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Stimuli-Responsive Materials with Self-Healing Antifouling 
Surface via 3D Polymer Grafting
 A novel stimuli-responsive material is reported with the self-healing anti-
fouling surface via 3D polymer grafting. The self-healing surface is generated 
from a polymer network and polymeric chains grafted both to the surface 
of the network and inside the host network material. In the conventional 
approach to an antifouling surface via grafting of polymer brushes, the 
degradation and detachment of grafted polymeric chains would expose the 
underlying layer, leading to a loss of the antifouling effect. If a substantial 
fraction of the grafted polymers is degraded and detached, the proposed 
material with 3D polymer grafting retains its antifouling property due to 
the spontaneous (driven by an emerging gradient in a chemical potential) 
replacement of detached or damaged polymeric chains with segments of the 
chains stored inside the fi lm in proximity to the interface. The pH-responsive 
poly(2-vinylpyridine) fi lms with the 3D grafting of poly(ethylene oxide) in 
physiological conditions (pH 7.4 and 37  ° C) demonstrate a 4-fold increase in 
longevity of antifouling behavior than the material with the surface grafted 
polymer. At the same time, the 3D grafted responsive fi lms retain their pH-
responsive properties. The proposed 3D polymer-grafting can be carried 
out on various surfaces (polymers, nanofi ber mats, nanoporous inorganic 
materials, etc.) and, hence, can aid in the design of advanced biointerfaces for 
biomedical and biotechnological applications. 
  1. Introduction 

 Living organisms demonstrate diverse stimuli-responsive 
behavior that is vital for their life and interactions with the 
host environment. One such response is self-healing. Capa-
bilities to synthesize, regenerate and replace tissues in living 
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systems are demanded for man-made 
materials for different applications. 
Among them is the capability to maintain 
long-lasting antifouling properties using 
self-healing behavior preprogrammed in 
the material. 

 Variations in the surrounding envi-
ronment (pH, ionic strength, tempera-
ture, chemical reagents, etc.) of nano-
structured stimuli-responsive polymeric 
materials (e.g., polymer brushes, polymer 
gels, nanogels, thin fi lms, etc.) cause 
both chemical (ionization, formation or 
breaking of chemical bonds, isomeri-
zation, etc.) and physical (mechanical, 
optical, electroconductive, etc.) property 
changes within the materials. These tun-
able physical properties are used for the 
triggered release of drugs, changes in the 
shape and mechanical properties of arti-
fi cial implants, plasmon coupling in bio-
sensors, regulation of the permeability of 
bioseparation membranes and cell adhe-
sion, and so on. [  1  ]  Quite often the changes 
in chemical and physical properties are in 
confl ict with the complex environment of 
the materials. For example, stimuli-trig-
gered changes of initially inert drug delivery capsules, contrast 
agents or shape memory implants may transform these bioma-
terials into objects that are targeted by the immune system due 
to the changes in the hydrophobic behavior, electrical charge 
or functional groups that frequently accompany the stimuli-
responsive behavior of the materials. This problem is solved 
using a decoration of the material's surface with a grafted inert 
hydrogel coating (tethered polymer brushes or networks). [  2  ,  3  ]  
The hydrogel coating prevents short-range nonspecifi c inter-
actions and long-range electrostatic interactions provided 
that the coating is about or greater than a few nanometers in 
thickness (note that under physiological conditions the Debye 
screening length is about 1 nm). Such antifouling coatings 
have numerous industrial and biotechnological applications. [  4  ]  
However, an aging and loss of the antifouling properties are 
limitations in many applications. 

 Here, we propose a novel coating with a 3D grafted poly mer 
structure for rendering a surface with long-lasting antifouling 
properties as illustrated in  Figure    1  . Figure  1 a shows the con-
ventional approach to an antifouling surface by the grafting 
m 4593wileyonlinelibrary.com
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     Figure  1 .     Schematic illustration of the PEO-grafted P2VP network fi lms: 
a) the grafting of PEO to the surface of a P2VP fi lm and b) 3D polymer 
grafting on the surface and inside of a P2VP fi lm. The self-healing aspect 
of the antifouling property is due to the rearrangement of internally 
grafted polymers to the interface (marked as dark blue chains).  
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of polymer brushes. In this approach, degradation and 
detachment of the grafted polymeric chains would expose the 
underlying layer, leading to a loss of the antifouling effect. The 
proposed coating with the 3D grafting (Figure  1 b), which con-
sists of polymeric chains grafted both to the surface and inside 
the polymeric host material, has the potential to retain the 
antifouling effect, even if a substantial fraction of the grafted 
polymers is degraded and detached. The self-healing mecha-
nism of the proposed structure refers to the replacement of 
the detached or damaged polymeric chains by segments of the 
chains stored inside the fi lm in proximity to the interface. A 
number of segments of the stored grafted chains relocate from 
the fi lm's interior driven by an emerging gradient in a chemical 
potential, and an antifouling effect in the exposed area can thus 
be recovered by itself.  

 The proposed concept is experimentally proven for 
poly(ethylene oxide) (PEO) coatings that undergo the oxi-
dative degradation and hydrolytic dissociation of the ester 
bonds used to tether the polymer. This polymer was specially 
selected to accelerate the experiments on the coating degrada-
tion for the study of the material's aging. We believe that the 
obtained self-healing effect can be extended and fi nd practical 
applications in a combination with more stable hydrophilic 
polymers. 

 Many recent studies have focused on the interactions at 
the interface between synthetic materials and biological com-
ponents on multiple scales from nucleic acids and proteins to 
94 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag 
cells and organs. [  5  ]  Self-assembled monolayers (SAMs) [  6–15  ]  and 
grafted polymers [  16  ]  such as polyethylene glycol (PEG) and its 
derivatives, [  17–31  ]  hydroxyethyl methacrylate, [  32  ,  33  ]  carbohydrate 
derivatives, [  34–36  ]  zwitterionic polymers, [  37–40  ]  poly(2-methyl-
2-oxazoline), [  41  ]  and polypeptoids, [  42  ,  43  ]  to name a few, have been 
extensively developed to achieve high resistance to protein and 
cell adsorption. 

 A number of studies have revealed that antifouling surfaces 
do not possess long-term stability due to the degradation and 
detachment of SAMs and grafted polymer chains. The stability 
of grafted surfaces decorated with PEG and its derivatives in 
particular has been rigorously studied. [  9  ,  27–31  ]  For example, the 
oligoethyleneglycol-terminated SAMs lose their cell-repellent 
property after seven days in serum-containing media. [  9  ]  The 
grafted PEG brushes began to exhibit cell adhesion after two 
weeks in a phosphate buffer. [  27  ]  The high-density poly(PEG 
methylacrylate) brushes prepared by surface-initiated polym-
erization were detached from the substrates within one to two 
days in cell culture media. [  30  ]  Common strategies for enhancing 
the coating's stability include producing a more stable SAMs 
and polymer brushes binding with the substrate, using poly-
mers with a more stable chemical structure, and using polymer 
networks. [  44  ]  The latter approach is very effi cient for the long-
term stability of antifouling properties since the loss of the anti-
fouling behavior will require multiple cleavage of the chemical 
bonds in the polymer network, in contrast to the so-called “cata-
strophic effect” of a single bond breakage for tethered poly-
mers and SAMs. However, the polymer network fi lm could not 
always be used for the decoration of stimuli-responsive mate-
rials (which could also be made of a stimuli-responsive polymer 
network) since the mechanical properties of both the stimuli-
responsive material and the network coating could be in con-
fl ict on the scale of nanomaterials when the material dimen-
sions and coating are comparable. For example, the release of a 
drug stored in a thermoresponsive nanogel could be inhibited 
by a swollen network coating since the free energy change due 
to the local temperature change in the nanogel particle might 
be not suffi cient to power an additional deformation of the 
external antifouling network. 

 Combinations of networks with polymers grafted inside 
them have been reported in previous studies and referred to 
as a comb-type gel. The comb-type responsive hydrogel with 
freely moving chains grafted to the network exhibited a rapid 
response to environmental stimuli. [  45–47  ]  These materials 
were explored as potential carriers for the delivery of drugs 
and nucleic acids. [  48–51  ]  In addition, a grafted polymer capable 
of forming self-assembled structures inside the polymeric 
fi lm can improve its physical and mechanical properties. [  52  ]  
To date, the combination of a network fi lm and 3D polymer-
grafting has never been applied to creating a long-lasting anti-
fouling surface. In this study, we report on the fi rst demon-
stration of retaining low interfacial energy properties for an 
extended time period due to a spontaneous rearrangement 
of the grafted polymers residing in a polymer network fi lm. 
The proposed system can aid in the design of biointerfaces 
for biomedical and biotechnological applications, such as bio-
sensors, systems for the delivery of drugs and genes, scaffolds 
for cell cultures, implants, diagnostic devices, and membrane 
separation fi lters.  
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4593–4600



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com

     Figure  3 .     Scattering length density (SLD) profi le of the PEO-grafted P2VP 
fi lms (quaternization degree 5.7%) using X-ray refl ectivity measurements 
in air and schematics for the fi lm structure: a) non-grafted fi lm, b) PEO-
Br-12k, and c) PEO-Br-5k.  
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  2. Results and Discussion 

 pH-responsive cross-linked poly(2-vinyl pyridine) (P2VP) fi lms 
(10–20 nm in thickness) on the surface of Si-wafers were pre-
pared as described elsewhere. [  53  ,  54  ]  P2VP was crosslinked by 
the quaternization reaction using diiodobutane. The cross-
linking density was proportional to the quaternization degree, 
which was defi ned as a number fraction of the reacted pyridine 
groups and varied in the 1–21% range. Afterward, PEO was 
grafted to the surface and inside the P2VP fi lms. To this end, 
a halogen-terminated PEO was spin-coated on the P2VP fi lms 
and the reaction of terminal alkyl-halogen groups with P2VP 
pyridine rings was conducted by annealing at 120  ° C for 20 h in 
a vacuum; the grafting temperature was higher than the glass 
transition temperature of P2VP and the melting temperature 
of PEO, providing the proper conditions for the mobility of 
polymer segments. PEO chains penetrated into the P2VP net-
work due to good compatibility of the two polymers, leading 
to 3D grafting of PEO. Three samples of halogen-terminated 
PEO were used: chloro-terminated PEO ( M n    =  5.0 kg/mol 
[PEO-Cl-5k]), and two bromo-terminated PEOs ( M n    =  5.0 kg/
mol [PEO-Br-5k], and  M n    =  12.3 kg/mol [PEO-Br-12k]). The ter-
minal functional groups of PEO-Br polymers include a hydro-
lytically degradable ester group to produce a fast detachment 
of grafted polymers for long-term stability tests. The prepared 
PEO-grafted P2VP fi lms were characterized by ellipsometry 
(Multiskop null-ellipsometer, Optrel), X-ray refl ectivity (Ultima 
III multi-purpose diffractometer, Rigaku), water contact angle, 
and atomic force microscopy (AFM, Dimension 3100 Scanning 
Probe Microscope, Veeco Instruments) measurements (see the 
Experimental section for more details) 

 The relationship between the quaternization degree of the 
P2VP fi lms and the amount of the grafted PEO is shown in 
 Figure    2  . It is worth noting that, the PEO grafting is strongly 
dependent on the quaternization degree (crosslinking degree) 
of the P2VP fi lms and the molecular weight of PEO. In the case 
of the grafting of the lower molecular weight PEO polymers 
(PEO-Br-5k and PEO-Cl-5k), the grafted amount decreases as 
the quaternization degree increases. PEO-Br-12k plateaus at 
© 2013 WILEY-VCH Verlag Gm

     Figure  2 .     Amount of the grafted PEO to P2VP fi lms with different degrees 
of quaternization (crosslinking) for different samples of PEO: PEO-Br-12k 
(�), PEO-Br-5k ( � ), and PEO-Cl-5k ( � ).  
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roughly 10 mg/m 2  when the quaternization degree is greater 
than 5%.  

 The composition profi les of the fi lms were analyzed using 
X-ray refl ectivity measurements ( Figure    3  ). The quaterniza-
tion degree for all the samples was 5.7%. Before the measure-
ments, tetrachloroauric ions were bound to P2VP to contrast 
the P2VP layers. The reference P2VP fi lm (Figure  3 a) appears 
as a single layer with a constant value of scattering length den-
sity (SLD). The SLD profi le of the grafted fi lm with PEO-Br-
12k chains (Figure  3 b) has two distinct layers: the fi rst one is 
a 19-nm thick layer with a constant density, and the second 
one is a 13-nm thick layer with a gradual slope. The fi rst and 
second layers originate from P2VP and PEO, respectively. The 
gradual slope in the second layer results from the grafting of 
PEO chains mixed with the P2VP network at the interface. The 
estimated amounts and thicknesses for each layer are shown 
in  Table    1  .   

 The data obtained using ellipsometry and X-ray refl ectivity 
are in accordance with each other (Table  1 ) and provide evi-
dence that the PEO-Br-12k is grafted to the surface of the 
P2VP fi lm. In contrast, the SLD profi le of the fi lm with the 
PEO-Br-5k is quite different from that with the PEO-Br-12k. A 
single layer with a gradual slope in SLD is seen in Figure  3 c. 
The grafted fi lm with the PEO-Br-5k is composed of the P2VP 
layer mixed with PEO. In other words, the PEO-Br-5k was 
3D-grafted to the surface and inside the P2VP network. Thus, 
a large amount of PEO chains are immobilized inside the net-
work of the 3D-grafted fi lm; they are explored to produce an 
antifouling effect via their exposure to the interface, as dis-
cussed below. 

 The results of the grafting experiments (Figure  2 ) demon-
strate a clear difference in the grafting behavior of the PEO-
Br-5k and PEO-Br-12k polymer samples. The difference can be 
attributed to changes in the miscibility and diffusivity of PEO 
chains in the P2VP network. At a low crosslinking density ( < 5% 
quaternization degree), the PEO chains with both molecular 
weights of 5 kg/mol and 12 kg/mol penetrate into the P2VP 
network, resulting in 3D-grafting. 
4595wileyonlinelibrary.combH & Co. KGaA, Weinheim
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   Table  1.     The thickness and grafted amount ( ± 0.5 nm and 0.5 mg/m 2 ) for each layer in the non-grafted fi lm and PEO-grafted fi lms. 

Sample Ellipsometry X-ray refl ectivity

Grafted PEO on surface Grafted PEO inside P2VP 
network

Total Grafted PEO on surface Grafted PEO inside P2VP 
network

Total

[mg/m 2 ] [nm] [mg/m 2 ] [nm]  a)   [nm] [nm] [mg/m 2 ] [nm] [mg/m 2 ] [nm]  a)   [nm] [nm]

Non-grafted 0 0 0 0 23.7 23.7 0 0 0 0 24.4 24.4

PEO-Br-5k 9.7  b)  8.9  b)  11.3  b)  10.4 b) 21.5 40.8 9.7  b)  8.9  b)  13.2  b)  12.1  b)  21.5  c)  42.5

PEO-Br12k 12.5 11.5 0 0 20.3 31.8 14.2 13.0 0 0 19.1 32.1

    a) Change in the fi lm thickness due to the PEO grafting inside the fi lm;  b) Estimations made using the data in Ref.  [  24  ] ; see Supporting Information;  c) Ellipsometry 
measurements.   

     Figure  4 .     AFM topography images of the PEO-grafted P2VP fi lms with the quaternization 
degree of 5%: a) non-grafted fi lm, b) PEO-Br-12k, c) PEO-Br-5k, and d) PEO-Cl-5k.  
 An increase in the crosslinking (quaterni-
zation) degree results in a smaller network 
mesh size and, hence, a decreased mobility 
for the PEO chains in the network. There-
fore, penetration of the PEO-Br-12k chains 
into the dense P2VP network is largely hin-
dered and the polymer is surface grafted. 

 Besides the limited diffusivity of PEO 
chains, a decline in the grafted amount of 
the PEO-Br-5k and PEO-Cl-5k as a quater-
nization degree becomes higher arises from 
a decrease in the poly mers’ compatibility. 
The difference in the grafted amounts for 
the PEO-Br-5k and PEO-Cl-5k at the same 
degree of P2VP quaternization is due to a 
different reactivity of the halogen end-func-
tional groups. Thus, a proper adjusting of 
the molecular mass of the grafted PEO and 
the quaternization degree of the P2VP net-
work fi lm can be explored for the synthesis 
of PEO-grafted P2VP network fi lms with the 
controlled location of the grafted chains, as 
shown in Figure  1 . 

 The topography AFM images of the PEO-
functionalized P2VP fi lms in air reveal 
crystallization of the surface-grafted PEO 
( Figure    4  b) in accordance with earlier reports 
on the crystallization of PEO brushes on Si-
substrates, [  55  ]  while the development of the 
3D-grafting regime results in less ordered 
mixed structures (Figure  4 c,d). The water 
contact angle for all the grafted fi lms was 

found to be roughly 30 °  in contrast to roughly 70 °  for the P2VP 
crosslinked fi lm itself.  

 Antifouling properties of the PEO-grafted fi lms were studied 
by protein adsorption tests using bovine serum albumin (BSA, 
67 kDa, pI 4.7) and fi brinogen (340 kDa, pI 5.5) in a phosphate 
buffer solution (pH 7.4). The adsorbed protein amounts were 
analyzed using ellipsometry measurements. It was found that 
the adsorbed amounts on the non-grafted P2VP fi lms were 
4.2 ng/mm 2  for BSA and 9.9 ng/mm 2  for fi brinogen, whereas 
the adsorbed amounts on the PEO-grafted fi lms were negligibly 
small. 

 The aging of the samples and the stability of the antifouling 
property were studied in phosphate buffer solutions (pH 7.4) 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag
at 37  ° C. Three different kinds of PEO-grafted fi lms with an 
approximately 5% quaternization degree were used for the tests: 
the fi lm with the 12.7 mg/m 2  surface-grafted PEO-Br-12k (35 °  
water contact angle) and two 3D-grafted fi lms with 23.9 mg/m 2  
of PEO-Br-5k (32 °  water contact angle) and 14.2 mg/m 2  of 
PEO-Cl-5k (31 °  water contact angle). Note that the PEO-Br-5K 
grafting yielded the largest amount due to a combination of 
the surface and 3D grafting, while the PEO-Br-12k was grafted 
mainly to the surface, as discussed above. 

   Figure 5  a shows changes in the amount of the grafted PEO 
as a function of an incubation time in the buffer solutions. The 
grafted amount of the fi lms prepared using bromo-terminated 
PEO decreased, as expected, much faster than the fi lm grafted 
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4593–4600
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     Figure  6 .     Adsorbed amount of fi brinogen on the grafted fi lms as a func-
tion of incubation time in a pH 7.4 buffer solution at 37  ° C, (gray) PEO-
Br-12k, (black) PEO-Br- 5k, and (dark-gray) PEO-Cl-5k.  
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     Figure  5 .     Stability tests for the PEO-grafted P2VP fi lms: a) the amount of 
the grafted PEO, and b) the water contact angle as a function of incuba-
tion in a pH 7.4 phosphate buffer at 37  ° C: non-grafted fi lm ( × ), PEO-Br-
12k (�), PEO-Br-5k ( � ), and PEO-Cl-5k ( � ).  
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with the chloro-terminated PEO. To explain this rapid loss of 
grafted polymers, the stability of the free (non-grafted) PEO-
Br-5k polymer in a phosphate buffer solution at 37  ° C was 
evaluated using  1 H-NMR analysis. This analysis revealed that 
the hydrolysis reaction of the ester bond in the PEO-Br-5k end 
group occurred at a similar rate as the detachment of the PE-
Br-5k grafted polymer (see the Supporting Information). The 
dominant factor for the fast decrease in the grafted amount is 
the hydrolysis of the ester bond in the PEO-Br-5k end groups. 
The PEO-Cl-5K grafted amount decreased much slower 
(Figure  5 a) because the PEO-Cl does not include an ester bond 
in the end group, and thus this slow decrease could arise from 
an oxidative degradation of main chains in PEO, as reported 
elsewhere. [  56  ,  57  ]   

 It is worth noting here that, although the grafted PEO-Br-5K 
was quickly detached from the P2VP fi lm, the water contact 
angle on the grafted fi lm remained low for a long period of 
time (Figure  5 b). The protein adsorption test ( Figure    6  ) demo-
nstrated the resistance of the layer to protein adsorption for at 
least four weeks. In contrast, the water contact angle for the 
PEO-Br-12k grafted fi lm increased much faster in time, and 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 4593–4600
the protein adsorption was observed after just one week. Thus, 
the 3D-grafted structure demonstrated 4-fold higher stability 
under physiological conditions than the 2D surface-grafted 
structure.  

 The self-healing mechanism of the 3D-grafted fi lms’ anti-
fouling property was theoretically analyzed (see Supporting 
Information). The volume fraction of brush monomers at the 
interface was calculated by the balance of the chemical poten-
tials of grafted polymers on the surface and inside the network. 
For simplicity, we only considered a thin, near-surface layer of 
the polymer network with the grafted PEO chains, whose thick-
ness is smaller than that of the swollen brush, thus enabling 
us to assume that relocating chain segments contribute with 
almost the same number of monomers in the brush as the 
chains tethered to P2VP network surface. The network-forming 
polymer and the grafted polymer were in similar (theta) sol-
vent conditions. The detachment reaction was assumed to be 
a fi rst-order reaction. We compared temporal changes in the 
concentration of PEO monomer units at the interface for two 
systems: system I, a surface grafted brush and system II, 3D 
grafting; we assumed that at time  t   =  0 both systems had the 
same grafting density of chains on the network surface. The 
results of the calculations of the monomer volume fraction on 
the surface in systems I and II are shown in  Figure    7  . They 
indicate that, in the 3D-grafting regime, a higher concentra-
tion (density) of grafted polymers is retained on the surface 
due to the rearrangement of polymeric chains residing in 
the network's interior, and that they replenish the lost PEO 
chains at the network interface, thus providing the basis for 
the self-healing effect (Figure  1 ). The rearrangement is driven 
by change in the balance of the free energy of the 3D-grafted 
chains in the network and 2D-brush (see Equations (2) and (3) 
in the Supporting Information). Since a higher polymer density 
increases penalty for the protein penetration into the brush, [  58  ]  
the theoretical analysis implies that the 3D polymer-grafting 
regime will exhibit a longer-lasting antifouling effect than the 
surface-grafting regime (Figure  6 ). Obviously, the theoretically 
demonstrated self-healing effect will endure even longer for 
greater thicknesses of the PEO-grafted polymer network layer, 
since the network acts as a reservoir of PEO chains.  
4597wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  7 .     Changes in the volume fraction   φ   1  of brush monomers as a 
function of  Kt  (dimensionless time, where  K  is the fi rst-order hydrolysis 
reaction rate constant and t is the incubation time): surface grafting 
(dashed line), and 3D-grafting (solid line) see the Supporting Informa-
tion for details.  
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 It is worth noting that the 3D PEO-grafted P2VP fi lm 
retained its pH-responsive properties (see the Supporting 
Information). Thus, the P2VP fi lm, initially hostile to bio-
logical environment, turns into a protein-repellent material 
with long-term antifouling properties after using the novel 3D 
grafting approach. We intentionally selected this example of an 
originally non-biocompatible material and demonstrated that 
3D-grafting on the surface of such a material could result in 
a long-lasting biocompatible interface. Many other kinds of 
polymer networks 3D-grafted with hydrophilic biocompatible 
polymers can be used for the regulation of mass transport and 
separation, stimuli-triggered drug release, and biosensors in 
biological environments.  

  3. Conclusions 

 In conclusion, a novel 3D polymer-grafting approach for a long-
lasting antifouling effect has been developed in this work. We 
demonstrated a successful control of the location of grafted pol-
ymers in a polymer network thin fi lm (on the surface or inside 
the network fi lm) by varying the molecular weight of the grafted 
polymer and the crosslinking degree of the network fi lm. The 
theoretical analysis showed that 3D-grafted coatings possess a 
long-lasting antifouling effect with a longer stability than sur-
face grafting, while the experimental results demonstrated an 
example of the four-fold longer stability. This was attributed 
to the self-healing property rationalized by spontaneous rear-
rangement of the grafted PEO chains residing in the network, 
which results in their exposure to the interface, as depicted in 
Figure  1 b. In the proposed material, stimuli-responsive proper-
ties of the network and antifouling properties of the brush are 
decoupled. Thus, antifouling properties remain intact even if 
the material undergoes stimuli-triggered changes. 

 The 3D polymer-grafting can be carried out on the surface of 
polymers, nanofi ber mats, and nanoporous inorganic materials, 
specifi cally in cases when hydrogel network coatings cannot 
8 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
be applied. The proposed self-healing system is a promising 
method for the end-grafted advanced polymer biointerfaces in 
biomedical and biotechnological applications.  

  4. Experimental Section 
 The cross-linked poly(2-vinyl pyridine) (P2VP,  Mn   =  152 kDa, Sigma-
Aldrich) fi lms on the surface of Si-wafers were prepared according 
to the previously-reported procedure. [  53  ,  54  ]  2 w/v% P2VP and 2 vol% 
diiodobutane (DIB, Sigma-Aldrich) were dissolved in a mixture of 
nitromethane and tetrahydrofuran (9:1volume ratio). The resulting 
solution was heated at 60–80  ° C and stirred for different periods of 
time to approach a desired degree of quaternization. We previously 
reported that typically only one of two iodoalkyl groups in DIB reacted 
with P2VP pyridine rings in the reaction conditions. The solution was 
fi ltered and then spin-coated on the surface of silanized silicon wafers 
at 3000 rpm at a low humidity ( < 10 RH%). For samples with high 
quaternization degrees, prior to spin-coating, 0.5 vol% 4-propylphenol 
(Sigma-Aldrich) was added to the solution to prevent the phase 
separation of quaternized P2VP and DIB. The silanization of silicon 
wafers was carried out by immersing them overnight in a 1 wt% 
11-bromoundecyldimethylchlorosilane (Gelest, Inc.) solution in dry 
toluene at RT. The obtained fi lms were annealed at 100  ° C in a vacuum 
for at least 1 h to complete the cross-linking reaction of P2VP with 
residual functional groups of DIB, and the immobilization reaction of 
the P2VP fi lm via bromoalkyl groups on the silicon wafers. It was found 
that the thickness of the obtained P2VP fi lms was  ≈ 10–20 nm according 
to the ellipsometry measurements, and the water contact angle was 
about 70 ° . A Multiskop null-ellipsometer (Optrel) equipped with an 
He-Ne laser ( λ   =  633 nm) was used for ellipsometric measurements. 
The angle of incidence of polarized light was set at 70 ° . The surface of 
the prepared fi lms was examined using atomic force microscopy (AFM, 
Dimension 3100 scanning probe microscope, Veeco Instruments). AFM 
images were processed using WSxM software. [  59  ]  The root mean square 
roughness for the samples was in the range from 0.2 to 0.5 nm. 

 PEO was next grafted to the surface and inside the P2VP network 
fi lms. A 2 w/v% solution of halogen-terminated PEO in toluene was 
spin-coated on the P2VP network fi lms at 3000 rpm, and the grafting 
reaction was conducted by annealing at 120  ° C in a vacuum; the 
grafting temperature was higher than the glass transition temperature 
of P2VP and the melting temperature of PEO. [  60  ,  61  ]  P2VP and PEO are 
miscible. Therefore, PEO chains can penetrate into the P2VP network, 
leading to the grafting of PEO to the surface and inside the P2VP fi lm. 
After the grafting step, the fi lms were rinsed with chloroform and an 
acidic aqueous solution (pH 2.0) for 1 day for each solvent to remove 
unreacted PEO, and then dried with a nitrogen gas fl ow. Three samples 
of halogen-terminated PEO were used; chloro-terminated PEO with 
 Mn   =  5.0 kDa (PEO-Cl-5k, Polymer Sources), bromo-terminated PEOs 
with  Mn   =  5.0 kDa (PEO-Br-5k) and  Mn   =  12.3 kDa (PEO-Br-12k). 
The bromo-terminated PEOs were synthesized according to the 
previously-reported procedure (see the Supporting Infromation for 
details). [  62  ]  The prepared PEO-grafted P2VP fi lms were characterized 
using ellipsometry, X-ray refl ectivity, water contact angle, and AFM 
measurements. Amount of the grafted PEO,  Γ  (mg/m 2 ), was calculated 
from the ellipsometric thickness,  h , and the density ( ρ   =  1.09 g/cm 3 ) 
of PEO using the equation:  Γ   =   h ρ  . [  55  ]  X-ray refl ectivity was measured 
in air with an Ultima III multipurpose diffractometer (Rigaku Corp.) 
in parallel beam geometry with a 100 mm vertical beam size and a 
Cu-tube as the X-ray source. Prior to the measurements, the prepared 
fi lms were immersed in a tetrachloroauric acid aqueous solution at 
pH 2.0 for 1 h, and then washed with DI water. The tetrachloroauric 
ions were selectively bound to the P2VP layer in the fi lms, and the 
scattering length density of the metal-bound P2VP layer is thus higher 
than that of the PEO layers. X-ray refl ectivity measurements provide 
statistically averaged information over a large surface area (typically in 
the millimeter–centimeter range). 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4593–4600
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 Antifouling properties of the PEO-grafted P2VP fi lms were studied 
by protein adsorption tests using BSA (67 kDa, pI 4.7, Sigma-Aldrich) 
and fi brinogen (containing  ≈ 15% sodium citrate and  ≈ 25% sodium 
chloride, 340 kDa, pI 5.5, Sigma-Aldrich). A 1 mg/mL of protein solution 
in a phosphate buffer (pH 7.4) was deposited (as a thin liquid fi lm) 
on the grafted surface and remained in contact with the coating at RT 
and high surrounding humidity for 1 h. Afterward, the fi lms were rinsed 
with a phosphate buffer solution and distilled water, and then dried in 
a nitrogen gas fl ow. The adsorbed protein amount was evaluated using 
ellipsometry, and the adsorbed amount was calculated by multiplying 
the thickness of the adsorbed protein layer by its density. [  40  ,  63  ,  64  ]   

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