMA and CBMA
(Scheme 3). Here we strove for a bottom layer of HPMA, as
this displays an overall superior antifouling behavior,[41] while
the CBMA block combines still very good antifouling properties
with the possibility for further (bio)functionalization.
The random copolymer brushes were synthesized according
to the SI-PET-RAFT procedure, adding a monomer mixture of
CBMA and HPMA in the molar ratio 1:10. The ratio of the two
monomers was chosen based on previous studies of this type
of random copolymer brush from the perspective of balancing
antifouling and bioreceptor immobilization properties.[21,37] The
polymerizations were conducted by submerging gold surfaces
that were covalently functionalized with the RAFT agent into
polymerization aqueous solutions containing the monomers, EY
and TEOA, and subsequent irradiation for 60 min. The diblock
copolymer brush was analogously synthesized in two steps:
first, the bottom block of poly(HPMA) was grown for 60 min.
Afterward, the surfaces were removed from the polymerization
solution and washed with ethanol (EtOH) and Milli-Q water.
The dried poly(HPMA) surfaces were then submerged in
the solution coating CBMA, EY, and TEOA for growth of the
second, poly(CBMA) block for another 60 min.
The diblock and random copolymer brushes were characterized by XPS and ellipsometry. The XPS survey scan of random
poly(HPMA)–poly(CBMA) brushes, with an ellipsometric
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Scheme 3. Schematic depiction of the synthetic pathways to create
diblock and random poly(HPMA)–poly(CBMA) brushes by SI-PET-RAFT.

thickness of 26 nm, showed three main peaks related to C1s,
O1s, and N1s in a ratio of 7.9:1.0:1.8 (see Figure S1 in the Supporting Information). Further confirmation of the incorporation
of CBMA in the brush structure was provided by the XPS N1s
narrow scan (Figure 4b), via the appearance of a signal related
to the quaternary ammonium species [N+] at 402.9 eV. The ratio
between [N+] (402.9 eV):[NH] (400.0 eV) peaks was determined
for poly(HPMA)–poly(CBMA) random brushes obtained after
various polymerization times. The ratio remained at an average
value of 1:9.2 (Figure 4b), which is similar to the ratio of CBMA
and HPMA monomers present in the polymerization solution.
The overall stability of the ratio between [N+]:[NH] as a function
of the time of the polymerization indicates that the polymerization

rates of HPMA and CBMA monomers are similar under the
conditions of SI-PET-RAFT polymerization. The polymerization of the random copolymer brush showed linear growth
kinetics in the first 90 min of polymerization (Figure 4a). These
polymerizations reached a plateau after 120 min, which may be
related to the partial oxidation of the RAFT agent and photo
catalyst system. Nevertheless, the reproducible control over
the behavior observed in the first 120 min allows for tuning
the thickness of these brushes from 0 to 60 nm. The random
copolymer brushes with a thickness of 25 nm (60 min of polymerization time) displayed a more hydrophilic SWCA of 32° ± 1°
than poly(HPMA) brushes of similar thickness (41° ± 1°) due
to the CBMA moieties (for comparison, the SWCA for a pure
poly(CBMA) brush is 18° ± 1°).
The XPS survey range spectrum of diblock poly(HPMA)–
poly(CBMA) brushes with an average total ellipsometric thickness of 50 ± 7 nm (37 ± 4 nm for the first block of poly(HPMA)
and 13 ± 5 nm for the second block of poly(CBMA)) showed
three main peaks related to C1s, O1s, and N1s, in a ratio of
7.3:1.0:1.4 (see Figure S1 in the Supporting Information). The
intensity of the [N+] (402.9 eV) signal in the XPS N1s narrow
scan was found to increase, parallel to an increase in thickness,
in the first hour of polymerization, and then stabilized at an
average ratio of 1:3.2 between [N+]:[NH] at a total thickness of
50 ± 8 nm (Figure 5). Based on the monomer structure, the ratio
of [N+]:[NH] in a pure poly(CBMA) polymer brushes is 1:1. The
relatively high amount of [NH] moieties can be explained by a
low density of the second block of poly(CBMA), which means
that the underlying layer remains partially visible in XPS. This
can be understood if not all chain ends of the first block are successfully reinitiated during the second polymerization step with
CBMA. As a result, both the N1s narrow scan and XPS survey
scan display features of the denser poly(HPMA) first block.
Such a lower density in the second poly(CBMA) block could
also explain the absence of N+ species after 15 min of second
block polymerization, as the total amount of poly(CBMA) might
still be (too) low to discern by XPS. We hypothesize that the
absence of N+ species in the narrow-scan N1s XPS spectrum
after 15 min can also partially be explained by degradation of
N+ under XPS conditions,[14,29] which has the relatively largest
effects for small N contents. The diblock brushes displayed an

Figure 4. a) Growth profile of a poly(HPMA)–poly(CBMA) random copolymer brush on the gold surface. b) XPS N1s narrow scan of a poly(HPMA)–
poly(CBMA) random copolymer brush after various polymerization times.
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Figure 5. XPS N1s narrow scan of poly(HPMA)–poly(CBMA) diblock
copolymer brushes (with the first block of poly(HPMA) of 37 ± 4 nm thickness) at different polymerization times for the growth of the second block
(poly-CBMA) onto a combined thickness of 50 ± 8 nm.

SWCA of 29° ± 1°. The higher affinity to water in this copolymer
brush is related to the presence of more hydrophilic CBMA
monomers (note that the poly(CBMA) brush has an SWCA of
18° ± 1°) on top of the poly(HPMA) brush. The diblock polymer
brush structure was further confirmed by XPS depth profiling
using an argon source (Figure S2, Supporting Information).
The XPS N1s narrow scan was obtained after repeated exposure
to an Ar+ beam. The gradual disappearance of the [N+] signal
in the spectrum with the progression of sputtering (i.e., at
increasing brush depth) indicates the presence of CBMA species on the top of the first poly(HPMA) block of the brush.
2.5. Antifouling Properties
The design of antifouling biointerfaces that would work in
complex biological media requires excellent resistance to biofouling. To this end, the antifouling properties of various (co)
polymer brushes reported herein were determined. First,
three homopolymer brushes were analyzed: poly(HPMA)

(thickness = 37 ± 4 nm), poly(MeOEGMA) (thickness = 27 ± 4 nm),
and poly(CMBA) (thickness = 36 ± 6 nm). Also, two poly(HPMA)–
poly(CBMA) copolymer brushes were studied: a random
poly(HPMA)–poly(CBMA) brush (thickness = 25 ± 3 nm) and
a diblock polymer with first a poly(HPMA) block (thickness =
37 ± 4 nm) and op top a poly(CBMA) block (thickness = 13 ±
5 nm). The prepared polymer brushes were challenged by
contacting the surfaces with undiluted HS for 15 min. SPR and
QCM-D techniques were used to assess the amount of nonspecifically adsorbed protein. Overall, all polymer brushes of
the current study performed very well, and we will discuss the
detailed results per technique.
For the QCM-D fouling experiments, the polymer brushes
were synthesized on gold-coated QCM-D chip sensors. The
coated sensors were placed in the QCM-D cells, after which
stabilization of the baseline signal for frequency (Δf) and dissipation (ΔD) was achieved by flowing initially Milli-Q water,
followed by phosphate-buffered saline (PBS) in situ through the
cell. After baseline stabilization, the undiluted HS was pumped
over the polymer-brush-coated sensors for 15 min, after which
the medium was switched back to PBS. The difference in frequency (Δf) before and after interactions with HS was used to
determine the level of protein fouling. The frequency (Δf) is
inversely proportional to the increase of the mass on the surface. Dissipation shifts (ΔD) are inversely proportional to the
density of the layers.[42]
The fouling measurements for all polymer brushes showed
the degree of protein fouling from HS below the detection
limit of the QCM-D (Figure 6b). Interestingly, for all polymer
brushes and copolymer brushes, the frequency value increased
reversibly upon exposure to undiluted human serum. Such a
change implies a decrease in the mass of the film upon exposure to HS (Figure 6a). While basically little to no variation in
dissipation was observed for poly(HPMA), a slight increase
was seen for other brushes. These observations can be rationalized with an osmotic-pressure-induced change in the water
content of the polymer brush and concomitant morphological
changes within the brush. Such a loss of water has previously
been described in the literature.[43,44] Both the frequency and
the dissipation returned to their pre-exposure levels for all
brushes after PBS injection, thus indicating that no loss or gain
of the covalently bound mass of the brush had occurred, in line

Figure 6. QCM-D data showing the changes in mass upon exposure of the polymer brushes under study to undiluted human serum (HS). a) QCM-D
plot of frequency (Δf) and dissipation shifts (ΔD). b) Fouling results from undiluted human serum based on QCM-D data.
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Figure 7. a) SPR sensorgram of the change in angle upon contact with undiluted HS on bare gold and gold coated with various polymer brushes.
b) Amount of irreversible fouling from HS on the different polymer brushes and on bare gold, as obtained from SPR measurements.

with the reversibly changeable water content. Fouling occurred
exclusively on bare gold surfaces as seen from a decrease in
frequency, i.e., the increase of mass due to adsorbed protein,
which does not return back to zero after changing the fluid
back to PBS. While all brush-coated surfaces performed very
well, i.e., below the detection limit of QCM-D, we were still
interested to more detailed information, so an even more sensitive analysis technique was sought after.
SPR is one of the most sensitive methods for analyzing surface events. This technique is often applied for the construction
of highly sensitive biosensors.[33,34] In this work, SPR was used
to differentiate between the antifouling performance of our (co)
polymer brushes, which we could not achieve by QCM-D. To
this end, SPR chips were modified with the polymer brushes
and mounted in the SPR instrument, after which PBS was
pumped over the chip in situ to achieve a stable baseline. Subsequently, HS was injected for 15 min following by a PBS wash.
The difference between before and after injection in angles
(milli degrees (m°)) was used for determining of the amount of
irreversibly bound protein.
The higher sensitivity of SPR measurements provided
more detailed information about the antifouling properties
of the layers. This pointed to small but significant differences
between the various brushes: poly(HPMA) (10 ± 3 pg mm−2),
poly(MeOEGMA) (126 ± 31 pg mm−2), and poly(CBMA) (14 ±
2 pg mm−2) brushes (Figure 7; Table S1, Supporting Information). The polymer brushes of similar chemical compositions
in previous studies have shown similar levels of protein fouling
from undiluted human plasma (see Table S2 in the Supporting
Information for overview with references). The protein fouling
values on the diblock and random copolymer brushes from
undiluted HS was determined to be 40 ± 18 and 53 ± 35 pg
mm−2, respectively. The slightly higher fouling also measured
by SPR for the random poly(HPMA)–poly(CBMA) than previously reported for analogous random cobrushes that were created by other techniques such as ATRP (see Table S2 in the
Supporting Information)[21] can be related to a possible lower
grafting density of the RAFT-derived coatings. The good anti-
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fouling properties of diblock polymer brushes comparable
with poly(CBMA) brushes made by traditional ATRP techniques open the route for creating functional and antifouling
layers in oxygen environment with control over structure and
functionalization.
Finally, we may hypothesize that we observed significant
differences in the extent of fouling on the bare gold surface
between measurements in SPR and QCM-D. This may be
related to a different type difference in the actual sensitivity of
both methods, and the fact that in the QCM-D technique contribution of the water to the total mass is not easy to subtract.[45]
2.6. Immobilization of Antibodies onto the Functionalizable
Brushes
To finally demonstrate the biofunctionalization potential of
the diblock and random copolymer brushes, the AntiBSA was
immobilized on the copolymer-coated surfaces (Scheme 4). To
this end, the copolymer-coated surface was first treated with
NHS/1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC) to activate carboxylate groups of the CBMA
brush component. Then, the surface was exposed to AntiBSA
for 60 min, followed by washing with PBS to remove noncovalently bound antibody. During this second step, one of the
antibody’s available free (pendant) amine groups can react with
the activated ester group of CBMA to form a stable covalent
bond between the brush and the antibody. The difference in
SPR angle before and after AntiBSA injection on the surface
was used to quantify the amount of immobilized antibodies.
A significantly higher rate of binding and a tenfold increase in
the final amount of immobilized antibodies were observed on
the diblock polymer brushes, compared to that of the random
cobrushes (Figure 8). In addition, the amount of immobilized
antibodies onto our diblock polymer brushes is more than three
times as much as the best SI-ATRP-based results obtained by
Vaisocherová-Lísalová et al.,[21] which shows the great potential
of our approach, although a direct comparison is not trivial as
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Scheme 4. a) General scheme of immobilization of AntiBSA antibody on the surface of random and diblock poly(HPMA)–poly(CBMA) brushes.
b) Schematic representations of diblock and random polymer brushes with immobilized AntiBSA antibody, represented as a red sphere.

also the antibodies that they immobilized (antisalmonella) were
different from ours (AntiBSA).
Tentatively, we would argue that the key for understanding
this difference lies in the relative grafting density of polymer
brushes. The random copolymer brush and the first block
(poly(HPMA)) in the diblock brushes have more or less similar grafting densities; they start from nearly identical RAFT
surfaces, and the rates of polymerization of both CBMA and
HPMA monomers were near identical. In contrast, the second
block in the diblock copolymer brush (poly(CBMA)) is less
dense, since not all reinitiation sites were available. We think
this slightly lower density, also compared to SI-ATRP-based
brushes, is advantageous for antibody immobilization: in the
second (poly(CBMA)) block, which is less dense and more
swollen in water, there is more space to immobilize relatively
bulkier antibodies. In previous studies, it was indicated that low
grafting density of the second block might allow higher antibody immobilization.[22,46] The high loading of model biorecognition elements on the surfaces diblock brushes, consequently,
will provide high signal-to-noise ratios and will enable application of this new platform for highly sensitive biosensors.

3. Conclusions
We applied the SI-PET-RAFT technique for the creation on gold
surfaces of well-defined antifouling polymer brushes based on
oligo(ethylene glycol) methacrylate, N-(2-hydroxypropyl)methacrylamide, and carboxybetaine methacrylamide. Furthermore,
the synthesis of random and diblock polymer brushes based on
N-(2-hydroxypropyl)methacrylamide and carboxybetaine methacrylamide was demonstrated. Thus, providing a route for the
application of SI-PET-RAFT for the creations of biofunctional
antifouling (gold) surfaces. The kinetics of polymer growth for
all types of polymer brushes were investigated and showed a
controlled, linear profile in the first 90 min of polymerization.
All created coatings showed good antifouling properties toward
the undiluted human serum. The biofunctionalization potential
of the random and diblock polymers was tested with immobilization antibovine serum albumin antibody. Due to the simple
overall approach of producing these antifouling and functional
surfaces, we envision that they can be efficiently used in biosensing devices, tissue engineering, and other applications of
bioactive surfaces.

Figure 8. a) SPR sensorgram for the immobilization of AntiBSA on NHS/EDC-activated diblock and random brushes. b) Immobilized amount of
AntiBSA on the diblock and random poly(HPMA)–poly(CBMA) copolymers, from SPR measurements.
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4. Experimental Section
Materials: All chemical reagents were used without further purification
unless otherwise specified. RAFT-NHS, cysteamine, TEOA, EY, TEA,
MeOEGMA (average Mn = 300), EtOH (99.9%), acetone (99.5%), dry
tetrahydrofuran (THF, 99.9%), PBS (pH = 7.4), and HS-type AB male,
AntiBSA, NHS), EDC were purchased from Sigma–Aldrich. HPMA was
obtained from Polysciences, Inc. Gold-coated silicon wafers and SPR
chips were acquired from Ssens. Quartz crystal microbalance chips were
acquired from Quantum Design GmbH. Deionized water was produced
with a Milli-Q integral 3 system Millipore, Molsheim, France (Milli-Q
water).
3-Acryloylamino-propyl-(2-carboxy-ethyl)-dimethyl-ammonium
(CBMA) was synthesized according to a previously described
procedure.[21,29]
Light Source: Light-emitting diodes (LEDs) with a maximum intensity
at 410 nm (Intelligent LED Solutions product number: ILH-XO01S410-SC211-WIR200) were used, and the current was set at 700 mA,
corresponding to a total radiometric power of 2.9 W, according to
manufacturer specifications.
Formation of RAFT-Agent-Functionalized Monolayers: The RAFT-agent
immobilization was conducted in accordance with modified previously
published procedures.[12,29] The gold surfaces were rinsed with absolute
EtOH and Milli-Q water and blown dry with Ar. Subsequently, the
surfaces were exposed to an oxygen plasma for 10 min in a plasma
cleaner (100 W; 5 mbar O2; Diener electronic GmbH, Germany). Then
surfaces were immersed in a freshly prepared solution of cysteamine
(0.5 mg mL−1) in absolute ethanol at room temperature (RT) for 16 h.
The substrates were subsequently rinsed with EtOH and Milli-Q water
and blow dry with Ar. After immobilization of cysteamine on surfaces,
the substrates were submerged in a solution of RAFT-NHS (20 mg,
53 µmol) and TEA (7 mg, 10 µL, 72 µmol) in 1 mL of dry THF at RT for
16 h. The substrates were subsequently rinsed with THF, acetone, EtOH,
and Milli-Q water, and blow-dried with Ar. The substrates were stored
under Ar protection before use.
SI-PET-RAFT Synthesis of Polymer Brushes: The polymerization was
conducted according to the modification of a previously reported
procedure.[4,22] A dye stock solution with photocatalyst was prepared
to contain EY (25 mg, 39 µmol) and TEOA (160 mg, 1.60 mmol) in
10 mL of Milli-Q water. The monomer (HPMA (178 mg, 1.30 mmol),
MeOEGMA (94 mg, 0.30 mmol), CBMA (76 mg, 0.30 mmol), or random
copolymer HPMA (190 mg, 1.30 mmol) and CBMA (34 mg, 0.14 mmol))
was dissolved in Milli-Q water (1 mL), and subsequently 10 µL of the
stock solution was added. The mixture was vortexed and added to vials
containing surfaces with an immobilized RAFT agent, so that the liquid
formed a thin layer (≈2 mm) on top of the surfaces. Immediately after
this, polymerization was conducted by irradiating the vials with visible
light from an LED light source for different periods of time. In these
experiments, the light source was placed 3–4 cm from the substrates.
The polymerization was stopped by switching off the light source. The
samples were then removed from the solution and subsequently rinsed
with Milli-Q water, ethanol, and blown dry under a stream of argon.
The diblock copolymer was synthesized using solutions for the
first block solutions (HPMA (178 mg, 1.3 mmol) dissolved in Milli-Q
water (1 mL)) and subsequently in 10 µL of the dye stock solution. The
polymerization was conducted for 1 h. The surfaces were removed from
the solution and subsequently rinsed with Milli-Q water, ethanol, and
blown dry under a stream of argon. Subsequently, thus-modified surfaces
were submerged in a new solution for the synthesis of the second block
(CBMA (76 mg, 0.3 mmol) with 10 µL of the dye stock solution in a total
of 1 mL of Milli-Q water). This solution was also irradiated for 1 h. Then
the surfaces were removed and washed with Milli-Q water, ethanol, and
blown dry under a stream of argon.
X-Ray Photoelectron Spectroscopy: XPS measurements were performed
using a JPS-9200 photoelectron spectrometer (JEOL, Ltd., Japan).
Samples before XPS were stored in glass vials and typically measured
within 24 h after the chemical modification step. All samples were
analyzed using a focused monochromated Al Kα X-ray source (spot
size of 300 µm) at a constant dwelling time for survey scan 50 ms and
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narrow scan of 100 ms and pass energy: survey scan = 50 eV narrow
scan = 10 eV. 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. XPS surveyscan and narrow-scan spectra were obtained under ultrahigh vacuum
conditions (base pressure = 3 × 10−7 Pa). All narrow-range 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. The narrow N1s spectra of zwitterionic
polymer brushes were measured in multiple, separate spots, with the
lower number of scans to minimize previously reported the [N+] species
degradation.[14,29]
The XPS depth profiling was performed utilizing an argon source
operating in small cluster ion mode at 500 eV. Each sputtering cycle was
lasted 10 s, and XPS scans were acquired in between sputtering steps.
The Al twin anode X-ray source was used at 15 kV and 10 mA.
SWCA Measurements: The wettability of the modified surfaces was
determined by automated static water contact angle measurements
using a Krüss DSA 100 goniometer. The volume of a drop of
demineralized water was 3 µL. Contact angles from sessile drops
measured by the tangent method were estimated using a standard error
propagation technique involving partial derivatives.
Spectroscopic Ellipsometry: The polymerization kinetics were followed
by measuring the dry thickness of the brushes using an Accurion
Nanofilm_ep4 Imaging Ellipsometer. The ellipsometric data were
acquired in the air at room temperature using light in the wavelength
range of λ = 400.6–761.3 nm at an angle of incidence of 50°. The
data were fitted with EP4 software using a multilayer model. Then,
the polymer brush layers were described using a Cauchy model with
parameters A = 1.526 and B = 1221 for poly(CBMA), A = 1.487 and B = 296
for poly(HPMA), and A = 1.412 and B = 1586 for poly(MeOEGMA).
The Cauchy model for the block copolymer brush was fitted using
parameters A = 1.517 and B = 694. Finally, the Cauchy model for the
random copolymer brush used parameters A = 1.425 and B = 428.
Quartz Crystal Microbalance with Dissipation Monitoring: QCM-D was
used to measure mass changes as well as viscoelastic and structural
properties of the various films.[47,48] The measurements were performed
by using gold-coated quartz resonators (AT-cut, Biolin Scientific,
Sweden) with a fundamental frequency (f0) of 5 MHz in a QCM-D set-up
(Q-Sense E4, Biolin Scientific, Sweden) at 18 °C. The QCM-D sensors
were cleaned with a multistep cleaning procedure. The sensors were
cleaned with 10 min in a plasma cleaner (100 W; 5 mbar O2; Diener
electronic GmbH, Germany) for 10 min, dipped in 2% sodium dodecyl
sulfate solution for 30 min, and rinsed with demineralized water. After
the sensors were dried with a gentle flow of argon, they were treated with
UV–ozone cleaning for another 10 min as stated in the literature.[49,50] All
solutions were bubbled with argon before the experiments to eliminate
dissolved oxygen that may cause problems with the baseline. Before
each experiment, the PBS solution was pumped via a peristaltic pump
(Ismatec high-precision multichannel dispenser) with a flow rate of
50 µL min−1 for at least 15 min to have a stable baseline. QSoft (version
2.8.0.913 Analyzer), DFind (version 1.2.7), and Origin software (9.6.0.172)
software were used to record and process the data, respectively.
Frequency (Δf) and dissipation shifts (ΔD) were acquired real time
at the 3rd (15 MHz), 5th (25 MHz), 7th (35 MHz), 9th (45 MHz), and
11th (55 MHz) harmonic overtones. The third (15 MHz) overtones
were reported for comparison of different polymer coatings. The
change in frequency of the quartz crystal can be associated with a
change in mass (wet) after implementation of a film, resulting in the
Sauerbrey equation (Equation (1)),[42] where Δm is the change in a real
mass density of the film, ∆fn is the frequency shift, n is the harmonic
number, and C (17.7 ng cm−2 Hz−1) is the mass sensitivity constant
c
∆m = ∆f n
n

(1)

Surface Plasmon Resonance: SPR spectra were obtained on an SPR
device from Kinetic Evaluation Instruments (The Netherlands). The
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baseline was acquired by running PBS for at least 15 min. Subsequently,
the undiluted human serum was introduced to the cuvette for 15 min.
The solution was washed afterward with PBS. The mass of the adsorbed
protein, Δm, was calculated accordingly to Equation (2)
∆m·( pg mm−2 ) =

∆R
·1000
C

(2)

In this equation, the conversion factor C is equal to 122 m°
(mm2 ng−1). The penetration depth of the evanescent wave in the SPR
machine, according to specifications, was 300–400 nm.
Antibody Immobilization Studies: The AntiBSA was immobilized
according to a previously modified published procedure.[21] During SPR
measurements, the surfaces were activated in situ using NHS (0.1 m)
and EDC (0.5 m) in 10 × 10−3 m NaCl for 30 min. Afterward, the activated
surface was washed with Milli-Q water (5 min) and PBS. After a stable
baseline in PBS was reached, AntiBSA was injected (0.5 mg mL−1)
for 60 min. Then, the unbound antibody was washed with PBS. The
difference between before and after the start of antibody immobilization
was used to determine the mass in immobilized AntiBSA. The
sensograms were processed using Origin software (9.6.0.172).
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