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Surface Chirality on Protein Adsorption 
  1. Introduction 

 The biointerface is crucial for in vivo or in vitro biomedical 
applications. [  1–4  ]  When artifi cial materials come in contact with 
biological systems, they interact with each other through their 
interfaces, and protein adsorption on the biointerface is usually 
the fi rst event that occurs. Therefore, it is especially important 
in the study of biomaterials. This process strongly infl uences 
biological events such as cell adhesion, platelet adhesion and 
activation, [  5  ]  etc., and ultimately determines the tissue responses 
toward these foreign materials. [  6–8  ]  Extensive efforts have been 
made to adjust and control protein adsorption on materials 
surface by various chemical or physical methods, [  9–12  ]  e.g., the 
use poly(ethylene glycol) hydrogel-based surfaces to resist pro-
tein adsorption, or nanostructural strategies to control protein 
adsorption and desorption dynamics, etc. [  13–15  ]  Recently, smart 
surfaces were also reported to modulate the protein adsorp-
tion by external stimuli. [  16  ,  17  ]  However, biological systems are 
complex and thus new approaches are still desirable due to the 
demands of practical applications. 

 As one of the signifi cant biochemical signatures of life, bio-
molecules in nature are usually chiral molecules and show high 
chiral preference for one specifi c enantiomer. [  18–20  ]  Hence, we 
were inspired to introduce the chiral effect in the study of pro-
tein/materials interactions. In this contribution, we show that 
surface chirality strongly infl uences the protein adsorption on 
the polymer surface and the interactions between them. Using 
a chiral brush polymer fi lms based on L(D)-amino acid units as 
a model system, we report that the L-fi lm has much stronger 
affi nity with proteins than the corresponding D-fi lm, although 
their other chemical and physical properties are identical. The 
thermodynamics analysis indicates that this effect is domi-
nated by the stereoselective hydrophobic interactions between 
the polymers and the proteins. This reveals a novel biomimetic 
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strategy for the design of biointerface materials, which is 
obviously different from the conventional ones that are based 
on the control of wettability, or construction of surface topo-
graphic features, etc. We anticipate that this work may lead to 
important applications including protein separation, biochips, 
and chiral biodevices.   

 2. Results and Discussions  

 2.1. Synthesis and Characterization of the Chiral Polymer Films 

 Due to the obvious advantages of easy tailorability of chemical 
compositions and functions and precisely controlled surface 
properties, [  21  ,  22  ]  we adopted a polymer brush framework for the 
chiral surface design. One of the important fundamental mate-
rials in life, most amino acids exist as the L-isomers in nature. 
The chirality of amino acids affects the steric confi gurations and 
higher-order conformations of proteins and other biomacromol-
ecules, which strongly infl uence their bioactivities and the rel-
evant biological processes. [  23–25  ]  On the other hand, it has been 
shown that the nature of the terminal group and the length of 
the chain have a signifi cant infl uence on protein adsorption 
and cellular adhesion. [  26–28  ]  Based on these considerations, we 
selected the L- and D-amino acids as chiral centers. They were 
grafted onto the achiral polyacryloyl backbone as side groups in 
a comb-teeth style. The chiral comblike brush fi lms were pre-
pared on solid substrates via the surface initiated atom transfer 
radical polymerization (ATRP) method, [  21  ]  starting from mono-
mers of L(D)-acryloylated amino acids. Our study shows that 
the optical rotation has been largely amplifi ed after the poly-
merization process compared to the original monomer state 
(see the Supporting Information (SI)). The reason is that the 
chain structure of the linear polymer assembles the chiral units 
in a regular way, and thus greatly enhances the overall chirality 
characteristic of the system. Valine is one of the eight essential 
amino acids of human body, which plays crucial roles in a wide 
variety of physiological processes, and it has an isopropyl side 
group connected to the chiral center, which provides an ideal 
model to study the infl uence of hydrophobic side groups on the 
possible chiral effect. Therefore, although there are more than 
20 natural amino acid species in nature, L(D)-valine grafted 
poly mer (denoted as L-PV and D-PV, respectively) brush fi lms 
are employed as a representative in the following study. 

 It is worthwhile to note that polymer brushes combined with 
comb-teeth functionalities have obvious advantages, including 
high coverage and no overlapping of chains as the polymer 
extends away from the interface, a high density of functional 
groups dispersed on the surface, etc. [  29–32  ]  In order to address 
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    Scheme  1 .     Preparation scheme for the chiral polymer brush fi lms (L- and D-PV, upper part) and chiral self-assembly monolayers (L- and D-MV, lower 
part) based on valine units on the gold surface of the QCM resonators.  
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this point, we also prepared the sufaces modifi ed via the self-
assembly process with monolyers of L(D)-valine monomers 
(denoted as L-MV and D-MV, respectively) to enable a compar-
ison of the results. The protein adsorption on chiral surfaces 
was evaluated by using a quartz crystal microbalance (QCM) 
instrument, [  33  ]  with which the adsorbed mass of biomolecules 
could be analyzed  in situ  through the frequency shift ( Δ  f  ) of a 
quartz crystal resonator which is linear to the change of adsorp-
tion quantity. For this purpose, all the L(D)-PV and L(D)-MV 
fi lms were grafted onto the Au coated quartz crystal resonators, 
as schematically shown in  Scheme    1  .  

 As a pair of enantiomorphous surfaces, L-PV and D-PV brush 
fi lms exhibit the same chemical compositions, as indicated by 
the X-ray photoelectron spectroscopic analysis (see SI). Water 
contact angle measurement shows that the wettability of L- and 
D-PV fi lms is also the same (see SI).   Figure   1  a–c show atomic 
force microscopy (AFM) images of the gold surface of QCM 
crystals, L-PV and D-PV fi lms, respectively, which indicate that 
© 2011 WILEY-VCH Verlag GAdv. Funct. Mater. 2011, 21, 3276–3281
the roughness of the QCM crystal surface increases for some 
extent, but remains identical for the enantiomorphous polymer 
fi lms. A standard scratching method was used to measure 
the thickness of L- and D-PV fi lms, as shown in Figure  1 d–f. 
Both fi lms exhibit a thickness of about 11.7 nm. According to 
the above data, and the analysis of the ATRP process, it is rea-
sonable to conclude that the chain lengths of polymer brushes 
and the packing densities, as well as the surface charges, etc., 
should also be identical for L- and D-PV fi lms.    

 2.2. Protein Adsorption on the Chiral Polymer Films   

 Figure 2  a shows the time-dependent curves of  Δ  f  on L- and 
D-PV tethered resonators using a fl ow of bovine serum 
albumin (BSA) solution (0.5 mg · mL  − 1 , PBS buffer, pH  =  7.4). 
Interestingly, signifi cant difference of BSA adsorption on 
L- and D-PV tethered resonators was observed. For the 
mbH & Co. KGaA, Weinheim 3277wileyonlinelibrary.com
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    Figure  1 .     AFM studies of a) Au-coated QCM resonator and the tethered b) L- and c) D-PV fi lms, and d) the scratching experiment results to study the 
fi lm thickness of the Au coating, e) L-PV fi lm tethered Au coating and f) D-PV fi lm tethered Au coating. These results indicate that L- and D-PV fi lms 
have identical surface roughness (10.49 nm for L-PV fi lm and 10.66 nm for D-PV fi lm) and fi lm thickness (both are about 11.7 nm).  
L-surface, the adsorption terrace appears at about 670 s, and 
the statistic average value for frequency shift at the terrace 
( Δ  f  t-L ) is about  − 40.1  ±  1.8 Hz; whereas for the D-surface, the 
© 2011 WILEY-VCH Verlag wileyonlinelibrary.com

    Figure  2 .     Time-dependent curves of frequency change ( Δ  f ) in QCM exp
adsorption and b,d) gelatin adsorption on a,b) chiral polymer (L-PV and
and c,d) monolayer (L-MV and D-MV) surfaces. Solid lines: L-surfaces; das
adsorption terrace appears at about 460 s with a  Δ  f  t-D  value of 
about  − 27.0  ±  2.0 Hz, which corresponds to a difference in 
adsorption quantity for about 230.6 ng · cm  − 2 , according to the 
GmbH & Co. KGaA, Wein

eriments. a,c) BSA 
 D-PV) brush fi lms 

h lines: D-surfaces.  
relationship between the adsorbed mass 
and  Δ  f  (see SI). It clearly shows that the 
surface chirality strongly infl uences the 
protein adsorption dynamics, and proteins 
exhibit a stronger adsorption on the L-
surface than that on the D-surface.  

 In order to investigate whether this 
effect is a special phenomenon dependent 
on specifi c protein or not, we repeated the 
experiment using other proteins, gelatin 
for example, under the same testing condi-
tions. The curves were shown in Figure  1 b, 
in which different adsorption behaviors of 
gelatin was also observed on the L- and D-PV 
fi lms. Compared with BSA, the adsorption 
quantities of gelatin are much higher on both 
kinds of chiral polymer surfaces, and the dif-
ference between  Δ  f  t-L  and  Δ  f  t-D  reaches nearly 
80 Hz (corresponds to an adsorption quantity 
difference of about 1408 ng · cm  − 2 ). The cor-
responding AFM images of the fi lms after 
BSA and gelatin adsorption are shown in 
 Figure    3  . Although the difference between 
AFM images of BSA adsorption on L- and 
D-PV fi lms is insignifi cant (Figure  3 a and 
heim Adv. Funct. Mater. 2011, 21, 3276–3281
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    Figure  3 .     AFM images for a,c) L-PV and b,d) D-PV fi lms after a,b) BSA 
and c,d) gelatin adsorption.  
 b ), the gelatin adsorption on L-PV fi lm (Figure  3 c) exhibits obvi-
ously larger aggregates than that on the D-PV fi lm (Figure 3d). 
This result is in good consistence with the QCM data shown 
    Figure  4 .     a,b) Fluorescent titration experiment results, in which the relative fl uorescent inten-
sity (F/F 0 ) at 521 nm was recorded in situ with the consecutive titration of 5  μ L chiral probes 
into the BSA-FITC mother liquor. The abscissa is the number of times for the probe addition. 
a) Chiral polymer probes. Squares: L-PV; Circles: D-PV. b) Chiral monomer probes. Squares: 
L-MV; circles: D-MV. c) Integral fl uorescent intensity of the adsorbed BSA-FITC on spin coated 
fi lms and polymer brush fi lms for L(D)-PV after deducting the background. The data were 
calculated by ImageJ software according to the FM images. Dark: L-PV fi lm; grey: D-PV fi lm.  
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above. Furthermore, it can be noticed that the 
adsorption quantity level of gelatin on both 
the L- and D-fi lms is much higher than BSA. 
This can be explained by electrostatic inter-
action between proteins and the substrate, 
because both the L- and D-PV fi lms are nega-
tively charged, whereas BSA and gelatin are 
negatively and positively charged, respectively. 
This also indicates that the stereoselective 
inter action between proteins and chiral sur-
faces is so strong that it can even overwhelm 
the electrostatic interactions. Therefore, since 
that BSA and gelatin are two kinds of typical 
proteins with very different physicochemical 
properties, it can be inferred that the chiral 
effect for protein adsorption may be a general 
effect that is applicable for different protein 
species.  

 However, in the same experiment using the 
L(D)-MV coated resonators, the difference in 
protein adsorption is not signifi cant. As shown 
in Figure  1 c and d, the  Δ  f   ∼  t curves almost 
coincide with each other on L-MV and D-MV 
surfaces for the same protein (BSA or gelatin), 
although slight differences might still exist at 
the adsorption terrace. We suppose that this 
may be related to relatively weaker chiral char-
acteristic of the self-assembly monolayers due 
to the ultrathin thickness and the consequently 
much lower surface density of the chiral ter-
minal groups, [  12  ]  which also illustrates the 
advantages of chiral polymer brush fi lms.   
© 2011 WILEY-VCH Verlag GmAdv. Funct. Mater. 2011, 21, 3276–3281
 2.3. Fluorescent Titration and Fluorescent Microscopic Results 
for BSA/Polymer Interaction 

 The above measurements reveal that BSA and other proteins 
may have a stronger attraction to the L-PV fi lm than the D-PV 
fi lm. In order to clarify this point and the chemical nature of 
it, we used a fl uorescent titration experiment to study the 
affi nity between protein and chiral polymers. [  34  ]  In this experi-
ment, a fl uorescence labeled protein, BSA fl uorescein isothio-
cyanate conjugate (FITC), was employed, which has a strong 
fl uorescence emission with a peak at 521 nm upon excitation at 
494 nm. Especially, this fl uorescein has a property of proximity-
dependent fl uorescence self-quenching, [  35  ]  which means that 
guest binding to BSA-FITC can quench the fl uorescent emis-
sion (fl uorescence intensity decreases linearly with the increase 
of the interaction with guest molecules).   

 Figure 4  a shows the relative fl uorescence emission inten-
sity of BSA-FITC at 521 nm in the presence of chiral polymers 
at room temperature (295 K). In this experiment, 5  μ L L- or 
D-PV polymer solution probes (2 mg · mL  − 1 ) was titrated con-
secutively into 2 mL BSA-FITC mother liquors (20  μ g · mL  − 1 ) 
every 6 min and the fl uorescent emission was recorded in situ. 
The abscissa represents the number of titration times for the 
polymer probes. A signifi cant reduction of fl uorescent intensity 
appeared after the second time the polymer probe was added. 
Large differences were observed for L- and D-PV polymers, in 
which the declination speed for the L-PV polymer is apparently 
bH & Co. KGaA, Weinheim 3279wileyonlinelibrary.com
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    Figure  5 .     Fluorescence measurements for BSA-FITC adsorbed on chiral 
polymer fi lms. a,b) spin coated fi lms and c,d) polymer brush fi lms. 
a,c) L-PV; b,d) D-PV. Scale bar: 100  μ m. It can be noticed the BSA exhibit 
much larger adsorption quantities on the spin coated fi lms, on which a 
distinctly higher fl uorescent intensity was observed on the L-PV fi lm than 
on the D-PV fi lm. On the polymer brush fi lms, since the adsorption level 
is low, the difference between the fl uorescent intensities of L-PV and D-PV 
fi lms is correspondingly very weak.  
much faster than that for the D-PV, and shows an apparently 
higher quenching level at the equivalent state. Since the self-
quenching of BSA-FITC is dependent on the proximity between 
proteins and the guest molecules, it can be inferred that in the 
polymer/BSA-FITC complexes, the L-PV is more proximate to 
the protein than the D-PV. Moreover, the association constants 
( K  a ) between BSA-FITC and the chiral polymers can be calcu-
lated from the titration experiments according to literature 
(for calculation details, see SI). [  36  ,  37  ]  The results of the calcula-
tion indicate that the  K  a  values for L-PV are about one order 
of magnitude higher than those for D-PV, which represents a 
remarkably stronger affi nity for L-PV towards BSA. This was 
further confi rmed by a fl uorescent microscopic (FM) study 
(Figure  4 c, see  Figure    5   for the FM images) for the BSA-FITC 
adsorption on both of the spin-coated chiral polymer fi lms and 
for the corresponding polymer brush fi lms. It was a higher 
fl uorescent intensity for the BSA-FITC adsorption on both two 
kinds of L-PV fi lms than on the corresponding D-PV fi lms. 
Figure  4 b shows another fl uorescent titration results (295 K) for 
the monomers of L(D)-acryloylated valine (L-MV and D-MV), in 
which no evidential difference could be observed. This indicates 
that, as small molecules, the monomer enantiomers exhibit 
approximate interactions with BSA-FITC. All these data are in 
good consistence with the QCM experiments.   

 Protein-guest interaction is driven by several distinct 
but interdependent mechanisms, e.g., hydrogen bonding 
(H-bonding), electrostatic, and hydrophobic interactions, 
etc. [  38  ,  39  ]  In order to clarify this point, the thermodynamic 
parameters, including the enthalpy change ( Δ H) and the 
entropy change ( Δ S), [  40  ]  of the polymer/BSA-FITC binding 
process were studied by measuring the association constants at 
different temperatures (295 K and 301 K). The thermodynamic 
© 2011 WILEY-VCH Verlag G0 wileyonlinelibrary.com
parameters were determined according to the van’t Hoff equa-
tion, as summarized in SI. It shows that the formation of 
polymer/BSA-FITC complex is an exothermal reaction, being 
accompanied by positive  Δ  S  values for both L- and D-PV, which 
are usually considered empirically as an evidence for a hydro-
phobic interaction dominated process. However, for the L- and 
D-MV monomers, it reveals an H-bonding dominated process 
for the monomer/BSA-FITC complex formation (endothermic 
reaction accompanied with negative  Δ  S  values), which does not 
present an evidential stereoselectivity for L- and D-MV enanti-
omers. On the other hand, since the valine residues and BSA 
(pI  =  4.7) are all negatively charged due to ionization in PBS, 
electrostatic interactions cannot be expected for the binding 
process and the stereoselective interaction between the chiral 
polymers and BSA in this study. Thus, it can be concluded 
that the main driving force for the differential adsorption of 
BSA and binding behaviors of the L- and D-PV polymer fi lms 
is the stereoselective hydrophobic interaction. The steroselec-
tive hydrophobic interaction may be related to conformational 
matching (or lack thereof) between the terminal chiral moie-
ties of the polymers and the hydrophobic domains of proteins. 
According to literature, hydrophobic interactions are the major 
driving forces governing protein adsorption on a substrate; 
therefore, the manipulation of hydrophobic interactions in 
protein adsorption is always an important topic in developing 
new protein-oriented biomaterials. [  41  ]  The stereoselective hydro-
phobic interaction between proteins and chiral polymer fi lms 
provides a novel approach for such research. On the other hand, 
this also explains why L-PV and D-PV fi lms exhibit differential 
adsorption quantities for different kinds of proteins, e.g., BSA 
and gelatin, although they have opposite electrostatic interac-
tions with the negatively charged polymer fi lms, which induces 
markedly different adsorption quantity ranges.    

 3. Conclusions 

 The infl uence of surface chirality of polymer fi lms on protein 
adsorption shows that the chiral effect can act as a novel strategy 
for designing biointerface materials from a biomimetic point 
of view. Hydrophobic interactions are an important part of this 
effect for the L(D)-amino acids based chiral polymer fi lms, sug-
gesting that a successful matching (or lack thereof) between the 
stereo-confi gurations of the nonfunctional hydrophobic side 
groups (e.g. alkyl or aromatic groups, etc.) of the chiral poly-
mers and the hydrophobic domains of proteins is an impor-
tant factor governing the protein/polymer interaction. Further 
investigation of this effect may also give an interesting insight 
to the understanding of high chiral preference in natural bio-
logical systems. Furthermore, the design of side-chain chirality 
for the polymer brushes brings the possibility to conveniently 
combine other functionalities for developing novel functional 
bio-devices. [  42–45  ]    

 4. Experimental Section  
 Grafting Chiral Polymer Brushes on QCM Resonators : A cleaned QCM 

resonator was immersed in a solution of ethanol (10.0 mL) containing 
2-mercaptoethylamin hydrochlorid (22.7 mg) and triethylamine 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2011, 21, 3276–3281
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(22.3 mg) for overnight to produce surface–NH 2  groups on gold. After 
that, it was rinsed with ethanol and dichloromethane suffi ciently, dried 
by nitrogen fl ow, and then immersed in a solution of dichloromethane 
with 2% (v/v) pyridine. Bromoisobutyryl bromide (0.5 mL) was added 
dropwise into above solution at 0  ° C, and the mixture was left for 
1 h at this temperature, and then at room temperature for 12 h. The 
polymerization was conducted by immersing the cleaned and dried 
resonator in a degassed solution of  N -acryloyl-L(D)-valine monomer 
(4.0 mmol) in a 1:1 (v/v) mixture of H 2 O and MeOH (8.0 mL) containing 
Cu(I)Br (23.0 mg) and PMDETA (0.1 mL) for 3 h at 60  ° C. After the 
polymerization process, the resonator was immersed in and rinsed with 
methanol, ethanol, and de-ionized water, respectively, to remove all 
the possible impurities. Other experimental details, e.g., the monomer 
synthesis, characterizations of the monomers and polymer brushes can 
be found in the SI.   

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

   Acknowledgements  
 The authors thank the National Natural Science Foundation of China 
(51073123), and Alexander von Humboldt Foundation and the Federal 
Ministry of Education and Research of Germany (Sofja Kovalevskaja 
Award project) for funding support. The authors thank Dr. Yugui Jiang 
and Mr. Hai Xiong in CeNTech for help in FM and FL experiments.   

 Received: April 9, 2011 
Published online: June 14, 2011 

      [ 1 ]     G. A.   Somorjai  ,   H.   Frei  ,   J. Y.   Park  ,  J. Am. Chem. Soc.   2009 ,  131 , 
 16589 .  

     [ 2 ]     O.   Mermut  ,   R. L.   York  ,   D. C.   Phillips  ,   K. R.   McCrea  ,   R. S.   Ward  , 
  G. A.   Somorjai  ,  Biointerphases   2006 ,  1 ,  5 .  

     [ 3 ]     H.   Chen  ,   L.   Yuan  ,   W.   Song  ,   Z.   Wu  ,   D.   Li  ,  Prog. Polym. Sci.   2008 ,  33 , 
 1059 .  

     [ 4 ]     A.   Hung  ,   S.   Mwenifumbo  ,   M.   Mager  ,   J. J.   Kuna  ,   F.   Stellacci  , 
  I.   Yarovsky  ,   M. M.   Stevens  ,  J. Am. Chem. Soc.   2011 ,  133 ,  1438 .  

     [ 5 ]     T.   Sun  ,   H.   Tan  ,   D.   Han  ,   Q.   Fu  ,   L.   Jiang  ,  Small   2005 ,  1 ,  959 .  
     [ 6 ]     P.   Roach  ,   D.   Farrar  ,   C. C.   Perry  ,  J. Am. Chem. Soc.   2005 ,  127 ,  8168 .  
     [ 7 ]     J. L.   Brash  ,   T. A.   Horbett  ,  Am. Chem. Soc. Symp. Ser.   1995 ,  602 ,  1 .  
     [ 8 ]     R. D. L.   Rica  ,   H.   Matsui  ,  J. Am. Chem. Soc.   2009 ,  131 ,  14180 .  
     [ 9 ]     K. L.   Prime  ,   G. M.   Whitesides  ,  Science   1991 ,  252 ,  1164 .  
    [ 10 ]     G. B.   Sigal  ,   M.   Mrksich  ,   G. M.   Whitesides  ,  J. Am. Chem. Soc.   1998 , 

 120 ,  3464 .  
    [ 11 ]     S.   Mitragotri  ,   J.   Lahann  ,  Nat. Mater.   2009 ,  8 ,  15 .  
© 2011 WILEY-VCH Verlag GAdv. Funct. Mater. 2011, 21, 3276–3281
    [ 12 ]     T.   Sun  ,   G.   Qing  ,   B.   Su  ,   L.   Jiang  ,  Chem. Soc. Rev.   2011 ,  40 ,  2909 .  
    [ 13 ]     Y.   Koc  ,   A.   J. de Mello  ,   G.   McHale  ,   M. I.   Newton  ,   P.   Roach  , 

  N. J.   Shirtcliffe  ,  Lab Chip   2008 ,  8 ,  582 .  
    [ 14 ]     B. D.   Ratner  ,   S. J.   Bryant  ,  Annu. Rev. Biomed. Eng.   2004 ,  6 ,  41 .  
    [ 15 ]     D.   Falconnet  ,   G.   Csucs  ,   H. M.   Grandin  ,   Textor ,  M.    Biomaterials   2006 , 

 27 ,  3044 .  
    [ 16 ]     M. A.   Cole  ,   N. H.   Voelcker  ,   H.   Thissen  ,   H. J.   Griesser  ,  Biomaterials  

 2009 ,  30 ,  1827 .  
    [ 17 ]     T.   Sun  ,   G.   Qing  ,  Adv. Mater.   2011 ,  23 ,  H57 .  
    [ 18 ]     R. M.   Hazen  ,   D. S.   Sholl  ,  Nat. Mater.   2003 ,  2 ,  367 .  
    [ 19 ]     R.   Bentley  ,  Chem. Soc. Rev.   2005 ,  34 ,  609 .  
    [ 20 ]     T.   Sun  ,   D.   Han  ,   K.   Riehemann  ,   L.   Chi  ,   H.   Fuchs  ,  J. Am. Chem. Soc.  

 2007 ,  129 ,  1496 .  
    [ 21 ]     T.   Sun  ,   G.   Wang  ,   L.   Feng  ,   B.   Liu  ,   Y.   Ma  ,   L.   Jiang  ,   D.   Zhu  ,  Angew. 

Chem. Int. Ed.   2004 ,  43 ,  357 .  
    [ 22 ]     W. A.   Petka  ,   J. L.   Harden  ,   K. P.   McGrath  ,   D.   Wirtz  ,   D. A.   Tirrell  , 

 Science   1998 ,  281 ,  389 .  
    [ 23 ]     M. S.   Cubberley  ,   B. L.   Iverson  ,  Curr. Opin. Chem. Bio.   2001 ,  5 ,  650 .  
    [ 24 ]     R.   Corradini  ,   S.   Sforza  ,   T.   Tedeschi  ,   R.   Marchelli  ,  Chirality   2007 ,  19 , 

 269 .  
    [ 25 ]     J.   Chelafl ores  ,  Chirality   1994 ,  6 ,  165 .  
    [ 26 ]     E.   Cooper  ,   L.   Parker  ,   C. A.   Scotchford  ,   S.   Downes  , 

  G. J.   Leggett  ,   T. L.   Parker  ,  J. Mater. Chem.   2000 ,  10 ,  133 .  
    [ 27 ]     B.   Zhu  ,   T.   Eurell  ,   R.   Gunawan  ,   D.   Leckband  ,  J. Biomed. Mater. Res. 

Part A   2001 ,  56 ,  406 .  
    [ 28 ]     M. D.   Porter  ,   T. B.   Bright  ,   D. L.   Allara  ,   C. E. D.   Chidsey  ,  J. Am. Chem. 

Soc.   1987 ,  109 ,  3559 .  
    [ 29 ]     J.   Song  ,   V.   Malathong  ,   C. R.   Bertozzi  ,  J. Am. Chem. Soc.   2005 ,  127 , 

 3366 .  
    [ 30 ]     X.   Wang  ,   G.   Qing  ,   L.   Jiang  ,   H.   Fuchs  ,   T.   Sun  ,  Chem. Commun.   2009 , 

 2658 .  
    [ 31 ]     S.   Tugulu  ,   P.   Silacci  ,   N.   Stergiopulos  ,   H. A.   Klok  ,  Biomaterials   2007 , 

 28 ,  2536 .  
    [ 32 ]     A.   Hucknall  ,   S.   Rangarajan  ,   A.   Chilkoti  ,  Adv. Mater.   2009 ,  21 ,  2441 .  
    [ 33 ]     M. A.   Cooper  ,   V. T.   Singleton  ,  J. Mol. Recognit.   2007 ,  20 ,  154 .  
    [ 34 ]     J. R.   Lakowica  , in  Principles of Fluorescence Spectroscopy ,  2nd ed.,   

Kluwer/Plenum,   New York   1999 .  
    [ 35 ]     X.   Song  ,   J.   Nolan  ,   B. I.   Swanson  ,  J. Am. Chem. Soc.   1998 ,  120 , 

 4873 .  
    [ 36 ]     P.   Thordarson  ,  Chem. Soc. Rev.   2011 ,  40 ,  1305 .  
    [ 37 ]     J. S.   Mandeville  ,   H. A.   Tajmir-Riahi  ,  Biomacromolecules   2010 ,  11 , 

 465 .  
    [ 38 ]     D. S.   Salloum  ,   J. B.   Schlenoff  ,  Biomacromolecules   2004 ,  5 ,  1089 .  
    [ 39 ]     G.   Qing  ,   T.   Sun  ,  Adv. Mater.   2011 ,  23 ,  1615 .  
    [ 40 ]     P. D.   Ross  ,   S.   Subramanian  ,  Biochemistry   1981 ,  20 ,  3096 .  
    [ 41 ]     R. D.   Tilton  ,   C. R.   Robertson  ,   A. P.   Gast  ,  Langmuir   1991 ,  7 ,  2710 .  
    [ 42 ]     E. S.   Place  ,   N. D.   Evans  ,   M. M.   Stevens  ,  Nat. Mater.   2009 ,  8 ,  457 .  
    [ 43 ]     D. G.   Anderson  ,   S.   Levenberg  ,   R.   Langer  ,  Nat. Biotechnol.   2004 ,  22 , 

 863 .  
    [ 44 ]     H.   Murata  ,   B. J.   Chang  ,   O.   Prucker  ,   M.   Dahm  ,   J.   Ruehe  ,  Surf. Sci.  

 2004 ,  570 ,  111 .  
    [ 45 ]     B.   Zhao  ,   J. S.   Moore  ,   D. J.   Beebe  ,  Science   2001 ,  291 ,  1023 .   
mbH & Co. KGaA, Weinheim 3281wileyonlinelibrary.com




