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or other active biological elements of 
interest.[2] Nevertheless, many bioactive 
surfaces exposed to complex biological 
media have difficulties curbing the non-
specific adoption of proteins.[3] Therefore, 
practical application of such bioactive 
layers requires the incorporation of anti-
fouling layers.[4]

Different strategies are employed for cre-
ating such antifouling coatings, including 
functional self-assembled monolayers 
(SAMs),[5] polymer layers by “grafting-
to” methods,[6,7] and polymer brushes by 
“grafting-from” methods.[8–13] For example, 
oligo(ethyleneglycol)-terminated alkyl 
SAMs are able to resist or decrease fouling 
from single-protein solutions.[14] Also 
poly(ethyleneglycol) (PEG) polymer-coated 
surfaces obtained by grafting-to methods 
show significant resistance to nonspecific 
protein adsorption.[15] Nevertheless, nei-

ther of these approaches is able to fully prevent fouling from 
complex biological matrices such as blood plasma or serum.[16,17] 
In contrast, polymer brushes created by grafting-from methods 
have demonstrated remarkable resistance to biofouling from 
complex biological matrices, especially those based on zwitte-
rionic polymers,[18,19] such as polycarboxybetaines based on the 
corresponding methacrylate/amide (CBMA),[12,20] polysulfobe-
taines from their methacrylate/amide precursor (SBMA),[9,21,22] 
but also formally uncharged polymer brushes derived from 
N-(2-hydroxypropyl) methacrylamide (HPMA).[10,23]

Surface-initiated atom transfer radical polymerization 
(SI-ATRP) is the most frequently used approach for cre-
ating antifouling polymer brush coatings.[10,13,24] However, 
SI-ATRP is a thermal reaction that requires a rigorous control 
over oxygen-free reaction conditions, which makes the reac-
tion difficult to scale up and only provides uniform coatings. 
In response, new and easy-to-use approaches toward versatile 
polymer brush coatings were developed,[25,26] such as activator 
regenerated by electron transfer (ARGET)[12,27] and initiators 
for continuous activator regeneration (ICAR).[28] In addition, 
light-induced polymerizations have been developed, so as to 
allow spatial and temporal control over the surface coating.[29] 
For example, surface-initiated photoinduced single-electron 
transfer living radical polymerization reactions (SET-LRP)[23] 
and surface-initiated photoiniferter-mediated polymerization 
(SI-PIMP)[8,20] have been used to create antifouling polymer 
brushes. However, those techniques utilize UV light that is not 
suitable for all types of monomers, as it may trigger uncon-
trolled photopolymerizations. Recently, a new technique was 
introduced for surface-initiated visible-light-triggered living 
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Biointerface

1. Introduction

Bioactive surfaces have an indispensable role in a variety of bio-
medical applications such as biosensing, tissue engineering, 
and bioimplants.[1] Those surfaces optimally display immobi-
lized bioactive molecules that can interact with cells, proteins 
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radical polymerization (LT-LRP) mediated by transition metal-
based photoredox chemistry, e.g., by iridium complexes.[30–33] 
This method requires only a small amount of catalyst and 
allows to create, in a highly controlled manner, complex pat-
terns of polymer brushes using visible light.[32,34]

A good bioactive antifouling layer balances two objectives, 
namely, maximizing immobilization of bioreceptors and mini-
mizing the nonspecific adsorption of proteins.[4,35] However, a 
significant amount of immobilized bioreceptors itself increases 
the nonspecific adsorption of proteins, due to fouling nature 
of bioreceptors on their own, as well as due to the changes 
in antifouling brush structure.[36,37] In contrast, a low amount 
of immobilized bioreceptors might decrease the biosensing 
capabilities of the bioactive surfaces, but better maintains the 
antifouling properties of the polymer brushes. The balance 
between these two factors determines the performance of anti-
fouling bioactive surfaces, i.e., robust antifouling behavior and 
efficient capture of analytes.

The effective biofunctionalization of polymer brushes 
without impairing antifouling properties still poses a challenge. 
The two main methods used for post-polymerization biofunc-
tionalization of antifouling polymer brushes are chain-end 
modification[24,38,39] and side-chain modification.[10,40] The latter 
method can be achieved using three different approaches via 
homopolymers with reactive side chains,[18] copolymers with 
both reactive and unreactive side chains,[36] or third, diblock 
copolymer brushes with only the upper block being function-
alized.[39] The immobilization of the bioactive elements on the 
chain end of polymer brushes allows to largely preserve the 
structure of the brush and its antifouling properties. However, 
the quantity of immobilized bioactive molecules via chain-end 
modification is significantly lower than that via side-chain func-
tionalization. The side-chain modification approach is typi-
cally based on activating functional groups of the side chains 
of (co)polymer brush. This approach allows reactive groups to 
react with biomolecules to immobilize a large quantity of bio-
molecules along the chain, while still maintaining significant 
antifouling. Two recent examples led us to our current work. 
First, the combination of a sulfobetaine with a clickable but 
still zwitterionic sulfobetaine, which allows fully 3D loading of 
biomolecules.[21] Second, a random copolymer brush of N-(2-hy-
droxypropyl) methacrylamide and carboxybetaine methacryla-
mide (CBMAA), in which the latter could be bioconjugated via 
the use of activated ester reactions.[37] While both aspects high-
light important facets in particular high loading of bioactive 
moieties, the first approach starts to display loss of antifouling 
properties upon high degrees of loading, while the second 
impairs the structure of the brush causing changes in the 
hydrodynamic properties of the polymer chains, crosslinking 
of lateral chains, and steric hindrance. Diblock copolymer 
brushes with only the upper block modification might consti-
tute a compromise approach that allows to immobilize a sig-
nificant number of biomolecules where they can most readily 
interact with the biomarkers of interest (i.e., near the outside of 
the brush), and simultaneously nearly fully preserves the lower 
block of the antifouling polymer brush structure and conse-
quently the antifouling properties of whole system.[41,42]

Herein, we introduce a robust and facile method for the for-
mation of temporally and spatially tuned antifouling bioactive 

polymer brushes using LT-LRP. With this method we syn-
thesized for the first time biofunctional antifouling diblock 
copolymer brushes based on N-(2-hydroxypropyl) meth-
acrylamide at the bottom of the brush, and carboxybetaine 
methacrylate (CBMA) at the top. The resulting brushes were 
characterized extensively by X-ray photoelectron spectroscopy 
(XPS), atomic force microscopy (AFM), attenuated total reflec-
tion Fourier-transform infrared spectroscopy (ATR-FTIR), and 
scanning Auger microscopy. The bottom poly(HPMA) block 
was chosen because it seems to yield the best antifouling 
properties of the routinely studied brushes,[10,40,43] while the 
poly(CBMA) brushes display high antifouling properties 
even after significant functionalization.[18,40] We outline that 
the Ir(ppy)3-mediated light-triggered surface-initiated living 
radical polymerization allows for well-controlled polymeriza-
tion conditions and for further reinitiation from poly(HPMA) 
brush. Moreover, we show that this technique yields spatial 
control over the brush formation and biofunctionalization.[32] 
The antifouling character, as studied by fluorescence micros-
copy, is verified in single protein solutions and also in complex 
biological media. Finally, we demonstrate selective capture by 
antibody functionalized poly(CBMA) in complex media, which 
indicates the application potential of these block copolymer 
brushes.

2. Results and Discussions

The method employed to create hierarchical bioactive 
antifouling diblock copolymer brushes consists of four 
consecutive steps including LT-LRP (Scheme 1). First, from 
an initiator-coated silicon nitride surface poly(HPMA) brushes 
are grown via LT-LRP. Subsequently, a chain extension was 
performed from the poly(HPMA)-coated surfaces with a pro-
tected carboxybetaine derivative. The carboxybetaine monomer 
was chosen for the second block because of the exceptional 
antifouling properties of the CBMA-based polymer brushes 
and for the well-explored synthetic pathways of biofunction-
alization of those brushes.[18] A tert-butyl ester-protected car-
boxybetaine methacrylate-based poly(CBMA-tBu) was utilized, 
as direct polymerization of carboxybetaine monomers did not 
succeed (see below).[44] Third, deprotection of the protected 
carboxyl groups in the poly(CBMA-tBu) polymer yielded 
the carboxybetaine polymer. Finally, bioactive moieties were 
coupled to the CBMA block via NHS/EDC activation of the 
carboxyl groups.

2.1. Visible Light-Triggered Polymerization  
of Poly(HPMA) Brushes

The poly(HPMA) brushes of different thickness were grown 
from self-assembled monolayers of 11-(trichlorosilyl)undecyl-
2-bromo-2-methylpropanoate by LT-LRP. The selected trichlo-
rosilane self-assembled monolayers have been previously 
reported as suitable for anchoring of polymer brushes.[23,45,46] 
The successful grafting of the initiator monolayer was con-
firmed by XPS. The XPS narrow-scan spectrum of the C1s 
region (Figure S1a, Supporting Information) shows three 
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peaks. The peak at 285.0 eV is attributed to the carbon atoms 
in the alkyl backbone of the initiator, and the peaks at 286.7 
and 289.3 eV are assigned to the carbon atoms adjacent to the 
ester [CO] and bromide [CBr], and the carbon from the car-
bonyl group, respectively. The observed ratio between [CC/H]: 
[CO]: [CBr]: [CO] peaks is 12.1: 1.0: 1.1: 0.8, which corre-
sponds to the theoretically expected ratio of 12: 1: 1: 1. Also, the 
experimentally obtained spectrum corresponds well to a simu-
lated XPS spectrum (Figure S2, Supporting Information) based 
on the core orbital energy levels calculated by density functional 
theory (DFT).[47,48] In addition, peaks of the bromine end-group 
were found at 71 eV in the XPS Br3d narrow-scan spectrum 
(Figure S1b, Supporting Information), further confirming the 
presence of the initiator on the surface.

Poly(HPMA) brushes with different thicknesses were grown 
from the initiator-coated surfaces by LT-LRP utilizing Ir(ppy)3 
as a photocatalyst. The kinetics of the polymer brush growth–
from 0 to ≈ 80 nm–were followed by measuring by AFM the 
dry thickness of the polymer layer as function of the reaction 
time. The AFM topography images of brush-coated surfaces 
revealed homogeneous layers with an average roughness 
of Rq of 1.5 ± 0.3 nm (Figure S3a, Supporting Information). 
The thickness of the brush increased linearly in time, which 

confirms the controlled nature of the polymerization (Figure 1a 
and Table S1, Supporting Information). The polymerization 
proceeded faster using an light-emitting diode (LED, 380 nm) 
compared to a halogen lamp (white light, see emission spec-
trum, Figure S4, Supporting Information), with an average rate 
of polymerization of 13.2 ± 0.6 and 9.6 ± 0.6 nm h−1, respec-
tively. This could be caused by both the difference in intensity 
between these light sources and the higher absorption coef-
ficient of Ir(ppy)3 at 380 nm, compared to that at visible-light 
wavelengths (see spectrum of light absorption, Figure S5, 
Supporting Information). The dependence of the polymeriza-
tion rate on the light intensity was previously demonstrated by 
Hawker and coworkers.[31] A higher light intensity leads to an 
increased amount of excited photocatalyst and therefore more 
activation of the polymerization initiator occurs. The possibility 
of using a conventional broad-emission light source, such as a 
halogen lamp, confirms the ease of use and robustness of this 
approach for creating antifouling layers.

The chemical structure of the synthesized poly(HPMA) 
brushes was confirmed by ATR-FTIR (Figure 2a). The FTIR 
spectrum of poly(HPMA) brushes with a thickness of 20 nm 
shows the typical broad stretching bands of hydroxyl (OH) 
and amide (NH) bonds around 3300 cm−1. The CO stretch 
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Scheme 1. Schematic depiction of the method to create hierarchical bioactive surfaces. Poly(CBMA)-poly(HPMA)-diblock brushes are grown from 
an initiator SAM on silicon nitride via LT-LRP, and subsequently biofunctionalized via activation of the carboxyl groups of poly(CBMA) polymer block.
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(amide I) and the coupled NH deformation and CN stretch 
(amide II) bands of the secondary amide group are visible at 
1650 and 1530 cm−1, respectively. The weak absorption at 
1730 cm−1 corresponds to CO stretching of the ester groups 
present in the initiator layer. These results are in good agree-
ment with the expected chemical structure of poly(HPMA) on 
the surfaces.

The chemical structure was further confirmed by XPS. The 
wide-scan XPS spectrum shows – after the various washing 
steps – no residual iridium on the poly(HPMA)-coated sur-
faces (Figure S6, Supporting Information). The narrow-scan 
XPS C1s spectrum (Figure 2c), measured on poly(HPMA)-
coated surface with a thickness of 20 nm, displays a broad 
peak at 285 eV with a shoulder between 286–287 eV, attributed 
to overlapping signals, and a smaller peak at 288 eV attributed 
to the carbonyl atom. The spectrum was deconvoluted by fit-
ting it with four peaks centered at 285.0 eV assigned to CH 
and CC bound atoms, at 285.9 eV from the CN atoms, at 
286.6 eV from the CO atoms, and at 287.9 eV from the CO 
atoms. The ratio between [CC/H]: [CN]: [CO]: [NCO] 
peaks is 3.8: 1.1: 1.1: 1.0, which is in excellent agreement with 
the theoretically expected composition of the poly(HPMA) 
structure (4: 1: 1: 1). Moreover, the C1s spectrum corre-
lates well with the simulated C1s XPS spectrum obtained by 
DFT calculations (See Figure S7 in the Supporting Informa-
tion).[47,48] The combination of AFM, XPS, and IR data thus 
clearly confirm the presence of poly(HPMA) brushes on the 
initiator-coated surface.

2.2. Introduction of Second Block  
of Poly(CBMA-tBu) on Poly(HPMA)

The living nature of the LT-LRP 
polymerization should allow to grow a 
second polymer block from the poly(HPMA) 
brush macroinitiator. Initial attempts to grow 
polymer brushes of CBMA on poly(HPMA) 
by LT-LRP with Ir(ppy)3 in mixtures of water, 
ethanol, methanol, and DMF resulted in self-
polymerization of the solution. Polymeriza-
tion of CBMA in DMF or other nonprotic 
polar solvents was not possible due to solu-
bility issues of the monomer. Thus, a car-
boxyl-protected monomer, CBMA-tBu, was 
used for the synthesis of the second block. 
The AFM topography measurement con-
firmed an overall homogeneous layer without 
irregularities and pinholes and featuring a 
roughness of Rq = 1.2 ± 0.3 nm (Figure S4b, 
Supporting Information). The kinetics of 
growth of poly(CBMA-tBu) brush was again 
linear, thereby confirming that controlled 
nature of this polymerization step (Figure 1b 
and Table S2, Supporting Information). The 
rate of polymerization of the CBMA-tBu 
monomer (halogen lamp 1.5 ± 0.2 nm h−1 
and LED lamp 1.1 ± 0.3 nm h−1) is lower 
due to the charged nature of this monomer, 
which causes repellence of the approaching 
monomer by the growing charged polymer 

brushes. This has been observed for this monomer before, 
showing also a low polymerization rate with conventional 
ATRP.[49] In addition, the temporary stop of the first poly-
merization might also lead to some termination reactions that 
would overall lead to a slower polymerization after reinitia-
tion, although this effect has been shown to be small for neu-
tral monomers.[31,32] The chemical structure of the CBMA-tBu 
copolymer was confirmed by ATR-FTIR (Figure 2a) and XPS. 
In the ATR-FTIR spectrum of poly(CBMA-tBu)-poly(HPMA)-
coated surfaces a strong ester-based CO stretching peak 
appears at 1733 cm−1, i.e., significantly different from the amide-
based CO peak at 1650 cm−1 observed for the poly(HPMA) 
block. The XPS N1s narrow scan (Figure 2b) shows an addi-
tional peak at 402.6 eV, which indicates the presence of pos-
itively charged nitrogen [N+] in the chemical structure of the 
layer. The peak at 399.5 eV in those spectra corresponds to the 
neutral nitrogen [NH] present in the poly(HPMA) layer below 
the second block. The relatively high intensity of the [NH] 
peak, even with a 10 nm second poly(CBMA-tBu) block, is 
probably due to a relative low density of the latter. The charged  
nature of CBMA-tBu and bulky nature of tBu group in the 
mono mer can cause the polymer chains to repel each other, which  
likely results in a lower density of the second block. Moreover, 
the XPS C1s narrow scan spectrum (Figure 2c) shows the 
appearance of a peak at 289.5 eV attributed to ester carbon 
atoms [OCO], and an increase in intensity of the peaks at 
286.0 eV [CN], and 286.7 eV [CO]. The overall data demon-
strate the successful growth of poly(CBMA-tBu) brushes from 
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Figure 1. Dry thickness of polymer brushes as function of the polymerization time, as deter-
mined by AFM a) for poly(HPMA) and b) for poly(CBMA-tBu) grown from the poly(HPMA) 
macroinitiator with thickness of 20 nm.



www.advancedsciencenews.com
www.advmatinterfaces.de

1900351 (5 of 10) © 2019 Wageningen University. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

poly(HPMA) macroinitiator yielding poly(CBMA-tBu) layer as a 
second block of the copolymer.

In order to generate a zwitterionic CBMA polymer top 
block, the tert-butyl ester moieties of the poly(CBMA-tBu)-
poly(HPMA) diblock polymer brush structures were depro-
tected by exposure to undiluted trifluoroacetic acid at room 
temperature for 1 h. The ATR-FTIR spectrum of the depro-
tected poly(CBMA)-block-poly(HPMA) shows the appearance of 
a new peak at 1670 cm−1 corresponding to the CO stretching 
vibrations of the carboxylic acid groups. Also, an increase in the 
intensity of the hydroxyl stretching at 3200 cm−1 was observed. 
These changes indicate the occurrence of the carboxylic acid 
groups in the copolymer (Figure 2a). Moreover, the XPS wide-
scan spectra (Figures S8 and S9, Supporting Information) show 
a decrease of the carbon signals relative to the oxygen and 
nitrogen signals, which is in line with the loss of carbon due 
to the hydrolysis of the tert-butyl ester. In addition, no traces 
of iridium could be detected after polymerization and deprotec-
tion of the CBMA-tBu.

2.3. Patterning of Poly(CBMA-tBu) Brushes

An advantage of the LT-LRP approach is that it enables the 
formation of complex 3D-structured copolymer brush layers 
by using a mask and tuning the thickness of the different 
blocks. This was demonstrated by the growth of CBMA-tBu 
on poly(HPMA) with a patterning mask. From various obser-
vations, it became clear that the poly(CBMA-tBu) only grew in 
irradiated regions, whereas no growth was observed in regions 
without illumination. First, the resulting patterns could be 
easily observed with an optical microscope (Figure 3a), because 
the SiN surface changes its color in a regular fashion with a 
change of the thickness of the polymer brush layer on top. The 
dark pinkish stripes correspond to the thinner poly(HPMA) 
layer, the green to the poly(HPMA)-poly(CBMA-tBu) layer and 
the scratch (yellowish) in the middle of Figure 3a reveals the 
bare silicon nitride underneath, which was used as reference 
for the thickness evaluation. Second, the 3D structure of cor-
responding layers was also confirmed by AFM studies of a uni-
formly coated poly(HMPA) layer onto which a pattern of locally 
grown poly(CBMA-tBu) was attached. Figure 3b shows a uni-
form poly(HPMA) layer thickness of 20 nm and a poly(HPMA)-
poly(CBMA-tBu) layer thickness of 50 nm. The thickness of 
20 nm for the poly(HPMA) layer corresponds to the thick-
ness before patterning, which demonstrates that the second 
block only grew in the illuminated areas. Third, the selective 
growth of the poly(CBMA-tBu) top block was further confirmed 
by Auger intensity mapping of the nitrogen signal at 382 eV 
(Figure 3d). The different amount of neutral nitrogen [NH] in 
patterned areas and nonpatterned areas is shown by different 
intensities of red color.

This patterned growth thus also opened up the possibility 
of local biofunctionalization of the designed patterned layer, 
via the local immobilization of BSA-FITC on the surface. After 
deprotection (see above), the CBMA surfaces were biofunction-
alized with BSA-FITC utilizing NHS/EDC active ester chem-
istry. Only fluorescence was observed in the CBMA-patterned 
areas, indicating that BSA-FITC was only present in these areas 

Adv. Mater. Interfaces 2019, 1900351

Figure 2. a) ATR-FTIR spectra of 1) poly(HPMA) brushes with a thickness 
of 20 nm, 2) poly(HPMA)-poly(CBMA-tBu) copolymer with a total thick-
ness of 30 nm, and 3) poly(HPMA)-poly(CBMA) copolymer thickness of 
30 nm. Narrow-range XPS spectra of the b) N1s and c) C1s regions for 
1) poly(HPMA) brushes with thickness of 20 nm, and 2) poly(HPMA)-
poly(CBMA-tBu) copolymer with thickness of 30 nm.
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(Figure 3c). This approach enables the local biofunctionaliza-
tion of antifouling surfaces, while the antifouling property in 
the nonfunctionalized areas is unaffected.

2.4. Biospecific Capture with Poly(CBMA)-Poly(HPMA)-Coated 
Surfaces

To demonstrate the applicability of the poly(CBMA)-
poly(HPMA)-coated surfaces for biosensing applications, anti-
fibrinogen (AntiFbg) antibodies were immobilized on the 
surfaces. Fibrinogen (Fbg) was chosen as an analyte, since it 
also shows significant nonspecific adsorption on nonmodi-
fied surfaces and has been frequently used as a model protein 
for fouling determination. AntiFbg has strong affinity to the 
α-chain of human fibrinogen, allowing an efficient capture 
of fibrinogen. The immobilization of AntiFbg was achieved 
by activating the carboxylate groups along the CBMA chains 
using NHS/EDC chemistry and subsequently binding the anti-
body via active ester coupling. The design of bioactive surfaces 
requires to have not only high affinity to the analyte but also an 
excellent resistance to fouling from complex biological media. 
Therefore, poly(CBMA)-poly(HPMA)-coated surfaces were used 
with thicknesses of 20 nm for the HPMA and 10 nm for the 
CBMA block. The thicknesses of these blocks were chosen to 
balance between antifouling performance of the bottom layer–
for which typically >15 nm brushes are required–and loading 
of bioactive elements and antifouling performance of the top 
layer.[50] A thicker second block allows for a higher loading of 
antibody but–since antibodies themselves are not antifouling, 
but rather: fouling–at the same time might reduce the fouling 
performance.

The coated surfaces were challenged by contacting them 
with fluorescent single-protein solutions of BSA-FITC, Fbg-
Alexa647, and Str-FITC, respectively, and by a 10% biotinylated 
bovine serum (BS) solution in PBS for 15 min; this time is typi-
cally sufficient to assess the adsorption of proteins onto stable 
polymer brushes.[10] The fouling by biotinylated BS was detected 
by subsequent exposure to Str-FITC solution, which binds to 
the biotin residues of any fouling serum proteins present on 
the surface.[43] The fluorescence intensity of exposed bare SiN 
surfaces is high, due to the high nonspecific adsorption of pro-
teins from corresponding solutions (Figure 4a and Table S3, 
Supporting Information). The introduction of poly(HPMA) 
on the surface of SiN drastically lowers the intensity of fluo-
rescence after exposure to biofouling solutions. This confirms 
that poly(HPMA) brushes synthesized by the LT-LRP technique 
preserve its original highly effective antifouling properties, as 
previously reported for poly(HPMA) brushes synthesized with 
ATRP and SET-LRP methods.[10,23] The diblock copolymer 
structure of poly(HPMA) and poly(CBMA) also showed simi-
larly high antifouling properties to the three single-protein 
solutions as well as to the biotinylated bovine serum solution. 
Both poly(HPMA) and poly(CBMA) are strongly hydrated poly-
mers leading to their excellent antifouling properties.[10,43,51]

The bioactive antifouling surface was created by biofunc-
tionalizing the second block of poly(HPMA)-poly(CBMA) with 
AntiFbg antibodies. The resulting surface was exposed as well 
to the different single-protein solutions and to the biotinylated 
bovine serum solution. The poly(HPMA)-poly(CBMA)-AntiFbg 
showed excellent resistance to the nonspecific adsorption 
of Str-FITC, BSA-FITC and biotinylated serum proteins. In 
addition, it demonstrated the effective and specific capture of 
Fbg-Alexa647 from single protein solution (Figure 4a) compared 
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Figure 3. a) Optical microscope image of line-patterned 30 nm thick poly(CBMA-tBu) layer on a uniformly coated 20 nm thick poly(HPMA) layer, with a 
scratch (orange bar) that was used as reference for the thickness measurement. b) AFM topography of Sections 1 and 2 in (a). c) Fluorescence micro-
scope image of a deprotected patterned poly(CBMA-tBu) layer with immobilized BSA-FITC. d) Intensity mapping of the nitrogen Auger signal at 382 eV.
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with the nonfunctionalized poly(CBMA)-poly(HPMA) (two-
tailed t-test probability P < 0.0001, P = 2 × 10−8). Moreover, 
we compared the capture of Fbg-Alexa647 by the diblock 
structure AntiFbg-poly(CBMA)-poly(HPMA) with an AntiFbg-
functionalized dense poly(carboxybetaine acrylamide) brush 
(poly(CBMAA)). The poly(CBMAA) brush, with a thick-
ness of 17 nm, was synthesized by SI-ATRP according to a 
previously published procedure.[10] The AntiFbg-poly(CBMA)-
poly(HPMA) coated surfaces showed a 49% higher (P < 0.01) 
fluorescence intensity compared with AntiFbg-poly(CBMAA) 
(Figure S10 and Table S5, Supporting Information). This indi-
cates that the diblock strategy allows for a higher antibody 
loading for capture of Fbg-Alexa647. The higher loading is 
most likely due to the lower density of the second block in the 
poly(HPMA)-poly(CBMA) coating, as indicated by the visibility 
of the HPMA amide nitrogen atom in the XPS spectrum (see 
above). Previous studies of bioactive antifouling hierarchical 

polymer brush structures also indicated that a lower grafting 
density for the second layer may allow for a higher loading of 
antibody.[52]

We have further challenged the created AntiFbg-
poly(CBMA)-poly(HPMA)-coated surfaces, for specific capture 
not only from single-protein solution but also from complex 
biological media, by exposing the surface to BS containing 
Fbg-Alexa647 (0.1 mg mL−1). Also, here the fouling from BS 
was detected by fluorescence from Str-FITC that labeled the 
adsorbed biotinylated BS proteins. The specific capture was 
detected by fluorescence from Fbg-Alexa647. On bare silicon 
nitride fluorescence was observed from both BS labeled with 
Str-FITC and Fbg-Alexa647 (Figure 4b and Table S4, Supporting 
Information). The bare silicon nitride has lower fluorescence 
intensities of protein adsorption from BS compared with the 
intensities observed for BS without Fbg-Alexa647 added. This is  
most likely due to the presence of Fbg-Alexa647 that also 
adsorbs on the surface and replaces some adsorbed BS proteins 
(Vroman effect). While on the poly(CBMA)-poly(HPMA)-coated 
surfaces nearly no fluorescence was observed from both the BS 
and Fbg (Figure 4b). However, on the AntiFbg functionalized 
block copolymer only fluorescence from the Fbg-Alexa647 was 
observed. The significant fluorescent signal of Fbg-Alexa647 
as analyte and no signal from fouling of proteins attributed 
to BS on the surface that were exposed to BS containing 
Fbg-Alexa647 (0.1 mg mL−1). The fluorescence signal from Fbg-
Alexa647 on the AntiFbg-poly(CBMA)-poly(HPMA)-coated sur-
faces is significantly higher (P < 0.0001) in case of capture from 
BS compared to that from single-protein solutions. A possible 
reason for this might be interaction of Fbg with other proteins 
present in the serum, in particular thrombin. This could cause  
dimerization of Fbg into fibrin dimers or oligomers, which can 
also be captured by AntiFbg on the surfaces.[53] Nevertheless, 
these results pave the way for the creation of biosensors that 
recognize analytes selectively in different complex biological 
media.

3. Conclusion

We designed a new approach to create bioactive polymer brush-
coated surfaces using light-triggered living radical polymeriza-
tion. We demonstrated the potential of this approach to obtain 
patterned biospecific polymer brushes on top of an indepen-
dently patternable nonfouling base layer. As an example in 
case, N-(2-hydroxypropyl) methacrylamide (HPMA, 1st block) 
and carboxybetaine methacrylate (CBMA, 2nd block) were 
grown successively from initiator-coated surfaces via LT-LRP 
with Ir(ppy)3. The designed diblock copolymers showed 
excellent antifouling properties in single-protein solutions 
of bovine serum albumin, streptavidin and fibrinogen, and 
also in diluted bovine serum medium. Furthermore, conjuga-
tion of anti-human fibrinogen antibody on the poly(HPMA)-
poly(CBMA)-coated surfaces demonstrated the high selectivity 
of the bioreceptor to fibrinogen in complex biological medium 
without impairment of the proteins resistance. We thus envi-
sion that the strategy presented herein can be efficiently applied 
in highly sensitive biosensing devices, along several lines 
currently ongoing in our labs.

Adv. Mater. Interfaces 2019, 1900351

Figure 4. a) Fluorescence intensities of Fbg-Alexa647 (0.1 mg mL−1), BSA-
FITC (0.1 mg mL−1), Str-FITC (0.1 mg mL−1), and Str-FITC labeled 10% 
diluted biotinylated bovine serum (BS) on 1) bare SiN 2), poly(HPMA), 
3) poly(CBMA)-poly(HPMA), and 4) AntiFbg-poly(CBMA)-poly(HPMA). 
b) Fluorescence intensities of Fbg-Alexa647 (0.1 mg mL−1) in 10% diluted 
biotinylated bovine serum. The Str-FITC was used for labeling proteins 
from bovine serum labeled with fluorescent signal attributed to nonspe-
cific adsorption of proteins from bovine serum.
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4. Experimental Section
Materials: All chemical reagents were used without further purification, 

unless otherwise specified. Tris[2-phenylpyridinato-C2,N]iridium(III) 
(Ir(ppy)3), N,N-dimethylformamide (DMF), 2-(dimethylamino)ethyl 
methacrylate, tert-butyl bromoacetate, N-hydroxysuccinimide (NHS), 
N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC), 
and albumin fluorescein isothiocyanate conjugate from bovine serum 
(BSA-FITC) were purchased from Sigma-Aldrich, and N-(2-hydroxypropyl) 
methacrylamide from Polysciences, Inc. Fibrinogen from human plasma, 
Alexa Fluor 647 conjugate (Fbg-Alexa647), and mouse anti-fibrinogen 
monoclonal antibody (AntiFbg) were acquired from Thermo Fisher 
Scientific. Streptavidin-fluorescein isothiocyanate conjugate (Str-FITC) 
was purchased from BD Biosciences. 11-(Trichlorosilyl)undecyl 2-bromo-
2-methylpropanoate was purchased from Gelest, Inc. Silicon substrates 
coated with 50 nm of LPCVD silicon nitride were acquired from Siltronix. 
Deionized water was produced with Milli-Q Integral 3 system Millipore, 
Molscheim, France (Milli-Q water). Bovine serum was obtained and 
biotinylated as previously described.[43]

2-tert-Butoxy-N-(2-(methacryloyloxy)ethyl)-N,N-dimethyl-2-oxo-
ethanaminium (CBMA-tBu) monomer synthesis. The synthesis 
was performed as previously reported.[49] 2-(Dimethylamino)ethyl 
methacrylate (5.00 g, 31.8 mmol) and tert-butyl bromoacetate (8.68 g,  
34.3 mmol) were reacted in acetonitrile (20 mL) for 24 h at 50 °C 
under Ar protection. Following the addition of ethyl ether (250 mL) to 
the reaction mixture, the product precipitated, and the obtained white 
crystals were isolated and dried under vacuum. The resulting CBMA-tBu 
monomer was immediately stored under argon protection at −20 °C.

1H NMR (D2O) δ (ppm): 1.40 (s, 9H, -OC(CH3)3), 1.83 (s, 3H, 
CH2C(CH3)COO-), 3.26 (s, 6H, -CH2N(CH3)2CH2COO-), 3.94 (t, 2H, 
J = 3 Hz, -COOCH2CH2N(CH3)2CH2-), 4.23 (s, 2H, CH2N(CH3)2CH2COO-),  
4.56 (t, 2H, J = 3 Hz, CH2C(CH3)COOCH2CH2N(CH3)2), 5.70 and 
6.06 (s, 2H, CH2C(CH3)COO-). Yield: 90% (see Figure S11 in the 
Supporting Information for the NMR spectrum).

Light Source: A halogen lamp (see Figure S4 in the Supporting 
Information for the emission spectrum) and an LED with maximum 
intensity at 380 nm (Intelligent LED Solutions product number: ILS-
XO05-S380-0058-SC211-W2) were used. The light intensity of the 
halogen lamp was measured to be 3.5 µW cm−2; the LED current was 
set at 700 mA, corresponding to a total radiometric power of 2.9 W, 
according to manufacturer specifications.

Formation of Initiator-Functionalized Self-Assembled Monolayers: 
The substrates were rinsed with, acetone, absolute ethanol 
(EtOH), and Milli-Q water and blown dry under a gentle stream of  
Ar. Subsequently, the surfaces were exposed to an air plasma in 
a plasma cleaner (Diener electronic GmbH, Germany) for 5 min. 
The freshly activated surfaces were immediately immersed in a 
freshly prepared solution of 11-(trichlorosilyl)undecyl-2-bromo-2-
methylpropanoate (1 mg mL−1) in dry toluene at RT for 16 h. The 
substrates were subsequently rinsed with toluene, acetone, EtOH, 
and Milli-Q water and blow dried with Ar.

Synthesis of Visible-Light-Triggered Poly(HPMA) Brush: HPMA 
monomer (536 mg, 3.74 mmol) was dissolved in DMF (2 mL). The 
obtained solution was deoxygenated by bubbling Ar through for 30 min 
under stirring and kept in the dark by wrapping the flask in aluminum 
foil. Subsequently, Ir(ppy)3 (3 mg, 4 µmol) was added to the solution 
under Ar protection. The polymerization solution was stirred for 15 min 
and transferred by syringe to individual deoxygenated crimped vials 
containing the initiator-coated SiN wafer substrates, which were closed 
immediately afterward. Immediately after this, the polymerization was 
conducted by irradiating the vials with visible light from a halogen or 
LED light source for different periods of time. In these experiments, the 
light source was placed 3–4 cm from the substrates and an airflow was 
used to cool the vials. The polymerization was stopped by turning off the 
light. The samples were removed from the solution and subsequently 
rinsed with DMF, acetone, absolute ethanol, and water, and blown dry 
under a gentle stream of Ar (see for a picture of the set-up Figure S12, 
Supporting Information).

Formation of Poly(CBMA-tBu) Brushes Grown on Poly(HPMA)-Coated 
Surfaces: CBMA-tBu monomer (285 mg, 0.95 mmol) was dissolved in 
DMF (2 mL). The obtained solution was deoxygenated by bubbling 
through with Ar for 30 min under stirring and in the dark by wrapping 
the flask in aluminum foil. Afterward, Ir(ppy)3 (3 mg, 4 µmol) was added 
to the solution under argon flow. The polymerization solution was 
stirred for 15 min and transferred via syringe to individual deoxygenated 
crimped vials containing poly(HPMA) coated SiN substrates, which 
were closed immediately afterward. Subsequently, the polymerization 
was conducted by irradiating the vials with visible light from a halogen 
or LED light source for different periods of time. The light source was 
placed 3–4 cm from the substrates and an airflow was used to cool 
the vials. The polymerization was stopped by turning off the light. The 
samples were removed from the solution and subsequently rinsed 
with DMF, acetone, absolute ethanol, and water, and dried by blowing 
with Ar.

Micro-Patterned Poly(CBMA-tBu) on Poly(HPMA)-Coated Surfaces: A 
specifically designed micro-patterned mask (see Figure S13, Supporting 
Information) was placed on top of a poly(HPMA)-coated silicon 
nitride surface and placed in a vial. The micro-patterned brushes of 
poly(CBMA-tBu) were grown on the of poly(HPMA) brush surface using 
the same procedure of chain extension of poly(HPMA) as described 
above.

Deprotection of Poly(CBMA-tBu) Moieties: The poly(CBMA-tBu)-
poly(HPMA)-coated surfaces were immersed in trifluoroacetic acid 
for 1 h at RT to remove the tBu protective groups, and generate a 
poly(CBMA) block. Afterward, the samples were washed with Milli-Q 
water and ethanol and dried by blowing with Ar.

Biofunctionalization of Poly(CBMA)-Poly(HPMA): The poly(CBMA)-
poly(HPMA)-coated surfaces were incubated in freshly filtered Milli-Q 
water for 15 min at RT, followed by incubating in a mixture of NHS 
(5 mL, 0.1 m) and EDC (5 mL, 0.5 m) in 10 × 10−3 m NaCl for 30 min. 
Afterward, the activated surface was washed with Milli-Q water, and 
incubated for 30 min in a protein (BSA-FITC or AntiFbg, 0.1 mg mL−1) 
solution in phosphate-buffered saline (PBS; pH 7.4). The residual of 
noncovalently bound proteins was removed by rinsing with PBS and 
Milli-Q water. The surface was deactivated with glycine blocking solution 
(pH 6.0, 1 m) for 30 min, and afterward rinsed with Milli-Q water.

Fluorescence Microscopy: Fluorescence images of the patterned 
bioactive layers were taken with a widefield fluorescent microscope (Zeiss 
Axioskop 2+). A Leica TCS SP8 confocal laser scanning microscope 
(CLMS) (Leica Microsystems, Mannheim, Germany) was used to 
measure protein fouling and specific interactions of the coated surfaces. 
A Leica HyDTM hybrid detector was used in photon counting mode to 
measure the intensity of the fluorescence signal. A 10 × objective was 
used and the samples were set in focus by maximizing the reflected 
light intensity from the laser. Fluorescence images were obtained by 
accumulating 10 consecutive images. Images were analyzed with the 
Leica LAS X Life Science software.

Protein Adsorption and Selective Capture: The protein fouling and 
selective capture ability of the coated surfaces in complex biological 
media were investigated by incubating surfaces in BSA-FITC 
(0.1 mg mL−1), Fbg-Alexa647 (0.1 mg mL−1), Str-FITC (0.1 mg mL−1), 
10% diluted biotinylated bovine serum, and in 10% diluted biotinylated 
bovine serum containing Fbg-Alexa647 (0.1 mg mL−1) for 15 min at RT. 
The surfaces exposed to biotinylated bovine serum were then copiously 
washed with PBS (10 mL, pH 7.4), followed by exposure to Str-FITC 
(0.1 mg mL−1) for 15 min at RT. Afterward the samples were rinsed with 
PBS (10 mL, pH 7.4) and Milli-Q water (10 mL), and subsequently dried 
by blowing with Ar. Further, the samples were mounted on glass slides 
and the intensity of fluorescence of adsorbed proteins was measured.

X-Ray Photoelectron Spectroscopy: XPS measurements were performed 
using a JPS-9200 photoelectron spectrometer (JEOL Ltd., Japan). All 
the samples were analyzed using a focused monochromated Al K X-ray 
source (spot size of 300 µm) radiation at 12 kV and 20 mA with an 
analyzer energy pass of 10 eV. XPS wide-scan and narrow-scan spectra 
were obtained under UHV conditions (base pressure 3 × 10−7 Torr). All 
narrow-range spectra were corrected with a linear background before 
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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.

Attenuated Total Reflection Fourier-Transform Infrared Spectroscopy: 
IR spectra were recorded on a Bruker Tensor 27 FT-IR spectrometer 
(Massachusetts, United States) with an Auto Seagull Pro IR attachment 
and Ge hemispherical ATR crystal attachment. The spectrum of an 
unmodified plasma cleaned sample was measured as a background 
and was subtracted from the spectra of modified samples. In addition, 
a linear baseline correction was applied. Spectra were acquired with 256 
scans at a resolution of 4 cm−1. The starting angle was set at 68°, and 
with the p-polarization angle was 90° (horizontally polarized).

Atomic Force Microscopy: AFM surface topography images were 
acquired by an Asylum Research MFP-3D SA AFM (Oxford Instruments, 
United Kingdom). A sharp knife was used to scratch the surfaces. The 
scratched surfaces were sonicated in a mixture of Milli-Q water and 
absolute EtOH (1:1) to remove the residuals from scratching. The 
surfaces were subsequently dried with Ar, and the scratched surfaces 
were directly measured by AFM. The height differences between 
scratched and intact surface in AFM topography images were used to 
determine the thickness of polymer layers. Gwyddion software was used 
to process and analyze the AFM topography images.[54]

Scanning Auger Microscopy: Scanning Auger measurements were 
performed at room temperature with a scanning Auger electron microscope 
(JEOL Ltd., Japan, JAMP-9500F field emission scanning Auger microprobe) 
system. Elemental mapping was analyzed by scanning Auger microscopy. 
Elemental images were acquired with a primary beam of 10 keV and 8 nm 
probe diameter was used. The take-off angle of the instrument was 0°.

Electronic Core Level Calculations: All calculations were done with the 
GAUSSIAN 16 program.[55] The geometries of the different systems were 
optimized at the B3LYP/6-311G(d,p) level of theory. Natural bond orbital 
(NBO) analysis was employed to obtain the core orbital energies.[56]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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